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We recently showed that adenoviral transfer and expression of the
Lps9/Ran gene isolated from endotoxin-resistant C3H/HeJ mice
could protect endotoxin-sensitive mice from endotoxic shock.
Elevation of proinflammatory cytokines, such as tumor necrosis
factor « (TNF-q), is thought to be essential for the development of
septic shock. To investigate the extent to which Lps9/Ran affects
TNF-a production, we transduced primary macrophages from en-
dotoxin-sensitive and -resistant mice with adenoviral vectors ex-
pressing the wild-type and the mutant Lps/Ran cDNAs and other
control genes, and compared the amount of TNF-a produced by
these various transduced macrophages. Successful transfer and
expression of Lps?/Ran ¢cDNA in endotoxin-sensitive C3H/HeOuJ
macrophages reduced TNF-«a production upon lipopolysaccharide
(LPS) stimulation, as compared with macrophages transduced with
vectors expressing the wild-type Lps”"/Ran cDNA, the green fluo-
rescent protein gene, or the /acZ gene. On the other hand, suc-
cessful transfer and expression of the wild-type Lps”/Ran cDNA in
primary macrophages from endotoxin-resistant C3H/He) mice
failed to induce TNF-« production to any significant extent unless
a very high LPS concentration was used. Given our previous
demonstration that Lps"/Ran functions effectively in restoring LPS
responsiveness in B cells from C3H/Hel) mice, we conclude that
Lps/Ran is involved in a CD14-independent signal transduction
pathway. This dominant negative down-regulation by Lps?/Ran on
TNF-a production by macrophages and probably other innate
immune responses may be key to the development of an effective
gene therapy for endotoxic or septic shock.
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E ndotoxin lipopolysaccharide (LPS), which is a major com-
ponent of Gram-negative bacteria, can cause endotoxic
shock and death in humans. At the cellular level, activation of
macrophages by endotoxin is one of the key events that results
in the production of a number of proinflammatory cytokines.
Among the major proinflammatory cytokines involved in endo-
toxic or septic shock is tumor necrosis factor a (TNF-a) (1-4).
Mice deficient in the 55-kDa TNF-«a receptor are resistant to
endotoxic shock (5). Passive immunization with anti-TNF-«
antiserum or soluble recombinant human TNF receptor-Ig
chimeric proteins protects mice against lethal endotoxin chal-
lenges (1). Despite these findings, a number of clinical trials
based on these and other related findings were not successful (6).
Thus, although TNF-« is an important hallmark in endotoxemia
or sepsis, several factors in probably more than one signal-
transduction pathway are likely to be involved in endotoxic or
septic shock (7).

C3H/Hel inbred mice have a natural resistance to endotoxin
challenge at a dose that is lethal to other inbred strains of mice
(8). The original experiments used to define the type of genetic
inheritance governing the LPS response in mice were conducted
by using the mitogenic assay for B lymphocytes, whose response
to endotoxin stimulation is mediated through a CD14-
independent pathway (7, 9-11). By means of this B cell mito-
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genic assay, the consensus from several studies is that a pair of
autosomal codominant alleles controlled the mitogenic response
of B cells to LPS in mice (9-11). The results of more investiga-
tions suggest that a Lps locus was on chromosome 4 and was
linked to the major urinary protein locus (Mup-1) but down-
stream from Mup-1 and the Lyb2:4:6 genes (12-14). Recent
genetic mapping analyses show that the 7lr4 gene is located
within this Lps locus, and a missense point mutation is found in
the coding region at position 712 of the Tlr4 gene from
C3H/HeJ mice (15, 16). However, no essential functional
reconstitution data by which this defect exerts its profound
biological effects have been published to date. The importance
of Tlr4 in innate immunity is beyond doubt. Whether or not the
Tlr4¢ gene is the HeJ Lps¢ gene remains unclear. More recent
investigations complicate even further the implication that the
Tir4¢ gene is the HeJ Lps? gene. Introduction of Tlr4 into cell
lines did not confer the ability to respond to LPS but constitu-
tively activated NF-«B, and additional molecules are required for
the induction of LPS response (17, 18). Furthermore, Vogel et al.
(19) studied endotoxin response by measuring TNF-a produc-
tion after LPS stimulation and showed that F; progeny (Lps’ X
Lps?) from crosses between TIrd™! (Lps® X Lps®) and C3H/Hel
(Lps® X Lps?) mice had a serum TNF-« with an average value
of 1,000-1,100 units /ml. The same amount of serum TNF-« was
obtained from F; progeny (Lps” X Lps®) from crosses between
a responder strain (Lps” X Lps") and C3H/Hel. Vogel et al.
concluded that the HeJ defect exerts a dominant negative effect
on LPS sensitivity and that 7lr4 apparently is not required.

Using a functional cDNA cloning strategy, we previously
isolated a cDNA whose expression in B cells from C3H/HeJ
mice enables them to proliferate and differentiate in the pres-
ence of a high dose of LPS, giving rise to plaque formation (20).
This cDNA is identical to a gene encoding for Ran GTPase. We
subsequently sequenced the cDNA of its counterpart from the
C3H/HeJ genome and found that the two cDNA sequences are
identical except at position 870 of the 3’ untranslated region,
where a thymidine of the wild-type cDNA has been replaced by
a cytidine in the C3H/HeJ cDNA (21). By studying them in
parallel, we showed that the Lps” /Ran, but not Lps?/Ran, could
restore LPS-mediated proliferation of B cells from C3H/HelJ
mice, and that Lps?/Ran could protect sensitive mice against
endotoxin challenge (21).

Abbreviations: TNF-«, tumor necrosis factor «; LPS, lipopolysaccharide; GFP, green fluores-
cent protein; MOI, multiplicity of infection; HA, hemagglutinin; RT-PCR, reverse transcrip-
tion-PCR.
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Materials and Methods

Construction of Adenoviral Vectors. For the construction of Ad5-
green fluorescent protein (GFP) vector, pEGFP-1 (CLON-
TECH) was digested with BarmHI and NotI to release the 800-bp
GFP fragment, which then inserted into corresponding sites of
the expression vector pcDNA3 (Invitrogen). The expression
cassette containing the cytomegalovirus (CMV), the GFP, and
the bovine growth hormone polyadenylation signal was released
by Bgl2 and Pvull digestion and then inserted into the E1 region
of AdS5. For the construction of AdS-lacZ vector, pCMV}p
(CLONTECH) was digested with EcoRI and Sall, and the
expression cassette (4.5 kb) containing CMV promoter, lacZ,
and simian virus 40 polyadenylation signal then was inserted into
El region of Ad5 vector.

Viral Titer Determination. For each virus, we prepared a large-scale
virus stock as described (22). Briefly, subconfluent 293 human
embryonic kidney cells (American Type Culture Collection),
cultured in D10 medium (DMEM supplemented with 10% FCS),
were infected with a diluted adenovirus stock at a multiplicity of
infection (MOI) of about 100:1. Typically, cytopathic effect
would be evident in 4 days, defined by the appearance of many
nonadherent cells from a monolayer of adherent cells. The
infected cells were collected and lysed in PBS with 1/10 vol of
5% sodium deoxycholate. The lysate then was sheared by means
of a probe-type homogenizer. Next, the cell extracts were
centrifuged at 12,000 g for 10 min to pellet the cell debris. CsCl
banding twice purified virus particles in the clear suspension.
The twice-banded virus solution then was dialyzed for 6 hr, at
4°C, against two changes of 100 vol of 10 mM TrisHCI, pH 8.0,
and PBS, pH 7.4. After dialysis, the virus solution then was
filtered through a 0.4-um filter, aliquoted, and stored at —80°C
until use. For determining virus titer by cytopathic assay, we
followed the method of Nyberg-Hoffman et al. (23). Briefly, 293
cells were seeded in 96-well plates at 1 X 10* cells per well. The
next day, cells were infected with various dilutions of a particular
virus stock, which ranged from 1 X 107%to 1 X 107'2. The plates
were incubated for 7-10 days. Typically, while the control wells
did not exhibit cytopathic effect in terms of visible clear plaques,
the test wells exhibited plaques with increase frequency at lower
dilutions. The titer was calculated by multiplying the number of
wells with obvious cytopathic effect at the highest dilution and
dividing it by the total volume of viral supernatant used for
testing. Each titration was repeated thrice.

Virus Infection of Primary Macrophages. To infect primary macro-
phages, we prepared various adenovirus stocks carrying one of
the following genes: Lps"/Ran-HA, Lps?/Ran-HA, GFP, and
lacZ. Virus titers were normalized and adjusted as described in
Fig. 2. For infection, 2.5 X 10° peritoneal macrophages from
C3H/HeOulJ mice, primed with 3 ml of sodium thioglycollate 3
days previously, were seeded in each well of a 24-well plate. The
infection MOI was 100,000:1 adjusted with R10 (RPMI 1640
with 10% FBS) to final volume of 250 ml per well, and the
infection time was 6 hr. At the end of 6 hr, the spent viral
supernatant was replaced with fresh R10 medium, and the plate
was left incubated for an additional 14 hr at 37°C. At this time,
250 pl of either R10 medium or LPS from Salmonella typhi-
murium (final concentration = 1 ug/ml) was added to the
cultures. Another 2 hr later, the supernatant from each well was
harvested and stored at —70°C until needed for TNF-« deter-
mination as measured by ELISA or bioactivity assay. Each
sample was a pool of three different wells. Details of the ELISA
assay or the bioactivity assay have been described (24-26).

PCR on DNA from Adenovirus-Infected Cells. For DNA extraction,
250,000 cells were seeded into each well of a 24-well plate and
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were infected with Ad5-Lps?/Ran-hemagglutinin (HA) or with
Ad5-Lps™ /Ran-HA virus at a different MOI. Infection time was
1 hr, and infection volume was 0.2 ml. After infection, we
removed the viral supernatant, added 1 ml of R10 into each well,
and incubated the plate for an additional 20 hr, at 37°C. Before
harvest, the wells were washed thrice with PBS, pH 7.4, and once
by PBS, pH 4.5. We next added 100 ul per well of DNAzol
reagent and followed the procedure described by the manufac-
turer (GIBCO/BRL). About 0.1 ug of genomic DNA was used
in each PCR. Both primers were specific for Lps/Ran sequence.
Sense primer sequence was 5'-TTGTTGCCAT,GCCT-
GCTCTT,G-3’, and antisense primer sequence was 5'-
GGTCATCATC,CTCATCTGGG,A-3'. For 30-cycle PCR, de-
naturation was 95°C for 5 min; annealing was 60°C for 30 sec; and
extension was 72°C for 30 sec. The extension time in the last cycle
was 72°C for 10 min. One-tenth of the PCR products were
analyzed on a 3% agarose gel.

Reverse Transcription—-PCR (RT-PCR) on RNA of Adenoviral-Infected
Culture. For RT-PCR, the cells used and infection conditions
were the same as for PCR. Total RNA extraction was obtained
by using Trizol reagents (GIBCO/BRL). RNA amount was
normalized by ODxgp /250 and gel analysis. About 1 ug of RNA
each was reverse-transcripted, and one-twentieth of DNA prod-
ucts were used in subsequent PCRs. The same sense and
antisense primer sequences, as well as reaction conditions as
described above, were used.

Western Blot Analysis. The harvested macrophages from primed
mice were infected with various adenovirus stocks as described
above except at an MOI of 10,000:1 and stimulated with LPS for
24 hr. After 24 hr, the cells from various cultures were
trypsinized, washed once, and lysed in lysis buffer (20 mM
TrissHCL, pH 7.5/5 mM EDTA/130 mM NaCl/1% Triton
X-100/complete protease inhibitor mixture) at a concentration
of 100 wl buffer per 1 million cells. About 5 g of total lysate was
loaded per lane in 12% SDS/PAGE. The gel then was electro-
phoresed and transferred onto a poly(vinylidene difluoride)
membrane. The membrane then was rinsed briefly with TBST
buffer (25 mM Tris'HCI, pH 7.5/150 mM NaCl/0.05% Tween
20), then incubated in 1% blocking buffer (Roche) for 1 hr with
gentle shaking. The membrane was further incubated with the
first antibody, which was either anti-HA antibody (Roche),
anti-GFP antibody (CLONTECH), or antitubulin (Calbiochem).
It then was incubated with biotinylated second antibodies.
Finally, it was incubated with 25 milliunits/ml streptavidin-
peroxidase conjugate. After the last incubation, chemilumines-
cent substrate luminal/iodophenol (Roche) was added per the
manufacturer’s instruction. The membrane was exposed to x-ray
films for 3 sec to 10 min. The filters usually were stripped and
rehybridized with other antibodies.

TNF-« ELISA Assay. The procedure was done as described (24-26).
To prepare the ELISA plate, we coated a Nunc microwell plate
with 50 ul per well of the capture antibody, rat monoclonal
anti-mouse TNF-« antibody (PharMingen) at a concentration of
4 ng/ml. We sealed and kept the plate at 4°C overnight. The next
morning, we washed the wells with washing buffer (PBS, pH 7.4,
containing 0.05% Tween-20) twice by flipping. Next we blocked
the plate, which included the addition of 200 ul of PBS con-
taining 1% BSA to each well for 1 hr at 37°C. We then aspirated
the blocking solution. After two washes with washing buffer, we
added 50 ul of test supernatant to each well in triplicate. For
each assay, a TNF-« standard curve was established, by using
recombinant mouse TNF-« purchased from PharMingen. Var-
ious concentrations of TNF-a standards ranging from 20 pg/ml
to 5,000 pg/ml diluted in R10 medium were included in the
standard curve. The detection antibody was biotinylated rat
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Fig. 1. Generation of recombinant adenoviral vectors. Depicted are the
recombinant adenovirus type 5 (Ad5) genome. Ad5-Lps(n)-HA and Ad5-
Lps(d)-HA are the vectors containing the Lps(d)/Ran cDNA and Lps(d)/Ran
cDNAs tagged with an HA-epitoped in-frame with the codon. Ad5-GFP and
Ad5-LacZ are vectors containing the GFP and lacZ genes. Expression cassettes
replacing the E1 region include the cytomegalovirus promoter, the inserted
cDNAs with their own polyadenylation signals, flanked by 5’ inverted terminal
repeat (ITR), and encapsidation signal (¢).

monoclonal anti-mouse TNF-a antibody (PharMingen). Fifty
microliters of 1 ug/ml antibody was added to each well, and the
plate was incubated at room temperature for 3—4 hr and washed
thrice. Next, we added 50 wl of 1:1,000 diluted streptavidin-
conjugated horseradish peroxidase (PharMingen) to each well.
After another incubation of 1 hr at room temperature, the plate
was washed thrice. We then added 50 ul of freshly prepared
developing solution, prepared by dissolving one ABTS tablet
(Roche) into 50 ml of ABTS buffer (Roche). After 30 min of
color development, we read the OD4gs of each sample by using
the microplate reader. Using the ODys values of the standards,
we extrapolated the actual amount of TNF-« in each well.

Titration of Recombinant Adenovirus

Virus 0D260 Titration by
Absorbance Unit CPE Assay
Ad-Lps(d)-HA 2.74 lxlO'zg
Ad-Lps(n)-HA 2.60 0.75x10"? pfu/ml

1 OD260nm Unit=1.1x10"* Visible Particles
CPE: Cytopathic Effect Assay

GP/E cell
MOl 1 10 100 10° 10¢

No
_Vimsdndn dn dndn

; ettt HA-Lps,158bp
i i Endo-Lps,119bp

Fig. 2. Adenoviral titer determination. Cytopathic effect assay was per-
formed as described in Materials and Methods. pfu, plague-forming unit.
(Lower) PCR results on GP /E fibroblasts with or without infection with various
dilutions of either Ad5-Lps”/Ran (n) or Ad5-Lps®/Ran (d) virus. MOl is a ratio
of 1 cell/number of infectious virus particles. The 127-bp band shows the
molecular weight visible upon brighter exposure.
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Fig.3. Down-modulation of TNF-a production by C3H/HeOulJ macrophages
after Lps?/Ran adenoviral transfer. Primary macrophages from sodium thio-
glycollate-primed C3H/HeOulJ mice were seeded (250,000 /well) and infected
with various adenoviral stocks at MOIs of 1:100,000 for 6 hr. TNF-a from the
supernatants was measured by ELISA (Upper) or its bioactivity (Lower) was
assayed as described in Materials and Methods. Each point was from three
replicates, with error bars indicating SD.

TNF-a Bioactivity Assay. The procedure was similar to those
published previously (24-26). Briefly, we first inactivated the
transcriptional activity of L1929 cells with actinomycin D treat-
ment. This was done by mixing 5 X 10°/ml L929 cells (American
Type Culture Collection) with 2 pg/ml actinomycin D (Sigma).
We then aliquoted 100 ul of the mixture into each well of a
96-well plate (final concentration = 5 X 10* cells/well) and
incubated it at 37°C for 1 hr. Next we added 100 ul of test
supernatant or R10 (as control) to each well, in triplicate, and
incubated the plate at 37°C for 20 hr. We then added 20 ul of
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(Sigma) to each well, and incubated the plate at 37°C for another
4 hr. Next, we aspirated the spent solution in the wells and added
100 ul of isopropanol in 0.04 M HCI. After dissolving the dark
blue formazan crystals, we determined the ODs7g /690 values by
the microplate reader. Using these values, we then determined
the percentage of dead cells, which is equal to 1 — [ODs70 /690 0f
test supernatant,/ODs7g /690 Of controls] X 100%.

Results

As TNF-a is a major proinflammatory cytokine in endotoxic
shock, one possible way Lps?/Ran exerts its protective effect
against endotoxin challenge in sensitive mice could be via
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Fig. 4.

Evidence of gene transfer and expression in transduced C3H /HeOulJ macrophages. (A) The result of PCR on DNA extracted from peritoneal macrophages

of C3H/HeOulJ mice primed i.p. with 3 ml of 3% thioglycollate solution (Sigma) 3 days before cell collection. The amount of genomic DNA used in each lane was
estimated to be equivalent to 4,000 cells. OuJ M¢ represents macrophages from C3H/HeOul mice. (B) The result of RT-PCR on C3H/HeOul macrophages after
adenoviral gene transfer. He) M¢ represents macrophages from C3H/HelJ mice; 293 represents human embryonic kidney 293 cells. (C) Western blot analysis on
lysates from C3H/HeOulJ cells after adenoviral gene transfer. d, Ad5-Lps?/Ran virus; n, Ad5-Lps"/Ran virus; no, no virus; IB, immunoblot.

down-modulating TNF-« production. To test this hypothesis, we
generated a number of adenovirus vectors, each of which carries
either the wild-type or the mutant Lps/Ran cDNA, a GFP gene,
or a lacZ gene as controls (Fig. 1). We also found the same
amount of Ran protein in endotoxin-sensitive cells as in
C3H/HelJ cells, which probably is the result of the expression of
more than one Ran isoform gene, and each of these isoform
genes may have distinct biological function (27, 28). To circum-
vent this potential complication, we inserted a 40-base HA-
epitope sequence in position 527 of the Lps”/Ran cDNA and
Lps?/Ran cDNA. This design enabled us to directly measure the
presence of the foreign Lps/Ran ¢cDNA in the transduced cells
and its expression at both the RNA and protein levels over a
background of Ran-isoform genes and their products. Also, its
copy number and expression can be compared quantitatively
with those of endogenous Ran. This is achieved through PCR or
RT-PCR by a design where the reactions include the use of
Lps /Ran sequence primers specific for and therefore competed
by both the HA-tagged Lps/Ran and the endogenous Ran
sequences.

To increase the validity of our results, we worked on primary
macrophages from LPS responder C3H/HeOuJ mice and hy-
poresponder C3H/HeJ mice. The use of adenovirus vectors
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provides high efficiency of gene transfer but, as evident from a
recent report (29), standardization of the technology in infec-
tivity and virus titer is still required. To normalize the efficiency
of gene transfer using various virus stocks, we compared the OD
values and the virus titers as determined by the cytopathic effect
assay (23) with PCR results on DNA extracted from GP/E
fibroblasts infected with varying dilutions of the adenovirus
stocks. As shown in Fig. 2, an MOI of 100 to 1,000 for both
Ad5-Lps"/Ran or Ad5-Lps?/Ran could achieve a near 100%
efficiency on GP/E fibroblasts. This result is consistent with
Ad5-GFP infection, where similar dilutions based on the titer
determined by all three methods provided a near 100% of the
cells infected when an MOI of 100 was used. As shown in Fig. 2,
all three methods showed that Ad5-Lps*/Ran has a lower titer
compared with Ad5-Lps?/Ran. Based on the competitive PCR
results, where the intensity of the 158-bp HA-tagged Lps(d) band
was about 1.5 times that of HA-tagged Lps(n) band, we diluted
the Ad5-Lps?/Ran accordingly so that the titer for both viruses
was the same for all subsequent experiments.

To assess the biological effects of the Lps/Ran genes, we
infected C3H/HeOuJ peritoneal macrophages with Ad5-
Lps /Ran viruses and other control viruses. After a typical 6-hr
infection and another 14-hr incubation to permit a predeter-
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Fig. 5. Restoration of TNF-a production by C3H/HeJ macrophages after
Lps"/Ran adenoviral transfer. The infection conditions and the Western blot
analysis were identical to those in the legend to Fig. 3. (OuJ)No infection,
uninfected macrophages from C3H/HeOuJ mice.; d, Ad5-Lpsd/Ran virus; n,
Ad5-Lps"/Ran virus; IB, immunoblot.

mined optimal time for the expression of the transgenes, the
culture was replaced with fresh medium, with or without 1
wg/ml LPS. Typically, after another 2 hr of incubation, the
supernatants were collected and analyzed either by ELISA or
cytotoxicity assay. The latter assay was to measure the bioactivity
of TNF-«a in the supernatant (24). In all 10 experiments con-
ducted, there was a consistent reduction of TNF-« level or
activity in macrophages transduced with Ad5-Lps(d)-HA upon
LPS stimulation, as compared with those transduced with either
Ad5-Lps(n)-HA, Ad5-GFP, or Ad5-lacZ. By ELISA, which
measures the overall TNF-a protein, there was a 50-70%
reduction, and by bioactivity, which measures TNF-« biological
activity, there was a 30% reduction (Fig. 3). To eliminate
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possible artifacts that this reduction could be the result of
epitope sequence insertion into the Lps?/Ran cDNA, we also
infected macrophages with the original wild-type Ad5-Lps"/Ran
and the original mutant Ad5-Lps?/Ran virus, as we reported
recently (21). Similar results were obtained in three independent
experiments (not shown).

To ascertain that the transduced macrophages contained
similar copies of Ad5-Lps"/Ran DNA or Lps?/Ran DNA, we
performed PCR on DNA extracted from cells infected with
either virus at MOIs ranging from 1:1 to 10,000:1. As shown in
Fig. 44, starting at MOI of 100:1, the 158-bp viral Lps/Ran-HA
DNA fragment appeared; its intensity peaked at a MOI of
10,000:1 and was inversely proportional to that of the 127-bp
endogenous Lps/Ran genomic DNA fragment (Fig. 44). Fur-
thermore, the intensity between the viral Lps"/Ran DNA and
the viral Lps?/Ran DNA was comparable at all MOIs examined
(Fig. 44). The observed PCR signals remained after acid
washing of the infected macrophages, and were absent from cells
exposed to heat-inactivated virus (by boiling), suggesting that the
signals were not caused by passive virus adsorption. To rule out
the possibility that the macrophages might have phagocytized
the adenoviral particles instead of being infected by the virus and
expressing the transgene, we proceeded to measure the degree
of gene expression at the RNA or protein level. After adenoviral
infection, RNA from the virus-producing cells, 293 human
embryonic kidney cells, and C3H/HeOuJ and C3H/HeJ mac-
rophages were subjected to RT-PCR using primers specific for
both the epitope-tagged and the endogenous Lps/Ran. A com-
parable level of Lps”/Ran mRNA and Lps?/Ran mRNA was
observed in all of these cell lines (Fig. 4B).

Despite comparable expression of the transgenes at the RNA
mRNA level, measurement of the amount of proteins in the
transduced cells, however, reveals interesting differences be-
tween Lps"/Ran and Lps?/Ran. In Fig. 4C, Western blot
analysis on lysates of various transduced cells shows that the level
of Lps!/Ran-HA was higher than that of Lps"/Ran-HA. Both
Lps?/Ran and Lps"/Ran appeared to increase as a result of LPS
stimulation, whereas the level of GFP remained unchanged in
the transduced cells with or without LPS stimulation (Fig. 4C).
This difference could not be related to adenoviral infection, as
we obtained similar results in cells infected with retrovirus
vectors carrying the Lps/Ran cDNAs (H. Chen and P.M.C.W.,
unpublished work).

With identical experimental design as in Fig. 3, transduction
of Lps"/Ran cDNA into macrophages from C3H/HeJ mice did
not restore their LPS response in terms of TNF-a production,
despite evidence of successful gene transfer and expression in
these cells (Fig. 4B). Considering the possibility that Lps?/Ran
might exert a dominant negative function on the wild-type
protein, we stimulated the transduced cells with a high dose of
LPS (100 pg/ml). At this concentration, C3H/HeJ macro-
phages transduced with Lps” /Ran responded to the stimulation,
albeit its response was only 20% of uninfected C3H/HeOulJ
macrophages, whereas uninfected, Ad5-GFP-infected, or Ad5S-
Lps?/Ran-infected C3H/HeJ macrophages did not produce a
significant amount of TNF-« even at this LPS dose. Western blot
analysis showed that, like in C3H/HeOulJ responder macro-
phages, Lps?/Ran protein was higher than Lps"/Ran (Fig. 5B).
This increased Lps?/Ran protein level compared with that of the
wild-type Lps"/Ran could explain the apparent dominant neg-
ative function of Lps?/Ran on TNF-a production, as predicted
in reports by other investigators (19, 30, 31). Mechanistically, this
increase could be the result of different translational efficiency,
different intracellular protein localization, or different protein
degradation rates. Thus overproduction of Lps/Ran in Ad5-
Lps“/Ran-transduced macrophages produces a negative biolog-
ical feedback signal, down-modulating TNF-« production, which
may be akin to an autocrine negative feedback regulation for
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growth factor receptors where their corresponding ligands are
overproduced within the same cells (32, 33).

Discussion

Because expression of the Lps?/Ran in responding macrophages
reduces but does not abrogate TNF-a production upon LPS
stimulation, the data suggest the presence of more than one LPS
signaling pathway. These data are also consistent with the results in
Fig. 5, showing that successful transfer and expression of Lps" /Ran
in C3H/HeJ macrophages could not restore TNF-a production
upon LPS stimulation unless a very high LPS dose is given. Yet
Lps"/Ran is effective in restoring LPS responsiveness of splenic B
cells from C3H/HeJ mice (20, 21). B lymphocytes do not express
CD14 and therefore their stimulation by endotoxin is likely
achieved via a CD14-independent signaling pathway.

Upon LPS stimulation, no elevation of TNF-« is detected in
the serum of C3H/HelJ mice (19). In this study, expression of
Lps¢/Ran clearly reduced TNF-a production but the reduction
was incomplete. This finding is consistent with the idea that more
than one genetic mutation has occurred in the genome of
C3H/HeJ mice, accounting for its resistance to endotoxic
challenge (9-11, 30, 31). In addition to Lps/Ran that we
described previously (20, 21), Tlr4 has been mapped to the Lps
locus and is found to have a point mutation in the C3H/HeJ
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genome (15, 16). Its involvement in innate immunity via a
CD14-dependent signal transduction pathway has been exten-
sively documented (34-36). Although Lps/Ran is likely to be
involved in a CD14-independent pathway, it also may have an
indirect effect on a CD14-dependent pathway, as it is a nuclear
protein that can function downstream in more than one signal
transduction pathway.

We recently showed that Lps?/Ran could protect endotoxin-
sensitive mice against LPS challenge (21). Our study here also
suggests that the protective effect can be caused by the ability of
Lps?/Ran to down-modulate TNF-«a production. Importantly,
this down-modulation may confer a dampened response signal
on the responding cells so that they elicit a competent but not
overly reactive immune response against the endotoxin chal-
lenge. The finding in this report provides one clear scientific
basis on which gene therapy for endotoxic or septic shock can be
applied.
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