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Abstract
Historically, murine models of inflammation in biomedical research have been 
shown to minimally correlate with genomic expression patterns from blood leuko-
cytes in humans. In 2019, our laboratory reported an improved surgical sepsis model 
of cecal ligation and puncture (CLP) that provides additional daily chronic stress 
(DCS), as well as adhering to the Minimum Quality Threshold in Pre-Clinical Sepsis 
Studies (MQTiPSS) guidelines. This model phenotypically recapitulates the persis-
tent inflammation, immunosuppression, and catabolism syndrome observed in adult 
human surgical sepsis survivors. Whether these phenotypic similarities between sep-
tic humans and mice are replicated at the circulating blood leukocyte transcriptome 
has not been demonstrated. Our analysis, in contrast with previous findings, dem-
onstrated that genome-wide expression in our new murine model more closely ap-
proximated human surgical sepsis patients, particularly in the more chronic phases 
of sepsis. Importantly, our new model of murine surgical sepsis with chronic stress 
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1  |   INTRODUCTION

In 2013, Seok et al published the manuscript “Genomic re-
sponses in mouse models poorly mimic human inflammatory 
diseases” in the Proceedings of the National Academy of 
Science (PNAS).1 This article highlighted the lack of cor-
relation between host murine and human genomic responses 
in circulating leukocytes after trauma, burn or lipopolysac-
charide (LPS) injection. This work has been cited at least 
2000 times between 2013 and 2019 (Google Scholar) and has 
been the source of many subsequent debates regarding the 
appropriateness of murine studies to investigate human in-
flammatory or infectious conditions.1-4 Of note, a secondary 
analysis of the same data was subsequently published, also 
in PNAS, which concluded murine models could replicate 
human inflammation well.2 However, the lack of progress 
over the last several decades regarding immunomodulative 
therapies for human sepsis, despite positive murine model re-
sults,5 has appropriately tempered dogmatic enthusiasm for 
murine research in these fields.6-8

Although the importance and accuracy of the Seok 
et al paper is not in question, some have questioned the sub-
sequent reaction to its results.9 “Strive for progress, not per-
fection” has been stated by some regarding animal research 
for inflammation and infection.9 Our laboratory has been 
particularly active in trying to decipher if murine sepsis and 
trauma research can be clinically relevant, thus providing 
insights in underlying mechanisms and allowing the testing 
therapeutic interventions.9-12 Recently, the scientific commu-
nity has published the “Minimum Quality Threshold in Pre-
Clinical Sepsis Studies (MQTiPSS): “an international expert 
consensus initiative for improvement of animal modeling 
in sepsis”.13 Using “reverse translation” and following the 
recommendations of MQTiPPS, we created a murine model 
of surgical sepsis that was a significant improvement over 
pre-existing rodent sepsis models, especially in how it repli-
cated the human disease.14 This was accomplished by follow-
ing current definitions of human sepsis, applying surviving 
sepsis guidelines to the host and simulating the chronic stress 
of the intensive care environment.

We hypothesized that improvements in the murine surgi-
cal sepsis model would produce a more comparable circulat-
ing blood leukocyte transcriptomic response between mice 
and humans after sepsis. In addition, we explored how spe-
cific variables such as sex, age and type of sepsis, all vital for 
future personalized medicine,9,10 affected these correlations.

2  |   MATERIALS AND METHODS

2.1  |  Study site and patients

Over the 4 year period during which the study was conducted, 
surgical intensive care unit (ICU) patients were enrolled who 
were either admitted with, or who subsequently developed 
sepsis during their hospitalization.1 Screening for sepsis was 
carried out using the Modified Early Warning Signs-Sepsis 
Recognition System (MEWS-SRS), which quantifies de-
rangements in vital signs, white blood cell count, and mental 
status.2 All patients with sepsis were managed using a stand-
ardized, evidence-based protocol that emphasizes early goal-
directed fluid resuscitation as well as other time-appropriate 
interventions such as administration of broad-spectrum an-
tibiotics. Empiric antibiotics were chosen based on current 
hospital antibiograms in conjunction with the suspected 
source of infection.3 Antimicrobial therapy was then nar-
rowed based on culture and sensitivity data.

2.2  |  Inclusion and exclusion criteria

Patients eligible for participation in the study met the follow-
ing inclusion criteria: (1) admission to the surgical or trauma 
ICU; (2) age ≥ 18 years; (3) clinical diagnosis of sepsis, se-
vere sepsis or septic shock with this being the patient's first 
septic episode; and (4) entrance into our sepsis clinical man-
agement protocol.1

Patients were excluded if any of the following were pres-
ent: (1) refractory shock (ie, patients expected to die within the 
first 24 hours); (2) an inability to achieve source control (ie, 

did not reflect well gene expression patterns from humans with community-acquired 
sepsis. Our work indicates that improved preclinical murine sepsis modeling can bet-
ter replicate both the phenotypic and transcriptomic responses to surgical sepsis, but 
cannot be extrapolated to other sepsis etiologies. Importantly, these improved models 
can be a useful adjunct to human-focused and artificial intelligence-based forms of 
research in order to improve septic patients’ morbidity and mortality.
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irreversible disease states such as unresectable dead bowel); 
(3) pre-sepsis expected lifespan < 3 months; (4) patient/fam-
ily not committed to aggressive management; (5) severe CHF 
(NYHA Class IV); (6) Child-Pugh Class C liver disease or pre-
liver transplant; (7) known HIV with CD4+ count <200 cells/
mm3; (8) organ transplant recipient or use of chronic corticoste-
roids or immunosuppressive agents; (9) pregnancy; (10) insti-
tutionalized patients; (11) chemotherapy or radiotherapy within 
30 days; (12) severe traumatic brain injury (ie, evidence of neu-
rological injury on CT scan and a GCS < 8); (13) spinal cord 
injury resulting in permanent sensory and/or motor deficits; or, 
(14) inability to obtain informed consent.

2.3  |  Patient classification

Patients were diagnosed with sepsis, severe sepsis, or 
septic shock using the definitions established by the 
Society of Critical Care Medicine, the European Society 
of Intensive Care Medicine, the American College of 
Chest Physicians, the American Thoracic Society, and the 
Surgical Infection Society (SCCM/ESICM/ACCP/ATS/
SIS) 2001 International Sepsis Definitions Conference.4 
This was utilized rather than “Sepsis-3” due to the fact 
that the study began prior to the publication and universal 
international acceptance of Sepsis-3.5 Chronic critical ill-
ness (CCI) was defined as an ICU length of stay (LOS) 
greater than or equal to 14 days with evidence of persis-
tent organ dysfunction, measured using components of 
the Sequential Organ Failure Assessment (SOFA) score 
at 14 days (ie, cardiovascular SOFA ≥ 1, or score in any 
other organ system ≥ 2).6 Patients with an ICU LOS less 
than 14 days would also qualify for CCI if they were dis-
charged to another hospital, a long-term acute care facility, 
or to hospice and demonstrated evidence of organ dysfunc-
tion at the time of discharge. Those patients experiencing 
death within 14 days of sepsis onset were excluded from 
the clinical and biomarker analyses. Any patient who did 
not meet criteria for CCI or early death was classified as 
rapid recovery.

2.4  |  Human blood collection

EDTA human whole blood was collected by venipuncture 
on days 1 (n = 70), 4 (n = 66) and 14 (n = 121). Samples 
were stored on ice and processed within 6 hours after blood 
drawing. An additional cohort of de-identified patient blood 
samples7 from previous published data, was analyzed for 
total leukocyte genome-wide expression analysis. This study 
included 257 samples from patients meeting Sepsis-2 se-
vere sepsis or septic shock criteria, as well as 41 sex and age 
matched control subjects.1,8

2.5  |  Animals

Young (3-5 month) and old (18-22 month) C57BL/6J fe-
male and male (~50%) mice were purchased from Jackson 
Laboratory (Bar Harbor, ME). Mice were cared for by the 
University of Florida Animal Care Services (Gainesville, 
FL) and housed in transparent cages (three to four animals 
of the same sex/age per cage) within specific pathogen 
free facilities at ambient room temperatures (23°C). The 
animals were provided standard rodent chow and water 
ad libitum for the duration of the study. Prior to initiation 
of the experiment, mice were acclimated to the humidity-
controlled housing room programmed for a 12-hour light-
dark cycle for a minimum of 1  week. This also allowed 
the animals’ microbiomes to become similar. The animals 
were cared for and used according to the Guide for the 
Care and Use of Laboratory Animals, and the experiments 
were approved by the University of Florida Institutional 
Animal Care and Use Committee (protocols: #201608141, 
#201807157, #201708454).

2.6  |  Intra-abdominal sepsis and daily 
chronic stress model

This model was conducted as previously described.9 Briefly, 
CLP was conducted under isoflurane anesthesia. The cecum 
was ligated 1  cm from its tip and a 25-gauge needle was 
used to puncture the cecum. Buprenorphine analgesia was 
provided for 48  hours post-surgery. Antibiotics (imipenem 
monohydrate; 25  mg/kg diluted in 1mL of 0.9% sodium 
chloride [NaCl]) were administered 2 hours post-CLP then 
continued twice daily for 72  hours. Chronic restraint was 
conducted by placing mice in weighted plexiglass animal re-
straint holders (Kent Scientific, Torrington, CT) for 2 hours 
daily starting the day after CLP. Mice were euthanized at 
specified time intervals on days 1 (n  =  12), 4 (n  =  12), 7 
(n = 12) and 14 (n = 13) post sepsis.

2.7  |  Murine blood sample collection

Mice were euthanized following isoflurane inhalation, after 
which mixed arteriovenous blood was collected in a Becton 
Dickinson sodium heparin vacutainer tube (Franklin Lakes, 
NJ) from the neck vasculature.

2.8  |  Gene expression profiling

Total blood leukocytes were isolated from whole blood of 
human subjects and mouse subjects. Very briefly, blood was 
centrifuged at 500 g for 10 minutes at 4°C and plasma removed. 
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The red and white cell pellet was lysed with 10 volumes of 
Qiagen red cell lysis buffer and the process was repeated three 
times. Remaining white blood cells were pelleted and lysed with 
RLT buffer. Human total RNA was extracted and hybridized 
onto GeneChip Human Transcriptome Array 2.0 (Affymetrix, 
Santa Clara, CA) and processed following manufacturer's in-
structions. Mouse total RNA was isolated using RNeasy kit 
(Qiagen, Valencia, CA) following the manufacturer's instruc-
tions  and was hybridized to mouse genome 430 2.0 arrays 
(Affymetrix, Santa Clara, CA). BRBArray Tools® was used 
to identify significant microarray gene expression differences.

2.9  |  Datasets for previously used human 
sepsis and mouse model

The additional datasets analyzed in the study were the same 
as those used by Seok et al and Takao and Miyakawa10,11 
and are available in from Gene Expression Omnibus (GEO)12 
under the accession numbers GSE28750 for human commu-
nity-acquired sepsis and GSE5663 for the traditional CLP 
murine model.

2.10  |  Comparison of gene responses

Fold expression changes of the significant genes were cal-
culated over age/sex-matched controls. Means, standard de-
viations and coefficients of variation were calculated from 
biological replicates at each time point. Significant genes 
were selected using fold change and false discovery rate 
adjusted p-value. Significant genes were also selected with 
the analytic methods discussed in Seok et al.10 Takao and 
Miyakawa11 for comparison, adjusting the fold change cutoff 
to account for differences in microarray chips (HU133 Plus 
2.0 vs HTA 2.0). Between two datasets, the correlation of the 
gene expression fold changes (Pearson and Spearman) and % 
of genes that changed in the same direction was compared.

In the comparison between our data and datasets accessed 
from GEO, all four Affymetrix datasets were robust multi-ar-
ray average (RMA) renormalized from original cell intensity 
files (CEL) using Transcriptome Analysis Console Software. 
A total of 13 429 orthologs were matched between the four 
datasets. The microarray datasets were then co-normalized 
by COCONUT version 1.02. In brief, COCONUT normal-
izes datasets by assuming that healthy controls are derived 
from the same distributions.

2.11  |  IPA and GO analyses

Functional pathway analysis was performed using Ingenuity 
Pathway Analysis (IPA, Redwood City, CA, USA), which 

allows for the discovery of signaling pathways associated with 
the dataset of interest. A Gene Ontology (GO) enrichment 
analysis13-15 was also performed to find significant represent-
ative pathways/biogroups shared between human post-sepsis 
day 14 and the novel murine model at day 14. Only genes that 
changed significantly with a FDR Q < 0.001 and had greater 
than 1.25-fold change from control subjects were subjected to 
analysis. IPA and GO identify those pathways that are over-
represented, indicating that their expression is affected by the 
intervention. Significance was determined using a Z-score in 
IPA, with values of 2 < Z<−2 are considered significant and 
correspond to a 95% confidence interval. Additionally, the 
IPA canonical pathway analysis displays pathways that are 
most associated with the genes in our dataset and significance 
is calculated at a P <  .05 level of significance. Within the 
canonical pathway analysis, the Molecule Activity Predictor 
tool was used to determine whether the overall effects on the 
pathway were activated or inhibited.

3  |   RESULTS

3.1  |  Correlation of gene changes between 
human surgical sepsis and our novel murine 
preclinical surgical sepsis

Total white blood cell transcriptomics were determined in 
human and murine surgical sepsis at fixed intervals. Table 1 
presents demographics of the septic patients. Fold changes 
in blood leukocyte gene expression were calculated at each 
time point studied using a linear scale for septic and healthy 
patients and mice. Murine and human orthologues were 
identified, and the correlations in fold change, as well as 
the directionality of the changes (percentages of genes that 
changed in the same direction between the two datasets) were 
compared. The Kolmogorov-Smirnov test revealed that none 
of our datasets were normally distributed (P < .0001). Thus, 

T A B L E  1   Demographics of human and mouse cohorts

Cohort

Human n Mean, median age % Male

Control 41 58.4, 60 48.8

12 hours 70 59.3, 61 52.9

Day 1 66 59.2, 62 56.1

Day 14 121 60.3, 63 57.4

Mice n # old (18-22 mo) # Male

Control 12 6 6

Day 1 12 6 6

Day 4 12 6 6

Day 7 12 7 5

Day 14 13 6 7

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE28750
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE5663
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we relied on the Spearman's correlations for these datasets 
since normal distribution or linearity of datasets are not re-
quired for this test.

Seok et al compared genome-wide expression including 
those genes whose expression was invariant due to sepsis.10 
We repeated Seok et al's initial analysis and compared be-
tween mice and humans the fold change for all human-mouse 
matched orthologs (17 368 genes) at each time point, regard-
less of their change in expression and significance. We found 
weak correlations among genes expressed in the human 
and murine datasets when comparing early times points of 
1 or 4  days after surgical sepsis (Table  2; ρ  =  0.03-0.17; 
P < .0001 for all comparisons; 52%-58% common direction-
ality). Surprisingly, correlations and percentages improved 
when the datasets where compared at the later sepsis time 
points of 7 and 14  days in both humans and mice. For all 
matched orthologs assayed, sepsis-induced changes in gene 
expression at 14 days between mice and humans were signifi-
cantly correlated (ρ = 0.30, P <  .0001; 60% directionality) 
across the entire genome.

3.2  |  Correlation of gene changes between 
human surgical sepsis and our murine 
preclinical surgical sepsis model, focusing on 
significant gene expression changes in sepsis

We subsequently focused only on the human genes whose 
expression changed in response to sepsis using a false dis-
covery rate (FDR) adjusted probability of Q  <  0.001, and 
fold change  ≥1.25. This approach identified genes that 
show a significant sepsis response in humans and how they 

correlate with their murine orthologues. We used a fold 
change of ≥1.25 for our analysis due to the compressed re-
sponse associated with the newer microarray chip, specifi-
cally the HTA 2.0, instead of the HU133 Plus 2.0 used in 
Seok et al.10 Gene selection with this method (Q < 0.001 and 
FC ≥ 1.25) revealed that the human expression of 3494 genes 
changed 12 hours after sepsis, 3357 genes 1 day after sepsis, 
and 2615 genes 14 days after sepsis. Expression and direc-
tionality of those changes among human genes and their mu-
rine orthologs were improved at later time points (Figure 1; 
Supporting Information Dataset 1). For example, the greatest 
correlation and directionality of the changes in gene expres-
sion was from comparison of 14-day human data to 14-day 
sepsis mouse data (ρ = 0.4215, P < .0001; 71.4%).

3.3  |  Correlation of gene changes between 
human surgical sepsis and our novel murine 
preclinical surgical sepsis model using the 
Takao and Miyakawa selection criteria

We also calculated correlations and percentages of gene direc-
tionality based on the method used in Takao and Miyakawa 
in their 2015 PNAS publication. These authors used a selec-
tion criteria for genes of interest at P < .05 and absolute fold 
change ≥ 1.25 for both humans and mice.11 Their analysis 
restricts the results to only those genes significantly changed 
in both humans and mice. Not surprisingly, correlations of 
the gene expression changes at all time points were con-
siderably better than the previous analysis using the Seok 
et al approach. Again, correlations improved when later mu-
rine sepsis time points were compared to the human datasets 

Human 12 hours R = 0.0894 R = 0.1428 R = 0.2308 R = 0.2431

ρ = 0.0675 ρ = 0.1178 ρ = 0.2315 ρ = 0.2553

P < .0001 P < .0001 P < .0001 P < .0001

53.0% 54.6% 58.1% 59.1%

Human Day 1 R = 0.0924 R = 0.1925 R = 0.2888 R = 0.2938

ρ = 0.0731 ρ = 0.1720 ρ = 0.2889 ρ = 0.3004

P < .0001 P < .0001 P < .0001 P < .0001

53.6% 58% 60.7% 62.2%

Human Day 14 R = 0.0580 R = 0.1332 R = 0.2357 R = 0.2745

ρ = 0.0368 ρ = 0.1291 ρ = 0.2561 ρ = 0.3031

P < .0001 P < .0001 P < .0001 P < .0001

52% 54.4% 58.3% 60.2%

All orthologs: 17 368 
genes

Mouse Day 1 Mouse Day 4 Mouse Day 7 Mouse Day 14

Note: Pearson's (R) and Spearman's rank correlations (ρ) of the gene expression fold changes to both 
conditions for each pair of interest in all 17 368 orthologs. Percent represents the percentages of genes changed 
to the same direction between the two datasets. Murine models had weak correlations with humans that 
improved to moderate correlation with the longer models (P < .0001 for all comparisons).

T A B L E  2   Correlations of gene 
expression changes from all orthologs 
among human surgical sepsis and the 
CLP + DCS mouse model at each time point
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(Supporting Information Dataset 1). We found 872 orthologs 
with significant correlation (ρ  =  0.4438, P  <  .0001), with 
91.4% of the genes changing in the same direction, when 
comparing changes in gene expression 14 days after sepsis in 
humans with mice 14 days after sepsis and restraint.

3.4  |  Effect of sex and age on human and 
murine leukocyte genomic expression after 
surgical sepsis

We also explored the effect of age and sex on the gene expres-
sion patterns of our murine sepsis model to human sepsis. For 
the analysis of age, patients were classified as being either 
young adults (≤45 years old) or older adults (≥65 years old), 
as commonly defined by the US Centers for Disease Control 
and Prevention and National Institute on Aging (NIA). 
Middle aged adults (46-64 years old) were excluded from the 
age analysis as middle age mice were not tested. Young adult 
(3-5  months) and old adult (18-22  months) C57BL/6 mice 
were also subjected to sepsis and chronic restraint stress, 

as these are the relative equivalents of the young and older 
adult human patients.16 No marked improvement in corre-
lations was observed from analysis of the variable of sex 
between mice and humans (Supporting Information Dataset 
1). Although the correlations for genome-wide expression 
human between males and females were very strong at all 
time points (ρ = 0.92, 0.94, 0.91; P < .0001 at all time points; 
directionality 88%, 90%, and 88%; at 12  hours, 1  day and 
14 days respectively), they were weak within the mouse co-
hort (ρ = 0.04, 0.34, 0.24, 0.24; P < .0001 at all time points; 
directionality 52%, 64%, 62%, 59%; at day 1, 4, 7, and 14, 
respectively) suggesting that sex differences are considerably 
more important for mice than humans.

In the analysis of age as a variable, changes in gene expres-
sion after sepsis in the humans were strong but still less well 
correlated between young and old sepsis patients (ρ = 0.66, 
0.74, 0.76; P < .0001 at all time points; directionality 70%, 
78%, 79%; at 12 hours, 1 day and 14 days respectively) than 
they were for sex. Within the mouse cohort, correlation of 
the gene expression patterns between the different age groups 
was nonexistent at Day 1 (ρ = −0.0187, P = .01; 49%) but 

F I G U R E  1   Correlations of genes changes among our human surgical sepsis and novel CLP + DCS mouse model at each time point. Scatter 
plots, Pearson's (R) and Spearman's rank correlations (ρ) of the fold changes of the gene expression to both conditions for each pair of interest 
(FDR < 0.001 and |FC| > 1.25 in humans, N = number of significant genes by this criteria). Directionality represents the percentages of genes 
changed to the same direction between the two datasets. Day 1 and Day 4 of the murine models had weak correlations with human conditions 
(P < .0001) at all compared time points. However, the correlation between humans and mice significantly improved for mouse Day 7 and day 14
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improved at the later time points with the best correlation at 
Day 7 (ρ = 0.38, 0.48, 0.40; P < .0001; 65%, 70%, 65%; at 
day 4, 7, and 14, respectively). Therefore, it was not surpris-
ing that the gene expression of young mice did not correlate 
well with old human sepsis patients over time (young mice at 
Day 1 vs old humans at 12 hours ρ = −0.04, P < .0001, 46%; 
young mice at Day 14 vs old humans at Day 14 ρ = 0.22, 
P < .0001, 57%). The correlation of gene expression in old 
human patients to old mice and young human patients to 
young mice was slight (Supporting Information Dataset 1). 
The best correlation was identified between young human 
sepsis patients and young septic mice at Day 14 (ρ = 0.28, 
P < .0001, 60%).

3.5  |  Comparison to previous datasets

Using the GEO public accession database, we accessed 
human sepsis (GSE28750––community-acquired sepsis) 

and murine surgical sepsis (GSE5663––traditional/histori-
cal model of CLP) datasets used in previous papers for com-
parison to our novel model. In the GEO dataset GSE5663, 
mice were subjected to either administration of LPS or a 
cecal ligation and puncture to emulate sepsis. The previous 
PNAS papers10,11 appear to have combined all of these mice 
into one cohort, which could account for the noted poor 
correlations. In this current study, we selected only mice 
that underwent CLP to provide an appropriate comparison 
of our surgical sepsis model to that of traditional models. 
Mice in those studies underwent CLP with a 25 or 27-gauge 
needle followed by intraperitoneal antibiotics at 1, 12, and 
24  hours after their initial surgery.17 Since the data from 
that work was from different platforms, COCONUT was 
used to co-normalize the datasets for comparison yielding 
a total of 13 429 common orthologs after matching the four 
datasets. Between two datasets, the Spearman rank correla-
tions as well as the directionality of the changes were com-
pared as above (Figure 2; Supporting Information Dataset 

F I G U R E  2   Correlations of gene changes among our human surgical sepsis patients, human community-acquired sepsis (GSE28750), our 
novel murine model for surgical sepsis and the traditional model of murine surgical sepsis (GSE5663). Scatter plots, Spearman's rank (rho) and 
Pearson (R) correlations of the absolute fold changes of all orthologs (no selection criteria). Vertical and horizontal bar represent fold change. 
Correlations of the gene expression changes at all time points in human surgical sepsis was better with the novel murine model than with the 
traditional method, with improvement noted with time in the novel murine model. There was very poor correlation between our novel surgical 
sepsis model compared to human community-acquired sepsis
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2). Moderate to high correlation of gene response between 
our human surgical sepsis patients and the community-ac-
quired sepsis patients (ρ  =  0.6432, P  <  .0001, 73%) was 
identified. Interestingly, a poor correlation between the tra-
ditional CLP mouse model (GSE5663) and our novel surgi-
cal sepsis model was noted (Figure 2; ρ = 0.13, P < .0001, 
54% at day 1; ρ  =  0.19, P  <  .0001, 57% all time points 
combined).

In a comparison between our surgical sepsis patients at 
any time point and the original cecal ligation and puncture 
mouse model (GSE5663), correlation of all orthologs was 
marginal (Figure 2, P < .0001 at all time points). Stronger 
correlation was detected between the novel murine sepsis 
and restraint model and surgical sepsis patients at the later 
time points (ρ  =  0.0476-0.3942, P  <  .0001, 51%-65%). 
Comparing our mouse model to the community-acquired 
human sepsis cohort revealed poor to no significant correla-
tion in the analysis of all orthologs (Figure  2; Supporting 
Information Dataset 2). This is not surprising given that our 
murine model is one of abdominal surgical sepsis compared 
to a non-surgical sepsis cohort, primarily pneumonia, and 
urinary tract infections.

3.6  |  Pathway analysis of significant genes at 
post-sepsis day 14

Ingenuity Pathway Analysis (IPA) was conducted on gene 
expression post-sepsis Day 14 patients and murine sep-
sis and restraint at Day 14 that was significantly different 
(Q < 0.001 and FC ≥ 1.25 for humans). Remarkedly, ex-
pression of toll-like receptors and inflammatory interleu-
kins were changed in the same direction in both humans 
and mice. All of the significantly expressed cell-differen-
tiation (CD) molecules were also changed in the same di-
rection except three: CD163, CD38 and CD274 (Supporting 
Information Dataset 3). These three molecules were signifi-
cantly upregulated in late sepsis patients but significantly 
downregulated in the novel murine model. The gene CD274 
encodes the transmembrane protein programmed death-
ligand 1 (PD-L1) and is associated with decreased T-cell 
activation and cytokine production in cancer.18,19 Additional 
IPA software analysis of hematological system development 
and functional pathways demonstrated similar alterations in 
quantity, activation, and differentiation in post-sepsis Day 
14 patients compared to our novel murine model as visual-
ized in Supporting Information Figure S1. Further analysis 
in Gene Ontology (GO) of functional pathways revealed sig-
nificant overlap between gene expression involved in the in-
nate immune response and lymphocyte differentiation from 
post-sepsis Day 14 patients and sepsis plus restraint mice 
(Supporting Information Figure S2).

4  |   DISCUSSION

Current dogma argues that genomic responses in mouse 
models poorly mimic human inflammatory diseases.10,20,21 
We believe that this is due in part to the inadequacy of earlier 
surgical sepsis models. Our current work has revealed an im-
proved correlation of the genomic response between human 
surgical sepsis patients and this novel preclinical model of 
murine sepsis (ρ  =  0.38-0.71, 64%-86%),10,11 especially at 
later times points in both humans and mice. Importantly, this 
model also displayed an improved correlation to our human 
surgical sepsis cohort when compared to the more traditional 
murine abdominal sepsis models used in previous studies.

Our laboratory's previous work revealed that our novel 
sepsis and restraint model produces a murine phenotype that 
better recapitulates the human septic response.9 Our results in 
this study indicate that this model also produces a transcrip-
tomic profile that better correlates with that of human sepsis. 
In particular, the correlation of genomic responses is greatly 
improved at later time points providing a promising model for 
chronic critical illness in sepsis survivors.

In part, the improved correlations of the genomic re-
sponse may be due to adherence to the recommendations 
of MQTiPPS and the inclusion of both sexes of mice. 
Importantly, this murine model induces abdominal infec-
tion with acute organ insufficiency (SEPSIS-3 definition) 
and then follows the Surviving Sepsis Guidelines by deliv-
ering antibiotics and fluid resuscitation after the infection, 
as well analgesia, which humans receive in the ICU.22 In 
addition, the mice receive daily restraint, recapitulating the 
medications and stress of residing in a surgical intensive care 
unit. In addition, early mortality (<14 days) is low in young 
adult animals in this new surgical sepsis murine model, as 
is now the case for human surgical sepsis.1,23-25 Finally, the 
contained ischemic cecum acts as a constant source of low 
grade inflammation as well as the release of both pathogen 
and danger associated molecular patterns (PAMPs, DAMPs), 
imitating the long-term status of the human patient who may 
develop secondary infections or require ventilation and renal 
replacement therapy.26-29

Advancements in the detection and treatment of surgi-
cal sepsis have led to a decrease in acute in-hospital mor-
tality.23,30 Currently, two common clinical trajectories exist 
in the surgical sepsis population that survive the immediate 
“cytokine storm”: those who rapidly recover and those who 
develop chronic critical illness (CCI).1,23,25,31 CCI is char-
acterized by a prolonged hospital course and ongoing organ 
dysfunction, and up to 40% of sepsis survivors develop CCI. 
These patients can enter a state of persistent inflammation, 
immunosuppression, and cachexia/catabolism and have sig-
nificantly worse 1 year outcomes, with higher mortality and 
persistent impaired performance status 1 year of their initial 
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infection.23 Older adults are more likely to develop CCI 
after sepsis.23,32,33 Additionally, older adults have increased 
susceptibility and mortality to sepsis as compared to their 
younger counterparts before and after developing CCI.34 
Therefore, it is important to develop a preclinical model that 
can best imitate the human response in late sepsis for inter-
ventional studies that can alter this potentially devastating 
post-septic clinical trajectory.

We found that many of the positively correlated genes 
between human and mice in late sepsis are related to im-
mune cell function, including BCL2, MMP8/9, CCR7, 
CD274, LCN2, and TLR2. These specific genes are also 
important to the function of myeloid derived suppressor 
cells, which have been shown to be expanded and able 
to suppress T-cell function at Day 14 in septic patients.35 
Therefore, the gene signature seen in the both humans and 
mice at Day 14 appears to represent the continued expan-
sion of immune cells secondary to a state of persistent low 
grade inflammation and immunosuppression after sepsis, 
especially in elderly patients whom are more likely to fol-
low a clinical trajectory to CCI.9,36 Interestingly, although 
this murine model of sepsis better recapitulates late human 
sepsis in mixed age cohorts, we found that the aged mice 
transcriptomic response to CLP + DCS still does not cor-
relate better with the older adult human transcriptome after 
sepsis. Thus, although CLP  +  DCS in older adult mice 
better imitate (versus young adult mice) adult human per-
sistent inflammation, immunosuppression and catabolism 
after surgical sepsis,9 our data indicate this may not be true 
of the leukocyte transcriptome. Previous research has in-
dicated the correlation between mRNA and protein levels 
has been shown to vary, that is, depending on tissue type.37

Mice will never perfectly imitate the human condition, but 
this may not be required in order to have useful and appropri-
ate preclinical sepsis and/or trauma murine models.38,39 For 
example, among the common genes in both old human and 
old mice cohorts were LCN2 and LGALS3 which are both 
implicated in immune cell responses to sepsis and could be 
used as potential targets for immunomodulation therapy.40-44 
Importantly, our collective data illustrate the importance of 
further evaluating preclinical models of sepsis and empha-
sizes that with modifications more relevant rodent models 
can be engendered to achieve better and more appropriate 
comparisons (as all sepsis is not equivalent).45,46

There are many possible explanations as to why there 
have been no interventional therapies, proven successful in 
murine models of sepsis, translated in clinical trials. First, 
biomedical research has traditionally used young male mice 
despite human sepsis population being predominantly older 
adults with a significant proportion being female.16 This 
was the case in both of the seminal papers by Seok et al10 
and Takao and Miyakawa.11 In fact, older adults are known 
to have worse outcomes and different immune response to 

sepsis and other inflammatory insults.24,47-49 Second, these 
mouse models have depended on the reproducibility facili-
tated by the genetic stability of inbred mice.50 However, the 
heterogeneity of the human sepsis population and the sep-
sis should be replicated by the genetic heterogeneity in any 
animal model that seeks to understand the disease. Finally, 
we should consider that not all sepsis is the same—that is, 
community- versus hospital-acquired, medical versus sur-
gical sepsis or pneumonia versus abdominal sepsis.45,46 We 
compared an animal model of surgical sepsis to both human 
surgical sepsis and community-acquired sepsis in our work. 
Further studies to compare the genomic response of different 
murine models of sepsis to specific corresponding types of 
human sepsis are warranted.

There are limitations to our study. We noted that the co-
efficient of variation for some genes within the septic and 
healthy mouse cohorts were elevated, but not localized to any 
particular GeneChip or individual mouse. This is surpris-
ing given that we expected the genetic variation to be small 
between inbred mice under the same conditions. However, 
this variability within the mouse model is not completely 
unwanted in that the genetic response in the human sepsis 
population has been found to be highly variable. The addition 
of this variation in genetic expression with the inclusion of 
females and aged mice to this novel model improves upon 
the goal to match the heterogeneity of human sepsis.51 In ad-
dition, there is work to suggest that “outbred” mice have an 
immune system more similar to humans52,53; thus, comparing 
the transcriptomic response of these mice after sepsis to hu-
mans may also improve correlations. Furthermore, we have 
only studied one model of abdomen sepsis in mice, which is 
the most common form of sepsis in surgical ICUs.23 In med-
ical ICUs, pneumonia is the most common source for sep-
sis54,55 and future research should evaluate the correlations 
of a murine sepsis pneumonia model that follows MQTIPPS 
guidelines56,57 to medical ICU sepsis patients.

Finally, future studies should investigate the correlation of 
transcription levels with protein translation levels, as well as, 
transcriptomics of other organ systems beside hematologic. 
This is especially important with new definition of sepsis-3 
which requires organ insufficiency/failure.5

Our results illustrate the potential utility of murine sepsis 
models contingent on investigators working to create mouse 
models for disease that can also mirror the heterogeneity of 
the human sepsis population. Mice do not imitate human 
genomic responses to severe inflammation perfectly, but 
with continued improvement in murine modeling, mouse 
research can be a powerful adjunct to human translational 
and clinical research as well as computer modeling.
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