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Abstract
Innate immune cells sense microbial danger signals, resulting in dynamic transcriptional reprogramming and rapid inflammatory responses. If not 
properly regulated, such responses can be detrimental to the host, as is seen in septic shock. A better understanding of the genetic regulation of 
responses during endotoxemia could provide potential therapeutic insights. However, the majority of animal model studies have been performed 
using classic inbred laboratory strains of mice, capturing limited genetic diversity. Here, we compared classic inbred C57BL/6 (B6) mice with 
wild-derived and genetically divergent PWD/PhJ (PWD) mice using in vivo and in vitro models of endotoxemia. Compared with B6 mice, PWD mice 
were markedly resistant to bacterial lipopolysaccharide (LPS)-induced endotoxic shock. Using LPS stimulation of bone marrow derived dendritic cells 
(BMDC) and RNA sequencing, we demonstrate that B6 and PWD BMDCs exhibit partially overlapping yet highly divergent transcriptional responses, 
with B6 skewed toward stereotypical proinflammatory pathway activation, and PWD engaging regulatory or developmental pathways. To dissect 
genetic regulation of inflammatory responses by allelic variants, we used BMDCs from a sub-consomic strain carrying a �50 Mb PWD-derived portion 
of chromosome 11 on the B6 background. This identified a subset of cis-regulated and a large number of trans-regulated genes. Bioinformatic 
analyses identified candidate trans regulators encoded in the chromosome 11 locus as transcription factors Irf1, Ncor1, and Srebf1. Our results 
demonstrate that natural genetic variation controls host survival and transcriptional reprogramming during endotoxemia, suggesting possibilities for 
prediction of sepsis risk and/or personalized therapeutic interventions.
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Introduction
Sepsis is a life-threatening medical condition that causes thou
sands of deaths and costs billions of dollars in healthcare annu
ally in the United States alone.1 Septic shock occurs when the 
body’s dysregulated inflammatory response to poorly contained 
systemic infection leads to tissue damage, organ dysfunction, 
and even death.2

Innate immune cell activation is the first critical factor in 
septic shock induction, and it occurs as different pattern rec
ognition receptors (PRRs) on macrophages and other mye
loid cells recognize pathogen-associated molecular patterns 
(PAMPs) such as bacterial lipopolysaccharide (LPS).3,4 Since 
1930, when LPS was recognized as a critical endotoxin driv
ing human sepsis, murine LPS-induced endotoxemia models 
have become an accessible and reproducible research tool uti
lized to study the molecular physiology of acute inflamma
tory responses driving septic shock, although it has limited 
utility as a true preclinical model of sepsis.5 PRR activation 
causes dynamic transcriptional reprogramming and rapid in
flammatory responses, including systemic production of pro- 
inflammatory cytokines and chemokines.6,7 PRRs can also 
recognize damage-associated molecular patterns (DAMPs) re
leased from damaged tissue, leading to excessive activation of 
immune cells and endothelial cells.8 These phenomena cause 
the overproduction of cytokines such as tumor necrosis factor 

α (TNF-α) and interleukin (IL)-6, which in turn can result in 
loss of vascular endothelial integrity, drop in blood pressure, 
systemic coagulation, and other pathologic sequelae that can 
ultimately result in death.3

Despite its importance as a public health problem, develop
ment of effective therapeutic agents for treating sepsis has 
been challenging. Many therapeutic agents have entered the 
clinical trials but universally failed to demonstrate efficacy in 
humans, in spite of showing tremendous promise in preclini
cal animal models.9–11 Notably, these preclinical studies have 
historically been almost exclusively done using classic inbred 
laboratory strains of mice, typically C57BL/6 (B6), thus cap
turing limited genetic diversity. Hence, to bridge the gap be
tween immense genetic diversity of human populations and 
current preclinical studies, in this present study, we utilized a 
so-called wild-derived strain of mice, PWD/PhJ (PWD).12 We 
and others have shown previously that the disease pheno
types and immune cell transcriptional responses between 
classic laboratory strains and wild-derived strains of mice, in
cluding PWD, are divergent during homeostasis and in differ
ent models of immune-mediated pathology.13–19 Other 
studies, using mouse models of sepsis, have previously docu
mented phenotypic differences between classic lab strains 
like B6 and other wild-derived strains, namely, MOLF/Ei 
and SPRET/Ei, with a number of candidate genes driving 
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differential responses in vivo and in vitro successfully mapped 
and identified.20,21 However, the susceptibility of the unique 
PWD strain, or the closely related PWK/PhJ strain12 to septic 
shock remains unknown.

In this study, we assessed the role of natural genetic varia
tion in septic shock clinical outcomes and transcriptional 
reprogramming using in vivo and in vitro acute LPS endotox
emia model in classic B6 and wild-derived PWD mice. We 
used bone marrow derived-dendritic cells (BMDCs) as an 
in vitro innate immune cell model to examine transcriptional 
regulation upon LPS stimulation via RNA-seq. Furthermore, 
to dissect the genetic regulation of inflammatory responses by 
allelic variants, we employed BMDCs from a sub-consomic 
strain that carries approximately 50 Mb of PWD-derived 
chromosome 11 (Chr11) on a B6 background. Our study 
demonstrates that PWD mice, compared to B6 mice, exhibit 
greater resistance to sickness and mortality during LPS endo
toxemia and display divergent transcriptional responses in 
LPS-stimulated BMDCs. Additionally, we found that PWD- 
derived allelic variants on Chr11 robustly regulate gene ex
pression in cis and in trans, the latter likely via differential 
transcription factor activity. Altogether, this study suggests 
that natural genetic variation impacts sickness behavior and 
host survival during LPS endotoxemia in conjunction with 
profound differences in transcriptional regulation in mye
loid cells.

Materials and methods
Animals
Three mouse strains were used in this study, C57BL/6J (Jackson 
Laboratory Stock #000664; B6), C57BL/6J-Chr 11.2PWD/Ph/ 
ForeJ (Jackson Laboratory Stock cat. no. 005998; 11.2), and 
PWD/PhJ (Jackson Laboratory Stock cat. no. 004660; PWD). 
All mice were originally purchased from Jackson laboratories 
and bred at the vivarium at the University of Vermont for 5 to 7 
generations prior to generating experimental animals. Mice 
were housed in individually ventilated cages with HEPA-filtered 
air (2 to 5 of 1 sex/strain per cage) and fed standard rodent 
chow pellets (Purina, USA). The coordinates of the PWD- 
derived interval on chromosome 11 in 11.2 congenic mice were 
determined using genotyping at the DartMouse Core Facility 
(Dartmouth College, New Hampshire, USA) as previously de
scribed.15,22,23 Adult mice (8 to 12 weeks of age) were used for 
all experiments, including mice used for the generation of pri
mary BMDC cultures and mice used for LPS challenge experi
ments. All the experimental procedures were approved by the 
Institutional Animal Care and Use Committee of the University 
of Vermont.

In vivo LPS challenge experiments
Age- and sex-matched male and female mice in each strain 
were injected intraperitoneally (i.p.) with E. coli LPS O26: B6 
(Sigma Aldrich, St Louis, Missouri, USA) at 50 mg/kg body 
weight (lower dose) and at 70 mg/kg (higher dose). LPS- 
challenged mice were monitored for survival and semi- 
quantitative evaluation of clinical signs induced by the sick
ness responses for 96 h. A clinical scoring system was adapted 
from previous study24 with minor modifications, as follows, 
0¼ no abnormal clinical signs, 1¼ ruffled fur but lively, 
2¼ ruffled fur, moving slowly, hunched, and sick, 3¼ ruffled 
fur, squeezed eyes, hardly moving, down, and very sick, 
4¼ same as 3 but with incontinence, 5¼moribund or dead. 

For serum cytokine analysis, mice were injected with a differ
ent, more potent batch of E. coli LPS O26: B6 (Sigma 
Aldrich, St Louis, Missouri, USA) at 20 mg/kg, body weight 
and blood was collected at different time points and ana
lyzed. Blood was incubated for 30 min at room temperature 
to allow clotting, followed by storage on ice for 1 to 2 h, cen
trifugation, and collection of serum.

Cell culture
Male and female B6, 11.2, and PWD mice were humanely eu
thanized by CO2 asphyxiation, followed by extraction of fe
murs and tibias, and isolation of bone marrow cells by 
flushing with the bones with PBS. Primary bone marrow- 
derived dendritic cells (BMDCs) were generated from mouse 
bone marrow cells using a standard 7-day granulocyte- 
macrophage colony-stimulating factor (GM-CSF, 20 ng/ml, 
Shenandoah cat. no. 200-15) differentiation protocol, as pre
viously described.15 Each mouse was used to generate an in
dependent BMDC culture that was treated as a single 
biological replicate (the number of biological replicates for 
different experiments is indicated in each figure legend). 
BMDCs were cultured in complete medium (RPMI 1640 con
taining 10% FBS, 2 mM L-glutamine, 100 Units/ml penicillin, 
100 μg/ml streptomycin, and 55 μM beta-mercaptoethanol, 
all from Gibco). BMDCs were seeded in 1 million per well 
and were either unstimulated (control) or stimulated with the 
TLR-4 ligand lipopolysaccharide (LPS) from E. coli 0111: B4 
(InvivoGen, San Diego, California, USA) at 10 ng/ml, fol
lowed by RNA isolation for RNAseq, or cytokine assays on 
the cell supernatants, as described below. Separate BMDC 
cultures were generated for RNAseq experiments and for cy
tokine assays, with the number of biological replicates indi
cated in the figure legends. For RNAseq, cells were collected 
for RNA extraction after 6 h of stimulation with LPS (as well 
as from the unstimulated controls in parallel). For cytokine 
assays, cell culture supernatants were collected at 24 h post- 
stimulation with LPS.

Cytokine quantification by ELISA
For the detection of cytokines in the cell culture supernatants 
or sera, we performed ELISAs as described previously,25 us
ing the primary capture mAbs anti–TNF-α, and anti–IL-6, 
and their corresponding biotinylated detection mAbs 
(BioLegend, San Diego, California, USA). Other ELISA 
reagents included recombinant mouse TNF-α, and IL-6 as 
standards (BioLegend, San Diego, California, USA), HRP- 
conjugated avidin D (Vector Laboratories, Burlingame, 
California, USA), and tetramethylbenzidine microwell perox
idase substrate and stop solution (Kirkegaard and Perry 
Laboratories, Gaithersburg, Maryland, USA). Biological rep
licates were used, representing independent BMDC cultures 
from individual mice (cell culture) or sera from individual 
mice (in vivo experiments).

RNAseq and bioinformatic analysis
Four biological replicates per genotype (2 of each sex per ge
notype), each replicate representing an independent BMDC 
culture from an individual mouse, were used. BMDCs were 
seeded at 1 × 106 cells/well in a 12 well plate and treated 
with LPS at 10 ng/ml concentration for 6 h. RNA was 
extracted according to the manufacturer’s instructions using 
the RNeasy plus Mini Kit (cat no. 74104) by Qiagen (Hilden, 
Germany), followed by quantification by Qubit and quality 
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assessment by BioAnalyzer. A starting input of 1 ug of total 
RNA was used for ribosomal RNA depletion with the 
NEBNext rRNA Depletion kit. Stranded cDNA libraries 
were then prepared with the NEBNext Ultra II Directional 
RNA Library Prep Kit (New England Biolabs, Ipswich, 
Massachusetts, USA) according to the manufacturer’s proto
col. Paired end 150 bp sequencing was performed on an 
Illumina HiSeq1500.

Demultiplexed sequencing data was received from the sequenc
ing facilities and quality control of the sequencing data was done 
using FastQC platform. Genomic alignment of the RNA-seq 
data was performed using STAR (v2.7.11b) tool26 using the 
mouse genome assembly GRCm39 (mm39). Number of reads 
per gene was quantified by quantMode GeneCounts. Raw se
quencing data and normalized per gene count matrix were depos
ited in GEO (accession no. GSE272206). Differential gene- 
expression analyses were conducted using DESeq2.27 Cutoffs for 
differential gene expression are described in the Results section. 
Gene-specific P values for differential expression were adjusted 
for multiple comparisons using the Benjamini-Hochberg method 
as implemented in DESeq2.27 Gene ontology (GO) enrichment 
analysis of differentially expressed genes was performed using 
PANTHER.28 The decoupleR tool29 was used to analyze differ
entially expressed gene sets to quantify enrichment of predicted 
transcription factor activity, based on known gene targets. 
decoupleR was also used to identify putative specific transcrip
tion factor-regulated gene targets within differentially expressed 
gene sets.

The Mouse Phenome Database SNP query tool was used to 
determine the non-synonymous single nucleotide polymor
phisms (nsSNPs) between B6 and PWD mice. We used PWK/ 
PhJ as a proxy for PWD, because of the availability of deep 
genotyping data on the former. Functional domains of tran
scription factors in Fig. 6 were made by integrating domain 
information from relevant articles,30–33 UniProt, and NCBI 
(Fig. 6J, K).

Statistical analyses
In the manuscript, “n” refers to individual mice (or individual 
BMDC cultures from individual mice) and the numbers of 
mice used in each experiment is described in the figure 
legends. Statistical analyses (other than RNAseq; see above) 
were carried out using GraphPad Prism software version 
10.2.1 (GraphPad Software, San Diego, California, USA). 
The specific tests used to assess the significance of the ob
served differences are detailed in the figure legends. All center 
values represent the mean, and error bars represent the stan
dard error of the mean (SEM). A P-value of <0.05 was con
sidered significant.

Results
PWD mice are resistant to LPS-induced 
endotoxemia
To investigate the effect of natural genetic variation on the in
flammatory response during septic shock, we employed the 
LPS endotoxemia model by administering LPS (E. coli O26: 
B6) intraperitoneally (i.p.) to classic laboratory B6 mice and 
wild-derived PWD mice. Initially, we challenged the mice 
with a sublethal dose (50 mg/kg body weight) of LPS 
(Fig. 1A–C), followed by monitoring of weight loss and quan
titative evaluation of clinical signs induced by the sickness 
responses, as previously described,24,25,34 at individual time 

points, and as a cumulative variable, using area under the 
curve (AUC) analysis. We found that upon LPS challenge, 
PWD mice lost weight faster than B6 mice; however, they 
also began to recover weight loss more readily compared to 
B6 (Fig. 1A). Importantly, we found that PWD mice showed 
significantly reduced clinical signs compared with B6 mice, 
followed by complete recovery by 36 h post-challenge 
(Fig. 1B, C). These data suggest that PWD mice are more re
sistant to sickness responses induced by systemic endotoxin 
challenge than B6 mice.

Next, we have challenged the mice with a high dose 
(70 mg/kg) of LPS to study survival, in addition to weight loss 
and quantitative evaluation of clinical signs (Fig. 1D–K). Like 
the lower dose, we found that while PWD mice lost more 
weight initially than the B6 mice, they began to recover more 
quickly (Fig. 1D). Additionally, PWD mice exhibited signifi
cantly reduced sickness responses and mortality, with com
plete recovery by 96 hours in 100% of the mice, while B6 
mice exhibited progressively worsening clinical signs, with 
85% of the mice succumbing to the challenge (Fig. 1E–G). 
Previous studies in humans and animal models have sug
gested that sex is an important biological variable in sepsis 
outcomes.35 We therefore reanalyzed these data segregated 
by sex. There was no significant difference in weight loss be
tween males and females within each genotype (Fig. 1H). 
However, we found that females of both genotypes were sig
nificantly more susceptible to acute sickness during LPS 
endotoxemia than males (Fig. 1I, J). Similarly, B6 females 
exhibited significantly increased mortality (100%) compared 
with B6 males (67%), although PWD mice had 0% mortality 
regardless of sex (Fig. 1K). Taken together, these results dem
onstrate that, compared with B6 mice, PWD mice are signifi
cantly more resistant to LPS endotoxemia-related sickness 
behavior and mortality. They also suggest that female mice 
are more susceptible to LPS-induces endotoxemia than male 
mice independent of genotype.

Myeloid cells derived from B6 and PWD mice 
exhibit conserved and highly divergent gene 
expression patterns upon LPS stimulation
TLR activation of myeloid cells in vitro represents a tractable 
model to understand molecular mechanisms underlying in
flammatory responses in sepsis. To investigate the effects of 
natural genetic variation on transcriptional regulation of my
eloid cell inflammatory responses that could lead to divergent 
endotoxemia responses and survival in vivo, we conducted 
bulk RNA-seq analysis on bone marrow-derived dendritic 
cells (BMDCs) isolated from B6 and PWD mice. BMDCs 
were either left untreated or stimulated with LPS (10 ng/ml) 
for 6 h, followed by RNA isolation and RNA-seq analysis. 
Principal component analysis demonstrated distinct sample 
clustering by treatment and genotype, with genotype surpris
ingly accounting for a much greater proportion of variance 
(Fig. 2A). First, to assess the inflammatory transcriptional re
sponse in each genotype, we performed differential gene ex
pression analyses comparing LPS vs untreated conditions 
within each genotype (Fig. 2B–F). This analysis revealed that 
thousands of genes were differentially expressed upon LPS 
stimulation in both B6 and PWD BMDCs (Fig. 2B, C). The 
total number of differentially expressed genes (DEGs) was 
greater in B6 BMDCs (3,349 genes) compared to PWD 
BMDCs (2,334 genes), with an overlap of 1,411 genes be
tween both groups, while the rest were unique to each 
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Figure 1. PWD mice are more resistant to LPS-induced endotoxemia compared with B6 mice. (A–C) B6 (n¼5) and PWD (n¼ 4) all female mice were 
challenged with 50 mg/kg (denoted as Low dose) LPS i.p., followed by evaluation of weight loss (A) and sickness behavior (B) at different time points. 
Area under the curve (AUC) analysis (C) was calculated from kinetic data in panel B, to calculate a cumulative measurement of the disease severity. 
Clinical score evaluation is described in the Methods section. (D-K) Male and female B6 (n¼7, 3M, 4F) and PWD (n¼ 8, 3M, 5F) mice were injected with 
70 mg/kg (denoted as High dose) LPS i.p., followed by monitoring weight loss (D) and clinical signs (E) at different time points up to 96 hrs. (F) AUC was 
analyzed from the kinetic data from panel E, to show a cumulative measurement of disease severity. (G) Survival analysis was performed on the high 
dose LPS challenged mice. (H–J) Data from the high dose LPS challenge experiment depicted in D–G, segregated by sex for both the genotypes, with 
weight loss, clinical score and AUC analysis are shown in panels H, I and J, respectively. (K) Survival in B6 and PWD mice is shown in panel G for all the 
mice, then sex-separated survival analysis for each genotype is shown in Panel K. Significance of differences was assessed using 2-way ANOVA or 
mixed model for panel A, B, D, E, H, I, and J (with �S�ıd�ak test for post-hoc pairwise comparisons), Welch’s T test for panel C and F, Mantel-Cox test for 
panel G and K. Here, P value in blue color describes time × genotype interaction in panels A, B, D, and E and time x sex interaction in panel I. P values are 
represented as follows: �¼ ≤0.033, ��¼≤0.002, ���¼≤0.001 or otherwise mentioned in the figure.
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genotype (Fig. 2D), indicating the presence of both conserved 
stereotypical responses to LPS and unique divergent 
responses in PWD compared with B6. We found a similar 
pattern when upregulated and downregulated genes were an
alyzed separately (Fig. 2E, F). According to our interest in the 
difference between B6 and PWD immune activation, we fo
cused on the upregulated DEGs, to identify molecular path
ways associated with these distinct genotype-dependent 
transcriptional profiles. We performed enrichment analysis 
using Gene Ontology (GO) on sets of upregulated DEGs (LPS 
vs untreated) that were either unique to B6 and PWD, or 
shared between both the genotypes (Fig. 2G). As expected, 
common upregulated DEGs in both strains were linked to 

many major immune response pathways, including defense 
response, response to organisms, and regulation of immune 
response to external stimulus (Fig. 2G). We found that the bi
ological processes that were associated with unique DEGs 
upregulated in B6 notably included cellular process regula
tion, stimulus response regulation, and cytokine production 
regulation. Interestingly, PWD-unique upregulated DEGs 
were associated significantly with pathways important for de
velopment: eg tissue development and regulation of anatomi
cal structure, as well as cell motility: for example, taxis and 
locomotion. Taken together, these data demonstrate that 
both B6 and PWD myeloid cells exhibit robust yet distinct 
transcriptional response upon LPS stimulation.

Figure 2. B6 and PWD myeloid cells show differential transcriptional regulation upon LPS treatment. BMDC cultures were generated from B6 (n¼ 4, 2 of 
each sex) and PWD (n¼4, 2 of each sex) mice, treated with LPS (10 ng/ml) for 6 h or left untreated, followed by RNA extraction and RNA-seq analysis 
using the DEseq2 package. Differentially expressed genes (DEGs) for all contrasts were determined using a cutoff of Padj <0.05 and jLog2Foldj ≥ 1. (A) 
Principal component analysis, demonstrating clustering of individual samples by genotype and treatment, as annotated. (B, C) Volcano plots showing the 
DEGs from LPS vs untreated contrast in B6 and PWD BMDC, respectively. Highly significant genes were annotated by enhanced volcano tool that 
passed the cutoff. (D–F) Venn diagrams comparing LPS-dependent DEGs in B6 and PWD BMDCs, shown as total DEGs, or subsetted into upregulated 
and downregulated DEGs, as indicated. (G) LPS-upregulated DEGs unique to B6, PWD, or common to both were subjected to GO pathway enrichment 
analysis using PANTHER. Top 12 pathways for each group based on FDR are shown. (H) Volcano plot showing DEGs overrepresented in B6 or PWD LPS- 
activated BMDCs (PWD LPS vs B6 LPS contrast). Highly significant genes were annotated by enhanced volcano tool. (I) DEGs overrepresented in B6 or 
PWD LPS-activated BMDCs were subjected to GO pathway enrichment analysis using PANTHER. Top 10 pathways based on FDR for each genotype are 
shown in the figure.
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As a parallel approach to more directly assess gene expres
sion differences between PWD and B6 myeloid cells after acti
vation, we performed differential gene expression analysis by 
comparing B6 to PWD BMDCs after LPS stimulation. In this 
comparison, we found that distinct gene sets are overrepre
sented in each genotype (Fig. 2H). GO enrichment analyses 
on the overrepresented gene sets in LPS treated B6 and PWD 
BMDCs revealed distinct biological process involvement for 
each (Fig. 2I). Overrepresented genes in B6 BMDCs exhibited 
association with important immune pathways like defense re
sponse, positive regulation of immune system process, and re
sponse to external biotic stimulus, involving key immune 
response genes such as Nos2, C3, Stat5, Tlr3, Ccl7, Ido1, 
Ifi208, Vcam1, Ccl12, Il6, and Cxcl10 (Fig. 2I and File S1). 
Conversely, overrepresented gene sets in PWD strain showed 
links with pathways related to developmental processes, for 
example, regulation of multicellular organismal process, bio
logical regulation, and detection of chemical stimulus, involv
ing genes like Olfr482, Cald1, Bmp4, Cxcl5, Bcl6b, Cep290, 
Zfp566, Slc2a3, Arg2, and Itgb3 (Fig. 2I and File S1). 
Interestingly, a significant number of PWD-enriched genes 
were unannotated transcripts/putative pseudogenes, such as 
Gm13339, Ftl2-ps, and Actr3-ps, suggesting that these may 
in fact represent functional genes of interest in PWD (Fig. 2H 
and File S1). Collectively, these data suggest that natural ge
netic variation drives differential transcriptional responses 

during inflammatory activation of myeloid cells, with the 
PWD genotype diverging from the stereotypical proinflam
matory response seen in B6, which has been the focus of the 
majority of previous mouse model studies.

LPS-induced pro-inflammatory cytokine production 
and release are decreased in PWD mice compared 
to B6 mice
TLR-4 activation causes acute inflammatory responses by 
triggering the release of a number of pro-inflammatory cyto
kines that are a hallmark of LPS-induced septic shock.36 We 
therefore assessed how natural genetic variation in mice can 
affect synthesis and secretion of two key LPS-induced pro-in
flammatory cytokines: TNF-α and IL-6, which are known to 
regulate survival during LPS endotoxemia.37–39 First, we ex
amined mRNA expression of Tnfa and Il6 in B6 and PWD 
BMDCs in our RNA-seq data. We found that while Il6 was 
among the genes significantly overrepresented in LPS- 
stimulated B6 BMDCs compared with PWD, whereas Tnfa 
did not pass the cutoff for PWD vs B6 differential expression 
(File S1). In a standalone post hoc analysis, we found that 
Tnfa and Il6 mRNAs, while robustly induced by LPS stimula
tion in both genotypes, were expressed at significantly lower 
levels in PWD mice compared to B6 mice after LPS treatment 
(Fig. 3A, B). This was validated at the protein level by ELISA, 
with significantly less TNF-α and IL-6 secreted by PWD 

Figure 3. PWD mice produce lower levels of LPS-induced TNF-α and IL-6 compared with B6 mice in vitro and in vivo. (A, B). Normalized counts of Tnfa 
and Il6 genes were extracted from RNA-seq analysis shown in Fig. 1. (C, D) B6 and PWD BMDCs were stimulated with LPS (10 ng/ml) for 24 h and 
supernatants were collected, followed by ELISA analysis for TNF-α and IL-6 cytokines in C and D, respectively. (E-H) B6 (n¼8, 4M and 3F) and PWD 
(n¼ 7, 3M and 4F) mice were challenged with 20 mg/kg of LPS per mouse i.p., and blood was collected at 4 hrs (E, F) and 24 hrs (G, H), followed by 
measurement of TNF-α and IL-6 by ELISA. For statistical analyses in A and B, we used two-way ANOVA and �S�ıd�ak test for post-hoc pairwise 
comparisons. For other panels, unpaired t test was used to compare between two groups, with P values indicated in each figure panel.
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BMDCs compared to B6, which was in fact more pronounced 
than the differences in mRNA levels (Fig. 3C, D). Next, we 
assessed systemic cytokine levels in B6 and PWD mice during 
LPS endotoxemia, which could contribute to differential clin
ical responses in these mice observed in Fig. 1. B6 and PWD 
mice were challenged with a sublethal dose of LPS, followed 
by collection of serum at 4 h and 24 h post-injection and 
analysis of TNF-α and IL-6 levels by ELISA. Mirroring the 
in vitro BMDC data, we found significantly reduced amounts 
of systemic TNF-α and IL-6 in PWD mice at both the time 
points (Fig. 3E–H). These data demonstrate that genetic vari
ation between B6 and PWD mice regulates not only LPS- 
induced cytokine gene transcription in myeloid cells in vitro, 
but also cytokine secretion, both in vitro and in vivo, with re
strained cytokine production driven by the PWD 
genotype correlating with improved clinical outcomes.

Sex modulates transcriptional responses in a 
genotype-dependent manner
In our previous studies, we have shown the sex by genotype 
interactions are important in regulating transcriptional and 
phenotypic responses in genetically diverse mice, under ho
meostatic conditions or during infection or autoimmu
nity.13,17,22,40 Here, given the protective effect of male sex 
observed in our in vivo endotoxemia model (Fig. 1I–K), we 
investigated the role of sex in the regulation of transcriptional 
responses in myeloid cells stimulated by LPS in naturally di
vergent B6 and PWD mice. Since the BMDC RNA-seq experi
ment included cells isolated from both sexes (n¼2 per sex 
for each genotype), pooled sex data presented in Fig. 2 was 
reanalyzed for effects of sex. First, we combined samples in
dependent of treatment (i.e. LPS-treated and untreated), and 
performed differential gene expression analysis comparing 
females to males within each genotype (Fig. 4A–C). Since sex 
effects on gene expression can often result in significant 
changes of smaller magnitude,41 we used a cutoff of Padj 

<0.05, but without a fold-change cutoff. We identified 27 
and 25 DEGs, in B6 and PWD BMDCs, respectively; with Y- 
linked genes and the female-specific X-inactivation gene Xist 
and showing the most significant changes, as expected 
(Fig. 4A, B; File S2). Eleven of the DEGs were encoded on the 
X and Y chromosomes, where 6 were shared between geno
types (predominantly Y genes), and 5 genes were unique to 
each (predominantly X genes) (Fig. 4C; File S2). Some of the 
X-encoded genes in were among those genes known to escape 
X inactivation,41,42 including Eif2s3x, Kdm6a, with higher 
expression in females compared with males (File S2). 
Interestingly, more than half of sex-biased DEGs was 
encoded on the autosomes, with the majority of these genes 
unique to each genotype, with only 1 gene in common 
(Fig. 4C). These data indicate that sex differences in tran
scriptional responses in B6 and PWD BMDCs comprise genes 
encoded both by the sex chromosomes and the autosomes, 
with many sex differences unique to each genotype.

Given our interest in transcriptional differences during in
flammation, we next assessed the effect of sex in the subset of 
samples that had undergone LPS stimulation. Differential 
gene expression between female and male LPS-activated 
BMDCs was assessed within each genotype (Fig. 4D–F). For 
volcano plots, we excluded the most highly significant X and 
Y-linked genes from the plots to better visualize the remain
ing genes (Fig. 4D, E). We found a total of 10 sex-biased 
genes encoded on the X and Y chromosomes, where 9 of 

them shared between B6 and PWD. However, the majority of 
the sex-biased DEGs were in fact encoded on the autosomes 
and were unique to B6 or PWD, with 87 and 55 DEGs, re
spectively, and only 5 genes in common (Fig. 4F). To reveal 
the distinct biological processes involved in male or female- 
biased genes, we subjected sex-biased DEGs unique to each 
genotype to GO pathway enrichment analysis (Fig. 4G, H). 
Here, we found that female-biased genes in B6 BMDCs were 
associated with immune response pathways, for example, im
mune system process, response to stress, and response to ex
ternal stimulus, including Il6, Vcam1, Marco, Iigp1, Cxcl9, 
Il12rb2, and Ear2 (Fig. 4G and File S2). Conversely, we 
found that male-biased genes in B6 BMDCs were associated 
with more regulatory pathways important for immune ho
meostasis, for example, regulation of lymphocyte prolifera
tion, negative regulation of cell population proliferation, and 
regulation of leukocyte activation, including Havcr2, 
Gpnmb, Mmp9, Il4i1, Tnfrsf9, Il2ra, Pgf, and Ido1 (Fig. 4G 
and File S2). Similar to the findings in B6, we found that 
female-biased DEGs in PWD BMDCs were associated with 
the immune response pathways such as defense response to 
other organism, cellular response to chemical stimulus and 
response to stress, involving candidate genes like, Lcn2, 
Ciita, F5, Timp1, Ngp, Arrb1, and Il21r (Fig. 4H and File 
S2). Furthermore, male-biased DEGs in PWD BMDCs were 
associated with cellular processes more related to homeosta
sis, such as intracellular zinc ion homeostasis, actin-mediated 
cell contraction, and negative regulation of cellular process, 
including Ch25h, Pdpn, Atp13a2, Lmna, Ear2, Mt1 and 
Kdm5d (Fig. 4H and File S2). Taken together, these data sug
gest that sex significantly modulates inflammatory transcrip
tional responses in a genotype-specific fashion. Importantly, 
while individual sex-biased genes vary greatly by genotype, at 
the functional level, female transcriptional responses are bi
ased towards proinflammatory processes, which is fully in 
line with significantly higher mortality and morbidity ob
served in females during endotoxemia in vivo (Fig. 1).

PWD-derived allelic variants impact transcriptional 
regulation in cis and trans, driven by transcription 
factor activity
B6 and PWD genomes differ by a very large number of allelic 
variants, many of which could contribute to differential tran
scriptional responses between activated B6 and PWD myeloid 
cells in a myriad ways that are difficult to assess mechanisti
cally. As a more tractable model to dissect trans and cis regu
lation of LPS-induced gene expression by natural genetic 
variants, we utilized a sub-consomic (partial chromosome 
substitution) mouse strain carrying a �50 Mb interval on 
chromosome (Chr) 11 derived from PWD, on an otherwise 
completely B6 background, called B6.Chr11.2PWD mice,43

abbreviated here as Chr11.2. The PWD-derived interval on 
Chr11 in Chr11.2 mice spans from 43.8 Mb to 99.7 Mb, har
boring �1,657 genes, and 952 of them are protein-coding 
(Fig. 5A and File S3). We previously used the Chr11.2 strain 
to determine the role of a specific candidate gene, Nos2, 
encoded in this locus, in regulating post-activation mitochon
drial metabolism and survival in BMDCs.15 BMDCs were 
isolated from B6, PWD, and Chr11.2 mice, and stimulated or 
not by LPS for 6 h, followed by RNA extraction and RNA- 
seq analysis (Files S1 and S3). Principal component analysis 
demonstrated distinct sample clustering based on genotype 
and treatment, where Chr11.2 samples clustered closer to B6 
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Figure 4. Sex regulates inflammatory transcriptional responses in a genotype-dependent manner. RNA-seq data described in the Fig. 2 were reanalyzed 
for the effect of sex within B6 (M¼ 2, F¼ 2) and PWD (M¼2, F¼ 2) BMDCs. A cutoff of Padj <0.05 was used to identify DEGs. (A, B) Volcano plots are 
showing sex-biased DEGs (female vs male) as identified by combining unstimulated and LPS-stimulated B6 or PWD BMDC, in panels A and B, 
respectively. The most significant genes are labelled by the enhanced volcano tool. (C) Venn diagram depicting overlap between B6 and PWD sex-biased 
DEGs, indicating the DEGs encoded on the X and Y chromosomes. Here, “XþY” represents the combined DEGs encoded on the X and Y chromosome 
in either B6 or PWD BMDC. (D, E) Volcano plots showing sex biased DEGs (female vs male) in LPS-treated B6 or PWD BMDCs, in panel D and E, 
respectively. To facilitate visualization, the X and Y axes have been adjusted to xlim (−6, 6) and ylim (0, 20) intentionally excluding several of the most 
highly differentially expressed X and Y chromosomal genes with extremely high significance or fold-change values. The most significant genes are 
labelled by the enhanced volcano tool. (F) Venn diagram showing the relationship between sex-biased DEGs in B6 and PWD, and X- and Y-linked genes, 
as in panel C. (G, H) DEGs with female- or male-biased expression in LPS-treated B6 (G) or PWD (H) BMDCs were assessed by GO pathway enrichment 
analysis using PANTHER. Top 10 pathways in females and males based on P-values are shown for each genotype.
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samples than to the PWD samples (Fig. 5B), as expected, con
sidering the majority of this strain’s genome is B6-derived. 
Interestingly, dissimilarity between Chr11.2 and B6, and 
Chr11.2 and PWD, as assessed by distance on the ordination 
plot, increased significantly after LPS treatment (Fig. 5C, D). 
These data suggest that Chr11.2 BMDCs, compared with 
those of parental B6 and PWD strains, exhibit a unique tran
scriptomic signature that becomes more divergent upon 
LPS exposure.

Next, we performed differential gene expression analyses 
using DESeq2, comparing untreated and LPS-treated BMDCs 
within each genotype. A large number of DEGs were found 
to be up- and downregulated by LPS treatment in each geno
type, with a large number (911) of these conserved between 
the three genotypes (Fig. 5E–G), comprising a core set of 
LPS-regulated genes. Expectedly, besides the core shared 
genes, Chr11.2 had more LPS-induced genes in common with 
B6 (476 genes) compared those in common with PWD (115 
genes); with 245 genes that were unique to Chr11.2 alone 
(Fig. 5E). Subsetting the DEGs into upregulated and 

downregulated categories revealed a similar trend (Fig. 5F, 
G). To visualize the most highly upregulated genes and assess 
whether they differ by genotype, we selected the top 20 LPS- 
upregulated genes (by fold change) from each genotype and 
compared their expression across the three genotypes 
(Fig. 5H). Shared upregulated genes included known canoni
cal inflammatory response genes such as Il6, Il10, Il12b, and 
Nos2, and, interestingly, U90926 (Fig. 5H), a putative 
lncRNA we recently described as highly inducible by inflam
matory signals in myeloid cells, which functions as a negative 
regulator of septic shock.25 A number of top upregulated 
genes for B6 or Chr11.2 BMDCs shared a similar pattern 
with one another, but had minimal induction in PWD, such 
as Cd247 and Ptgs2os; while the converse was true for many 
of the top upregulated genes in PWD, like Tslp, Calcr, and 
Ereg, which lacked induction in B6 or Chr11.2 (Fig. 5H). 
Together, these data suggest PWD-derived allelic variants in 
the Chr11.2 interval regulate proinflammatory transcrip
tional responses and capture a subset of divergent transcrip
tional responses seen in PWD cells.

Figure 5. Chr11.2 BMDCs exhibit distinct transcriptional profiles compared with B6 and PWD. BMDCs isolated from B6, Chr11.2 and PWD mice (n¼ 4 in 
each group; 2 males and 2 females), followed by LPS treatment (10 ng/ml for 6 h) and RNA-seq. DEseq2 analysis was performed to identify genes 
differentially expressed by LPS treatment for each genotype, using a cutoff of Padj <0.05 and jLog2(Fold Change)j ≥ 1. (A) Schematic diagram showing 
the three strains used in this experiment, including the Chr11.2 and the PWD-derived interval on Chr11. (B) Principal component analysis (PCA) of the 
RNA-seq data demonstrating clustering of individual samples by genotype and treatment, as annotated. (C, D) PCA coordinate distance from individual 
Chr11.2 samples to the mean position of B6 (C) or PWD (D) samples was determined for untreated and LPS treated samples, and significance of 
differences assessed by Student t test. (E–G) Venn diagrams comparing LPS-dependent DEGs in B6, Chr11.2 and PWD BMDCs, subsetted to 
upregulated and downregulated DEGs in F and G, respectively. (H) Expression of the top 20 (by fold change) LPS-upregulated DEGs for each genotype 
are represented as a heatmap. DEGs are grouped on the heatmap by showing the overlapping top 20 DEGs between all the three strains first, followed 
by the unique top 20 DEGs belonging to each strain in the individual top 20 genes. LPS-induced Log2 fold change for each DEG in all three strains is 
shown in a heatmap on the right-side panel.
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Allelic variants in gene promoter or proximal enhancer 
variants typically regulate the expression of proximal genes 
in cis. In contrast, trans regulation of expression by allelic 
variants involves more complex mechanisms, including 

variants that modify distal enhancers, inter/intra- 
chromosomal interactions, or pleiotropically acting genes, 
such as transcription factors. Transcriptional profiles of 
Chr11.2 BMDCs provided a model to investigate the 

Figure 6. PWD allelic variants encoded in the Chr11.2 interval modulate LPS-stimulated transcriptional responses in cis and in trans via modulation of 
transcription factor activity. (A) Schematic representation of cis and trans regulation by variants in the Chr11.2 interval. (B, C) RNA-seq data generated as 
in Fig. 5, was analyzed by DESeq2 to directly compare Chr11.2 and B6 genotypes within untreated and LPS-treated samples. A cutoff of Padj <0.05 and 
jLog2Foldj ≥ 1 was used to identify DEGs, with a positive fold change indicating increased expression in Chr11.2 relative to B6. Venn diagrams 
comparing DEGs from Chr11.2 vs B6 analysis to the 1,657 genes encoded in the Chr11.2 interval, in untreated (B) and LPS-treated (C) groups, with cis 
and trans DEGs indicated. (D) Number of cis and trans DEGs in untreated and LPS-treated conditions. (E) DEGs from LPS-treated samples were analyzed 
by decoupleR to predict enriched TFs and infer their activity. Top 25 TFs based on Z score (both directions) regulating DEGs are shown in panel E, where 
blue and black bars indicate increased TF activity in Chr11.2 or B6, respectively. (F) Venn diagram showing the overlap between top 25 TFs and the total 
1,657 genes encoded in the Chr11.2 interval, with the three overlapping genes indicated to the right. (G–I) Three TFs encoded in the Chr11.2 interval 
were analyzed to visualize the differential expression of their target genes between Chr11.2 and B6 BMDCs. Irf1, Ncor1 and Srebf1 regulated genes in 
the LPS-treated DEGs (11.2 vs B6) are shown in panels G, H and I, respectively. Blue indicates “known” negative regulation by the TF and red indicates 
positive regulation. Fold change represents the expression of the DEG in Chr11.2 relative to B6, with positive indicating higher expression in Chr11.2. 
(J, K) Schematic diagrams showing Ncor1 and Srebf1 functional domains and positions of the coding non-synonymous single nucleotide polymorphisms 
(nsSNPs) distinguishing PWK (as surrogate for PWD) and B6 alleles (see Methods).
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mechanisms driving such cis or trans regulation by PWD- 
derived allelic variants. We designated the genes encoded by 
PWD-derived interval on Chr11 in Chr11.2 mice (1,657 
genes) as cis, and any genes outside the interval as trans 
(Fig. 6A). To identify genes whose expression was regulated 
by the variants in Chr11.2 interval, we performed differential 
expression analysis comparing Chr11.2 to B6 BMDCs, either 
untreated or LPS-treated samples, and determined whether 
the DEGs fell into the cis or trans category. Approximately 
7% to 10% of all Chr11.2 DEGs were cis genes, with 115 cis 
genes and 1,084 trans genes in the untreated condition and 
162 cis genes and 2,047 trans genes in the LPS-treated condi
tion (Fig. 6B, C). The total number of Chr11.2-specific DEGs 
was higher in LPS-treated samples compared to untreated 
samples, with an increased proportion (from 90 to 93%) of 
trans DEGs (Fig. 6D). These data suggest that the PWD- 
derived allelic variants encoded by the interval in Chr11.2 
mice robustly regulate gene expression in trans, with a stron
ger effect observed after BMDC activation.

A plausible mechanism for trans regulation by allelic variants 
is differential regulation of transcription factor (TF) activity, ei
ther through differential expression of the TF(s) themselves, or 
coding variants that impact TF function. To test these hypothe
ses, we first used Chr11.2-specific DEGs to infer in an unbiased 
manner the altered activity of specific TFs using the decoupleR 
package, which measures relative enrichment and directionality 
of gene expression of known TF target genes within a gene 
set.29 This identified a number of TFs with inferred activity that 
was either increased in Chr11.2 BMDCs or decreased in 
Chr11.2 BMDCs (ie increased in B6) (Fig. 6E). We compared 
the top 25 predicted TFs (File S4) with the 1,657 genes in the 
PWD interval of Chr11.2 mice to determine if any of the TFs 
are encoded within that region. We found 3 of these TFs, Irf1 
(interferon regulatory factor 1), Ncor1 (nuclear receptor co- 
repressor 1) and Srebf1 (sterol regulatory element-binding tran
scription factor 1), encoded in the Chr11.2 interval (Fig. 6F). 
Analysis of expression of known TF target genes in our DEGs 
set (11.2 vs B6) from LPS-stimulated samples (see Methods) 
identified key targets and confirmed inferred directionality of 
TF activity, with Irf1 and Ncor1 exhibiting reduced activity in 
Chr11.2 BMDCs, and Srebf1 exhibiting enhanced activity 
(Fig. 6G–I). To determine mechanisms by which these transcrip
tion factors could be affecting gene regulation, we first assessed 
whether these TFs were differentially expressed in Chr11.2 
BMDCs, and found that Irf1, Ncor1 and Srebf1 were not differ
entially expressed at baseline or after LPS stimulation, in com
parison with B6 BMDCs (File S3). Next, because protein 
coding variants can profoundly impact gene function, we exam
ined the presence of non-synonymous single nucleotide poly
morphisms (nsSNPs) in the genes encoding these TFs, 
distinguishing B6 and PWD alleles (using PWK genome se
quencing data as a surrogate for PWD; see Methods). We found 
that two out of the three TFs, Ncor1 and Srebf1 had six and 
two nsSNPs, respectively, which we mapped to functional 
domains (see Methods) (Fig. 6J, K). We found that in Ncor1, 
three nsSNPs are situated within transcriptional repression 
domains, and 1 nsSNP is in the nuclear receptor-interacting do
main (Fig. 6J). We also found that 1 out of the 2 nsSNPs of 
Srebf1 is located in the regulatory domain (Fig. 6K). These data 
identify candidate polymorphisms in the functional domains of 
Ncor1 and Srebf1 that could be responsible for driving differen
tial gene regulation in Chr11.2 strain in trans. Taken together, 
our data suggest that naturally occurring genetic variants can 

robustly regulate myeloid cell inflammatory gene expression in 
cis and in trans, with the latter likely driven by polymorphism- 
dependent differential transcription factor activity.

Discussion
Genome wide studies in humans have begun to identify ge
netic determinants of sepsis outcomes, but with limited suc
cess so far.44,45 Animal models of sepsis and associated 
inflammatory responses have the potential to provide impor
tant mechanistic insights into human disease, but the vast ma
jority of such studies have utilized models of limited genetic 
diversity—as these studies are typically performed in B6 mice 
and other common laboratory strains—a potential blind 
spot. Here, we utilized the genetic diversity and evolution
arily relevant genetic variation naturally occurring in wild- 
derived mice to assess how genetic variation controls physio
logic and transcriptional responses to endotoxemia. 
Compared with B6 mice, wild-derived PWD mice exhibited 
restrained inflammatory responses and reduced morbidity 
and mortality in vivo. In vitro, myeloid cell responses to en
dotoxin stimulation revealed both unique and conserved 
transcriptional programs in PWD mice. Using a subconsomic 
strain carrying a portion of the PWD genome, we were able 
to demonstrate cis and trans regulation of transcriptional 
responses and identify candidate trans regulators as tran
scription factors IRF-1, NCOR1, and SREBF1.

We found that PWD mice are markedly resistant to chal
lenge with systemic LPS, with minimal clinical signs and 
rapid recovery at doses that were lethal to 85% of the B6 
mice. This was paralleled by reduced acute stage peak cyto
kine production in the serum at 4 h post challenge, and rapid 
resolution of hypercytokinemia by 24 h. A simple explana
tion for this divergent phenotype could a defective allele(s) 
controlling TLR4 signaling, analogous to the classic example 
of defective variants in Tlr4 identified in endotoxic-shock re
sistant C3H/HeJ mice,46 or the reverse example of hypomor
phic variants in anti-inflammatory genes Irak2 and Irak1bp1 
that promote TLR activation in MOLF/Ei mice, a different 
wild-derived strain that is hypersusceptible to sepsis.47,48

Arguing against this possibility, a previous study has docu
mented that the Tlr4 allele from PWK/PhJ mice, which are 
very closely related to PWD, is normally functional despite 
the presence of a number nsSNPs.49 Moreover, while we 
have not formally assessed all of the major downstream com
ponents of TLR4 signaling in PWD mice, the robust in vitro 
transcriptional responses elicited by LPS stimulation in PWD 
BMDCs, including the strong upregulation of many canoni
cal genes like Il12a, Il12b, Il10, and Nos2 (e.g. Figs 2C and  
5H), argue against the scenario under which a hypomorphic 
PWD allele would be simply dampening TLR4 signaling. 
Instead, rather than a quantitative decrease in the magnitude 
of the LPS response in PWD, we found that this response was 
qualitatively different, with a unique gene signature and dis
tinct biological pathways, in addition to the partially shared 
stereotypical B6-like response. Furthermore, the finding that 
a PWD-derived interval on Chr11, which does not encode 
any known major TLR4 signaling components (File S3), still 
captured a significant number of PWD-specific LPS induced 
genes, also argues against this possibility. Therefore, we be
lieve that this divergent response is driven by a complex com
bination of genetic variants that regulate gene expression in 
cis (e.g. promoter variants driving differential TF binding) 
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and in trans (e.g. TFs with different activities due to coding 
variants). We provide evidence in Chr11.2 subconsomic mice 
to support both mechanisms. Nonetheless, future studies will 
need to also assess induction of canonical signaling compo
nents downstream of TLR4 and other TLRs in PWD myeloid 
cells. Another important limitation of our study is the use of 
LPS-stimulated BMDCs as an in vitro model of transcrip
tional responses in sepsis, as these cells likely do not fully re
capitulate the in vivo sepsis response of key myeloid cells like 
Kupffer cells, monocytes, or neutrophils. Future studies could 
extend our findings via transcriptional analysis of in vivo-ac
tivated myeloid cells isolated from LPS-challenged mice.

It is of note that while wild-derived PWD mice are resistant 
to a number of inflammatory pathologies, including autoim
mune demyelination and inflammatory bowel disease,17,18,50

and yet also control viral infection better compared with B6 
mice.13,51 Future studies will need assess the susceptibility of 
PWD mice to bacterial sepsis, where the balance of protective 
and deleterious inflammatory and antimicrobial responses 
would determine host survival. Another strikingly similar ex
ample is the resistance to LPS- or TNF-induced shock and 
bacterial sepsis observed in SPRET/EiJ wild-derived mice.21

Altogether this suggests that rather than having a broadly 
dampened immune response, many (though not all; see the 
example of MOLF/EiJ mice above) strains of wild-derived 
mice have superior immunoregulatory capacity. Our tran
scriptional profiling suggests that this is driven by simulta
neous upregulation of anti-inflammatory or tissue protective 
genes in PWD, e.g. Tgfbr2, Arg2, Tslp, Ereg, Calcr, and 
others (Figs 2B and 5H, File S1). It is tempting to speculate 
that the lack of evolutionary pressure exerted by infectious 
agents on B6 and other laboratory strains of mice that have 
been bred in captivity and clean environments for an ex
tended length of time has over time contributed to a loss of 
immune regulatory capacity, although this is a challenging 
hypothesis to test. Nonetheless, our results sound a caution
ary note regarding (over)interpretation of experimental find
ings in classic inbred laboratory mice, and support a broader 
approach including more diverse genotypes in pre-clinical 
and experimental research, to enhance translatability to ge
netically diverse human populations, and to facilitate the dis
covery of novel regulatory mechanisms. More specifically, we 
suggest that investigators that have made key pre-clinical 
observations using B6-like classic strains should validate 
those findings in 2-3 commercially available wild-derived 
strains, such as PWD, PWK, or WSB, prior to proposing to 
advance their preclinical findings to human trials. Using mul
tiple strains to validate their findings can elucidate a common 
axis for therapeutic targeting to achieve maximal response 
rates in genetically diverse human populations.

Another unique feature of the transcriptome of activated 
PWD myeloid cells was the expression of a number of tran
scripts annotated as pseudogenes in the reference (B6-based) 
genome. In fact, of the top 40 genes most highly (by fold 
change) overrepresented in PWD vs B6 activated BMDCs, 
only 15 were protein-coding, while 21 were pseudogenes, 2 
were ribozymes, and 1 was a lncRNA (File S1). Similarly, of 
the total 746 pseudogenes differentially expressed between 
PWD and B6 activated BMDCs, 625 were overrepresented in 
PWD and only 121 were overrepresented in B6 (File S1). This 
suggests that many of the genes annotated as pseudogenes 
based on the well-characterized B6 genome may in fact repre
sent functional genes in the divergent PWD genome, and their 

function should be deciphered in future studies. Additionally, 
numerous (544) lncRNA genes were differentially expressed 
between PWD and B6 activated BMDCs. However, we saw 
no overall bias in expression between genotypes, with 284 
lncRNA genes overrepresented in B6 and 260 overrepre
sented in PWD, suggesting the existence of unique lncRNA 
profiles in both genotypes. Interestingly, Ptgs2os2 (encoding 
the well characterized LPS-inducible linc-Cox2 gene52,53 and 
the neighboring Ptgs2os gene were strongly overrepresented 
(log2(FC)>2.5 and 3.31, respectively) in B6 BMDCs (File 
S1), suggesting genotype-specific regulation of these 
lncRNAs, which were originally identified and characterized 
in B6 mice. In contrast, the putative lncRNA U90926 was 
among the top LPS-upregulated genes in all genotypes. These 
results suggest that non-coding genes and pseudogenes could 
represent an important and mostly unexplored layer of tran
scriptional regulation driven by genetic variants.

We used the sub-consomic Chr11.2 strain as a model to as
sess how allelic variants in a defined region of the genome 
can impact gene expression in cis and in trans. We found that 
the PWD-derived locus on Chr11 regulated the expression of 
a large number of genes in other regions of the genome. In 
search of a potential trans mechanism, we used bioinformat
ics to infer differential TF activity, identifying 3 TFs (Irf1, 
Ncor1, and Srebf1) encoded in this locus as candidate trans 
regulators. Ncor1PWD and Srebf1PWD alleles contained 
nsSNPs in regulatory or effector domains, providing a poten
tial mechanism for allele-specific differential activity. The 
mechanism underlying the (inferred) reduced activity of 
Irf1PWD is unclear, but could involve alternative splicing, 
posttranscriptional regulation, and/or differential activation 
by upstream signals. We acknowledge that besides TF activ
ity, there are a number of other potential trans regulators, in
cluding signaling molecules integrating inflammatory signals 
such as kinases, rapidly released cytokines that could result in 
autocrine feedback, or enzymes that generate effector mole
cules that modulate cell state and gene expression. With re
gard to the latter, we have previously used Chr11.2 mice to 
determine the role of a specific candidate gene, Nos2, 
encoded in this locus, in regulating post-activation mitochon
drial metabolism and survival in BMDCs.15 We note that the 
effects exerted by the Nos2PWD allele were post- 
transcriptional and mainly observed after 24 h of LPS stimu
lation,15 and thus are likely exhibiting minimal effects in our 
acute model of LPS activation used here. Notably, the Glass 
group recently performed deep genomic profiling of bone 
marrow-derived macrophages (BMDM) derived from 5 ge
netically diverse mouse strains, including B6 and PWK/PhJ.16

In agreement with our findings, they found that wild-derived 
genotypes exerted profound effects on gene expression 
through differential TF activity and cis and trans regulatory 
effects. Interestingly, through the use of inter-strain F1 
hybrids and assessment of allele-specific expression, they 
demonstrated that �80% of allele-specific gene expression in 
F1 heterozygous BMDM occurred in cis rather than in trans, 
which is contrasted by our results in the Chr11.2 model, 
where �90% of DEGs were regulated in trans. This likely 
reflects the genetic differences between these 2 distinct mod
els, which has interesting implications for mechanisms by 
which allelic variants could regulate gene expression. One po
tential mechanism is the existence of so-called expression 
quantitative trait loci (eQTL) “hotspots” in specific regions 
of the genome. Such “hotspots” regulate large numbers of 
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genes in trans,54,55 and it is likely that an immune cell- 
specific eQTL “hotspot” could be localized to the Chr11.2 
locus. The availability of immune-specific eQTL data from 
genetic reference populations such as the Diversity Outbred 
mice56 could facilitate such discoveries in the future.

Sex differences in sepsis outcomes and associated inflam
matory responses have been well documented in human stud
ies and animal models.57 Our studies revealed sex differences 
in endotoxic shock outcomes in vivo, as well as transcrip
tional differences in vitro. In vivo, female mice exhibited sig
nificantly higher morbidity and/or mortality, independent of 
strain. While this appears to be in contrast with studies in 
humans, where females have favorable sepsis outcomes com
pared with males,57 this likely represents stronger inflamma
tory responses in females that are detrimental in the LPS 
shock model, but protective in promoting a stronger antimi
crobial response during sepsis. Interestingly, while the effect 
of sex was phenotypically similar in both PWD and B6 mice 
in vivo, the transcriptional differences between male and fe
male BMDCs were markedly divergent by genotype, with the 
exception of Y-linked and several X-linked genes (Fig. 4C 
and F). This suggests the existence of genotype-by-sex inter
actions driving differential transcriptional responses in acti
vated myeloid cells. Interestingly, pathway enrichment 
analysis of female- and male-biased genes revealed that de
spite divergence in individual gene identities, the functional 
profile of female-biased genes was skewed toward pro- 
inflammatory pathway activation in both genotypes, which is 
congruent with the similarity of biological outcomes in vivo. 
While future studies could define the mechanisms driving 
these sex differences (e.g. influence of sex chromosomes vs. 
sex hormones), it is notable that they persist in the BMDC 
model despite 7 day-long culture of cells ex vivo in standard 
media, which may contain estrogenic compounds. Taken to
gether, our results confirm that female sex drives a stronger 
proinflammatory response during endotoxemia but suggest 
that the molecular mechanisms underlying such sex differen
ces likely differ across genotypes, arguing against a one-size- 
fits-all therapeutic approach tailored to one sex.

Our results, together with previous studies from others 
(discussed above), demonstrate that natural genetic variation 
in mice exerts a profound influence on susceptibility to endo
toxic shock and myeloid cell transcriptional responses to en
dotoxin. By extension, this implies that genetic variation in 
humans likely influences heterogeneous outcomes in sepsis 
via similar mechanisms. This could have important implica
tions for the development of personalized interventions for 
this often-fatal condition, as well as predictive algorithms 
and biomarkers for risk stratification. Given the challenges 
and confounders faced by sepsis GWAS in humans, including 
large variability in patient comorbidities and other non- 
genetic predisposing factors, forward genetic screens in genet
ically diverse mouse populations, such as the Collaborative 
Cross or the Diversity Outbred, provide a cost-effective alter
native to determine the genetic basis of sepsis susceptibility. 
We believe that such studies in the future, when properly in
tegrated with emerging sepsis GWAS in humans, can provide 
important biological insights.
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