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ABSTRACT

BACKGROUND: SARS-CoV-2 invades mitochondria of infected cells resulting in disordered metabolism,

mitophagy, and abnormal levels of mitochondrial proteins in extracellular vesicles. Blood extracellular

vesicle SARS-CoV-2 proteins and mitochondrial proteins were quantified in COVID-19 to assess possible

roles as biomarkers.

METHODS: Total extracellular vesicles were precipitated from blood of age- and gender-matched partici-

pants with no infection (n=10), acute COVID-19 (n=16), post-acute sequelae of COVID-19 (PASC or

long COVID) (n=30), or post-acute COVID without PASC (n=8) and their extracted proteins quantified

by enzyme-linked immunosorbent assays (ELISAs).

RESULTS: Total extracellular vesicle levels of S1 (receptor-binding domain [RBD]) protein were significantly

higher in acute infections than in uninfected controls, post-acute infection without PASC, and PASC. Total

extracellular vesicle levels of nucleocapsid (N) protein were significantly higher in PASC than in uninfected

controls, acute infections, and post-acute infection without PASC. Neither acute levels of S1(RBD) or N pro-

teins predicted progression to PASC. Levels of neither SARS-CoV-2 protein in established PASC correlated

with neuropsychiatric manifestations. Significant decreases in total extracellular vesicle levels of the mitochon-

drial proteins MOTS-c, VDAC-1, and humanin, and elevations of levels of SARM-1 were observed in acutely

infected patients who would develop PASC. Significant decreases in total extracellular vesicle levels of

MOTS-c and humanin, but not VDAC-1, and elevations of total extracellular vesicle levels of SARM-1 were

characteristic of PASC patients with neuropsychiatric manifestations.

CONCLUSIONS: Total extracellular vesicle levels of SARS-CoV-2 proteins in COVID-19 indicate intracel-

lular presence of SARS-CoV-2. Abnormal total extracellular vesicles levels of mitochondrial proteins in

acute infections predict a high risk of PASC and later in established PASC are indicative of neuropsychiat-

ric manifestations.

� 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/) � The American Journal of Medicine (2023)
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70% of the US population have strikingly decreased the

prevalence of acute COVID-19.1,2 The incidence of severe

pulmonary involvement in acute COVID-19 has decreased
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concurrently as impressively. Unfortunately, during the

same time period, there has been a significant increase in

prevalence of post-acute sequelae of COVID-19 (PASC) or

long COVID, which results in diverse disabling manifesta-

tions in multiple organ systems.3,4 The incidence of PASC

is unrelated to the nature or severity of preceding acute

COVID-19 and is especially dangerous in the elderly, who
CLINICAL SIGNIFICANCE

� Intracellular SARS-CoV-2 proteins S1
(receptor-binding domain) and N
(nucleoprotein) were detectable in
blood extracellular vesicles in acute
COVID-19 and long COVID.

� Significantly abnormal levels of several
functional mitochondrial proteins were
observed in blood extracellular vesicles
of acute COVID-19 patients who devel-
oped long COVID.

� Persistence of intracellular SARS-CoV-2
in long COVID suggests that their
treatment should include cell-perme-
ant agents, such as anti-viral drugs
and anti-SARS-CoV-2 nanobodies.
suffer increased frequencies of

myocardial infarction, strokes, and

new diabetes mellitus in the year

after a bout of acute COVID-19.5-9

Management of PASC is seriously

compromised by an absence of labora-

tory tests that predict in acute infection

the risk of subsequent PASC, the likely

specific distribution of organ-system

involvement, potential pathogenic

mechanisms, or the benefit of anti-viral

drug therapy. Comprehensive studies

of blood immune cell types, cytokines,

and metabolites, especially of kynur-

enic acid and tryptophan, have led to a

predictive model that is being tested.10

However, many of these analytes are

difficult and expensive to quantify and

results do not consistently correlate

with distinct symptom profiles.

In our initial investigations of
possible COVID-19-relevant blood biomarkers, we focused

on viral S1(receptor-binding domain [RBD]) and N (nucle-

oprotein) proteins, and functional mitochondrial proteins

involved in cellular energy (adenosine triphosphate) gener-

ation, cytoprotection, redox balance, and immunity.11 Mito-

chondria are targeted for damage when cells are invaded by

SARS-CoV-2 that results in decreased normal functions,

disordered mitophagy, and abnormal levels of constituent

proteins in extracellular vesicles.12 As we sought specific

biomarkers for neuropsychiatric manifestations, plasma

extracellular vesicles derived from neurons and astrocytes

were isolated by sequential precipitation and immunoab-

sorption with antibodies specific for surface proteins of the

respective cells of origin.13−16 Neuron-derived extracellular

vesicles and astrocyte-derived extracellular vesicle levels of

S1(RBD) and N proteins were higher in PASC patients irre-

spective of neuropsychiatric manifestations than in unin-

fected controls and late post-acute subjects without

PASC.11 In contrast, neuron-derived extracellular vesicle

levels of mitochondrial electron chain proteins CI-6 and

CIII-10, cytoprotective peptides humanin and MOTS-c, and

several calcium channel proteins were decreased signifi-

cantly in PASC with but not without neuropsychiatric mani-

festations.11 Application of this same plasma neuron-

derived extracellular vesicle protein platform in acute

COVID-19 showed that abnormal levels of some mitochon-

drial proteins, but not those of S1(RBD) and N proteins,

have predictive value for risk of later development of

PASC.17
The distinctive goals of the current studies were to use

plasma total extracellular vesicles, prepared in a single

step that can be completed in any certified clinical lab, to

determine if simple kit-quantified levels of S1(RBD),

N protein, and mitochondrial proteins previously shown

to reflect different states of COVID-19 can distinguish

between acute COVID-19 that will and will not proceed
to PASC and separate PASC with-

out from PASC with neuropsychi-

atric manifestations.
METHODS

Recruitment and Evaluation
of Participants
Subjects with nucleic acid assay-

documented SARS-CoV-2 infec-

tion had been enrolled in 2

University of California San Fran-

cisco (UCSF)-based cohorts and

donated plasma or serum that was

stored in a UCSF Biobank: 1)

those acutely infected were in a

study of the natural history of

SARS-CoV-2 infection (FindCO-

VID; findcovid19.org) (n=16) and

2) those in a post-acute phase

were in a longitudinal cohort
(Long-term Impact of Infection with Novel Coronavirus

[LIINC], NCT04362150; www.liincstudy.org) (n=38,

of whom 8 were post-acute controls without PASC).

For these groups, which have been previously

described,18,19 participant data and blood were collected

between April 2020 and December 2021, when original

strains were predominant. Blood from acute cohort par-

ticipants was collected during the week after symptom

onset, and that from post-acute cohort participants was

collected monthly for 4 months. Controls for the acute

and post-acute cohorts (n=10) were healthy adults

matched to cohort participants by age and sex, and who

donated blood for Biobank storage at least 3 years

before the COVID-19 pandemic.

For both cohorts, pre-existing co-morbidities, current

symptoms, and disabilities attributable to COVID-19 were

documented at enrollment and between 4 and 6 months

after enrollment. This was completed consistently using the

Patient Health Questionnaire (PHQ-8), a broad question-

naire, and the General Anxiety Disorder questionnaire

(GAD-7), which measures agitation, irritability, anxiety,

and depression. Post-acute sequelae of COVID-19 manifes-

tations were defined as symptoms of acute COVID-19 that

persisted beyond 4 weeks from onset and those that first

appeared later than 4 weeks beyond onset. All studies were

reviewed and approved by the UCSF Institutional Review

Board, and all participants provided written informed

consent.

http://www.liincstudy.org
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Six groups of participants were assembled for this study

and are cited in each frame of Figures 1 and 2: uninfected

controls (n=10), acutely infected who would proceed to

PASC (n=8), acutely infected whose COVID-19 would

resolve (n=8), post-acute phase without PASC (n=8), PASC

with neuropsychiatric manifestations (n=15), and PASC

without neuropsychiatric manifestations (n=15).
Isolation of Blood Total Extracellular Vesicles
and Quantification of Their Cargo Proteins
Portions of 0.25 ml of plasma were incubated with throm-

boplastin D (ThermoFisher Scientific, Waltham, Mass), fol-

lowed by addition of protease inhibitor cocktail (Roche,

Indianapolis, Ind) and phosphatase inhibitor cocktail (Ther-

moFisher Scientific) as previously described.13−16 After

centrifugation at 3000xg for 30 min at 4˚C, supernatants

were transferred to new tubes and each received 126 uL of

ExoQuick (System Biosciences, Mountainview, Calif), was

incubated for 60 min at room temperature and centrifuged

at 1500xg for 30 min at 4˚C to pellet total extracellular

vesicles. Total extracellular vesicle pellets were resus-

pended in 100 uL of Dulbecco’s balanced salt solution, 10

uL was removed for extracellular vesicle counts, sizing and

determination of exosome marker proteins as previously

described,13 and then 400 uL of mammalian protein extrac-

tion reagent (M-PER, ThermoFisher Scientific) were added

to each tube to solubilize proteins.

Solubilized total extracellular vesicle proteins were

quantified by enzyme-linked immunosorbent assay

(ELISA) kits for SARS-CoV-2 protein S1 (RBD), SARS-

CoV-2 nucleoprotein N (Abcam, Inc, Waltham, Mass, and
Figure 1 Plasma total extracellular vesicle (EV) levels

domain) protein and (B) N protein. Each point represents t

horizontal line in each cluster of points is the mean value fo

tistical comparators for “Acute to PASC,” “Acute to resolut

w/o PASC” are the controls and statistical comparators for

from unpaired t tests are *P < .01 and **P < .001.
Raybiotech Life, Inc, Peachtree Corners, Ga), the tetraspa-

nin exosome marker CD81, 16S mitochondrial rRNA-

encoded cytoprotective humanin, subunit 6 of NADH-ubi-

quinone oxidoreductase (respiratory complex I) (CI-6)

(CUSABIO, American Research Products [ARP], Wal-

tham, Mass), mitochondrial open reading frame of the 12S

rRNA-c (cytoprotective MOTS-c) (Cloud-Clone Corp,

ARP), Sterile Alpha and TIR motif-containing protein 1

(NADH-ase SARM-1), leucine zipper EF-hand containing

transmembrane 1 protein (LETM1), and voltage-dependent

anion-selective channel protein 1 (VDAC1) (Wuhan FineT-

est Biotech Co, ARP).

Statistics
The mean value for all determinations of the exosome

marker CD81 in each assay group was set at 1.00, and rela-

tive values of CD81 for each sample were used to normalize

their recovery. The significance of differences between

COVID-19 patient and control levels, and between patient

group levels that were established to be normally distrib-

uted were calculated by an unpaired t test (Graphpad Hold-

ings, LLC, San Diego, Calif). There were no adjustments

for potential confounding variables.

RESULTS
Extracts of blood total extracellular vesicles from patients

in the first week of acute infection with SARS-CoV-2 had

significantly higher levels of S1 (RBD) protein, irrespective

of outcome than those of uninfected controls and patients

with post-acute sequelae of COVID-19 (PASC)

(Figure 1A). Extracts of blood total extracellular vesicles

from patients with PASC had significantly higher levels of
of SARS-CoV-2 proteins. (A) S1 (receptor-binding

he CD81-normalized value for 1 participant, and the

r that group. “Uninfected Ctl” are the controls and sta-

ion,” and “Post-acute w/o PASC” groups. “Post-acute

“PASC w/NP” and “PASC w/o NP groups". P values
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Figure 2 Plasma total extracellular vesicle (EV) levels of mitochondrial proteins. (A) MOTS-c, (B) SARM-1,

(C) VDAC-1, (D) humanin, (E) LETM-1, and (F) CI-6. Each point represents the CD81-normalized value for 1

participant, and the horizontal line in each cluster of points is the mean value for that group. “Uninfected Ctl” are

the controls and statistical comparators for “Acute to PASC,” “Acute to resolution,” and “Post-acute w/o PASC”

groups. “Post-acute w/o PASC” are the controls and statistical comparators for “PASC w/NP” and “PASC w/o

NP groups”. The P values from unpaired t tests are *P < .01 and **P < .001.
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Table Clinical Applications of Measurements of Plasma TEV
Proteins in COVID-19

A. SARS-CoV-2 S1 (Receptor-Binding Domain) and N (Nucleo-
protein)

1. Validation of intracellular presence of SARS-CoV-2
2. Determination of specific strain of SARS-CoV-2
3. Guidance of treatment with anti-viral drugs

B. Functional mitochondrial proteins altered by SARS-CoV-2

1. Decreased levels of VDAC-1 ion channel, cytoprotective
polypeptides humanin and MOTS-c, and increased level
of cytotoxic SARM-1 NADHase in acute COVID-19 may
predict risk of developing post-acute sequelae of COVID-
19 (long COVID)

2. Similarly abnormal levels of humanin, MOTS-c and
SARM-1 in post-acute sequelae of COVID-19 (long
COVID) correlate with neuropsychiatric manifestations

Goetzl et al Prediction of Post-Acute-Sequelae of COVID-19 5
N protein than their late course controls without PASC and

patients with acute COVID-19 (Figure 1B). However, nei-

ther levels of S1(RBD) protein or nucleoprotein (N) reliably

distinguished between patients with acute COVID-19 who

would and would not develop PASC nor between patients

with established PASC who had and did not have neuropsy-

chiatric manifestations.

Blood total extracellular vesicle levels of several function-

ally relevant mitochondrial proteins that are altered when

SARS-CoV-2 invades and damages cells11 identify those

acutely infected who are at high risk of developing PASC

and those with PASC who have resultant neuropsychiatric

manifestations (Figure 2). Significant differential decreases in

blood total extracellular vesicle levels of MOTS-c, VDAC-1,

and humanin, and elevations of blood total extracellular vesi-

cle levels of SARM-1 were observed for acutely infected

patients who would proceed to PASC but not in those whose

acute infection resolved without PASC (Figure 2A-D). Fur-

ther, similarly significant differential decreases in blood total

extracellular vesicle levels of MOTS-c and humanin, but not

VDAC-1, and elevations of blood total extracellular vesicle

levels of SARM-1 were characteristic of PASC patients with

NP. In contrast, blood total extracellular vesicle levels of

LETM1 and CI-6 were similarly decreased for both groups

of acutely infected patients and both groups with established

PASC relative to their respective controls and had no value

in predicting risk of developing PASC after acute infection

or identifying neuropsychiatric manifestations in those with

established PASC (Figure 2E and F).
DISCUSSION
Preparation of plasma total extracellular vesicles by a simple

1-step precipitation permits accurate quantification of their

cargo proteins by standard ELISA kits in any certified clini-

cal laboratory. Determination of meaningfully elevated total

extracellular vesicle levels of S1(RBD) protein and N protein

supports the presence of intracellular SARS-CoV-2 in acute

infection and PASC (Figure 1) and provides sufficient viral

S1 (RBD) protein for determination of the SARS-CoV-2

strain (Table). Using anti-viral drugs for acute infections may

be advisable if total extracellular vesicle protein tests reveal

some virulent strains and if a patient is elderly and has other

risks or co-morbidities. The indications for using anti-viral

drugs for PASC remain to be determined.

Total extracellular vesicle levels of many functional

mitochondrial proteins are abnormal in acute SARS-CoV-2

infections and PASC, including MOTS-c, VDAC-1,

humanin, SARM-1, the ion channel LETM1, and subunit 6

of NADH-ubiquinone oxidoreductase (respiratory complex

I) (CI-6) (Figure 2). LETM1 and CI-6 are significantly

decreased in acute COVID-19 and PASC relative to their

respective controls whether or not patients have a high risk

acutely of proceeding to PASC or later have neuropsychiat-

ric manifestations as part of their PASC. In contrast, total

extracellular vesicle levels of MOTS-c, VDAC-1, humanin,

and SARM-1 are abnormal acutely and in PASC (except
for VDAC-1) only in patients who have a high risk acutely

of proceeding to PASC or later have neuropsychiatric mani-

festations as part of their PASC (Figure 2). Previously we

developed a profile of neuron-derived extracellular vesicle

functional mitochondrial proteins that were abnormal in

patients with PASC who had neuropsychiatric manifesta-

tions, but were not found in others of this PASC cohort

without neuropsychiatric manifestations.11 These included

humanin, MOTS-c, CI-6, subunit 10 of electron chain respi-

ratory complex III, mitochondrial uniporter, and sodium-

calcium exchanger. The neuron-derived extracellular vesi-

cle functional mitochondrial proteins that were abnormal in

patients with acute COVID-19 who would develop PASC

but not in those whose infection would resolve were

MOTS-c, VDAC-1, humanin, and SARM-1.17 Thus, there

is very prominent overlap of the MPs in total extracellular

vesicles and neuron-derived extracellular vesicles that are

predictive of PASC and its specific characteristics.

The isolation of plasma total extracellular vesicles by a

1-step precipitation and standard kit ELISA quantification

of their constituent SARS-CoV-2 proteins and mitochon-

drial proteins permits demonstration of acute and long-term

(PASC) intracellular infection and consequent mitochon-

drial damage (Table). It also allows determination of the

strain(s) of SARS-CoV-2 and serial assessment of the

effects of anti-viral drugs and other treatments. The levels

of SARS-CoV-2 proteins do not predict risk of acute infec-

tion progressing to PASC or the specific manifestations of

PASC. The levels of several mitochondrial proteins in acute

infections do predict the relative risk of progressing to

PASC and their levels in PASC predict the likelihood of

long-term neuropsychiatric manifestations (Table).
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