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Abstract 

Background: The high heterogeneity in the symptoms and severity of COVID-19 makes it challenging to identify 
high-risk patients early in the disease. Cardiometabolic comorbidities have shown strong associations with COVID-
19 severity in epidemiologic studies. Cardiometabolic protein biomarkers, therefore, may provide predictive insight 
regarding which patients are most susceptible to severe illness from COVID-19.

Methods: In plasma samples collected from 343 patients hospitalized with COVID-19 during the first wave of the 
pandemic, we measured 92 circulating protein biomarkers previously implicated in cardiometabolic disease. We 
performed proteomic analysis and developed predictive models for severe outcomes. We then used these models to 
predict the outcomes of out-of-sample patients hospitalized with COVID-19 later in the surge (N = 194).

Results: We identified a set of seven protein biomarkers predictive of admission to the intensive care unit and/or 
death (ICU/death) within 28 days of presentation to care. Two of the biomarkers, ADAMTS13 and VEGFD, were associ-
ated with a lower risk of ICU/death. The remaining biomarkers, ACE2, IL-1RA, IL6, KIM1, and CTSL1, were associated 
with higher risk. When used to predict the outcomes of the future, out-of-sample patients, the predictive models built 
with these protein biomarkers outperformed all models built from standard clinical data, including known COVID-19 
risk factors.

Conclusions: These findings suggest that proteomic profiling can inform the early clinical impression of a patient’s 
likelihood of developing severe COVID-19 outcomes and, ultimately, accelerate the recognition and treatment of 
high-risk patients.
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Background
The COVID-19 pandemic, caused by the severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), has 
resulted in millions of deaths and persists as a global 
health threat [1]. COVID-19 causes a spectrum of symp-
toms, from mild upper respiratory tract infection to 
severe acute respiratory distress syndrome (ARDS) and 
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Three of the identified biomarkers, KIM1, ACE2, and 
CTSL, are involved in host-virus interactions. KIM1, an 
indicator of renal insults, plays a role in viral entry and 
regulation of the host immune response to viral infec-
tions [51]. ACE2, the cellular receptor for SARS-CoV-2 
[40, 42], undergoes shedding, leading to circulating 
ACE2, a biomarker of cardiovascular disease, diabetes, 
and death in patients with and without COVID-19 [52, 
53]. The association of ACE2 with severity is supported 
by a recently reported rare genetic variant that is asso-
ciated with a 37% reduction in ACE2 expression and a 
40% reduction in risk of severe COVID-19 [54]. Finally, 
CTSL is one of the lysosomal proteases that can cleave 
the SARS-CoV-2 spike protein, a step necessary for cel-
lular entry [41, 55].

Previous studies have reported hospital laboratory 
tests and clinical characteristics associated with severe 
COVID-19 [5, 35, 36, 44, 45, 56–62]. These studies used 
both prospective and retrospective analyses of clinical 
variables, imaging findings, and laboratory values predic-
tive of severity. Laboratory values such as IL6 [35, 44], IL-
1RA, IL10 [36], D-dimer [5, 45, 61], and troponin [5, 60, 
62] were associated with disease severity. Clinical charac-
teristics, such as BMI, age [5, 63], history of renal failure, 
cardiovascular and cerebrovascular disease [60, 63], were 
also associated with worse outcomes. Our study shows 
the best predictive model included many of these previ-
ously reported risk factors when the protein biomarkers 
were not included (Table  S4). However, when the pro-
tein biomarkers were included in the model-building 
process, these risk factors were replaced with the set of 
seven biomarkers, resulting in models that significantly 
outperformed all models developed from the clinical 
features and laboratory tests alone, suggesting that the 
biomarkers provide unique predictive value not captured 
by patient data and hospital lab values. The protein bio-
markers replaced known clinical risk factors for severe 
illness that had been selected in the model built without 
biomarkers (i.e., BMI, D-dimer, CRP, ALC, and troponin). 
Notably, BMI was replaced by IL-1RA, a biomarker 
that was strongly correlated with BMI (Fig.  3). IL-1RA, 
known to be highly expressed in white adipose tissue 
[64] and upregulated during inflammation, could serve 
as a better proxy than BMI for obesity-driven COVID-19 
risk. D-dimer was another previously reported COVID-
19 risk factor [5, 45, 61] that was selected in the model 
without protein biomarkers but replaced in the model 
with biomarkers. D-dimer was positively correlated with 
IL6, IL-1RA, KIM1, ACE2, and CTSL1 (Fig.  3: Box B) 
and negatively correlated with ADAMTS13 and VEGFD 
(Fig. 3: Box D). The replacement of D-dimer in the final 
model with these seven protein biomarkers suggests that 
the predictive value provided by D-dimer was captured 

by this combination of biomarkers. Nevertheless, the 
utility of these protein biomarkers for the purpose of risk 
stratification in real-world clinical settings will need to 
be prospectively assessed in the context of their practi-
cal considerations (e.g., cost, speed of results reporting, 
and access to testing) for them to be appropriately incor-
porated in the clinical evaluation of patients hospitalized 
with COVID-19.

We recognize that standards of care and resource 
availability evolved quickly during the first wave of the 
pandemic. As data on the efficacy and side effects of 
COVID-19 therapies accrued, the use of remdesivir and 
dexamethasone increased, while the use of hydroxychlo-
roquine decreased. MGH hospital guidelines did not rec-
ommend routine systemic anticoagulation for patients 
with COVID-19 during the pandemic and did not rec-
ommend the use of steroids, such as dexamethasone, 
until the publication of the RECOVERY study [65], after 
the recruitment period of this study. Prone positioning, 
applied heterogeneously early in the pandemic, even-
tually became standard of care. It is possible that these 
exogenous factors contributed to differences in outcomes 
between the in-sample and out-of-sample cohorts. We 
expect that, as the SARS-CoV-2 virus mutates, the viru-
lence pathways and host responses may change, as noted 
by both the delta and omicron variants [66]. The patients 
hospitalized with COVID-19 today are generally younger 
and consist of both unvaccinated and vaccinated patients 
with breakthrough infections or repeat infections. 
Emerging COVID-19 therapies and medication expo-
sures for preexisting medical conditions could influence 
the proteomic profile of patients and its association with 
COVID-19 severity.

By evaluating the models in a sample separate from 
that used to develop the models, we showed that the pre-
dictive value of the biomarkers was robust to changes in 
clinical protocols and the patient characteristics during 
the highly dynamic study period. Compared to studies 
that develop and test predictive models within the same 
patient population, our approach provided a more rig-
orous assessment of the generalizability of our models 
and the conclusions derived from our analysis. As one of 
the largest proteomic analyses performed in COVID-19 
patients, we were able to conduct age-stratified, gender-
stratified, and race/ethnicity-stratified analyses, demon-
strating the strong performance of the model with the 
protein biomarkers across various demographic strata 
(Additional file 1: Fig. S5, S6, and S7).

Similar to previous COVID-19 analyses [67–69], this 
study was limited by the precision with which COVID-
19 severity could be captured and COVID-19 related 
outcomes could be tracked. We used ICU admission 
and death as proxies for severe illness from COVID-19; 
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however, patients may have died or been admitted to the 
ICU for reasons independent of their COVID-19 status. 
Further, patients who died after the 28-day follow-up 
period or outside the hospital or at other hospitals would 
not have been captured in our study. This underestimate 
of the true case-count for the death outcome may have 
biased results towards the null (Additional file  1: Fig. 
S9). Another limitation was that the hospital laboratory 
tests and protein biomarkers were not measured at the 
same time for all patients and the time between symp-
tom onset and blood sample collection was not uniform 
across all patients. Despite this, we observed similar 
results when excluding patients with sample collection 
dates that were on or after the date of ICU admission or 
greater than three days or 14 days following presentation 
to care (Additional file 1: Fig. S2, Fig. S3, and Table S5). 
Finally, by only collecting discarded blood samples at a 
single time point, we were unable to perform longitudi-
nal analyses; however, biomarkers that can be interpreted 
with single timepoint measurements may be more useful 
in clinical settings where only one lab draw is available. 
Our retrospective proteomic analysis shows that protein 
biomarkers improve prediction of severe outcomes over 
clinical biomarkers and risk factors that are routinely 
measured or obtained from hospitalized patients with 
COVID-19.

Conclusion
In this study, we identified a set of protein biomarkers 
that yield both mechanistic insight regarding how car-
diometabolic disease contributes to COVID-19 pathol-
ogy, as well as predictive value regarding which patients 
have the highest risk for severe outcomes. If considered 
early in the clinical evaluation of patients with COVID-
19, these insights can help clinicians estimate a patient’s 
cardiometabolic-driven risk, which, in turn, can inform 
downstream decisions regarding how to stratify patients 
across pathways of clinical care (e.g., in-hospital observa-
tion or early admission to ICU) and whether to institute 
treatments that reduce the risk of poor outcomes, such as 
monoclonal antibodies or novel antiviral therapies.
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