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Abstract

Introduction Experimental studies in animals have yielded conflicting results on the role of Tumor Necrosis Factor
(TNF) in sepsis and endotoxemia, with some reporting adaptive and others inappropriate effects. A meta-analysis
of the available literature was performed to determine the factors explaining this discrepancy.

Methods The study followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement. The protocol was registered with PROSPERO (CRD42020167384) prior to data collection. PubMed

and Embase were the databases queried. Risk of bias was evaluated using the SYRCLE Risk of Bias Tool. All animal stud-
ies investigating sepsis-related mortality and modified TNF signaling were considered eligible. The exclusion criteria
were: lack of mortality data, 7-day mortality rates below 10% in both wild type and TNF-altered pathway animals,

and absence of an English abstract. To determine the role of TNF according to the experimental protocol, three
approaches were used: first an approach based on the statistical significance of each experiment, then the pooled
mortality was calculated, and finally the weighted risk ratio for mortality was assessed.

Results A total of 175 studies were included in the analysis, comprising a total of 760 experiments and involv-

ing 19,899 animals. The main species used were mice (77%) and rats (21%). The most common method of TNF
pathway modulation was TNF pathway inactivation that was primarily associated with an inappropriate secretion

of TNF. At the opposite, TNF injection was associated with an adaptive role of TNF. Lipopolysaccharide (LPS) injection
was the most used stimulus to establish an infectious model (42%) and was strongly associated with an inappropri-
ate role of TNF. Conversely, live bacterial models, especially the cecal ligation and puncture (CLP) model, pneumonia,
meningitis, and gastrointestinal infection, were associated with an adaptive role. This was particularly evident for Lis-
teria monocytogenes, Streptococcus pneumoniae.

Conclusion The role of TNF during infection varies depending on the experimental model used. Models that mimic
clinical conditions, based on virulent bacteria that cause high mortality even at low inocula, demonstrated an adap-
tive role of TNF. Conversely, models based on LPS or low-pathogenic live bacteria, administered at doses well

above physiological thresholds and combined with early antibiotic therapy, were associated with an inappropriate
role.
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Divergent effects of tumor necrosis factor (TNF) sepsis :
A meta-analysis of experimental studies
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Introduction

Ten years after its discovery in 1975 [1], early Tumor
Necrosis Factor (TNF) secretion following injection
of lipopolysaccharide (LPS) or live Escherichia coli
was found to be associated with mortality in two stud-
ies conducted by Cerami’s team [2, 3]. These articles
opened a new perspective on sepsis by demonstrat-
ing the crucial role of inflammation in sepsis-related
pathophysiology. Thus, sepsis-related mortality may
depend on host-related factors, which explain the per-
sistence of high mortality rates in sepsis despite the use
of antibiotics. The initial human studies tended to sup-
port this hypothesis. Waage et al. reported the presence
of circulating TNF in patients with sepsis and found a
correlation between circulating TNF levels and mor-
tality in meningococcal infections [4]. In addition, the
injection of low doses of LPS resulted in the production
of TNF and physiological changes commonly observed
in sepsis, such as fever, tachycardia, and changes in
cardiac output [5]. Furthermore, in 1993, a voluntary
self-injection of high doses of LPS rapidly led to sep-
tic shock with very high levels of TNF [6]. As a result,
blocking TNF secretion was considered a new strategy
to reduce sepsis mortality. However, subsequent human
studies have shown that blocking TNF secretion did
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not reduce sepsis mortality [7-10], and one study even
found excess mortality after blocking TNF biological
activity in sepsis [11]. One explanation for these failures
is that TNF may also play an adaptive role in sepsis. In
fact, as early as 1987, other experimental studies found
an adaptive role for TNF in cecal ligation and puncture
(CLP) and in listeriosis [12, 13]. This led to the concept
of cytokines as a double-edged sword in sepsis [14, 15].

Therefore, almost 50 years after its discovery, the
precise role of TNF secretion in sepsis remains con-
troversial: is it an adaptive or inappropriate factor? We
conducted a systematic literature review to investigate
the factors that may account for the varying outcomes
of TNF action in experimental studies. These factors
include the animal species, infectious model and path-
ogens used, and the type of modulation of the TNF
pathway.

Methods

Recommendations for conducting a systematic review

The study followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) state-
ment [16] (Online Appendix 1) and the recommendation
of Cochrane Handbooks for meta-analysis [17].



Kassasseya et al. Critical Care (2024) 28:293

Data retrieval strategies

The study protocol was registered in 2020 with PROS-
PERO (CRD42020167384) before data collection
began. We searched in 2020 PubMed and Embase
databases for articles containing TNF-evoking terms
in their titles, combined with terms related to infec-
tions (such as peritonitis, pneumonia), names of spe-
cific bacteria (e.g., E. coli), or references to endotoxin
(LPS). The search equation in Embase was as follows:
(‘tumor necrosis factor’:ti OR ‘TNF”:ti OR ’cachectin’:ti
OR TTNF:ti) and ('sepsis’:ti OR ’septic shock’ti OR
‘Gram-positive shock’ti OR ’Gram- negative shock’:ti
OR ’infection’:ti OR ’infections”:ti OR ’endotoxin’:ti OR
‘endotoxemia’:ti OR ’pneumonitis’:ti OR ‘peritonitis’:ti
OR  ’bacterial growth:ti OR  ‘pneumoniae’ti
OR ‘pneumonia’:ti OR ‘aureusti OR ‘coli:ti OR
‘salmonella”ti OR ‘pseudomonas’ti OR ’caecal liga-
tion and puncture’:ti OR ’infectious”:ti OR ‘listeria’:ti
OR ‘listeriosis’:ti OR ‘pyogenes”ti OR ‘lethality’:ti OR
‘endotoxic’:ti OR ‘pneumococcal’:ti OR ‘streptococcal’:ti
OR ‘meningitis’:ti). The search equation for PubMed
can be found in Online Appendix 2. To ensure com-
pleteness, studies known to the authors that did not
match the search equation but met the inclusion cri-
teria were also included. Study eligibility criteria were
assessed using the Covidence online software (https://
www.covidence.org/).

Two authors independently screened articles for inclu-
sion based on their titles and abstracts. In case of disa-
greement, a third author intervened to resolve the issue.
The third author was also responsible for including full-
text articles. Data extraction was independently per-
formed by the third and fourth authors.

Study eligibility criteria

All experimental studies were eligible, without time limi-
tations. To be included in the analysis, studies had to ful-
fill all the inclusion criteria, and none of the exclusion
criteria.

Inclusion criteria were: animal studies; investigation of
mortality associated with sepsis, defined as an infection
that causes mortality in less than 7 days; utilization of
an infectious or infectious-like stimulus, including cecal
ligation and puncture, injection of live bacteria or endo-
toxins, cutaneous infection, pneumopathy, peritonitis;
modification of the TNF pathway in at least one group,
encompassing any form of TNF inactivation (such as
injection of anti-TNF antibodies, infusion of soluble TNF
receptor, TNF knock-out animals, TNF receptor knock-
out animals) or infusion of recombinant TNF.

Exclusion criteria were: human studies; reviews and
meta-analyses; lack of mortality data; 7-day mortality
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rate below 10% in both wild type and TNF-altered path-
way animals; absence of an English abstract; articles in
languages that are not easily translated.

The 10% mortality cut-off for defining sepsis was based
on the Sepsis I1I definitions [18].

Data collection
The following data were collected:

— Dublication-related data: first author’s name, journal
title, and publication year.

— Experimental protocol-related data: type of TNF
pathway modulation (inactivation or recombinant
TNF infusion), method of TNF pathway inactivation
(monoclonal or polyclonal antibody injection, soluble
receptor injection, TNF or its receptors, knock-out
mice), and co-injection of antibiotics.

— Animal-related data: species, age, and sex of the ani-
mals

— Statistical data for each experiment: number of ani-
mals used, number of events by arm (control vs. TNF
pathway modulation) and, if available, the p-value
and the test used to assess the significance of the dif-
ference in mortality.

Statistics on included articles

If a study included as least one mortality experiment, all
experiments were included in the analysis. The log-rank
test was considered the gold standard for assessing mor-
tality, and this test was preferred. If mortality statistics
were missing, but mortality data were available, mortality
statistics were performed using GraphPad Prism version
6.00 for Windows, GraphPad Software, La Jolla, Califor-
nia, USA. A log-rank test was performed when available
data allowed, otherwise a Fisher test was used. In addi-
tion, if a Fisher test was performed in the publication,
but the data allowed for a log-rank test, the latter was
performed and considered the primary statistical test to
determine the role of TNF. A p-value of 0.05 was used to
determine the statistical significance.

Definitions

Encapsulated bacteria were those known to possess an
extracellular polysaccharide capsule, such as Klebsiella
pneumoniae, Salmonella species, Streptococcus pneu-
moniae, and, when explicitly specified, Escherichia coli
(strain 018: K1: H7) and Staphylococcus aureus (strain
ATCC 25923, strain S 834). Parasitic infections were
defined as those caused by eukaryotic organisms. Experi-
ments (not studies) were classified into three groups
according to the mortality observed and the p value of
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the statistic test used to determine the significance of the
difference in mortality:

— “Inappropriate” effect of TNF: if the mortality rate of
control mice was statistically lower than that of mice
in which the TNF pathway had been enhanced, or
if the mortality rate of control mice was statistically
higher than that of mice in which the TNF pathway
had been decreased/blocked/inactivated/absent.

— “non-significant” effect of TNF: if the mortality rate
of control mice was not statistically different from
that of mice in which the TNF pathway had been
modified.

— “Adaptive" effect of TNF: if the mortality rate of con-
trol mice was statistically higher than that of mice in
which the TNF pathway had been enhanced, or if the
mortality rate of control mice was statistically lower
than that of mice in which the TNF pathway had
been decreased/blocked.

A study was considered to show discordance in the role
of TNF if it included experiments demonstrating both an
inappropriate and an adaptive effect.

Assessing the risk of bias

Risk of bias was assessed using the SYRCLE Risk of Bias
Tool [19]. This tool is an adaptation of the Cochrane Col-
laboration Risk of Bias Tool for use in animal studies. Of
the ten possible biases, nine are well identified and the
tenth corresponds to the other possible biases. In this
study, this 10th bias included three items: lack of mor-
tality statistics, the justification of the initial inoculum,
and the presence of bacteriological and cytokine analy-
ses. A bias was retained if it was present for at least one
outcome of an experiment. Further details regarding the
implementation of bias management strategies can be
found in Online Appendix 3.

Deviations from the initial protocol

Two modifications were made to the initial protocol dur-
ing the study to enhance its quality. Firstly, additional
terms were integrated into the equation search to maxi-
mize the number of studies included. This was imple-
mented three months after the study commenced, during
the screening process (Online Appendix 4). Secondly, a
random-effects meta-analysis was included in the statisti-
cal analysis to consider the heterogeneity of the included
experiments more effectively.

Systematic review and meta-analysis statistics

To produce this systematic review statistics, all experi-
ments were grouped together in a single database (no
statistic was performed at the study level). Three distinct
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methodologies were employed to determine the role of
TNF in accordance with the experimental protocol.

Firstly, an approach based on the statistical signifi-
cance of each experiment was employed. Univariate
analysis compared the three roles of TNF: inappropri-
ate, non-significant and adaptive. Categorical variables
were expressed as numbers and percentages and were
compared using the Chi-square test. Quantitative vari-
ables were expressed as median and interquartile range
[25-75] and were compared by the Mann—Whitney U
test or Kruskal-Wallis test as appropriate. To identify the
independent factor associated with the effect of TNF, the
adaptive and inappropriate roles were evaluated in a mul-
tivariate analysis using a binary logistic regression model.
For both models, variables with nominal two-tailed p val-
ues below 0.1 were included in the multivariate model.
The final models were selected using the backward step-
wise regression method using the AIC and by excluding
all significant variables with clear collinearity or with a
variance inflation factor (VIF) superior to 5 [20].

Two approaches were then employed based on the
raw data. Firstly, overall mortality rates were calculated
by summing the number of deceased and surviving ani-
mals in each experiment, categorized by infection type
and pathogen, and compared using the Mann—Whitney
U test. Finally, a meta-analysis was conducted, to calcu-
late the weighted risk ratio of mortality. Considering the
significant heterogeneity between studies, the Mantel—
Haenszel approach in a random-effects model was used
to determine the weighted risk ratio for mortality [17].

All statistical analyses were performed using R software
(R Core Team, 2014). Figures were generated using the
‘ggplot2 package, and the meta-analysis was performed
using the ‘meta package! A p value <0.05 was considered
statistically significant.

Results
A total of 4190 distinct studies were identified through
keyword searches of the Embase and PubMed databases
and screened based on titles and abstracts. Of these, 261
studies were identified as potentially relevant and were
further screened for eligibility based on their full text.
Ultimately, 164 studies were included using this method.
In addition, 11 studies that met the inclusion criteria but
were not captured by the keyword searches were subse-
quently included. In total, 175 studies were included in
the meta-analysis (Fig. 1 and Online Appendix 5). Ten
eligible publications were not included, due to unavaila-
ble data, including three written in Chinese with no avail-
able translation. The publication dates of the articles span
34 years, from 1985 to 2019.

These publications represent a total of 760 experi-
ments, with a median of 3 [2-7] experiments per article,
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Fig. 1 Flowchart

and a total of 19,899 animals, with a median of 22 [16—37]
animals per experiment. A non-significant secretion was
the main effect observed in 310 (41%) experiments, while
an inappropriate role was observed in 261 (34%) experi-
ments and an adaptive role in 189 (25%) experiments.

Influence of the animal species and of the genetic
background

Most experiments were performed in mice (583, 77%)
and rats (157, 21%). Rarely, experiments were performed
in non-human primates (0.9%), rabbits (0.8%) or pigs

5 texts non-recoverable
13 no data on mortality
11 less than 10% mortality at 7 days
13 no interference with TNF
2 reviews about TNF
1 no infection (injection of TNFr)
1 no control (WO injection of TNF Ab)
1 erratum

v

(0.9%) (Table 1). Overall, most experiments (41%) were
inconclusive regarding a clear role of TNEF, while the
majority of conclusive experiments favored an inappro-
priate role. However, careful analysis revealed subtle dif-
ferences between species. Indeed, experiments showing
an adaptive effect of TNF were more frequently seen in
mice (28% of mouse experiments) than in rats (16% of rat
experiments). In rabbits, pigs, and non-human primates,
TNF was associated with an inappropriate role in more
than half of the experiments, without any adaptive role.

Table 1 Observed role of TNF according to the species used in the experiments

Characteristics All experiments TNF TNF TNF P value
(n=760, 100%) inappropriate role non-significant role adaptive
(n=261, 34%) (n=310,41%) role
(n=189, 25%)
Species
Mouse 583 (76.7) 190 (33) 229 (39) 164 (28) <0.001
Rat 157 (20.6) 58 (37) 74 (47) 25(16) 0013
Rabbit 6(0.8) 3(50) 3(50) 0(0) 0.450
Non-human primate 7(0.9) 6 (86) 1(14) 0(0) 0.016
Swine 7(0.9) 4(57) 3(43) 0(0) 0.237
Number of animals in the control group 12 [8-20] 12 [8-19] 12 [10-20] 12 [6-20] 0.259
Number of animals in the TNF pathway 10 [6-17] 10 [7-16] 10 [6-18] 12 [6-18] 0.631

modified group

Categorical variables are expressed as numbers and percentages and were compared using the Chi-2 test

Quantitative variables are expressed as median and interquartile range [25-75] and were compared using the Kruskal-Wallis test

For the ‘All experiments’ column, percentages refer to the percentage of the 760 experiments. For the other columns, percentages refer to the percentage of the

number of experiments for each row
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The genetic backgrounds of mice were mainly C57BL/6
(236 out of 583 experiments, 40%), BALB/C (112, 19%)
and Swiss (54, 9.3%) (Supplemental Table 1). In the sub-
group analyses, a significant proportion of the mice
experiments (ranging from 50% for Swiss mice to 31% for
C3H mice) demonstrated a non-significant effect of TNF.
The analyses of the conclusive experiments showed clear
differences between the mice strains. The ratio of experi-
ments concluding to an inappropriate effect to those con-
cluding to an adaptive effect was 1.19 for C57BL/6 mice,
5.54 for BALB/C and 0.28 for Swiss mice, showing that
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experiments in BALB/C mice were more often associated
with an inappropriate role of TNF, whereas experiments
in Swiss mice were mainly associated with an adaptive
role. Furthermore, mice aged between 8 and 12 weeks
were more often protected by TNE, whereas no clear dif-
ference was observed between the sexes.

Influence of the type of modulation of the TNF signaling
pathway

Modulation of the TNF pathway was achieved more fre-
quently by its inactivation (604 out of 760 experiments,

Table 2 Observed role of TNF according to the type of TNF pathway modulation

Characteristics All experiments TNF TNF TNF P value
(n=760, 100%) inappropriate role non-significant role adaptive
(n=261,34%) (n=310,41%) role
(n=189, 25%)

TNF pathway stimulation 156 (20) 11(7.1) 64 (41) 81 (52) <0.001
TNF recombinant 140 (17.9) 7 (5.0) 60 (43) 73 (52) <0.001
Timing of injection of TNF recom-  — 24 [— 24; Q] 3 [-6-30] — 24 [-24-1] —24[-24-2] 0.031
binant (hours)

Before infection 108 (14) 1(0.9) 47 (44) 60 (56) <0.001
After infection 24 (3.2) 4(17) 12 (50) 8(33) 0.173
Simultaneous 9(1.2) 2(22) 2(22) 5(56) 0.132
Non-specific stimulation 16 (2.1) 4 (25) 4 (25) 8 (50) 0.080

TNF pathway inactivation 604 (79) 250 (41) 246 (41) 108 (18) <0.001
Genetic inactivation 164 (22) 48 (29) 67 (41) 49 (30) 0.159
Specific TNF KO 147 (19) 39(27) 61 (41) 47 (32) 0.029
TNF secretion KO 50 (6.6) 13 (26) 15 (30) 22 (44) 0.005
Receptor P55 KO 49 (6.4) 13 (27) 17 (35) 19 (39) 0.063
Receptor P75 KO 19 (2.5) 0(0) 17 (89) 2(11) <0.001
Receptors P55 & P75 KO 12(1.6) 6 (50) 6 (50) 0(0) 0.088
TLR-4 KO (C3H/HE)) 14(1.8) 7 (50) 5(36) 2(14) 0428
Other TNF KO 3(04) 0(0) 1(33) 2(67) 0.262
Non-specific KO 17 (2.2) 9(53) 6 (35) 2(12) 0.226
Anti-TNF antibody 224 (29) 96 (43) 76 (34) 52 (23) 0.005
TNF soluble receptor 128 (17) 66 (52) 60 (47) 2(1.6) <0.001
Non-specific TNF inactivation 88 (12) 42 (47) 43 (48) 5(5.6) <0.001
Timing of TNF inactivation (h) 0[-2-0] 0[-2-0] 0[-2-0] -2[-2-0] 0.219

Before infectious stimuli 185 (24) 78 (44) 66 (37) 34(19) 0.003
After infectious stimuli 77 (10) 38(37) 42 (40) 24 (23) 0512
Simultaneous inactivation 170 (22) 89 (52) 71(42) 10 (5.9) <0.001

Categorical variables are expressed as numbers and percentages and were compared using the Chi-2 test. Quantitative variables are expressed as median and

interquartile range [25-75] and were compared using the Kruskal-Wallis test

For the ‘All experiments’ column, percentages refer to the percentage of the 760 experiments. For the other columns, percentages refer to the percentage of the

number of experiments for each row

Non-specific TNF stimulation: injection of adenovirus containing a plasmid encoding TNF, defective cleavage of the TNF receptor

Other TNF KO: KO for TNF only in basophil or chimera WT

Non-specific TNF KO: mutation in the TNF secretion pathway, mutations that increase production of the soluble TNF receptor, and mutation in ADAMS-17 that reduces

TNF clearance from the cell surface

Non-specific TNF inactivation: cytokine purification, injection of a non-specific inhibitor (nonsteroidal anti-inflammatory drugs, steroids, pentoxifylline, hydrazine,

pirfenidone, chlorpromazine, GM 6001 a metalloprotease inhibitor)
KO: knock-out; TNF: tumor necrosis factor
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79%) than by its stimulation (156 experiments, 21%)
(Table 2). Stimulation of the TNF pathway was mainly
achieved by injection of recombinant TNF (140 out of 156
experiments, 90%). The type of modulation was strongly
associated with the observed effect (Fig. 2). Stimulation
of the TNF pathway, specifically by injection of recom-
binant TNF, was associated with an adaptive role in half
of these studies (73 out of 140, 52%, p <0.001). It should
be noted that in the studies where recombinant TNF was
injected, TNF was often found to be inappropriate when
administered after infection (4 out of 7, 57%), whereas it
was often found to be adaptive when administered before
infection (60 out of 73, 82%). In contrast to the activation
of the TNF pathway, the experiments with its inactivation
led to the conclusion of an inappropriate role of TNF in
250 out of 604 experiments (41%), an undetermined role
in 246 experiments (41%), and an adaptive role of TNF
in 108 experiments (18%) (Table 2 and Fig. 2). However,
a separate analysis of these experiments revealed a more
complex picture. Experiments with knock-out (KO) mice
for TNF pathways had a higher proportion of adaptive
than inappropriate roles for TNF, 47 (32%) and 39 (26%)
of 147 experiments, respectively (p=0.029). Conversely,
injection of anti-TNF antibodies or especially soluble
TNF receptor, was strongly associated with an inappro-
priate role of TNF, especially when TNF inactivation
occurred before or concomitantly with infection.

A. Stimulation of the TNF pathway
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Influence of the sepsis model

Analysis of the conclusive experiments reveals that ani-
mal models of peritonitis (CLP), pneumonia, and men-
ingitis were associated with an adaptive role of TNE,
whereas intraperitoneal injection of feces or bacteria, and
intravenous injection of pathogen (the most used model;
39% of experiments), were strongly associated with an
inappropriate role (Table 3 and Fig. 3). Mice in models
demonstrating an inappropriate role of TNF had a mor-
tality rate>90% earlier than those showing an adap-
tive role, respectively 2 days [1-3] versus 4 days [3-5]
(p<0.001).

Influence of the type of infectious stimuli

The role of TNF derived from the experiments was
strongly associated with the type of infectious stimuli
(Table 4 and Fig. 4). The results obtained in the main
analyses were also found in the sensitivity analyses, in
the subgroups of inactivated TNF experiments, intrave-
nous pathogen injection experiments and intraperitoneal
pathogen injection experiments (Supplemental Tables 2,
3,4).

LPS injection

LPS injection was the most frequently used model
(319 experiments, 42%). LPS was mainly derived from
E. coli (75%) and Salmonella species (21%) (Supple-
mental Table 5). LPS injection was associated with an

B. Inactivation of the TNF pathway
p<0.001

1004

75

Mortality (%)
8

25 1

o -

Control TNF Inactivation

Fig. 2 Animal mortality according to the type of TNF pathway modulation. Box plot of mortality by experiments, compared using the Mann-
Whitney U test. Number of animals: A: control=2758, TNF stimulation =2302; B: control =7802, TNF Inactivation=7049.
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Table 3 Observed role of TNF according to the model of sepsis

Characteristics All experiments TNF inappropriate TNF TNF P value

(n=760, 100%) role non-significant adaptive
(n=261, 34%) role role
(n=310, 41%) (n=189, 25%)

Sepsis model
Intravenous injection 298 (39) 104 (35) 123 (41) 71 (24) 0.866
Intraperitoneal injection 276 (36) 119 (43) 112 (41) 45 (16) <0.001
Cecal ligation and puncture 71(93) 12(17) 35 (49) 24 (34) 0.004
Pneumonia 46 (6.0) 7(15) 15 (33) 24(52) <0.001
Skin infection 32(4.2) 8 (25) 16 (50) 8 (25) 0457
Meningitis 21(2.8) 4(19) 7(33) 10 (48) 0.043
Gastrointestinal infection 16 (2.1) 7 (44) 2(13) 7 (44) 0.041
Time for mortality > =90% of CG (days) 2 [2-5] 2[1-5] 2 [2-6] 4 [3-5] <0.001

Categorical variables are expressed as numbers and percentages and were compared using the Chi-2 test. Quantitative variables are expressed as median and

interquartile range [25-75] and were compared using the Kruskal-Wallis test

For the ‘All experiments’ column, percentages refer to the percentage of the 760 experiments. For the other columns, percentages refer to the percentage of the

number of experiments for each row

CG: control group

inappropriate role for TNF in 173 experiments (56%) and
with an adaptive role in only 16 experiments (5%). When
LPS injection was sensitized by concomitant administra-
tion of D-galactosamine, 55 out of 81 experiments (68%)
showed an inappropriate role of TNF, and none an adap-
tive role (Table 4).

In the subgroup of experiments with LPS, stimulation
of the TNF pathway before LPS injection led to the con-
clusion of an adaptive role of TNF in 14 out of 24 experi-
ments (58%), whereas inactivation of the TNF pathway
led to the conclusion of an inappropriate role in 158 out
of 280 experiments (56%) (Supplemental Table 6). This
effect was mostly seen when the blocking agent was
injected before LPS injection. In experiments involving
LPS and TNF pathway inactivation, the relative risk of
mortality was 0.66 (95% IC [0.61; 0.72], p<0.001) (Sup-
plemental Fig. 1), with significantly higher mortality in
the control group than in the inactivated TNF group (94
vs. 33% respectively, p <0.001) (Fig. 4).

Live bacterial inoculation
Infection models based on live bacterial inoculation
were associated with an adaptive role of TNF in 136 out

(See figure on next page.)

of 306 experiments (44%) and an inappropriate role in
only 55 studies (18%). Mortality was higher in the inac-
tivated TNF group than in the control group (75% vs.
50%, p <0.001), with a mortality risk ratio of 1.21 (95% CI
[1.00; 1.46], p=0.005) (Supplemental Fig. 2).

This adaptive role of TNF was particularly observed
when Listeria monocytogenes (48/82, 58%) and encapsu-
lated bacteria (61/100, 61%) were inoculated (Table 4). A
inappropriate role of TNF was observed only in 2 experi-
ments with Listeria monocytogenes, which investigated
the role of TNF injection in reducing mortality 48 h after
CLP [21], and was not observed in any experiment with
Klebsiella pneumoniae, Salmonella sp, Legionella sp or
Streptococcus pneumoniae. Moreover, the difference in
mortality was particularly pronounced for these bacteria.
When L. monocytogenes, Salmonella species or S. pneu-
moniae were inoculated, the inactivated TNF group had
respectively an increased relative risk ratio of mortality of
4.43 [2.87; 6.83] (p<0.001), 3.76 [1.25; 11.31] (p<0.029)
and 1.88 [1.25; 2.84] (p <0.004), respectively (Supplemen-
tal Figs. 3,4, 5,6, 7).

No role for TNF could be determined in experiments
with Pseudomonas aeruginosa, an organism commonly
involved in nosocomial infections, except in pneumonia,

Fig. 3 Animal mortality according to the model of sepsis, with TNF pathway inactivation. Box plot of mortality by experiments, compared
using the Mann-Whitney U test. Number of animals: Intravenous injection: control=3388, TNF inactivation = 2989; Intraperitoneal injection:

control=
inactivation =444; Skin infection: control =1
control =160, TNF inactivation =166

99, TNF inactivation=

2424, TNF inactivation = 2224; Caecal ligation and puncture: control = 1030, TNF inactivation =877; Pneumonia: control =460, TNF
199; Meningitis: control =135, TNF inactivation = 144; Gastro-intestinal infection:
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Table 4 Observed role of TNF and characteristics of infectious stimuli
Characteristic All experiments TNF TNF TNF P value
(n=760, 100%) inappropriate role non-significant role adaptive
(n=261, 34%) (n=310, 41%) role
(n=189, 25%)
LPS 319 (42) 173 (54) 130 (41) 16 (5.0) <0.001
LPS alone 226 (30) 108 (48) 102 (45) 16 (7.1) <0.001
LPS dose (mg) 0.80[0.34-2.25] 0.60 [0.30-1.88] 0.90 [0.40-3.00] 2.10[0.35-2.50] 0.358
LPS dose (mg/kg) 20 [10-25] 13[9-20] 20[13-25] 10 [7-15] 0.002
LPS and galactosamine 81(11) 55 (68) 26 (32) 0 (0) <0.001
LPS and another adjuvant 12(1.6) 10 (83) 2017) 0 (0) 0.002
Shiga toxin 4(0.5) 2 (50) 2 (50) 0 (0) 0.685
Live bacteria 306 (40) 55(18) 115 (38) 136 (44) <0.001
Inoculum (10° CFU) 1000 [10-3.10°) 4.10°[10°-10°] 10°[10-10% 20 [4-10% <0001
Inoculum (CFU/Kg) 9.10°[4.10°-5.107] 9.107 [4.10*-4.10'% 4107 [4.10°-10"9) 10°[2.10°-4.109] <0.001
Encapsulated bacteria 100 (13) 9(9.0) 30 (30) 61(61) <0.001
Gram-negative bacteria 160 (21) 38(24) 63 (39) 59 (37) <0.001
Escherichia coli 50 (6.6) 22 (44) 18 (36) 10 (20) 0.322
Klebsiella. pneumoniae 26 (34) 0(0) 9 (35) 17 (65) <0.001
Salmonella. species 24 (3.2) 0(0) 10 (42) 14 (58) <0.001
P aeruginosa 46 (6.0) 15(33) 20 (43) 11(24) 0.929
Legionella species 10(1.3) 0(0) 5 (50) 5(50) 0.019
Other Gram-negative 4(0.5) 1(25) 1(25) 2 (50) 0.567
Gram-positive bacteria 146 (19) 17(12) 52 (36) 77 (53) <0.001
Listeria monocytogenes 82(11) 2(2.4) 32 (39 48 (59) <0.001
S. pneumoniae 25(3.3) 0(0) 5(20) 20 (80) <0.001
Staphylococcus. aureus 17 (2.2) 7 (41) 5(29) 5(29) 0.609
Streptococcus. pyogenes 11(1.4) 7 (64) 3(27) 109.1) 0.162
Other Gram-positive 8(1.1) 0(0) 5(63) 3(38) 0.090
Feces 10(1.3) 4 (40) 6 (60) 0(0) 0.134
Parasite & Fungus 26 (34) 2(7.7) 14 (54) 10 (38) 0.013
Candida species 21(2.8) 0(0) 13(62) 8 (38) 0.004
Virus 24 (3.2) 13 (54) 8(33) 3(13) 0.095
Influenza 5(0.7) 4 (80) 1(20) 0(0) 0.144
Dengue 6(0.8) 5(83) 1(17) 0(0) 0.045
CMV 13(1.7) 4(31) 6 (46) 3(23) 0.939
Antibiotic therapy 74(9.7) 39 (53) 28 (38) 7(9.5) <0.001

Categorical variables are expressed as numbers and percentages and were compared using the Chi-2 test. Quantitative variables are expressed as median and
interquartile range [25-75] and were compared using the Kruskal-Wallis test

For the ‘All experiments’ column, percentages refer to the percentage of the 760 experiments. For the other columns, percentages refer to the percentage of the

number of experiments for each row

Other adjuvants of LPS injection: Propionibacterium acnes, Carrageenan, Staphylococcal enterotoxin B

Encapsulated bacteria: Klebsiella pneumonia, Salmonella species, Streptococcus pneumoniae, E. coli 018: K1:H7, Staphylococcus aureus

Other gram-negative bacteria: Vibrio vulnificus, Yersinia enterocolitica

Other gram-positive bacteria: Bacillus anthracis, Corynebacterium pseudotuberculosis, Enterococcus faecalis, Rhodococcus aurantiacus

LPS: lipopolysaccharide; E. coli: Escherichia coli; K. pneumoniae: Klebsiella pneumoniae; L. monocytogenes: Listeria monocytogenes; P. aeruginosa: Pseudomonas

aeruginosa; S. aureus: Staphylococcus aureus; S. pneumoniae: Streptococcus pneumoniae; S. pyogenes: Streptococcus pyogenes

the most common clinical infection with this pathogen,
where an adaptive role of TNF was observed in 55% of

experiments (5/9) (Supplemental Table 7).

Importantly, in all these experiments, inoculum
analysis showed that high initial bacterial loads were

strongly associated with an inappropriate role of TNF,
whereas low loads were associated with an adaptive
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Fig.4 Animal mortality according to the type of infectious stimulus, with TNF pathway inactivation. Box plot of mortality by experiments,
compared using the Mann-Whitney U test. Number of animals: LPS injection: control=3657, TNF inactivation=3154; Bacteria: control=2629, TNF
inactivation = 2604; Parasite: control =232, TNF inactivation=177; Virus: control =137, TNF inactivation = 122. LPS: Lipopolysaccharide

role: 9x10° colony forming units per kg (CFU/Kg) the risk ratio of mortality when both TNF was inacti-
[4 x 104-4 x 1010], vs. 10° CFU/kg [2x10°-4x10%], vated and antibiotic were administrated was 0,69 [74]
respectively. Antibiotic therapy, which was mainly used  (p<0,001) (Supplemental Fig. 8).

in experiments with high initial inoculum (9 x 10° CFU/

Kg [2x109-3x1010]), was also associated with an inap-

propriate role of TNF. In the meta-analysis approach,
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Parasite & fungus inoculation

Candida species was the most common pathogen of this
group. The other two pathogens used were Histoplasma
spp. and Plasmodium berghei. As with live bacteria, in
the conclusive experiments, inoculation of parasites and
fungi was strongly associated with an adaptive role of
TNF (Table 4). However, no significant difference in mor-
tality was observed (Fig. 4 and Supplemental Fig. 9).

Virus injection

The main viruses studied were influenza [22-25] and
dengue [26-28] using mice with altered interferon path-
ways. Viral infections were associated with an inap-
propriate role of TNF in 54% of experiments, with no
significant difference (p=0.097) (Table 4). While a dif-
ference in mortality was initially observed (Fig. 4), this
difference disappeared when the weighted pooled risk
ratio of mortality analysis was performed (Supplemental
Fig. 10). A study investigating the role of TNF in cyto-
megalovirus (CMV) meningoencephalitis [29] reported
13 experiments showing an adaptive role of TNF when

A. Multivariate analysis on the adaptative effect of TNF
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injected before infection and an inappropriate role of
TNF when injected after infection.

Multivariate analysis

To more objectively define the main factors associated
with the role of TNE, two multivariate analyses were per-
formed: the first to determine the adaptive role of TNF
and the second to determine its inappropriate role (Fig. 5
and Supplemental tables 8 and 9). Both analyses yielded
comparable results: pneumonia, CLP, and live bacterial
inoculation (especially encapsulated bacteria and Listeria
monocytogenes), were strongly associated with an adap-
tive role of TNEF, whereas concomitant LPS (especially
LPS and galactosamine) and antibiotic injection were
strongly associated with an inappropriate role of TNF.

Contradictory roles of TNE.

Sixteen studies reported a paradoxical role of TNF
depending on the experimental model (Table 5). Ten
studies showed a different role of TNF when LPS injec-
tion was compared with infections induced by live
bacteria [30-32], most commonly L. monocytogenes

B. Multivariate analysis on the inappropriate effect of TNF

Monkey —_——
Cecal ligation and 0.2g**
puncture
Pneumonia —an L
LPS & Galactosamine e
Live bacteria g
Encapsulated bacteria —_—
L. monocytogenes —_—
Parasite .
Virus e
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Blocking TNF before 208"
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Fig. 5 Forest plot of multivariate analysis determining role of TNF. Odds ratios and confidence intervals were calculated using a binary regression
model. The interest variable was the adaptive role of TNF (A) and the inappropriate effect of TNF (B). In model A, the variable ‘adaptive role of TNF’
was coded as 1 for experiments that found an adaptive role of TNF and 0 for experiments that found an inappropriate or a non-significant role.

In model B, the variable ‘inappropriate role of TNF'was coded as 1 for experiments that found an inappropriate role of TNF and O for experiments
that found an adaptive or a non-significant role. Number of experiments included in both analyses: 760. R2 Tjur model A: 0.310. R2 Tjur model

B: 0.293.The details of the Odds ratio are given in Supplemental tables 8 and 9. In model A, LPS (Lipopolysaccharides) referred to a variable

that comprised all experiments that used LPS (LPS alone or with adjuvant like galactosamine). List of variables included in both initial models:

Female, Mice, Rat, Monkey, Intraperitoneal injection, Cecal ligature and puncture, Pneumonia, LPS, LPS alone, LPS and galactosamine, Alive Bacteria,
Encapsulated bacteria, Listeria monocytogenes, Streptococcus pneumonia, Parasite & fungus, Virus, Antibiotherapy, TNF pathway stimulation, TNF
pathway inactivation, Anti-TNF antibody, TNF soluble receptor, Blocking TNF before infection, Blocking TNF simultaneous
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Table 5 Demonstration of discordant effects of TNF within the same studies

Infectious stimulus
associated with TNF
adaptive role

Years of 1st Author

publication

Infectious stimulus
associated with TNF
inappropriate role

Nature of the
experimental model
associated with TNF
adaptive role

Nature of the experimental
model associated with TNF
inappropriate role

Difference according to the type of pathogen

1989 Cross [30] Encapsulated E.coli LPS Mice C3H/HEJ Idem

1990 Echtenacher [31] CLP LPS Monoclonal anti-TNF Idem
antibody

1993 Pfeffer [34] L. monocytogenes LPS Receptor P55 KO Idem

1993 Rothe [33] L. monocytogenes LPS Receptor P55 KO Idem

1995 Garcia [36] L. monocytogenes LPS Overexpression of the solu- Idem
ble receptor

1996 Acton [88] E. coli LPS Receptor P55 KO Idem

1998 Peschon [35] L. monocytogenes LPS Receptor P55 KO Idem

2002 Dharma [32] S. typhimurium LPS TNF-KO Idem

2004 Xanthoulea [37] L. monocytogenes LPS Membrane TNF cleavage Idem
defect

2016 Wroblewski [38] L. monocytogenes LPS Receptor P55 KO Idem

Difference according to the type of modulation of TNF pathway

1989 Doherty [29] (@Y cmv Injection of TNF-rec Injection of TNF rec 48 h
before infection with CMV  after the infection with CMV

1993 Kasner [89] LPS LPS Injection of TNF-rec Injection of a monoclonal
the previous day anti-TNF antibody 6 h before

1994 Vogels [90] P aeruginosa P aeruginosa Injection of TNF rec Injection of a monoclonal

anti-TNF

2000 D'Souza [91] S. aureus S.aureus Intravenous antibody Intraperitoneal injection

injection of an anti-TNF antibody
in microsphere

Other differences

2005 Kinoshita [92] LPS LPS Gadolinium injection Gadolinium injection in nor-
in hepatectomized mice mal mice

2003 Echtenacher [21] S. typhimurium L. monocytogenes Injection of TNF-r 48 h Idem

after CLP and before bacte-
rial injection

LPS, lipopolysaccharide, KO, knock-out; TNF, Tumor necrosis factor; TNF-r, Tumor necrosis factor receptor; TNF-rec, Tumor necrosis factor recombinant)

E. coli, Escherichia coli; L. monocytogenes, Listeria monocytogenes; S. typhimurium, Salmonella typhimurium; S. aureus, Staphylococcus aureus; P. aeruginosa, Pseudomonas

aeruginosa; CMV, Cytomegalovirus

[21, 33-38]. As early as 1989, a study showed: an adap-
tive role of TNF when an encapsulated E. coli (resistant
to phagocytosis) was injected, no role when the same
microorganism without capsule was injected, and finally
an inappropriate role when LPS derived from the same E.
coli was injected [30].

Risk of bias results

Risk of bias assessment revealed biases in all studies
(Online Appendix 6). Randomization was used in 20 out
of the 141 studies (16%) that did no used KO animals.
Blinded analysis was conducted in 9 (5%) studies. The
number of animals used was unclear in 16 (9%) studies
and missing in 31 (18%) studies. Mortality statistics were
missing or inadequate in 62 (35%) studies and Fisher’s

test was used instead of log-rank test in 42 (24%) stud-
ies. Information on the initial bacterial load of the patho-
gen and its justification was missing in 45 (26%) studies.
Additionally, 88 (50%) studies did not simultaneously
measure cytokine and bacterial loads, thus only investi-
gating one aspect of infection. Finally, some models are
difficult to interpret, such as that of P. aeruginosa enteric
infection in neutropenic animals, in which the normal
microbiota was profoundly altered after several days of
antibiotic therapy. P aeruginosa, an aerobic microor-
ganism, is rarely associated with digestive infections but
is typically found in pneumonia [39]. For this organism,
models of digestive translocations show an inappropri-
ate role of TNF, whereas models of pneumonia show an
adaptive role.
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Discussion

The objective of this meta-analysis was to identify the
factors that influence the effect of TNF in endotoxemia
and sepsis animal models. Its primary finding is the
significant association between the effect of TNF and
experimental parameters. These parameters include the
animal species, their genetic background, the method
used for experimental modulation of the TNF pathway,
the sequence of injection of modulation agent of the TNF
pathway, the type of pathogen, and the infection model
used. The variety of these parameters, which may inter-
act in divergent ways, may explain why most experiments
(41%) did not provide a clear conclusion regarding the
role of TNE.

However, when considering the conclusive experi-
ments, an apparent pattern emerges suggesting that TNF
typically exerts an adaptive role unless the immune sys-
tem is experimentally overwhelmed by a sudden and
intense infectious stimulus (e.g., LPS as a superantigen),
in which case TNF appears to be detrimental. Con-
sequently, TNF tends to play an inappropriate role in
models that induce rapid and high mortality rates, such
as infectious models that use remarkably high pathogen
loads or direct injections of LPS. These models are rarely
representative of the situations encountered in clini-
cal practice, which should serve as the basis for under-
standing the pathophysiological role of key players. In
contrast, TNF appears to play an adaptive role in models
that more closely mimic sepsis scenarios encountered in
clinical practice, such as pneumonia or CLP. However,
these findings must be interpreted with caution due to
their important level of bias and their limited relevance
to the standards of good practice expected in clinical tri-
als, such as randomization and blinding.

The results of this systematic review are illustrated by
the 1987 study by Tracey et al. [40], which was the first
to suggest an inappropriate role for TNF using live bac-
teria (E. coli). In this study, a laboratory strain of E. coli
was administered at a dose greater than 1.2x 10 [12] bac-
teria inoculated intravenously over 30 min, in conjunc-
tion with early administration of antibiotics. However,
this initial inoculum does not appear to be physiologi-
cal. In fact, feces, the natural element containing the
highest concentration of E. coli, typically has concentra-
tions around 10% Enterobacterales per gram [41]. Con-
sequently, the bacterial load used in this study would be
equivalent to 10 kg of feces. The authors did not provide
any justification for the choice of such a dose, and it is
difficult to imagine such a scenario occurring in nature,
especially via intravenous administration. In addition, the
rapid use of antibiotics makes these models more akin
to acute inflammation models, similar to LPS injection,
with extremely high TNF levels, exceeding those found
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in more physiological models such as CLP [42]. For
instance, in the 1985 article by Beutler et al. [2], which
was the first to suggest an inappropriate role of TNF in
infections, LPS was progressively injected until lethality
was induced. However, the lethal dose was not compared
with the circulating levels of LPS found in clinical situ-
ations of infection. Other studies have also investigated
this subject and found relatively low circulating levels. In
their 2003 study, Echtenacher et al. found that 48 h after
a CLP, the concentration of LPS in serum was 0.358 ng/
ml in mice [21]. However, after the injection of just 1 pg
of LPS, the concentration increased to 1004 ng/ml, which
is 3000 times higher. Remarkably, this dose of LPS did
not induce any mortality, with the lethal dose being at
least 100 pg/ml, i.e., 300,000 times higher than the con-
centrations observed in physiological CLP situations.
This is in line with studies that evaluate circulating LPS
levels in humans. In the first study to measure circulat-
ing endotoxins in human sepsis [43], only 17% of patients
had endotoxemia, and at relatively low concentrations (5
to 0.5 ng/ml). This result has been confirmed by more
recent studies [44, 45].

Additionally, 25% of LPS experiments involve the injec-
tion of galactosamine along with LPS. Galactosamine
is used to sensitize mice to LPS and reduce the amount
needed to cause mortality. Unlike other species such as
rabbits, mice are highly resistant to LPS and require large
doses to be lethal [46, 47]. However, galactosamine can
induce fulminant hepatitis [48] by sensitizing hepato-
cytes to LPS, resulting in significant apoptotic cell death
of nearly all hepatocytes [49]. This mechanism differs
from the mortality induced by LPS. Indeed, mice resist-
ant to the association LPS-galactosamine [50] present the
same mortality rate than wild-type mice to LPS injection
[51]. As LPS accounts for 40% of the experiments and is
the main infectious stimulus assessing the role of TNE,
this could explain why this cytokine is often considered
to be inappropriate in sepsis [52, 53]. Nowadays these
limitations of LPS are known, and LPS is no longer rec-
ommended for studying sepsis [54—56]. However, sepsis
definitions are still partially based on these results. Sep-
sis is defined as a dysregulated host response to infection
[18], whereas experimental data that focused on particu-
larly virulent bacteria found, on the contrary, an adaptive
role of TNFE.

In our review, experiments with virulent bacteria,
which used much lower initial inocula, appear to more
closely reflect the situations observed in clinical con-
texts. For instance, L. monocytogenes, a pathogen that
is well-known for inducing meningitis and maternal—
fetal infections, was the primary organism used and was
strongly associated with an adaptive role of TNF. The
initial intravenous dose varied between 10% and 10° CFU
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(10*~107 CFU/Kg). However, the threshold for food con-
tamination with L. monocytogenes is set at 100 CFU/g of
food [57]. The doses used in these articles corresponded
to quantities of contaminated food ranging from 1 g to
1 kg, which are more realistic scenarios than the bacterial
load used with E.coli as previously mentioned [40]. The
use of encapsulated bacteria was associated with even
lower doses of pathogens. Cross et al. [30] found that
less than a dozen encapsulated E. coli bacteria were suf-
ficient to kill all the TNF KO mice, while the control mice
died with a bacterial load 10° times higher (5x 10> CFU/
kg) CFU. In contrast, the same E. coli lacking the capsule
required an inoculum of about 10’ CFU (5x10® CFU/
kg) to induce mortality in all the mice, with no differ-
ence observed between the TNF KO and control mice.
The capsule appears to cause mortality variations that are
equally significant as the absence of TNE. Capsules are
commonly present in E. coli bacteria and act as virulence
factors that are prevalent in clinical settings, particularly
in neonatal meningitis and urinary tract infections [58,
59]. Due to their capsule, these bacteria are resistant to
phagocytosis and the complement pathway, particularly
in children [60, 61]. These findings are consistent with
experiments demonstrating increased invasiveness of
encapsulated E. coli compared to non-encapsulated E.
coli [59, 62]. Additionally, E. coli encountered in clini-
cal settings can produce toxins such as Shiga toxin, con-
tributing to their high virulence [63, 64]. Overall, these
results underscore that laboratory bacterial strains are
unable to induce the same level of sepsis as the virulent
bacteria encountered in clinical settings. A prime exam-
ple of this is S. pneumoniae, which is the microorganism
most commonly found in young and elderly patients.
Despite the use of antibiotic therapy and the develop-
ment of pneumococcal vaccination, pneumococcal infec-
tion remains a leading cause of bacterial pneumonia and
community-acquired meningitis, and almost 800,000
children under the age of five die each year worldwide
from this infection [65]. In our review, no study found an
inappropriate role of TNF in relation to this pathogen.
For example, in two studies, a dose of 100 pneumococci
injected intraperitoneally was sufficient to kill more than
80% of Tnfrl- KO mice, whereas 10’ CFU were required
to induce similar mortality in control mice [66, 67]. These
results support the notion that TNF plays an adaptive
role in pneumococcal infections, which is consistent with
other experimental studies involving animals lacking
genes encoding molecules such as IL-1B [68], TLR-4 [69]
and TLR-2 [70], TLR-9 [71] and MYD88 [72, 73].

When interpreting experiments that report lethal
injections of TNF, the dose must also be considered. In
the 1987 study by Tracey et al., the administered dose of
TNF required to induce mortality in 50% of the rats was
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0.6 mg/kg, resulting in a peak plasma TNF concentra-
tion of 600 ng/ml. In the study by Rothe et al., the dose
required to induce mortality in 50% of the mice was 1 pg
per mouse, equivalent to 0.05 mg/kg, resulting in an esti-
mated peak plasma TNF concentration of 66 ng/ml [33].
These levels of circulating TNF are significantly higher
than those found in septic patients, which typically do
not exceed 0.1 ng/ml [4, 11, 57, 58]. Furthermore, Feu-
erstein et al. found that injection of recombinant TNF
at concentrations 10-100 times higher (10" UI/ml) than
those found in rats succumbing to LPS injection did
not result in lethality [76]. Some experimental models
based on E. faecalis [77, 78], with mortality rates exceed-
ing 50%, have failed to detect measurable levels of TNE.
Furthermore, in the 1989 study by Sheppard et al., the
injection of 50 pg/ml TNF in rats, resulting in a peak con-
centration of approximately 50 ng/ml, was not inappro-
priate but rather adaptive, shielding the animals from a
lethal injection of LPS administered 24 h later [79]. In the
same year, Hershman et al. conducted a study wherein
the administration of 0.1 pg of recombinant TNE, result-
ing in an estimated peak concentration of 6 ng/ml, exhib-
ited an adaptive effect by increasing the survival rate
of mice with K. pneumoniae skin infection [80]. These
experimental findings suggest that remarkably high lev-
els of TNE, well above those typically observed in septic
patients, may not only be compatible with life but may
also confer an adaptive effect during infection. This phe-
nomenon may be related to increased secretion of solu-
ble TNF receptors, which may attenuate the increase of
TNE, except during the very early stages of infection [81].
This may help elucidate why certain studies in the mid-
1990s showed that circulating TNF levels were not corre-
lated with mortality and could even be adaptive in human
sepsis [82, 83].

It is important to acknowledge that our meta-analy-
sis is constrained by certain limitations inherent to the
nature of the included studies. Primarily, most of the
studies were not randomized (84%) or blinded (95%),
which introduces the possibility of bias in the analysis.
These percentages are consistent with those reported in
a 2011 meta-analysis on bias in experimental studies that
included 277 experimental studies conducted between
1999 and 2005, which found rates of 87% and 86%,
respectively [84]. However, a more recent meta-analysis
focusing on animal studies in cardiology from 2006 to
2016 found better rates (78% and 67%), suggesting some
improvement over time [85]. Furthermore, no study
included a calculation for sample size. Therefore, the
non-significant effect that was the main effect observed
in our meta-analysis may be attributed to the small num-
ber of animals included in the experiments. However, the
number of animals per experiment was not associated
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with the type of TNF effect (Table 1) thus the lack of sta-
tistical significance may be linked to a non-optimized
experimental protocol. Of course, the lack of rigor-
ous methodology can result in erroneous conclusions,
as illustrated by Perrin and colleagues in their study on
amyotrophic lateral sclerosis [86]. Nonetheless, this
is likely to have minimal impact on the overall findings
of our study, as there seems to be a general consistency
across the studies. None of them indicated that inject-
ing low doses of LPS or virulent microorganisms, such
as encapsulated bacteria, was associated with an inap-
propriate of TNFE. On the other hand, ten of the studies
included highlighted the dual role of TNE. It was found
to be adaptive in the case of infection, but inappropri-
ate when LPS was administered (Table 5). The contrast-
ing role of TNF in response to LPS and E. coli injection
compared to more virulent pathogens such as S. pneumo-
nia and Listeria spp was also highlighted in a systematic
review conducted in 2005 [87].

A further crucial aspect of this study is the low rate of
antibiotic utilization, which was observed in 10% of all
experiments and in 20% of experiments involving live
bacteria and was associated with an inappropriate effect
of TNF in our meta-analysis. In clinical practice, antibiot-
ics are the primary treatment for sepsis in humans. How-
ever, it is essential to acknowledge that antibiotics can
disrupt the immune response by triggering the release of
LPS, leading to elevated levels of TNF and IL-6. Further-
more, the bactericidal properties of antibiotics limit the
beneficial effects of TNF release and its adaptive impact,
thus emphasizing the visualization of the inappropriate
effects.

Finally, our meta-analysis has limitations associated
with its conception. Although we aimed to be as inclusive
as possible, our literature search strategy may not have
been able to include all articles where both the TNF sign-
aling pathway was altered and mortality was assessed.
Moreover, almost 6% of the eligible publications could
not be analyzed because the articles were not locatable.
However, half of these articles were not written in English
and might have minimal impact on the current opinion.
Nonetheless, this investigation, comprising 175 studies,
represents the largest meta-analysis on this topic to date.

Our statistical approach, particularly our multivari-
ate analyses, can also be discussed. Firstly, observa-
tions must be independent to be included in the logistic
regression, but this assumption may be invalid, as several
experiments within each study were included. However,
it is currently impossible to evaluate the dependence
of observation, and several studies have found differ-
ent effects of TNF based on the experimental protocol.
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Therefore, this potential bias may have minimal impact
on our multivariate analyses.

Moreover, achieving a completely objective selection
of variables for the multivariate analysis is challenging.
To address the subjectivity in the variable selection pro-
cess, we conducted two separate analyses: one focusing
on the adaptive effect and another on the inappropriate
effect, both yielding comparable results. Furthermore,
the predictive values of these multivariate analyses were
reasonable (R2 Tjur around 0.3), but this indicates that
many experiments are not well classified by our model.
The lack of discrimination in our model may be due
to the high proportion of non-significant experiments
(41%). However, our three statistical approaches con-
sistently point in the same direction. Hence, we believe
the risk of error in our main results, as described in the
conclusion and visual abstract, is extremely low.

Conclusion

The role of TNF during infection, whether adaptive or
inappropriate, varies depending on the experimental
model used. Models based on virulent bacteria, which
result in high mortality even at low inocula, have dem-
onstrated the adaptive role of TNF. Conversely, models
based on LPS or low-pathogenic live bacteria, admin-
istered at doses well above physiological thresholds
and combined with early antibiotic therapy, have been
associated with an inappropriate role of TNF on sur-
vival. As the first mentioned models are closest to the
conditions encountered in clinical practice, this meta-
analysis suggests that TNF may play an adaptive role
in infections. This observation may explain the lack of
efficacy of anti-TNF treatments in sepsis. Indeed, the
rationale behind the administration of such drugs is
based on a poor pathophysiological understanding of
sepsis, as experimental models with low-pathogenic
bacteria do not allow to elucidate the mortality of viru-
lent bacteria.
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