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Background: Reduced activity of proprotein convertase subtilisin/kexin type 9 (PCSK9) has been associated with
decreased short-term death in patients with septic shock. Whether PCSK9 genotype influences long-term out-
comes in sepsis survivors is unknown.
Methods: We evaluated the impact of PCSK9 loss-of-function (LOF) genotype on both 1-year mortality and
infection-related readmission (IRR) after an index sepsis admission. The Derivation cohort included 342 patients
who survived 28 days after a sepsis admission in a tertiary hospital (Vancouver/Canada, 2004–2014), while an
independent Validation cohort included 1079 septic shock patients admitted at the same hospital
(2000–2006). All patients were genotyped for three common missense PCSK9 LOF variants rs11591147,
rs11583680, rs562556 and were classified in 3 groups: Wildtype, single PCSK9 LOF, and multiple PCSK9 LOF,
according to the number of LOF alleles per patient. We also performed a meta-analysis using both cohorts to in-
vestigate the effects of PCSK9 genotype on 90-day survival.
Findings: In the Derivation cohort, patients carryingmultiple PCSK9 LOF alleles showed lower risk for the compos-
ite outcome 1-year death or IRR (HR: 0.40, P = 0.006), accelerated reduction on neutrophil counts (P= 0.010),
and decreased levels of PCSK9 (P = 0.037) compared with WT/single LOF groups. Our meta-analysis revealed
that the presence ofmultiple LOF alleles was associatedwith lower 90-daymortality risk (OR=0.69, P=0.020).
Interpretation: The presence of multiple PCSK9 LOF alleles decreased the risk of 1-year death or IRR in sepsis sur-
vivors. Biological measures suggest this may be related to an enhanced resolution of the initial infection.
Funding: Canadian Institutes of Health Research (PJT-156056).
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1. Introduction

Sepsis is a major cause of hospitalization, morbidity, and mortality
worldwide [1,2]. Although the short-term mortality rate associated
with sepsis is falling [3,4], a substantial number of sepsis survivors expe-
rience adverse long-term outcomes, such as hospital readmissions [5],
increased late mortality [6], greater incidence of major cardiovascular
events [7], and impaired quality of life [8]. Factors that contribute to ad-
verse long-term outcomes are advanced age [9], comorbidity burden
[6], organ dysfunction during sepsis [10], persistent inflammation [11]
and chronic catabolism [12]. However, to our knowledge, no study has
investigated the impact of specific genetic variants on long-term out-
comes from sepsis.
. Paul's Hospital, Room
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Recently, proprotein convertase subtilisin kexin type 9 (PCSK9)
loss-of-function (LOF) genotype has been found to be associated with
decreased short-term mortality from septic shock and protection
against bacterial dissemination in animal models [13]. PCSK9 inhibits
the clearance of low-density lipoprotein cholesterol (LDL-C) from the
blood by decreasing the density of LDL receptors (LDLR) on hepatic
cells [14]. PCSK9 LOF leads to higher hepatic LDLR expression, increased
clearance of LDL-C, and protection from coronary heart disease [15,16].
Pathogen lipids, such as endotoxins, are the trigger for the host inflam-
matory response in sepsis [17]. These pathogen lipids are incorporated
into lipoprotein fractions (HDL, LDL, VLDL) and eventually cleared
from the blood by the liver; a process mediated by hepatic LDLR [18].
In this way, clearance of pathogen lipids during sepsis is similar to clear-
ance of cholesterol. Consequently, PCSK9 LOF variants are associated
with increased clearance of pathogen lipids, decreased systemic inflam-
matory response, and decreased short-term mortality in sepsis [19].

One factor thatmay contribute to adverse long-term outcomes asso-
ciated with sepsis is the increased number of new infection(s) in the
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Studies using animal models of sepsis have demonstrated that re-
duced activity of proprotein convertase subtilisin/kexin type 9
(PCSK9) decreases bacterial dissemination. PCSK9 loss-of-
function (LOF) genotype has also been associatedwith decreased
short-term death among patients with septic shock. In this study
we investigated the impact of PCSK9 LOF genotype upon 1-year
outcomes in sepsis survivors, specifically its effect upon 1-year
death and the probability of suffering a recurrent infection-
related readmission (IRR).

Added value of this study

Amongpatientswho survived an episode of sepsis, those carrying
multiple PCSK9 LOF alleles (two or more alleles) had significant
protection against the composite of 1-year death or IRR compared
with patients carrying no or one PCSK9 LOF allele. Importantly,
this effect was driven entirely by reductions in IRRs. Improve-
ments in the resolution of the initial infection may be involved in
this protection.

Implications of all the available evidence

Unplanned hospital readmissions after sepsis due to infections are
frequent and costly. PCSK9 genotype may be a novel prognostic
biomarker for septic patients as it may identify those at increased
risk of a serious IRR over the next 12 months. Further studies in-
cluding randomized controlled trials with PCSK9 inhibitors for
acute and long-term treatment of sepsis are still needed to define
whether the observations in this study can be translated clinically.
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weeks andmonths following the index admission [20]. There are poten-
tial beneficial effects of decreased PCSK9 function in decreasing 28-day
mortality in patients with severe sepsis/septic shock [19]; however, the
literature is still scant regarding the long-term effects of PCSK9 LOF ge-
notype, including hospital readmissions due to an infectious reason.

The primary objectives of this studywere to investigate the relation-
ship between three commonmissense PCSK9 LOF variants: rs11591147
(R46L), rs11583680 (A53V), rs562556 (I474V) [21] and the risk of
infection-related readmission (IRR) and/or all-cause mortality within
one year after an episode of sepsis.

2. Methods

2.1. Ethics

This study was approved by the University of British Columbia
Clinical Research Ethics Board (Research Ethics Board Number: H11-
00505). Written informed consent was obtained from all patients,
their next of kin, or another surrogate decision maker, as appropriate.

2.2. Study design

Thiswas a retrospective observational study involving 1481 patients
diagnosed with sepsis.

2.3. Patients – inclusion criteria

The Derivation cohort was composed of 402 patients with sepsis
whowere admitted to St. Paul's Hospital in Vancouver, Canada between
July 2004 and June 2014. Patients presenting a clinically defined
infection and at least 2 of the following: (i) Temperature N38°C or
b36 °C; (ii) Heart rate N90 beats per minute; (iii) Respiratory rate N20
breaths per minute; (iv) White blood cell count N12,000 per mm3 or
b4,000 per mm3, and had survived 28 days after admission were
included (N = 342). The majority of these patients were recruited
within the first 3 h in the Emergency Department, upon activation of
the Institutional severe sepsis pathway. Validation Cohort was
composed of 1079 patients with septic shock, including subjects from
2 distinct cohorts merged together: Cohort #1 was composed of 628
septic shock patients enrolled into VASST [22] who had DNA available.
Approval, enrollment, and consent in the VASST Cohort have been
described previously [22]. Briefly, inclusion criteria were age older
than 16 years, presence of septic shock defined by the presence of two
ormore diagnostic criteria for the systemic inflammatory response syn-
drome, proven or suspected infection, and hypotension despite
adequate fluid resuscitation; Cohort #2 was composed of 451 patients
enrolledwith septic shock at St Paul's Hospital in Vancouver Canada be-
tween January 2000 and December 2004. Sepsis was classified in accor-
dance with the American College of Chest Physicians and the Society of
Critical Care Medicine consensus [23]. Shock was defined as norepi-
nephrine treatment and/or a mean arterial pressure of b70 mmHg
within the first 5 days after ICU admission.

The three cohorts evaluated in this study were composed of amulti-
ethnic population, in which ethnicity was determined phenotypically
by the study coordinator or research assistant.

2.4. Exclusion criteria

Patients known to be on chronic use of statins were excluded from
the analysis associations between PCSK9 genotype and plasma PCSK9,
and post-sepsis LDL-C levels because statins upregulate PCSK9 [24]. Ex-
clusion criteria for VASST (Validation, cohort #1) have been reported
[22].

2.5. Measurements

Clinical and laboratory data were retrospectively obtained by
reviewing the province of British Columbia electronic records from the
index hospitalization for up to one year. For all cohorts, Acute Physiol-
ogy and Chronic Health Evaluation (APACHE) II score [25] was calcu-
lated at the onset of sepsis.

2.6. Blood collection and PCSK9 genotyping

For PCSK9 genotyping, blood was collected from discarded clinical
blood samples and spun at 1400 × g for 12 min to separate the plasma
and cellular fractions. Total genomic DNA was extracted from the
buffy coat fraction using QIAGEN DNeasy Blood & Tissue Kits (QIAGEN
69506). PCSK9 genotyping was performed in all samples for three
common PCSK9 missense LOF variants (minor allele frequency (MAF)
N 0.5%): R46L, A53V, and I474V, using pre-validated TaqMan SNP
Genotyping Assays (ThermoScientific, Probe IDs rs11591147,
rs11583680, rs562556 respectively, catalog number 4351379). Assays
were run on a ViiA7 platform (software QuantStudio Real-Time PCR
software V 1.3) using the system's single-nucleotide polymorphisms
(SNP) genotyping software and protocol. All alleles were called using
the software's clustering algorithm,with a 100% success rate. For quality
control, 10% of samples were randomly repeated for each SNP to ensure
complete reproducibility.

2.7. PCSK9 measurements, lipids and blood cell counts

PlasmaPCSK9wasmeasured via ELISA (R&DSystemsDPC900) using
the manufacturer's recommended protocol. Absolute white blood cell
and neutrophil counts were measured daily from admission to
14 days at the central hospital laboratory on Sysmex XN analyzer. To
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assess LDL-C measurements collected after the sepsis event, provincial
health records of all patients were reviewed, and those patients with
post-sepsis LDL-C measurements available were analyzed according to
PCSK9 genotype.

2.8. PCSK9 genotyping and definitions

Patients were classified according to their PCSK9 genotyping into
three groups: i.Wild-type group (WT): patients who did not carry any
of the three LOF alleles; ii. Single LOF group: patients who carried ex-
actly one LOF allele; iii. Multiple LOF group: patients who carried two
or more LOF alleles, including either one homozygous LOF SNP or mul-
tiple different heterozygous LOF SNPs.

These definitions were based on the genotyping technique used by
us and on the literature related to LDL-lowering effects (in humans) of
the PCSK9 polymorphisms evaluated here [26]. As each SNP only par-
tially diminishes the protein function, we considered two mutations in
the same copy as roughly equivalent to one mutation each in two cop-
ies, in terms of total protein functional capacity.

2.9. Outcomes

The primary outcome was a composite outcome defined as death
(all-cause mortality after 28 days) or infection-related readmission
(IRR) up to 12 months thereafter. We also analyzed all-cause mortality
after 28 days or IRR up to 12 months separately.

2.10. Statistical analysis

Results are expressed as interquartile range for continuous variables
and absolute number (%) for categorical variables. Association among
the PCSK9 genotype groups and demographic, physiological and labora-
tory parameters were tested using Mann-Whitney (or t-test when ap-
propriate), and Chi-square (or Fisher's test when appropriate) tests for
continuous variables and categorical variables, respectively [27].

In order to evaluate the association between PCSK9 genotype and the
risk of 1-year all-cause mortality or IRR, we applied Kaplan-Meier esti-
mates of time to event function for the composite outcome death or re-
admission within one year. The log-rank test was used for the
comparison between curves. Adjusted Cox regression model (adjusted
for age, gender, and APACHE II score) was performed to determine the
independent relationship of the presence of PCSK9 genotype and the
risk for 1-year death of IRR. Additional Kaplan-Meier estimates of time
to event function analyses were performed considering each single out-
come: 1-year mortality and 1-year IRR. To avoid double counting, pa-
tients who died were considered a mortality in the composite analysis
and patients who survived 1 year were considered in the IRR analysis.

A meta-analysis for 90-day mortality according to PCSK9 genotype
that included the Derivation and Validation cohorts was carried out
for validation of our long-term findings. For this, we meta-analyzed
using a two-step process and used the results of a first meta-analysis
with the two original Validation cohorts for our final analysis. We
assessed the derivation for 90-day mortality to make it comparable to
the Validation cohorts. This outcome (90-day mortality) was used be-
cause that was the longest follow-up time for mortality available in all
study cohorts. Data were pooled using the Mantel-Haenszel (M-H)
method with a random effects model, and heterogeneity was evaluated
using the χ2 and I2 statistics. All 402 patients from theDerivation cohort
were included for this analysis.

To investigate relevant clinical factors associated with mortality and
hospital readmissionwe comparedwhite blood cell counts and absolute
number of neutrophils according to PCSK9 genotype using repeated
measures ANOVA in a subset of patients with laboratory data available
during their first 14 days of sepsis. Specifically for this analysis, we
used the Last-Observation-Carried-Forward method for patients with
missing data [28].
Statistical analyses were performed using SPSS Statistics version
24.0 for Windows (IBM Corp., Armonk, NY, USA), Review Manager 5.3
was used for themeta-analysis, and aov statistical function in R (version
3.4.3, available http://www.R-project.org) was used for the repeated
measures ANOVA. Statistical significance was set at α = 0.05 using
two-sided P values.

3. Results

3.1. The risk of 1-year death or infection-related readmission (composite
outcome) was decreased in patients carrying multiple PCSK9 LOF alleles

Thirty-seven percent (70/189) of WT patients, 41% (41/100) from
single LOF group, and 19.2% (10/52) who had multiple LOF died or
were readmitted within 1 year (P = 0.018, overall Log-rank test,
Fig. 1). Overall, patients carrying multiple PCSK9 LOF alleles had the
greatest protection against 1-year death or IRR compared with WT pa-
tients (P = 0.011, pairwise Log-rank test) and with single LOF patients
(P=0.005, pairwise Log-rank test). No differenceswere found between
patients carrying single LOF andWT subjects (P = 0.511, pairwise Log-
rank test).

Based on these findings demonstrating substantial protection
against death or readmission in patients carrying multiple LOF alleles,
further analyses were done by comparing 2 PCSK9 genotype groups:
WT/single LOF (indicated here as reference Ref. group), vs. multiple LOF.

3.2. Characteristics of the study subjects

Baseline demographic, physiological and clinical characteristics
were similar according to the two PCSK9 genotype groups (Ref. vs. mul-
tiple LOF) (Table 1). Most patients (290/342, 84.7%) were classified as
WT/single LOF, while 52 (15.2%) had multiple LOF. All SNPs were in
Hardy-Weinberg equilibrium (HWE) (Table 2). Minor allele frequency
(MAF) of each PCSK9 variant is described in Table 2. A53V
(rs11583680), I474V (rs562556), and R46L (rs11591147) variants
were present in 93 (27.1%), 94 (27.4%), and 7 (2.0%) patients, respec-
tively. Tables S1 and S2 describe baseline characteristics and MAF/
HWE, respectively, in the Validation cohort.

3.3. The presence of multiple PCSK9 LOF alleles was associated with signif-
icantly decreased risk of death at 1 year or infection-related readmission
(composite outcome) after sepsis

Composite endpoint (death or IRR at 1 year): Considering 2 PCSK9
genotype groups (Ref. vs. multiple LOF), the adjusted HR for death or
IRR within one year after sepsis in patients carrying two or more
PCSK9 LOF alleles was 0.40 (95% C.I. 0.21–0.77, P = 0.006, Table 3).

1-year mortality: In relation to Ref. group, the adjusted HR for this
outcome in patients carrying multiple PCSK9 LOF alleles was 0.50
(15.3% vs. 24.8%, 95% CI=0.24–1.04, P=0.064, Table 3). No statistically
significant difference between our study groups was found for this
outcome.

Infection-related readmission: We found that, among patients who
did not die within one year (N = 262), those who carried multiple
PCSK9 LOF alleles had a significant risk reduction for 1-year IRR in com-
parison to patients who carried none (WT) or single PCSK9 LOF allele
(Ref. group) (adjusted HR = 0.20, 95% C.I. 0.05–0.86, P = 0.031,
Table 3). In the Ref. group, 17.8% of patients (39/218) were readmitted
due to infection while only 4.5% (2/44) of patients were readmitted in
the multiple LOF group (P = 0.023, Chi-square test).

3.4. The biological effects ofmultiple PCSK9 LOF alleles: PCSK9 plasma levels
at sepsis admission and post-sepsis LDL-C levels

Plasma PCSK9 levels at sepsis admission were lower in patients car-
rying 2 or more PCSK9 LOF alleles than Ref. group patients. In the subset
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Fig. 1.Derivation (early sepsis) cohort (N= 342). Time to event curves for 1-year death or infection-related readmission according to PCSK9 genotype groups. Patients carryingmultiple
PCSK9 LOF alleles showed significantly decreased risk for this outcome in comparison to patients carrying no (wildtype) or one PCSK9 LOF allele (P= 0.018). One patient (WT group)was
excluded from this analysis as the time to the composite outcome was not ascertained.
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of patients who had PCSK9 levels measured at sepsis admission and
whowere not taking statins (N= 132) the presence of multiple LOF al-
leles was associated with lower plasma PCSK9 compared to Ref. group
(247 ng/mL vs. 287 ng/mL, P = 0.037, Fig. 2).

Patients carrying multiple PCSK9 LOF alleles had a strong trend
toward reduced LDL-C levels measured after sepsis discharge (19 ±
16 months) compared to Ref. patients. LDL-C levels were available in
55 patients: 41 in Ref. group and 14 in multiple LOF group. Post sepsis
LDL-C levels were 94.8 ± 5.6 mg/dL in Ref. group vs. 77.1 ±
7.29 mg/dL in multiple LOF group (mean ± SEM, P = 0.09, data not
shown).

3.5. The presence of multiple PCSK9 LOF alleles was associated with 90-day
mortality

In order to validate our findings related to the association ofmultiple
PCSK9 LOF alleles and long-termmortality, we did ameta-analysis using
a two-step approach (describe in the Methods section) of the associa-
tion of PCSK9 genotype with 90-day mortality. All patients from
Derivation andValidation cohorts were included (N=1481). Septic pa-
tients from the Validation cohort (N=1079)were genotyped for PCSK9
LOF alleles, and 90-day mortality data was analyzed. We confirmed a
significant association between the presence of multiple LOF alleles
and significantly lower 90-day mortality (Odds Ratio 0.69; 95%
CI: 0.50–0.94; p = 0.02, Fig. 3).

3.6. The effects of multiple PCSK9 LOF alleles upon white blood cell counts
throughout sepsis admission

In the Derivation Cohort, white blood cell (WBC) and absolute neu-
trophil countswithin the first 14 days of sepsiswere available in 170pa-
tients: Ref. group (N = 142), multiple LOF (N = 28). Patients carrying
multiple PCSK9 LOF alleles demonstrated greatly neutrophil count
reductions over time in comparison to Ref. patients (P = 0.01,
Fig. 4A). No differences in WBC counts were found between these two
groups (P = 0.812, Fig. 4A).

WBC counts from admission for septic shock to day 14 were avail-
able in 406 patients who survived 28 days in the Validation Cohort:
Ref. group (N = 332), multiple LOF (N = 74). We found that patients
carrying multiple PCSK9 LOF alleles demonstrated a more rapid and
complete normalization of their presenting (elevated) WBC counts
than Ref. patients (P = 0.007, Fig. 4B). These findings suggest that
PCSK9 genotype might influence the host immune response to sepsis.

4. Discussion

The present study showed that reduced PCSK9 function according to
PCSK9 genotype was associated with better long-term outcomes:
composite of 1-year death or infection-related readmission in 28-day
survivors of sepsis. The presence ofmultiple PCSK9 LOF alleles was asso-
ciated with decreased hazard-ratio for the composite outcome by N50%
and by 80% for 1-year infection-related readmission when compared
with patients with carrying none or only a single PCSK9 LOF (Ref.
group). Furthermore, the presence of multiple PCSK9 LOF alleles was
associatedwith significantly lower plasma PCSK9 levels at sepsis admis-
sion than the Ref. group. We can then interpret that the “clinically rele-
vant” PCSK9 LOF group was composed of patients who carry multiple
PCSK9 LOF alleles. Prior studies of the role of PCSK9 genotype in infec-
tious disease have only interrogated acute illness [13,19]. To our knowl-
edge, this is the first study to find that common PCSK9 LOF SNPs are
associated with improved long-term outcomes following an episode of
sepsis.

The three PCSK9 LOF variants analyzed here are relatively common
with reported minor allele frequency of N0.5% [21]. R46L
(rs11591147), A53V (rs11583680), and I474V (rs562556) variants
have been associated with decreased levels of LDL-cholesterol that



Table 1
Derivation Cohort: Baseline characteristics according to PCSK9 genotype.

Variable All patients
N = 342

Ref.a

N = 290
Multiple LOF
N = 52

P
value

Age, Median (IQR) 59 (44–69) 59 (44–70) 57 (43–65) 0.515
Gender (N, % male) 226 (66.1) 190 (65.5) 36 (69.2) 0.717
Ethnicity (N, % Caucasians)b 209 (61.1) 173 (59.7) 36 (69.2) 0.250
HR, Median (IQR)c 108

(91–127)
107
(91–126)

115
(90–136)

0.316

MAP, Median (IQR)c 58 (53–67) 59 (53–67) 58 (55–70) 0.482
Temperature, Median (IQR)c 37.5

(36.5–38.4)
37.5
(36.5–38.3)

37.8
(36.4–39.0)

0.568

APACHE II score, Median
(IQR)

14 (7–19) 14 (8–19) 12 (7–21) 0.989

ICU (N, %) 245 (71.6) 207 (71.4) 38 (73.1) 0.934
HGB g/L, Median (IQR)d 112

(92–130)
112
(93–130)

106
(90–127)

0.385

WBC (x109), Median (IQR)d 10.6
(6.3–15.0)

10.7
(6.4–15.1)

10.4
(5.9–13.3)

0.520

Platelets (x109), Median
(IQR)d

186
(131–271)

190
(133–267)

175
(110–284)

0.542

Creatinine (mmol/l),
Median (IQR)d

89 (65–154) 89 (66–152) 90 (55–158) 0.651

INR, Median (IQR)d 1.2 (1.1–1.5) 1.2 (1.1–1.5) 1.2 (1.1–1.5) 0.616
Lactate (mmol/l), Median
(IQR)d

1.6 (1.1–2.6) 1.6 (1.2–2.6) 1.3 (1.0–2.7) 0.424

COPD (N, %) 60 (17.5) 48 (16.6) 12 (23.1) 0.347
Chronic renal failure (N, %) 15 (4.4) 11 (4.0) 4 (7.7) 0.271
Cirrhosis (N, %) 10 (2.9) 9 (3.1) 1 (1.9) 0.985
CHF NYHA Class 3 or 4 (N, %) 29 (8.5) 25 (8.6) 4 (7.6) 0.982
Hypertension (N, %) 88 (25.7) 78 (26.9) 10 (19.2) 0.321
Diabetes mellitus (N, %) 54 (15.8) 46 (15.8) 9 (15.4) 0.913
Statins use (N, %)e 51 (27.9) 42 (27.8) 9 (28.1) 0.972

Abbreviations: LOF: Loss-of-function; IQR: Interquartile Range; HR: Heart Rate; RR: Respi-
ratory Rate; SpO2: arterial Oxygen Saturation; MAP: Mean Arterial Pressure; APACHE:
Acute Physiology and Chronic Health Evaluation; ICU: Intensive Care Unit; AKI: Acute Kid-
ney Injury; HGB: Hemoglobin;WBC:White Blood Cell; COPD: Chronic Obstructive Pulmo-
nary Disease; CHF: Congestive Heart Failure; NYHA: New York Heart Association.

a Ref. indicates WT/Single PCSK9 LOF allele group.
b Determined by the study coordinator or research assistant.
c Parameters measured at admission.
d Measurements in the first 24 h of ED admission; e Available in 183 patients.

Table 3
Derivation Cohort: AdjustedHazard Ratios (aHR)d for 1-year death or IRR (composite out-
come), 1-year IRR, and 1-year mortality according to PCSK9 genotype (two or more
alleles).

Cohort aHR (95% CI) P value

Death or IRRa, b 0.40 (0.21–0.77) 0.006
IRRa, c 0.20 (0.05–0.86) 0.031
Mortalitya, b 0.50 (0.24–1.04) 0.064

Abbreviations: IRR: infection-related readmission.
a Within one year.
b Excluding patients who died within 28 days.
c Excluding patients who died within one year.
d Adjusted for age, sex and APACHE II score.
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ranges from modest to more pronounced reductions: around 10%, 15%
and 20% for I474V, A53V, and R46L, respectively [15,16,29,30]. Based
on their LDL-cholesterol-lowering effects, they have been described as
LOF [26]. However, functional in vitro studies are available only for
R46L [31,32].

Our study suggests that PCSK9 LOF genotype (defined here by the
presence of multiple LOF alleles) is a novel protective factor for long-
term outcomes in 28-day survivors of sepsis, such as infection-related
readmission. Sepsis is associated with increased risk of all-cause late
mortality rates from 1 to 10 years after index sepsis hospitalization
[6,7,33–36]. Additionally, hospital readmissions after sepsis are fre-
quent [20,34,36] and expensive [37]. Recent studies have shown that a
new event of sepsis was the most common reason for unplanned
readmissions among sepsis survivors [20,34]. How the index infection
influences readmission rates is still unclear. In the present study, the
presence of multiple PCSK9 LOF alleles was independently associated
Table 2
Derivation Cohort: PCSK9 genotype - allele frequency and Hardy-Weinberg equilibrium.

PCSK9 SNPs Major (minor)
allele

Minor Allele
Frequency – N (%)a

HWE P-value

A53V (rs11583680) G (A) 100 (14.61%) 0.99
I474V (rs562556) A (G) 105 (15.35%) 0.47
R46L (rs11591147) C (A) 7 (1.02%) 0.98

Abbreviations: PCSK9: Proprotein Convertase Subtilisin/kexin type 9; SNPs: single nucle-
otide polymorphisms; HWE: Hardy-Weinberg Equilibrium.

a N refers to minor allele counts in relation to the total number of alleles in the Deri-
vation Cohort (N = 684).
with decreased HR for the composite outcome death or infection-
related readmission within one year, and most important, this finding
was particularly driven by a reduction in infection-related readmission
rates.

We speculate that the presence of multiple PCSK9 LOF alleles plays
an important role in the process of resolution of infection and/or bacte-
rial clearance, and therefore decreases the risk of unplanned
readmissions due to infection in 28-day sepsis survivors for the follow-
ing reasons. Relapse or recrudescence of the initial infection in sepsis
survivors is one of the most relevant factors associated with infection-
related readmissions [39,39]. It has been suggested that patients who
survive an episode of sepsis are more prone to re-infection [36], but
the reasons for that are not fully elucidated. Dwived et al., using a
cecal ligation and puncture model of sepsis, found that PCSK9 knockout
(KO) mice had lower bacterial concentrations in the blood, lungs, and
peritoneal cavityfluid thanWTanimals, suggesting that PCSK9KOgeno-
type is associated with improved bacterial suppression or clearance
[13]. This effect may be directly relevant to our observation that
infection-related readmission is decreased in patients carryingmultiple
PCSK9 LOF alleles. Even though this associationwas not evaluated in our
study, the reduced neutrophil counts (Derivation cohort) and WBC
counts (Validation cohort) found in patients carrying multiple PCSK9
LOF alleles suggest that the host response to sepsis in this group of pa-
tients has a favorable evolution associated with increased rates of infec-
tion resolution, and possibly decreased risk of future infection-related
readmission. In addition, it has been hypothesized that PCSK9 LOFmod-
ulates the inflammatory response due to the increases in LDLR density,
particularly in the liver, with subsequent increments in the clearance of
endotoxins carriedwithin LDL particles [18]. Interestingly, among sepsis
survivors, patients carrying multiple PCSK9 genotype alleles demon-
strated lower PCSK9 levels and concordantly lower post-sepsis LDL-C
levels than our Ref. patients. It is plausible that this group of patients
(multiple LOF) had greater hepatic LDLR density and hence cleared
more efficiently endotoxins carried within LDL particles, represented
here by decreased LDL-C levels and most importantly, by a risk reduc-
tion for infection-related readmission after sepsis. Based on these find-
ings, we can speculate that the presence of multiple PCSK9 LOF alleles
plays an important role in the process of resolution of infection and/or
bacterial clearance, and therefore decreases the risk of infection-
related readmission after sepsis.

Our inability to detect a protective effect by the presence of a single
PCSK9 LOF allele may reflect the underlying biology of an additive ge-
netic model, in which multiple PCSK9 LOF variants have recently been
shown to confer greater LDL-C lowering and protection against cardio-
vascular events than a single PCSK9 LOF allele [40]. Frequency of combi-
nations of alleles and HR per allele, per each outcome are described in
Table S3.

The suggested benefits of PCSK9 LOF genotype described here were
in disagreement with Berger et al. Even though they found that PCSK9
levels were greatly reduced in subjects carrying PCSK9 LOF alleles, no
association was demonstrated between PCSK9 LOF genotype and
plasma inflammatory markers [41]. These differences may be related



Fig. 2.Derivation (early sepsis) cohort (N=132). PCSK9 levels at sepsis admission according to PCSK9 genotype (Ref. vs. multiple LOF group). Patients carryingmultiple PCSK9 LOF alleles
(N= 23) had lower PCSK9 levels than patients from the Ref. group (N = 109) (P = 0.037). Ref. indicates WT/Single PCSK9 LOF allele group.
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to the fact that these authors analyzed different SNPs than us and/or due
to subjects' characteristics, such as the presence of sepsis by itself in our
population.

The strengths of our study include the assessment of PCSK9 genotype
vs. long-term outcome, a novel composite of death or infection-related
readmission over 1 year in 28-day sepsis survivors, the use of three in-
dependent cohorts and the biological plausibility based on plasma
PCSK9 and LDL-C levels. The novel composite of death or infection-
related readmission over 1 year is compelling because of the expansion
of the sepsis survivors' population over recent years, and the growing
evidence demonstrating that these patients experience greater risks of
death, re-infection and hospital readmission when compared to pa-
tients who have never had a hospitalization for sepsis. Our study rein-
forces the relevance of genetics, particularly of PCSK9 genotype, for
long-term outcomes in sepsis.

Our study has several limitations. First, due to its observational na-
ture we were not able to assess potential mechanisms that explain the
link between PCSK9 genotype and long-term outcomes of sepsis. We
can only speculate that differences in the host response to sepsis and
lipid metabolism may be involved. Second, considering an absolute
risk reduction of 15% in our composite outcome in patients carrying
multiple PCSK9 LOF alleles compared to the reference group, our statis-
tical power was estimated in 68.1%. Nevertheless, the risk difference
Fig. 3.Meta-analysis of 90-day mortality of Derivation and Validation cohorts (N= 1481). The
0.69, 95% C.I. 0.50–0.94, P = 0.02). (M-H: Mantel-Haenszel). Ref. indicates WT/Single PCSK9 L
observed in our study between our two groups was greater than
expected (19.4%), which makes our findings appealing. Third, other
PCSK9 SNPs that might be associated with sepsis were not analyzed;
however, a thorough review of PCSK9 GWAS literature [21] allowed
us to conclude that the probability of finding additional known PCSK9
missense mutations in our cohort was extremely low. Fourth, we were
not able to use the newdefinitions of sepsis [42] as our inclusion criteria
in the Derivation cohort, given that some clinical variables required to
an accurate assessment of qSOFA or SOFA scores were not available,
such as altered mental score and bilirubin levels. However, according
to the data available, 74% (N=253) of participants from this cohort ful-
filled the criteria for sepsis diagnosis using thenewdefinitions, implying
that this proportion may be underestimated. All Validation cohort
patients had sepsis according to its updated definitions [42]. Fifth, the
ethnicity data in our study was determined according to patients' phe-
notype and provided by the study coordinator, precluding us from
adjusting ourfindings for genetic ancestry scores. However, a sensitivity
analysis including the Caucasian ethnic group (phenotype-based) in our
Cox regression models did not change our major findings (Table S4).
Sixth, the reasons for the post sepsis LDL-C measurements being or-
dered were not assessed because plasma LDL-C levels were obtained
by laboratory chart review. Finally, we could only assess 90-daymortal-
ity from sepsis admission in ourmeta-analysis as this timepointwas the
presence of multiple PCSK9 alleles had an overall protective effect for this outcome (OR=
OF allele group.



Fig. 4. Blood counts during sepsis (from day 0 to day 14) according to PCSK9 genotype. X-axis represents time in day (0 to 14); Y-axis represents the respective blood cell counts for each
panel; black circles representmean values over time in Ref. patients; red squares represent mean values over time inmultiple LOF patients. A) Derivation Cohort. Left panel:White blood
cell (WBC) counts. Right panel: Neutrophil counts; B) Validation Cohort: WBC counts. Patients carrying multiple PCSK9 LOF alleles demonstrated greatly decreased absolute neutrophil
counts in the Derivation Cohort (P = 0.01), and WBC counts in the Validation Cohort (P = 0.007) in comparison to Ref. patients. Ref. indicates WT/Single PCSK9 LOF allele group.
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longest follow-up applicable for all our sepsis cohorts. Data concerning
1-year death or readmission was not available in our Validation cohort.

5. Conclusions

PCSK9 LOF variantswere associatedwith better long-term outcomes
in 28-day survivors of sepsis. The presence ofmultiple PCSK9 LOF alleles
decreased by N50% the composite risk of death or infection-related read-
mission, and this finding is driven entirely by reductions in infection-
related readmission within one year after the index sepsis admission.
PCSK9 genotype might be useful in the early recognition of septic pa-
tients at high risk of death or future IRR(s). Our study suggests a novel
prognostic biomarker: genotyping septic patients could stratify 28-day
sepsis survivors for risk of infection-related readmission.
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