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Abstract
Background—Tumor necrosis factor (TNF) antagonists [e.g., TNF soluble receptor (TNFsr)]
improved survival in preclinical but not clinical sepsis trials. However fluid support—itself
beneficial—is standard clinically but rarely employed in pre-clinical sepsis models. We
hypothesized that these therapies may not have additive benefit.

Methods and results—Antibiotic-treated rats (n = 156) were randomized to intratracheal or
intravenous Escherichia coli challenges (>LD50) and either placebo or TNFsr and 24 h fluid
treatments alone or together. The survival effects of these therapies did not differ significantly
comparing challenge routes. When averaged across route, while TNFsr or fluid alone decreased
the hazard ratio of death significantly [ln ± standard error (SE): −0.65 ± 0.30 and -0.62 ± 0.30,
respectively, p ≤ 0.05], together they did not (p = 0.16). Furthermore, the observed effect of TNFsr
and fluid together on reducing the hazard ratio was significantly less than estimated (−0.37 ± 0.29
versus −1.27 ± 0.43, respectively, p = 0.027) based on TNFsr and fluid alone. While each
treatment increased central venous pressure at 6 and 24 h, the observed effects of the combination
were also less than estimated ones (p ≤ 0.0005). Conclusions: The individual survival benefits of
TNFsr and fluids were not additive in this rat sepsis model. Investigating new sepsis therapies
together with conventional ones during preclinical testing may be informative.
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Introduction
While tumor necrosis factor α (TNF) is central to the innate immune response, its excessive
release has been implicated in the pathogenesis of septic shock [1–4]. Supporting this
concept, TNF inhibitors improved survival in animal sepsis models [5, 6]. Based in part on
such studies, TNF directed antibodies (TNF-Ab) and soluble receptors (TNFsr) were tested
clinically in sepsis. However no anti-TNF agent improved survival significantly in any
clinical sepsis trial [6]. One explanation for these divergent effects is that variables
influencing these agents in patients were not tested in animal studies [6–8]. Notably, fluid
support while standard clinically is not routinely employed in sepsis models [9]. However,
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the beneficial effects of both fluids and anti-TNF agents are believed to be related in part to
their effects on hemodynamic function. Furthermore, some studies suggest that fluid therapy
may itself have anti-inflammatory effects [10, 11]. Despite such potentially overlapping
actions, whether the benefits of fluid and anti-TNF agents are additive has not been tested.

We showed previously in antibiotic-treated rats that both TNFsr and fluid support with 24 h
normal saline infusion (NS) when administered individually improved survival with highly
lethal intratracheal (IT) or intravenous (IV) E. coli challenges [6, 12]. Our primary objective
in the present study was to employ this rat model to test whether similar TNFsr and fluid
treatments would have additive beneficial effects on survival during sepsis arising from
either extravascular or intravascular routes of infection. A secondary objective was to
investigate whether these therapies had effects on other laboratory measures that would
provide a basis for any observed survival effects. To test a potential physiologic basis, we
performed serial hemodynamic and arterial blood gas measures, and in some animals with
IT challenge alone, lung lavage protein and lung wet to dry weight ratios. To investigate
whether alterations in host defense or inflammatory responses might also provide such a
basis, we measured complete blood counts, and again with IT challenge alone, blood and
lung bacteria counts, plasma cytokine and nitric oxide levels, and lung lavage cell numbers.

Methods
Animal care

All studies were approved by the Animal Care and Use Committee of the Clinical Center of
the National Institutes of Health.

Study design
This study was designed to investigate whether TNFsr and fluid treatment would have
additive effects on survival and other measures in sepsis arising via either extravascular or
intravascular routes of infection. Briefly, anesthetized male Sprague-Dawley rats (n = 156)
with indwelling central venous and carotid arterial catheters were randomized to E. coli
challenge (0.5 ml) administered either intratracheally (IT, 60 × 109 CFU/kg) or
intravenously (IV, 2 × 109 CFU/kg) (Fig. 1). E. coli doses were designed to produce greater
than 50% lethality rates. Animals were also randomized to receive either: (1) placebo alone
[human serum albumin (HSA), 250 μg/kg, IV] immediately (0 h) after E. coli, (2) p80 TNF
receptor:Fc fusion protein (TNFsr, Immunex, Seattle, WA, 250 μg/kg, IV) alone at 0 h, (3)
HSA at 0 h followed by normal saline (NS) infusion (20 ml/kg/h for 24 h, termed fluids)
started 3 h after E. coli, or (4) TNFsr at 0 h and fluid started at 3 h. These regimens of TNFsr
or fluids alone were studied because they had previously been shown to improve survival in
this E. coli challenged rat model [6, 12]. Mean arterial blood pressure (MBP), heart rate
(HR), central venous pressure (CVP), arterial blood gas with lactate, and complete blood
count were obtained at 6 and 24 h after challenge (i.e., before and following the anticipated
onset of lethality in the model, respectively) [13]. Hemodynamic measures alone were also
obtained at 12 h. Animals alive after 168 h were considered survivors. At 6 h, all animals
began treatment with ceftriaxone (100 mg/kg, intramuscular, daily for 4 days). To estimate
the effects of E. coli alone, instrumented noninfected animals (n = 12) challenged with
phosphate buffered saline (PBS) and otherwise untreated were similarly studied and
observed over 168 h.

In additional experiments, to evaluate the effects of fluids and TNFsr, alone or together, on a
broader group of physiologic and host defense and inflammatory response measures,
animals (n = 100) were challenged with IT E. coli and randomized to the same treatments as
above. Resources only permitted investigation of a single infection route, and it was felt that
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the IT route was most relevant. At 6 h in randomly selected animals (n = 30) and at 24 h in
all remaining animals (n = 32), quantitative blood bacteria counts, and plasma cytokine, total
protein, and nitric oxide levels were obtained in addition to hemodynamic, arterial blood
gas, and complete blood count measures [13]. Animals were then sacrificed, and isolated
lungs were lavaged for cell, protein, and bacteria analysis or were prepared for wet to dry
weight ratio determinations [14]. Because sacrifice of animals was required at 6 or 24 h for
these measures, survival was not assessed. Finally, noninfected animals were challenged
with PBS and studied at 6 or 24 h (n = 10 at each time point) to estimate the effects of IT E.
coli alone in these experiments.

Bacterial inoculation and treatments
Escherichia coli 0111:B4 was stored and prepared as previously described [14]. Ketamine
anesthesia was employed in experiments assessing survival at 168 h, while isoflurane was
employed in other experiments [13–15]. TNFsr and fluid support were administered as
previously described [6, 12].

Laboratory measures
Hemodynamic, arterial blood gas, complete blood count, quantitative bacteria, lung lavage
cell and protein, and lung wet to dry weight ratio measures were determined as previously
described [13]. Cytokines including interleukin-1α (IL-1α), IL-1β, IL-5, IL-6, IL-10, IL-13,
IL-17, tumor necrosis factor α (TNFα), migratory inhibitory protein 1α (MIP-1α),
interferon gamma-induced protein (IP-10), keratinocyte-derived cytokine (KC), mouse
homolog of human chemokine gro-alpha (CXCL1), eotaxin, regulated on activation normal
T-cell expressed and secreted (RANTES), granulocyte macrophage colony stimulating
factor (GM-CSF), granulocyte colony stimulating factor (G-CSF), monocyte chemotactic
protein-1 (MCP-1), and interferon c (INFc) were measured using Procarta Rat Cytokine
Profiling kits (Affymetrix, Santa Clara, CA). To assess nitric oxide levels, plasma nitrite/
nitrate was measured with a fluorometric assay kit (Cayman Chemical, Ann Arbor, MI).

Statistics
All data were analyzed using SAS version 9.2. A Cox proportional-hazards model
employing a PROC PHREG procedure (taking into account the influence of weekly
experiments) was used to compare the effects of the following groups or interventions on
survival in E. coli challenged animals: (1) treatment with TNFsr and fluid alone or together
versus placebo control, (2) treatment with TNFsr and fluid alone or together with IT versus
IV infection, and (3) observed versus estimated effects of treatment with TNFsr and fluid
together. This procedure provides an estimate of the effect of treatment on survival,
presented here as ln(hazard ratio of death) ± standard error (SE) [12, 16]. Other laboratory
data were analyzed using three-way or two-way analysis of variance (ANOVA) accounting
for infection route (IT versus IV), challenge (E. coli versus PBS) or treatment (fluid or
TNFsr alone or together versus placebo), and time of measurement (6 versus 24 h for all
measures). The effects of TNFsr and fluid alone or together on survival and CVP were not
different across infection route, and these were combined for analysis. For clarity of
presentation, the effects of treatment were calculated by subtracting the mean of the
placebo-treated E. coli animals from the mean of the TNFsr- and fluid-treated groups. Data
were log transformed where appropriate. For all laboratory measures, the observed effects of
fluids and TNFsr together were compared with the sum of the effects of the treatments alone
(termed estimated effect). All results were expressed as mean ± standard error of the mean
(SEM), and p values ≤0.05 were considered significant. Finally, to further investigate the
relationship between CVP and survival in the model, CVP in survivors and nonsurvivors
from placebo-treated, IT and IV E. coli challenged animals observed for 168 h was also
analyzed at 6 and 12 h together.
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Results
Effects of E. coli challenge

All noninfected animals survived. Challenge with IT or IV E. coli in placebo-treated animals
produced lethality rates close to 80% (Fig. 2 a, b). Compared with noninfected animals, IT
E. coli increased alveolar to arterial oxygen gradient, hemoglobin, blood and lung bacteria
counts, lung leukocyte and wet to dry weight ratios, three plasma cytokines (MIP-1α,
MCP-1, and IP-10), and nitric oxide levels and decreased MBP, HR, and blood neutrophils
and lymphocytes at 6 or 24 h or both (p ≤ 0.05) (comparisons not shown). At 6 and 24 h, IT
E. coli first increased and then decreased plasma TNF and IL-6 (p ≤ 0.05 for the time
interaction, data not shown). Intravenous E. coli increased HR and decreased blood
neutrophils, lymphocytes, and platelets at 6 or 24 h or both (p ≤ 0.05).

Effect of therapies on survival
In E. coli challenged animals, compared with placebo, treatment with either TNFsr, or
fluids, or both together produced effects on survival and the hazard ratio of death with both
IT and IV E. coli that were similarly on the side of benefit, but none of which were
significant (Fig. 2a, b; Table 1). Since these effects did not differ comparing IT and IV
infection, we averaged over the two routes to further explore the individual and combined
effects of these therapies (Fig. 2c). Both TNFsr and fluid alone improved survival and
decreased the hazard ratio of death significantly (ln ± SE; −0.65 ± 0.30 and −0.62 ± 0.30,
respectively, p ≤ 0.05 for each). In contrast, while TNFsr and fluid together had an effect on
the side of benefit, this was not significant (−0.37 ± 0.29, p = 0.16). Furthermore, the
observed effect of TNFsr and fluid together on reducing the hazard ratio of death was
significantly less (p = 0.027) than the estimated one based on the observed effects of TNFsr
and fluids alone (−1.27 ± 0.43). Thus, the individual beneficial effects of TNFsr and fluid on
survival in this model were not additive.

Effect of therapies on central venous pressure and hemoglobin
In animals receiving either IT or IV E. coli challenge, compared with placebo treatment,
TNFsr and fluid alone or together significantly increased CVP at 6 and 24 h [p ≤ 0.05 for all
comparisons except for TNFsr and fluid together with IV E. coli at 6 h (p = 0.14)] (Table 1).
However, similar to their effect on survival, the observed effect of TNFsr and fluid together
on CVP was less than the one estimated based on the observed effects of each individual
treatment for either route of infection or when combined across route (p ≤ 0.014; Table 1;
Fig. 3). Thus, just as with survival, increases in CVP with TNFsr and fluid alone in this
model were not additive when the therapies were combined. The potential importance of
increased CVP for survival in this model is reflected by the finding that, in placebo-treated
animals with either IT or IV E. coli and observed for 168 h, CVP at 6 and 12 h was higher in
survivors than in nonsurvivors [mean difference (± SEM)] (+0.44 ± 0.25 mmHg) in a pattern
that approached significance (p = 0.086 when averaged over route and time).

Potentially consistent with the effect of therapy on CVP, when averaged over the two routes
of infection at 24 h, TNFsr alone, fluids alone, and the combination reduced hemoglobin
concentrations (mean effect compared with placebo ± SEM; −1.51 ± 1.07, −2.43 ± 1.02, and
−2.58 ± 1.07 g/dL, respectively) in patterns significant for the latter two (p = 0.02 for both)
but not for TNFsr alone (p = 0.16). As with CVP, this observed change with the therapies
together was not as great as the estimated one (−3.94 ± 1.86 g/dL), although the difference
was not significant (p = 0.345).
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Effect of therapies on other laboratory measures
With IT E. coli, compared with placebo, TNFsr both alone and with fluid increased MBP
significantly (p ≤ 0.05 averaged over 6 and 24 h), while all three treatments increased HR at
6 h (p ≤ 0.05; Table 2). Treatment with TNFsr alone and with fluid increased measured TNF
at 6 and 24 h (p ≤ 0.002), but fluid alone had opposing effects, decreasing TNF early and
increasing it late (p = 0.001 for the time interaction). Treatment with fluid alone or with
TNFsr decreased nitric oxide levels but not significantly (p = 0.078 and 0.066, respectively,
averaged over 6 and 24 h). With IV E. coli, both fluid alone and with TNFsr decreased
circulating neutrophils significantly (p ≤ 0.05 averaged over 6 and 24 h), while all three
treatments were associated with decreases in circulating lymphocytes at 6 h but increases at
24 h (p ≤ 0.05 for the time interactions). Compared with placebo, TNFsr and fluid either
alone or together did not significantly alter any other parameter measured for either route of
infection throughout.

Discussion
In this rat model, across the two routes of infection, treatment with TNFsr or fluid alone
increased survival significantly. However, when these therapies were combined, their
beneficial effects were not additive. In a prior systematic review of preclinical (23
publications) and clinical (12 publications) trials testing TNF antagonists for sepsis, only
one of the preclinical trials incorporated fluid support in the study design [6]. However, fluid
administration has been employed for patients with sepsis for several decades [17]. The
present findings support the possibility that TNF antagonists were more beneficial in
preclinical compared with clinical sepsis trials because the former did not account for the
possibility that the beneficial effects of fluid and anti-TNF agents were not additive.
Interestingly, in the one preclinical trial noted in the prior systematic review that employed
fluid support in both control and treated groups, TNF-Ab did not show benefit [18].

Improved survival with TNFsr and fluid alone in the present study appears in part related to
the effects of each therapy on increasing CVP. Reductions in CVP are reported to be
associated with worsened outcome in sepsis [19–21]. Consistent with that, we showed
previously in this rat model that increasing mortality rates with increasing IT E. coli doses
were associated with dose-dependent decreases in CVP [22]. Furthermore, in another study
in rats receiving either low or high doses of IV E. coli, CVP was higher in animals with less
severe compared with more severe infection [23]. Finally, in the present study in E. coli
animals treated with placebo, CVP measures were higher in survivors compared with
nonsurvivors. Importantly, fluid support to increase CVP has been reported to improve
survival in both clinical and preclinical sepsis studies [20, 24]. Prior preclinical studies have
also suggested that TNF inhibition can increase CVP [25]. Consistent with increased CVP in
the present study and the expanded intravascular fluid volume this might reflect, at 24 h
each therapy was also associated with reductions in hemoglobin concentration. Increased
CVP with TNFsr may have been related to inhibition of inflammatory injury to the systemic
endothelium, improved vascular integrity, and inhibition of extravascular fluid losses [1, 4].
Increased CVP with fluids was most likely related to direct expansion of the intravascular
space. However, reductions in nitric oxide with fluids at 6 and 24 h may have also
contributed to increased CVP levels, since nitric oxide can dilate venous capacitance vessels
[26].

While TNFsr and fluids both alone and together increased CVP, their observed effects
together were not additive and were significantly less than those estimated based on their
individual effects. Thus, to the extent that increased CVP may have added to improved
survival with the two agents, their inability to produce additive CVP increases may have
been why their effects on survival also were not additive. Absence of an additive effect of
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the two therapies on CVP may have been because volume expansion related to fluid
administration either limited TNFsr and TNF interactions or increased the clearance of the
two [27]. Alternatively, inhibition of inflammatory renal injury by TNFsr may have
increased clearance of the administered fluid [28, 29].

Several studies in trauma models have suggested that fluid therapy may itself have anti-
inflammatory effects [10, 11]. In the present study, fluid therapy both alone and in
combination with TNFsr reduced nitric oxide increases associated with IT E. coli challenge.
Fluids did not alter total circulating protein levels, suggesting that their effect on NO levels
was not due to hemodilution. Fluids alone were also associated with biphasic changes in
TNF levels, decreasing them early but increasing them late. However, fluid therapy did not
alter other cytokine levels. Absence of such an effect was not due to insensitivity of these
tests, since they did detect the effects of both E. coli and time.

There are limitations to the present study. First, as an animal study its results are not directly
applicable to patients. Confirmation of the present findings, possibly in a large animal model
permitting the kind of invasive hemodynamic monitoring and titration of therapies that
occurs clinically, would be informative. It is possible that fluid therapy titrated based on
CVP or other measures as is done clinically might result in fewer potentially competing
effects between the two therapies and produce additive benefits. Second, while the TNFsr
treatment employed was a human Fc fusion protein, the control was human albumin. While
earlier experiments showing the effectiveness of this agent in mice employed human IgG as
a control, the ideal placebo for this therapy would be another type of human Fc fusion
protein [30]. Finally, conventional hemodynamic support in patients sometimes includes not
only fluids but other interventions such as vasopressors and inotropes. Whether an agent
such as TNFsr would have added to the potential benefits of these other therapies, alone or
with fluids, requires study.

In conclusion, anti-TNF therapies appeared beneficial in many published preclinical sepsis
trials but not in clinical trials. In contrast to preclinical sepsis models however, fluid support,
which is itself beneficial, is standard therapy in patients with sepsis including those in trials.
In the present study, the individual survival benefits of TNFsr and fluids were not additive in
this rat sepsis model. These findings raise the possibility that failure of fluid and anti-TNF
therapies to have additive beneficial effects in sepsis may provide one basis for the differing
results comparing published preclinical and clinical sepsis trials. Investigating whether
potential new sepsis therapies and conventional ones such as fluid therapy have additive
beneficial effects during preclinical testing may be informative.
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Fig. 1.
Interventions and measures and their timing in this study. Some physiology and host defense
and inflammatory response measures were only performed in animals challenged with
intratracheal E. coli (see “Methods”)
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Fig. 2.
a, b Proportional survival over 168 h in animals challenged with intratracheal (IT) or
intravenous (IV) E. coli and then treated with either placebo (human serum albumin),
soluble tumor necrosis factor soluble receptor (TNFsr) alone, fluid therapy alone, or TNFsr
and fluids together (see “Methods” for the actual regimens). c Effects of TNFsr and fluids
alone or together on ln(hazard ratio of death) ± SE in animals averaged over the IT or IV
routes of infection (see Table 1 for the effects of therapies with individual routes of
infection)
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Fig. 3.
Effect of tumor necrosis factor soluble receptor (TNFsr) alone, fluids alone, or TNFsr and
fluids together on central venous pressure (CVP) at 6 or 24 h in animals averaged over
intratracheal and intravenous E. coli challenges (see Table 1 for the effects of therapies with
individual routes of infection)
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