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At present, the clinical course of coronavirus disease 2019 (COVID-
19) is unpredictable and can rapidly develop, causing severe and deadly
complications. Therefore, there is an urgent need to identify reliable
biomarkers related to COVID-19 disease progression and death for di-
agnostics as well as to identify pathways that are amenable to existing or
new therapeutics. While biomarkers of coagulation (e.g. D-dimer),
inflammation (e.g. interleukin-6 [IL-6] and C-reactive protein [CRP]),
cell damage (e.g. lactate dehydrogenase [LDH]) and immunity (e.g.
lymphocyte count) as well as clinical scoring systems (e.g. International
Society on Thrombosis and Hemostasis [ISTH] disseminated intravas-
cular coagulation [DIC] score) [1] can be helpful in predicting clinical
course and outcome in patients with COVID-19, there is a need for
additional biomarkers.

As COVID-19 progresses, inflammatory responses lead to a coagul-
opathy associated with a high incidence of thrombotic events, especially
in the microvasculature [2]. The pattern of changes in hemostatic var-
iables in COVID-19-associated coagulopathy appears to be different to
that in sepsis and DIC, and there are gaps in knowledge as to which
hemostatic proteins that may be most informative for the early identi-
fication of patients with poor prognosis in COVID-19 [2].

We aimed to characterize admission plasma levels of 12 hemostatic
proteins in hospitalized COVID-19 patients in order to identify proteins
associated with risk of disease worsening including death within 28
days. The data used here is from a publicly available longitudinal
COVID-19 cohort collected at the Massachusetts General Hospital
(MGH), Boston, USA (with institutional review board approval;
https://www.olink.com/mgh-covid-study/), which has recently been
described in detail [3].

This study is based on 231 COVID-19 patients presenting at the
emergency department with moderate or severe illness, i.e. requiring
oxygen (n = 152) or intensive care (n = 79). The World Health

Organization (WHO) COVID-19 outcomes scale was used on day one and
again at 28-day follow-up to classify patients as mild (WHO 5-6),
moderate (WHO 4), severe (WHO 2-3) or dead (WHO 1). Of the 152
patients presenting with moderate COVID-19, 128 improved, 2
remained unchanged, 5 deteriorated and 17 died; of the 79 patients with
severe COVID-19, 23 improved, 34 remained unchanged, 0 deteriorated
and 22 died.

Plasma was isolated from blood collected in EDTA tubes on admis-
sion. Plasma protein levels were measured using proximity extension
assay (PEA) technology with the OLINK Explore 1536 panel (OLINK,
Uppsala, Sweden). In total 12 proteins belonging to the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) coagulation cascade were pre-
sent on the OLINK Explore panel and analyzed for association with 28-
day disease worsening in the present study.

Available clinical and admission laboratory measures previously
reported to associate with COVID-19 clinical course and/or outcomes
that were included as covariates in the multivariate analyses in the
present study were coded as binary variables as indicated in Table 1 (for
original definitions, see https://www.olink.com/mgh-covid-study/ and
[31). Given that IL-6 has been robustly associated with poor prognosis in
COVID-19 patients, IL-6 levels measured with the OLINK Explore panel
were also included as a covariate. Identifying variables such as sex and
ethnicity were unavailable. In line with previous studies, patients whose
condition deteriorated (including those who died) were more likely to
be older, have comorbidities, reduced lymphocyte count, and increased
creatinine, CRP, D-dimers, LDH and IL-6 than patients who improved
(Table 1).

Univariate ordinal logistic regression analyses for 28-day disease
worsening were performed for each of the 12 hemostatic proteins. Pa-
tients whose condition deteriorated had elevated admission plasma
levels of proteinase-activated receptor 1 (PAR1, p = 0.004), tissue factor

Abbreviations: APC, activated protein C; DIC, disseminated intravascular coagulation; CRP, C-reactive protein; FVII, coagulation factor VII; FIX, coagulation factor
IX; IL-6, interleukin-6; LDH, lactate dehydrogenase; PAI-1, plasminogen activator inhibitor type 1; PAR-1, proteinase-activated receptor 1; TF, tissue factor; TFPI,
tissue factor pathway inhibitor; t-PA, tissue-type plasminogen activator; TM, thrombomodulin; u-PA, urokinase-type plasminogen activator; uPAR, urokinase-type

plasminogen activator receptor; vVWF, von Willebrand factor.
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Table 1

Clinical variables of moderate and severe COVID-19 patients included as cova-
riates in multivariable regression analyses, stratified based on whether patient
condition improved, remained unchanged or deteriorated (including death) over

28 days.

Variables Improved  Unchanged Deteriorated p-Value
(n=151) (n=36) (n = 44)

Clinical variables

Age >65y, n (%) 47 (31.1) 16 (44.5) 39 (88.6) <0.001
BMI >30 kg/m?, n (%) 77 (51.0) 13 (36.1) 15 (34.1) 0.066
Heart disease, n (%) 22 (14.6) 2 (5.6) 17 (38.6) <0.001
Lung disease, n (%) 37 (24.5) 2 (5.8) 11 (25.0) 0.038
Diabetes mellitus, n (%) 51 (33.8) 22 (61.1) 18 (40.9) 0.010
Hypertension, n (%) 61 (40.4)  21(58.3) 34 (77.3) <0.001
Immunocompromized, n (%) 9 (6.0) 6 (16.7) 6 (13.6) 0.068
Admission laboratory measures

Lymphocyte count <1.5 10°/L 119 (78.8) 33 (94.3) 39 (92.9) 0.017
Creatinine >1.8 mg/dL 10 (6.6) 6 (16.7) 13 (31.0) <0.001
CRP >100 mg/L 77 (51.0)  32(88.9) 30 (71.4) <0.001
D-dimer >1000 ng/mL 75(51.0) 24 (66.7) 32(76.2) 0.008
LDH >400 U/L 51(34.0)  25(69.4) 21 (50.0) <0.001
IL-6 mean NPX (+/—SD) 5.3(1.3) 6.9 (1.6) 6.8 (1.7) <0.001

Differences in variables were evaluated using Pearson's 2 test for categorical
variables and ANOVA for IL-6. BMI, body mass index; CRP, C-reactive protein;
IL-6, interleukin-6; LDH, lactate dehydrogenase; n, number; NPX, Normalized
Protein eXpression values; and SD, standard deviation.

(TF, p = 2.9E-08), tissue factor pathway inhibitor (TFPL, p = 0.024),
thrombomodulin (TM, p = 5.4E—6), tissue-type plasminogen activator
(t-PA, p = 3.5E—6), urokinase-type plasminogen activator receptor
(uPAR, p = 2.4E-7), and von Willebrand factor (vWF, p = 8.1E—5), and
lower levels of coagulation factor VII (FVII, p = 0.002) and protein C (p
= 1.2E—6; Fig. 1A). No significant association with disease worsening
was detected for coagulation factor IX (FIX, p = 0.95), plasminogen
activator inhibitor typel (PAI-1, p = 0.30), or urokinase-type plasmin-
ogen activator (u-PA, p = 0.13).

When each of the significant hemostatic proteins were assessed for
association with disease worsening in multivariate ordinal logistic re-
gressions when adjusting for clinical variables (age, body mass index
[BMI], and comorbidities), elevated levels of five proteins (TF, TM, t-PA,
uPAR, and vWF) and reduced levels of two proteins (FVII and protein C)
remained significant (data not shown). When further adjusting for
admission laboratory measures, only lower FVII and protein C remained
significantly associated with disease worsening (Fig. 1B). In the final
regression model that included both proteins, only age (odds ratio [OR]
5.0, 95% confidence interval [CI] 2.4-10.1, p < 0.001), IL-6 (OR 1.6,
95% CI 1.3-2.0, p = 0.001), creatinine (OR 3.1, 95% CI 1.4-6.6, p =
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0.017) and protein C (OR 0.38, 95% CI 0.20-0.73, p = 0.016) remained
significantly associated with disease worsening. It deserves mention that
D-dimer was not retained in this model (OR 0.86, 95% CI 0.45-1.64,p =
0.70). Correlations between the investigated biomarkers were evaluated
using the Pearson method. Protein C was most strongly correlated to
FVII (r = 0.6), followed by FIX (r = 0.5) and TFPI (r = 0.4) and was
inversely correlated to IL-6 (r = —0.3; p < 0.001 for all).

Given that a relatively high proportion of patients with heart con-
ditions are treated with anticoagulants that can affect some hemostatic
protein levels, we excluded 41 cases with these conditions in a sensi-
tivity analysis (n = 29 moderate and n = 12 severe). Admission protein C
levels were associated with 28-day disease worsening also in this anal-
ysis (OR 0.31, 95% CI 0.15-0.65, p = 0.011), indicating that oral anti-
coagulant use did not contribute to our initial finding.

We next evaluated the predictive value of protein C above clinical
and routine admission laboratory parameters for risk of disease wors-
ening by using area under the receiver operating characteristic curves
(AUG; Fig. 1C). On their own, clinical and laboratory measures had good
discriminating capacity to identify patients whose condition deterio-
rated and/or who died compared to improved (AUC 0.90, 95% CI
0.85-0.95). When adding protein C levels, the AUC increased modestly,
but significantly (p < 0.001), to 0.92 (95% CI 0.88-0.96).

Protein C is located on the surface of endothelial cells (EC). Together
with protein S, activated protein C (APC) is a strong inhibitor of the
coagulation system, especially in the microcirculation. APC also reduces
inflammation, apoptosis and stabilizes endothelial and epithelial bar-
riers [4,5]. Thus, APC is involved in many of the pathologic changes that
occur in COVID-19. Depleted protein C (measured by chromogenic as-
says and/or ELISA) has been associated with DIC and poor prognosis in
sepsis [5]. In a recent study, low protein C levels measured by ELISA
were one of several variables that could identify the pre-DIC state in
septic patients [6]. Of note, protein C and APC have short half-lives and
situations with increased activation of the coagulation pathway thus
result in acquired deficiency of protein C and the development of a
thrombogenic state [7]. Therefore, the reduction in admission protein C
levels observed here is likely attributable to increased consumption and
indicative of DIC rather than to reduced synthesis in the liver.

In regards to previous studies on protein C in patients with COVID-
19, one study of consecutive patients with varying degrees of illness
found that 7% had protein C activity levels below the normal reference
range [8], and two studies that included only patients requiring inten-
sive care (defined here as severe) reported low protein C activity levels
in patients [9,10]. However, conflicting data was also found in a small
study of 11 severely ill COVID-19 patients [11]. In terms of associations
to disease severity, one study of 30 patients requiring intensive care
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Fig. 1. Plasma levels of hemostatic proteins and 28-day disease worsening in hospitalized COVID-19 patients. Odds ratio (OR) and 95% confidence intervals for
disease worsening from (A) univariate ordinal logistic regression and (B) multivariate ordinal logistic regression (adjusted for clinical variables and admission
laboratory measures; see Table 1). (C): Receiver operating characteristic curves showing the predictive value of protein C over clinical variables and labora-

tory parameters.
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found patients with a high sequential organ failure assessment (SOFA)
score to have lower protein C activity compared to those with a low
SOFA score [12]. Finally, patients requiring intensive care had signifi-
cantly lower protein C activity than patients treated at the regular
hospital ward (defined here as mild or moderate) in the COMPASS-
COVID-19 study [1]. The novel finding in the present study is that low
hospital admission levels of protein C (i.e. prior to any prophylactic
treatment or intubation) in patients presenting with moderate or severe
COVID-19 are independently associated with 28-day disease worsening
and mortality. This study is based on PEA technology and reflects the
total circulating levels of protein C. Going forward, it will be crucial to
replicate these results using clinically relevant protein C assays (e.g.
chromogenic and/or clotting based activity assays).

Given the fact that thrombosis can occur despite prophylactic and
therapeutic use of heparin, and that bleeding is rare in COVID-19 pa-
tients even in the setting of thrombocytopenia and DIC [13], additional
pharmaceutical interventions may be beneficial in some individuals. In
line with this, it has been suggested that drugs modulating the protein C
pathway merit exploration in the treatment of critically ill COVID-19
patients [4].

To conclude, here we provide evidence that lowered hospital
admission plasma levels of protein C in COVID-19 patients presenting
with moderate or severe illness may be a useful biomarker for disease
worsening and high mortality risk. Further studies using clinically
relevant protein C assays (e.g. activity assays) are needed in order to
replicate this finding. An important next step will be to evaluate whether
admission protein C activity levels can predict thromboembolic
complications.
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