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Background 

Over the past ten years, anticytokine therapies for the treatment of septic shock, 
adult respiratory distress syndrome (ARDS) and systemic inflammatory response 
syndrome (SIRS) have progressed from the laboratory to the clinic. It is now gener
ally accepted that overproduction of several classes of proteins produced by inflam
matory cells, termed pro-inflammatory cytokines, contribute to the pathological 
consequences of septic shock [1,2]. Neutralizing an exaggerated endogenous tumor 
necrosis factor a (TNFa) response with anti-TNFa antibodies [3,4], soluble TNF 
receptor immunadhesins [5, 6], or downregulating TNFa production with inter
leukin-l0 (IL-I0) pretreatment [7, 8] confers survival to otherwise lethal endotox
emia. Presently, clinical trials are underway with monoclonal antibodies and immu
nadhesins directed against TNFa in patients with sepsis syndrome [9]. Similarly, 
efforts to block an exaggerated interleukin-1 (IL-1) production, primarily with the 
use of IL-1 receptor antagonist (IL-1ra), have shown variable results in preclinical 
studies [10, 11] and early clinical trials [12]. 

However, current therapeutic approaches, although conceptually sound, are 
inherently inefficient. Firstly, these natural antagonists or inhibitors of pro-inflam
matory cytokines have short biological half-lives, ranging from minutes to hours 
[5, 10, 13]. Secondly, pro-inflammatory cytokine levels are often several times 
higher in the inflamed tissue compartment than they are in the plasma [14, 15] and 
thus, inhibitors that are given parenterally must be done so in large quantities to 
reach and saturate all tissue pools. In fact, some inhibitors are sequestered almost 
entirely in the plasma compartment [16] and may not reach interstitial pools. 
Finally, exaggerated cytokine production may contribute to pathology in one body 
compartment while, simultaneously, production in another compartment may 
actually have beneficial effects. Thus, systemic administration of cytokine 
inhibitors at levels sufficient to neutralize exaggerated cytokine production in one 
organ may also block the presumably beneficial aspects of cytokine production in 
another. 
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To develop an alternative approach for anticytokine therapies in acute inflam
mation, gene transfer of cytokine inhibitors or the use of catalytic ribozymes direct
ed against pro-inflammatory cytokine mRNA are being considered as a novel drug 
delivery system. Although gene transfer and transfection studies are being actively 
pursued for patients with somatic gene disorders, and for modulating the genetic 
basis of cancer, diabetes, and other chronic diseases (for reviews see [17-19]), gene 
transfer as an acute therapeutic modality for sepsis, surgical injury, and acute 
inflammation is clinically not being as actively pursued [20]. However, the capa
bility to deliver cytokine inhibitors or antagonists directly to the local site of 
inflammation, where exaggerated pro-inflammatory cytokine production is occur
ring, makes non-stable gene transfer a powerful alternative to systemic administra
tion. 

Efforts to accentuate beneficial components of the acute phase or inflammato
ry response by targeting such organs as the liver with low dose human TNFa, IL-
6 or IL-1 (a or ~) may present an alternative means to improve outcome to infec
tion/ injury, particularly in models of immune suppression and organ injury. In this 
manner the utility of gene transfer in clinically relevant models of infection and 
sepsis is explored. In particular, the advantages of gene transfer as a novel drug 
delivery system for the treatment of septic shock, multisystem organ failure 
(MSOF) and inflammatory response syndromes is determined for possible future 
clinical trials. 

Role of pro-inflammatory cytokines in the pathogenesis of 
sepsis! MSOF 

The reported mortality to septic shock varies between 25-50%. Although contro
versy exists over the frequency and morbidity associated with sepsis and septic 
shock, there is agreement that the incidence of septic shock is increasing and mor
tality rates are remaining relatively constant despite marked improvements in anti
microbial therapies and pulmonary and vascular support. Even with constant 
improvements in supportive care, increases in immuno-compromised diseases like 
AIDS, as well as the ageing of the population, have resulted in an increased prepo
sition to sepsis and septic shock. 

In 1986/87, Beutler et al. demonstrated that overproduction of the pro-inflam
matory cytokine, TNFa, was antecedent to shock and death [21-24]. Initial studies 
demonstrated that the panoply of host responses seen in lethal endotoxemia or 
Gram-negative bacteremia could be reproduced in healthy animals simply by 
administering recombinant TNFa. In subsequent studies in mice and Papio 
(baboon), the authors demonstrated that an exaggerated endogenous TNFa 
response was inhibitable with polyclonal and monoclonal antibodies, and con
tributed to the mortality associated with endotoxemia and Gram-negative bac-
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teremia [4]. Since 1987, when the studies were first reported, there have been at 
least 15 studies confirming the central role that TNFa plays in acute Gram-negative 
bacteremia and endotoxemia (for review see [25]). 

Similarly, in 1988, Waage and colleagues [26] and Schreiber et al. [27] each 
reported that TNFa toxicity could be potentiated by coadministration of either IL
l or lipopolysaccharide. As early as 1989, Fong et al. [28] reported that blocking an 
endogenous TNFa response in Gram-negative septic shock with monoclonal anti
bodies led to an attenuated IL-l and IL-6 response. In 1991, Ohlssen et al. [11] and 
subsequently Dinarello et al. [29], Norton et al. [30] and Fisher et al. [10] reported 
that blocking an endogenous IL-l response with IL-l receptor antagonist (IL-lra) 
also improved survival and reduced tissue damage associated with lethal Gram-neg
ative bacteremia. 

Since then a considerable body of knowledge has developed to explain the mech
anism and pathways by which the pro-inflammatory cytokines initiate and propa
gate shock, tissue damage, and the sepsis syndrome. Investigators have implicated 
additional pro-inflammatory cytokines in the pathogenesis of overwhelming Gram
negative infections or endotoxemia, including interferon-y, IL-6, LiFIFactor D and 
IL-l2 [30-32]. Although the role that each of these specific cytokines play in the 
pathogenesis of septic shock is still being resolved, there is general agreement that 
endogenous production of TNFa and IL-l are central to initiating and sustaining 
the pro-inflammatory cytokine cascade. These two mediators, in particular TNFa, 
appear very early in the inflammatory response, and their synthesis and release 
begins within minutes of macrophage activation [33, 34]. The early release to TNFa 
initiates a subsequent cascade of other cytokines and mediators. When TNFa or IL
l are inhibited with either antibodies or receptor antagonists, the major components 
of the inflammatory response are suppressed [24, 34]. 

It has only been recently recognized that the integrated cytokine response to 
infection and injury is complex and that ultimately the host response to infection 
depends not only upon the absolute concentrations of IL-l and TNFa, but also 
upon the presence of cytokine inhibitors and anti-inflammatory cytokines. It is now 
generally accepted that the catastrophic host responses to overwhelming bacterial 
infections represent an aberrant relationship between pro-inflammatory cytokines, 
TNFa and IL-l, and their naturally occurring inhibitors. In lethal bacteremia and 
endotoxemia the concentrations of TNFa and IL-l p in the plasma are far greater 
than can be neutralized by the corresponding levels of shed TNF receptors (TNFR) 
(p55 & p75) or IL-lra [5, 35]K Similarily, in ongoing inflammatory processes, such 
as those which occur in hospitalized patients with systemic inflammatory response 
syndrome (SIRS) or sepsis syndrome, the mechanisms which ultimately down-regu
late pro-inflammatory cytokine release are ineffective. This is due in part to the con
tinued external stimuli which ongoing infectious or inflammatory processes invoke. 
In such cases repeated or persistent pro-inflammatory cytokine synthesis (TNFa, IL
l) contributes to the hemodynamic instability, coagulopathy, and multi-organ dys-

317 



Michael A. Rogy 

function that occurs. In both septic shock and SIRS the beneficial aspects of pro
inflammatory cytokine production (including stimulation of non-specific host 
immunity, increased antigen specific T cell proliferation, macrophage and NK-cell 
bactericidal capacity) are offset by the adverse consequences of continued exposure 
to elevated TNFa and IL-l concentrations. 

Successful anticytokine approaches to the treatment of septic shock or sepsis 
syndrome associated with bacteremia or endotoxemia have been directed at either 
suppressing the pro-inflammatory cytokine (TNFa or IL-l) response, such as with 
IL-IO or transforming growth factor ~ (TGF~), or blocking TNFa and IL-l activi
ty with antibodies, or by increasing pharmacologically the levels of cytokine 
inhibitors with recombinant IL-lra and soluble TNF receptors. The preclinical 
rodent and subsequent primate studies which demonstrated efficacy with either 
antibodies (anti-TNFa mAb) or cytokine inhibitors (IL-lra or soluble TNF recep
tors TNFR) in lethal endotoxemia and Gram-negative bacteremia prompted the 
initiation of clinical trials in patients with sepsis syndrome and shock. The initial 
promising Phase II report of improved outcome in patients with sepsis syndrome 
treated with IL-lra [12] could only be confirmed in the Phase III trials with a sub
group of critically ill patients with predicted mortalities of greater than 24% by 
APACHE III scores [35]. In fact, clinical trials with IL-lra have been discontinued, 
and IL-lra is no longer under clinical investigation. Beneficial results from the anti
TNFa monoclonal antibody studies have also been conditional. For example, Fish
er reported an improvement in outcome only in those patients with detectable plas
ma TNFa9. 

In light of the observation that these clinical studies can only confirm the utility 
of anticytokine therapies for the treatment of shock and sepsis syndrome in very 
selected patient populations, interest has focused primarily on identifying prospec
tive patients that may benefit from such therapies. In fact, retrospective analysis of 
Phase II and III clinical trials with TNFa antibodies and IL-l inhibitors revealed that 
only some patient subpopulations benefited from anticytokine therapies, whereas 
there was a trend towards increased mortality in other patient populations [9, 12, 
35]. In particular, anti-IL-l and anti-TNFa therapies appeared to be most helpful in 
patients who had organ failure or were already in shock, whereas they were least 
beneficial (and potentially harzadous) in patients at risk of developing septic shock 
but not as critically ill. 

The inability of these several clinical trials to unequivocally demonstrate effica
cy of this novel approach does not indicate a failure of the underlying concept, but 
rather a failure in its implementation. Such results are not surprising given the fact 
that cytokines have both concurrent beneficial and pathological roles. In fact, Echt
enacher and others demonstrated that blocking an endogenous TNFa response 
made a non-lethal peritonitis model lethal [36-38]. Similarly, van der Meer and 
Czyprinski demonstrated that administration of IL-l improved outcome to a vari
ety of Gram-negative bacterial infections and blocking an endogenous IL-l 
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response inhibited antimicrobial processes [39-45]. Such results suggest that an 
endogenous pro-inflammatory cytokine response can have beneficial effects, and 
efforts to block an endogenous TNFa or IL-l response may have untoward nega
tive effects. 

We believe that identifying the optimal patient population who can benefit from 
such therapies will only partially address the problems associated with the current 
approaches for delivering anticytokine therapies. A major difficulty with the current 
strategy of infusing systemically either inhibitors of IL-l (IL-lra) or TNFa (mono
clonal antibodies or soluble receptors), or infusing anti-inflammatory mediators 
(such as glucocorticoids, ILA, TGFp, IL-l a or IL-13) is that systemic administration 
is an imprecise means of directing an anticytokine therapy to individual body com
partments where exaggerated production is occurring. Similarly, because such ther
apies are inherently aimed at blocking cytokines prima rely in the vasculature, but 
also in all organs of the body, they can be potentially hazardous to some patient 
populations where an organ-specific cytokine production may have beneficial anti
microbial functions. 

Systemic administration of cytokine inhibitors may in fact be an inappropriate 
means to block the paracrine actions of a cytokine. Only recently has a greater 
appreciation for the paracrine nature of TNFa and IL-l been recognized. Both IL
l and TNFa are known to exist in cell-associated forms and retain some biological 
activity [43, 44]. Ginsberg et al. reported in mice suffering adeno-virus induced 
hemorrhagic pneumonia, local, but not systemic, production of TNFa and IL-l 
[14]. TNFa and IL-1 levels in the lung were often in excess of 10 ng/ml whereas 
plasma concentrations were less than 50 pg/ml and could not be detected by either 
immuno-or bioassays. Similarly, in rats expiring from a thermal injury and 
Pseudomonas infection, local, but not systemic, TNFa production was reported [46, 
47]_ Ulich has reported lung TN Fa levels exceeding 10 ng/ml in mice following 
intratracheal instillation of lipopolysaccharide (LPS) whereas levels in the plasma 
were less than 100 pg/ml [48,49]. Similar findings have been seen with patients with 
ARDS [15, 50]. In such patients, TNFa was recovered from the lungs of patients 
with ARDS at levels as high as 15 ng/ml, whereas concentrations in the plasma were 
only 100 pg/ml. Thus, systemic administration of cytokine inhibitors must be given 
at levels sufficient to block the elevated concentrations in the tissues but not in the 
plasma compartment. This is exceedingly problematic since anti-TNFa monoclonal 
antibodies, soluble receptor fusion proteins, and even IL-lra, are primarily sequest
ered in the plasma compartment [5, 10, 16, 17]. 

Systemic administration of cytokine inhibitors is also problematic since the nat
ural antagonists or inhibitors of TNFa and IL-1 often have short biological half
lives, ranging from minutes to hours [5, 10]. For example, Fisher et al. reported that 
in the septic primate, IL-1ra has a biological half-life (beta phase) of approximately 
21 minutes [10]. To sustain therapeutic plasma concentrations of 10-15 ~g/ml, IL
lra and soluble TNF receptors have to be given at concentrations of 1.5-2 mg/kg 
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BW/hr, or approximately 2.5 glday, for as long as the patient is septic. Such an 
approach may not be cost-effective. To some extent, these problems have been obvi
ated by the use of antibodies or TNF receptors that are joined to the FC and hinge 
region of human IgG. These 'Chimeric fusion' proteins have a biological half life of 
between 20-60 hours [6,16,17]. 

Finally, exaggerated pro-inflammatory cytokine production may contribute to 
the pathology in one body compartment while, simultaneously, production in 
another compartment may actually have beneficial effects. There has been little 
examination into the differential organ response to a variety of lethal and non
lethal infections or inflammation. The implications of these findings are consider
able. Systemic administration of cytokine inhibitors at levels sufficient to exit the 
plasma pool in quantities sufficient to neutralize exaggerated TNFa production in 
one tissue compartment may also block the presumably beneficial aspects of 
cytokine production in other tissue compartments. This latter point may explain 
some of the experimental observations where TNFa inhibition is associated with 
adverse outcome. 

In 1986, Beutler and Cerami characterized TNFa's actions as being two sides of 
the same coin [51]. Even at that time it was understood that the biological actions 
of pro-inflammatory cytokines were in general beneficial to the host. Since then, 
considerable experimental data has arisen to suggest that an endogenous TN Fa or 
IL-l response is critical to a normal, non-specific host response that serves to 
reduce the amount of tissue damage and the likelyhood of a secondary bacterial 
infection. It has been well recognized that endogenous TNFa and IL-l production 
contributes to the antimicrobial responses against several intracellular pathogens, 
such as listeria and pneumocystis [52]. An endogenous TNFa and IL-1 response, 
particularly in the liver and spleen, are essential to the anti-listerial response. In 
addition, there is also increasing appreciation of a beneficial role for TNF and IL
l in the host response to Gram-negative bacterial infections [38, 53]. Dinarello 
reported that some IL-1 production was critical in newborn rodents [53]. He 
demonstrated that exaggerated IL-1 production could be lethal as well as an inad
equate IL-1 production in a murine model of Gram-negative infection. In two day 
old rats infected with Klebsiella, mortality normally approached 100% and high 
levels of IL-1 could be documented. When excess quantities of IL-l were inhibited 
with low dose IL-lra, mortality declined to under 20%. However, when rats were 
treated with sufficient IL-lra to completely block all of IL-1 's actions, mortality 
increased to nearly 100%. Thus, the findings confirm that some IL-1 production is 
essential for eliciting an antimicrobial response, but either too much or too little is 
disadvantageous. 

For the reasons described above, we propose that gene transfer of anti-inflam
matory cytokines or cytokine inhibitors represents a more efficient means to block 
pro-inflammatory cytokine action in tissue compartments than does the systemic 
administration of these same agents. 
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Use of gene transfer to deliver anticytokine therapies directly to organs 
and tissues 

In the past three years, significant progress has been made in the development of 
gene therapy. There have been several excellent reviews of the various technologies 
available for human gene therapy [17-19]. These reviews in general have focused on 
currently available methods to deliver human genes to distant organs. Invariably, the 
emphasis of these studies has been to correct germ line abnormalities, such as those 
associated with the cystic fibrosis transmembrane conductance regulator, ornithine
transcarbamylase, adenosine desaminase, Duchenne type muscular dystrophy, and 
LDL receptor, among others [18, 19]. Such approaches in general are aimed at either 
supplanting defective genes, or altering immune cell phenotype. We propose to 
employ gene transfer as a novel drug delivery system to transiently mitigate the 
inflammatory response in individual tissues and organs. We believe that coupling 
gene transfer technologies with surgical intervention and manipulation ultimately 
offers a unique means to modify the post-surgical and inflammatory response, by 
either down-regulating inflammatory processes in tissues where exaggerated pro
duction occurs, or in cases where upregulating the inflammatory response may stim
ulate antimicrobial processes. Thus, gene transfer technologies will be an integral 
component of the surgeon's armament, aimed at modulating wound healing, tissue 
regeneration, and decreasing inflammatory cell-mediated injury. 

The specific goals of gene therapy for sepsis and acute inflammation therefore 
differ in some important regards from efforts to correct germ-line disorders. Where
as the treatment of such germ-line disorders as adenosine deaminase (ADA) defi
ciency-induced severe combined immune deficiency (SCID) or cystic fibrosis seeks a 
stable integration of the foreign gene into the target tissue genome [54-60], the goal 
of gene transfer in sepsis or acute inflammation is a transient, non-stable transfor
mation that results in maximal gene expression lasting days and at most weeks. In 
the case of downregulating an inflammatory response, stable integration of the gene 
for an anti-inflammatory cytokine or cytokine inhibitor with a viral promotor
enhancer into the target cell genome could have adverse long lasting effects, includ
ing immune suppression and oncogenesis. Such stable transfections are therefore not 
desirable. In addition to non-stable transfection, gene therapy approaches in sepsis 
are aimed at targeting several cell populations simultaneously in a single organ or 
tissue, such as pulmonary macrophages, or epithelial and endothelial cells in the 
lung. Under ideal conditions, the target cell population in sepsis is one in which 
excessive production of the pro-inflammatory cytokines IL-l and TNFa occurs. 

We have considered non-viral methods of gene transfer 

Cationic liposomes have often been historically dismissed as an inefficient means of 
gene transfer in vivo [61]. This has been due historically to the relatively low trans-
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fection efficiencies that are observed in vitro when compared to viral transfection 
systems [62]. In addition, due to the lack of quality control in liposome preparation 
and their rapid peroxidation, results have often been unreproducible and, in some 
cases, liposomes have been directly toxic to some cell populations [62]. The in vivo 
use of liposomes for gene transfer, however, began in earnest after the report of FeI
gner's group at Syntex in 1987 that liposome-mediated DNA transfection can be 
simple, inexpensive, reproducible, and more efficient than other commonly 
employed non-viral techniques [61]. In general, cationic liposome technology has 
progressed markedly since 1987 when Lipofectin Reagent® [N-[1-(2,3,-dioleyloxy) 
propyl]-N,N,N-trimethylammonium chloride] (DOTMA) was first developed [63]. 
Lipofectin® was cytotoxic to some cell lines and expensive to manufacture. Second 
generation liposomes were created using mixtures of the cationic lipid (DOTMA) 
and neutral lipids (usually a variant of dioleyl-L-a-phosphatidyl-ethanolamine 
DOPE) [64]. With these newer formulations, transfection efficiencies increased to 
almost 75%, values approaching those seen with viral transfection schemes [64]. 
Ramila Philip and Robert Debs have also shown that some degree of tissue specific 
transgene expression can be achieved by varying the composition of the cationic 
lipid [66-68]. In general, these cationic lipids spontaneously form multilamellar 
vesicles that can either be used to capture intact DNA, or can be sonicated to form 
small unilamellar vesicles. DNA interacts spontaneously with solutions of both 
these vesicles to form Iipid:DNA complexes. It is presumed that the ionic interac
tions occur between the positively charged lipid and the negatively charged phos
phate group of the DNA [64]. 

The positively charged lipid from the liposome interacts not only with the nega
tively charged DNA but also with negatively charged cell membranes. These lipo
somes also undergo membrane fusion or transient membrane destabilization with 
the plasmalemma or endosome in order to achieve delivery of DNA into the cyto
plasm while avoiding degradation in the lysosomal compartment. This process is 
independent of cellular receptors and should be present in most cell types. Once 
inside the cell, the DNA migrates to the nucleus where, depending upon the pres
ence of cis acting sequence elements such as the long terminal repeats (LTR's) of 
retrovirus, the DNA is either integrated into genomic DNA or is transcribed in an 
episomal fashion [18]. This migration of transgenic material to the nucleus can be 
enhanced by coating the DNA with HMG-1, histones that permit more rapid tran
sit through nuclear membrane pores [69]. 

Conceptually, it is the same whether entry of the DNA is facilitated by viral 
packaging and binding to specific cellular receptors, as occurs with viral transfec
tion schemes, or endocytosis and plasma membrane interactions, as occurs with 
liposomes. Once the foreign DNA is incorporated into the cell, transgene expression 
is driven by additional cis-acting regulatory sequences which include transcription
al promoters and enhancers as well as the host cell's RNA polymerase and tran
scriptional initiation factors. Mammalian transcriptional promoters are required for 
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transcription of sequences within mammalian cells. The choice of transcriptional 
promoter also determines which RNA polymerase will transcribe the foreign DNA. 

Commonly, in vivo studies with cationic liposomes have utilised mammalian 
expression vectors containing the cytomegalovirus (CMV) immediate-early tran
scriptional promoter and enhancer [65-69]. The CMV promoter is transcribed by 
RNA polymerase II and has the advantage of directing high levels of expression in 
a variety of tissues, including lung, kidney and vascular endothelium in most mam
malian species [70]. 

Cationic liposomes and plasm ids containing the CMV early promoter and 
enhancer for transfer of foreign DNA have been reported by Debs, Philip, Felgner 
and others [65-68]. In studies described by Debs and Philip, cationic liposomes and 
CMV promoter vectors, which contained reporter genes such as chloramphenicol 
acetyl transferase (CAT), were administered intravenously, intraperitoneally, and by 
inhalation to healthy animals. Debs has extensively analyzed the tissues transfected 
following intravenous administration of liposomes and CMV promoter and 
enhancer-driven CAT (CMV-CAT) expression vectors. Evidence of CAT expression 
was documented for up to 63 days following intravenous injection, and CAT activ
ity was present in the lung, spleen, liver, heart, kidney, and lymph nodes, as well as 
in the thymus, uterus, ovary, skeletal muscle, intestine and colon of transfected mice 
[65]. The highest CAT expression was observed in lung and spleen when expressed 
as per mg protein. Immunohistochemistry studies revealed that there were three dif
ferent cellular patterns of CAT expression following intravenous injection. CAT 
expression was generalized throughout the lung affecting both endothelial and 
epithelial cells. However, in the spleen, liver, lymph nodes and bone marrow, CAT 
expression was limited to extravascular parenchymal cells. Thus, in these tissues, 
circulating liposome:DNA complexes appeared to readily extravasate across the 
vascular endothelium. In the heart and kidney, however, CAT expression was limit
ed to mostly endothelial cells with little expression by parenchymal cells. Therefore 
liposome-directed gene transfer for sepsis will not be limited by the inability to reach 
target cell populations. In practice, the difficulty will be to direct gene transfer to 
those cell populations that are responsible for exaggerated proinflammatory 
cytokine production. 

Debs and colleagues also examined CAT expression following inhalation of lipo
some:CMV-CAT DNA [68]. Inhalation of liposomes complexed to CMV-CAT vec
tors resulted in high levels of CAT expression in the lungs of the animals for peri
ods up to 21 days. No CAT expression was observed in any other tissue suggesting 
that uptake of the liposome:DNA mixture was limited to the lung. Using a poly
clonal antisera directed against CAT, immunohistochemical analysis of lung sections 
showed a pattern of diffuse staining for CAT activity that involved both bronchio
lar and alveolar components. Bronchiolar epithelium had the highest CAT 
immunoactivity, but CAT immunoactivity was also recovered from alveolar lining 
cells. 
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Table 1 - Survival and peak TNFa concentrations in LPS-D-gaIN mice pretreated with lipo

somes containing pCMVlp55 or pcO-SR-aIIL-10 

Experiment # 

2 

3 
totals 
TNFa, pg/ml 

pCMV/p55 
survived/total 

4/6 
3/6 
3/6 

10/18 
2080 ± 810 

pcD/SR-a/hIL-10 relevant DNAIliposomes 
survived/total survived/total 

6/6 1/6 
4/6 0/6 
6/6 1/6 

16/18 2/18 
190 ± 60 2690± 660 

Table 2 - Lung TNF and myeloperoxidase levels in mice after intratracheal LPS administra

tion and gene transfer 

TNF/a, pg/g 
MPO, U/g 

pCMV/p55 

500 ± 43 
53.2 ± 1.3 

pcD/SR-a/hIL-1 

146 ± 58 
26.4 ± 5 

liposomes 

382 ± 66 
58.7 ± 6.2 

control 

<100 
1.7 ± 1.7 

Targeting gene transfer to the kidney has also been accomplished. Isaka and col
leagues infused liposomes and coding sequences for human TGF~ into the renal 
artery of mice with genetic susceptibility to lupus and recovered immune reactive 
human TGF~ from the kidney [71]. TGF~ activity was not recovered from the con
tralateral kidney or any other tissue suggesting that targeted expression is feasible 
by regional iv. administration. Furthermore, with the increasing understanding of 
the immunological and genetic basis of carcinogenesis, gene transfer is also becom
ing a valid option for cancer therapy [72]. 

We conducted over the past years several gene therapy studies in murine models 
with septic shock and acute inflammation. To evaluate whether gene therapy aimed 
at inhibiting an endogenous TNF response could improve outcome in a model of 
more direct TNF dependence, gene therapy was employed prior to lethal LPS D
galactosamine [73]. 48 h after gene transfer, mice were injected intraperitoneally 
with 250 ng LPS and 18 mg D-GaIN. Lethality in this LPS-D-GaIN model has been 
previously shown to be more dependent on an exaggerated TNFa response, since 
treatment of mice with TNF receptor immunoadhesins or the use of TNF receptor 
(p55)-deficient mice results in reduced mortality. Our results from three separate 
experiments demonstrated that gene transfer with either IL-lO or p55 improves sur-
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Figure 1 

TNFa immunoadivity in the serum (pglml) from mice 90 min after challenge with a lethal 

experimental septic shock. 2 days prior to indudion of septic shock, the mice were trans

feded intraperitoneally with 200 j.lg pcD hIL-4, 200 j.lg plFE14 hIL-13 or 200 j.lg pMP6 com· 

plexed to 100 nmol DDAB:DOPE cationic liposomes. The results represent the average of 

three different experiments with six mice per group in each experiment. Mice pretreated 

with hlL-4 or hIL-13 display a down regulation of TNFa response to a lethal LPS-D-GaIN 

challenge, p < 0.05. 

vival (Tab. 1). In additional studies, intratracheal administration of IL-10 DNA
liposome complexes 48 h before an intratracheal LPS challenge reduced pulmonary 
TNFa levels by 62% and decreased neutrophil infiltration in the lung by 55% as 
measured by myeloperoxidase activity (both p < 0.05). This effect was not seen with 
the p55 gene transfer (Tab. 2). In retrospect, it is not surprising that gene transfer 
with p55 was less effective than IL-10 after i.p. and intratracheal LPS challenge, 
given the magnitude of TNFa response. In contrast to transfection with the modi
fied p55, the increased effectiveness of IL-10 gene transfer highlights a therapeutic 
advantage associated with cytokines that directly inhibit pro-inflammatory cytokine 
production rather than competing for ligand binding. 

These results encouraged us to consequently perform another study with other 
anti-inflammatory cytokines, namely IL-4 and IL-13 [74]. Gene transfer with hILA 
reduced the serum TNFa production in response to endotoxin/D-GalN by 80% 
from 113.1 pg/ml in mock-transfected animals to 22.2 pg/ml (p < 0.05), whereas 
human IL-13 gene transfer reduced serum TNFa levels by 90% (113.1 pg/ml to 
11.6 pg/ml; p<0.05) (Fig. 1). Survival was improved from 20% to over 83% in 

325 



Michael A. Rogy 

90 

80 • h1L-4 

0 hlL 13 
70 • controls 

60 
11-.. 50 
> 

.~ 
40 :::J 

Vl 

30 

20 

10 

0 

Figure 2 

48 h survival of mice challenged with a lethal experimental septic shock. 2 days prior to 

indudion of septic shock, the mice were transfeded interperitoneally with 200 J.1l5 pcD 

h1L-4, 200 J.1l5 plFE14 h1L-13 or 200 J.1l5 pMP6 complexed to 100 nmol DDAB:DOPE cation

ic liposomes. The results represent the average of three different experiments with six mice 

per group in each experiment. Mice pretreated with hlL -4 or hlL -13 demonstrated a signifi
cant improve in survival, p < 0.001. 

both treatment groups (p < 0.001) (Fig. 2). Our data demonstrate a potent in vivo 
anti-inflammatory action of both IL-4 and IL-13. In addition the immune functions 
of peritoneal macrophages are significantly ameliorated in both treatment groups, 
herein IL-13 demonstrates a better macrophage immune modulation than IL-4 
(p < 0.05) (Fig. 3). 

Our results underscore several advantages for the use of gene transfer as a treat
ment option for septic shock or other acute inflammatory episodes. First, the speci
ficity of targeting inhibitors to specific organs is greatly increased. Second, the gene 
transfer scheme permits a continued expression of these inhibitors for several days, 
allowing for prolonged delivery of a short lived antagonist. However, since the gene 
transfer is ultimately transient and the plasmid DNA remains episomal, expression 
efficiencies decline after 48 hours [66]. Therefore, the risk of a stable transfection 
and incorporation of a gene for a potentially immunosuppressive agent under a con
stitutive promoter is remote. Finally, local cytokine inhibitors or antagonists can be 
directed away from organs where the putative beneficial effects of pro-inflammato
ry cytokines are occurring. 
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Figure 3 

TNFa secretion by primary cultures of peritoneal macrophages from mice 48 h after chal

lenge with a lethal experimental septic shock. 2 days prior to indudion of septic shock, the 

mice were transfeded intraperitoneally with 200 W5 pcD hIL-4, 200 W5 plFE14 hIL-13 or 
200 W5 pMP6 complexed to 100 nmol DDAB:DOPE cationic liposomes. 48 h after challenge 

with septic shock, peritoneal macrophages were isolated from sunivors. 2 x 106 macrophages 

in 1 ml complete medium were plated into 6 well microtiter plates at 3JO C in 5% CO2. 90 

min later, the cells were washed and adherent cells were cultured further in 1 ml complete 

medium containing 1 W5 LPS. 18 h later the supernatants were aspired and analyzed for 

TNFa immunoadivity by ELISA. Surviving mice pretreated with hlL -4 or hlL -13 respond 

more potent than controls, p < O. 01. 
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