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Abstract

Background: Limited studies have functionally evaluated the heterogeneity in early ex vivo
immune responses during sepsis. Our aim was to characterize early sepsis ex vivo functional
immune response heterogeneity by studying whole blood endotoxin responses and derive a
transcriptional metric of ex vivo endotoxin response.

Methods: Blood collected within 24 hours of hospital presentation from 40 septic patients was
divided into two fractions and incubated with media (unstimulated) or endotoxin. Supernatants
and cells were isolated, and responses measured using: supernatant cytokines, lung endothelial
permeability after supernatant exposure, and RNA expression. A transcriptomic signature was
derived in unstimulated cells to predict the ex vivo endotoxin response. The signature was tested in
a separate cohort of 191 septic patients to evaluate for association with clinical outcome. Plasma
biomarkers were quantified to measure /n vivo host inflammation.
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Results: Ex vivoresponse to endotoxin varied and was unrelated to immunosuppression, white
blood cell count, or the causative pathogen. 35% of patients demonstrated a minimal response to
endotoxin, suggesting early immunosuppression. High ex vivo cytokine production by stimulated
blood cells correlated with increased /n vitro pulmonary endothelial cell permeability and was
associated with attenuated /77 vivo host inflammation. A 4 gene signature of endotoxin response
detectable without the need for a functional assay was identified. When tested in a separate cohort
of septic patients, its expression was inversely associated with hospital mortality.

Conclusions: An attenuated ex vivo endotoxin response in early sepsis is associated with greater

host /in vivo inflammation and a worse clinical outcome.

Keywords
Sepsis; immune system; endotoxin tolerance; RNA expression

Introduction

Sepsis is a dysregulated host response to infection that results in life-threatening organ
dysfunction [1] associated with overwhelming early immune activation followed by
immunoparalysis days to weeks later [2, 3]. Due to substantial heterogeneity in sepsis
physiology [4, 5], this concept is controversial.

One of the indicators of the dysregulated immune response in sepsis is a diminished
response to endotoxin [6, 7], a highly conserved lipopolysaccharide (LPS) found in the
outer lipid bilayer of Gram-negative bacteria. Endotoxin is the most potent microbial
mediator implicated in the pathogenesis of sepsis [8] that binds to Toll-like receptor 4
(TLR4) expressed on innate immune cells [9], initiating an inflammatory signaling cascade,
including the production of tumor necrosis factor (TNF) a and interleukin (IL)-6. Tolerance
to repeated challenge by a pathogen was first reported in 1946 [10] and is observed

after recurrent /n vitro and in vivo microbial exposure [11]. This tolerant state is due

to cellular reprogramming that blunts the response to further stimulation, rather than an
anti-inflammatory response [12], which has been demonstrated in both Gram-negative and
Gram-positive [13] infections. While a blunted response to endotoxin (endotoxin tolerance),
may protect against excessive inflammation during states of colonization and chronic
infection, when present during sepsis, it may be associated with greater disease severity
and higher mortality [14, 15].

Although immunosuppression is a feature of late sepsis [16-18], its presence in early sepsis
remains incompletely understood. Many reports rely on quantifying proteins in plasma and
transcriptomic analyses in whole blood [4, 14, 15, 19], but few describe the functional state
of immune cells in patients with early sepsis [20, 21], the focus of this study.

To examine immune cell function in early sepsis, we studied 40 critically ill patients with
early sepsis from our university hospital-based sepsis Early Assessment of Renal and Lung
Injury (EARLLI) cohort [22-24] that enrols patients who present to the emergency department
with suspected sepsis and require intensive care unit (ICU) admission. We measured
immune responses to an ex vivo endotoxin challenge in unstimulated and endotoxin-
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stimulated whole blood using three techniques. First, cytokine levels were quantified

in supernatants derived from endotoxin-stimulated cells. Second, pulmonary endothelial

cell permeability was measured after /n vitro exposure to the same supernatants. Third,

RNA sequencing was employed to study gene expression in stimulated and unstimulated
cells. These detailed ex vivo phenotypic data were subsequently used to develop a gene
expression endotoxin response signature in unstimulated cells, which was applied to a
separate subset of 191 patients with early sepsis from the EARLI cohort to test its
association with hospital mortality. The signature was also compared to previously published
transcriptomic signatures of endotoxin tolerance. Lastly, we tested the association between
the host inflammatory state (plasma cytokines) and the magnitude of the ex vivo endotoxin
response. The overall goal was to potentially identify a clinically relevant ex vivo immune
function molecular signature defined by ex vivo endotoxin responses associated with clinical
outcome in early sepsis.

Materials and Methods

Patient selection

Patients with early sepsis were prospectively enrolled if admitted to the ICU from the
emergency department of a tertiary care hospital (University of California, San Francisco
(USCF) Parnassus), as part of the ongoing EARLI cohort, as previously described [22-24].
Please refer to supplementary methods for description of 40 patient included in ex vivo
immune response studies and 191 patients included in endotoxin response gene expression
signature validation. Controls included 22 healthy subjects. The study was approved by the
UCSF Institutional Review Board. Informed consent was obtained as previously described
[24].

Ex vivo biological assays

A schematic of sample preparation is presented in Supplementary Figure 1. Detailed
methods are presented in the online supplement. Briefly, plasma was removed from whole
blood, the cell pellet was diluted 1:5 and incubated for 4h at 37°C in media alone
(unstimulated control) or with 5 ng/mL of endotoxin (stimulated condition; List Biological
Laboratories, Inc., Ultra-Pure LPS from Escherichia coli 0111:B4), approximating
circulating endotoxin levels [25]. The culture supernatant and the cell pellet fractions were
separated and cryopreserved at —80°C.

Eleven proteins were quantified in plasma using the Luminex® platform, as previously
described [26]. 26 cytokines from culture supernatants of unstimulated and matched
endotoxin-stimulated whole blood were also quantified on the Luminex® platofrm

using an inflammation cytokine kit (BioRad). To determine the fold-change in cytokine
concentration, endotoxin-stimulated supernatant cytokine concentrations were normalized
by subtracting the concentration in the unstimulated sample, then divided by the
unstimulated cytokine concentration.

To measure /n vitro endothelial permeability, Primary Human Pulmonary Microvascular
Endothelial cells (PromoCell, Heidelberg, Germany) were grown on Electric cell-substrate
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impedance sensing (ECIS) culture arrays, followed by co-culture with culture supernatants,
as previously described [22]. The absolute area under the curve (AUC) during the 5-hour
experiment represented endothelial permeability.

Gene expression in unstimulated and endotoxin-stimulated samples was measured in RNA
extracted from whole blood cell pellets or whole blood Paxgene (Qiagen) tubes (for gene
expression signature validation). RNA sequencing was performed on the Illumina Novaseq
6000 instrument. Gene expression analysis is described in the supplementary material.

Statistical analysis

The Wilcoxon ranksum test was used to compare supernatant cytokine concentrations in
unstimulated relative to stimulated samples and the fold change in supernatant cytokines

in patients with sepsis relative to healthy controls. Spearman rank correlation was used to
test for associations between supernatant cytokines and /n vitro endothelial permeability.
Statistical differences were considered significant if P values were <0.05. Analysis and
graphical presentation of supernatant and plasma cytokines and endothelial permeability was
done using STATA v14.1 (StataCorp 2015).

The overall change in gene expression due to endotoxin stimulation was quantified by
representing each subject’s change in expression as a vector in gene expression space

and computing its dot product with the average change in expression (see supplementary
methods). To identify transcriptional signatures, differential gene expression mixed-effects
models were fit with the limma-voom function in the R package limma (CITE). Two
differential expression models were fit (see supplementary methods). A false discovery rate
(FDR) of <0.1 was used for all differential expression results.

The relationship between differentially expressed genes associated with the magnitude
of the endotoxin response in unstimulated samples and hospital mortality was studied
by examining gene expression in whole blood of 191 patients from the EARLI cohort.
Statistical significance was assessed individually for each gene and was performed using
DESeqz2, as well as for total expression of the four genes (sum of normalized gene
expression), performed using the Wilcoxon ranksum test.

Results

Patient characteristics

Forty patients with early sepsis were recruited from the EARLI cohort for detailed
phenotypic physiological analysis of whole blood responses to an ex vivo endotoxin
challenge. Patients had a high severity of illness with a mean APACHE I1I score of 87.4

+ 35.4 (SD) and a hospital mortality of 15%. The microbial etiology of sepsis and the
anatomic source of sepsis were similar to previous reports [27], with lung followed by
intraabdominal source of infection being most common. Patient clinical characteristics are
summarized in Table 1.

Shock. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leligdowicz et al.

Page 5

Elevated plasma biomarker levels in early sepsis

The host inflammatory state was evaluated by quantifying eleven plasma proteins
representative of immune, endothelial, and epithelial activation. Levels of these proteins
varied among patients with early sepsis (Supplementary Figure 2A) and the variability

was greater relative to healthy controls (Supplementary Figure 2B). All the biomarker
levels were significantly higher in patients with early sepsis relative to healthy controls
(Supplementary Table 1), with the greatest differences noted for IL-6, MMP8, and CXCL9/
MIG.

Heterogeneity in endotoxin response: cytokine production in cell culture supernatants

After the 4-hour endotoxin stimulation, the levels of all 26 cytokines in cell culture
supernatants increased (Supplementary Table 2). The five cytokines with the greatest

fold change after exposure to endotoxin were IL-6, IL-8, MIP-1a, MIP-1p, and TNFa,
reaching an increase of over a 2,270-fold for TNFa (Figure 1A). However, there was
significant response heterogeneity and some patients did not mount a response to endotoxin,
demonstrated by a minimal change in the five most altered cytokines (Figure 1A).

The five most altered cytokines were used to generate a 5-cytokine signature to classify
patients into endotoxin response groups. Subjects with minimal change in production

of at least one of the five cytokines (first quartile of the distribution of the cytokine

change after endotoxin stimulation) were classified as minimal responders (14/40 patients,
35%). Subjects with maximal change in production of at least one of the five cytokines
(fourth quartile of the distribution of the cytokine change after endotoxin stimulation) were
classified as maximal responders (15/40 patients, 38%). Patients meeting neither criterion
were classified as intermediate responders (11/40 patients, 28%).

Clinical characteristics stratified by the ex vivo endotoxin response are presented in Table
2. There was no association between endotoxin response magnitude and white blood cell
count, history of immunosuppression, severity of illness, anatomic source of infection,

or causative organism. Characteristics of patients with clinical immunosuppression are
displayed in Supplementary Table 3.

The median endotoxin response (fold change in the five most altered cytokines after
endotoxin stimulation) in healthy controls was similar to patients with early sepsis and

the most deranged cytokines in culture supernatants were also IL-6, IL-8, MIP-1a,

MIP-1pB, and TNFa (Figure 3B). Healthy control endotoxin response was less heterogenous
and resembled the intermediate endotoxin response generated by patients with sepsis
(Supplementary Table 4).

Heterogeneity in endotoxin response: pulmonary endothelial cell permeability

Culture supernatants from unstimulated and endotoxin-stimulated whole blood were added
to a monolayer of Human Pulmonary Microvascular Endothelial Cells (HPMECs) and
resistance was continually measured. There was heterogeneity in the /n vitro endothelial cell
permeability after exposure to endotoxin stimulated whole blood cell culture supernatants
(Figure 2A), as previously reported [22]. There was a consistent significant association
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between /n vitro endothelial permeability and the ex vivo production of all measured
supernatant cytokines (Supplementary Table 5), with strongest association for TNFa (Figure
2B).

Heterogeneity in endotoxin response: transcriptional signhature of endotoxin response

RNAseq recapitulated the heterogeneity in endotoxin responses measured as supernatant
cytokine levels of ex vivo endotoxin-stimulated blood cells, and /7 vitro pulmonary
endothelial permeability. Transcriptional differences based on endotoxin-stimulation and
sepsis status were revealed by multidimensional-scaling (MDS) (Figure 3A), which
clustered samples by sepsis status (dimension 1) and endotoxin response (dimension 2).

4,594 differentially genes were identified between unstimulated and endotoxin-stimulated
cells (Figure 3B). Unsupervised clustering identified heterogeneity in endotoxin responses
in patients with sepsis and in healthy controls (Figure 3C). The most significant genes
associated with /n vitro pulmonary endothelial permeability in endotoxin-stimulated cells
were different in patients with sepsis (Figure 3D) relative to healthy controls (Figure 3E),
inferring that the response to endotoxin is different during critical illness and in health.
Differential expression analysis identified 40 genes with a significantly different response to
endotoxin between patients with sepsis and healthy controls (Supplementary Figure 3).

Ex vivo endotoxin response metrics were strongly correlated, including (1) fold-change
culture supernatant TNFa, (2) pulmonary endothelial permeability, (3) dimension 2 from
the RNAseq MDS (from Figure 3A), and (4) a summary statistic S of the overall gene
expression endotoxin response magnitude (Figure 4A). Given the strong association between
all metrics of the ex vivo endotoxin response, /n vitro pulmonary endothelial permeability,

a metric we previously described [22], was used in transcriptomic analysis to assess for
differential gene expression among unstimulated and endotoxin-stimulated cells.

Differential expression analysis identified 2720 genes significantly associated with 7in

vitro pulmonary endothelial permeability in endotoxin-stimulated cells from patients with
early sepsis. Gene set enrichment analysis demonstrated that these genes were associated
with cytokine signalling and cell chemotaxis (Supplementary Figure 4). Interestingly, we
identified a 4-gene (HLA-DRA, HLA-DPA1, HLA-DPBL1, FUCAL1) transcriptional signature
of endotoxin tolerance that existed in unstimulated cells from patients with sepsis (Figure
4B).

To assess the clinical significance of the 4-gene endotoxin tolerance signature, we evaluated
their expression in a different subset of 191 patients with sepsis from the EARLI cohort
(Supplementary Table 6). Lower expression these genes was significantly associated with
in-hospital death (Figure 5). This was true for individual genes as well as a composite of the
four genes (Supplementary Table 7).

Three whole blood transcriptomic studies in patients with sepsis used hierarchical clustering
to identify subgroups and subsequently derived gene expression signatures suggestive of
endotoxin tolerance [14, 15, 19]. When the three signatures were tested for an association
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with our functional ex vivo endotoxin response RNAseq analysis, none of the signatures
were present (Supplementary Table 8).

High host inflammatory state is associated with low ex vivo response to endotoxin

The host inflammatory state, as reflected by plasma cytokine levels, may influence the
ability to respond to ex vivo stimulation. The three most differentially abundant plasma
cytokines in patients with sepsis relative to healthy controls were IL-6, MMP8, and CXCL9/
MIG. These three plasma proteins were tested against ex vivo metrics of endotoxin response,
including: (1) fold change in culture supernatant TNFa., (2) /n vitro endothelial permeability,
and (3) summary statistic S for the RNAseq endotoxin response size. An inverse relationship
was identified between plasma inflammatory cytokines (strongest for CXCL9/MIG) and

all metrics of endotoxin response (Figure 6A-C); when plasma inflammation was high,
response to endotoxin was low.

Discussion

Through functional studies and comprehensive host inflammatory assessment, this work
advances our understanding of immune response heterogeneity in early sepsis. Endotoxin
stimulation has been used to study sterile inflammation in healthy volunteers [11, 28, 29] as
well as to characterize immune competence in critically ill adults [21, 30, 31] and children
[32, 33]. This is the first study to use three independent approaches to investigate the ex vivo
immune response to an endotoxin challenge in very early sepsis among critically ill adults
and build a molecular metric of immune responsiveness. We derived a 4-gene transcriptional
signature of endotoxin tolerance and tested it in an independent subgroup of patients with
early sepsis, demonstrating greater hospital mortality among patients with lower endotoxin
response gene expression.

Substantial heterogeneity was present in the immune response to an ex vivo endotoxin
challenge in patients with early sepsis. Approximately 1 in 3 patients demonstrated a
minimal response, suggesting early immunosuppression. This is particularly striking as all
specimens were collected within 24 hours of hospital admission, representing the earliest
phase of illness. The ex vivo endotoxin response was inversely associated with the /in

vivo inflammatory state (plasma cytokines). This suggests that critically ill patients who

are exposed to low /n vivo inflammation have a preserved immune response to secondary
stimuli, while those with high inflammation may have a less competent immune system and
an inferior response to further stimulation.

The lack of association between the causative infectious organism and endotoxin response
suggests that the magnitude of the ex vivo endotoxin response may be independent of

prior in vivo endotoxin exposure. It is possible that a blunted ex vivo endotoxin response
represents cross-tolerance due to gene expression reprogramming, as demonstrated in Gram-
positive [13] and Gram-negative infections, as well as in sterile inflammation [34].

When exposed to ex vivo endotoxin, some patients with sepsis exhibit overly
hyporesponsive (tolerant) responses while others generate extremely high responses. The
former group may be experiencing repression of inflammatory gene expression while
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the latter group may represent activation of inflammatory genes and/or de-repression of
anti-inflammatory genes. These extreme response groups warrant further investigation to
determine the clinical implications of ex vivoimmune dysregulation.

In earlier studies, unsupervised clustering of whole blood gene expression of patients with
sepsis [14], pneumonia [15], and fecal peritonitis [19] classified patients into groups with
different clinical outcomes. Pathway analysis in patients with poor outcome identified genes
related to endotoxin tolerance. However, these studies did not ascertain whether altered
gene expression suggestive of endotoxin tolerance corresponded to an ex vivo endotoxin
response. Our data suggest that determining which patients are endotoxin tolerant requires
ex vivo exposure to endotoxin. Therefore, unstimulated whole blood transcriptomic analysis
may be inadequate to draw conclusions about ex vivo immune function in sepsis.

Differential gene expression in unstimulated cells from patients with sepsis identified
associations with altered MHC class 11 genes expression (HLA-DRA, HLA-DPAL, HLA-
DPB1). The downregulation of monocyte human leukocyte antigen DR (mHLA-DR) is a
surrogate of immunosuppression in critically ill patients with sepsis [35-37]. The impact

of altered antigen presentation by phagocytic immune cells with an endotoxin tolerant
phenotype on the adaptive immune response is inadequately understood, but may contribute
to dysregulated antigen-specific responses [38] and predispose patients to secondary
infection [36, 39].

Some questions remain regarding the heterogeneity in the ex vivo endotoxin response in
early sepsis and its clinical relevance. The impact of pathogen type or burden on the ex vivo
endotoxin response is unknown. While monocytes from patients with cystic fibrosis [40]
and neutrophils from healthy volunteers [41] have diminished endotoxin responses, in acute
critical illness the contribution of specific immune cell types is yet to be determined. The
mechanisms of the refractory state, its duration, and its link to unfavorable outcome need
additional prospective studies. Cellular reprogramming linked to endotoxin responses may
cause maladaptive immune responses and imprint increased risk for nosocomial infection
[12, 42], but this was not the case when the response to endotoxin was studied in ICU
patients with and without sepsis [31]. The lack of association in these studies may suggest
that the inability to mount an ex vivo response to endotoxin is a form of self-regulation
rather than immune suppression per se [43]. In our validation in 191 patients with early
sepsis, a significant association was identified between a lower expression of genes related
to the ex vivo endotoxin response and increased hospital mortality, suggesting that septic
patients with a blunted immune response have a worse clinical outcome, a finding that
warrants testing in larger cohorts.

There are some limitations to our study. First, as detailed ex vivo characterization of immune
responses is time intensive, a modest sample size was studied. To increase sample size and
the generalizability of our findings, future functional assays will need to be conducted at
multiple sites. Second, we focused on a single antigen to study ex vivo immune responses
and future studies should consider additional antigens [21]. Third, whole blood was used to
study the response to endotoxin and as such, a mixed cell type population was examined.
Using single cell RNAseq may provide additional insight. Fourth, a single time point was
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studied and it is possible that some patients develop immunosuppression later in the course
of critical illness. Since we found that the ex v/vo response to endotoxin can stratify patients
by risk of hospital mortality, studying samples from even a single time point during early
sepsis has major clinical relevance.

Overall, this study establishes that a diminished ex vivo endotoxin response, and thereby
immunosuppression, is present very early in many patients with sepsis. While prior studies
reported a gene signature for endotoxin tolerance, to our knowledge this is the first study to
test the derivation of this phenotype using both ex vivo physiologic and protein data. Low
expression of the 4-gene endotoxin response signature was significantly associated with in-
hospital death in an independent subset of patients with early sepsis. This surrogate measure
of immune dysregulation in critically ill patients may assist in predictive enrichment for
patients who may benefit from immunomodulatory therapies and may identify modifiable
molecular treatment targets. The inability to mount a strong ex vivo response to endotoxin in
early sepsis may be maladaptive, and our study supports investigating this response in larger
cohorts of patients with early sepsis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Distribution of the fold change in cell culture supernatant cytokines after ex vivo endotoxin
stimulation in (A) patients with early sepsis and in (B) healthy controls.
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Figure2.
Heterogeneity in endotoxin response measured by pulmonary endothelial cell permeability.

(A) Electric cell-substrate impedance sensing (ECIS) tracings of /n vitro pulmonary
endothelial cell permeability after exposure to culture supernatants from ex vivo endotoxin-
stimulated whole blood of patients with sepsis.

*A decrease in resistance across the Human Pulmonary Microvascular Endothelial Cell
(HPMEC) monolayer suggested increased permeability and the absolute area under the
curve during the 5-hours of ECIS measurements was subsequently used to represent
endothelial permeability, as described previously. Marker color represents the magnitude
of in vitro endothelial permeability (green: minimal, blue: intermediate, red: maximal).

(B) Relationship between fold change in culture supernatant TNFa and /n vitro pulmonary
endothelial permeability.
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Figure 3.
Heterogeneity in endotoxin response: gene expression. (A) Multidimensional-scaling (MDS)

clusters samples by sepsis status (dimension 1) and by endotoxin stimulation (dimension 2).
* MDS dimension 2 can be interpreted as a measure of the endotoxin response, with positive
values corresponding to minimal endotoxin responses and negative values corresponding to
maximal endotoxin responses. LPS stimulated FALSE and TRUE refer to unstimulated and
stimulated experimental conditions. Within endotoxin-stimulated cells from patients with
sepsis, more negative values along dimension 2 correspond to higher /n vitro pulmonary
endothelial permeability.

(B) Differential gene expression among unstimulated and endotoxin-stimulated cells from
patients with sepsis and from healthy controls,

*4594 differentially expressed genes (1920 genes upregulated, 2674 genes downregulated)
(C) Heatmap of the union of top 30 differentially expressed genes related to endotoxin
stimulation,

*Each column represents an individual sample. Classification by LPS stimulation, blue:
stimulated, purple: unstimulated. Classification by sepsis status green: healthy control,
orange: sepsis.

(D) Heatmap of most significant genes associated with /n vitro pulmonary endothelial
permeability in endotoxin-stimulated cells from patients with sepsis.
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*Each column represents an individual patient.

(E) Heatmap of most significant genes associated with 7 vitro pulmonary endothelial
permeability in endotoxin-stimulated cells from healthy controls.

*Each column represents an individual sample.
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Figure4.
Association between response to endotoxin and gene expression. (A) Pairwise scatter plots

demonstrating a linear correlation between complimentary metrics of ex vivo response to
endotoxin.

*R2 values in the lower left panels and are significant at p <1x10~° for every pair

of variables, based on linear regression. MDS Dim2 refers to Multidimensional-scaling
dimension 2 (Figure 3A). Within endotoxin-stimulated cells from patients with sepsis, more
negative values along dimension 2 correspond to higher /n vitro pulmonary endothelial
permeability.

(B) Differential gene expression for response to endotoxin.

*Response to endotoxin was measured by pulmonary endothelial cell permeability. 2720
significant genes were differentially expressed in stimulated cells from patients with sepsis
(1328 upregulated, 1392 downregulated), 47 significant genes in stimulated cells from
healthy controls (0 upregulated, 47 downregulated), 4 significant genes in unstimulated cells
from patients with sepsis (4 upregulated, 0 downregulated), and no significant genes in
unstimulated cells from healthy controls.
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Figure5.
Relationship between the 4 gene signature associated with the endotoxin response and

hospital mortality in an external validation cohort of 191 patients with early sepsis.

*The four genes included: HLA-DRA, HLA-DPA1, HLA-DPBL1, and FUCAL. Valueson Y
axis represent combined metric for total expression of the four genes (sum of normalized
gene expression for each gene). Host gene counts were normalized using DESeq?2. All
samples included in the analysis had >1 million host gene counts and expression of >10,000
unigue genes.
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Association between host inflammatory state (plasma CXCL9/MIG) and ex vivo response
to endotoxin measured by (A) the fold change in TNFa in cell culture supernatant, (B) /n
vitro pulmonary endothelial permeability, and (C) the summary statistic S for the RNAseq

endotoxin response size.

*Spearman rank correlation was used to compute p-values and included a Bonferroni

correction for multiple testing.
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Clinical characteristics of patients with early sepsis included in studies of ex vivo immune cell response to

endotoxin.

Table 1:

Whole cohort
(n=40)

Clinical characteristics

Age

66 (+18)

Sex (male, %)

25 (63)

WBC (109/mL) 13.6 (10.3, 22.5)
Immunosuppression (%) 14 (35)
Shock (%) 14 (35)
APACHE 111 87 (x35)
SAPS Il 46 (+16)
Hospital death (%) 6 (15)
Source of sepsis (%)
Pulmonary 23 (58)
Intraabdominal 9 (23)
Urinary tract 2 (5)
Skin and soft tissue 2 (5)
Other 4 (10)
Causative organism (%)
Gram positive 13 (33)
Gram negative 11 (28)
Virus 6 (15)
Negative cultures 16 (40)

Abbreviations: WBC, white blood cell count; APACHE, Acute Physiology and Chronic Health Evaluation; SAPS, Simplified Acute Physiology

Score.
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Characteristics of patients with early sepsis classified by endotoxin response *

Table 2:

Page 22

Minimal Intermediate Maximal
endotoxin response  endotoxin response  endotoxin response  P-value
(n=14) (n=11) (n=15)
Clinical characteristics
Age 67 (+14.6) 74.7 (+20.7) 57.9 (+15.1) 0.05
Sex (male, %) 9 (64%) 8 (73%) 8 (53%) 0.7
WBC (10%mL) 13.4(7,24.3) 12.2 (10.8, 15.4) 14.5 (10.6, 28) 0.6
Immunosuppression (%) 4 (28.6%) 3 (27.3%) 7 (46.7%) 0.5
Shack (%) 6 (42.9%) 3 (27.3%) 5 (33.3%) 0.7
APACHE III 86 (+35.6) 92.5 (+41.5) 84.8 (+31.8) 0.9
SAPS II 46.7 (¥18.2) 45.2 (16.3) 46.6 (+14.9) 1
Hospital death 3 (21.4%) 1(9.1%) 2 (13.3%) 0.7
Source of sepsis (%) 0.9
Pulmonary 8 (57%) 8 (73%) 7 (46.7%)
Intraabdominal 3(21.4%) 2 (18.2%) 4 (26.7%)
Urinary tract 1(7.1%) 0 (0%) 1(6.7%)
Skin and soft tissue 0 (0%) 0 (0%) 2 (13.3%)
Other 2 (14.3%) 1(9.1%) 1 (6.7%)
Causative organism (%)
Gram positive 4 (28.6%) 4 (36.4%) 5 (33.3%) 1
Gram negative 4 (28.6%) 4 (36.4%) 3 (20%) 0.7
Virus 3 (21.4%) 1(9.1%) 2 (13.3%) 0.7
Negative cultures 5 (35.7%) 6 (54.6%) 5 (33.3%) 0.5
Biologic in vivo, ex vivo, and in vitro variables
Plasma CXCL9/MIG (pg/mL) 2130 (1976, 3911) 1123 (571, 1659) 700 (391, 2778) 0.004
Plasma MMP8 (pg/mL) 11985 (6120, 32904) 2899 (2424, 10584) 4044 (1804, 14420)  0.03
Plasma IL-6 (pg/mL) 203 (39, 658) 31 (21, 418) 46 (4, 151) 0.2
Supernatant TNFa fold change 12.3 (8.7, 25.4) 55.6 (30.2, 138) 559 (369, 1,118) 0.0001
Endothelial permeability group (%) <0.0001
Minimal 9 (64.3%) 0 (0%) 0 (0%)
Intermediate 5 (35.7%) 11 (100%) 6 (40%)
Maximal 0 (0%) 0 (0%) 9 (60%)
Endothelial permeability (AUC)  0.13 (0.07, 0.28) 0.4 (0.35, 0.49) 0.71 (0.63, 0.82) 0.0001

*
Endotoxin response group was defined by fold change in 5 most deranged cytokines in cell culture supernatants. Values presented as median
and interquartile range (IQR) for non-normally distributed variables and means + standard deviation for normally distributed variables. P-values

computed using Fisher’s exact test and Kruskal Wallis test.

Abbreviations: WBC, white blood cell count; AUC, Sum of the absolute Area Under the Curve after 5-hours of continual measurement of /n vitro
pulmonary endothelial permeability using Electric cell-substrate impedance sensing (ECIS).
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