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A B S T R A C T   

Recent studies suggest that extracellular vesicles (EVs) play a role in the pathogenesis of SARS-CoV-2 infection 
and the severity of COVID-19. However, their role in the interaction between COVID-19 and type 2 diabetes 
(T2D) has not been addressed. Here, we characterized the circulating EV proteomic and phosphoproteomic 
landscape in patients with and without T2D hospitalized with COVID-19 or non-COVID-19 acute respiratory 
illness (RSP). We detected differentially expressed protein and phosphoprotein signatures that effectively 
characterized the study groups. The trio of immunomodulatory and coagulation proteins C1QA, C1QB, and C1QC 
appeared to be a central cluster in both the COVID-19 and T2D functional networks. PKCβ appeared to be 
retained in cells by being diverted from EV pathways and contribute to the COVID-19 and T2D interaction via a 
PKC/BTK/TEC axis. EV-shuttled CASP3 and ROCK1 appeared to be coregulated and likely contribute to disease 
interactions in patients with COVID-19 and T2D. Predicted activation of AMPK, MAPK, and SYK appeared to also 
play important roles driving disease interaction. These results suggest that activated cellular kinases (i.e., PKC, 
AMPK, MAPK, and SYK) and multiple EV-shuttled kinases (i.e., PKCβ, BTK, TEC, MAP2K2, and ROCK1) may play 
key roles in severe COVID-19, particularly in patients with comorbid diabetes.   

1. Introduction 

Adults with type 2 diabetes mellitus (T2D) are at increased risk for 
severe COVID-19, but the specific mechanisms heightening risk remain 
to be fully elucidated [1,2]. It is suggested that a reciprocal and detri
mental interaction between the immune and endocrine system drives 
this interaction [1,2]. Extracellular vesicles (EVs) are key players in 
intercellular and interorgan communication in both normal physiology 
and disease pathogenesis. In COVID-19, several studies suggest that EVs 
play a role in the pathogenesis of SARS-CoV-2 infection and severity of 
COVID-19 [3–8]. Platelet-derived EVs, for example, were found to be 
elevated in multiple cohorts [4,5]. EV proteins involved in inflamma
tion, coagulation, and immunomodulation were suggested to contribute 
to SARS-CoV-2 infection [6]. In hospitalized COVID-19 patients, 

alterations in these proteins may contribute to severe disease [7]. More 
recently, using state-of-the-art imaging flow cytometry, Tertel and 
colleague found that CD24+ EV subpopulations were enriched in people 
with mild symptoms, while CD82 + EVs were enriched in people with 
severe symptoms [8]. CD24 is a marker of several B cell subtypes 
including regulatory B cells and the presence of these cells has been 
associated with the duration of COVID-19 symptoms [9,10]. On the 
other hand, CD82+ EVs correlated with the frequency of circulating IL-6- 
producing myeloid-derived suppressor cells [8]. Importantly, the 
quantification of CD82+ and CD24+ EVs displayed better performance 
by linear discriminant effect size (LEfSe) analysis as indicators for severe 
COVID-19, as compared to previously known biomarkers such as the 
number of circulating neutrophils and myeloid-derived suppressor cells 
(MDSCs) or the concentration of various pro-inflammatory markers (e. 
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g., C-reactive protein, D-dimer, interleukin IL-8) in the blood [8]. 
Beyond COVID-19, EVs have been more extensively studied in T2D. 

Several studies suggest that both the proteome and the mirnome (miR
NAs) of EVs from patients with diabetes have proinflammatory pro
prieties, which we reason, could indirectly contribute to the severity of 
COVID-19 when both diseases co-occur [11–19]. Prattichizzo and col
leagues, for example, recently provided evidence that a specific sub
population of EVs characterized by the expression of the surface marker 
platelet endothelial cell adhesion molecule 1 (PECAM1/CD31), derived 
from platelets, immune cells, and endothelial cells, can promote proin
flammatory pathways in targeted endothelial cells [16,17]. These 
CD31+ EVs shuttled a specific diabetic microRNA signature that was 
able to effectively discriminate T2D patients with complications from 
T2D patients without complications including diabetic retinopathy, 
nephropathy, neuropathy, ischemic heart disease, and peripheral 
vascular disease [16,17]. In a study of the proteomic and phosphopro
teomic landscape of circulating EVs in subjects with prediabetes, T2D 
and normal glucose tolerance we identified a potential role of protein 
kinase C as a driver of upstream phosphorylation events that define 
phosphoproteomic signatures in prediabetes and T2D.[19] We reasoned 
that circulating EVs from patients with dysglycemia distribute activated 
kinases that alter relevant signaling pathways in target tissues and ul
timately contribute to diabetes development and progression. 

To gain insight into EV-mediated molecular mechanisms potentially 
driving the COVID-19 and T2D interaction and to identify potential 
biomarkers or therapeutic targets in this context, we compared the 
proteomic and phosphoproteomic profiles of circulating EVs in 48 hos
pitalized patients selected to create 4 matched groups of those with and 
without T2D and with either COVID-19 or non-COVID-19 acute respi
ratory illness (RSP). 

2. Materials and methods 

2.1. Study approval 

All aspects of the study were approved by the Institutional Review 
Board of AdventHealth. Deidentified plasma samples were obtained 
from the clinical laboratory and matched to clinical data through an 
honest broker system. 

2.2. Study cohorts 

Study participants were identified from a set of 494 patients hospi
talized at AdventHealth Orlando with a COVID-19 (SARS-CoV-2 PCR 
positive) or alternative (SARS-CoV-2 PCR negative) acute respiratory 
infection (RSP) diagnosis during June-August 2020 and for which 
plasma samples were available in our biorepository. Patients with type 1 
diabetes, pregnant women, or those admitted directly into the ICU were 
excluded. To generate four balanced groups, 10,000 random cohorts 
were automatically generated and differences among variables assessed 
using the Fisher test for categorical variables and ANOVA for continuous 
variables. Random cohorts were constrained by an equal number of 
males and females from each race ethnicity per group, whenever 
possible. When the number of Hispanic/Latino (H/L) or African Amer
ican (AA) female or male participants per group was limited, non- 
Hispanic white (NHW) females or males were used as substitutes, 
respectively. Random cohorts were ranked by the averaged P value for 
several key comparisons including age, lag-time (time samples remained 
stored at 4 ◦C before long-term storage at − 80 ◦C in the biorepository), 
and time difference between sample collection and hospitalization 
(constrained to a maximum of 5 days). 

2.3. EV isolation 

EV purification was conducted as described by Nunez Lopez and 
colleagues [19], using EVtrap™ (Tymora Analytical, Lafayette, IN, 

USA), a non-antibody- bead-based affinity technology developed to 
specifically and quantitatively isolate EVs. The EVtrap™ technology has 
been further described and validated in detail elsewhere [19–28]. In 
short, frozen plasma samples were thawed and large debris removed by 
centrifugation at 2500 × g for 10 min. The pre-cleared plasma was then 
diluted 20-fold in PBS and incubated with EVtrap™ beads for 30 min. 
The magnetic beads were captured using a magnetic separator rack, then 
washed with PBS, and the EVs eluted with 200 mM triethylamine (TEA, 
Millipore-Sigma). The resulting EV samples were fully dried in vacuum 
centrifuge. 

2.4. Mass spectrometry (LC-MS/MS)-based methods used to detect the 
global EV proteome and phosphoproteome 

LC-MS was conducted as described by Nunez Lopez and colleagues 
[19]. Briefly, EVs were solubilized in lysis solution then diluted fivefold 
with 50 mM triethylammonium bicarbonate and digested with Lys-C 
(Wako) at 1:100 (wt/wt) enzyme-to-protein ratio for 3 h at 37 ◦C. 
Trypsin was added to a final 1:50 (wt/wt) enzyme-to-protein ratio for 
overnight digestion at 37 ◦C. After surfactant removal, the resulting 
peptides were desalted using Top-Tip C18 tips (Glygen, Columbia, MD, 
USA) according to manufacturer’s instructions. The samples were dried 
completely in a vacuum centrifuge and dissolved at 0.1 μg/μL in 0.05% 
trifluoroacetic acid with 3% (vol/vol) acetonitrile. For phosphopro
teome analysis, the 99% portion of each sample was subjected to 
phosphopeptide enrichment using PolyMAC Phosphopeptide Enrich
ment kit (Tymora Analytical,West Lafayette, IN, USA) according to the 
manufacturer’s instructions, and the eluted phosphopeptides dried 
completely in a vacuum centrifuge. For phosphoproteomics analysis, the 
whole enriched sample was used, while for proteomics, only 50% of the 
sample was loaded onto the LC-MS. Each dried peptide or phospho
peptide sample was dissolved at 0.1 µg/µL in 0.05% trifluoroacetic acid 
with 3% (vol/vol) acetonitrile. A total of 10 μL of each sample was 
injected into an Ultimate 3000 nano UHPLC system (Thermo Fisher 
Scientific, Waltham, MA, USA) and peptides captured on a 2 cm Acclaim 
PepMap trap column and separated on a heated 50 cm column packed 
with ReproSil Saphir 1.9 μm C18 beads (Dr. Maisch GmbH, Ammerbuch, 
Germany). The mobile phase buffer consisted of 0.1% formic acid in 
ultrapure water (buffer A) with an eluting buffer of 0.1% formic acid in 
80% (vol/vol) acetonitrile (buffer B) run with a linear 60 min gradient of 
6–30% buffer B at a flow rate of 300 nL/min. The UHPLC was coupled 
online with a Q-Exactive HF-X mass spectrometer (Thermo Fisher Sci
entific, Waltham, MA, USA). The mass spectrometer was operated in the 
data-dependent mode, in which a full-scan MS (from m/z 375 to 1500 
with a resolution of 60,000) was followed by MS/MS of the 15 most 
intense ions (30,000 resolution; normalized collision energy—28%; 
automatic gain control target (AGC)—2E4, maximum injection 
time—200 ms; 60 sec exclusion). 

2.5. Bioinformatic analysis of MS/MS data 

Raw MS/MS data was analyzed as described by Nunez Lopez and 
colleagues [19]. In short, peptides were searched directly against the 
human Uniprot database with no redundant entries, using Byonic 
(Protein Metrics, Cupertino, CA, USA) and Sequest search engines 
loaded into Proteome Discoverer 2.3 software (Thermo Fisher Scientific, 
Waltham, MA, USA). MS1 precursor mass tolerance was set at 10 ppm, 
and MS2 tolerance was set at 20 ppm. Search criteria included a static 
carbamidomethylation of cysteines (+57.0214 Da), variable modifica
tions of oxidation (+15.9949 Da) on methionine residues, acetylation 
(+42.011 Da) at the N terminus of proteins, and phosphorylation of S, T, 
and Y residues (+79.996 Da) for the phosphoproteomics data. The 
search was performed with full trypsin/P digestion and allowed a 
maximum of two missed cleavages on the peptides analyzed from the 
sequence database. The false discovery rates of proteins and peptides 
were set at 0.01. All protein and peptide identifications were grouped, 
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and any redundant entries were removed. Only unique peptides and 
unique master proteins were reported. All data were quantified using the 
label-free quantitation node of Precursor Ions Quantifier through the 
Proteome Discoverer v2.3 (Thermo Fisher Scientific, Waltham, MA, 
USA). For the quantification of proteomic or phosphoproteomic data, 
the intensities of peptides/phosphopeptides were extracted with initial 
precursor mass tolerance set at 10 ppm, minimum number of isotope 
peaks as 2, maximum ΔRT of isotope pattern multiplets—0.2 min, PSM 
confidence FDR of 0.01, with hypothesis test of ANOVA, maximum RT 
shift of 5 min, pairwise ratio-based ratio calculation, and 100 as the 
maximum allowed fold change. The abundance levels of all peptides and 
proteins were normalized using the total peptide amount normalization 
node in the Proteome Discoverer. 

2.6. Phosphosite-centric analyses 

Phosphosite level analysis was conducted using the R package PhosR 
[29, 30] as described by Nunez Lopez and colleagues [19]. In brief, the 
code for processing and downstream analyses of phosphoproteomic data 
was adapted from reference [29]. Up-stream kinases responsible for 
detected phosphorylation signatures are identified and potential novel 
kinase-substrate pairs and global relationships between kinases are 
predicted. Phosphosite filtering (forced to be present in at least 50% of 
the samples from one study group) and imputation (site and condition- 
specific imputation with scImpute using 50% as quantification rate 
threshold per condition and tail-base imputation with tImpute func
tions) was performed. Quantile normalization of the imputed data and 
differential phosphosite expression analysis was done using linear 
models and moderated empirical Bayes statistics implemented in the 
limma R package [31]. Kinase perturbation analysis was conducted using 
the perturbPlot2d function from the directPA R package [32]. The 
PhosphoSitePlus annotation database was used as the source of kinase- 
substrate annotations. 

2.7. Nanoparticle tracking analysis (NTA) 

The size distribution and concentration of particles in EV prepara
tions were analyzed using dynamic light-scattering technology with a 
NanoSight NS300 instrument and NTA-3.4 software (Malvern Pan
alytical, Malvern). The instrument was equipped with a 488 nm blue 
laser module, flow-cell top plate, integrated temperature control, and a 
single-syringe pump module. Samples were diluted using cell culture 
grade water (Corning cat# 25-005-CI) to produce an optimal particle 
concentration for final measurement in the range of 107 to 109 particles/ 
ml. Dilutions were initially assessed with a single quick static mea
surement of 30 s to identify the optimal dilution (which represented 
approximately 20 to 100 particles in the instrument’s field of view, per 
video frame). For final, more accurate quantification, 5 standard mea
surements of 1 min of duration each were taken at a controlled tem
perature of 25 ◦C and under constant automatic flow (continuous 
syringe pump speed set to 50 arbitrary units). Camera level for video 
capture was set to 12 and detection threshold to 5 for all sample 
measurements. 

2.8. Statistical analysis 

Data normality was tested using the Shapiro-Wilk test, and non
normal data was log-transformed to approximate normality. Differences 
in baseline clinical characteristics were assessed using the Welch two- 
sample t test (for continuous variables) or the Fisher exact test (for 
categorical variables). The multidimensional scaling (MDS) plot were 
generated with the plotMDS function of the limma R package. MDS 
displays the Euclidean distances among cohorts based on the normalized 
abundance levels of all stringently detected EV proteins. Differential 
expression analysis was conducted using the limma R package [31]. Data 
was adjusted for the potential confounding effects of age, gender, race, 

and ethnicity. Partial correlations were also calculated in the R envi
ronment adjusting for the same confounders. Calculated effects and 
correlations with two-tailed P values < 0.05 were considered significant. 
False discovery rates (FDR) correcting for multiple testing were calcu
lated using the Benjamini-Hochberg (BH) correction as implemented for 
the p.adjust function in the stats R package. Enrichment for KEGG 
pathway signatures among the lists of differentially expressed EV pro
teins was assessed using clusterProfiler [33] with a p < 0.05 and adjusted 
p < 0.1 as thresholds for statistical significance. 

3. Results 

3.1. Participants and study design 

As described in the materials and methods section, important efforts 
were made to ensure the homogeneity of the study cohort. The clinical 
characteristics of the study cohort are summarized in Table 1. The study 
design allowed us to effectively model and quantify the independent 
effects of COVID-19 and T2D as well as the interaction between the two 
diseases. This is, to our knowledge, the first EV proteomic and phos
phoproteomic study that controls COVID-19 effects against non-COVID- 
19 acute respiratory illness (RSP). 

3.2. EV preparations are enriched in exosomal particles 

To characterize the protein composition of plasma EV preparations 
purified using Tymora’s non-antibody-based affinity EVtrap™ pro
prietary technology (designed to quantitatively capture membrane- 
bound vesicles including exosomes and validated in multiple peer- 
reviewed publications [19–28]), we assessed the enrichment in exoso
mal proteins curated by the ExoCarta Database. EVs were highly 
enriched in exosomal proteins, including 87 of the top 100 Exocarta 
proteins and nanoparticle tracking analysis (NTA) demonstrated size 
distributions consistent with preparations enriched in small EVs 
(Fig. 1A-E). Increased particle concentration was evident across most of 
the size range for the COVID-19 groups compared to their respective 
non-COVID-19 controls. However, the increase was not statistically 
significant (Fig. 1E). We further characterized our EV preparations using 
state-of-the-art LC-MS/MS mass spectrometry. Fig. 1F presents a digital 
Western-like rendering of proteomic data for classical exosomal markers 
(namely ALIX, HSP70, FLOT1, Annexin-V, CD63, and CD9, RAB7; box
plots presented in Supplementary Figure SF1), some of which (i.e., 
Annexin-V/ANXA5 and RAB7) demonstrated significant (FC > 2, P <
0.05, FDR < 0.05) dysregulation in EVs from the COVID-19 groups, as 
compared to the non-COVID-19 RSP controls (Supplementary Tables 
ST1-ST2, Supplementary Figure SF1A,F). Interestingly, negative control 
marker Calnexin/CANX was also significantly affected by COVID-19 
(Supplementary Table ST1, Supplementary Figure SF1G). 

3.3. EV proteomic and phosphoproteomic signatures effectively 
distinguished all study groups 

To identify potential EV biomarkers contributing to the increased 
risk of hospitalization in patients with COVID-19 and T2D, we con
ducted differential expression analysis of the global proteomic and 
phosphoproteomic data. The differential expression analysis included a 
COVID-19-by-T2D interaction term in the multivariate models that 
allowed dissection of the independent effects of each disease on the EV 
proteome and identified changes that depended on the co-occurrence of 
both diseases (Supplementary Tables ST1-ST6). For phosphoproteomics 
analysis, the sample volume available was limited and we were required 
to make pools of 3 plasma samples each, for a total of 4 pools per study 
group that represented 16 sample pools in total. Because of this reduc
tion in effective sample size and because the groups were well balanced 
by design, we did not adjust the models used to analyze the phospho
proteomic data. Results from the differential phosphoproteomic 
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expression analysis are reported in Supplementary Tables ST4-ST6. As 
shown in Fig. 2A,C and Fig. 3A,C, the multidimensional scaling (MDS) 
plots of all EV proteomic and EV phosphoproteomic data passing strin
gent filtering criteria and the unsupervised clustering of the respective 
differentially expressed EV signatures effectively distinguished the four 
study groups. Only one patient with COVID-19 and T2D was mis
clustered with the RSP+ T2D- group by unsupervised clustering of DE 
proteins, however, its specific DE proteomic signature was clearly 
distinct from that of the real RSP+ T2D- patients. Of note, the distance 
attributable to T2D in the MDS plots is greater in RSP+ patients 
compared to COVID-19 ones (Fig. 2C and 3C). The volcano plots shown 
in Fig. 2D,E and Fig. 3D,E highlight many of the differential expressed 
proteins and phosphosites that account for the independent effects of 
COVID-19 and T2D. 

Additionally, Fig. 2B, 3B, and 4, as well as select boxplots presented 
in Supplementary Figures SF2 and SF3, highlight the EV proteins and 
phosphoproteins that are significantly changed in multiple comparisons. 
Notably, coagulation Factor VIII (F8, Fig. 4, Supplementary Figure 

SF4A,F) was found to be a unique feature that significantly changed due 
to both COVID-19 and T2D at both the protein and phosphoprotein level 
(Fig. 4B), and further displayed an interaction effect between the two 
diseases (Fig. 3B and 4A). Similar to protein F8, integrin ITGA6, 
HSP90AB1, and LIMS1 were three additional DE phosphoproteins that 
demonstrated significant COVID-19 by T2D interaction effect at the 
protein level (Fig. 4A,B, Supplementary Figure SF4B-D,G-I). MAP2K2 
was another relevant DE phosphoprotein with significant COVID-19 and 
T2D independent effects (Fig. 4B, Supplementary Figure SF4E). Inter
estingly, most of the above-mentioned DE phosphoproteins appeared to 
be coregulated, as demonstrated by the significant correlations among 
their circulating EV levels (Supplementary Figure SF5). The important 
role of MAPK signaling for integrin signaling is further highlighted by 
the Reactome pathway enrichment analysis among differentially 
expressed phosphoproteins shown in Supplementary Figure SF4J. 

Table 1 
Clinical characteristics of the study cohort.   

Group 1 
COVþT2Dþ

Group 2 
COVþT2D¡

Group 3 
RSPþT2Dþ

Group 4 
RSPþT2D¡

p 

n 12 12 12 12  
COVID Diagnosis = Positive(%) 12 (100.0) 12 (100.0) 0 (0.0) 0 (0.0) <0.001 
T2D Diagnosis = Positive (%) 12 (100.0) 0 (0.0) 12 (100.0) 0 (0.0) <0.001 
RSP Diagnosis = Positive (%) 0 (NaN) 0 (NaN) 12 (100.0) 12 (100.0) NA 
Age / year 69.75 (13.45) 67.17 (18.02) 71.50 (13.74) 68.00 (13.22) 0.892 
BMI / kg/m2 26.60 (7.56) 27.81 (5.52) 31.05 (13.87) 29.75 (9.01) 0.674 
Height / cm 169.76 (14.64) 171.24 (12.61) 174.34 (12.30) 168.91 (9.60) 0.74 
Actual Weight / kg 77.35 (27.45) 83.10 (26.63) 92.52 (51.61) 84.57 (24.68) 0.756 
Patient Gender = Male (%) 6 (50.0) 6 (50.0) 6 (50.0) 6 (50.0) 1 
Patient Race = White (%) 6 (50.0) 8 (66.7) 8 (66.7) 10 (83.3) 0.392 
Ethnic Group = Non-Hispanic or Non-Latino (%) 10 (83.3) 10 (83.3) 10 (83.3) 11 (91.7) 0.919 
Hospitalized = YES (%) 12 (100.0) 12 (100.0) 12 (100.0) 12 (100.0) NA 
ICU Patient = NO (%) 12 (100.0) 12 (100.0) 12 (100.0) 12 (100.0) NA 
ICU Event = NO (%) 12 (100.0) 12 (100.0) 12 (100.0) 12 (100.0) NA 
Time difference sample collection to hospitalization / h 6.00 (20.78) 8.00 (18.68) 8.00 (21.30) 12.00 (19.15) 0.903 
Lagtime / h 80.26 (17.83) 78.90 (15.77) 78.73 (27.19) 84.29 (11.88) 0.881 
Glucose Level / mg/dL 174.60 (83.90) 111.50 (14.47) 151.64 (46.72) 105.78 (22.77) 0.019 
CRP Inflammatory / mg/L 130.10 (100.63) 96.84 (137.65) NaN (NA) 117.55 (103.45) 0.907 
D Dimer / ug/mL 2.09 (1.36) 0.76 (0.40) NaN (NA) 3.33 (NA) NA 
Ferritin Level / ng/mL 852.40 (597.04) 951.00 (1208.95) NaN (NA) 98.00 (NA) NA 
International Normalized Ratio (INR) in Platelet Poor Plasma 1.61 (0.55) 1.11 (0.22) 1.31 (0.39) 1.15 (0.11) 0.481 
Troponin T / ng/mL 0.01 (0.01) 0.00 (0.01) 0.72 (1.02) 0.00 (NA) NA 
Troponin T Interp (%)     0.497 
GRAYZONE 1 (20.0) 0 (0.0) 0 (0.0) 0 (0.0)  
NEGATIVE 4 (80.0) 2 (100.0) 1 (50.0) 1 (100.0)  
POSITIVE 0 (0.0) 0 (0.0) 1 (50.0) 0 (0.0)  
CO2 level / mmol/L 23.30 (2.87) 24.50 (2.56) 24.09 (5.49) 23.33 (2.29) 0.876 
ALT / units/L 21.25 (12.98) 31.40 (11.17) 29.00 (19.94) 37.33 (26.16) 0.499 
AST / units/L 31.88 (18.54) 29.80 (6.53) 43.83 (22.16) 41.33 (30.17) 0.573 
Albumin level / g/dL 3.18 (0.34) 3.46 (0.85) 3.13 (0.71) 3.57 (0.55) 0.653 
Bilirubin Total / mg/dL 0.46 (0.35) 0.52 (0.22) 0.55 (0.44) 0.97 (1.00) 0.476 
Creatinine level / mg/dL 2.43 (3.03) 1.01 (0.27) 1.99 (2.08) 0.85 (0.38) 0.244 
BUN level / mg/dL 33.80 (27.37) 19.12 (17.36) 29.55 (22.40) 14.67 (10.06) 0.18 
LD / units/L 321.33 (90.96) 372.00 (41.39) NaN (NA) 297.50 (86.97) 0.549 
Lactic Acid level / mmol/L 1.35 (0.33) 2.05 (0.64) 1.00 (0.28) 1.70 (0.71) 0.225 
Calcium level / mg/dL 8.86 (0.42) 8.76 (0.51) 8.95 (0.64) 8.59 (0.37) 0.449 
Chloride level / mmol/L 98.80 (6.56) 105.12 (8.56) 100.18 (4.79) 103.22 (6.40) 0.178 
Potassium level / mmol/L 4.35 (0.54) 4.12 (0.30) 4.35 (0.44) 3.93 (0.39) 0.123 
Sodium level / mmol/L 134.80 (5.14) 141.12 (9.01) 135.45 (4.46) 136.44 (5.94) 0.156 
White Blood Cells 8.32 (3.86) 7.12 (3.24) 9.53 (2.18) 8.90 (2.11) 0.456 
Abs Lymphocyte Count 0.93 (0.81) 0.95 (0.55) 1.87 (0.37) 1.72 (1.06) 0.078 
Abs Basophil Count 0.04 (0.09) 0.02 (0.02) 0.03 (0.01) 0.03 (0.02) 0.889 
Abs Eosinophil Count 0.03 (0.04) 0.06 (0.05) 0.37 (0.39) 0.20 (0.19) 0.03 
Abs Monocyte Count 0.55 (0.64) 0.40 (0.16) 0.69 (0.08) 0.73 (0.28) 0.575 
Abs Neutrophil Count 6.64 (2.99) 4.52 (2.80) 6.47 (1.69) 6.24 (1.98) 0.46 
Lymphocytes (%) 13.61 (15.99) 18.52 (17.13) 20.50 (7.01) 19.80 (13.24) 0.82 
Basophils (%) 0.48 (1.02) 0.30 (0.31) 0.38 (0.15) 0.30 (0.23) 0.955 
Eosinophils (%) 0.34 (0.52) 0.95 (0.89) 3.82 (3.65) 2.40 (2.27) 0.033 
Monocytes (%) 5.58 (3.20) 6.03 (1.85) 7.54 (1.87) 8.22 (3.40) 0.348 
Neutrophils (%) 77.56 (18.11) 63.53 (23.55) 67.58 (9.11) 69.10 (17.44) 0.54 

Data presented as Mean (Standard Deviation) unless otherwise specified. NA: not applicable, NaN: not a number. 
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3.3.1. Dual phosphoprotein- and phosphosite-centric analysis uncovered 
unique signatures of upstream PKC, MAPK, AMPK, and SYK activation 

Using directPA (an R package that can integrate multiple treatments 
and visualize kinases and substrates under combinatorial perturbations 
[32]), we predicted upstream activated kinases presumably responsible 
for the observed phosphopeptide profiles in the circulating EVs 
(Fig. 5A). Most notably, the kinase perturbation analysis predicted 

reduced PKC activity (marked by PRKCA, one of the protein kinase C 
family members) in both COVID-19 and T2D conditions, and reduced 
MAPK activity in COVID-19 (Fig. 5A). On the other hand, AMPK 
(marked by the catalytic subunit PRKACA) activation was predicted in 
COVID-19 and contrasted by reduced activity in T2D (Fig. 5A). Sup
porting these predictions, PKC family member PRKCB (PKCβ) was found 
to be significantly downregulated at the protein level in both COVID-19 

Fig. 1. Proteomic signatures of circulating EVs in hospitalized patients with either COVID-19 or alternative acute respiratory disease (RSP), with or without T2D. (A, 
B) Comparison of detected EV proteins and reported exosomal proteins in full (A) and top 100 (B) Exocarta database. (C,D) Particle distributions as determined by 
nanoparticle tracking analysis of EV preparations from each study cohorts (C) and summarized by COVID-19 or RSP diagnosis (D). (E) Summary statistics from the 
NTA analysis. (F) Digital Western-like rendering of proteomic data for classical EV markers. 
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Fig. 2. Global EV proteomics signatures. (A) Unsupervised hierarchical clustering of differentially expressed EV proteins. (B) Cross-referencing of differentially 
expressed EV proteins defining the main independent effects of COVID-19 and T2D, and the corresponding disease interaction effect. (C) Multidimensional scaling 
plot of Euclidean distances among groups based on the normalized abundance levels of all detected EV proteins. (D,E) Volcano plots highlighting differentially 
expressed EV proteins defining the independent effects of COVID-19 and T2D. 
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Fig. 3. Global EV phosphoproteomics signatures. (A) Unsupervised hierarchical clustering of differentially expressed EV phosphoproteins. (B) Cross-referencing of 
differentially expressed EV phosphoproteins defining the main independent effects of COVID-19 and T2D, and the corresponding disease interaction effect. (C) 
Multidimensional scaling plot of Euclidean distances among groups based on the normalized abundance levels of all detected EV phosphoproteins. (D,E) Volcano 
plots highlighting differentially expressed EV phosphosites defining the independent effects of COVID-19 and T2D. 
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and T2D patients, and to be additionally subjected to significant inter
action effect between the two diseases (Fig. 4A, Supplementary Figures 
SF2D). In addition, protein PRKAR2B (the key AMPK regulatory subunit 
involved in adipose tissue development [34]) (Supplementary Figure 
SF2E) and phosphorylated MAP2K2 (Supplementary Figure SF4E) were 
found to be significantly downregulated in EVs from COVID-19 patients. 
In addition, using package PhosR [29,30], we identified potential kinase- 
substrate pairs (Fig. 5B, row dendrogram) and global relationships be
tween kinases (Fig. 5B, column dendrogram). PhosR was also used to 
construct signalomes that report on protein modules with phosphosites 
that share similar dynamic phosphorylation profiles and kinase regula
tion (Fig. 5C). These signalomes revealed that several phosphosite 
modules were exclusively regulated by SYK or MAP3K7, while the rest 
seemed coregulated by multiple kinases, suggesting potential signaling 

crosstalk and/or redundancy. 

3.3.2. Functional enrichment among differentially expressed EV proteins 
suggest additional clinically relevant COVID-19 - T2D relationships 

To gain additional insight into mechanisms driving the increased risk 
for hospitalization with COVID-19 among people with T2D, we con
structed networks of enriched KEGG pathways among the differentially 
abundant EV proteins (Supplementary Figure SF6, Supplementary Ta
bles ST7-ST12). We detected common functional node clusters among 
the networks assessing the independent effects of COVID-19 and T2D. A 
key central cluster appeared to be the significantly upregulated trio of 
adaptive immune response complement proteins C1QA, C1QB, and 
C1QC in EVs (Fig. 4A, Supplementary Figure SF2A-C, SF6B,D). 

Also common between the independent effects of COVID-19 and T2D 

Fig. 4. Cross-referencing of differentially expressed EV proteins and EV phosphoproteins. (A) Venn diagram highlighting the common EV proteomic signatures 
among the main independent effects of COVID-19 and T2D, and the corresponding disease interaction effect. (B) Venn diagram highlighting the common EV pro
teomic and phosphoproteomic signatures characterizing the main independent effects of COVID-19 and T2D. 
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was the significant downregulation of PRKCB (mentioned in previous 
section, Fig. 4A, Supplementary Figures SF2D and SF6A,C,F). In addi
tion, protein levels of BTK and TEC (two TEC kinase family members), 
were also significantly downregulated in EVs from both patients with 
COVID-19 or T2D (logFC < -2, FDR≪<≪0.05, Supplementary Table 
ST1-ST2, Supplementary Figure SF2F,G). Significant correlations (r ≥
0.63, P<<0.05) were detected among the three EV kinases PRKCB, BTK, 
and TEC (Supplementary Figure SF2J-L) that suggested their cor
egulation in COVID-19 and T2D. PRKCB and TEC additionally displayed 
significant COVID-19 by T2D interaction (Fig. 4A). 

Moreover, we observed that upregulation of EV CASP3 was central in 
COVID-19-specific networks (Supplementary Table ST1, Supplementary 

Figures SF2H and SF6B). On the other hand, Rho kinase (ROCK1) was 
one of the most strongly downregulated proteins in COVID-19 patients 
(Supplementary Table ST1, Supplementary Figures SF2I and SF6A) and 
the levels of EV ROCK1 were negatively correlated with the levels of EV 
CASP3 (r = − 0.7, P = 2.6 × 10− 6, Supplementary Figure SF3D). These 
two proteins additionally display significant COVID-19 by T2D inter
action effects (Supplementary Table ST3, Supplementary Figure SF6E, 
F). 

We further detected highly significant COVID-19 - T2D interaction 
effects in the trafficking molecule ALCAM (Supplementary Tables ST1- 
ST3, Supplementary Figures SF2J and SF6F) and lysosome-resident 
LAMP1 (Supplementary Tables ST1 and ST3, Supplementary Figures 

Fig. 5. Global kinase activity prediction analyses. (A) Kinase perturbation analysis based on the differentially expressed EV phosphopeptide profiles defining the 
independent effects of COVID-19 and T2D. (B) Heatmap of global kinase-substrate relationships scores for the top three EV phosphosites of all evaluated kinases. The 
higher the scores, the better the fit of a phosphosite to a kinase motif and kinase-substrate EV phosphorylation profile. Kinases are annotated by kinase family and 
group. (C) EV signalomes for kinases with predicted substrates. Solid circles represent the protein modules regulated by each predicted kinase. Circle size is pro
portional to the number of proteins predicted to be regulated by the specific kinases. Only significantly upregulated phosphosites were included in the analysis. 
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SF2K and SF6A,F). Another set of interesting lysosome- and 
autolysosome-related proteins that demonstrated differential expression 
in the circulating EVs were VAMP8, ATP6V1A, ATP6V1B2 and 
ATP6V1H (Supplementary Tables ST1-ST3, Supplementary Figures 
SF2L-O and SF6A,F). Other molecules involved in phagosome function 
including RAB5B, CORO1A, FCGR3B, and CD36 (Supplementary Table 
ST3, Supplementary Figures SF2P-R and SF6F) also became significantly 
elevated in the circulating EVs from patients with concomitant COVID- 
19 and T2D. 

4. Discussion 

The large amount of information generated by multiomic studies 
makes the integrated evaluation and comprehensive interpretation of 
the results challenging. Here, we focused our discussion on the most 
relevant findings that, supported by recent published literature, under
scored the novel contribution of circulating EVs to the increased risk for 
hospitalization in COVID-19 patients with T2D. 

EV preparations were highly enriched in exosomal proteins, 
demonstrating that approximately 86% of all detected proteins are an
notated as EV proteins by the Exocarta database, including 87 of the 
proteins considered to be the best exosomal markers (Top 100 Exocarta 
list). Although we observed increased particle concentration for the 
COVID-19 groups, as compared to their respective non-COVID-19 con
trols, across most of the analyzed size range, the increased was not 
significant. Interestingly, some classical exosomal markers such as 
Annexin-V and RAB7 (albeit in opposite directions), as well as some 
presumably contaminating proteins such as Calnexin showed signifi
cantly deregulated levels in circulating EVs from the COVID-19 groups. 
Because the method we employed for EV purification has been demon
strated to produce highly enriched EV preparations, we reasoned that 
the presence of specific proteins generally considered to be contami
nating proteins may underlie relevant biological changes of EV 
composition and/or EV corona, induced by COVID-19 and possibly viral 
infections in general [35–37]. However, as a limitation of our study, we 
are not able to confirm this because we do not have a comparable control 
group exempted of viral infection. On the other hand, because RAB7 
regulates the secretion of exosomes, dependent on cell type, by pro
moting fusion of the multivesicular bodies with the lysosome [38], we 
reason that the downregulation of RAB7 due to COVID-19 in our study 
patients may contribute to the release of intralumenal vesicles (that 
would have been otherwise detoured for lysosomal degradation/recy
cling) as exosomes. This reasoning is supported by a recent report by Wei 
and colleagues [39]. 

Among additional relevant findings, the fact that the distance 
attributable to T2D in the MDS plots (Fig. 2B and 3B) is greater among 
the RSP groups compared to COVID-19 ones, suggested that, different 
from non-COVID acute respiratory diseases, COVID-19 and T2D must be 
similarly regulated by or alter a number of key cellular pathways that 
makes the molecular fingerprint of the two diseases somewhat similar. 
Supporting this reasoning, the upregulation of the C1QA, C1QB, and 
C1QC trio of proteins in the circulating plasma EVs, due to both inde
pendent effects of COVID-19 and T2D, suggests that C1Q+ EVs may 
contribute to the spread of immuno-modulatory and prothrombotic 
cargo, and consequently, to generalized organ damage [40,41] in both 
diseases. The C1Q proteins are predominantly produced by antigen 
presenting cells such as monocytes, macrophages, and dendritic cells 
[42]. These proteins have been reported to transiently attach to the cell 
surface, during which time, they can recognize danger signals via their 
antigen-binding globular head domains [42]. In similar fashion to TNFα, 
locally synthesized C1Q can induce immunomodulatory effects via 
autocrine and/or paracrine signaling [42]. Therefore, we reason that the 
presence of the C1Q proteins on the EV surface may reflect an increased 
production of these molecules by a variety of activated antigen pre
senting cells (APC) in response to SARS-CoV-2 infection and/or diabetes. 
On the other hand, the C1Q+ EVs may themselves spread immuno- 

modulatory cargo away from the localized sites of APC infiltration and 
C1Q synthesis. This may extend the immunological paradigm “local 
synthesis for local function” [42,43] into a “local synthesis for local and 
systemic function” paradigm. Interestingly, Factor VIII (F8, FVIII), 
another procoagulant factor that is stored in endothelial cells and 
released during inflammation, was detected in both our COVID-19 and 
T2D effect networks and found to be significantly downregulated in the 
circulating EVs at the protein level but upregulated in the phosphory
lated state. Supporting the role of FVIII in severe COVID-19, Tabatabai 
and colleagues reported the significant elevation of circulating F8 in 
critically ill COVID-19 patients [44]. Similarly, Rauch and collaborators 
reported the progressive elevation of FVIII blood levels in COVID-19 
(out-, ward, and intensive care unit) patients [45]. 

The significant downregulation of PRKCB (PKCβ) at the protein level, 
due to both the independent effects of COVID-19 and T2D, is also rele
vant and supports our kinase perturbation analysis results suggesting 
upstream activation of a PKC family member. Notably, PKC activity was 
found to increase within 15 min of SARS-CoV-2 infection and to 
contribute (particularly PKCβ) to viral entry into the host cell [46]. Our 
results suggest that SARS-CoV-2 infection may alter the cellular secre
tory pathway to retain PKCβ, consequently increasing its intracellular 
activity while reducing its concentration (and possibly its activity) in 
secreted exosomes. PKCβ was also reported to negatively regulate the B- 
cell receptor signalosome by downregulating BTK activity via alteration 
of BTK plasma membrane localization in human and mouse cell cultures 
[47]. PKC and BTK were also found to be involved in IFN-β production 
triggered by TLR7/9 in conventional dendritic cells [48]. Of note, the 
significant correlations demonstrated in our study among the three EV 
kinases, namely PRKCB, BTK, and TEC, further underscores the role of a 
coregulated PKC/BTK/TEC axis in COVID-19 and T2D. We reason that, 
by impairing the humoral immune response via downregulation of BTK/ 
TEC kinase activity, increased PKCβ in immune cells could contribute to 
enhanced SARS-CoV-2 escape, particularly in patients with T2D. These 
findings suggest therapeutic utility for PKC inhibitors against COVID-19 
in humans with and without T2D. In particular, the pan-PKC inhibitor 
bisindolylmaleimide-IX seems promising as it was additionally demon
strated, by virtual screening and in vitro validation assays, to target the 
main SARS-CoV-2 protease 3CLpro [49] Importantly, similar to our 
study, another proteomic and phosphoproteomic study of COVID-19 in 
macaques identified members of the PKC and AMPK families activated 
in the liver, where these kinases play key metabolic roles [50]. These 
authors also found proliferation-related MAP2K2 to be activated in 
infected macaque lungs and drug enrichment analysis suggested that 
fostamatinib, an inhibitor of SYK used to treat thrombocytopenia, could 
be an effective drug against the activated kinases detected in both the 
lungs and liver [50]. Our phosphoproteomics analysis also suggested 
important roles for MAP2K2 and SYK kinases. Remarkably, the SYK 
inhibitor fostamatinib was recently reported to produce improved 
clinical outcomes in hospitalized patients with COVID-19 [51]. 

A central role for EV-shuttled CASP3 is suggested by the COVID-19- 
specific network. Supporting our findings, Moon and colleagues re
ported that large amount of EVs loaded with CASP3 were produced by 
lung epithelial cells and released into the bronchoalveolar lavage fluid 
(BALF) of a hyperoxia mouse model [52]. These EVs induced a potent 
inflammatory response in alveolar macrophages via activation of the 
ROCK1 pathway [52]. In addition to a burst in inflammatory insults, 
activation of ROCK1 promotes immune cell migration, apoptosis, 
coagulation, and cell adhesion in pulmonary endothelial cells that 
disrupt the endothelium barrier and causes edema and lung injury [53]. 
Because our patients with COVID-19 and T2D not only maintained 
elevated levels of EV-shuttled CASP3 but also increased levels of EV- 
shuttled ROCK1 (compared to COVID-19 patients without T2D), we 
speculate that the EV-shuttled CASP3-ROCK1 pair may promote the 
activation of macrophages in distant tissues, even if the basal expression 
of ROCK1 in such distant tissues was relatively low. Notably, inhibitors 
of ROCK1 (i.e., isoquinoline derivative fasudil) were suggested to have 
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utility in the treatment of COVID-19 [53–55]. Our clinically relevant 
data adds support to ROCK1 inhibition as therapeutic option in patients 
with COVID-19, particularly those with concurrent T2D. Fasudil has 
been approved in Japan since 1995 for the treatment of vasospasms 
following subarachnoid hemorrhage and it is known to have a favorable 
side effect profile in those patients and in patients with cardiovascular 
disease [56] and amyotrophic lateral sclerosis [57]. Those characteris
tics may facilitate the repurposing of Fasudil as a COVID-19 therapeutic 
option. 

The highly significant COVID-19 - T2D interaction detected in traf
ficking molecule ALCAM is supported by the observations of Larochelle 
et al., who demonstrated that elevated proportions of ALCAM+ mono
cytes are specifically associated with SARS-CoV-2 infection in hospi
talized patients and correlated with disease severity and mortality [58]. 
Because ALCAM is involved in leukocyte transendothelial migration 
(one of the KEGG pathways found enriched among the differentially 
expressed EV proteins identified in our study) and the stabilization of the 
immune synapse [58,59], we reasoned that its highly elevated levels in 
circulating EVs from COVID-19 patients with T2D may indicate an 
enhanced EV-mediated communication activity among immune cells 
and the endothelium, which would consequently contribute to the 
increased inflammatory milieu in these patients. Adding to Larochelle’s 
group findings, our results now suggest that EVs may play a central 
communication role contributing to the severity of COVID-19 disease. 

Other results, in particular, the significant differential expression of 
LAMP1, VAMP8, ATP6V1A, ATP6V1B2, ATP6V1H, RAB5B, CORO1A, 
FCGR3B, and CD36, further demonstrated that the lysosome and auto
lysosome functions appear to also play an important role driving the 
COVID-19 - T2D interaction. Supporting our observations, Miao and 
collaborators recently demonstrated that the ORF3a protein of the 
SARS-CoV-2 virus localizes to the late-endosome and blocks autopha
gosome and amphisome fusion with lysosomes by blocking the assembly 
of the STX17-SNAP29-VAMP8 SNARE complex, which allows the virus 
to escape lysosomal destruction.[60] The significant COVID-19 effect 
(downregulation) observed on the EV-shuttled VAMP8 levels in our 
study is consistent with the reported blockage of SNARE complexes in 
SARS-CoV-2 infected cells [60]. On the other hand, the significant 
reduction of ATP6V1A, ATP6V1B2 and ATP6V1H subunits of the 
vacuolar ATPase (V-ATPase), which mediates acidification of 
membrane-bound compartments such as lysosomes, endosomes, and 
secretory granules, is strongly consistent with the report by the Altan- 
Bonnet group [61]. These authors showed that β-coronaviruses 
including SARS-CoV-2 associate with the lysosomes and/or atypical late 
endosomes in infected cells, consequently reducing the lysosome acid
ity, inactivating lysosomal degradation enzymes, and disrupting the 
antigen presentation pathways before egressing via lysosomal exocy
tosis [61]. On the other hand, LAMP1, another lysosome-resident pro
tein, was previously demonstrated to function as an intracellular 
receptor for the Lassa virus, which allows the virus to switch receptors 
when the pH change is sensed [62,63]. Interestingly, LAMP1 was 
significantly downregulated in the circulating EVs of our COVID-19 
patients without T2D but significantly upregulated by the interaction 
between COVID-19 and T2D. We reason that this increased in LAMP1 
abundance while the levels of VAMP8 and the V-ATPase subunits are 
maintained or significantly reduced (as compared to the COVID-19 pa
tients without diabetes) suggests that in patients with COVID-19 and 
T2D, the SARS-CoV-2 virus may more readily transit and egress via the 
lysosomes, likely and consequently displaying more efficient infectivity 
that may contribute to the increased severity of the disease in these 
patients. These results suggest that targeting of the SARS-CoV-2 protein 
ORF3a might be a particularly effective therapeutic strategy in this pa
tient subgroup with concomitant COVID-19 and T2D. 

In conclusion, this study characterized the circulating EV proteomic 
and phosphoproteomic landscapes of COVID-19 and alternative non- 
COVID-19 acute respiratory disease in the context of comorbid type 2 
diabetes, and suggested potential functional mechanisms that may 

contribute to the increased risk for hospitalization in this patient pop
ulation. Additionally, these results suggest potential druggable targets 
and therapeutic strategies that may be beneficial to these patients. 
Although the study is limited by a relatively small sample size, the 
careful selection of the study cohorts, the representation of multiple 
races and ethnicities, and the use of state-of-the-art methods for non- 
antibody-based specific EV isolation strengthen and suggest generaliz
ability of our results. Another limitation is that we had access to only a 
small volume of plasma per sample, which required a pooling strategy to 
produce insights into the EV phosphoproteomic landscape and kinase 
signaling in our study population. For these reasons, further validation 
on independent COVID-19 and T2D cohorts is needed. Future studies 
should also address the characterization of circulating EVs in prospec
tive longitudinal studies to assess whether the COVID-19 by T2D inter
action signatures identified in this study contribute to the development 
and/or progression of severe COVID-19 and mortality. 
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