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Introduction: Sepsis is characterized by a dysregulated host immune response to infection, leading to organ dysfunction and a high
risk of death. The cecal ligation and puncture (CLP) mouse model is commonly used to study sepsis, but animal mortality rates vary
between different studies. Technical factors and animal characteristics may affect this model in unanticipated ways, and if unaccounted
for, may lead to serious biases in study findings. We sought to evaluate whether mouse sex, age, weight, surgeon, season of
experiments, and timing of antibiotic administration influenced mortality in the CLP model.

Methods: We created a comprehensive dataset of C57BL/6J mice that had undergone CLP surgery within our lab during years 2015—
2020 from published and unpublished studies. The primary outcome was defined as the time from sepsis induction to death or
termination of study (14 days). The Log rank test and Cox regression models were used to analyze the dataset. The study included 119
mice, of which 43% were female, with an average age of 12.6 weeks, an average weight of 25.3 g. 38 (32%) of the animals died.
Results: In the unadjusted analyses, experiments performed in the summer and higher weight predicted a higher risk of mortality. In
the stratified Cox model by sex, summer season (adjusted hazard ratio [aHR]=5.61, p=0.004) and delayed antibiotic administration
(aHR=1.46, p=0.029) were associated with mortality in males, whereas higher weight (aHR=1.52, p=0.005) significantly affected
mortality in females. In addition, delayed antibiotic administration (HR=1.42, p=0.025) was associated with mortality in the non-
summer seasons, but not in the summer season.

Discussion: In conclusion, some factors specific to sex and season have a significant influence on sepsis mortality in the CLP model.
Consideration of these factors along with appropriate group matching or adjusted analysis is critical to minimize variability beyond the
experimental conditions within a study.
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Introduction

Variety is the spice of life. It is crucial to incorporate diversity into our scientific studies to generalize the applicability of
our results to subjects of all genders, age groups, weights, races/ethnicities, and individuals with disabilities and
comorbidities."? Clear guidelines have been presented for the inclusion of women and minorities in NIH-funded clinical
studies involving human subjects.® In regard to preclinical animal studies, both males and females should be included
unless scientifically justified, and sex should be considered as a biological variable.* There has also been a recent
emphasis on including aged mice in research studies.” However, the inclusion of biological variability beyond the
experimental variable can make science more challenging. With more variability, larger group sizes are required to
achieve adequate statistical power. To minimize variability, many scientists employ inbred strains (such as C57BL/6) that
are almost genetically identical for their research. Most investigators carefully match their experimental animals for sex,
and either age or weight, in order to reduce the level of biological variability. Some investigators conduct their study with
only one gender, typically male, to avoid perceived effects of the estrus cycle in female mice. Additionally, many
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investigators use a narrow animal age range to reduce age-related variation. These restrictions may increase the power of
the study to test a specific research hypothesis; however, they may limit the generalizability of the findings. Technical
variation, arising from environmental fluctuations, as well as differences in the execution of experimental protocols
between investigators, can add additional “noise” to the system. There is an increased risk of type I error with biased
associations if the condition groups are not adequately matched or adjusted for confounders.

Sepsis is a condition that arises in the context of a severe bacterial, fungal or viral infection, where the immune
response becomes dysregulated and organ damage ensues. Cecal ligation and puncture (CLP) is the most commonly used
model to study this condition. However, this model lacks standardization,®” and sepsis survival rates can vary widely
between different labs.® Although some factors have been demonstrated to influence sepsis mortality (such as the
distance of the cecum ligated, needle size and number of punctures),® it is clear that other unknown factors are at play.

For many animal studies that have been designed to power a specific comparison, the group sizes may be too small to
elucidate the effects of common lab and animal variables on sepsis survival. To explore how CLP-sepsis survival is
affected by these factors, we conducted a retrospective analysis of a large set of untreated C57BL/6 mice that underwent
CLP surgery in our lab. We hypothesized that multiple animal, environmental and technical characteristics are associated
with sepsis mortality.

Materials and Methods

Animals

The Institutional Animal Care and Use Committee (IACUC) at Texas Tech University Health Sciences Center El Paso
approved all animal experiments. The research was conducted in accordance with the guidelines presented in the federal
Animal Welfare Act (AWA) and the Public Health Service (PHS) Policy on the Humane Care and Use of Animals. This
study performed an analysis of 119 male and female C57BL/6J mice (624 weeks of age) that underwent the CLP sepsis
model for various experiments, including published® ' and unpublished studies from years 2015-2020. Animals that
received any experimental treatments (such as neutralizing antibodies or inhibitors) and animals of a different genotype
(knockout and transgenic mice) were excluded from the study.

C57BL/6J mice were obtained from Jackson Labs (Bar Harbor, ME) and bred in our Laboratory Animal Resource
Center (LARC) facility to supply these experimental mice. Housing and care of the mice occurred under specific
pathogen-free conditions in the LARC at our institution. Groups ranging from 1 to 5 mice were housed in nonsterile
Optimice cages (Animal Care Systems, Centennial, CO), and given 12hr light/12hr dark cycles. Corncob bedding was
supplied along with 5SR53 Extruded PicoLab Rodent Diet 20 (Lab Diet, St. Louis, MO). Water was given through either
water bottles or lixit drinking valves connected to an automatic watering system. The colony was routinely tested and
found to be free from pathogens (including norovirus, helicobacter and other common mouse pathogens) via the use of
sentinel mice, to ensure a healthy microbiome. We followed the Animal Research: Reporting In Vivo Experiments
(ARRIVE) guidelines for the reporting of in vivo animal experiments in this manuscript.

Sepsis Model and Animal Monitoring

Mice underwent Cecal Ligation and Puncture (CLP) surgery in order to induce sepsis, with a goal of 25-50% mortality.
Mice were first anesthetized with isoflurane (2-2.5% with an oxygen flow rate of 1.0) via a precision vaporizer. The animals
were weighed and then administered Buprenorphine SR analgesic (1 mg/kg s.c.; ZooPharm, Windsor, CO) prior to surgery.
The mouse abdomen was then shaved and scrubbed with betadine and ethanol three times. Puralube Vet ointment (Overland
Park, KS) was applied to the eyes to avoid drying during surgery. A midline lateral incision was performed on the skin
followed by the peritoneal membrane, exposing the peritoneal cavity. The cecum was then located and 1 cm of its distal
portion was ligated with a silk suture. The ligated section was punctured through and through (2 holes) with a 21-gauge
needle. A small drop of cecal content was squeezed out through the puncture hole and then the cecum was placed back into
the upper left quadrant of the peritoneal cavity. The incision was closed with 5-0 coated Vicryl violet braid suture with RB-1
needle (Ethicon, Somerville, NJ). A continuous suture was used to close the peritoneal membrane followed by an
interrupted suture for the skin. CLP surgeries were performed between the hours of 12:00PM and 5:00PM. The animals
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received 1 mL of Lactated Ringer’s Solution (Covetrus, Chicago, IL) s.c. immediately after surgery and 25 mg/kg
imipenem/cilastatin (Primaxin, Merck, Whitehouse Station, NJ) i.p starting at 1-8hr post-surgery, and then twice daily
for the following 4 days (please note, the timing of antibiotic initiation was adjusted over the seasons to maintain a mortality
rate of 25-50%, according to our experimental observations). Additional doses of Buprenorphine SR were administered at
48-72h intervals for mice with continued signs of discomfort. Mouse surface temperature was measured on the sternum
with a La Crosse Technology infrared thermometer, as suggested by a prior report.'* Mice that were unable to regain sternal
recumbence when laid on their side were considered moribund and were euthanized. Animals that reached this humane
endpoint were recorded as “dead” at the subsequent observational time point. Our model is consistent with the recent
guidelines on Minimum Quality Threshold in Pre-Clinical Sepsis Studies (MQTiPSS).”

Covariates

Animal biological sex, age in weeks and weight in grams at the initiation of surgery, surgeon performing CLP surgery,
season when the experiment was performed (spring/summer/fall/winter), and timing of the initiation of antibiotics in
hours were considered primary covariates in this study. For survival pattern evaluation, these covariates were categorized.
In addition, we collected data for the daily average temperature and humidity from September 1, 2018 to August 31
2020, as well as animal surface temperature at 18h post-CLP surgery for each mouse.

Statistical Analysis

Some of the variables in this study were modified in groups for analysis based on the sample size. The characteristics of
the entire cohort were described using either mean or median with standard deviation (SD) or range, whereas categorized
variables were summarized with number and percentages. We first compared all the characteristics between sexes using
either an unpaired #-test or a Fisher’s exact test. The Kruskal-Wallis test was used to compare ambient temperature and
humidity as well as animal hypothermia (18h post-CLP) across the four seasons.

The primary outcome was defined as the time from sepsis induction to death or truncation of study (14 days). A Kaplan—
Meier curve was constructed to describe survival distribution in the entire cohort as well as by each considered factor. We
categorized quantitative covariates into tertiles (T1: low tertile, T2: middle quartile and T3: highest tertile) for describing
the survival pattern, otherwise the original form of quantitative data was retained in unadjusted and adjusted analyses.

We tested the normality distribution of continuous variables using the Shapiro—Wilk test. In case of any variable
significantly departed from the normal distribution, we used the multivariable fractional polynomial model as recom-
mended in our prior report,'* to assess the non-linear relationship of non-normally distributed variables in the Cox model.
Since the results were unchanged with MFP analysis, we presented results with original form of quantitative variables.

All unadjusted comparisons of survival rates between groups were tested using a Log rank test. An unadjusted Cox
regression with or without time-varying coefficient model was used to analyze mortality outcome for estimating effect size.
We also determined interactions between considered factors on mortality. Due to the presence of significant interactions
between sex and weight as well as season and timing of antibiotics, we conducted multivariable Cox regression models
separately by sex and season. In the adjusted analysis, the proportionality assumption was tested using Schoenfeld residuals
analyses, and the results of Cox proportional hazards models were summarized with the adjusted hazard ratio (aHR), 95%
confidence interval (CI) and p-value. P values <0.05 were considered statistically significant. In the primary adjusted
analysis, we adjusted all the considered variables. We further validated the findings by using a backward stepwise
elimination approach with the probability of removal at 10%. GraphPad Prism 6 software (GraphPad, San Diego, CA)
was used to generate the Kaplan—Meier curves. All other statistical analyses were conducted using STATA 17 (College
Station, Texas). Forest plots were used to display findings obtained from multivariable analyses.

Power Analysis

Previous studies showed a 20% to 35% difference in survival rates with corresponding hazard ratios (HR) of 1.8 to 2.8
according to age and sex.'>"'? Based on these estimates, our total sample size of 119 afforded greater than 85% power to
detect biologically significant HRs of 1.5 or higher with a 30% mortality rate using a Log rank test and Cox proportional
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hazard regression analyses. Sample size estimation and simulations were carried out using PASS 21 (PASS 2021 Power
Analysis and Sample Size Software (2021). NCSS, LLC. Kaysville, Utah, USA, ncss.com/software/pass).

Results

Description of the Animal Cohort

Table 1 describes the characteristics of the animal cohort and the variables that were analyzed for this study. The cohort
was comprised of 119 mice with an average age of 12.57 weeks and an average weight of 25.28 grams. The cohort
included both sexes, and 51 (42.86%) of the mice were female. The average timing of antibiotic initiation was 4.57h. The
surgeries were performed during all four seasons (spring, summer, fall and winter) in the years 2015-2020. The majority
of surgeries were performed in the fall (38.66%) and summer (36.97%) followed by spring (15.97%) and winter (8.4%).
Five surgeons performed the CLP procedure. The animal mortality rate was 31.93% with an average time of death or
study termination of 249.94h (Table 1 and Figure 1A). Age and weight differences were also observed between the sexes
(Table 1). Female mice were slightly older and had a lower weight compared to male mice.

The Impact of Biological Sex on Sepsis Survival

We first analyzed the impact of sex on CLP sepsis survival (Figure 1B). We observed a trend towards more rapid
mortality during the acute phase (0—72h post-surgery) in female vs male mice, and a trend towards a higher mortality rate
in the later phase (after 72h) in male vs female mice. However, these differences were not statistically significant
(HR femnate=0.79, p=0.49).

Table | Characteristics of the Animal Cohort

Characteristics Cohort Male Female P-value
(n=119) (n=68, 57.14%) | (n=51, 42.86%)

Mortality 38 (31.93%) 24 (35.29) 14 (27.45) 0.439
Time of death or study termination (h) | 249.94 (127.29) | 242.93 (128.36) 259.29 (126.51) 0.49
Age (weeks) 12.57 3.71) 11.84 (3.28) 13.54 (4.05) 0.013
Weight (grams) 25.28 (3.37) 27.24 (2.67) 22.66 (2.25) <0.001
Timing of first antibiotics (h) 4.57 (1.85) 4.66 (1.69) 4.44 (2.06) 0.52
Season 0.26

Spring (March—May) 19 (15.97%) 11 (16.18%) 8 (15.69%)

Summer (June—August) 44 (36.97%) 21 (30.88%) 23 (45.10%)

Fall (September—November) 46 (38.66%) 28 (41.18%) 18 (35.29%)

Winter (December—February) 10 (8.40%) 8 (11.76%) 2 (3.92%)
Surgeon 0.72

Surgeon | 43 (36.13%) 25 (36.76%) 18 (35.29%)

Surgeon 2 6 (5.04%) 3 (4.41%) 3 (5.88%)

Surgeon 3 6 (5.04%) 3 (4.41%) 3 (5.88%)

Surgeon 4 18 (15.13%) 8 (11.76%) 10 (19.61%)

Surgeon 5 46 (38.66%) 29 (42.65%) 17 (33.33%)

Note: Data are expressed as number (%) or mean (SD).
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Figure | Animal survival by sex and age. We analyzed animal survival in a cohort of | |9 C57BL/6 mice that underwent CLP. (A) Survival of the entire cohort, (B) Survival in
females vs males, (C) Age distribution of mice in the entire cohort, (D) Survival of mice by age groups. Graphs show Kaplan—Meier plots for animal survival, and individual
values for mouse age. Survival data were compared via the Log rank test.

The Impact of Age on Sepsis Survival

Next, we analyzed the impact of animal age on sepsis survival. The distribution of animal ages in our cohort is shown in
Figure 1C. We observed a trend towards a slightly greater mortality rate in the highest tertile (age >13.12 weeks) in
comparison to the middle and lowest tertiles (aged 6.1-13.11 weeks; Figure 1D). However, these differences were not
statistically significant (HR=1.06, p=0.15).

The Impact of Weight on Sepsis Survival

We next examined the impact of animal weight. We observed a higher mortality in the highest tertile (>27.01 grams) in
comparison to the other two tertiles (Figure 2A). However, these differences were only statistically significant at borderline
(HR=1.10, p=0.052). As mentioned, on average, the male mice in the study were found to be significantly heavier than the
female mice (p<0.001; Figure 2B). Males averaged at about 27 grams and females at about 23 grams. Due to the presence of
an interaction effect between weight and sex, we analyzed the effect of weight within each sex individually. We could see
again that there was a trend towards higher mortality in the male mice in the highest tertile (>28.70 grams) in comparison to
the other two tertiles (Figure 2C); however, this effect was not statistically significant (HR;,;c=1.05, p=0.548). Higher
weight was found to significantly affect mortality in female mice (HR geae=1.44, p=0.003; Figure 2D).

The Impact of the Animal Surgeon on Sepsis Survival

For this cohort of animals, five different surgeons performed the CLP procedure. Although some variability in time to
mortality and mortality incidence was observed between surgeons (Figure 3), the difference was not statistically
significant (p=0.547). Notably, the highest and lowest mortality rates were achieved for surgeons that only operated
limited numbers (n=6 mice each), and this most likely reflects a sampling effect.

Journal of Inflammation Research 2023:16 hetps: 1125
Dove


https://www.dovepress.com
https://www.dovepress.com

Garcia et al Dove

(A) Survival by Weight (B) Weight Distribution by Sex
351
100 p=0.052 -~ 192355 grams (n=41) p<0.001
E 80- -& 23.56-27grams (n=39) 304
< -+ 27.01-32 grams (n=39) S
3 604 -
_2 -;.’, 251
8 409 3
3 20
o 204
0 T T T T T T 15 T T
0 50 100 150 200 250 300 Male (n=68) Female (n=51)
Time post-surgery (h)
. . . D . . .
(C) Survival by Weight: Male Mice (o) Survival by Weight: Female Mice
100 —.548 -~ 20-26 grams (n=25) 100+ p=0.003 -e- 19-21 grams (n=16)
s 804 p=0. - 26.01-28.70 grams (n=22) = 804 i l‘] ) -# 21.01-23.20 grams (n=16)
2 -+ 28.71-32 grams (n=21) 2 -+ 23.21-31 grams (n=19)
3 2 o
3 601 3 60
€ €
g 40 g 40+
8 204 o 204
0 T T T T T T 0 T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time post-surgery (h) Time post-surgery (h)

Figure 2 Animal survival by weight. (A) Survival of all mice by weight groups, (B) Weight of male vs female mice, (C) Survival by weight groups in male mice, (D) Survival by
weight groups in female mice. Graphs show Kaplan—Meier plots for animal survival, and individual values with the median for animal weight. Survival data were compared via
the Log rank test. Weight distributions were compared via an unpaired t-test.
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Figure 3 Animal survival by surgeon. Graph shows Kaplan—Meier plot of animal survival. Data were compared via the Log rank test.

Seasonal Effects on Sepsis Survival

Next, we considered whether there were seasonal differences in sepsis survival. We observed a trend towards higher
mortality rates in animals that underwent CLP in the summer months (Figure 4A), although this variability did not reach
a statistically significant level (HRgymme=1.86, p=0.056). As described in our prior repor‘cs,9f12 we noticed these period
fluctuations in the severity of our sepsis model, and adjusted the timing of the first dose of antibiotics to maintain
a mortality rate of 25-50%. The antibiotic was given earliest in the summer season (Figure 4B); nevertheless, survival
rates remained worst during this season. We also considered if seasonal effects occurred in male vs female mice. Among
the male mice, we observed a substantially higher mortality rate in the summer versus the other seasons (Figure 4C) and
this effect was statistically significant (HR,;=2.61, p=0.02). In contrast, female mice showed only a slight trend
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Figure 4 Animal survival by season. (A) Survival of all mice by season, (B) Timing of first antibiotic dose by season, (C) Survival in summer vs other seasons for male mice,
(D) Survival in summer vs other seasons for female mice. Graphs show Kaplan—Meier plots for animal survival, and individual values with the median for the timing of first
antibiotic dose. Survival data were compared via the Log rank test. Timing of the first antibiotic dose was compared via the Kruskal-Wallis test.

towards increasing mortality in the summer vs the other seasons (Figure 4D) and this difference was not statistically
significant (HRgopa1=1.31, p=0.614).

The light cycle within our LARC facility is set to 12h light/12h dark across the seasons, and the temperature and
humidity are regulated to maintain the animals’ well-being. However, we considered that fluctuations might still occur
within the regulated range. To test this, we obtained the facility data for the daily average temperature and humidity in our
animal housing room from September 2018 to August 2020. We observed small variations in daily temperature between the
seasons, with the highest median value in the summer and lowest in the winter (Supplemental Figure 1A), and these

minimum differences achieved a borderline statistical significance (p=0.0526). However, we observed notable variations in
the humidity between the seasons, with the highest median value in the summer and lowest in the winter (Supplemental
Figure 1B), and this effect was statistically significant (p<0.0001). We considered that higher ambient temperatures in the
summer might prevent the mice from developing natural protective hypothermia, leading to the higher sepsis rates in this
season. To test this, we compared the mouse surface temperatures at 18h post-surgery for animals that had undergone CLP
in each season. However, we found that the median mouse surface temperatures (18h post-CLP) were comparable for
animals that underwent CLP in the summer vs winter, and both were lower than the temperature of animals that underwent

CLP in the spring or fall (Supplemental Figure 1C); these differences were significant (p=0.0059). These data refute the

notion that attenuated hypothermia mediates the higher mortality rates observed in the summer.

The Impact of Antibiotic Timing on Sepsis Survival

We did not observe any overall trend in animal mortality according to the timing of the first antibiotic dose (Figure 5,
HR=0.97, p=0.765). However, due to adjustment of timing of antibiotic administration, particularly in the summer season,
there was an interaction between season and timing of antibiotic administration on mortality. Delayed antibiotic administration

was associated with increased mortality in the non-summer season (HR=1.42, p=0.025) but not in the summer season.
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Figure 5 Animal survival according to antibiotic timing. Graph shows Kaplan—Meier plot of animal survival. Data were compared via the Log rank test.

Adjusted Effect of Each Variable on Sepsis Survival

Due to significant interaction of sex with season and weight, we performed an adjusted analysis for each sex separately
(Figure 6). In the adjusted analysis, summer season (aHR=5.6, p=0.004) and timing of antibiotic administration
(aHR=1.46, p=0.029) were associated with mortality in male mice. However, only higher weight was associated with
increased mortality rate (aHR=1.52, p=0.005) in female mice. We also conducted adjusted analysis separately for
summer and non-summer seasons (Figure 7), due to the presence of a significant interaction between season and timing
of antibiotic administration. Increased timing of antibiotic administration was associated with higher mortality rate
(aHR=1.46, p=0.02) in the non-summer season only. Results were unchanged after applying Cox analysis with
a backward elimination approach.

Discussion

It is well known that sepsis survival rates vary in the CLP model when comparing different studies, even when the
experimental model is described in a very similar fashion. The research presented here highlights some of the common
factors that may drive this heterogeneity. Interestingly, we identified multiple factors that were specific to animal sex.

HR (95% CI) p-value

Male mice

Summer season 5.61(1.74, 18.08)  .004
Age (wk) -+ 0.99 (0.84, 1.17) .929
Timing of first antibiotics (h) — 1.46 (1.04, 2.05) .029
Weight (g) —-— 0.99 (0.82, 1.19) .925

Female mice

Summer season —_—— 0.57 (0.17, 1.92) .367
Age (wk) -+ 0.97 (0.82, 1.15) 72
Timing of first antibiotics (h) —— 0.89 (0.66, 1.19) 426
Weight (g) —— 1.52 (1.13, 2.03) .005
T T T T
0 1 2 3 6

Figure 6 Factors associated with mortality using Cox analysis by sex. Figure shows a forest plot, along with the adjusted hazard ratio (HR) and P value for each factor
associated with mortality in male and female mice. The horizontal line shows a 95% confidence interval (Cl) associated with each HR for each factor. Data were analyzed
with Cox regression analysis.
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HR (95% ClI) p-value

Non-summer season
Female mice + 1.38 (0.29, 6.66) .688
Age (wk) —— 1.04 (0.86, 1.25) 721
Timing of first antibiotics (h) —_— 1.46 (1.06, 2.02) .02
Weight (g) —1— 1.09 (0.87, 1.36) 463
Summer season
Female mice + 1.07 (0.18, 6.40) .942
Age (wk) —— 0.98 (0.86, 1.13) .822
Timing of first antibiotics (h) —_— 0.69 (0.44, 1.08) .108
Weight (g) R 1.11 (0.85, 1.46) 44
T T T
0 1 2 3

Figure 7 Factors associated with mortality using Cox analysis by season. Figure shows a forest plot, along with the adjusted hazard ratio (HR) and P value for each factor
associated with mortality for non-summer and summer seasons. The horizontal line shows a 95% confidence interval (Cl) associated with each HR for each factor. Data
were analyzed with Cox regression analysis.

Among males, summer season and increased elapsed time to antibiotic administration were associated with mortality. In
contrast, higher weight significantly affected mortality among females. In addition, increased elapsed time to antibiotic
administration was strongly associated with mortality in non-summer seasons.

There have been mixed reports on how sex affects sepsis in clinical studies, as well as rodent sepsis models (for the
sake of brevity, these are summarized in two supplemental tables: Supplemental Table 1 for clinical studies and

Supplemental Table 2 for animal studies). Most of these studies reported improved survival in females, although others

reported equal outcomes or improved survival in males; and sex hormones were implicated to play a role in this effect
(see Supplemental Tables 1 and 2). A recent report highlighted the need to re-examine the impact of sex on sepsis

outcomes in the context of antibiotic treatment.'” The results presented in our study suggest a trend towards more rapid
mortality during the acute phase (0—72h) in female vs male mice, paired with higher rates of chronic mortality (after 72h)
in male vs female mice. This mirrors the findings reported in our recent report on aged mice.”’ However, even with the
large number of animals included in our cohort, the independent effect of animal sex on sepsis mortality was not
statistically significant. In addition to considering the overall effects of sex, the phenotype of female mice could
potentially vary according to the estrus cycle. A prior study found no significant differences in sepsis mortality among
female mice according to the estrus stage; however, white blood cell and monocyte counts were significantly higher in
metestrus vs estrus mice at 12h post-surgery, and there was a trend towards greater mortality in the metestrus group.”!
Therefore, the effects of the estrus stage on sepsis mortality may warrant further study.

It is common to use a narrow age range of mice in scientific studies, often in the range of 6-8 or 10-12 weeks,
reflecting adolescent or young adult cohorts, respectively.”> However, many laboratories including our own use a broader
range of ages. This study included animals aged 624 weeks of age. Although it is not possible to make a strict
comparison, this roughly equates to an age range of adolescents to 30 years old people.>®> Within this cohort, we observed
a trend toward higher mortality rates in the tertile of oldest mice (age >13.12 weeks) in comparison to the two tertiles
consisting of younger mice, however this effect was not statistically significant. Therefore, within this range of
adolescent to mature adult mice, age may have a minimal effect on sepsis mortality. In contrast, many clinical reports
and animal studies have shown that advanced age is associated with higher sepsis mortality rates (for the sake of brevity,

these are summarized in Supplemental Table 3). Aged mice exhibit differences in the local cytokine response to sepsis,

an impeded ability to return to immune homeostasis after sepsis, an altered metabolomic response, and increased vascular
oxidative damage, endothelial dysfunction and coagulopathy: all of these alterations likely contribute to the age-related
exacerbation of sepsis outcomes (see Supplemental Table 3). Further supporting this notion, our own recent report
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showed that aged C57BL/6 mice exhibited a 90% mortality rate’® when subject to the same sepsis model described here.
Please note that we did not include those aged animals in the current analysis. This was because of the large age gap
between those aged mice and the animals included in this study, and because the use of aged mice in research is not
a “common variable” but an intentional decision, due to the high cost and practical aspects associated with their use.

Weight affects many aspects of animal physiology. Obesity can induce chronic inflammation and oxidative stress,**
and is associated with increased risk for many serious diseases and health conditions. Two animal studies examined the
phenotype of obese mice during sepsis. Following CLP, obese mice had an increased inflammatory response and
exacerbated microvascular dysfunction, in comparison to lean mice.”>® However, less is known about the impact of
weight on sepsis among non-obese animals, and our research provides novel information on this topic. We found
a positive association between animal weight and sepsis mortality, specifically in female mice, among a cohort of non-
obese mice. One possibility is that fluid dosing explains the worse outcomes of the heavier female mice in our study,
because each animal received 1 mL lactated ringer’s solution after surgery, rather than a weight-based amount of fluids;
this requires future exploration. Another possibility is that increased weight promotes inflammation in females, even
below the range of obesity. Further research is warranted to examine this.

On our planet Earth, the length of daylight, temperature, humidity and other factors vary across the four seasons, and
this has a substantial impact on our physiology. A retrospective analysis identified seasonal variations in the incidence of
nosocomial infections in climate-controlled hospitalized patients, and found an increased incidence of bacterial infections
in the warmer months, with a stronger effect for gram-negative bacteria.?” Interestingly, a prior report showed that within
a biobank of human specimens collected in the United Kingdom, multiple immune parameters are affected by season.?®
In particular, C-reactive protein and neutrophil counts peaked in the winter, while lymphocyte counts peaked in the
spring.”® Regarding sepsis models, many labs anecdotally report seasonal variations in the outcomes of their CLP model.
In our own lab, we observed periodic changes in the performance of our CLP model that seemed to have a large effect on
the sepsis survival rates. To attenuate this effect, we adjusted the timing of antibiotic initiation, attempting to maintain
mortality rates of about 25-50% (similar to the survival rates observed in patients with severe sepsis). Despite this, we
found a higher rate of sepsis mortality in male animals that underwent CLP in the summer months vs the other seasons.
In agreement with our results, a prior report by Kiank et al conducted in Germany found that mice subject to colon
ascendens stent peritonitis (CASP) in the summer or autumn had an increased risk of septic death in comparison to
animals where CASP was induced in the winter or spring.”’ This phenotype was associated with a more pronounced
inflammatory cytokine response.”’ In contrast to our findings, a prior report by Lewis et al analyzed 115 historic mice
from their lab and found no seasonal differences in sepsis mortality.’® We predict that the difference between the results
of our study and Kiank et al*° vs those of Lewis et al** may stem from differences in the conditions within our cities and
our animal facilities.

Within Public Health Service-approved animal facilities in the USA (and the equivalent in other countries), LARC
facilities maintain carefully controlled environments to ensure the welfare of our animals. The light cycle is typically set
to 12h light/12 dark across the four seasons, and the temperature and humidity are regulated within an approved range.
Despite this, there is likely to be some variation in the temperature and humidity in all LARC facilities across the four
seasons, due to natural variations in the outdoor temperature and humidity. In our facility, we observed that during the
summer season, the median temperature was slightly higher, and the median humidity was notably higher. The ambient
temperature and humidity affect many aspects of animal physiology with potential downstream effects on sepsis.
A recent report highlighted the importance of considering the effects of ambient temperature in animal sepsis models,
particularly because the “room temperature” that is typically used for animal housing falls below the thermoneutral
conditions for a mouse, potentially inducing cold-stress.>' Two reports have specifically investigated the effect of
ambient temperature on mouse sepsis models. Ganeshan et al found that higher ambient temperature (30°C vs 22°C)
increased animal mortality in a model of E. coli-induced bacteremia.** Contrasting with this report, Carpenter et al found
that higher ambient temperatures (30°C vs 22°C) improved survival of male mice after CLP.>* The reasons for this are
likely complex. Body temperature affects many aspects of the immune response including antigen presentation, leukocyte
trafficking and activation.®* High ambient temperatures reduced levels of serum corticosterone in mice, and increased
immune cell proinflammatory cytokine production in response to LPS.**> Higher ambient temperatures were also shown
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to alter the gut microbiome of mice.*® Notably in our report, we considered that the higher ambient temperature in the
summer might prevent hypothermia following CLP; however, we found that the animal surface temperature was lower in
the summer seasons, refuting this notion. Regarding the effects of humidity, additional evaporative loss of water at low
humidity levels and differential water intake according to the temperature and humidity may affect sepsis survival. These
could potentially affect males and females to a different extent due to their body size and composition.

Rapid administration of broad-spectrum antibiotics (within 1 hour of recognition) is a standard treatment for patients
suspected of sepsis. However, it is important to note that patients typically do not present at the clinic until they are
significantly ill, which may be hours or days after the initial infection. Rapid administration of antibiotics was shown to
reduce sepsis mortality in clinical studies, including a retrospective analysis®® and a single-center cohort study.’’
However, these results are not unequivocal as a subsequent meta-analysis showed no significant mortality benefit of
rapid antibiotic administration following recognition of sepsis.*® A prior animal study showed improved sepsis survival
when antibiotics were administered to mice early vs late after CLP.>* Our results also suggest that antibiotic timing
influences sepsis mortality, but only in male mice. Additionally, the effects of antibiotics were only significant in non-
summer seasons. This is probably due to the fact that summer season increased animal mortality in a manner that was not
amenable to antibiotic rescue. Finally, our data reveal some trends toward differences in sepsis survival between different
surgeons; however, these were not statistically significant. Nevertheless, it is clear that careful training of lab staff is
crucial to minimize variation within a laboratory.

Germane to this study, many other factors significantly influence sepsis mortality in the CLP model. Prior reports

4041 the needle

4446 A

have demonstrated that CLP sepsis mortality is significantly affected by the length of the cecal ligation,

4243 the number of punc‘cures,43 the fed vs fasted state,43 and the use of fluid resuscitation and antibiotics.

size,
well, individual mouse strains exhibit different levels of sensitivity to CLP-induced sepsis, and outbred strains may
perform differently to inbred strains.*’~*° Variations in the CLP sepsis phenotype may occur between mice bred in the
investigator’s laboratory animal resource center vs animals purchased from a commercial supplier. A prior report showed
that mice purchased from two different commercial vendors exhibited different mortality rates, resulting from differences
in the microbiome that affect the host immune response.’® Additionally, the anesthetics*’ and analgesics®' administered
to surgical animals can affect sepsis mortality. Finally, our own lab showed that the timing of CLP surgery affects sepsis

survival, with greater mortality rates when infection was induced in the nighttime vs during the day.’>

Conclusion

We believe that the inclusion of diversity along with proper reporting is critical in both animal and human research. To
protect animal welfare and minimize experimental costs, we must also strive to reduce the number of animals required for
our research studies. We propose that these goals can be balanced by including biological variability within our research (eg,
including mice of both genders, and animals with a range of ages and weights) while minimizing technical variability. In this
context, appropriate matching of experimental groups is important for scientific rigor; otherwise, adjusted analysis typically
with larger sample sizes is required to yield unbiased and accurate findings. In fact, adjusted analysis is often required for
animal studies due to multiple confounders, as detailed in our prior reports.>*>> In addition, appropriate stratification based
on modifiable characteristics such as sex or season may be useful in some experimental studies. Our study suggests that for
the CLP model, careful matching of animal weight is important, especially among females. Technical variability could
potentially be reduced by identifying the factors that drive seasonal variations, and improving environmental homogeneity
within the LARC facilities throughout the year. Additionally, careful training in surgical technique can minimize the variation
between laboratory personnel. Reporting bias in sex and age has been observed in mouse models,*® and our manuscript
highlights that there is need to assess reporting biases related to these other factors in preclinical animal sepsis studies,
including animal weight. Finally, the ARRIVE guidelines®’ provide a recommended list of details that should be included in
any manuscript describing animal research, including animal species, strain, sex, age, weight and other details. Careful
reporting of these items will enable the research community to better interpret published findings.
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