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ORIGINAL CLINICAL REPORT

Pharmacologic and Genetic Downregulation of 
Proprotein Convertase Subtilisin/Kexin Type 9 
and Survival From Sepsis
OBJECTIVES: Treatments that prevent sepsis complications are needed. 
Circulating lipid and protein assemblies—lipoproteins play critical roles in clearing 
pathogens from the bloodstream. We investigated whether early inhibition of pro-
protein convertase subtilisin/kexin type 9 (PCSK9) may accelerate bloodstream 
clearance of immunogenic bacterial lipids and improve sepsis outcomes.

DESIGN: Genetic and clinical epidemiology, and experimental models.

SETTING: Human genetics cohorts, secondary analysis of a phase 3 random-
ized clinical trial enrolling patients with cardiovascular disease (Evaluation of 
Cardiovascular Outcomes After an Acute Coronary Syndrome During Treatment 
With Alirocumab [ODYSSEY OUTCOMES]; NCT01663402), and experimental 
murine models of sepsis.

PATIENTS OR SUBJECTS: Nine human cohorts with sepsis (total n = 12,514) 
were assessed for an association between sepsis mortality and PCSK9 loss-
of-function (LOF) variants. Incident or fatal sepsis rates were evaluated among 
18,884 participants in a post hoc analysis of ODYSSEY OUTCOMES. C57BI/6J 
mice were used in Pseudomonas aeruginosa and Staphylococcus aureus bacte-
remia sepsis models, and in lipopolysaccharide-induced animal models.

INTERVENTIONS: Observational human cohort studies used genetic PCSK9 
LOF variants as instrumental variables. ODYSSEY OUTCOMES participants 
were randomized to alirocumab or placebo. Mice were administered alirocumab, 
a PCSK9 inhibitor, at 5 mg/kg or 25 mg/kg subcutaneously, or isotype-matched 
control, 48 hours prior to the induction of bacterial sepsis. Mice did not receive 
other treatments for sepsis.

MEASUREMENTS AND MAIN RESULTS: Across human cohort studies, the 
effect estimate for 28-day mortality after sepsis diagnosis associated with ge-
netic PCSK9 LOF was odds ratio = 0.86 (95% CI, 0.67–1.10; p = 0.24). A 
significant association was present in antibiotic-treated patients. In ODYSSEY 
OUTCOMES, sepsis frequency and mortality were infrequent and did not sig-
nificantly differ by group, although both were numerically lower with alirocumab 
vs. placebo (relative risk of death from sepsis for alirocumab vs. placebo, 0.62; 
95% CI, 0.32–1.20; p = 0.15). Mice treated with alirocumab had lower endotoxin 
levels and improved survival.

CONCLUSIONS: PCSK9 inhibition may improve clinical outcomes in sepsis in 
preventive, pretreatment settings.

KEYWORDS: endotoxins; lipid regulating agents; proprotein convertase 
subtilisin/kexin type 9; sepsis; septic shock

Sepsis is a life-threatening dysregulated host response to infection (1). In 
2017, the worldwide estimated annual incidence of sepsis was 48.9 mil-
lion cases, with a reported 11 million sepsis-related deaths, represent-

ing approximately 20% of all global deaths (2). No drugs have been approved 
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specifically for the prevention or treatment of sepsis, 
and antibiotics and supportive care remain the main-
stay of treatment (3). A challenge in the management 
of sepsis is that patients often present beyond a window 
where treatments may provide benefit. Accordingly, 
new approaches based on preventive treatments—tar-
geted at those at risk for sepsis—may present strategies 
to improve clinical outcomes, although such a hypo-
thesis remains untested.

Sepsis is accelerated by the immune response to 
bacterial cell wall lipid components, including the en-
dotoxin lipopolysaccharide (LPS), and hence accel-
erating endotoxin clearance from the bloodstream 
may reduce sepsis severity and improve clinical out-
comes. Endotoxins are cleared from the bloodstream 
via their incorporation into constitutively circulating 
lipoproteins, including low-density lipoprotein (LDL) 
and other lipoproteins, which are in turn cleared from 
the circulation by hepatic LDL receptors (LDLRs) (4). 
Proprotein convertase subtilisin/kexin type 9 (PCSK9) 
binds to the LDLR, promotes its lysosomal degrada-
tion, and prevents its recycling to the hepatocyte sur-
face. Inhibiting PCSK9 increases hepatocyte LDLR 
availability and in turn LDL clearance; it may therefore 
accelerate the removal of pathogenic endotoxins from 

the bloodstream (5–8), preventing or mitigating the 
severity of sepsis. Supporting this hypothesis, PCSK9 
loss-of-function (LOF) genetic variants have been asso-
ciated with increased survival in modest-sized cohorts 
of patients with sepsis (9). PCSK9-deficient mice and 
mice treated with antibodies against PCSK9 may have 
better outcomes in sepsis models (4), although this has 
not been consistently observed (10). No data on the 
use of clinically available PCSK9 inhibitors and septic 
outcomes are available.

Accordingly, we evaluated the potential role for pre-
ventive PCSK9 inhibition in sepsis, hypothesizing pri-
marily that it may improve sepsis survival as well as, 
secondarily, reducing the frequency of sepsis. We first 
evaluated whether PCSK9 LOF genetic variants were 
associated with improved sepsis survival in a meta-
analysis of nine cohorts. Second, in a post hoc analysis 
of a large, placebo-controlled cardiovascular outcomes 
trial, we evaluated whether long-term treatment with 
the PCSK9 inhibitor alirocumab was associated with 
reduced occurrence and number of deaths. Third, we 
evaluated whether pretreatment with pharmacologic 
PCSK9 inhibition may accelerate endotoxin clearance 
from the bloodstream and improve survival in mice 
following experimental induction of sepsis.

 
KEY POINTS

Question: What is the impact of early proprotein 
convertase subtilisin/kexin type 9 (PCSK9) inhibi-
tion on sepsis outcomes.

Findings: Human genetic cohort studies dem-
onstrated a nonsignificant trend toward improved 
survival among carriers of PCSK9 loss-of- 
function genetic variants. In a post hoc analysis 
of a randomized clinical trial, alirocumab-treated 
patients reported nonsignificantly fewer incident 
and fatal sepsis vs. placebo-treated patients. In  
murine models of sepsis, PCSK9 inhibition with 
alirocumab significantly reduced circulating levels 
of bacterial endotoxins and improved survival.

Meaning: Taken together, although not all results 
reached statistical significance, data from these 
analyses suggest that PCSK9 inhibitor pretreat-
ment may possibly improve sepsis outcomes.
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MATERIALS AND METHODS

Patient Cohorts

The association between sepsis mortality and the 
LOF variant R46L (rs11591147) in PCSK9 was tested 
separately in nine cohorts, totaling 3236 patients 
with sepsis who died (cases) and 9274 with sepsis 
who survived (controls), with further details below: 
DiscovEHR, a unique cohort dataset as a result of col-
laboration between Geisinger Health System (GHS) 
and Regeneron Genetics Center (RGC), Regeneron 
Pharmaceuticals, Inc. (11), partnership GENetics 
of SEPsis (12), St. Paul’s Hospital (Vancouver, BC, 
Canada) (4), Vasopressin and Septic Shock Trial (4, 
13), the U.K. Biobank (UKB) (14), the Trøndelag 
Health Study/Norwegian University of Science and 
Technology (15), Copenhagen and Estonian Biobank, 
and Kaiser Permanente Resource for Genetic 
Epidemiology Research on Adult Health and Aging 
(16, 17). All cohort studies were approved by their 
relevant research ethics review boards, and informed 
consent was collected from all participants. The study 
analyzed sepsis based on the Third International 
Consensus Definitions for Sepsis (Sepsis 3) framework 
(1). Studies were stratified on the basis of their sepsis 
ascertainment. Tier 1 studies defined sepsis clinically 
or using International Classification of Diseases, 10th 
Revision (ICD-10) codes R65.2, R65.20, and R65.21 
(suspected or confirmed infection and acute organ 
failure). Tier 2 studies defined sepsis using ICD-10 
codes A40/A41 (suspected or confirmed infection and 
additional greater than or equal to 1 ICD-10 codes for 
organ failure [cardiogenic shock: I50 or R57.0; liver 
failure: K72; acute kidney failure: N17; or bone mar-
row failure D69] at the time of sepsis hospitalization). 
Association results were combined across cohorts 
using an inverse-variance weighted fixed-effects 
meta-analysis. Mortality was defined as death within 
28 days of admission to the hospital.

The primary genetic instrument, PCSK9 variant 
p.Arg46Leu (rs11591147, alternative allele frequency 
[AAF] 0.012), a missense variant (18), was chosen 
based on relative frequency and availability in the 
above cohorts. Several other PCSK9 variants were 
evaluated for their association with 28-day mortality, 
including LOF variant p.Ala53Val (rs11583680), LOF 
variant p.Val474Ile (rs562556), and gain-of-function 
variant p.Gly670Glu (rs505151). In the UKB, the LDLR 

intronic variant in the LDLR (rs6511720; AAF 0.12), 
which increases expression of the LDLR and low-
ers LDL cholesterol (LDL-C) (19), was examined for 
a possibly consistent and additive effect with PCSK9 
rs11591147.

Further details for each patient cohort are provided 
in the Additional Text S1 (http://links.lww.com/CCX/
B264).

Secondary Analyses of a Randomized Clinical 
Trial

The Evaluation of Cardiovascular Outcomes After an 
Acute Coronary Syndrome During Treatment With 
Alirocumab (ODYSSEY OUTCOMES; ClinicalTrials.
gov Identifier: NCT01663402) trial was a randomized, 
parallel-group, double-blind, placebo-controlled clin-
ical trial that evaluated the effect of alirocumab on car-
diovascular outcomes in patients recently (4–52 wk) 
hospitalized for an acute coronary syndrome (20). 
Details on the study protocol and analysis of sepsis are 
provided in Additional Text S1 (http://links.lww.com/
CCX/B264).

Experimental Models of Sepsis

Details of bacterial strains and culture, bacteremia 
sepsis models, and LPS-induced animal models are 
presented in Additional Text S1 (http://links.lww.com/
CCX/B264).

An overview of the study approaches (as well as the 
key findings) are shown schematically in Figure S1 
(http://links.lww.com/CCX/B264).

Ethics Approval and Consent to Participate

For all patient cohort studies and the ODYSSEY 
OUTCOMES trial, informed consent was col-
lected from all participants prior to participation 
(20). The studies were conducted in accordance with 
the Declaration of Helsinki and the International 
Conference on Harmonization Guidelines for Good 
Clinical Practice. All mouse studies were overseen and 
approved by Regeneron’s Institutional Animal Care 
and Use Committee (IACUC) and were performed in 
accordance with relevant guidelines under approved 
Institutional Animal Care & Use Committee protocols 
314, 323, and 467 (no study specific approval number 
available).

http://links.lww.com/CCX/B264
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RESULTS

PCSK9 LOF Genetic Variants and Sepsis 
Mortality

Nine human cohorts (12,514 patients) with sepsis 
were analyzed. Overall, 28-day mortality was 25.9% 
(range, 23.3–46.8%) (Table S1, http://links.lww.com/
CCX/B264). Meta-analysis did not show a signifi-
cant association between the PCSK9 partial LOF var-
iant rs11591147 and lower 28-day mortality (odds 
ratio [OR], 0.86; 95% CI, 0.67–1.10; p = 0.245; Fig. 1),  
although the effect estimate favored lower 28-day mor-
tality. Restricting to the five cohorts that used ICD 
codes which are potentially more specific for sepsis  
revealed similar results (OR, 0.86; 95% CI, 0.59–1.26;  
p = 0.450; Fig. S2, http://links.lww.com/CCX/B264).

Additional analyses were performed in the GHS, 
where more detailed data were available. First, the asso-
ciation between other PCSK9 variants and 28-day sur-
vival was examined, including: LOF variant p.Ala53Val 
(rs11583680) (OR, 0.81; 95% CI, 0.65–1.00; p = 0.046); 
LOF variant p.Val474Ile (rs562556) (OR, 1.10; 95% 
CI, 0.92–1.33; p = 0.291); and gain-of-function variant 
p.Gly670Glu (rs505151) (OR, 1.16; 95% CI, 0.82–1.64; 

p = 0.402) (Table S2, http://links.lww.com/CCX/
B264). Sensitivity analyses of the association between 
the primary instrumental variable, rs11591147, and 
sepsis survival were performed in GHS participants 
(Table S3, http://links.lww.com/CCX/B264); this in-
cluded the subset of patients receiving antibiotics, in 
whom rs11591147 was associated with increased sur-
vival (OR, 0.36; 95% CI, 0.16–0.82; p = 0.02). Finally, 
given that statins also upregulate LDLR, we evaluated 
the association between statin treatment and sepsis 
mortality. Among 8412 patients who survived sepsis, 
3992 (47.5%) were taking a statin, whereas among 
4638 patients who did not survive sepsis, 1911 (41.2%) 
were taking a statin. These differences corresponded 
to an adjusted (for age, number of inpatient visits in 
the previous 12 mo, cardiovascular risk, malignancy, 
and hepatic disease) (OR, 0.60; 95% CI, 0.55–0.65;  
p = 1.4 × 10–36).

Additionally, given that the putative beneficial 
effects of PCSK9 inhibition may be mediated by an  
increase in LDLR availability, in the GHS, we exam-
ined the relationship between LDLR variant rs6511720, 
which increases LDLR and lowers LDL-C (19), and 
28-day death from sepsis in an additive genetic model 

Figure 1. Meta-analysis of the association between the proprotein convertase subtilisin/kexin type 9 (PCSK9) loss-of-function variant 
rs11591147 (R46L) and 28-d mortality in all cohorts of patients with sepsis. AA = Alternate/Alternate, AAF = alternate allele fraction, 
GEN-SEP = GENetics of SEPsis, GHS = Geisinger Health System, HUNT = Trøndelag Health Study, KP GERA = Kaiser Permanente 
Resource for Genetic Epidemiology Research on Adult Health and Aging, META = meta-analysis, OR = odds ratio, RA = Reference/
Alternate, RR = Reference/Reference, SPH = St. Paul’s Hospital, UKB = U.K. Biobank, VASST = Vasopressin and Septic Shock Trial.
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with rs11591147. A trend toward dose-dependent re-
duction in LDL-C was observed (Fig. S3, http://links.
lww.com/CCX/B264) in parallel with a dose-depen-
dent reduction in fatal sepsis (p = 0.12; Fig. 2).

Effect of Alirocumab on Incident and Fatal 
Sepsis

The ODYSSEY OUTCOMES trial compared the 
effect of alirocumab or placebo on cardiovascular 
outcomes in patients with recent acute coronary 
syndrome (20). Among 18,884 participants who 
received at least one dose of assigned study medi-
cation, 1172 had at least one investigator-reported 
treatment-emergent serious adverse event due to 
an infection broadly or sepsis explicitly. The full 
list of Medical Dictionary of Regulatory Activities 
terms used in the initial search query to identify 
potential sepsis events among investigator reports 
is provided in Table S4 (http://links.lww.com/CCX/
B264). These reports were then evaluated by an in-
dependent expert blinded to treatment allocation 

and adjudicated as defi-
nite sepsis (n = 51), prob-
able sepsis (n = 35), or 
not sepsis (n = 1086). 
Median (interquartile 
range) follow-up was 2.8 
years (2.3–3.4 yr). In the 
alirocumab arm, 37 of 
9450 participants devel-
oped definite or prob-
able sepsis (frequency per 
100 patient-years, 0.16; 
95% CI, 0.11–0.22), com-
pared with 49 of 9434 
participants in the pla-
cebo arm (frequency per 
100 patient-years, 0.20; 
95% CI, 0.15–0.26; hazard 
ratio, 0.80; 95% CI, 0.52–
1.22; p = 0.30) (Table 1). 
The relative hazard for 
death from sepsis among 
patients randomized to 
alirocumab (frequency 
per 100 patient-years, 
0.15; 95% CI, 0.07–0.23) 

compared with placebo (0.25 [0.15–0.36]) was 0.62 
(95% CI, 0.32–1.20; p = 0.15).

Prophylactic Alirocumab Administration in 
Mouse Models of Sepsis

We evaluated whether PCSK9 inhibition accelerates 
endotoxin clearance in mice. Male C57BL/6J mice 
were administered 5 mg/kg or 25 mg/kg of alirocumab 
subcutaneously 48 hours prior to the induction of 
sepsis with three strains of live Pseudomonas aeru-
ginosa intraperitoneal inoculation. Mice did not re-
ceive other treatments for sepsis, including antibiotics 
or IV fluids. A significant dose-dependent reduction 
in serum LPS concentrations at 16 hours after live P. 
aeruginosa infection was observed in all mice infected 
with the three P. aeruginosa strains and treated with 
alirocumab, compared with animals treated with ve-
hicle or isotype control (Fig. 3; and Fig. S4 A and B, 
http://links.lww.com/CCX/B264). Alirocumab, com-
pared with vehicle and isotype control, delayed death 
by 6–10 hours in P. aeruginosa infection, resulting in a 

Figure 2. Relationship between sepsis mortality in an additive genetic model incorporating 
proprotein convertase subtilisin/kexin type 9 (PCSK9) loss-of-function (rs11591147) and 
low-density lipoprotein (LDL) receptor (LDLR) gain-of-function (rs6511720) variants; both of 
which would be expected to increase LDLR availability to remove bacterial endotoxin from the 
bloodstream. Data are from 2731 participants in the U.K. Biobank. A dose-dependent reduction 
in sepsis mortality was observed. AA = Alternate/Alternate, OR = odds ratio, PRS = polygenic 
risk score, RA = Reference/Alternate, RR = Reference/Reference, SNP = single nucleotide 
polymorphism.
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modest increase in survival (range of 10–30% across 
P. aeruginosa strains) (Fig. S4C–E, http://links.lww.
com/CCX/B264). Targeted replication of the P. aerugi-
nosa PA14 strain inoculation model was performed in 
48 female mice, showing consistent findings (Fig. S5, 
http://links.lww.com/CCX/B264).

Modest protection against Staphylococcus aureus-
induced sepsis was observed (Fig. 4), with a 4–6-hour 
delay in death and a 60% increase in survival of mice 
treated with alirocumab compared with mice treated 
with isotype control (plog-rank = 0.03). Death was delayed 
by 4–6 hours with prophylactic administration of ali-
rocumab, compared with vehicle and isotype control, TA
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Figure 3. Effects of anti-proprotein convertase subtilisin/kexin 
type 9 (PCSK9) monoclonal antibody (mAb) on lipopolysaccharide 
(LPS) levels and survival in a live bacteria-induced sepsis model 
due to Pseudomonas aeruginosa. C57Bl/6J mice were given a 
single subcutaneous injection of the indicated doses of human 
immunoglobulin G1 (hIgG1) Regeneron (REGN) monoclonal 
antibodies (mAbs) 48 hr before intraperitoneal injection of live 
P. aeruginosa (Pa) strains PAK (at 1.5 × 107–2.5 × 107 colony-
forming units [CFUs]/mouse; n = 60), PA14 (at 5 × 107–7 × 107 
CFU/mouse; n = 30), or 6077 (at 2.5 × 106–7 × 106 CFU/mouse; 
n = 40), in phosphate-buffered saline (PBS). LPS was measured 
in serum 16 hr after infection in mice (n = 5 per group), and 
survival was monitored for up to 96 hr. LPS was lower at 16 hr 
among mice receiving anti-PCSK9 mAb in strain 6077. *p < 0.001 
by unpaired t test; **p < 0.0001 by unpaired t test. mAb to cat 
allergen, Fel d 1 is used as a control in this experiment, PA14 = P. 
aeruginosa strain 14, PAK = P. aeruginosa strain K.
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for Escherichia coli LPS intoxication mouse sepsis 
models (plog-rank < 0.001) (Fig. S6, http://links.lww.com/
CCX/B264).

DISCUSSION

This study evaluated whether pharmacologic or  
genetic PCSK9 inhibition may improve sepsis out-
comes. Human genetics suggested fewer deaths among 
PCSK9 LOF carriers, but this difference was not sig-
nificant. However, significantly lower sepsis mortality 
was observed in a subset of PCSK9 LOF variant car-
riers with confirmed antibiotic use. A post hoc anal-
ysis of a large, randomized, placebo-controlled clinical 
trial suggested lower incident and fatal sepsis among 
patients assigned to alirocumab, although this differ-
ence was not statistically significant. Experimental 
models suggested that pharmacologic PCSK9 inhib-
itor pretreatment lowers circulating bacterial endo-
toxin, and improves survival in mice not receiving 
other treatments for sepsis. Combined, these results 
suggest that PCSK9 inhibition when provided prior to 
the onset of sepsis may improve sepsis outcomes.

Mortality from bacterial sepsis remains high (2) 
amidst dozens of neutral therapeutic clinical trials to 
date (3). Immunomodulatory therapies have proven in-
effective, reflecting the observation that many patients 

downregulate key immune and inflammatory pathways 
during infection (21–23). Promising strategies to pre-
vent sepsis or mitigate its severity may be those that 
accelerate clearance of immunogenic bacterial endo-
toxins, which contribute to the maladaptive host re-
sponse that defines sepsis (5). Given that endogenous 
clearance of LPS is mediated by transit of lipoproteins 
through the bloodstream to the liver (24), strategies 
that accelerate this process may speed LPS clearance 
and improve clinical outcomes. PCSK9 inhibition 
upregulates hepatic LDLR, accelerating lipid clearance 
and possibly speeding endotoxin removal (5).

Walley et al (4) demonstrated an association be-
tween PCSK9 LOF genetic variants and increased sur-
vival in two cohorts of patients with sepsis comprising 
960 patients. PCSK9 knockout mice demonstrated 
an attenuated response to LPS, and pharmacological 
PCSK9 inhibition enhanced survival of mice with 
polymicrobial peritonitis. Septic mice over-expressing 
PCSK9 demonstrated worse organ failure and higher 
levels of plasma interleukin-6 (IL-6) and throm-
bin-antithrombin complexes, whereas mice under-
expressing PCSK9 demonstrated reduced bacterial 
load, organ failure, inflammatory markers, and sepsis 
severity (25). In contrast, using an endotoxin model of 
sepsis, differences in survival with administration of 
PCSK9 antibodies, or with PCSK9 knockdown were 

Figure 4. Effects of anti-proprotein convertase subtilisin/kexin type 9 (PCSK9) monoclonal antibody (mAb) on survival in live bacteria-
induced sepsis models due to Staphylococcus aureus infection lipopolysaccharide administration. In the S. aureus infection sepsis  
mode, C57Bl/6J mice (n = 17/group) were given a single subcutaneous injection of the indicated doses of human immunoglobulin  
G1 (hIgG1) Regeneron (REGN) monoclonal antibodies (mAbs) 48 hr before intraperitoneal injection of live S. aureus 8325-4 strain 
bacteria (approximately 8 × 107 colony-forming units /mouse) in phosphate-buffered saline (PBS). Mice were monitored for survival and 
clinical signs for 96 hr and outcomes were compared by log-rank (Mantel-Cox) test. *p = 0.0328. mAb to cat allergen, Fel d 1 is used as 
a control in this experiment.

http://links.lww.com/CCX/B264
http://links.lww.com/CCX/B264
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not observed (10). Our findings support that PCSK9 
inhibition may accelerate bacterial endotoxin removal 
from the bloodstream and delay mortality. However, 
it is worth noting that large trials of other strategies 
for accelerating endotoxin removal—such as via poly-
myxin B hemoperfusion (26)—have not demonstrated 
improved clinical outcomes. The modest protection 
observed against S. aureus-induced murine sepsis with 
alirocumab may also suggest benefits on Gram-positive 
bacterial cell wall products, such as lipoteichoic acid 
(LTA), although the levels of LTA were not evalu-
ated. Another experimental study observed beneficial 
effects of PCSK9 inhibition on LTA and outcomes in 
Gram-positive infection (8). Importantly, mice in our 
study did not receive antibiotics or other treatments for 
sepsis, and the findings may differ in the setting of an-
tibiotic administration. The observed delays in sepsis 
mortality may translate clinically into a longer window 
for effective antimicrobial therapy (27). Antibiotic 
therapy may lead to a transient increase in circulating 
bacterial degradation products, such as endotoxins, 
which may enhance the benefit of PCSK9 inhibition 
(28), and better supportive care may overall improve 
survival. In contrast, antibiotics may improve survival 
sufficiently so as to attenuate the potential benefit of 
PCSK9 inhibition. Interestingly, in human genetics 
studies reported herein, sepsis mortality was more 
clearly reduced in the subset of patients confirmed to 
be treated with antibiotics in a sensitivity analysis in 
the GHS database where these data were available. Our 
genetic analysis of nine human cohorts with sepsis is 
distinguished by its large aggregate sample size. Our 
analysis supports that PCSK9 inhibition may be bene-
ficial in slowing the clinical course of sepsis, potentially 
providing a longer window for effective antimicrobial 
therapy. Although the prespecified outcomes of the 
ODYSSEY OUTCOMES trial were cardiovascular, 
more than 45,000 patient-years of placebo-controlled 
observation allowed for a post hoc, blindly adjudicated 
assessment of the efficacy of alirocumab in 86 cases 
of incident sepsis and 38 cases of fatal sepsis showing 
lower incident and fatal sepsis with patients given ali-
rocumab compared with placebo. Overall, although 
some associations were nonsignificant, all results were 
directionally concordant across experimental, human 
genetic, and observational studies and taken together 
may support a potential role for PCSK9 inhibition to 
improve sepsis outcomes.

A previous study observed that 37% of survivors 
without a PCSK9 LOF variant died or experienced 
infection-related readmission within 1 year of index 
hospital discharge, as opposed to 19% of carriers of 
PCSK9 LOF alleles (p = 0.02), an effect that was con-
sistent after adjustment and across two modest-sized 
cohorts of sepsis survivors (29). These frequencies are 
consistent with other studies which suggest that, in 
the year after hospital discharge for sepsis, up to 60% 
of sepsis survivors have at least one rehospitalization, 
most commonly for infection, and that approximately 
one in six sepsis survivors dies (30). Such late mor-
bidity is associated with significant healthcare costs 
(31). In the study by Genga et al (29), PCSK9 LOF 
carriers had accelerated decline of neutrophil counts, 
perhaps suggesting that a late benefit is mediated by 
enhanced resolution of initial infection. Thus, it is 
plausible that PCSK9 inhibitor pretreatment may rep-
resent a target for secondary prevention of recurrent 
infection and associated mortality among sepsis sur-
vivors. That sepsis survivors also experience a 50–70% 
increased relative risk of late cardiovascular events 
compared with nonseptic controls (32) may further 
encourage a secondary prevention strategy with estab-
lished cardiovascular benefit. In our study, prior use 
of statins—which also upregulate LDLR—was associ-
ated with a 40% lower mortality from sepsis. In con-
trast, clinical trials do not indicate a benefit of de novo 
statin initiation in sepsis (33), supporting that treat-
ment prior to the onset of sepsis may be required to 
allow effective LDLR upregulation in time to improve 
endotoxin clearance. A recent exploratory trial in 60 
patients demonstrated that PCSK9 inhibition, com-
pared with placebo, reduced the occurrence of death 
or need for intubation and IL-6 levels in patients with 
severe COVID-19 (34). These findings may support 
favorable effects of PCSK9 inhibitors on the host re-
sponse to severe infection.

Our study combined diverse data and study types 
to evaluate an unprecedented sample size for human 
genetic studies in sepsis but has several potential lim-
itations. Our genetic analysis of sepsis outcomes for 
PCSK9 and LDLR variants relied on ICD codes to 
identify patients with sepsis, recognizing the imper-
fect sensitivity and specificity of this approach. We 
observed similar results when using a potentially 
more specific ascertainment of sepsis. In the cohort 
with the most detailed clinical data (GHS), with 
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analysis restricted to patients receiving antibiotics, a 
significant association of PCSK9 LOF variants with 
lower sepsis mortality was observed. Numerous fac-
tors influence mortality as an outcome in critically ill 
patients beyond biology (35, 36); this may challenge 
biologic association studies. Incident sepsis and septic 
mortality was ascertained in ODYSSEY OUTCOMES 
through routine trial treatment-emergent serious ad-
verse event collection; although these events were 
subsequently adjudicated, they were not prespeci-
fied outcomes in the trial. As the population was not 
selected as one at-risk for sepsis, sepsis frequency was 
low and associations may be underpowered. A total of 
97.5% of participants in the ODYSSEY OUTCOMES 
trial received background statin therapy; as noted, 
statins also upregulate the LDLR, and this may have 
both reduced infection rates overall, as well as at-
tenuated a potential treatment effect associated with 
alirocumab. A further potential limitation may be 
that primarily live bacterial inoculation models of 
experimental sepsis were used; others have previ-
ously observed divergent results using other models 
(10), although with a Gram-negative LPS model, we 
also observed consistent results as with live inocula-
tion models. Additional replication of murine models 
using female mice should be undertaken.

CONCLUSIONS

The findings from these analyses support the hypo-
thesis that PCSK9 inhibitor pretreatment may improve 
sepsis outcomes. Benefit may be realized with the ap-
plication of PCSK9 inhibitors as preventive treatments, 
possible among at-risk patients such as sepsis survi-
vors. Future studies, including prospective, random-
ized clinical trials, may be warranted.
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ments (including the clinical study report, study protocol with 
any amendments, blank case report form, and statistical anal-
ysis plan) that support the methods and findings reported in 
this article. Individual anonymized participant data will be con-
sidered for sharing once the product and indication has been 
approved by major health authorities (e.g., U.S. Food and Drug 
Administration, European Medicines Agency, Pharmaceuticals 
and Medical Devices Agency etc.), if there is legal authority to 
share the data and there is not a reasonable likelihood of partici-
pant re-identification. Submit requests to https://vivli.org/.
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