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Abstract 

Aims: Recent in vitro findings suggest that the serine protease Granzyme K (GzmK) may act as a 
proinflammatory mediator. However, its role in sepsis is unknown. Here we aim to understand the role of 
GzmK in a mouse model of bacterial sepsis and compare it to the biological relevance of Granzyme A (GzmA). 
Methods: Sepsis was induced in WT, GzmA-/- and GzmK-/- mice by an intraperitoneal injection of 2x108 CFU 
from E. coli. Mouse survival was monitored during 5 days. Levels of IL-1α, IL-1β, TNFα and IL-6 in plasma were 
measured and bacterial load in blood, liver and spleen was analyzed. Finally, profile of cellular expression of 
GzmA and GzmK was analyzed by FACS. 
Results: GzmA and GzmK are not involved in the control of bacterial infection. However, GzmA and GzmK 
deficient mice showed a lower sepsis score in comparison with WT mice, although only GzmA deficient mice 
exhibited increased survival. GzmA deficient mice also showed reduced expression of some proinflammatory 
cytokines like IL1-α, IL-β and IL-6. A similar result was found when extracellular GzmA was therapeutically 
inhibited in WT mice using serpinb6b, which improved survival and reduced IL-6 expression. Mechanistically, 
active extracellular GzmA induces the production of IL-6 in macrophages by a mechanism dependent on TLR4 
and MyD88. 
Conclusions: These results suggest that although both proteases contribute to the clinical signs of E. 
coli-induced sepsis, inhibition of GzmA is sufficient to reduce inflammation and improve survival irrespectively 
of the presence of other inflammatory granzymes, like GzmK. 
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Introduction 
Granzymes (Gzms) are a family of serine 

proteases classified according to their cleavage 
specificity. In humans, five different types of Gzms 
(A, B, H, K and M) have been described, while ten 
types have been described in mice (A, B, C, D, E, F, G, 
K, M and N) [1-3]. It has been traditionally assumed 
that all Gzms act as cytotoxic proteases. However, 

recent evidence suggests that GzmB is the one with 
the greatest cytotoxic capacity, whereas the 
cytotoxicity of others such as GzmA and GzmK is in 
controversy [4]. In addition, new evidences suggest 
that some Gzms like GzmA and GzmK may act as 
proinflammatory mediators [5]. 
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GzmA and GzmK induce the generation of 
pro-inflammatory cytokines in different cell types. 
GzmA induces interleukin-1β, (IL-1β), tumour 
necrosis factor (TNFα) and interleukin-6 (IL-6) 
expression in human and mouse macrophages [6]. 
Similarly, it has been demonstrated that human 
GzmK induces the expression of IL-6, IL-8 and the 
monocyte chemoattractant protein (MCP) in human 
lung fibroblasts and endothelial cells through a 
mechanism dependent on the activation of PAR-1 
receptor [7, 8]. Additionally, it has also been described 
that GzmK induce the generation of pro- 
inflammatory cytokines in mouse macrophages [9] 
and it potentiates LPS-induced cytokine responses in 
human monocytes [10]. 

Higher levels of GzmA and GzmK have been 
observed in serum from septic patients, suggesting 
that these proteases could play a role in the 
pathogenesis of sepsis [11, 12]. The biological 
relevance of GzmA in sepsis has been demonstrated 
in different models of bacterial sepsis, including 
LPS-induced shock [6, 13], sepsis induced by the 
mouse bacterial pathogen Brucella microti [14], 
polymicrobial sepsis induced by caecal ligation and 
puncture [15] and pneumonia induced by 
Streptococcus pneumoniae [16]. All these data suggest 
that GzmA plays an important role in bacterial sepsis. 
On the contrary, the role of GzmK in sepsis has not 
been studied yet in vivo due to the absence of mice 
deficient in this protease. Recently, Joeckel et al have 
generated GzmK deficient mice allowing the 
understanding of the biological relevance of GzmK 

[17]. GzmK maps at the same chromosome locus as 
GzmA in both human and mice. Both, GzmA and 
GzmK, present similar cleavage specificity, 
preferentially cleaving substrates after basic residues 
like Arg and Lys. However, subtle differences have 
been recently found between the amino acid 
sequences close to the main cleavage site of GzmA 
and GzmK, which has been shown to influence the 
biological substrates cleaved by these proteases and 
likely their biological functions [18, 19]. 

Thus, it may be possible that GzmA and GzmK 
do not regulate the same biological functions in vivo 
and/or that they do not activate overlapping 
mechanisms. In order to understand the role of GzmK 
in the dysregulation of the inflammatory response in 
sepsis and the potential use of GzmA and/or GzmK 
as therapeutic targets in sepsis, it is critical to clarify 
the relative role of these Gzms in this pathology. 
Thus, the role of GzmK, in comparison with its closest 
homologue GzmA, in sepsis has been analysed using 
a mouse model of bacterial sepsis induced by the 
bacteria E. coli, one of the most common pathogens 
involved in human sepsis. 

Results 
Clinical score and survival are improved in the 
absence of GzmA 

Sepsis was induced in WT, GzmA and GzmK 
deficient mice by i.p. administration of 2×108 CF 
U/mL of an E. coli strain isolated from blood of mice 
suffering from CLP-induced sepsis. We employed this 
strategy in order to analyse sepsis induced by a mouse 

 

 
Figure 1. Sepsis score, weight loss and survival during E. coli-induced sepsis. WT, GzmA-/- and GzmK-/- mice were infected with 2 x 108 CFU i.p. of E. coli. Animals were 
weighted daily; sepsis score was determined as described in materials and methods and survival was monitored for 5 days. A. Sepsis score. B. Changes in weight. Data are 
represented as mean ± SEM of sepsis score (A) or the mean ± SEM of the percent of weight loss (B). Statistical analyses were performed using a mixed linear regression as 
described in materials and methods. C. Percentage of survival. Statistical analysis was performed using logrank and Gehan-Wilcoxon test. In the figure the number of biological 
replicates from each group (n) of two independent experiments are indicated. 
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specific E. coli strain in order to avoid potential 
differences due to use non-species-specific strains. 
Sepsis score (Figure 1A), animal weight (Figure 1B), 
and survival (Figure 1C) were monitored for 5 days. 
All mice suffered a significant but similar loss of 
weight, which is a characteristic sign of sepsis (Figure 
1B). In addition, mice showed others signs of sepsis 
such as piloerection, decreased movement, decreased 
respiratory rate, laboured breathing and a decreased 
response to auditory and tactile stimuli. These 
symptoms were quantified applying a murine sepsis 
score (MSS) as previously described [20]. At 24 h of 
sepsis induction all the strains reached their highest 
sepsis score that was not significantly difference 
between WT and KO mouse strains. However, at 48 h 
of sepsis induction, GzmA-/- and GzmK-/- mice 
showed a slight but significant lower sepsis score 
compared with WT mice. A mixed linear regression 
analysis of this data showed significant differences 
between groups indicating that the absence of either 
GzmA or GzmK improved MSS (p = 0.035). In 
contrast to MSS, the covariance analysis showed that 
these differences were not due to a relation between 
MSS and weight (p = 0.366). The analysis of survival 
showed that despite the fact that GzmA-/- and 
GzmK-/- mice showed a similar loss of weigh and 
sepsis score, only GzmA deficient mice showed a 
significant increase in survival compared with WT 
mice. In contrast, GzmK deficient animals behaved as 
WT controls, beginning to die 48 h after sepsis 
induction and only 33% of WT and 46% of GzmK-/- 
mice remained alive after 5 days. In contrast, 90% of 
GzmA-/- animals survived to sepsis. 

In vivo bacterial replication is not affected by 
GzmA or GzmK deficiency 

Next, we analysed the role of GzmA and GzmK 
in the control of E. coli infection. As shown in Figure 2, 
WT, GzmA-/- and GzmK-/- mice showed a similar 
bacterial load in blood and spleen at both 18 and 42 h, 
time after which some animals had already begun to 
clear the infection. These results indicate that GzmA 
and GzmK are not involved in the control of E. coli 
infection and, thus, the increased survival of GzmA 
deficient mice is not due to differences in bacterial 
replication in vivo. 

Pro-inflammatory cytokines are reduced in 
GzmA deficient mice during E. coli sepsis 

Once we had confirmed that the protection 
observed in GzmA-/- mice was not related with the 
control of infection, we analyzed if extracellular 
GzmA was detected in serum from septic animals and 
if the absence of GzmA attenuated the inflammatory 
response in mice. As shown in Figure 3 at 18 h, 
extracellular GzmA in serum was significantly 
increased in WT and GzmK-/- mice but, as expected, 
remained almost undetectable in GzmA deficient 
mice, which were included as controls to establish the 
cut-off of the ELISA test. GzmA deficient mice had 
lower levels of all tested cytokines in comparison with 
WT mice, although only IL-1α, IL-1β and IL-6 reached 
a statistically significant difference. Concerning 
GzmK deficient mice, they showed lower levels of 
IL-1β compared with WT mice. In addition, the level 
of inflammatory cytokines was also reduced in GzmA 
deficient mice compared with GzmK deficient, 

 

 
Figure 2. Bacterial load in blood and spleen during E. coli sepsis. WT, GzmA-/- and GzmK-/- mice were infected with 2 x 108 CFU i.p. of E. coli. After 18 and 42 h of sepsis 
induction a group of animals was sacrificed and the bacterial load determined in blood and spleen. Data are represented as mean ± SEM CFU counts. Numbers at the top of each 
graph indicate the number of biological replicates from each group of two independent experiments. Statistical analysis was performed by one-way ANOVA test with 
Bonferroni’s post-test. 
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although only IL-6 was significantly different. After 
42 h, most animals already presented very low level of 
cytokines in blood without differences between WT 
and mutant mice. We did not further analyse the level 
of cytokine expression since most mice died during 
the first 48 hours. 

 

 
Figure 3. Extracellular GzmA and proinflammatory cytokine levels in 
plasma during E. coli sepsis. WT, GzmA-/- and GzmK-/- mice were infected with 2 
x 108 CFU i.p. of E. coli. After 18 and 42 h of sepsis induction a group of animals was 
sacrificed and the levels of GzmA (A), IL-1α, IL-1β, IL-6 and TNFα (B) in plasma were 
determined by ELISA. Data are represented as mean ± SEM of the values of each 
cytokine in 3 independent experiments. Statistical analysis was performed by one-way 
ANOVA test with Bonferroni’s post-test *p < 0.05; **p < 0.01. 

 

GzmA and GzmK are mainly expressed in NK 
and NKT cells during sepsis 

Subsequently we analysed the cell source of 

GzmA and GzmK during sepsis induced by E. coli. We 
expected that the main cell source of GzmA in this 
model to be a component of the innate immune 
response since reduction of inflammation in GzmA-/- 
and GzmK-/- mice was observed within the first 24 h 
after infection. Intracellular expression of GzmA and 
GzmK was analysed in different immune spleen cell 
subsets 18 h after sepsis induction. As shown in 
Figure 4, NK and NKT cells increased the intracellular 
expression of GzmA and GzmK during E. coli sepsis 
in comparison with Gzm KO mice used as controls. In 
addition, we observed a slight increase in the 
expression of GzmA in monocytes (Ly6C+CD11b+ 
Ly6G-CD11c-). As expected GzmA and GzmK 
followed a similar expression profile in GzmK and 
GzmA deficient mice, respectively, and they were not 
expressed in the corresponding deficient mice, 
confirming specific Gzm detection. 

Active GzmA induces the expression of IL-6 by 
a TLR4 and MyD88 dependent pathways 

When added to M1 bone marrow-derived 
macrophages active GzmA was able to induce the 
expression of IL-6 which was inhibited by serpinb6b 
(Figure 5A). We have previously found that TLR4 is 
required for GzmA-induced inflammation in 
macrophages. In order to confirm this result and 
further get more insights into de potential mechanism 
activated by GzmA, the expression of IL-6 in 
GzmA-stimulated WT, TLR4-/- and MyD88-/- 

macrophages was analysed. As shown in figure 5B, 
IL-6 expression was significantly reduced in TLR4-/- 
and MyD88-/- macrophages compared to WT. Next, to 
delineate if GzmA activates specific TLR4 signalling 
pathways we used chemical inhibitors targeting 
different molecules involved in TLR4-mediated 
signalling. Specifically, we used TAK-242 and 
OxPAPC (Oxidized 1-palmitoyl-2-arachidonyl-sn- 
glycero-3-phosphorylcholine). TAK-242 is a small 
molecule inhibitor that blocks the intracellular TLR4 
domain responsible of recruiting both TIRAP (MyD88 
dependent signalling) and TRAM (MyD88 
independent signalling) [21]. OxPAPC is an oxidized 
phospholipid that inhibits LPS-mediated signalling by 
blocking its binding to LBP, CD14 and MD2, all of 
them adaptor molecules required for LPS to activate 
TLR4 signalling [22]. As shown in Figure 5C, the 
expression of IL-6 induced by active GzmA was 
significantly reduced by both inhibitors. Together 
with the results using TLR4 and MyD88 deficient 
macrophages this result suggests that GzmA activates 
the conventional MyD88 and TIRAP dependent TLR4 
signalling. 
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Figure 4. Intracellular expression of GzmA and GzmK during E. coli sepsis. WT, GzmA-/- and GzmK-/- mice were infected with 2 x 108 CFU i.p. of E. coli. After 18 h of 
sepsis induction a group of animals were sacrificed and spleens were collected. The intracellular expression of GzmA and GzmK was analysed in splenocytes by flow cytometry 
as indicated in materials and methods. A representative histogram analysis is shown for GzmA (A) and GzmK (B). Numbers in the histograms show MFI (Mean Fluorescence 
Intensity) in each strain (WT in black, GzmA-/- in red and GzmK-/- in blue). Data in graphs represent the mean ± SEM of MFI for GzmA-PE (C) and GzmK-PE (D) minus the 
florescence of each granzyme deficient control mice in the immune cells subsets analyzed from three biological replicates. Statistical analysis was performed using one-way 
ANOVA test with Bonferroni’s post-test. * p < 0.05. 

 

Therapeutic inhibition of GzmA with 
serpinb6b improves survival and reduces 
inflammation in E. coli sepsis 

Finally, we analysed the effect of therapeutic 
inhibition of GzmA in E. coli sepsis. For that, after 
sepsis induction a group of WT, GzmA and GzmK 
deficient mice were treated with the specific GzmA 
inhibitor serpinb6b [23]. As shown in Figure 6, only a 

40% of WT and GzmK-/- mice survived to E. coli sepsis. 
In contrast, when WT and GzmK-/- were treated with 
serpinb6b, survival was significantly increased to 
80%. In addition, similarly to the results obtained in 
vitro in GzmA-stimulated macrophages (Figure 5A), 
the levels of IL-6 in septic mice treated with serpinb6b 
were significantly reduced in WT and GzmK-/- septic 
mice. While the levels of IL-6 in GzmA deficient mice 
treated with serpinb6b were not affected, confirming 
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the specificity of this inhibitor. These results indicate 
that inhibition of GzmA is sufficient to improve sepsis 
outcome irrespectively of the presence of other 
inflammatory Gzms, like GzmK. 

 

 
Figure 5. Active granzyme A induces the expression of IL-6 by a TLR4 and 
MyD88 dependent pathway. WT bone marrow differentiated macrophages were 
stimulated with LPS (10 ng/mL), active GzmA (300 nM) and GzmA inactivated with 
sepinb6b. After 24 h of incubation, supernatants were collected to determine the 
levels of IL-6 by ELISA (A). Macrophages differentiated from WT, TLR4-/- and 
MyD88-/- mouse bone marrow were stimulated with active GzmA (300 nM) and LPS 
(10 ng/mL). After 24 h of incubation, the supernatants were collected to determine 
the levels of IL-6 by ELISA (B). Data are represented as the mean ± SEM of two 
independent experiments performed by triplicate. Statistical analyses were 
performed by unpaired t test, ***p = 0.0001, ****p < 0.0001. WT bone marrow 
differentiated macrophages were first stimulated with TAK 242 (1 μM), OxPAPC (30 
μg/mL) for 30 min at 37 °C and then stimulated with LPS 10 ng/mL and active GzmA 
(300 nM). After 24 h incubation, supernatants were collected to determine the levels 
of IL-6 by ELISA (C). Data are represented as the mean ± SEM of three independent 
experiments performed by triplicate. Statistical analyses were performed by unpaired 
t test ****p < 0.0001. 

Discussion 
GzmA and GzmK have been shown to activate 

inflammatory responses in macrophages and other 
cell types [1] and increased levels of GzmA and GzmK 
have been detected in serum of septic patients 
suggesting that these proteases could have a role in 
bacterial sepsis [11, 12, 24]. Here, using a mouse 
model of E. coli induced sepsis, the role of GzmK in an 
in vivo mouse model of bacterial sepsis has been 
analysed for the first time. In addition, the biological 
relevance of GzmA and GzmK in sepsis has been 
compared. Our results show that despite both 
proteases contribute to bacterial sepsis, including 
disease progression and generation of some 
inflammatory cytokines in vivo, only the absence of 
GzmA has a relevant impact in sepsis survival. In 
addition, it has been observed that neither GzmA nor 
GzmK are involved in the control of E. coli infection. 

Both, GzmA and GzmK, were found to be 
mainly expressed in NK and NKT cells during E. coli 
sepsis. Both NK and NKT cells have been found to 
play important roles in bacterial sepsis [25-28] and 
together with T cells they have been shown to be the 
main cell sources of gzms in vivo [25-27]. Except for 
monocytes that presented a slight increased 
expression of gzmA during sepsis, we did not find 
gzmA and/or gzmK in other cell types including T 
cells, macrophages, dendritic cells and neutrophils. It 
has been previously shown in other models that the 
presence of NK cells and GzmA is key for bacterial 
sepsis [14] and endotoxicosis [13]. Although we have 
not formally proven the role of NK and NKT cells in 
E. coli sepsis, our results together with previous data 
strongly suggest that this cell type is an important 
source of Gzms during E. coli sepsis. 

During sepsis induced by a commensal strain of 
E. coli isolated from blood of a mice suffering from 
sepsis induced by CLP, a lower sign of sepsis was 
observed in GzmA or GzmK deficient mice, when a 
murine sepsis score was applied, compared to WT 
mice. This murine sepsis score has been validated by 
Shrum et al and analyse several parameters such as 
respiratory function, animal behaviour and response 
to stimuli, allowing the evaluation of sepsis 
progression in mice [20]. However, only GzmA 
deficient mice showed a significant increase in 
survival compared with WT mice. In addition, GzmA 
deficient mice survived significantly more than GzmK 
deficient mice, suggesting that GzmA has a higher 
biological relevance than GzmK during E. coli sepsis. 
It is worth to mention again that we have employed 
an E. coli strain isolated from mice undergoing 
polymicrobial peritoneal sepsis (CLP) and, thus, our 
results are biologically relevant since a species- 
specific bacterial pathogen is employed. 



Theranostics 2021, Vol. 11, Issue 20 
 

 
http://www.thno.org 

9879 

 
Figure 6. Therapeutic inhibition of GzmA with serpinb6b during E. coli sepsis increase survival and reduces serum IL-6 in WT and GzmK deficient mice. 
WT, GzmA-/- and GzmK-/- mice were infected with 2 x 108 CFU i.p. of E. coli. After E. coli sepsis induction, a group of WT, GzmA and GzmK deficient mice were treated twice 
a day with 40 µg of serpinb6b in 100 µl of PBS i.p. for five days. As control a group of mice were treated with 100 µl of PBS i.p. twice a day. After 18 h a group of animals was 
sacrificed and IL-6 concentration in plasma was determined by ELISA (A). Data are represented as mean ± SEM of the values 2 independent experiments. Statistical analysis was 
performed by one-way ANOVA test with Bonferroni’s post-test ****p < 0.0001. Mice were observed twice a day and survival was monitored for five days (B). Statistical analysis 
was performed using logrank and Gehan-Wilcoxon test. In the figure the number of biological replicates from each group (n) of two independent experiments are indicated. *p 
< 0.05; ***p < 0.001. 

 
These results employing a mouse specific E. coli, 

one of the most common pathogens causing sepsis in 
human, confirm previous studies using other models 
on the inflammatory function of GzmA in vitro and in 
vivo during host-pathogen interaction. It has been 
previously found that GzmA deficient mice are 
resistant to endotoxemia induced by LPS [6, 13]. In 
addition, GzmA deficient mice showed an increase in 
survival compared with WT mice during sepsis 
induced by the mouse specific pathogen B. microti 
[14]. The increase in survival was correlated with 
lower levels of proinflammatory cytokines IL-1α, 
IL-1β, TNFα and IL-6. GzmA was also found to be not 
involved in bacterial control. It has been recently 
shown that GzmA plays an important role in the 
damage associated with S. pneumoniae infection, the 
most common causative agent in community- 
acquired pneumonia [29]. In addition, GzmA 
deficient mice also showed higher survival in a model 
of pneumonia due to S. pneumoniae [16]. In our study, 
GzmA deficient mice, in addition to a higher survival, 
express lower levels of IL-1α, IL-β and IL-6 in serum 

compared with WT mice. These cytokines have been 
involved in the physiopathology of bacterial sepsis 
[30-32] and the lower levels of these cytokines in 
GzmA deficient mice could explain their higher 
survival during E. coli sepsis. However, it has also 
been observed that in murine models of Klebsiella 
pneumoniae pneumonia, a common pathogen in 
intrahospital pneumonias, GzmA does not play an 
important role during sepsis associated with this 
pathogen [33]. A recent study has not been able to 
confirm a clear role for GzmA or GzmB during E. coli 
sepsis [34]. However, the results obtained were not 
consistent and a clear conclusion on the role of GzmA 
and/or GzmB in bacterial control and sepsis could not 
be reached. Notably, a main difference among both 
studies is the use of different E. coli strains. 
Meanwhile an E. coli strain isolated from humans was 
used by Garcia-Laorden et al, we have employed a 
bacterial strain isolated from the blood of septic mice. 
Therefore, the biological relevance of this protease in 
sepsis seems to be dependent on the causal agent of 
the infection. 
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Although the impact of GzmK absence in E. coli 
sepsis seems to be less pronounced than that of GzmA 
absence, GzmK deficient mice have shown 
significantly lower levels of IL-1β in serum compared 
with WT mice. This result could explain the lower 
sepsis score observed in GzmK deficient mice during 
E. coli induced sepsis. This is the first time that the role 
of GzmK in bacterial sepsis is analysed in vivo. These 
findings are supported by previous in vitro findings 
indicating that GzmK may have a prominent role in 
regulating IL-1β function. Using recombinant GzmK, 
it has been demonstrated that GzmK induces the 
expression of IL-1β in peritoneal macrophages 
pre-stimulated with LPS [9]. Recently, it has also been 
observed that human GzmK is able to potentiate 
LPS-induced release of pro-inflammatory cytokines in 
human monocytes [10]. In a recent work, Wensink et 
al, reported that similarly to GzmK, human GzmA 
also potentiates cytokine responses in human 
monocytes pre-stimulated with LPS or Gram-negative 
bacteria. They found that contrary to GzmK, GzmA 
does not bind to LPS or increase the LPS-CD14 
complex formation and has a little effect on LPS 
micelle disaggregation, concluding that GzmA and 
GzmK differentially modulate LPS-Toll-like receptor 
signalling in monocytes [35]. This result suggests that 
GzmA and GzmK have not a redundant function in 
antibacterial immune response and help to explain the 
differences observed in our study. Indeed, in contrast 
to GzmK, recent evidences indicate that GzmA 
induces IL-6 production in mouse macrophages 
independently of LPS [15]. In line with these previous 
results, we show here that active GzmA induces the 
expression of IL-6 by a mechanism dependent of 
TLR4. In this study we have further analysed the role 
of TLR4 signalling during gzmA-induced IL-6 
production in macrophages by using cells derived 
from MyD88 deficient mice and inhibitors targeting 
different molecules involved in TLR4 signalling, 
finding out that IL-6 production induced by gzmA in 
mouse macrophages mainly depends on the 
activation of TLR4 by the canonical MyD88 pathway. 

We have found that similarly to GzmA, GzmK 
did not play an important role in the control of E. coli 
infection. This is the first time that the role of GzmK in 
the control of bacterial infection is analysed. Our 
finding is in line with those of Joeckel et al., showing 
that GzmK deficient mice controlled viral infections as 
efficiently as WT mice [17]. However, further research 
is needed to confirm the role of inflammation induced 
by GzmK in the control of other bacterial infections, 
which is not the main aim of this work. Our results 
have confirmed that in contrast to GzmA, GzmK has a 
minor role during E. coli sepsis. Apparently, this result 
might be unexpected since both GzmA and GzmK are 

proteases with tryptase activity and share preferences 
to cleave substrates after basic residues (Lys or Arg). 
However, it has been shown that despite the similar 
protease activity, the substrate specificity of GzmK 
differs from GzmA [18, 19] , which would explain the 
different contribution of these proteases to sepsis. 

Despite we have not found a major role of GzmK 
in sepsis, our findings are important since they 
suggest that the detrimental role of GzmA during E. 
coli sepsis cannot be significantly compensated by its 
closest homologue GzmK and, thus, inhibition of 
GzmA might be sufficient to reduce damage and 
increase survival during sepsis. Indeed, our results 
show that therapeutical inhibition of active GzmA 
with serpinb6b similarly increased survival in WT 
and GzmK -/- mice and reduced IL-6 serum levels, 
confirming the potential of GzmA as a therapeutic 
target for sepsis treatment [15]. 

In conclusion, the role of GzmK in an in vivo 
mouse model of bacterial sepsis has been analysed for 
the first time and the biological relevance of GzmK 
and GzmA has been compared in bacterial sepsis. 
Both proteases have been found to be involved in 
physiopathology of bacterial sepsis. However, GzmA 
seems to play a more relevant role in this pathology 
and targeting GzmA seems to be sufficient to reduce 
inflammation and increase survival in sepsis. It will be 
required to analyse other models of sepsis in vivo 
including single and polymicrobial to confirm if 
GzmK is a minor regulator during bacterial sepsis, 
and, thus, design proper protocols to use the Gzm 
family as new therapeutic targets in sepsis. 

Materials and methods 
Mouse Strains 

Inbred C57BL/6 (WT), Granzyme A deficient 
(GzmA-/-)[36] and Granzyme K deficient mouse 
strains (GzmK-/-) [17, 37] were maintained at the 
Biomedical Research Centre of Aragon (CIBA). Both, 
GzmA and GzmK deficient mice are on the C57BL/6 
background and their genotypes were periodically 
analysed as described [17, 37]. Mice of 8–12 weeks of 
age were used in all the experiments. Animal 
experimentation protocols were approved by the 
CIBA Animal Experimentation Ethics Committee 
(number: PI63/17). 

E. coli sepsis induction 
An E. coli strain was isolated from blood of wild 

type C57Bl76 mice after 24 h of sepsis induced by 
cecal ligation puncture (CLP) procedure. This strain 
was the most frequent Gram-negative bacteria 
isolated from blood of this septic mouse. The E. coli 
strain was stored at -80 °C in Luria-Bertani medium 
(LB; Sigma) containing 10% glycerol. To prepare the 
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inoculum for sepsis induction, 10 µl of E. coli stock 
was cultured in LB medium at 37 °C to exponential 
growth phase and washed twice with cold 
phosphate-buffered saline (PBS). The absorbance at 
600 nm was measured in a spectrophotometer to 
estimate the number of bacteria in the culture. The 
bacterial density was adjusted to 1x109 bacteria/mL. 
Sepsis was induced in WT, GzmA-/- and GzmK-/- mice 
by intraperitoneal injection of 2×108 bacteria in 200 µl 
of PBS. 

Survival experiment and Sepsis Score 
Mice were weighed daily and observed twice a 

day determining a murine sepsis score (MSS) as 
described by Shrum et al. [20]. Briefly, seven variables 
were analysed (Appearance, Level of consciousness, 
Activity, Response to stimulus, Eyes, Respiration rate 
and Respiration quality), each one received a score 
between 0 and 4. Mice were euthanized when MSS 
was superior to 21, or when either the score of 
Respiration rate or Respiration quality increased more 
than 3. Survival was monitored for 5 days. 

Determination of Bacterial load in blood, liver 
and spleen 

A group of mice were sacrificed 24 and 48 hours 
after sepsis induction, and blood, liver and spleen 
were collected aseptically. Both organs were 
homogenised, and serial dilutions were carried out in 
PBS, including the blood, plated onto LB agar and 
incubated for 24 h at 37 °C to determine the number of 
viable E. coli organisms. 

Determination of cytokine and GzmA A levels 
in plasma 

24 and 48 hours after sepsis induction, a group of 
mice was sacrificed and blood samples were collected 
by cardiac puncture using anticoagulant. Blood 
samples were centrifuged at 3700 xg to obtain plasma. 
Levels of IL-1α, IL-1β, TNFα and IL-6 in plasma were 
measured using commercial ELISA kits (Invitrogen) 
and GzmA levels were measured using Mouse 
Granzyme A ELISA kit (abcam), following the 
manufacturer recommendations. 

Inflammation induced by GzmA in macro-
phages from WT, TLR4-/- and MyD88-/- mice 

M1 macrophages were differentiated from 
mouse bone marrow (BM) of WT, TLR4-/- and 
MyD88-/- mice. Cells were aseptically collected from 
femurs and tibias and resuspended in RPMI medium 
supplemented with 10% of FCS serum, 100 U/mL of 
penicillin/streptomycin, 50 mM of 2-ME, and 10% 
supernatant of X-63 cell culture as source of GM-CSF. 
Cells were seeded at a density of 1 × 106 cells/mL and 
allowed to differentiate for 6 days at 37 °C and 5% 

CO2 atmosphere. For in vitro experiments, 5 x 105 
macrophages were seeded in 96 well plates and 
incubated with 300 nM of active GzmA overnight at 
37 °C and 5% CO2. After incubation, supernatants 
were collected and IL-6 levels were measured using a 
commercial ELISA kit. In some cases, the TLR4 
pathway inhibitors TAK242 (Merck) (1 μM) and 
OxPAPC (InvivoGen) (30 μg/mL) were used in WT 
macrophages. Cells were preincubated with the 
inhibitors for 30 min at 37 °C/5%CO2 and, 
subsequently, treated with LPS (10 ng/mL) or active 
GzmA (300 nM) overnight at 37 °C/5%CO2. After 
incubation, supernatants were collected and IL-6 was 
measured using a commercial ELISA kit (Invitrogen). 

Intracellular expression of GzmA and GzmK 
After 18 h of sepsis induction, WT, GzmA-/- and 

GzmK-/- mice were sacrificed. Spleens were collected 
aseptically, homogenized in 5 mL of RPMI medium 
and then erythrocytes were lysed. For analysis of 
GzmA and GzmK expression, 1×106 splenocytes were 
stained with extracellular fluorescent labelled 
antibodies anti CD45-BV421, anti CD3-FITC, anti 
CD8-APC, and anti NK1.1-APC-Vio770 for NK cells, 
NKT cells and CD8 lymphocytes characterization. 
Anti CD3-FITC and anti CD4-VioGreen for CD4 
lymphocytes. And Ly6G-FITC, Ly6C-VioGreen, 
CD11b-APC-Vio770, CD11c-APC for macrophages, 
monocytes, neutrophils and dendritic cells. All 
antibodies used were from Miltenyi Biotec. 
Subsequently, cells were fixed with 
paraformaldehyde (PFA) 1%, then permeabilized 
with saponin 1% in PBS 5% FBS and incubated with 
intracellular PE conjugated anti GzmA (eBioscience) 
and PE conjugated anti GzmK (MyBioSource). Finally, 
expression of GzmA was analyzed by FACS. The 
gating strategy was the following: First, doublets 
(FSC-H vs FSC-A) and debris (SSC-H vs. SSC-A) were 
excluded. Next, SSC-A vs. CD45 gating was done to 
identify CD45+ cells population. From the CD45+ 
population, NK cell, NKT cell, CD8 and CD4 T 
lymphocyte, macrophage, monocyte, neutrophil and 
dendritic cell populations were identified. Finally, 
GzmA and GzmK expression was analyzed in each 
cell population. 

Therapeutic Inhibition of GzmA with 
serpinb6b during E. coli sepsis 

After E. coli sepsis induction, a group of WT, 
GzmA and GzmK deficient mice were treated twice a 
day with 40 µg of serpinb6b, a specific mouse GzmA 
inhibitor, in 100 µl of PBS i.p. (intraperitoneal) for five 
days. As control a group of these mice were treated 
with 100 µl of PBS i.p. twice a day. Mice were 
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observed twice a day and survival was monitored for 
five days. 

Recombinant mouse serpinb6b expression 
from Pichia pastoris 

Pichia pastoris expressing serpinb6b was kindly 
provided by Phil Bird from Monash University, 
Australia. P. pastoris expressing serpinb6b was grown 
at 30 °C for 48 h; growth medium was replaced with 
induction medium containing 3% methanol and 0.5 M 
Arginine. Induction was performed at 30 °C for 72 h. 
Culture was centrifuged and a chemical and physical 
lysis was performed. After supernatant clarification, 
recombinant serpinb6b was purified by immobilized 
metal (Nickel) affinity chromatography. 

Statistical Analysis 
To analyse the differences in MSS and weight 

between mouse groups we performed a Mixed Linear 
Regression with the IBM SPSS Statistics 25 software. 
MSS was chosen as the dependent variable, mouse 
group (WT, GzmA-/- or GzmK-/-) as subject (grouping 
element), time as a factor and weight as a covariable. 
Differences between single groups were performed 
using ANOVA and Bonferroni´s post-test for the 
variable that showed statistical significances in Mixed 
Linear Regression. Logrank and Gehan-Wilcoxon test 
for survival and GzmA therapeutic inhibition 
analyses, one-way ANOVA test with Bonferroni’s 
post-test for bacterial load in blood and spleen 
analysis and extracellular expression of GzmA and 
unpaired t test for inflammation induced by GzmA 
and TLR4 pathway inhibition experiments were 
performed with the GraphPad Prism software. 

Supplementary Material  
Supplementary figure. 
http://www.thno.org/v11p9873s1.pdf  
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