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Abstract

Background: A prolonged prothrombin time (PT) is a common feature in sepsis indi-
cating consumptive coagulopathy.

Objectives: To determine the association between a prolonged PT and aberrations in
other host response mechanisms in sepsis.

Methods: Patients admitted to the intensive care unit with sepsis were divided in
quartiles according to the highest PT value measured within 24 h after admission.
The host response was evaluated by measuring 19 plasma biomarkers reflecting
pathways implicated in sepsis pathogenesis and by blood leukocyte gene expression
profiling.

Measurements and Main Results: Of 1524 admissions for sepsis, 386 (25.3%) in-

volved patients with a normal PT (<12.7 s); the remaining quartiles entailed 379
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(24.9%) patients with a slightly prolonged PT (12.8 < PT < 15.0 s), 383 (25.1%) with an
intermediately prolonged PT (15.1 < PT < 17.2 s), and 376 (24.7%) with an extremely
prolonged PT (217.3 s). While patients with an extremely prolonged PT showed an
increased crude mortality up to 1 year after admission, none of the prolonged PT
groups was independently associated with 30-day adjusted mortality. Comparison
of the host response between patients with a normal PT or an extremely prolonged
PT matched for baseline characteristics including severity of disease showed that an
extremely prolonged PT was associated with impaired anticoagulant mechanisms, a
more disturbed endothelial barrier integrity and increased systemic inflammation, and
blood leukocyte transcriptomes indicating more prominent metabolic reprogramming
and protein catabolism.

Conclusion: A prolonged PT is associated with stronger anomalies in pathways impli-
cated in the pathogenesis of sepsis, suggesting that activation of coagulation impacts

KEYWORDS

1 | INTRODUCTION

Prothrombin time (PT) is a widely used test to detect coagulation
abnormalities in critically ill patients.»? The reported incidence of a
prolonged PT, indicative of consumptive coagulopathy, ranges from
30% to 66% in the overall intensive care unit (ICU) population,®*
with an even higher incidence in critically ill patients with sepsis (up
to 93%).° A prolonged PT on ICU admission was reported to be an
independent risk factor for mortality in both critically ill patients®
and patients with severe sepsis.””

Besides PT, platelet counts are commonly used to determine the ex-
tent of coagulation activation.»? The recently introduced term “sepsis-
associated coagulopathy” is defined by the presence of low platelet
counts and a prolonged PT.® We previously reported that low platelet
counts in ICU patients with sepsis are independently associated with
increased mortality and a more disturbed host response.? Sepsis pa-
tients with platelet counts below 50 x 10°/L showed enhanced acti-
vation of the cytokine network and the vascular endothelium; a more
profound loss of vascular integrity; and a distinct whole-blood leuko-
cyte transcriptome pattern revealing decreased leukocyte adhesion,
diapedesis, and extravasation signaling.® This observational study pro-
vided validity to a series of mouse studies documenting a protective
and immune regulatory role of platelets in experimental sepsis,c”'11
Considering the pleiotropic functions of platelets beyond their role in

hemostasis,” !

our earlier investigation left unanswered whether co-
agulation activation per se impacts the host response in patients with
sepsis. This question is relevant in view of laboratory and animal stud-
ies pointing at an extensive cross-talk between coagulation factors and
endothelial cell function and inflammation, as well as investigations re-
porting protection against the lethal consequences of fulminant sepsis

by inhibition of components of the coagulation system.*?

other host response mechanisms.

endothelium inflammation, host response, intensive care unit, prothrombin time, sepsis

Essentials

e A prolonged prothrombin time (PT) is a feature in sepsis
indicating consumptive coagulopathy.

o We report an observational study in sepsis patients ad-
mitted to the intensive care unit of two Dutch hospitals.

e A prolonged PT was associated with a more disturbed
endothelial barrier integrity and increased inflammation.

e This association occurred independent of differences in

disease severity.

Our objective was to assess the association between consumptive
coagulopathy, as reflected by a prolonged PT, and host response aber-
rations in patients admitted to the ICU with sepsis. To this end we mea-
sured 19 biomarkers indicative of coagulation activation, endothelial
cell activation, and systemic inflammation in sepsis patients stratified
according to admission PT. Additionally, in an unbiased approach we
compared genome-wide messenger (m)RNA profiles in blood leuko-

cytes obtained from patients with a normal or extremely prolonged PT.

2 | METHODS
2.1 | Study design, patients, and definitions

This study was conducted as part of the Molecular Diagnosis and
Risk Stratification of Sepsis (MARS) project, a prospective obser-
vational study in the mixed ICUs of two tertiary teaching hospitals
(Academic Medical Center in Amsterdam and University Medical
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Center in Utrecht).®14% All consecutive patients above 18 years
of age who presented with an expected length of stay longer than
24 h admitted between January 2011 and January 2014 were
included via an opt-out method approved by the medical ethi-
cal committees of the participating hospitals. The likelihood of
infection for which the clinical team initiated antibiotics was clas-
sified for each infectious source as none, possible, probable, or
definite by research physicians using Centers for Disease Control
and Prevention®” and International Sepsis Forum consensus defi-
nitions,'® as described in Klein Klouwenberg et al.'* For the cur-
rent study sepsis was defined in accordance with the Sepsis-3
definition®? using data that were prospectively collected during
the study period as the presence of infection diagnosed within
24 h after ICU admission with a likelihood of at least possible,
accompanied by organ failure as indicated by a Sequential Organ
Failure Assessment (SOFA) score of two or more (central nervous
system was excluded). When the SOFA score was not available
(n = 68) the following variables were used to define organ failure:
mechanical ventilation, acute kidney injury (AKI), acute respira-
tory distress syndrome (ARDS), or shock, all on the first day of
ICU admission. Hence, for the present investigation data con-
tained within the MARS database were used to identify patients
from the entire MARS cohort that fulfilled the Sepsis-3 defini-
tion. AKI and ARDS were defined using strict pre-set criteria.?%%!
Shock was defined by the use of noradrenaline for hypotension
in a dose of >0.1 pg/kg/min during at least 50% of the ICU day.
Complications that started 2 days or more after ICU admission
were defined as ICU-acquired. Patients were divided into quar-
tiles using the highest PT value measured within 24 h after ICU
admission. The first quartile was defined as normal. Patients with
a PT in quartiles 2-4 were defined as admissions with a prolonged
PT: slightly prolonged PT, intermediately prolonged PT, and ex-
tremely prolonged PT. Exclusion criteria were: the absence of a
PT measurement or intravenous administration of heparin in the
first 24 h after ICU admission, chronic use of a vitamin K antago-
nist prior to ICU admission, liver cirrhosis, readmissions for an
infectious diagnosis within the same hospital admission or within
30 days after the first ICU admission, transferals from other ICUs,
and patients with major bleeding on admission defined based on

the consensus definition?223

as a fall in hemoglobin level of 22 g/dI
within the first 24 h combined with transfusion of at least two
red blood cell units during the first 24 h of ICU stay. For patients
who were readmitted to the ICU after 30 days demographic and
long-term mortality data (230 days and more) are given for the

first ICU admission.

2.2 | Assays

PT and activated partial thromboplastin time (APTT) were meas-
ured daily using photometric methods with Dade Innovin Reagent
and Dade Actin FS Activated PTT Reagent, respectively (Siemens
Healthcare Diagnostics). Host response biomarkers were measured

jtj“ | 1051

within 16 h after admission. For immune assays please see supporting

information.

2.3 | Blood gene expression microarrays

Whole blood was collected in PAXgene™ tubes (Becton-Dickinson)
within 24 h after ICU admission. Messenger RNA profiles were
analyzed using Human Genome U219 arrays (Affymetrix) as de-

scribed.®!® For details see supporting information.

2.4 | Statistical analysis

All data distribution was analyzed for parametric distribution by
Shapiro-Wilk tests and using histogram plots. A Mann-Whitney U or
a Kruskal-Wallis test was used to analyze continuous nonparametric
data, presented as median and interquartile ranges (IQR, 25th and
75th percentiles). Continuous parametric data, presented as means
+standard deviation (SD), were analyzed using a Student's t-test or
analysis of variance when appropriate. Post hoc testing was per-
formed using Dunn's test of multiple comparisons using rank sums
for nonparametric continuous data, a Tukey post hoc testing for par-
ametric continuous data, and a Bonferroni correction for categori-
cal variables. Categorical data, presented as numbers (percentages),
were analyzed using a chi-square test. A multivariable Cox propor-
tional hazard model was used to determine the association between
PT categories (normal, slightly prolonged, intermediately prolonged,
or extremely prolonged) and survival by day 30. Based on literature
review and expert opinion, the model adjusted for age and APACHE
IV score (model 2), and a more extensive model adjusted for the fol-
lowing confounders: age, sex, race, Acute Physiology and Chronic
Health Evaluation (APACHE) IV acute physiology score (APS), immu-
nocompromised state, renal compromise, malignancy, pulmonary or
abdominal site of infection, infection by a Gram-negative pathogen,
lowest platelet count in the first 24 h, and number of plasma units
transfused over the first 24 h (model 3).

We also investigated the association between PT as a continuous
variable and 30-day mortality by logistic regression. The same con-
founders as those used in the Cox proportional hazard model were
considered for inclusion. Confounders were individually selected
using a “change-in-estimate” approach,?* with a cutoff of 10%. The
absence of collinearity between variables was ascertained by a vari-
ance inflation factor lower than 4 and interactions between these
variables and PT were investigated on a multiplicative scale.

To determine the association between PT and host response bio-
markers in clinically similar patients, propensity score matching was
used to select comparable patients from those with an extremely
prolonged PT (cases) and those with normal PT levels (controls). For
details see the supporting information.

All data were analyzed using R studio built under R version 3.0.2
(R Core Team 2013). A p value <.05 was considered to be of statis-
tical significance.
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3 | RESULTS

3.1 | Patients
The 3-year study period included 2880 consecutive admissions for
sepsis (Figure 1). After exclusion of patients with cirrhosis (n = 50,
1.7%), transfers from other ICUs (n = 294, 10.2%), readmissions
within the same hospital stay or within 30 days after ICU discharge
(n =351, 12.2%), bleeding (n = 98, 3.4%), intravenous heparin admin-
istration (n = 288, 10.0%), chronic use of vitamin K antagonist prior
to admission (n = 205, 7.1%), 1594 sepsis admissions remained. Of
these, PT was not measured in 70 (4.4%) in the first 24 h after ICU
admission, resulting in a final cohort of 1524 ICU admissions for sep-
sis. These admissions were divided into quartiles: 386 (25.3%) admis-
sions involved patients with normal PT levels (<12.7 s), 379 (24.9%)
involved admissions with a slightly prolonged PT (12.8 < PT < 15.0s),
383 (25.1%) involved admissions with an intermediately prolonged
PT (15.1 < PT < 17.2 s), and 376 (24.7%) involved admissions with an
extremely prolonged PT (217.3 s).

Patients with an extremely prolonged PT more often had co-

morbidities, particularly malignancy (31.3% vs. 13.1% in normal PT

and 24.9% in slightly prolonged PT, overall p < .001), renal insuf-
ficiency (18.0% vs. 8.5% in normal PT, 8.8% in slightly prolonged
PT, and 9.5% in intermediately prolonged PT, overall p < .001) and
immunocompromise (26.4% vs. 17.1% in normal PT, overall p = .02;
Table 1). Patients with an extremely prolonged PT were most se-
verely ill on ICU admission relative to patients in the other PT
groups, as reflected by the highest APACHE IV (acute physiology;
76 [59-97] vs. 53 [38-70] in normal PT, 60 [45-76] in slightly pro-
longed PT, and 64 [50-79] in intermediately prolonged PT, overall
p < .0001) and SOFA scores (8 [6-10] vs. 6 [4-8] in normal PT, 5 [3-
8] in slightly prolonged PT, and 6 [4-8] in intermediately prolonged
PT, overall p < .0001), more often presenting with shock (154
[41.0%] vs. 55 [14.2%] in normal PT, 64 [16.9%)] in slightly prolonged
PT, and 85 [22.2%] in intermediately prolonged PT, overall p <.001)
and AKI (191 [50.8%] vs. 114 [29.5%] in normal PT, 101 [26.6%] in
slightly prolonged PT, and 111 [29.0%] in intermediately prolonged
PT, overall p < .001), and more frequently in need of mechanical
ventilation (298 [79.3%] vs. 270 [69.9%] in normal PT, 287 [75.7%]
in slightly prolonged PT, overall p = .02). Abdominal sepsis was
over-represented in patients with an extremely prolonged PT (104
[27.7%)] vs. 37 [9.6%] in normal PT, 50 [13.2%] in slightly prolonged

Total sepsis-3 cohort
(lanuary 2011 - January 2014)

2BBO admissions Excluded:
- Transfersothe ICU 284 (10.2%)
-  Readmissionswithin hospital admission
or <30day after ICU admission 351 (12.2%)
- Liver cirrhosis 50 (1.7%)
- Bleeding in first 24 hours 98 (3 .4%)
- I heparin n first 24 hours 288 (10.0%)
- Vitamin K antagon st & chronic medication
205 (7.1%)
1594
admissions
Excluded:
- NoPTwithin frst 24 hours 70 (4.4%0)
Final cohort
1524 admissions

MNormal PT
PT=127
3B6 admisions [25.3%)

Slightly prolonged PT
128=PFT=150
370 admssions (24.%%)

intermediatly prolonged PT
151=FT=17.2
583 admesions(25.1%)

Extremely prolonged PT
PT=173
376 admissions (24.7%)

FIGURE 1 Flowchart of patient inclusion. ICU, intensive care unit; IV, intravenous; PT, prothrombin time
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TABLE 1 Baseline characteristics and outcome of patient admissions for sepsis stratified by prothrombin time on admission

Slightly prolonged Intermediately Extremely
Normal PT PT prolonged PT prolonged PT
PT=<12.7s 12.8<PT=<15.0s 15.1<PT=<172s PT217.3s p value
Patients 375 362 367 367
Admissions 386 379 383 376
Age, mean (SD) 59.2 (16.0) 56.4(16.7) 60.0 (15.4)° 61.2 (14.9)° <.001
Race, white, n (%) 308 (82.1%) 318 (87.8%) 342 (93.2%)* 340 (92.6%)* <.001
Gender, male, n (%) 237 (63.2%) 215 (59.4%) 237 (64.6%) 224 (61.0%) 48
Medical admission, n (%) 292 (75.6%) 280 (73.9%) 276 (72.1%) 281 (74.7%) .06
Chronic comorbidities, n (%)
None 143 (38.1%) 113 (31.2%) 90 (24.5%)° 87 (23.7%)° <.001
Cardiovascular compromise 81 (21.6%) 58 (16.0%) 77 (21.0%) 93 (25.3%)° .02
COPD 62 (16.5%) 45 (12.4%) 56 (15.3%) 43 (11.7%) 19
Diabetes 65 (17.3%) 63 (17.4%) 76 (20.7%) 78 (21.3%) .39
Hypertension 96 (25.6%) 92 (25.4%) 128 (34.9%)*° 108 (29.4%) .02
Immunocompromise 64 (17.1%) 84 (23.2%) 80(21.8%) 97 (26.4%)* .02
Malignancy 49 (13.1%) 90 (24.9%)? 109 (29.7%)? 115 (31.3%)*° <.001
Renal insufficiency 32 (8.5%) 32(8.8%) 35 (9.5%) 66 (18.0%)*P< <.001
Respiratory insufficiency 73 (19.5%) 65 (18.0%) 63 (17.2%) 56 (15.3%) 49
Charlson comorbidity index 4[2-5] 4[2-5] 4[3-6]° 4[2-6]P <.001
Severity of disease on ICU admission
APACHE IV Score, median [IQR] 64 [51-82] 71 [55-90]° 77 [62-94]*° 91 [71-114]>P< <.0001
APACHE APS median [IQR] 53 [38-70] 60 [45-76]° 64 [50-79]*° 76 [59-97]7P< <.0001
SOFA score, median [IQR] 6[4-8] 5[3-8] 6 [4-8] 8 [6-10]P< <.0001
Mechanical ventilation, n (%) 270 (69.9%) 287 (75.7%) 294 (76.8%) 298 (79.3%)*" .02
Shock, n (%) 55 (14.2%) 64 (16.9%) 85 (22.2%)* 154 (41.0%)*"¢ <.001
Acute kidney injury, n (%) 114 (29.5%) 101 (26.6%) 111 (29.0%) 191 (50.8%)*"¢ <.001
Acute respiratory distress syndrome, n (%) 93 (24.1%) 73 (19.3%) 91 (23.8%) 98 (26.1%) .15
Source of infection, n (%)
Pulmonary 221 (57.3%) 195 (51.5%) 195 (50.9%) 140 (37.2%)"¢ <.001
Abdominal 37 (9.6%) 50 (13.2%) 74 (19.3%)? 104 (27.7%)>P< <.001
Urinary tract 31(8.0%) 21 (5.5%) 24 (6.3%) 35 (9.3%) 19
Cardiovascular infection 7 (1.8%) 10 (2.6%) 9 (2.3%) 20 (5.3%)? .02
CNS 33 (8.5%) 33(8.7%) 22 (5.7%) 8(2.1%)*° <.001
Skin 6 (1.6%) 8(2.1%) 4 (1.0%) 16 (4.3%)° .02
Other 51 (13.2%) 62 (16.4%) 55 (14.4%) 53 (14.1%) .63
Causative pathogens, n (%)
Gram-positive bacteria 128 (33.2%) 132 (36.5%) 170 (46.3%)*° 177 (48.2%)*" <.001
Gram-negative bacteria 149 (38.6%) 156 (41.2%) 172 (44.9%) 196 (52.1%)>P .001
Fungi 30 (7.7%) 35 (9.2%) 36 (10.4%) 29 (7.7%) .75
Viruses 14 (3.6%) 30 (7.9%)? 15 (3.9%) 17 (4.5%) .02
Other 17 (4.4%) 19 (5.0%) 32 (8.4%) 21 (5.6%) .24
Unknown 178 (46.7%) 165 (43.5%) 175 (45.7%) 147 (39.1%) .18
Outcome
Length of stay, median days [IQR] 3[2-7] 3[2-7] 4[2-8] 5 [2-10]*P¢ <.001

ICU-acquired complications, n (%)

(Continues)
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TABLE 1 (Continued)

Slightly prolonged
PT

Intermediately
prolonged PT

Extremely
prolonged PT

Normal PT
PT=<12.7s
None 338 (87.6%)
Acute kidney injury 31(8.0%)
Acute respiratory distress syndrome 10 (2.6%)
ICU-acquired infection 9 (6.0%)
Mortality, n (%)
ICU mortality 32 (8.3%)
Hospital mortality 67 (17.9%)
30-day mortality 62 (16.5%)
90-day mortality 82 (21.9%)
1-year mortality 113 (30.1%)

12.8<PT<15.0s 15.1<PT=<17.2s PT217.3s p value
345 (91.0%) 335(87.5%) 308 (81.9%)° <.01
18 (4.7%) 22 (5.7%) 26 (6.9%) .26

7 (1.8%) 21 (5.5%)° 14 (3.7%) .03
28 (5.7%) 34 (7.0%) 49 (10.3%)° .04
51 (13.5%) 47 (12.3%) 96 (25.5%)*P< <.001
88 (24.3%) 73 (19.9%) 132 (36.0%)*P¢ <.001
78 (21.5%) 62 (16.9%) 121 (33.0%)P< <.001
102 (28.2%) 95 (25.9%) 154 (42.0%)>P< <.001
132 (36.5%) 133 (36.2%) 186 (50.7%)*P< <.001

Note: Age, race, gender, and chronic comorbidities are provided for unique patients, all other variables are provided for each admission.
In 57 (14.8%) infectious events in normal PT, 61 (16.1%) in slightly prolonged PT, 82 (21.4%) in intermediately prolonged PT, and 75 (19.9%) extremely

prolonged PT multiple pathogens were assigned as causative (p = .05).

Mortality, except for ICU mortality, is given for unique patients, all other variables are given for every admission.

Abbreviations: APACHE, Acute Physiology and Chronic Health Evaluation; APS, Acute Physiology Score; CNS, central nervous system; COPD,
chronic obstructive pulmonary disease; ICU, intensive care unit; IQR, interquartile ratio; PT, prothrombin time; SD, standard deviation; SOFA,

Sequential Organ Failure Assessment.

Significant versus normal PT using a Dunn's test of multiple comparisons using rank sums for nonparametric continues variables, a Tuckey test for
parametric continues variables and a Bonferroni correction for categorical variables.

bSignificant versus slightly prolonged PT using a Dunn's test of multiple comparisons using rank sums for nonparametric continues variables, a Tuckey
test for parametric continues variables and a Bonferroni correction for categorical variables.

“Significant versus intermediately prolonged PT using a Dunn's test of multiple comparisons using rank sums for nonparametric continues variables, a
Tukey test for parametric continuos variables, and a Bonferroni correction for categorical variables.

PT, and 74 [19.3%] in intermediately prolonged PT, overall p < .001),
while pneumonia and central nervous system infection were less
frequent in this group (140 [37.2%] versus 221 [57.3%] in normal
PT, 195 [51.5%] in slightly prolonged PT, and 195 [50.9%] in inter-
mediately prolonged PT, overall p <.001 and 8 [2.1%] vs. 33 [8.5%]
in normal PT, 33 [8.7%] in slightly prolonged PT, overall p = .02,
respectively). Gram-positive bacterial infection was more often
documented in admissions with intermediately and extremely pro-
longed PT (170 [46.3%] and 177 [48.2%)], respectively) compared to
admissions with normal or slightly prolonged PT (128 [33.2%] and
132 [36.5%], respectively, overall p < .001). Gram-negative bacterial
infection was more often documented in patients with extremely
prolonged PT (196 [52.1%]) compared to admissions with normal or
slightly prolonged PT (149 [38.6%] and 156 [41.2%)], respectively,
overall p = .001). Patients with extremely prolonged PT were more
often treated with fresh frozen plasma, vitamin K, and prothrom-
bin complex concentrate on ICU admission and during ICU stay

(Table S1 in supporting information).

3.2 | Outcome

Patients with an extremely prolonged PT had an increased ICU
length of stay (5 [2-10] versus 3 [2-7] in normal PT, 3 [2-7] in
slightly prolonged PT and 4 [2-8] in intermediately prolonged PT,

overall p < .001). Both short- and long-term mortality were higher
in patients with an extremely prolonged PT compared to the other
PT levels. Thirty-day mortality was 33.0% in patients with an ex-
tremely prolonged PT, versus 16.5%, 21.5%, and 16.9% in patients
with a normal, slightly prolonged, and intermediately prolonged PT,
respectively (overall p < .001); 1-year mortality was 50.7% versus
30.1%, 36.5%, and 36.2% respectively (overall p < .001; Table 1 and
Figure S1 in supporting information).

We previously reported on the association between platelet
counts and mortality in the same cohort.? In this earlier publica-
tion the older Sepsis-2 definition was used to identify patients with
sepsis.®>?° Because in the current article the Sepsis-3 definition
was used, we determined whether the findings of our previous ar-
ticle could be confirmed in the present sepsis group and assessed
the crude association between platelet counts and mortality. To
do so, patients were stratified into clinically relevant subgroups of
platelet counts on admission to the ICU as described in our pre-
viously published paper8: very low <50 x 10%/L, intermediate-low
50-99 x 10%/L, low 100-149 x 10°/L, or normal 150-399 x 107/L.
Patients with thrombocytosis (2400 x 10°/L; n = 145) or unknown
platelet counts in the first 24 h after ICU admission (n = 4) were
excluded. Consistent with our previous publication,® mortality was
highest in patients with very low platelet counts (n = 133); 34.6% for
ICU mortality compared to 24.4% in patients with intermediate-low
platelet counts (n = 156), 12.6% in patients with low platelet counts
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(n=230), and 11.3% in patients with normal platelet counts (n = 856;
overall p < .001). The same was true for 30-day mortality, which
was highest in patients with very low platelet counts, 44.9% versus
30.0% in patients with intermediate-low platelet counts; 18.6% in
patients with low platelet counts, and 19.1% in patients with normal
platelet counts (overall p < .001).

In a Cox proportional hazard model an extremely prolonged PT was
associated with an increased risk for 30-day mortality compared to a
normal PT (unadjusted hazard ratio [HR] 2.21, 95% confidence interval
[CI] 1.63-2.98; Table 2). However, when corrected for confounders (see
Methods), none of the prolonged PT levels independently associated
with increased risk for 30-day mortality. Likewise, in a logistic regression
analysis PT assessed as a continuous variable was associated with an
increased crude risk of mortality by day 30 (unadjusted OR 1.27, 95%
Cl 1.13-1.42 per 10% increase), but this association also did not remain
after adjustment for confounding factors (Table S2 in supporting informa-
tion). In this adjusted analysis platelet counts were inversely associated
with 30-day mortality (OR 0.97, 95% Cl 0.96-0.99 per 10% increase).

3.3 | Activation of the coagulation system

In patients with an extremely prolonged admission PT, PT decreased
during the first 7 days after admission, while in the other three PT

TABLE 2 Cox proportional hazard analyses for 30-day mortality risk

Model 1 - unadjusted Model 2 - adjusted

j.l.j.‘ | 1055

groups PT remained relatively stable (Figure 2). Patients with an
extremely prolonged PT had the lowest platelet counts (Figure 2,
Figure S2 in supporting information).

In the subgroup of patients with sepsis and an infection likelihood
of definite or probable (785 admissions) a comprehensive set of host
response biomarkers, including additional markers for coagulation
activation, was measured on admission to the ICU. This subgroup
was comparable to the total cohort with regard to baseline charac-
teristics (Table S3 in supporting information) and outcome (Table S4
in supporting information). Patients with an extremely prolonged PT
had higher plasma D-dimer concentrations, lower antithrombin and
protein C levels, and longer APTT values (Figure S2). Hence, patients
with an extremely prolonged PT overall showed signs of more severe

coagulation disorders.

3.4 | Endothelial cell activation

The coagulation system is tightly connected to endothelial cell func-
tion.2%2” We measured biomarkers for endothelial cell activation
(plasma levels of soluble E-selectin, soluble intercellular adhesion
molecule [ICAM]-1, and fractalkine) and vascular integrity (plasma
angiopoetin-1 and -2) on admission in patients with sepsis with an
infection likelihood of definite or probable stratified according to PT.

Model 3 - adjusted

Covariables HR [95% Cl] Covariables

Slightly prolonged 1.28[0.92-1.77]  Slightly prolonged
PT PT

1.10[0.78-1.54]  Intermediately

prolonged PT

Intermediately
prolonged PT

2.21[1.63-2.98] Extremely

prolonged PT

Extremely
prolonged PT

Age
APACHE IV APS

HR [95% CI]

Covariables HR [95% CI]

1.13[0.81-1.57]  Slightly prolonged PT 1.11 [0.80-1.55]

0.83[0.59-1.17] Intermediately prolonged 0.80[0.56-1.13]

PT

1.15[0.83-1.59]  Extremely prolonged PT 1.13[0.81-1.60]

1.02 [1.01-1.02]
1.02 [1.02-1.03]*

Age

Gender, male

White race

APACHE IV APS
Malignancy
Immunocompromise
Renal compromise

Lung infection
Abdominal infection
Gram negative infection

Lowest platelet count first
24 h

Fresh frozen plasma units
transfused in first 24 h

1.02 [1.01-1.02]
0.91[0.73-1.14]
1.21[0.82-1.79]
1.02 [1.02-1.03]*
1.32[1.03-1.69]
1.21[0.93-1.57]
0.92[0.67-1.27]
1.38[1.06-1.78]
1.34[0.97-1.85]
0.92[0.74-1.67]

0.999
[0.998-0.999]

0.87[0.74-1.01]

Abbreviations: APACHE, Acute Physiology and Chronic Health Evaluation; APS, Acute Physiology Score; Cl, confidence interval; HR, hazard ratio; PT,

prothrombin time.
?Proportionality was not met for APACHE IV APS.
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FIGURE 2 Prothrombin time and platelet counts over time in patients with sepsis stratified according to prothrombin time on admission
to the intensive care unit (ICU). Data are mean and standard error of the mean. Numbers below x-axis indicate number of patients still
present in the intensive care unit for each group
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Patients with extremely prolonged PT values had the highest plasma
soluble E-selectin, ICAM-1, and fractalkine levels, indicative of more
pronounced endothelial cell activation (Figure S3 in supporting in-
formation). In addition, patients with extremely prolonged PT values
had the highest plasma angiopoietin-2 levels and angiopoietin-2/
angiopoietin-1 ratios, indicative of a more disturbed endothelial bar-

rier function (Figure S3).

3.5 | Systemic inflammatory responses

Patients with an extremely prolonged PT displayed signs of enhanced
systemic inflammation, as reflected by the highest plasma levels of
interleukin (IL)-6, IL-8, IL-10, and matrix metalloproteinase (MMP)8
(Figure S4 in supporting information). Tumor necrosis factor-a, IL-1p,

IL-13, and interferon-y remained undetectable in most patients (data

j.l.j.‘ | 1057

3.6 | Evaluation of the host response in patients
stratified according to PT and matched for
severity of disease

To exclude the influence of baseline differences between patients with
different PT values on host response biomarkers, we used propensity
score matching to create groups with normal or extremely prolonged PT
values and comparable baseline characteristics and severity of disease
on ICU admission. This resulted in a cohort of 114 admissions with a nor-
mal PT and 114 admissions with an extremely prolonged PT in whom
the severity of disease (APACHE IV, APACHE IV Acute Physiology, and
SOFA scores, proportion of shock) did not differ (Table S5 in supporting
information). In this matched cohort, patients with an extremely pro-
longed PT had similar platelet counts compared to patients with normal
PT values (Figure 3). Plasma D-dimer concentrations were not different

between groups. However, patients with an extremely prolonged PT still

not shown). had lower antithrombin and protein C levels and more prolonged APTT
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FIGURE 3 Biomarkers reflecting coagulation activation in patients with sepsis stratified according to prothrombin time on admission
and matched for discordant baseline parameters. Data are expressed as box and whisker diagrams depicting the median and lower quartile,
upper quartile, and their respective 1.5 interquartile range as whiskers (as specified by Tukey). Dotted lines indicate median values obtained
in 27 healthy age-matched subjects. Biomarker distribution on ICU admission was compared using a nonparametric Mann-Whitney U test.
**p < .01, ***p < .001, ****p < .0001. APTT, activated partial thromboplastin time; PT, prothrombin time
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values. In addition, patients with an extremely prolonged PT showed
stronger endothelial cell activation reflected by higher fractalkine and
angiopoietin-2 levels (Figure 4). Patients with an extremely prolonged
PT had higher plasma levels of IL-6, IL-8, IL-10, and MMP8, compared to
matched patients with normal PT values (Figure 5).

3.7 | Blood leukocyte transcriptome analysis

We compared the blood leukocyte transcriptome of patients with a
normal PT (n = 43) to those with an extremely prolonged PT (n = 43);
this analysis comprised the propensity matched cohort, using the sub-
group of consecutive patients enrolled during the first 1.5 years of this
study. Genome-wide blood gene expression profiles of these sepsis

patients were initially compared to 42 healthy controls. Both patients

with a normal PT and an extremely prolonged PT demonstrated pro-
found transcriptional alterations (Figure 6A). Eighty-two percent of
the altered transcriptome was common to both groups (Figure 6B),
and this common response showed a strong correlation (Figure 6C).
Pathway analysis revealed common overexpressed genes associated
with innate pro-inflammatory (IL-6, IL-8, TREM-1 pathways) and anti-
inflammatory (IL-10) pathways as well as metabolic pathways (mito-
chondrial dysfunction, oxidative phosphorylation, HIF-1a signaling;
Figure S5 in supporting information). Common underexpressed genes
associated with lymphocyte and antigen-presentation pathways
(Figure S5). Differential gene expression analysis revealed moderate
differences between PT groups, encompassing 277 significantly al-
tered genes in patients with an extremely prolonged relative to normal
PT (multiple-comparison adjusted p < .05; Figure 6D). Pathway analy-

sis showed that overexpressed genes in patients with an extremely
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FIGURE 4 Biomarkers reflecting endothelial cell activation and barrier function in patients with sepsis stratified according to
prothrombin time on admission and matched for discordant baseline parameters. Data are expressed as box and whisker diagrams depicting
the median and lower quartile, upper quartile, and their respective 1.5 interquartile range as whiskers (as specified by Tukey). Dotted lines
indicate median values obtained in 27 healthy age-matched subjects. Biomarker distribution on intensive care unit admission was compared
using a nonparametric Mann-Whitney U test. **p < .01. ***p < .001. ANG, angiopoietin; sE-Selectin, soluble E-selectin; sICAM, soluble

intercellular adhesion molecule
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FIGURE 5 Biomarkers reflecting systemic inflammation in patients with sepsis stratified according to prothrombin time on admission
and matched for discordant baseline parameters. Data are expressed as box and whisker diagrams depicting the median and lower quartile,
upper quartile, and their respective 1.5 interquartile range as whiskers (as specified by Tukey). Dotted lines indicate median values obtained
in 27 healthy age-matched subjects. Biomarker distribution on intensive care unit admission was compared using a nonparametric Mann-
Whitney U test. **p < .01, ***p < .001. IL, interleukin; MMP, matrix metalloproteinase

prolonged PT were significantly associated to a more prominent meta-
bolic reprogramming (oxidative phosphorylation, mitochondrial dys-
function), transcriptional regulation (sirtuin signaling pathway), and
protein catabolism (ubiquitination pathway), whereas underexpressed
genes were associated with a relative impairment of post-translational
protein modifications (sumoylation) and specific signaling pathways

(glucocorticoid and retinoic acid receptor pathways; Figure 6E).

4 | DISCUSSION

Consumptive coagulopathy is a common complication in patients
with sepsis caused by strong activation of the coagulation system
and manifested by a prolonged PT.}2>° While multilevel interactions

between mediators of coagulation and other host response mecha-
nisms have been documented in laboratory and animal investiga-
tions, 2% knowledge of associations between plasmatic coagulation
and the dysregulated host response in patients with sepsis is lim-
ited. We here utilized a large prospectively enrolled cohort of sep-
sis patients to show that a prolonged PT is associated with stronger
aberrations in distinct host response mechanisms implicated in the
pathogenesis of sepsis, including endothelial cell function and sys-
temic inflammation, even after adjusting for confounding factors
such as severity of disease.

In contrast to previous studies we did not find an independent
association between admission PT and mortality.S'7 Notably, two of
these earlier investigations did not correct for severity of disease
in their analyses,>” while the third used the total SOFA score for
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this.® In our stringent analysis, low platelet counts remained inde-
pendently associated with 30-day mortality, confirming our previ-
ous report.8 This earlier publication also includes crude analyses on
the association between platelet counts and mortality.® These re-
sults suggest that in patients with a prolonged PT, severity of disease
rather than the extent of consumptive coagulopathy is the main (or
sole) driver of mortality.

Patients with an extremely prolonged PT had lower plasma levels
of the anticoagulant proteins protein C and antithrombin compared

25

Oxidative Phosphorylation{ [
Mitochondrial Dysfunction{ [
Sirtuin Signaling Pathway - [N
Protein Ubiquitination Pathway | [N
0 5 10 15 20
-log (BH) p

to patients with a normal PT matched for disease severity and sev-
eral other factors that could influence plasma biomarker levels. Low
antithrombin and protein C levels are common features in sepsis pa-
tients, likely caused by a combination of impaired synthesis, ongoing
consumption, extravascular loss due to increased vascular perme-
ability, increased clearance, and proteolytic degradation.*?>*® Our
data suggest that activation of the coagulation cascade may play a
role in one or more of these processes, either directly (e.g., through
increased complex formation between thrombin and antithrombin,
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FIGURE 6 Leukocyte genomic responses and associated biological pathways in patients with sepsis stratified according to prothrombin
time on admission and matched for discordant baseline parameters. A, Volcano plot illustrating the differences in leukocyte genomic
responses (integrating log2 foldchanges and multiple-test adjusted probabilities) between sepsis patients with normal PT (PT < 12.7 s) and
healthy subjects (left) and patients with extremely prolonged PT (PT = 17.3 s) and healthy subjects (right). Considering adjusted p < .05, 8239
and 8972 genes were identified as differentially expressed in patients with normal PT versus healthy subjects, and patients with extremely
prolonged PT versus healthy subjects, respectively. Blue dots represent significantly underexpressed genes (adjusted p < .05, fold expression
<-1.2) whereas red dots represent significantly overexpressed genes (adjusted p < .05, fold expression >1.2) in patients relative to healthy
controls. Horizontal dotted line indicates multiple-test adjusted Benjamini-Hochberg (BH) p < .05 threshold. B, Venn-Euler representation

of differentially expressed genes in sepsis patients with extremely prolonged PT and normal PT versus healthy subjects (adjusted p < .05).
Red arrows denote overexpressed genes; blue arrows denote underexpressed genes. C, Dot plot depicting the common response (log2
foldchanges) of patients with extremely prolonged PT and normal PT compared to healthy subjects. r, Spearman's correlation coefficient.

D, Volcano plot illustrating the differences in leukocyte genomic responses between sepsis patients with extremely prolonged PT and
patients with normal PT upon admission. Considering adjusted p < .05, 277 genes were identified as differentially expressed in patients

with extremely prolonged PT versus patients with normal PT. E, Ingenuity pathway analysis of commonly underexpressed genes in patients
with extremely prolonged PT versus patients with normal PT. -log (Benjamini-Hochberg (BH)) p value, negative log10-transformed p value
corrected for multiple comparisons; PPAR, peroxisome proliferator-activated receptor; PT, prothrombin time; RAR, retinoid acid receptor

resulting in enhanced clearance) or indirectly (e.g., through en-
hanced systemic inflammation and a more disturbed endothelial bar-
rier function). Platelet counts did not differ between patients with
an extremely prolonged PT versus those with a normal PT matched
for disease severity, suggesting that activation of the coagula-
tion cascade does not impact platelet activation and consumption.
Conversely, we previously reported that thrombocytopenia in pa-
tients with sepsis is not associated with consumptive coagulopathy,
as reflected by similar PTs in those with low (<50 x 10?/L) and normal
platelet counts.®

Plasma biomarkers indicative of endothelial cell activation and
function were different between patients with an extremely pro-
longed and normal PT to a modest extent. While plasma fractal-
kine levels were higher in patients with an extremely prolonged
PT, the concentrations of soluble ICAM-1 and soluble E-selectin
were not different between groups. The higher plasma angiopoi-
etin-2 levels in patients with an extremely prolonged PT are sug-
gestive of a more disturbed endothelial barrier integrity in this
group. Activation of coagulation can impact endothelial cell func-
tion in several ways.?®?” The tissue factor--factor Vlla--factor Xa
complex, factor Xa, and thrombin can selectively activate cell sur-
face protease activated receptors (PARs), which are considered to
be the main link between coagulation and inflammation, on the
vasculature 2628 High thrombin concentrations induce proinflam-
matory responses in endothelial cells through activation of PAR1,
resulting in activation of nuclear factor-kB, production of cytokines
such as IL-6 and cytoskeletal derangements, and cell contraction
and rounding, thereby weakening cell-cell contacts and decreasing
barrier function.?®?® The net effect of coagulation proteases on
endothelial function likely depends on the balance between pro-
coagulant factors and the anticoagulant protein C system, wherein
PAR1 activation by activated protein C evokes anti-inflammatory
and cytoprotective responses.?®2? In this respect it is important to
note that the function of the protein C system is strongly impaired

in patients with sepsis'>*33°

and that in the present study patients
with an extremely prolonged PT showed lower plasma protein C
levels than those with a normal PT. Thus, our observational results

in patients provide some in vivo validity to preclinical data on the

effects of coagulation factors on the endothelium, but the effect
size seems relatively low.

An extremely prolonged PT was associated with increased sys-
temic inflammation (higher IL-6, IL-8, and MMP8 concentrations).
In agreement, preclinical studies have provided ample evidence of
activation of proinflammatory mechanisms in parenchymal and im-
mune cells by coagulation factors, predominantly through cleavage
of PARs.12132629 Blood leukocytes of patients with an extremely
prolonged PT did not show increased proinflammatory signaling
compared to leukocytes of patients with a normal PT, as deter-
mined by genome-wide transcriptional profiling, suggesting that
elevated circulating IL-6, IL-8, and MMP8 levels originated from
extravascular cellular sources. Pathways that were overexpressed
in blood leukocytes of patients with an extremely prolonged PT
included metabolic reprogramming and protein catabolism. Eighty-
two percent of the leukocyte genomic response was common in
patients with an extremely prolonged and those with a normal
PT. This common response included increased expression of pro-
inflammatory, anti-inflammatory, and metabolic pathways, and
reduced expression of genes associated with lymphocyte and
antigen-presentation pathways, findings that are in agreement
with previous reports on the blood transcriptome in patients with
sepsis.31

Our study has strengths and limitations. We studied a large
prospectively enrolled cohort in which patients were punctiliously
characterized according to strict criteria. We implemented propen-
sity matching to adjust for differences in disease severity and other
potential confounders between patients with different PTs; never-
theless, a bias may have remained after matching due to unmeasured
confounders. Data were collected in two ICUs in the Netherlands,
which may limit the generalizability.

In conclusion, we here show that a prolonged PT in patients with
sepsis upon admission to the ICU is associated with alterations in
plasma biomarkers reflecting stronger anomalies in pathways impli-
cated in the pathogenesis of sepsis. Although causality cannot be
inferred from our observational study, these results taken together

12,13

with preclinical data suggest that activation of the coagulation

system impacts other host response mechanisms in sepsis.
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