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The pathogenesis of coronavirus disease 2019 (COVID-19)
pneumonia remains poorly understood. The urine proteome of
hospitalized patients with severe COVID-19 pneumonia,
compared with severe non-COVID-19 pneumonia controls, was
distinct and associated with lower abundance of several host
proteins. Protein-specific machine learning analysis outlined
biomarker combinations able to differentiate COVID-19
pneumonia from non-COVID-19 pneumonia controls.
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Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has
claimed at least 6.87 million lives globally as of February
2023. Although vaccines, in combination with antiviral and im-
munomodulatory interventions, have markedly reduced the
rate of hospitalization and deaths, case fatality remains signifi-
cant [1]. COVID-19 is likely to become endemic, albeit with
ongoing risk of severe disease in high-risk individuals, and
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the risk of postacute sequelae of COVID-19 (PASC) could con-
tinue contributing to morbidity [2, 3].

Despite advances in our understanding of COVID-19,
including that hyperinflammatory host immune response syn-
dromes, including leukocyte activation syndrome, endotheli-
opathy, and thrombo-inflammation, plays an important role,
the pathogenesis of COVID-19 remains poorly understood
[4]. Urine proteomic profiling has allowed for a better under-
standing of host and viral [5] biomarkers associated with
COVID-19 [6-11]. Such profiling is able to differentiate
COVID-19 patients from COVID-19-negative individuals
[7, 8], healthy controls [6, 9], those with non-COVID-19
pneumonia [6], and COVID-19 convalescing patients [9].
Classification of COVID-19 based on urine proteomic profiling
is also possible according to disease severity [6, 12-14] and pro-
gression [6, 9, 13-16].

Of note, a study in the early phase of the pandemic indicated
that the human urine proteome was able to differentiate pa-
tients who were hospitalized with severe COVID-19 pneumo-
nia (ancestral variant) from non-COVID-19 pneumonia
controls [6]. However, to our knowledge, no further studies
in the context of other variants, and none from low- and
middle-income countries, where the immunological and re-
source landscape is different, have been published. A prelimi-
nary study was therefore performed to compare the urine
proteomic profile of hospitalized patients with COVID-19
pneumonia with the urine proteomic profile of those with
non-COVID pneumonia.

Ethical approval was obtained from the University of Cape
Town Faculty of Health Sciences Human Research Ethics
Committee (HREC 014/2021). Hospitalized patients with
acute respiratory symptoms, chest radiographic abnormalities/
infiltrates, and those requiring supplementary oxygenation
(therefore fitting symptoms consistent with community-acquired
pneumonia) were recruited at Groote Schuur Hospital in Cape
Town between April and mid-July 2021 (time frames concordant
with the Beta and the Delta variant waves [17]. Patients’
comorbidities were documented, and severity was graded accord-
ing to the World Health Organization clinical progression scale
(all participants were grade 4-6) (Supplementary Table 1) [18].
Nasopharyngeal swabs were collected, and COVID-19 status
was confirmed by nucleic acid amplification tests (NAATS).
Midstream urine from 20 patients, 10 with COVID-19 pneumonia
and 10 non-COVID-19 pneumonia controls, was collected.

Urine was treated with 1% Triton X-100 to inactivate the
SARS-CoV-2 virus, and urinary proteins precipitated and di-
gested to peptides. The input sample was corrected and thus
normalized for protein concentration between samples.
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Peptides were analyzed by quantitative proteomics and mapped
to human and COVID-19 protein databases. Expression analy-
sis was performed to identify differentially abundant proteins
between the groups. The proteins with the smallest P values
were subsequently assessed for importance in random forest
classification. Numerous random forest classification models
were run using various combinations of the top 5 most impor-
tant proteins in order to identify the best 2-3 protein biomarker
combinations that could distinguish between COVID-19 cases
and controls. The Benjamini & Hochberg (FDR) method was
used to correct P values for multiple hypothesis testing.
Detailed methods are provided in the Supplementary Data.

There were no significant differences between the
COVID-19-positive and -negative persons when comparing
gender, current smoking status, comorbidities other than
HIV, and days between symptom onset and study enrollment.
There was, however, a higher prevalence of people with HIV in
the COVID-19-negative group (P =.041), and age was signifi-
cantly higher among the COVID-19-positive cases (P =.032)
(Supplementary Table 2).

Mass spectrometric analysis of the urinary proteins identi-
fied a total of 854 human proteins in the urinary proteome
across all individuals. Following filtering to retain those pro-
teins present in >70% of the patients in any 1 group, 286 pro-
tein groups remained. No SARS-CoV-2-specific peptides were
detected in any of the patients. However, a previous study was
able to detect SARS-CoV-2-specific peptides in urine [9]. The
inability to detect the viral proteins in our study is most likely
related to low levels of virus in the urine and minimal kidney
involvement [19], although we used similar sample preparation
methods and patients were recruited in the early disease stage
(viral loads were variable across samples and could have con-
tributed to the lack of detection of viral proteins in the urine).

Principal component analysis indicated relatively distinct
proteins grouping in the COVID-19-positive cases, with the ex-
ception of 3 negative controls, which grouped more closely
with COVID-19-positive individuals (Figure 1A). This sup-
ports the contention that COVID-19 cases and controls have
distinct urine proteome signatures. Distinctive clustering was
also observed in the heatmap (Figure 1B), with the exception
of 1 sample. It has previously been suggested that the grouping
of samples can be influenced by patient comorbidities [9], and
this may have explained some of the findings. However, HIV
status did not explain the clustering, which was most likely
COVID-19-related, as differential expression analysis of
HIV-infected persons in each group and in the whole cohort
did not meaningfully change the conclusions (and the distinct
clustering effect) (Supplementary Table 3).

Differential expression analysis indicated that the top 10 pro-
teins with the lowest P values had reduced abundance in
COVID-19-positive patients compared with negative controls
(Figure 1B; Supplementary Table 3). Indeed, another study

reported ~10 times more proteins with reduced abundance in
COVID-19 patients compared with controls [6]. Following
correction for multiple comparisons, only 3 proteins, Trefoil
Factor 3 (TFF3; FDR = 0.003), Zinc Finger, Myeloproliferative
and Mental Retardation-Type Containing 4 (ZMYM4; FDR
=0.042), and Fibrinogen Alpha Chain (FGA; FDR = 0.049),
were significantly downregulated in COVID-19-positive cases
(Figure 1C; Supplementary Table 2). Interestingly, these specific
proteins were not downregulated in the COVID-19 group in a
previous study [6], and we speculate that this may be a variant-
specific effect.

TFF3 belongs to the Trefoil Factor Family (TFF) proteins,
which are secreted by the mucosal epithelium and are thought
to be involved in mucosal protection by trapping microorgan-
isms [20]. Moreover, loss of TFF3 was linked to increased colon-
ic inflammation and implicated in the late response to mucosal
damage [21]. Downregulation of TFF3 in COVID-19-positive
individuals may therefore potentially lead to a decreased ability
of the host to neutralize virus and may be associated with com-
promised mucosal immunity. This has possible implications for
mucosally delivered interventions including inhaled vaccines,
especially in immunocompromised persons [22]. ZMYM4 is
thought to play a role in the regulation of cell morphology
and cytoskeletal organization [23], DNA damage response,
and cell cycle regulation [24]. Interestingly, loss of ZMYM4
has been associated with colon cancer [25]. Downregulation
of ZMYM4 in COVID-19-positive patients could therefore pos-
sibly be linked to increased DNA damage and dysregulation of
the cell cycle. FGA is the alpha subunit of the coagulation factor
fibrinogen, which plays an essential role in tissue healing
[26, 27]. Fibrinogen is broken down to fibrin, forming the central
structure of blood clots. This could explain the downregulated
FGA levels found in COVID-19 patients, in whom micro- and
macrovascular thrombosis is common [28]. Interestingly, loss
of FGA promotes tumor growth in lung cancer [29].

Random forest analysis on the differentially expressed
proteins identified the top 20 proteins associated with
COVID-19 (Figure 1D). Predictive modeling was performed,
and a model was selected from the best performing algorithm
that achieved our desired metrics (>90% sensitivity, >90%
negative/positive predictive value, and >70% specificity using
2 to 3 biomarkers). Best fit models were generated using differ-
ent combinations of 3- or 2-variable combinations (Table 1).
The greatest specificity, positive predictive value, and Youden
score were achieved using a 3-variable combination of FGA,
TFF3, and carboxypeptidase vitellogenic-like (CPVL) proteins
followed by FGA, TFF3, and mesothelin (MSLN) (Table 1).
Changing the probability cutoffs lowered the positive predic-
tive values and Youden scores (Supplementary table 4).
CPVL, a serine-type carboxypeptidase, was suggested to be in-
volved in the inflammatory protease cascade and trimming of
peptides for antigen presentation [30]. Interestingly, CPVL
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Figure 1. A PCA plot showing differential clustering of samples according to protein expression levels. B, Heat map indicating downregulation of proteins in

COVID-19-positive vs -negative patients. C, Top 10 differentially abundant proteins in COVID-19-positive compared with -negative patients. D, Random forest analysis
indicating the top 20 proteins relevant to COVID-19 (in order of importance). Abbreviations: COVID-19, coronavirus disease 2019; PCA, principal component analysis.

was predicted to be the most significant risk gene for the devel-
opment of severe influenza A infection [31], and lower expres-
sion of CPVL was also previously observed in severe
COVID-19 compared with nonsevere COVID-19 [12]. MSLN
is a tumor antigen, which is overexpressed in a variety of ma-
lignancies, including lung cancer, and is correlated with poor
prognosis [32]. Interestingly, MSLN protein levels have been
shown to be higher in COVID-19 patients compared with
healthy controls [6].

Our results demonstrate that the 3-parameter biomarker pan-
els identified in this preliminary study have the potential to dif-
ferentiate COVID-19 from other causes of acute respiratory tract
infection. However, these findings need to be confirmed in a
larger study cohort. Nevertheless, we see limited utility of such
an approach given the high sensitivity of antigen detection and

polymerase chain reaction-based diagnostic tools. These bio-
markers do, however, shed light on the pathogenesis of
COVID-19, and our work provides proof of concept that the
urine proteome is an important compartment that may provide
insights into better understanding the disease process and poten-
tially prognostic biomarkers. It also confirms the limited utility
of virus-specific proteins and antigen detection approaches using
urine (which is different than that seen in other infections like
legionella and tuberculosis where urine-based pathogen-specific
antigen detection tests impact clinical practice) [33].

However, our study has several limitations. The sample size
was limited (only 20 participants), but our objective was to un-
dertake a proof-of-concept study to determine the utility of the
urinary proteome in better understanding disease pathogene-
sis, and in the context of different and more recent variants.
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Table 1. Best Fit Models of the Top 20 Most Relevant Proteins for COVID-19°
3 Variable Combinations 2 Variable Combinations

Metric FGA, TFF3, CPVL FGA, TFF3, FN1 FGA, TFF3, MSLN TFF3, MSLN, CPVL  FGA, MSLN FGA, TFF3 TFF3, MSLN
Sensitivity 0.8(0.79,0.81) 0.85(0.84,0.86) 0.88(0.87, 0.89) 0.87 (0.86,0.88) 0.76 (0.74,0.77) 0.79(0.78,0.8)  0.81(0.8, 0.83)
Specificity 0.95 (0.94, 0.95) 0.8(0.78,0.81) 0.85(0.83, 0.86) 0.83(0.81,0.84) 0.89(0.88,0.9 0.85(0.83,0.86) 0.85 (0.84, 0.86)
Positive predictive value  0.94 (0.93, 0.95) 0.81 (0.79, 0.82) 0.85 (0.84, 0.86) 0.84 (0.82,0.85)  0.88(0.87,0.89) 0.84 (0.82, 0.85) 0.84 (0.83, 0.86)
Negative predictive value 0.83 (0.81, 0.84) 0.84 (0.83, 0.85) 0.87 (0.86, 0.88) 0.86 (0.85,0.87)  0.79(0.77, 0.8) 0.8(0.79, 0.81) 0.82(0.81, 0.83)
Youden 0.75(0.73, 0.77) 0.65 (0.62, 0.67) 0.73 (0.7, 0.75) 0.7 (0.67,0.72)  0.65 (0.63, 0.68) 0.64 (0.61, 0.66) 0.66 (0.64, 0.69)

Abbreviations: CPVL, carboxypeptidase vitellogenic—like; FGA, Fibrinogen Alpha Chain; FN1, fibronectin 1; MSLN, mesothelin; TFF3, Trefoil Factor 3.

?Probability cutoffs of 0.5 were used.

Moreover, our study was undertaken in a unique demographic
environment and across different variants, with 21A Delta be-
ing the dominant variant at the time of sampling (May 2021 to
July 2021 for this preliminary study), and therefore represents a
unique and valuable data set. Second, our data are relevant to
severe disease in hospitalized patients and not in ambulatory
persons. However, we specifically sought to interrogate this
population where better understanding and therapeutic inter-
ventions are most needed.

In summary, the urine proteome of hospitalized patients
with severe COVID-19 pneumonia was distinct and associated
with lower abundance of several host proteins, compared with
patients with severe pneumonia due to other causes. The iden-
tified COVID-19-specific biomarkers and utility of studying
the urine compartment form a foundation upon which future
studies may build, thus improving our understanding of disease
pathogenesis and potentially informing study approaches in fu-
ture pandemics.

Supplementary Data
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