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Coagulation factor protein abundance in the pre-
septic state predicts coagulopathic activities that arise
during late-stage murine sepsis
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Summary

Background Although sepsis accounts for 1 in 5 deaths globally, few molecular therapies exist for this condition. The
development of effective biomarkers and treatments for sepsis requires a more complete understanding of host
responses and pathogenic mechanisms at early stages of disease to minimize host-driven pathology.

Methods An alternative to the current symptom-based approach used to diagnose sepsis is a precise assessment of
blood proteomic changes during the onset and progression of Salmonella Typhimurium (ST) murine sepsis.

Findings A distinct pattern of coagulation factor protein abundance was identified in the pre-septic state— prior to
overt disease symptoms or bacteremia— that was predictive of the dysregulation of fibrinolytic and anti-coagulant
activities and resultant consumptive coagulopathy during ST murine sepsis. Moreover, the changes in protein abun-
dance observed generally have the same directionality (increased or decreased abundance) reported for human sep-
sis. Significant overlap of ST coagulopathic activities was observed in Gram-negative Escherichia coli— but not in
Gram-positive staphylococcal or pneumococcal murine sepsis models. Treatment with matrix metalloprotease inhib-
itors prevented aberrant inflammatory and coagulopathic activities post-ST infection and increased survival. Antibi-
otic treatment regimens initiated after specific changes arise in the plasma proteome post-ST infection were
predictive of an increase in disease relapse and death after cessation of antibiotic treatment.

Interpretation Altered blood proteomics provides a platform to develop rapid and easy-to-perform tests to predict
sepsis for early intervention via biomarker incorporation into existing blood tests prompted by patient presentation
with general malaise, and to stratify Gram-negative and Gram-positive infections for appropriate treatment. Antibi-
otics are less effective in microbial clearance when initiated after the onset of altered blood proteomics as evidenced
by increased disease relapse and death after termination of antibiotic therapy. Treatment failure is potentially due to
altered bacterial / host-responses and associated increased host-driven pathology, providing insight into why delays
in antibiotic administration in human sepsis are associated with increased risk for death. Delayed treatment may
thus require prolonged therapy for microbial clearance despite the prevailing notion of antibiotic de-escalation and
shortened courses of antibiotics to improve drug stewardship.
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Research in context

Evidence before this study

Patients with sepsis continue to experience significant
morbidity and mortality despite coordinated efforts by
the Third International Consensus Definitions for Sepsis
and Septic Shock (Sepsis-3) to align current understand-
ing of research and patient management. In the clinical
setting, sepsis is diagnosed by a symptom-based
approach that may include decreased oxygen satura-
tion, altered mental status, decreased systolic blood
pressure, acidosis, abnormal kidney or liver function,
decreased platelet counts and thrombosis or bleeding.
A suspected infection may be confirmed by positive
body fluid culture (blood, urine, cerebrospinal fluid etc.),
but this may only occur at late stages of disease or not
at all in a substantial fraction of cases. Biomarkers of
inflammation and coagulopathy remain exceedingly
rare and those identified have somewhat limited clinical
utility (e.g., C-reactive protein, procalcitonin etc.). The
development of effective biomarkers and treatments
for sepsis thus requires a more complete understanding
of host responses and pathogenic mechanisms at early
stages of disease to minimize host-driven injury.

Added value of this study

An alternative to the current symptom-based approach
for sepsis diagnosis is a precise assessment of blood
proteomic changes that occur at early versus late stages
of disease. We found that blood proteomic changes
occurred in a closely-timed catastrophic fashion prior to
overt disease symptoms or bacteremia post-Salmonella
infection. The marked similarities of coagulopathic
activities in Gram-negative— but not in Gram-positive—
sepsis suggests that sepsis can be potentially stratified
by different disease mechanisms elicited by discrete
pathogens, dispelling the prevailing notion that sepsis
manifests as a stereotypical process spanning inflaimma-
tion and coagulopathy. Antibiotic treatment regimens
initiated after specific changes arise in the plasma pro-
teome were predictive of increased disease relapse and
death after completion of antibiotic therapy.

Implications of all the available evidence

Altered blood proteomics provides a platform to
develop rapid and easy-to-perform tests to forecast sep-
sis for early intervention via biomarker incorporation
into existing blood tests prompted by patient presenta-
tion with general malaise versus overt disease symp-
toms, and to stratify pathogens for appropriate
treatment. Clinical benefit is manifested by the
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acquisition of risk profile data well-before overt disease
symptoms necessary for Sequential Organ Failure
Assessment (SOFA) and quick SOFA (qSOFA) scores
used to evaluate intensive care unit (ICU) and non-ICU
patients, respectively. Time to antibiotic treatment is
the principal tenet for improved patient outcome dur-
ing emergency care for sepsis and is consistent with the
“Surviving Sepsis Campaign” recommendations for early
and aggressive antibiotics for all patients with possible
sepsis or septic shock. This study demonstrates that
antibiotics are less effective in microbial clearance after
the onset of altered blood proteomics as evidenced by
increased disease relapse and death after termination
of antibiotic therapy. Treatment failure may be due to
altered bacterial / host responses and associated host-
driven injury, providing insight into why delays in anti-
biotic administration in human sepsis are associated
with increased risk for death. Delayed treatment may
thus require extended therapy for microbial clearance
despite established physician guidance of antibiotic de-
escalation and shortened courses of antibiotics to
improve drug stewardship.

Introduction
Sepsis is a life-threatening disease due to a dysregulated
host response to infection, triggering severe inflamma-
tion, tissue coagulopathy, and organ dysfunction." Sep-
sis accounts for 1 in 5 deaths globally, is the most
common cause of deaths in U.S. hospitals, and is more
prevalent worldwide than cancer, with an estimated
global annual burden of nearly 50 million cases and
11 million deaths.” Even with adherence to rapid diagno-
sis and treatment protocols, mortality averages 25% fol-
lowing severe sepsis or septic shock, with many
survivors experiencing lifelong physiological debilita-
tion with cognitive decline reflecting vascular and organ
damage.> ° The costs of sepsis treatment are escalating
and estimated to exceed $24 billion annually in the
U.S.° Despite this urgent medical need, few molecular
therapies exist for this condition.”®

Dysregulation of inflammation and coagulation dur-
ing sepsis are the primary sources of host-driven pathol-
ogy resulting in disability and death.” The excessive
presence of inflammatory cytokines in circulation and
tissues during sepsis and septic shock— termed the
“cytokine storm”— triggers severe systemic inflamma-
tion and resultant pathologic injury to vascular and
organ systems.'”" Although multiple cytokines that

www.thelancet.com Vol 78 Month April, 2022


http://creativecommons.org/licenses/by/4.0/

Articles

drive inflammatory tissue and vascular injury have been
implicated, their therapeutic modulation has yet to lead
to useful therapies and, in some cases, have increased
patient mortality.” " Dysregulation of blood coagula-
tion with pathologic thrombosis and hemorrhage—
termed disseminated intravascular coagulation (DIC)—
is the result of inflammatory cytokine-initiated coagula-
tion coupled with dysregulation of anti-coagulant and
fibrinolytic activities that lead to endothelial cell dys-
function and microvascular thrombosis.”'® Once the
DIC syndrome is triggered, these unrestrained activities
can cause stroke, myocardial infarction, embolism,
hemorrhage, and organ failure.

In the clinical setting, sepsis diagnosis is defined by
the appearance of multiple physiologic and biochemical
abnormalities that may include decreased oxygen satu-
ration, altered mental status, decreased systolic blood
pressure, abnormal serum creatinine, lactate, C-reactive
protein (CRP) and bilirubin, decreased platelet counts
and coagulopathic changes such as increased D-dimer,
thrombosis, or bleeding."” Biomarkers of inflammation
and coagulopathy remain exceedingly rare and those
identified have somewhat limited clinical utility (e.g.,
CRP, procalcitonin, IL-6, presepsin, CDG64, lipopolysac-
charide binding protein (LBP)).”*'® Currently, auto-
mated blood culture systems are the gold-standard to
detect bacteremia, which are coupled to diagnostic tech-
niques for pathogen identification.” Examples include
multiplex PCR (BioFire, bioMerieux), real time multi-
plex PCR (Xpert, Cepheid), DNA microarray (Verigene,
Luminex), and fluorescent in situ hybridization (PNA
Fish, AdvanDx). However, these techniques require pos-
itive blood cultures, detect only targeted pathogens, and
are influenced by prior antibiotic exposure. Thus, the
development of effective biomarkers and treatments for
sepsis requires a more complete understanding of host
responses and pathogenic mechanisms at early stages
of disease to minimize host-driven injury.*®

Recent approaches are beginning to reveal important
insights into the role of host responses and their impact
on sepsis. The Plasma Proteome Signature of Sepsis
(PPSS) is a functionally-connected network initially
identified as being common to five Gram-negative and
Gram-positive murine models of late-stage sepsis, with
similar changes in the expression of these proteins
observed in human sepsis.*’ Additionally, serum analy-
sis of sepsis patients revealed pathogenic-proteomic-sig-
natures for prediction of Staphylococcus aureus patient
mortality risk profiling.** However, an early detection
system that does not depend on blood culture or patho-
gen identification, and can stratify Gram-negative vs.
Gram-positive sepsis, would be immensely important to
patient care due to their potential vast differences in
antibiotic susceptibilities. Herein, we applied temporal
investigations of blood proteome remodeling in ST sep-
sis to provide a potential means for early sepsis diagno-
sis before overt symptoms or bacteremia, which is not
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available to late-stage sepsis studies alone, wherein host
responses and pathogenic mechanisms may consolidate
into a stereotypical process of aberrant inflammatory
and coagulopathic activities.*®

Methods

Bacterial strains and culture conditions

Salmonella enterica serovar Typhimurium (ST) reference
strain ATCC 14028 (CDC 6516-60), Escherichia coli
(EC) strain ATCC 25922 (clinical isolate, FDA strain
Seattle 1946), methicillin-sensitive Staphylococcus aureus
(MSSA) strain Newman, methicillin-resistant Staphylo-
coccus aureus (MRSA) strain CA-MRSA USA3o00, and
Streptococcus pneumoniae (SPN) serotype 2 strain D39
were grown as previously described.*®

Bacterial infections

ST was administered via gastric intubation at a dose of
1 x 107 colony forming units (cfu) (20X LD;,); EC and
SPN were administered i.p.; EC at a dose of 1 x 107 cfu
(10X LDy,) and SPN at a dose of 1 x 10* cfu (10X LDy,);
MRSA and MSSA were administered i.v.; MRSA at a
dose of 1 x 10® cfu (20X LD,,) and MSSA at a dose of
5 x 10° cfu (20X LD,,).”° Animal experiments were car-
ried out with 8—12-week-old C57BL/6] mice and used
equal numbers of males and females. All mice in the
study were provided sterile pellet food and water ad libi-
tum.

Sepsis time points

ST: t = o (pre-infection), t = 5 days (early sepsis), and
t = 8 days (late sepsis); EC: t = o (pre-infection), t=24 h
(early sepsis), and t = 48 h (late sepsis); MSSA: t = o
(pre-infection), t = 24 h (early sepsis), and t = 96 h (late
sepsis); MRSA: t = o (pre-infection), t = 24 h (early sep-
sis), and ¢t = 48 h (late sepsis); SPN: t = o (pre-infection),
t = 24 h (early sepsis), and t = 48 h (late sepsis).>® For
all five bacterial strains, disease severity and mortality
are directly proportional to increased bacterial cfu in the
bloodstream and not the bacterial dose or route of
administration.*®

Proteomics plasma sample preparation

Proteomics samples were prepared as described previ-
ously,”" with the exception of the depletion step, which
was optimized as described below. Albumin and immuno-
globulin depletion were performed by precipitating 1o uL
of plasma with pre-chilled acetone (20 °C), air-dried and
incubated for an hour at 4 °C with a mix of antibodies spe-
cific to albumin (SigmaAldrich LSKMAGL10) and IgA/G
(ThermoFisherScientific 88802), crosslinked to magnetic
92 beads. The eluate was collected and incubated once
more with magnetic beads. Protein eluates were cysteine-
reduced and alkylated with DTT and iodoacetamide,
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respectively, followed by overnight digestion with mass
spectrometry grade trypsin protease (PIERCETM 90057).
Equal amounts of protein digests from six time points
(days o, 2, 3, 4, 5, 8 post-infection) were labeled with spe-
cific isotopically-labeled tandem mass tags (TMT). Each
time point included plasma from two biological replicates
(two mice).

Proteomics data collection, analysis and interpretation
TMT-labeled sample from each biological replicate was
injected three times in a nano-Liquid Chromatography
system (nLC) connected inline to a LUMOS-Trybrid
Orbitrap tandem mass spectrometer (MS/MS). To
increase the number of peptides targeted for sequenc-
ing by MS/MS fragmentation, a two-dimensional (2D)
nLC prefractionation setup was used. The first dimen-
sion was a low resolution C18 reverse-phase separation
at high pH that produced 12 fractions. Each fraction
was in turn separated at low pH in a high resolution C8
reverse phase and ionized for MS/MS fragmentation
and MS determination. The separation and data collec-
tion methods were as described previously.*" Data pro-
tein identification assignments and TMT ratio
calculations were performed using the latest version of
MaxQuant (1.6.8).** Statistical calculations and plots
were done in RStudio (1.1.463). To identify and quantify
bacterial and host protein abundance simultaneously,
we combined the most updated proteome databases
from UniProtKB for Salmonella enterica serovar Typhi-
murium 14028 and the mouse strain C57BL/6]. Proteo-
mics data is provided in Supplementary Table 1: a,
network annotation; b, protein expression ratios; c, tem-
poral analysis; d, STRING network coordinates; e, net-
work calculations.

ELISA assays

Cytokine enzyme-linked immunosorbent assay (ELISA)
assays were performed and validated according to man-
ufacturer’s instructions, including IL-18 (BMS6ooz2;
Thermo Fisher Scientific), IL-6 (KMCoo61; Thermo
Fisher Scientific), IFNy (KMC4o021; Thermo Fisher Scien-
tific) and TNFo (BMS607-3; Thermo Fisher Scientific).

Coagulation factor and platelet assays

Coagulation factor assays. All clot-based coagulation
assays were performed on platelet-poor citrated plasma
in duplicate using an ST-4 semi-automated coagulome-
ter (DiagnosticaStago, NJ). Chromogenic substrate-
based assays were performed with SpectraMax iD3
Multi-Mode Microplate Reader (Molecular Devices,
CA). The methodology of all coagulation studies were
performed according to established protocols.***> Plate-
let Assays. Approximately 20 PL of whole blood col-
lected from mice by cardiac puncture was added to
microtainer tubes with EDTA (BD Biosciences) and

analyzed within 2 h of collection using a Hemavet 950
FS instrument (Drew Scientific) programmed with
mouse hematology settings.*

Alkaline phosphatase assay

Mice were infected via gastric intubation with ST
(5 x 10° cfu) and blood was collected into microtainer
serum separator tubes (BD Biosciences) with no antico-
agulant and allowed to clot for 30 m at room tempera-
ture. Serum was collected after centrifugation at
13,000 rpm for 10 m. Serum chemistry analyses,
including measurements of alkaline phosphatase (AP)
activity, were acquired with a VetScan Comprehensive
Diagnostic Profile reagent rotor using the VetScan
Chemistry Analyzer as previously reported.*®

Neuraminidase assay

Mice were infected via gastric intubation with ST
(5 x 10° cfu) and blood was collected into K, EDTA
microtainer tubes (BD Biosciences) and mixed on a rota-
tor for 10 m at room temperature. Plasma was collected
after centrifugation at 13,000 rpm for 10 m. Neuramini-
dase (Neu) activity was detected via Amplex Red
(Thermo Fisher Scientific) using 25 pL plasma as per
manufacturer recommendations. Control Neu activity
was determined using a neuraminidase standard
(Arthrobacter ureafaciens; EY Laboratories) serially
diluted 2-fold in PBS starting at 500 U/L.

Matrix metalloproteinase inhibitor treatment

Mice were infected via gastric intubation with ST
(5 x 10° cfu). At 2 h post-infection, mice were treated
with MMP inhibitor, GMG6oor1 (inhibits MMP 1/2/3/8/
9; CCrroo, Millipore Sigma Aldrich),*® administered i.
p- at a dose of 200 g per mouse per day for 8 days;
vehicle control mice were administered GMG6oo1 dilu-
ent on the same treatment regimen.

Antibiotic treatment

Mice infected via gastric intubation with ST (107 cfu)
were treated with the following dosing regimens: ceftri-
axone (50 mg/kg/day) or ciprofloxacin (30 mg/kg/day)
were administered every 12 h via the intraperitoneal
route of administration on the days indicated.

Ethics

All animal experimentation was conducted following
the National Institutes of Health guidelines for housing
and care of laboratory animals and performed in accor-
dance with Institutional regulations after pertinent
review and approval by the Institutional Animal Care
and Use Committees at the University of California,
Santa Barbara (#445) and Sanford Burnham Prebys
Medical Discovery Institute (#A3053) (La Jolla, CA).
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Not S. Typhimurium E. coli MSSA MRSA S. pneumoniae
infected
Analyte (% NMP) Early Late Early Late Early Late Early Late Early Late
sepsis sepsis sepsis sepsis sepsis sepsis sepsis sepsis sepsis sepsis
(Day 5) (Day 8) (24 h) (48 h) (24 h) (96 h) (24 h) (48 h) (24 h) (48 h)
Antithrombin 142 134 108* 108* 91* 104* 123 120 109* 143 79%
Protein C 106 90 87 107 100 85 172% 135% 131 82* 76*
Protein S 97 84 131* 210* 171* 181* 131* 193* 221* 93 151%
«-2 antiplasmin 165 167 159 170 146 158 246* 200 224* 173 153
Fibrinogen (mg/dL) 218 292* 383* 577* 429* 675% 839*% 720* 964* 325* 399*
Factor Il 87 97* 99% 123* 98* 118* 179* 129% 131* 79* 65%
Factor V 75 82 107* 151* 127* 109* 189* 129* 128* 68 60*
Factor VI 73 78 92% 102* 79 94* 157% 118* 114* 60* 61*
Factor VIII 76 78 64 72 63 89 190* 100* 119* 63 49*
Factor IX 82 76 84 79 69 74 166* 101* 120* 67* 54*
Factor X 91 89 74* 107* 91 87 17* 11* 118* 77* 58*
Factor XI 66 82* 190* 78* 86* 91* 180* 89* 110* 51% 81*
Factor Xl 95 81* 77* 88 88 54* 64* 74* 66* 103* 92
vWF 100 82 121 230* 255% 239% 389*% 220% 328* 109 108
Table 1: Temporal analysis of coagulation factor activities in mice infected with Gram-negative and Gram-positive pathogens.
Mice were infected with S. Typhimurium, E. coli, MSSA, MRSA or S. pneumoniae as described in the methods and plasma was collected at the indicated times
and analyzed for coagulation activities. Mean % values are relative to mouse normal pooled plasma (NMP). Pathogen and time were included as independent
variables and the results of each analyte as dependent variables. Time, pathogen and the interaction between time and pathogen were significant (*P < 0.05).
Pairwise comparisons were performed between uninfected mice (n = 60) and early (n = 12) and late (n = 12) septic mice for each analyte and pathogen. Benja-
mini-Hochberg was utilized to adjust P values for multiple comparisons.

Statistics

Student’s unpaired t-test was used to compare the
means of two groups for cytokine and platelet analyses;
GraphPad Prism software version 8.0 was used to deter-
mine statistical significance determined by unpaired 2-
tailed t-test. Log-rank (Mantel-Cox) test was used to
compare differences in survival between groups for
Kaplan-Meier survival curves; significance was deter-
mined using GraphPad Prism version 9.o0. P values of
less than o.o5 were considered significant. The exact
value of n, representing the number of mice, was indi-
cated in the figure legends. Proteomic responses to
infection were screened according to the ratio of the
amount of each protein following infection relative to
pre-infection (Supplementary Table 1b) as described
previously.*" A two-sample t-test was calculated, based
on three technical replicates (injections) per sample in
control and sepsis samples. Inflammatory and coagulo-
pathic proteins with changes in the ratio of sepsis/con-
trol (SE/CTL) of >0.6 (log2)/1.5-fold, (natural number),
with P values < o.1 selected to be included in the subse-
quent assessment of activity experiment. The statistical
analysis of Tables 1 and 2 as well as the protein expres-
sion ratios in Supplementary Table 1b was conducted
utilizing RStudio.*” As the data was not normally dis-
tributed, the distribution of the data was analyzed using
Permutational Multivariate Analysis of Variance utiliz-
ing the vegan package.*® Table 1: Pathogen and time
were included as independent variables and the results
of each analyte as dependent variables. Time, pathogen
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and the interaction between time and pathogen were
significant (P < 0.05). Pairwise comparisons were per-
formed between uninfected mice (n = 6o) and early
(n = 12) and late (n = 12) septic mice for each analyte
and pathogen. Benjamini-Hochberg was utilized to
adjust P values for multiple comparisons. Table 2: Time
and treatment were included as independent variables
and the results of each analyte as dependent variables.
Time, treatment and the interaction between time and
treatment were significant (P < o.05). Pairwise compar-
isons were performed between the untreated and the
corresponding treated group for each analyte (early sep-
sis: untreated vs. treated; late sepsis: untreated vs.
treated). Benjamini-Hochberg was utilized to adjust P
values for multiple comparisons. n = 15 mice per group.

Role of funders
Funders had no role in the study design, data collection,
data analyses, interpretation, or writing of the report.

Results

A distinct pattern of coagulation factor protein
abundance in the pre-septic state was predictive of
coagulopathic activities during late-stage disease
Plasma proteomics was determined at five time points
post-ST infection (day o, 2, 3, 4, 5, 8). Early-onset
remodeling of the plasma proteome occurred in a



Articles

S. Typhimurium — GM6001

+ GM6001

Late sepsis (Day 8)

Not infected Early sepsis (Day 5) Late sepsis (Day 8)

Analyte (% NMP) Not infected Early sepsis (Day 5)
Fibrinogen (mg/dL) 189 227

Factor Il 76 67

Factor V 83 80

Factor VIl 93 20

Factor VIII 72 74

Factor IX 70 64

Factor X 87 81

Factor XI 72 71

Factor XII 84 78

351
46
60
105
53
90
45
260
61

152 261 226*
73 73 76*
70 80 92%
81 104 m
58 94 72

52% 60 60*
82 82 75%
62 51% 70%
77 66 64

Table 2: Effect of MMP inhibitor GM6001 on coagulation factor activities during S. Typhimurium sepsis.

Mice were orally infected with S. Typhimurium (107 cfus) and treated in the presence/absence of MMP inhibitor, GMGoor. Plasma was collected at the indi-
cated times and analyzed for coagulation activities. % values are relative to mouse normal pooled plasma (NMP). Time and treatment were included as indepen-
dent variables and the results of each analyte as dependent variables. Time, treatment and the interaction between time and treatment were significant
(*P < o.05). Pairwise comparisons were performed between the untreated and the corresponding treated group for each analyte (early sepsis: untreated vs.
treated; late sepsis: untreated vs. treated). Benjamini-Hochberg was utilized to adjust P values for multiple comparisons. n = 15 mice per group.

narrowly-timed, catastrophic fashion by day 4 post-
infection—prior to onset of overt disease symptoms or
bacteremia— and correlated with the onset of tissue col-
onization (Figure 1a—c). Examples include the early-
onset detection of the acute-phase immune response
proteins, CRP and LBP, which are benchmark bio-
markers for human sepsis”*'®; and increased abun-
dance of immune modulator proteins CDi4 and
myeloperoxidase (MPO) that stimulate TLR4 and neu-
trophil activation®3° (Figure 1a). As expected, such
changes ultimately led to proinflammatory cytokine pro-
duction during late-stage sepsis (IL-18, IL-6, IFNy,
TNFa) (Figure 1d). Further, marked overlap was
observed with recently-discovered proteomic-signatures
of Gram-positive S. aureus patient mortality, sharing 14
of the top 25 biomarkers, including decreased expres-
sion of anticoagulant heparin cofactor 2 (HCF2) and
increased expression of hemostasis proteins fibronectin
and proteoglycan 4 (PRG4).”* However, immensely
important to patient care are early-onset changes that
are not available to late-sepsis studies alone wherein
host responses and pathogenic mechanisms may con-
solidate into stereotypical processes of aberrant inflam-
matory and coagulopathic activities.

To this end, we identified 119 plasma proteins that
exhibited a significant change in expression relative to
uninfected animals, including specific time-dependent
functional interactions that occur at early versus late
stages of disease (Supplementary Figure 1; Supplemen-
tary Table 1a—e).” A distinct pattern of coagulation fac-
tor protein abundance in the pre-septic state was
identified including factor XI (FXI) and fibrinogen sub-
units (FGA, FGB, FGG), concomitant with a progressive
reduction in abundance of protease inhibitors anti-
thrombin-IIT (AT-1II), HCF2, and alpha-1-antitrypsin
(AAT) (Figure 1b). Further, the changes in protein abun-
dance observed in ST murine sepsis generally have the

same directionality (increased or decreased abundance)
as reported in the literature for human sepsis (Supple-
mentary Table 1b,c).”" Notably, this distinct pattern of
coagulation factor abundance was predictive of coagulo-
pathic activities that occurred during late-stage disease.
Examples include increased fibrinogen as well as
increased protein S, FII, FV, FVII, and FXI activities,
coupled with diminished levels of AT-III, FX, and FXII
activities during ST sepsis (Table 1).

Gram-negative infections elicited similar changes of
coagulopathic activities during sepsis

Significant overlap of ST coagulopathic activities was
observed in Gram-negative E. coli sepsis, but not in
Gram-positive sepsis models studied herein. Examples
include increased fibrinogen as well as increased protein
S, FII, FV, and FXI activities, while exhibiting dimin-
ished levels of AT-III activity (Table 1). In contrast,
Gram-positive organisms, including methicillin-sensitive
(MSSA) and methicillin-resistant (MRSA) S. aureus, eli-
cited a general pattern of increased coagulation factor
activation (e.g., FII, FV, FVII — XI), while S. pneumoniae
elicited a specific pattern of decreased coagulation factor
activation (e.g., FII, FV, FVII — FX). Additionally, con-
trary to the specific coagulation factor changes observed
during Gram-negative sepsis, a shared moderate throm-
bocytopenia was elicited by all Gram-negative and Gram-
positive organisms tested herein (Figure 2).

Treatment with matrix metalloprotease inhibitors
prevented aberrant inflammatory and coagulopathic
activities and increased the frequency of survival post
ST infection

Host matrix-metalloproteinases (MMPs) play important
roles in endothelial cell function, inflammation and
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Figure 1. Temporal changes to the plasma proteome, cfus in circulation, and innate immune cytokines following S. Typhi-
murium infection. Plasma proteomics was determined by MS analysis of samples collected from mice at five time points post-S.
Typhimurium (ST) infection (day 0, 2, 3, 4, 5, 8). Heatmap representation of the fold-change (Log,) of (a) functional sub-networks
and (b) coagulation pathways upon unsupervised hierarchical clustering (n = 2 mice). Supporting proteomics data is provided in
Supplementary Table 1: a, network annotation; b, protein expression ratios; ¢, temporal analysis; d, STRING network coordinates; e,
network calculations. ¢, Mice were infected with ST and assessed for cfus in circulation and spleen (n = 6 mice). Limit of detection
(LOD) = 100 cfu/mL blood; 50 cfu/gram spleen. d, Matched samples from the plasma proteome analysis were assessed for innate
immune cytokine analysis via ELISA (d = days; n = 3 mice/time point). *P < 0.05; **P < 0.01; ***P < 0.001.
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or S. pneumoniae (i.p.; 10* cfu) and blood was assessed for platelet abundance via Hemavet analysis. n = 16 mice/cohort. Data are

presented as means £ SEM (***P < 0.001).

coagulation.”” ** Thus, we questioned whether the
administration of the MMP inhibitor, GM6oo1,”° could
prevent aberrant inflammatory and coagulopathic activi-
ties post-ST infection. Daily intraperitoneal administra-
tion of GMGoor prevented the induction of host
neuraminidase (Neu) activity and associated desialyla-
tion and accelerated clearance of host anti-inflammatory
alkaline phosphatase (AP) activity involved in LPS
detoxification (Figure 3a,b).”° The presence of MMP
inhibitor also reversed coagulopathic changes as evi-
denced by blocking the induction of fibrinogen and FXI
activity and preventing consumption of multiple coagu-
lation factors (e.g., FII, FV, FIX, FX) (Table 2). Addition-
ally, the presence of GMG6oo1 reduced bacterial cfus in
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circulation and spleen (Figure 4a), and improved mouse
survival post-ST infection (Figure 4b). Co-incubation of
GMoG6oor with ST in vitro had no effect on bacterial via-
bility or proliferation, which is consistent with GM60oo1
therapeutic effects acting through host molecular tar-
gets vs. direct action on the bacterium (Figure 4c).

Antibiotic treatment regimens initiated after specific
changes arise in the plasma proteome were predictive
of increased disease relapse and death after cessation
of antibiotic treatment

Antibiotic treatment was initiated before and after blood
proteome remodeling and presence of cfus in
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(***P < 0.001).

circulation. As expected, daily treatment with ciprofloxa-
cin (Figure 5a) or ceftriaxone (Figure 5b) initiated at day
3, 4, 5, or G post ST-infection effectively cleared cfus
from circulation in nearly all mice by day & (119/120
mice; Supplementary Table 2). Such treatment resulted
in little-to-no overt disease symptoms through day 12
when treatment was ceased in all mouse cohorts. In
comparison, 12/15 untreated mice showed high blood
cfus at day 8 (>10*—107 cfus/mlL), with all (15/15)
untreated mice succumbing to infection between days 8
and 11. Thus, as observed in the clinical setting,>** anti-
biotic treatment was effective in promoting bacterial
clearance and survival even when initiated later in the
disease process (day 5, 6), despite extensive blood prote-
ome remodeling and cfus in circulation and/or spleen
at the time of treatment (Figure ra—c).

Next, we assessed whether antibiotic treatment regi-
mens initiated after specific changes arise in the plasma
proteome were predictive of increased disease relapse
and death after cessation of antibiotic treatment. Antibi-
otics were removed at day 13 in all treated cohorts. Cip-
rofloxacin treatment initiated on day 3 was significantly
more effective at preventing disease relapse and death
relative to regimens that initiated treatment later post-
infection (day 3 vs. 4, 5, 6) (Figure 5a). Notably, day 3
precedes blood proteome remodeling, with nearly all
mice exhibiting below-detectable levels of cfus in the
spleen (5/6 mice) and in circulation (6/6 mice) when
antibiotic treatment was initiated (Figure rta—c). Never-
theless, ~40% of mice which initiated treatment on day
3 succumbed to infection after removal of ciprofloxacin
presumably due to low-level cfus seeding antibiotic-priv-
ileged tissues such as the gallbladder.’® A similar trend
was observed following ceftriaxone treatment (day 3,
4 vs. 5, 6) (Figure 5b). These data indicate that antibiotic
treatment regimens initiated after specific changes arise

in the plasma proteome were predictive of increased dis-
ease relapse and death after termination of antibiotic
therapy.

Discussion

An alternative to the current symptom-based approach
used to diagnose sepsis is a precise assessment of blood
proteomic changes during the onset and progression of
sepsis to identify biomarkers at early stages of disease to
minimize host-driven pathology. Herein, we identified
a distinct pattern of coagulation factor protein abun-
dance in the pre-septic state— prior to overt disease
symptoms or bacteremia— that was predictive of the
dysregulation of fibrinolytic and anti-coagulant activities
and resultant consumptive coagulopathy during ST sep-
sis. Significant overlap of ST coagulopathic activities
was observed in Gram-negative EC sepsis but not
among Gram-positive sepsis models studied herein.
Sepsis can thus be potentially stratified by different dis-
ease mechanisms elicited by discrete pathogens, dispel-
ling the prevailing notion that sepsis manifests as a
stereotypical process spanning inflammation and coa-
gulopathy. MMP inhibitor therapeutic intervention pre-
vented aberrant inflammatory and coagulopathic
activities, reduced microbial cfus in blood and tissues,
and improved survival post-ST infection. Antibiotic
treatment regimens initiated after blood proteomic
changes were predictive of an increase in disease relapse
and death after cessation of antibiotics, and may reflect
inadequate bacterial clearance associated with increased
host-driven pathology. Such treatment failure provides
a rationale as to why delays in antibiotic administration
in human sepsis are associated with increased risk for
death.
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Figure 4. Effect of MMP inhibitor treatment on bacterial cfus and survival post-S. Typhimurium infection. Mice were infected
via gastric intubation with S. Typhimurium (5 x 10° cfu). At 2 h post-infection, mice were treated in the presence and absence of
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assessed for viability.

Marked changes to the blood proteome occurred
prior to bacteremia, suggesting that tissue colonization
and resultant pathogen-associated molecular patterns
(PAMPs) and/or damage associated molecular patterns
(DAMPs) trigger copious changes to the blood proteome
at early stages post-ST infection.’” Such altered blood
proteomics provides a platform to develop rapid and
easy-to-perform tests to forecast sepsis for early inter-
vention via biomarker panels that can be incorporated
into existing blood tests prompted by patient presenta-
tion with general malaise and to stratify Gram-negative
and Gram-positive infections for appropriate treatment.
Clinical benefit is evident by the acquisition of risk pro-
file data well-before overt disease symptoms that are
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necessary for SOFA and qSOFA scores used to evaluate
ICU and non-ICU patients, respectively.3®

Validation of this approach was established by the
early-onset detection of the acute-phase immune
response proteins, CRP and LBP, which are benchmark
biomarkers for human sepsis;”*'® early-onset increased
abundance of immune modulator proteins CD14 and
MPO  that stimulate TLR4 and neutrophil
activation;*?*° and marked overlap of proteomic
changes with recently discovered pathogenic-proteomic-
signatures for prediction of SA patient mortality.**
Additionally, blood from sepsis patients has been used
for (i) the development of DNA-based tests to identify
microbes and their resistance, (if) host-response RNA,
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(i1) novel biomarkers and rapid tests that detail risk pro-
files®?; and (iv) the discovery that the source of infection
contributes to the heterogeneity of the host response.*°

A distinct pattern of coagulation factor protein abun-
dance in the pre-septic state was identified including
FXI and fibrinogen subunits, concomitant with a pro-
gressive reduction in abundance of protease inhibitors
AT-III, HCF2, and AAT. Moreover, the changes in pro-
tein abundance observed in ST murine sepsis generally
have the same directionality (increased or decreased
abundance) as reported in the literature for human sep-
sis. Additionally, coagulation factor abundance was pre-
dictive of coagulopathic activities that occurred during
ST sepsis; e.g., increased fibrinogen as well as increased
protein S, FII, FV, FVII, and FXI activities, coupled
with diminished levels of AT-III, FX, and FXII activities.
Significant overlap of ST coagulopathic activities was
observed in Gram-negative E. coli sepsis. In contrast,
Gram-positive organisms, including MSSA and MRSA
elicited a general pattern of increased coagulation factor
activation, while S. pneumoniae elicited a specific pattern
of decreased coagulation factor activation. These data
suggest that early-onset coagulation protein abundance
is predictive of the dysregulation of fibrinolytic and anti-
coagulant activities and resultant consumptive coagul-
opathy during Gram-negative sepsis. FXI plays a princi-
pal role in coagulopathy as its activation promotes
thrombosis,*"** is detrimental to the host in several
experimental sepsis models,**** and has been explored
as a target for inhibition in sepsis.**®

Reduced platelet abundance is a key component of
outcomes in Gram-positive sepsis as platelets contribute
to both host thrombosis and microbial killing activity
and thus the importance of platelet abundance and its

regulation in the pathogenesis of sepsis can be protec-
tive or deleterious to the host depending upon the
microbial source of infection.*”” 42 Contrary to the spe-
cific coagulopathic changes observed during Gram-neg-
ative sepsis, we show that a moderate thrombocytopenia
is a shared response among all five Gram-negative and
Gram-positive pathogens tested herein. A moderate
thrombocytopenia has been previously linked to Gram-
positive sepsis due to the desialylation of platelets by
either the pathogen or the host in early sepsis followed
by platelet clearance involving the hepatic Ashwell-Mor-
ell receptor (AMR).#9 5

MMPs are key regulators of the inflammation/coag-
ulation response and are potential targets for diagnos-
tics and therapeutics.’> MMPs are increased > 8-fold in
the circulation of sepsis patients and are correlated with
increased mortality.>">*% Additionally, MMP activity is
increased > 4-fold in circulation in a murine sepsis
model’’; and MMP inhibitors protect against vascular
hyporeactivity in models of acute endotoxemia in
rats.>*> Herein, administration of GM60oo1 prevented
increased bacterial cfus in circulation and spleen and
improved mouse survival post-ST infection. Such thera-
peutic intervention is due, in part, to blocking the induc-
tion of host Neu activity, which facilitates clearance of
desialylated anti-inflammatory AP enzymes by the
hepatic AMR receptor,*® thereby restoring the host-pro-
tective mechanism of LPS de-toxification by circulating
AP enzymes. Clinical significance is evidenced by
human trials indicating that AP administration reduced
anti-inflammatory effects in sepsis and ulcerative col-
itis.*® 5% GMGoor administration also reversed coagu-
lopathic changes as evidenced by blocking the induction
of fibrinogen and FXI activity and preventing
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consumption of multiple coagulation factors (e.g., FII,
FV, FIX, FX). Co-incubation of GM6oor1 with ST in vitro
had no effect on bacterial viability or proliferation, sug-
gesting the therapeutic effects act through host molecu-
lar targets. Our findings further support the hypothesis
that investigation into the contribution of MMPs to sep-
sis pathogenesis may lead to new sepsis diagnostics and
therapies.

Time to antibiotic treatment is the principal tenet for
improved patient outcome during emergency care for
sepsis,’* and is consistent with the “Surviving Sepsis
Campaign” recommendations for early and aggressive
antibiotics for all patients with possible sepsis or septic
shock.>> However, diagnostic uncertainty due to the cur-
rent symptom-based approach used to diagnose sepsis
runs the risk of damage to uninfected-but-suspected
patients and virally-infected patients, who are subjected
to antibiotic-related risks without any of the benefits.>®
This study demonstrates that antibiotics are less effec-
tive in microbial clearance after the onset of altered
blood proteomics as evidenced by increased disease
relapse and death after termination of antibiotic ther-
apy. Treatment failure may be due to altered bacterial /
host-responses commensurate with increased host-
driven pathology, providing insight into why delays in
antibiotic administration in human sepsis are associ-
ated with increased risk for death. Delayed treatment
may thus require prolonged duration for microbial
clearance despite the prevailing notion of antibiotic de-
escalation and shortened courses of antibiotics to
improve drug stewardship.®®
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