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Enhanced bacterial clearance 
in early secondary sepsis 
in a porcine intensive care model
Frida Wilske 1,5*, Paul Skorup 1,5, Katja Hanslin 2, Helena Janols 1, Anders Larsson 3, 
Miklós Lipcsey 2,4 & Jan Sjölin 1

Early secondary sepsis (ESS), occurring after recent inflammatory activation is associated with 
a reduced inflammatory response. If this attenuation also is associated with decreased bacterial 
killing, the need for antibiotic efficacy might be greater than in primary sepsis (PS). This prospective, 
randomised interventional study compares bacterial killing in ESS and PS in a large animal intensive 
care sepsis model. 38 pigs were intravenously administered live Escherichia coli for 3 h. Before baseline 
ESS was pre-exposed to endotoxin 24 h, whereas PS was not. Bacterial growth was measured in 
organs immediately post-mortem, repeatedly during 6 h in blood in vivo and for blood intrinsic 
bactericidal capacity ex vivo. Splenic growth was lower in ESS animals, than in PS animals (3.31 ± 0.12, 
vs. 3.84 ± 0.14  log10 CFU/mL, mean ± SEM) (p < 0.01) with a similar trend in hepatic growth (p = NS). 
Blood bacterial count at 2 h correlated with splenic bacterial count in ESS (ESS: r = 0.71, p < 0.001) and 
to blood killing capacity in PS (PS: r = 0.69, p < 0.001). Attenuated inflammation in ESS is associated 
with enhanced antibacterial capacities in the spleen. In ESS blood bacterial count is related to splenic 
killing and in PS to blood bactericidal capacity. The results suggest no increased need for synergistic 
antibiotic combinations in ESS.

Sepsis is an infection that leads to life-threatening organ dysfunctions caused by a dysregulated host  response1. 
Current studies report simultaneously increased production of pro- and anti-inflammatory  cytokines2. Most of 
sepsis-related deaths are not caused by a pro-inflammatory cytokine storm but occur later during a prolonged 
immunosuppressive phase, probably because of failure to control the primary infection or subsequent hospital-
acquired  infections3,4. Early secondary sepsis (ESS), here defined as a sepsis that develops in a situation of recent 
inflammatory activation with features of the well-studied endotoxin tolerance, is in experimental animal and 
human studies associated with attenuated inflammatory  responses5–8. This mitigated response is further linked to 
less organ dysfunction which has been observed in an experimental porcine model and in a retrospective study 
in patients in an intensive care unit (ICU)5,9. Adding an aminoglycoside or quinolone to a beta-lactam antibiotic 
to achieve a synergistic effect in the initial sepsis treatment is controversial. Clinical studies have resulted in vary-
ing  outcomes10,11 and even high-quality reviews such as the Surviving Sepsis Campaign and Infectious Diseases 
Society of America (IDSA) initially reached different conclusions depending on how the studies were assessed, 
although their opinions now are more  concordant12–14. One possible explanation for the divergent results could 
be that patients with sepsis have different demands of antibiotic efficacy and synergy. If the reduced inflamma-
tory response following recent activation is also associated with decreased bacterial killing, it may be that the 
effect of a synergistic antibiotic regimen will be greater in these patients than in those with primary sepsis (PS) 
without such prior activation.

To answer this question the first issue will be to study the bacterial clearance in a model of endotoxin toler-
ance. Only a few studies exist in which sepsis caused by live bacteria represent the second challenge and there 
are no data from humans or large animals. An improved bacterial clearance was demonstrated in  mice6,15,16. 
However, there are difficulties extrapolating these results to humans because of a similarity to the human immune 
system of only 20%17,18. Furthermore, contradictory results have been reported in an endotoxin-tolerant rabbit 
 model19. A study in humans would be challenging and unethical, which is why we explore this question in a 
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porcine endotoxin tolerant large animal model that has similarities to human  sepsis17,18 and includes intensive 
care measures known to additionally affect the inflammatory  response5.

Thus, the primary aim of the present study was to compare the bacterial killing in pigs with ESS after exposure 
to a 24-h endotoxin challenge and intensive care treatment with that in unexposed animals with PS. Secondary 
aims were to analyse the relationships between blood bacterial count during infusion and blood intrinsic bacte-
ricidal capacity before and after the bacterial challenge and bacterial growth in organs.

Material and methods
Anaesthesia, preparations and intensive care settings. The animals, 38 healthy Norwegian lan-
drace-breed piglets of both sexes, were used. The preferred weight was 25 kg giving an age of 9–12 weeks, thus, 
the animals were not sexually mature. They were prepared, anaesthetised and handled as previously  reported20 
and described in Supplemental Digital Content 1. Briefly, mechanical ventilation and intravenous (iv) general 
anaesthesia were employed and the intensive care was maintained using an intensive care treatment protocol 
designed to keep mean arterial pressure, cardiac output, arterial partial pressure of oxygen and carbon dioxide 
and blood glucose within specified limits (Supplemental Digital Content 2).

Protocol/experimental design. The experimental design is illustrated in Fig. 1. The animals were ran-
domised to either the ESS group in which animals were exposed to an endotoxin infusion and intensive care 
for 24 h before baseline or the PS group, in which unexposed animals were challenged with live bacteria at 
baseline. At baseline, the 6 h experiment was initiated with a 3-h iv infusion of E. coli, followed by a 3-h observa-
tion period before sacrificing the animals by a potassium chloride injection. Immediately before baseline and 
repeatedly during the experiment, physiological data were recorded. Blood samples for analysis of cytokines 
and Sequential Organ Failure Assessment (SOFA) were taken hourly. Organ samples were taken within 30 min 
post-mortem.

Endotoxin. The endotoxin in the ESS group consisted of a lipopolysaccharide from E. coli, 0111:B4; (Sigma 
Chemical Co., St Louis MO, USA) and the same batch was used to all animals to minimise batch variations. 
The endotoxin infusion was given to establish endotoxin tolerance which has previously been reported in this 
porcine  model5: after a starting dose of 0.3 μg ×  h−1, a stepwise increase for 30 min ×followed until a final dose 
of 0.063 μg ×  kg−1 ×  h−1 was achieved. This dose was then continued until completion at 24 h after the start of 
the infusion.

Organism. The E. coli strain B09-11822 (serotype O-rough:K1:H7; Statens Seruminstitut, Copenhagen, 
Denmark) is an encapsulated and serum-resistant clinical isolate. The preparation of the bacteria is described in 
Supplemental Digital Content 3.

Measurements. In vivo blood and organ bacterial cultures. Bacterial investigations from arterial blood, 
spleen and liver are described in Supplemental Digital Content 4. Other organs than the spleen and liver, pri-

Figure 1.  Schematic presentation of the study and the primary and early secondary sepsis groups. ESS animals 
(n = 21) were pre-exposed to 24 h endotoxin infusion and intensive care treatment before baseline, whereas PS 
animals (n = 17) were unexposed at baseline when the experiment was initiated by a 3-h intravenous infusion of 
live E. coli. Bars represent infusions while arrows denote time points for sampling for bacterial analyses.
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marily the kidney and lung were also investigated in most animals, but with too few bacteria found to allow for 
a meaningful analysis.

Blood intrinsic bactericidal capacity. The blood intrinsic bactericidal capacity was analysed by ex vivo bacte-
rial clearance. Arterial blood was obtained at baseline before bacterial infusion (ex  vivoPREBACT ) and 15  min 
after termination (ex  vivoPOSTBACT ) and ex vivo inoculated with E. coli at a concentration of  105 CFU ×  mL−1. 
The ex vivoPREBACT  incubation lasted for 6 h and ex vivoPOSTBACT  for 3 h with bacterial quantifications at 3 and 
6 h. Bacterial clearance was calculated by subtracting the log bacterial count from that of the starting inoculum 
at 0 h. Due to a lack of time, ex vivoPREBACT  clearance was not achieved in two ESS animals and ex vivoPOSTBACT  
clearance in two PS animals.

Organ parameters and laboratory tests to evaluate the sepsis reaction, maintenance of intensive care and the inflam-
matory response. Details of blood test analysis, organ dysfunction parameters and cytokines are presented in 
Supplemental Digital Content 5. The sepsis reaction in the two groups was evaluated with the SOFA  score1, 
although no assessment of the central nervous system was possible due to sedation. The inflammatory response 
was estimated by the highest levels of tumour necrosis factor-α (TNF-α) and interleukin-6 (IL-6) in plasma ana-
lysed by commercial porcine-specific sandwich enzyme-linked immunosorbent assays.

Calculations and statistics. Because the bacterial clearance from the blood has been shown to be rapid, 
the primary endpoint of the study was bacterial growth in the spleen and liver, the two principal organs respon-
sible for the elimination of  bacteria20. With a standard deviation in the PS group of 20%, a power of 0.8, a two-
sided α-error of 0.05 and a detectable difference of 20%, 17 animals were required. In the ESS group the standard 
deviation was expected to be 25% higher and with the same power, α-error and detectable difference 21 animals 
had to be included. In the analysis of the primary endpoint Student’s unpaired t-test was applied. Because ex vivo 
growth in blood did not follow a normal distribution, other differences between the groups were analysed by the 
Mann–Whitney U test, paired analysis by the Wilcoxon matched-paired test and correlations by the Spearman 
rank test. Normally distributed data are expressed as mean ± SD and non-normally as median and interquartile 
range (IQR). Statistica software (v13.5, StatSoft, Tulsa, OK, USA) was used to generate the calculations and 
p < 0.05 was considered statistically significant.

Animals and ethic statements. This study was conducted after approval from the Animal Ethical Board 
in Uppsala, Sweden (permit no C250/11 and C155/14). Animals were handled in accordance with the Guide for 
the Care and Use of Laboratory Animals and reported in compliance with the ARRIVE  guidelines21.

Results
Animal experiment. The animals developed sepsis or septic shock during the bacterial infusion with SOFA 
scores of 6 (3.5–8) in the ESS group and 9 (6.5–11) in the PS group. The dose of infused bacteria was 8.80 ± 0.10 
in the ESS group and 8.80 ± 0.09  log10 CFU in the PS group. Body weights in the ESS and PS groups were 
25.3 ± 1.9 and 25.2 ± 1.8 kg, respectively. Baseline at 0 h and the highest (peak) cytokine levels for TNF-α and 
IL-6 in the two groups are shown in Table 1 with significant reductions in the ESS animals (p < 0.001). The peak 
concentrations also appeared later in the ESS than in the PS group with TNF-α-peaking at 2 h compared with 
1 h and IL-6 at 4 h compared with 3 h.

Bacterial investigations. Organ bacterial cultures. Organ bacterial cultures are depicted in Fig. 2. The 
ESS group exhibited lower growth in the spleen, than the PS group, (3.31 ± 0.56 vs 3.84 ± 0.56  log10 CFU ×  g−1) 
(p = 0.007). Bacterial growth in the liver was also lower in the ESS group than in the PS group (1.99 ± 0.78 vs 
2.44 ± 1.00  log10 CFU ×  g−1), although the difference did not reach statistical significance.

Blood cultures in vivo. No animal exhibited E. coli growth in the blood culture before the bacterial infusion 
was initiated. The ESS animals showed a tendency to fewer bacteria in cultures during the bacterial infusions 

Table 1.  Baseline at 0 h before the bacterial challenge and the highest (peak) plasma levels of TNF-α and 
IL-6 in animals with early secondary sepsis (ESS) and primary sepsis (PS). Data are presented as mean ± SD. 
Student’s unpaired t-test was used to compare the differences between ESS and PS. ***p < 0.001 ESS versus PS.

ESS
Log10 ng ×  L−1 (n = 21)

PS
Log10 ng ×  L−1 (n = 17)

TNF-α

  Baseline 1.83 ± 0.27 1.87 ± 0.22

  Peak 2.43 ± 0.45*** 4.80 ± 0.31

IL-6

  Baseline 2.09 ± 0.35 1.85 ± 0.47

  Peak 2.84 ± 0.36*** 3.43 ± 0.31
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compared with the PS animals (Table 2). After termination of the infusion, no living bacteria were found in 
blood cultures.

Ex vivo bacterial clearance. Ex vivo results are summarised in Table 2. Blood intrinsic bactericidal capacity at 
baseline, expressed as ex vivoPREBACT  bacterial clearance at 6 h did not differ between the ESS and PS groups. 
A reduction in ex vivoPOSTBACT  clearance compared with ex vivoPREBACT  clearance was found in the two groups 
(p = 0.004, n = 34). Moreover, the ex vivoPOSTBACT  bacterial clearance in the PS group was lower than that in the 
ESS group (p = 0.028) with some animals not killing the bacteria.

Correlation analyses. A significant correlation was observed between bacterial growth in the spleen and liver 
in the PS group (r = 0.69, p = 0.003), but not in the ESS group (r = 0.26, p = NS). Correlations between bacterial 
in vivo count in the blood at 1–3 h and the bacterial count in the spleen and liver are depicted in Fig. 3. In the ESS 
group, there was a strong correlation between growth in the blood and spleen over all 3 h (r ranging 0.58–0.71). 
This correlation was not seen in the PS group (r ranging 0.01–0.32) or between growth in the blood and liver 
in any group (r ranging 0.03–0.38). Bacterial in vivo growth in blood was strongly and negatively correlated 
with ex vivoPREBACT  clearance in the PS group already at 1 h (r = − 0.81), whereas a significant correlation in the 
ESS group was noted only after 3 h. There was no correlation between ex vivoPREBACT  clearance and growth in 
the organs in any group (data not shown). Ex vivoPOSTBACT  clearance at 3 h correlated significantly with ex vivo-
PREBACT  at 3 h (ESS group: r = 0.58, p = 0.009; PS group: r = 0.62, p = 0.014) and with blood bacterial count in both 
groups, Fig. 3.

Figure 2.  Bacterial count in the spleen and liver in primary (n = 17) and early secondary sepsis (n = 21). Values 
are mean ± SEM.

Table 2.  Bacterial growth in blood cultures obtained in vivo and blood intrinsic bactericidal capacity 
expressed as bacterial clearance ex vivo in blood obtained before the bacterial challenge at 0 h (Ex  vivoPrebact) 
and 15 min after termination of the 3-h bacterial infusion (Ex  vivoPostbact) in animals with early secondary 
sepsis (ESS) and primary sepsis (PS). Bacterial clearance is calculated as the difference between growth at 
0 h and the different time points. Due to a lack of time, ex vivoPREBACT  analyses were not achieved in two ESS 
animals and in two PS animals in the ex vivoPOSTBACT  analyses. Values are median (interquartile range)  log10 
CFU ×  mL−1. NG = No growth, detection limit 5 CFU ×  mL−1. The Mann–Whitney U test was conducted to 
determine differences between the ESS and PS groups at each time point. a p < 0.05 ESS versus PS.

Bacterial growth 
In vivo
log10 CFU ×  mL−1

Bacterial clearance 
Ex  vivoPREBACT 
log10 CFU ×  mL−1

Bacterial clearance 
Ex  vivoPOSTBACT 
log10 CFU ×mL−1

ESS (n = 21) PS (n = 17) ESS (n = 19) PS (n = 17) ESS (n = 21) PS (n = 15)

Ex vivo growth 0 h 4.91 (4.86–4.97) 4.94 (4.67–4.96) 5.02 (4.99–5.12) 5.00 (4.86–5.06)

0 h NG (NG–NG) NG (NG–NG) – – – –

1 h 2.90 (2.48–3.02) 3.12 (2.92–3.24)

2 h 3.14 (2.77–3.41) 3.21 (3.01–3.65)

3 h 3.19 (2.88–3.55) 3.39 (3.22–3.75) 2.38 (1.52–2.99) 2.24 (1.22–3.22) 1.80 (0.91–3.16)a 0.36 (-0.64–2.52)

4 h NG (NG–NG) NG (NG–NG)

5 h NG (NG–NG) NG (NG–NG)

6 h NG (NG–NG) NG (NG–NG) 3.57 (2.00–4.20) 3.39 (1.35–3.98)
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Discussion
In the previous clinical study secondary sepsis was defined as a sepsis starting within 7 days after preceding 
infection or  trauma9. Because our animals in the ESS group had their inflammatory response activated only 24 h 
before the bacterial challenge, we named secondary sepsis in the present study early secondary sepsis. Despite a 
reduced inflammatory response, the spleen of animals with ESS contained fewer bacteria than animals with PS. 
A similar trend was seen in the liver and blood in vivo. Thus, the weakened inflammatory response in ESS was 
not associated with reduced bacterial killing, neither in immune-active organs nor in the blood.

The lower splenic growth in the ESS animals might be caused by reduced splenic uptake from the blood or 
increased clearance of bacteria. In this model bacteria were negligible in organs other than the spleen and liver 
(data not shown). In addition, low bacterial counts in the spleen were associated with low counts in the blood, 
indicating that a reduced uptake is not the mechanism, making increased splenic bacterial killing more plausible. 
The strong correlation between growth in the spleen and blood might also imply that the increased splenic kill-
ing contributes to the lower blood bacterial count seen in the ESS group (Fig. 3). In the spleen bacteria enter an 
open blood system without an endothelial lining where macrophages reside and surviving bacteria must pass 
the small endothelial slits of the splenic venous sinusoids before re-entering the  circulation22. In ESS this trap-
ping mechanism may be more important than other bacterial removal processes. In the liver there is an active 
uptake of bacteria from the  blood23,24 and it has recently been shown that this uptake is reduced in secondary 
 sepsis25, which might promote a lower bacterial growth in the liver. Particularly noteworthy is that the significant 
correlation between bacterial growth in the liver and spleen as demonstrated in PS, suggesting related control of 
the host defence mechanisms, is not observed in ESS despite reduced growth in the spleen and a similar trend in 
the liver. Dissimilar mechanisms, affected differently by the preceding activated inflammatory response, might 
constitute an explanation for the lack of correlations between hepatic bacterial growth and that in the spleen 
and blood in ESS.

Factors other than splenic activity seem to matter to the blood bacterial count in PS. The intrinsic blood 
bactericidal capacity, as demonstrated by the ex vivoPREBACT  bacterial clearance, is the sum of the bactericidal 
performance of several defence actors, such as activated neutrophils, circulating antimicrobial proteins as well as 
activation of the complement system, the kallikrein-kinin system and components of the coagulation  systems26–29. 
In the PS group high ex vivoPREBACT  bacterial clearance appears to be associated with lower levels of bacteraemia, 
especially during the first hour when this correlation was strong. At 2 and 3 h, this correlation became weaker 
though still significant. In ESS blood bacterial count was initially more related to splenic killing than blood bacte-
ricidal capacity but in contrast to PS, the latter association increased and at 3 h bacterial growth was significantly 
associated with both the blood intrinsic bactericidal capacity and splenic activity.

While retaining a correlation with the bactericidal capacity before the bacterial challenge, the ex vivoPOSTBACT  
clearance was reduced in both groups suggesting that the components of the antibacterial systems have to some 
extent been consumed or inhibited after 3 h of bacteraemia. This killing capacity was retained more in the ESS 
group than in the PS group.

Figure 3.  Spearman rank correlation analyses between in vivo bacterial count in the blood at 1–3 h and the 
bacterial counts in the spleen and liver, ex vivoPREBACT  bactericidal clearance at 6 h in blood before the bacterial 
challenge and ex vivoPOSTBACT  bactericidal count at 3 h in blood after the bacterial challenge. The correlations 
between bacterial count in the blood and the two ex vivo clearances are negative but to relate to the positive 
values on the y-axis, these correlations are expressed as ex vivo bacterial count at the last determination after 6 
and 3 h, respectively. *p < 0.05, **p < 0.01, ***p < 0.001.
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Whereas our results demonstrating increased bacterial killing agree with those in mice pre-treated with 
endotoxin 24 h or more before the bacterial  challenge6,15,16, our results with reduced bacterial ex vivo clearance 
directly after termination of the bacterial infusion seem consistent with the rabbit  model19. In this rabbit model 
the bacterial challenge was also given directly after a 1- or 4-h infusion of endotoxin, which could explain the 
different result of the other studies.

Our findings, together with previous experimental studies on endotoxin tolerance induced 24–72 h before 
the bacterial  challenge6,15,16, indicate a decreased inflammatory response associated with increased bacterial 
killing. In the studies so far, the same results have been obtained both after intravenous and intraperitoneal 
induction, irrespective of the type of bacterial  challenge6,15. Because trauma seems to elicit a similar response as 
endotoxin and  infections30,31, these results are also likely valid after trauma. Whether this augmented bacterial 
killing applies later than 72 h, as shown in these  studies15,16 in the immunosuppressive phase, is not known, war-
ranting further study. However, it might be speculated that there is an evolutionary benefit of protecting animals 
from additional harm by invading bacteria during the early acute phase of severe trauma or infection. Although 
extrapolated with caution, the PS model may show similarities to community-acquired sepsis, whereas the ESS 
model is more comparable with early nosocomial infection in the ICU. Based on our findings, the increased need 
for a synergistic β-lactam-aminoglycoside combination for the ESS treatment does not seem urgent. Maximum 
bactericidal antibiotic therapy seems more important in PS. In this connection, a recent retrospective study, 
restricting patient recruitment to community-acquired bacteraemia demonstrated a better effect by the addition 
of one single dose of aminoglycoside to the β-lactam treatment than most other comparative studies investigat-
ing the effect of this  combination32.

In contrast to mice, the porcine immune system shares 80% similarity and the physiological responses 
in sepsis are similar to those in  humans17,18. The physiognomy is also suitable for intensive care treatment, 
including sedation, vasopressors and mechanical ventilation that might additionally mitigate the inflammatory 
 response33–35, adding strength and clinical relevance to our model. In addition, this model complies with the 
International Expert Consensus for Pre-Clinical Sepsis  Studies36.

However, there are some limitations of the model. The challenge of bacteria as an intravenous infusion might 
clinically resemble the administration of contaminated infusions, which is rare nowadays. The caecal ligation 
puncture technique has the advantage of resembling the onset of a clinical  infection37 but is difficult to standardise 
because of varying numbers and species in the blood and immune-active organs, thus, significantly reducing the 
power of the study. Using E. coli endotoxin followed by an E. coli bacterial challenge might be another limita-
tion. However, E. coli is the most common Gram-negative bacterial  species38 and the phenomenon of endotoxin 
tolerance is not species-specific8,15. Only bacterial findings from the spleen and liver were reported in our study. 
These organs are the major sites that clear bacteria from the  bloodstream22,24,39, a finding also reported from a 
porcine model on  PS20. Cultures were also taken from the kidney and lung in most of our animals. Only occasion-
ally was bacterial growth observed in low numbers, too few to allow a meaningful analysis between the groups.

Conclusion
Animals with early secondary sepsis exhibit an attenuated inflammatory response as expected but show enhanced 
antibacterial capacities in the major immune-active organs compared with animals with primary sepsis. During 
the first hours in early secondary sepsis, blood bacterial count looks to be principally affected by splenic activity 
and in primary sepsis by the intrinsic blood killing capacity. The results indicate no increased need for synergistic 
antibiotic combinations in early secondary sepsis.

Data availability
The data collected and analysed for the current study are available from the corresponding author on reasonable 
request.
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