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Abstract

The infection by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) and resultant coronavirus diseases-19
(COVID-19) disproportionally affects minorities, especially African Americans (AA) compared to the Caucasian population.
The AA population is disproportionally affected by COVID-19, in part, because they have high prevalence of underlying
conditions such as obesity, diabetes, and hypertension, which are known to exacerbate not only kidney diseases, but also
COVID-109. Further, a decreased adherence to COVID-19 guidelines among tobacco smokers could result in increased infec-
tion, inflammation, reduced immune response, and lungs damage, leading to more severe form of COVID-19. As a result of
high prevalence of underlying conditions that cause kidney diseases in the AA population coupled with tobacco smoking
make the AA population vulnerable to severe form of both COVID-19 and kidney diseases. In this review, we describe how
tobacco smoking interact with SARS-CoV-2 and exacerbates SARS-CoV-2-induced kidney diseases including renal failure,
especially in the AA population. We also explore the role of extracellular vesicles (EVs) in COVID-19 patients who smoke
tobacco. EVs, which play important role in tobacco-mediated pathogenesis in infectious diseases, have also shown to be
important in COVID-19 pathogenesis and organ injuries including kidney. Further, we explore the potential role of EVs in
biomarker discovery and therapeutics, which may help to develop early diagnosis and treatment of tobacco-induced renal
injury in COVID-19 patients, respectively.

Keywords SARS-CoV-2 - COVID-19 - Kidney disease - Renal injury - Tobacco smoking - Health disparity - Extracellular
vesicles

Introduction

Santosh Kumar and Prashant Kumar equally contributed to this
work. Severe acute respiratory syndrome coronavirus-2 (SARS-
CoV-2) infection, which causes coronavirus diseases-19
(COVID-19), not only infects the lungs, but also other
organs such as the heart, kidney, intestine, liver, and brain
(Lopes-Pacheco et al. 2021). The disease severity and mor-
tality are extremely high amongst elderly individuals and
populations with co-morbid conditions, especially obesity,
hypertension, and diabetes mellitus (Flook et al. 2021).
These conditions are also known to cause kidney diseases or
renal failure, which is further exacerbated by SARS-CoV-2
infection (Kooman and van der Sande 2020; Lim et al. 2020;
Mousavi Movahed et al. 2021). Unfortunately, these condi-
tions are relatively more common among African American
(AA) than Caucasian American (CA) populations (Pi-Sunyer
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1990; CDC 2017). Thus, the high degree of kidney diseases
among the AA population is further exacerbated by rela-
tively high prevalence of COVID-19 in the AA population.
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During the pandemic, the “Work-from-Home” or “Safe-
at-Home” order that led to social isolation and loss of jobs
and incomes unfortunately also affected the AA population
disproportionately (Bland et al. 2021; Obinna 2021). In addi-
tion, their role as emergency workers in many industries
made the AA population more vulnerable to SARS-CoV-2
infection. These factors caused severe stress and anxiety,
particularly among the AA populations, and also increased
the use of legal and illicit substances (Gur et al. 2020; Miller
2021; Snowden and Snowden 2021; Wang et al. 2021). Fur-
ther, individuals with tobacco smoking disorder in the AA
population have increased the risk for COVID-19 and its
adverse outcomes (Wang et al. 2021).

SARS-CoV-2 infects many different cell types by attach-
ing angiotensin-converting enzyme 2 (ACE2) receptor,
which in addition to lungs, is also expressed in other organs
including the kidney (Albini et al. 2020). Thus, SARS-
CoV-2 infection to the kidney triggers massive cytokine
responses, immune compromise, and kidney or renal injury
(Stasi et al. 2020). Recent findings also suggest that nico-
tine via alpha7-nicotinic receptor induces ACE2 expression,
which may exacerbate tobacco-mediated COVID-19 pathogenesis
(Leung et al. 2020; Russo et al. 2020). Thus, it is impor-
tant to understand the relationships between tobacco use,
COVID-19 severity, and renal injury or failure, which dis-
proportionately affect the AA population.

In this review, we describe how tobacco smoking inter-
acts with SARS-CoV-2 and exacerbates SARS-CoV-2-
induced renal failure, especially in the AA population. We
also explore the role of extracellular vesicles (EVs), which
are known to carry biological molecules and trigger inter-
cellular communication within different cells in tobacco
smokers and COVID-19 patients. EVs have been shown to
play important role in COVID-19 pathogenesis and various
organ injury including kidneys (Pocsfalvi et al. 2020; Zadjali
et al. 2020). EVs are also known to play a role in tobacco-
mediated pathogenesis in infectious diseases (Kodidela et al.
2018; Haque et al. 2020a, b). Finally, we will discuss the
potential role of EVs in biomarker discovery and therapeutic
interventions with regards to smoking-induced COVID-19
pathogenesis and kidney injury.

Tobacco Smoking and COVID-19
Pathogenesis

Although the number of secondhand smoke exposure
among American nonsmokers has decreased in the last
three decades, approximately 40 million American adults
continue smoking cigarettes. Furthermore, the CDC’s
findings indicate that approximately 4.7 million middle
and high school students use at least one tobacco product,
including e-cigarettes (Tsai et al. 2018). Smoking remains
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a major cause and contributor to mortality and morbidity in
the U.S., with a majority of the burden being on people of
color. A recent CDC report showed 480,000 deaths per year
due to smoking and its related diseases in the U.S. Smok-
ing enhances mortality from cardiovascular and metabolic
diseases (95,600 deaths), as well as from respiratory dis-
eases (58,200 deaths) (CDC 2020). Subsequently, smoking
remains a prime contributor to the three major causes of
death, heart disease, stroke, and cancer, in the AA popula-
tion (CDC 2021a). Cigarette smoking is the leading cause
of the cardiovascular disease (CVD) including atheroscle-
rotic vascular disease, myocardial infarction, and unstable
angina (Winniford 1990). The main pathway for CVD is
via activation of inflammatory cytokines and chemokines,
lipid oxidation, hypercoagulability, and vascular dys-
function (Winniford 1990). At the metabolic level,
the response to smoking consists of an increased level of
inflammatory markers, white blood cell (WBC) count, and
urinary F2 isoprostanes, a lipid peroxidation product (King
et al. 2017). CVD manifests as a rise in heart rate, blood
pressure, and cardiac output (Winniford 1990).

At the respiratory level, the damaging effects of smok-
ing are well documented. Smoking is a significant cause
of the chronic obstructive pulmonary disease (COPD) and
represents approximately 85% of COPD cases (Brashier and
Kodgule 2012). It has been shown that AA and women with
COPD are more susceptible to the deleterious effects of
cigarette smoking when compared to Caucasians (Chatila
et al. 2004). A study conducted in Cleveland with 15,586
participants tested for COVID-19 and found that 12% of
COPD participants were positive for COVID-19 (Attaway
et al. 2020). Furthermore, 48% of COVID-19 positive
COPD participants required hospitalization, with 45% being
admitted to the ICU (Attaway et al. 2020). Thus, Attaway
et al. concluded that participants with underlying condi-
tions such as COPD had a higher risk for hospitalization,
ICU admission, and the usage of mechanical ventilation
(Attaway et al. 2020). The impact of COVID-19 severity
and death caused by the disease is mounting on the people
of color, especially AA. (Andrasfay and Goldman 2021;
Gold et al. 2020). Nationwide studies investigating teenag-
ers and young adults found that smoking and e-cigarettes
represent an underlying risk factor for COVID-19 (Gaiha
et al. 2020a, b). Further, a study also showed that AA who
are tobacco smokers are more likely to experience COVID
related symptoms (Gaiha et al. 2020a). Thus, smoking puts
people of color at a higher risk for contracting COVID-19
as well as a poorer prognosis.

A recent CDC report shows that 33% of those hospital-
ized patients were black whereas AA constitute about 13%
of the US population (Garg et al. 2020). Further, the CDC
report shows that although the infection rate is similar, the
AA population with a confirmed COVID-19 diagnosis has
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2.9-times more hospitalization and 2-times more death when
compared with the CA population (CDC 2021b).

One plausible reason for these disparities in the AA,
along with higher mortality in this population, is attributed
to the socioeconomic disadvantages that have been aug-
mented during the current pandemic (Kodidela et al. 2020a).
The mechanisms for the disproportionate effects on people
of color are not well understood; thus, a team of research-
ers in the UK investigated the potential connection between
Vitamin D deficiency and risk factors for contracting the
infection in the black population (Hastie et al. 2020). Spe-
cifically, the research team examined if COVID-19 risk was
linked to blood 25-hydroxyvitamin D (25(OH)D) (Hastie
et al. 2020). However, the study found no evidence for a
possible connection between COVID-19 risk and low blood
25-hydroxyvitamin D (Hastie et al. 2020).

Individuals who contract with SARS-CoV-2 present vari-
ous symptoms. While some persons may present with mild
flu-like symptoms, others displayed multi-organ failure,
kidney being of the main organs affected in severe illness
and required renal replacement therapy (RRT). Previous
studies reported that individuals diagnosed with chronic
kidney disease (CKD) presented with high levels of ACE2,
enabling the entry of the COVID-19 virus into human cells
(Anguiano et al. 2017; Hirsch et al. 2020). Pranata et al. con-
ducted systematic literature on the correlation between CKD
and new-onset RRT, concluding that CKD and new-onset RRT
were linked and presented with poor outcomes in COVID-
19 positive participants (Pranata et al. 2020). Furthermore,
researchers at Mount Sinai Health System in New York inves-
tigated participants with CKD and COVID-19 positive diag-
noses (Yamada et al. 2020). They concluded that CKD patients
presented with poorer outcomes, including a higher risk of
intubation and death.

Smoking and COVID-19 in Kidney
Diseases, Especially with Regards to the AA
Population

Smoking and Renal Failure

According to the USRDS 2020 Annual Report, AA patients
have an adjusted prevalence of End Stage Renal Disease
(ESRD) that is 3.4-fold higher than White patients (United
States Renal Data System 2020). Potential factors for this
disparity identified both hypertension and lower socioeco-
nomic status as significant factors for the increased preva-
lence of ESRD in AA patients (Klag et al. 1997). Due to
stimulation of the sympathetic nervous system through
the production of catecholamines by nicotine as well as
endothelial cell dysfunction, which may cause arterial stiff-
ness, smoking has been associated with the development of

hypertension (Klag et al. 1997; Virdis et al. 2010). Previous
studies have shown that hypertension is also associated with
the progression of kidney disease. Consequently, smoking
may also contribute to the disparities noted in ESRD for the
AA population, as has also been reported recently in the
Korean population (Choi et al. 2019). Recently, Li et. al has
reported that heavy smokers (> 1 pack per day) with ESRD
requiring hemodialysis have an estimated 41% increased risk
of mortality, which was higher than coronary artery disease,
congested heart failure, and diabetes alone. In addition, an
increased risk of hospitalization was also identified for the
same group of patients. In this study, the population of AA
patients enrolled was 31% (Li et al. 2018). Further, a study
in an AA cohort demonstrated the independent association
between cigarette smoking and rapid renal function decline
(Hall et al. 2016).

COVID-19 and Renal Failure

Due to the increase in substance use during the COVID-19
pandemic, smoking is of grave concern, because smoking
is associated with an increased incidence and progression
of CKD. Previous studies noted smoking as a risk factor for
the development of CKD (Halimi et al. 2000; Halimi and
Mimran, 2000). For example, effects of current smoking and
smoking discontinuation on renal function and proteinuria
in the general population have been reported (Haroun et al.
2003). However, the results of the retrospective analysis of
patients enrolled in the Study of Heart and Renal Protec-
tion (SHARP) provided contrasting views on the relevance
of smoking as a risk factor for kidney disease progression.
Authors reported that smoking adversely affected vascular
and nonvascular morbidity and mortality, but not kidney dis-
ease progression. Of note, the demographics of AA patients
enrolled was <5% of the population; thus, it’s difficult to
extrapolate to the AA community. Conversely, Xia et. al per-
formed a meta-analysis of prospective cohort studies and
confirmed that smoking was an independent risk factor for
CKD/ESRD (Xia et al. 2017).

AA ethnicity has been linked to an increased incidence of
CKD in the United States (CDC 2021b). In addition, analy-
sis of Open Safely, a secure health analytics platform, has
shown that kidney disease is a risk factor for severe COVID-
19-related death (Williamson et al. 2020). Herein, we will
discuss the renal disease in association with COVID-19
infection. The kidney is susceptible to SARS-CoV-2 due
to the expression of ACE2 receptors on the brush border
of the proximal tubules as well as in podocytes (Martinez-
Rojas et al. 2020). The virus is capable of causing injury
to the tubules as well as podocytes. The development of
collapsing glomerulopathy, fibrin thrombi, and proximal
tubule injury have been shown within the specimen from
the kidney biopsy of COVID-19-infected patients (Gaillard
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et al. 2020; Kissling et al. 2020; Larsen et al. 2020; Su et al.
2020). As a result of the tubular damage, acute kidney injury
(AKI) evolves along with symptoms of proteinuria, hematu-
ria, and increased serum creatinine. Patients with COVID-
19 that develop AKI have an increased risk of mortality
and the risk increases further if renal replacement therapy
is necessary (Fisher et al. 2020; Hirsch et al. 2020; Yang et al.
2020). Furthermore, studies have shown that AA patients diag-
nosed with COVID-19 have an increased risk of developing AKI
(Hirsch et al. 2020;). Since patients that suffer from COVID-
19-associated AKI experience an increased risk of mortality,
AA patients may also experience an increased risk of death
from COVID-19 due to the development of renal failure.

Smoking-exacerbated Renal Failure in COVID-19
Patients

As discussed in the previous section, smoking is a risk fac-
tor for various diseases including renal. In this section, we
present how smoking could affect the renal function and will
link this phenomenon in COVID-19 patients (Fig. 1). Vari-
ous studies have shown the pathological effect of cigarette
smoking in the development of CKD (Yacoub et al. 2010;
Xia et al. 2017). As discussed before, COVID-19 infection is
generally more severe in those people who have an underlying
medical condition, such as obesity, diabetes, cardiovascular,
and renal (Sanyaolu et al. 2020). It is well established that cig-
arette smoking affects the renal function and leads to renal fail-
ure (Xia et al. 2017). A Study has shown that smoking more
than 30 packs of cigarettes in a year can severely damage kid-
ney function and leads to the development of CKD (Yacoub
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Fig.1 Smoking and racial factors on SARS-CoV-2 and Kidney
pathogenesis. Smoking weakens individuals’ immunity and make
them more susceptible to SARS-CoV-2 infection. Smoking also affect
the kidney functions. There is a prevalence of both SARS-CoV-2
infection and kidney diseases among African American populations
due to the presence of underlying comorbidities, which is further
exacerbated by smoking

@ Springer

et al. 2010). ACE2 is one of the crucial receptors which
help the SARS-CoV-2 virus to infect the cell (Zamorano
Cuervo and Grandvaux 2020). This receptor is naturally
present in the cell membrane of the cell lining of various
organs such as kidneys, lungs, and heart (Wysocki et al.
2020), which help the SARS-CoV-2 to infect kidney cells.
Approximately, 25% of the COVID-19 patient have been
reported with AKI (Gabarre et al. 2020) and smoking, has
been found to exacerbate the rate of renal failure to end-stage
renal pathogenesis (Orth 2000).

Although, there are not many studies are available to
show the effect of smoking on nephrolithiasis, one study
with a small-scale patient group shows the relationship
between cigarette smoking and the formation of kidney
stones (Jones et al. 2021). Even though the formation of
kidney stone is a multifactorial process, tobacco smoke,
which contains a variety of heavy metals such as chromium,
cadmium, lead, and nickel, could help formation of kidney
stones (Stojanovic et al. 2004; Richter et al. 2009). Gen-
erally, exposure to cadmium may lead to the formation of
kidney stones (Ferraro et al. 2011), which may lead to the
development of CKD as a long-term consequence. This kind
of underlying medical condition could help in acquiring a
new SARS-CoV-2 infection. It is a well-known fact that
smoking weakens the immune system of the body (CDC
2021c), which could serve as an invitation for any kind of
new infection including SARS-CoV-2 infection. However,
there is no direct clear data available to show that smoking
can accelerate renal impairment in COVID-19 patients.

A recent metanalysis by Hansrivijit et al. considering the
data from 26 studies (n=>5497) reported that the presence
of AKI increases the risk of mortality by 13-fold in patients
with COVID19 (Hansrivijit et al. 2020). Various studies
have also reported that CKD was the most prevalent risk
factor for severe COVID-19 worldwide (Clark et al. 2020;
Nadim et al. 2020; Council and Group 2021). Since smoking
is an independent risk factor for severe COVID-19 (Xiang
et al. 2021), it can exacerbate renal failure (Song et al. 2021)
in COVID-19 patients. However, further research is needed
to understand how smoking affects the renal function in peo-
ple infected with SARS-CoV-2.

Extracellular Vesicles in Cell-cell
Communications in Smoking-
and COVID-19-induced Renal Failure

Extracellular Vesicles in Cell-cell Communications

Since their discovery in the late 1960s, extracellular vesicles
(EVs) have been shown to play important roles in cell-to-cell
communications with the neighboring and distant cells and
regulate their biological processes (Colombo et al. 2014).
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EVs are phospholipid bilayer membrane structures of dif-
ferent sizes (30—1000 nm) released from various cell types
(van Niel et al. 2018). They are broadly categorized into
exosomes (30-200 nm) and microvesicles (200—1000 nm)
based on their secretory pathways from the cell. The secre-
tion of EVs from the cells is evolutionarily conserved from
bacteria to humans (Deatherage and Cookson 2012). They
serve as mediators of intercellular communication in nor-
mal physiological and pathological states by transferring
the nucleic acids, proteins, and lipid cargoes to other cells
(Paolicelli et al. 2019). Depending upon the cells from
which EVs are produced, they may carry various cell surface
receptors which help them to interact with a specific ligand
expressed on the surface of the recipient cell. For instance,
EVs released from mature dendritic cells contain intercel-
lular adhesion molecule 1 on their surface which interacts
with lymphocyte function-associated antigen on T-cell to
induce T-cell activation (Segura et al. 2005). The EVs that
do not carry cell surface receptors mediate intercellular com-
munications by directly binding to the plasma membrane
and transferring the cargoes to the recipient cells by phago-
cytosis and endocytosis (Mulcahy et al. 2014).

Extracellular Vesicles in Smoking Mediated
Pathogenesis

EVs released under physiological conditions play important
roles in maintaining homeostasis. Smoking affects the EV
composition and contributes to the development of various
smoking-induced pathological diseases such as COPD, car-
diovascular diseases, asthma, non-small cell lung cancer,
etc. (Benedikter et al. 2019). Active exposure to even one
cigarette in healthy volunteers increases the number of cir-
culating EVs containing nuclear molecules from platelets,
endothelial cells, and leukocytes (Mobarrez et al. 2014; Kerr
et al. 2019). A recent study, Feng et al. showed that the EVs
isolated from bronchoalveolar lavage of smokers and non-
small cell lung cancer patients were higher in concentration
compared to that of non-smoker controls (Wu et al. 2019).
Expression of several mRNA transcripts and long coding
RNAs are dysregulated in the EVs of smokers compared
to non-smokers. Also, the dysregulation profile of EVs in
smokers closely resembles to stage IV non-small cell lung
cancer patients indicating that smoking-induced EVs carry
the tumor-associated genes (Wu et al. 2019). Exposure to
cigarette smoke also increases the number of endothelial
EVs with increased spermine content, which interacts with
calcium-sensing receptors to induce pulmonary hypertension
(Zhu et al. 2019a).

The EVs isolated from the serum of COPD patients show
elevated levels of pro-inflammatory ligand-wnt5a, accompa-
nied by an increase in the levels of various pro-inflammatory
cytokines such as IL-6, TNF, IL-1f, and IL-8 (Feller et al.

2018). This study underscores the role of EVs in transport-
ing the pro-inflammatory components resulting in systemic
inflammation in COPD (Feller et al. 2018). Endothelial
cell damage is prominent in COPD and is characterized by
an increase in the number of CD317 circulatory endothe-
lial microparticles, a marker of endothelial cell apoptosis
(Thomashow et al. 2013). Cigarette smoke alone induces
the release of CD31" endothelial microparticles enriched
with various miRNAs such as let-7d, — 126, — 125-5p, — 22,
and — 191, which can interact with the healthy cells and
modulate their functions (Serban et al. 2016). The EVs
derived from lung epithelial cells have also been shown to
affect the progression of COPD. Human bronchial epithelial
cells treated with cigarette smoking induce the release of
EVs containing full-length CCN1 (ICCN1), which increase
the expression of IL-8 and VEGF, promoting inflammation
and angiogenesis in the lung tissue, respectively. Further,
cigarette smoke also promotes plasmin-mediated cleavage
of fICCNI to truncated CCN1(cCCN1), which induces the
expression of matrix metalloproteinase-1 and cause changes
in lung emphysematous (Moon et al. 2014). In addition, cig-
arette smoke-induced EVs contribute to the development
of COPD by disrupting the homeostasis between bron-
chial fibroblasts and epithelial cells and promote airway
remodeling (Xu et al. 2018). EVs carrying miR-21 induce
bronchial fibroblast differentiation by increasing the tran-
scriptional activity of hypoxia-inducible factor-1a, which
in turn, regulate the expression of alpha-smooth muscle
actin, a marker of decreased lung function (Xu et al. 2018).
Cigarette smoke also induces the secretion of EVs contain-
ing miR-210 from bronchial epithelial cells, which decrease
autophagy by targeting ATG7, resulting in the differentia-
tion of lung fibroblast to myofibroblast (Fujita et al. 2015).
These results suggest that gene expression profile of small
RNAs such as microRNA are altered in the plasma EVs of
smokers with COPD compared to non-smokers, and these
microRNAs can be utilized as biomarkers for understand-
ing the disease progression (Sundar et al. 2019). Recently,
Donate PB et al. have shown that cigarette smoke induces the
expression of transcriptionally active miR-132-containing
EVs, which contribute to the development of arthritis by
inducing osteoclastogenesis (Donate et al. 2021).
Cigarette smoke also affects the immune system to
facilitate smoking-mediated pathogenesis. In in vitro mod-
els, exposing the macrophages to tobacco smoke extract
increase the secretion of EVs containing proteolytic matrix
metalloproteinase-14, which subsequently damages the
extracellular matrix leading to the development of various
smoking-mediated pathologies (Li et al. 2013). In addition,
macrophages treated with cigarette smoke condensate induce
the release of EVs packed with pro-inflammatory chemokine
RANTES and decreased antioxidant enzyme, superox-
ide dismutasel, ultimately changing the overall status of
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the EVs to pro-inflammatory (Haque et al. 2020b). Given
the important role of EVs in the development of various
smoking-mediated diseases, identifying the mechanisms of
EV release might present a potential therapeutic option. Pre-
viously, Benedikter B. J et al. have shown that the release of
EVs from the bronchial epithelial cells is mediated through
the interaction of cigarette smoke components with the free
thiol groups on the cell surface. Treatment with N-acetyl
cysteine significantly decreases the EV release, offering a
potential treatment in COPD by decreasing the EV-mediated
effects (Benedikter et al. 2017).

Extracellular Vesicles in Renal Failure

EVs are the undeserved and silent players in cellular com-
munication in kidney. EVs can be found in various bod-
ily fluids such as urine, blood, breast milk, amniotic fluid,
saliva etc. (Doyle and Wang 2019). In this section, we will
summarize the important findings, which corelates the EV
and renal disorder (Table 1). In the case of renal system,

urinary EVs are derived from kidney cells or the urinary
tract (Kwon 2019). A recent in vitro and in vivo report also
suggested the involvement of EV in renal manifestations
(Kumar et al. 2021a, b). In addition to the diagnostic charac-
teristics of EVs, they can also be considered as a biomarker
for kidney impairment and damage. To understand the role
of EVs on total kidney function, we first need to understand
their role in the nephron. Nephron cells constitutively release
EVs in healthy condition. In case of environmental stress,
EV production can be increased (O'Neill et al. 2019) as well
as the resultant EVs’ characteristics also changes. Stress can
also lead to change in the proteomics and genomics profile
of EVs, which could serve as a biomarker in disease states
(Zadjali et al. 2020). These EVs contain a variety of cargo
molecules such as nucleic acids, proteins, lipids, and cell
metabolites (He et al. 2018). These EV cargos mirror the
parent cell and can be considered as the signature of their
cell of origin. The Presence of renal primary cilia on the api-
cal surface of nephron and collecting duct are the important
characteristics of the nephron (Deane et al. 2013). Studies

Table 1 Summarizes the most recent study involving EVs in various renal diseases

Renal disorder

Source of EV

Role of EV

Reference

Diabetic kidney disease

IgA nephropathy and thin basement
membrane nephropathy

Tuberous sclerosis complex
(TSC) Complex

Autosomal dominant polycystic kidney
disease (ADPKD)
Acute kidney injury

Renal cell carcinoma (RCC)

Autosomal dominant polycystic kidney
disease (ADPKD)

Renal carcinoma

Medullary sponge kidney

Kidney transplantation

Autosomal dominant polycystic kidney
disease (ADPKD)

Kidney transplantation

Human urine
and Mouse
Urine

Human Urine

Cell culture EV

Human Urine

Human Urine

Human Urine

Human Urine

Human Urine

Human Urine

Human Urine

Human Urine

Human Urine

Lower expression of miR-26a can lead to the
progression of Podocyte Injury in Autoim-
mune Glomerulonephritis

Change in proteomics; proteins (aminopepti-
dase N, vasorin precursor, a-1-antitrypsin,
and ceruloplasmin)

are differentially expressed

Gene mutations changes the proteomics in
mutant cell and EV production

Change in proteomics. Ratio of PC1/TMEM2
[PCI — polycystinl, TMEM2—
transmembrane protein 2]

Presence of activating transcription factor 3
(ATF3) in the AKI patients

Decreased expression of exosomal shuttle
RNAs (GSTA1, CEBPA and PCBD1) in the
RCC patients

Decreased level of AQP-2 and Increase level
of APO-A1 in ADPKD patients

Differential protein profiling in EV produced
in RCC

Changes in proteomics in medullary sponge
kidney patients

Decreased expression of CD133 in kidney
transplanted patients

Decreased expression of miR-192-5p, miR-
194-5p, miR-30a-5p, miR-30d-5p and miR-
30e-5p in patients

Cyclosporine treated patient induces an
increase in NKCC2 (Na—K-2Cl cotrans-
porter in the loop of Henle) and NCC (Na-
Cl cotransporter)

(Ichii et al. 2014)

(Moon et al. 2011)

(Zadjali et al. 2020)

(Hogan et al. 2015)

(Zhou et al. 2008)

(De Palma et al. 2016)

(Pocsfalvi et al. 2015)
(Raimondo et al. 2013)
(Bruschi et al. 2019)31,018,934
(Dimuccio et al. 2014)

(Magayr et al. 2020)

(Esteva-Font et al. 2014)
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have shown the involvement of cilia in EV production and
reception (Hogan et al. 2009). EVs associated with cilia have
been involved in the pathogenies of polycystic kidney dis-
eases (PKD) as shown by transmission electron microscopy
in vivo (Hogan et al. 2009).

Extracellular Vesicles in COVID-19 Pathogenesis

The EVs and retroviruses such as SARS-CoV-2 share some
of the important physical and biochemical characteristics.
However, like viruses EV cannot multiply in a living cell.
In this section, we will focus on the resemblance between
EV and viruses and the role of EV in COVID-19 progres-
sion and the possible role of EV as therapeutic strategies.
The resemblances between EVs and viruses are: 1) As some
of the enveloped viruses, EVs also contain the phospholipid
layer embedded with proteins like various other viruses;
2) EVs and viruses both have a size range in nanometer
(100-300 nm); 3) Like most of the viruses, EVs also contain
nucleic acid in its core; 4) Like viruses, EVs are also gener-
ated by the invagination of plasma membrane via endosomal
sorting complexes required for transport (ESCRT) system
(Colombo et al. 2014); 5) Like viruses, EVs can enter inside
the cell via fusing to the plasma membrane. Further, EVs
are known to facilitate viral infection. EVs are known to
generate an immune response and trigger the production of
inflammatory cytokines. SARS-CoV-2 is an RNA virus and
belongs to a family of Coronaviridae. Coronaviruses are usu-
ally not lethal and generally cause mild to moderate respira-
tory tract infection like common flu. Coronaviruses mostly
circulate between animals such as bats, cats, pigs, and camel.
But sometime these viruses can jump from animal to human.
Current type of coronavirus i.e., SARS-CoV-2 has a death
rate of > 1% among infected patients, which increases with
the age (Mahase 2020). SARS-CoV-2 encodes mainly four
types of protein such as envelope protein (E), nucleocapsid
protein (N), Membrane protein (M), and the spike protein
(s). When a virus infected cell produces EVs, those EVs may
not be as infectious as virus but contain one or more different
protein part of the virus. Upon contact with healthy cell, EVs
can transfer its content that make healthy cell more prone to
new infection. The EVs released from an infected cell may
alter the immune response as compared to the other EVs
derived from a healthy cell. Still there is no clear literatures
available about the involvement of EVs in COVID-19 virus
infection.

The most common EV structure contains a verity of
tetraspanin protein, which may facilitate the coronavi-
rus attachment to the cell (Charrin et al. 2009). A recent
study was performed on patients infected with respira-
tory viruses such as coronavirus and rhinovirus and iso-
lated EVs from the serum of these patients. Interestingly,
they found that these EVs contain a variety of protein

inside including the viral antigen and lung self-antigen
(Gunasekaran et al. 2020). This study provides an evi-
dence of a possible link between EV-facilitated viral infec-
tion and eliciting the immune response in the body. The
spike protein present on the surface of SARS-CoV has
a strong affinity towards human ACE2 receptor. Recent
studies have shown a close resemblance in the spike pro-
tein of SARS-CoV and SARS-CoV-2. Further, the affinity
between SARS-CoV-2 and human ACE2 is much stronger
than with SARS-CoV, which leads to higher infection rate
with SARS-CoV-2. An in vivo research has shown the
ability of EVs to transfer the ACE2 receptor to the target
cell, (Wang et al. 2020), which can become a functional
receptor in the recipient cells and provides a supportive
evidence of the role of EVs in SARS-CoV-2 infection and
spread. EVs also exhibit the surface presence of major
histocompatibility complex class I and II, which suggests
the possible role of EV in antigen presentation.

Extracellular Vesicles in Smoking-induced COVID-19
Pathogenesis

After evaluating a comprehensive set of transcriptomic
data, a study found an association of tobacco smoking
with increased gene expression of ACE2 receptors (Cai
et al. 2020). This study indicated smoking as one of the
risk factors for COVID-19 by affecting ACE2 expression.
Also, they reported an extensive hyperplasia in goblet
cells that mainly carrying ACE2 gene. It is reported that
goblet cell hyperplasia and epithelial inflammation in
peripheral airways is profound in smokers (Saetta et al.
2000). The contribution of several genes to the vulner-
ability to cigarette-smoking has also been reported, such as
nicotine-metabolizing enzymes (CYP2A6) and proinflam-
matory cytokines and chemokines. In our earlier studies,
we provided the evidence of altered levels of cytokines and
chemokines as well as other proteins in EVs derived from
the plasma of HIV-infected cigarette smokers (Kodidela
et al. 2018, 2020b). In addition, exposure to cigarette smoke
condensate increases oxidative stress and HIV replication
in human monocytic cells (U937 and U1) (Haque et al.
2020b). Production of proinflammatory cytokines and
chemokines are associated with smoking tobacco and
pathogenesis of COVID-19, which causes lungs dam-
age (Kaur et al. 2020). Elevated levels of these cellular
cytokines and chemokines can be packaged into EVs, cir-
culate via plasma, and delivered to neighboring or distant
recipient cells, thus participating in EV-based cell—cell
communication. We previously showed that cytokines and
chemokines can be differentially packaged into EVs and
circulated via plasma in HIV and/or tobacco smoking indi-
viduals (Kodidela et al. 2018).
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Extracellular Vesicles in Smoking-induced Renal
Failure in COVID-19 Patients

Cigarette smoking can increase the risk of renal cell carci-
noma by 35% (Yuan et al. 1998). These tumors grow further
by developing new blood vessels and providing oxygen and
nutrition to the developing tumor thus leading to metastasize
the tumor to other parts of the body. Vascular endothelial
growth factor (VEGF) is the chemical signal, which directs
the growth and formation of new blood vessels in the tumor.
Recent studies suggest that EVs transport various pro-
angiogenic factors such as VEGF, matrix metalloproteinases
(MMPs), and microRNAs, which can further promote the
angiogenesis in tumor (Baj-Krzyworzeka et al. 2006; Olejarz
et al. 2020). EVs and their subtypes such as prostasomes and
microvesicles stimulate angiogenesis in prostate and lung
cancers (Janowska-Wieczorek et al. 2005).

Nicotine acetylcholine receptors (nAChRs), which are
involved in nicotine-mediated effects, are a kind of neuro-
transmitter receptors and are characterized by the presence
of ligand gated ion channel (Yeboah et al. 2008; Wu 2009).
Among various subunits of this receptor, a7-nAChR is the
most significant subunit, which is very important in mediat-
ing nicotine effect and causes renal injury (Rezonzew et al.
2012). Studies have shown the overexpression of nAChRs
subunits i.e. «7-nAChR by nicotine, which stimulates
mesangial cell proliferation and extracellular matrix (ECM)
deposition leading to kidney pathogenesis (Jaimes et al.
2007). Nicotine worsens the condition of diabetic nephrop-
athy in mice and can damage the kidney filters (Hua et al.
2010). Compared to nonsmokers, smokers have high chances
of developing CKD, especially when it is classified as hyper-
tensive nephropathy and diabetic nephropathy (Yacoub et al.
2010). In diabetic nephropathy condition, i.e. in high glucose
condition, macrophages secreted significantly higher num-
ber of EVs as compared to normal glucose condition. These
EVs are enriched in TGF-f1 mRNA, which is avidly taken
by glomerular mesangial cells in vitro and in vivo resulted
in overexpression of transforming growth factor-p (TGF-
B1) (Zhu et al. 2019b). TGF-p is a well-known profibrotic
growth factor, which is generally activated AKI, promoting
the pathways that stimulate CKD (Gewin 2019).

Extracellular Vesicles as Biomarkers
in Smoking-induced Kidney Disease
in COVID-19 Patients

As described above, smoking increases the risk of renal dys-
function, particularly among AA, who are disproportionately
affected by CKD. Further, a metanalysis by Hansrivijit et al.,
which analyzed the data from 26 studies (n=5497) reported
that the presence of AKI increases the risk of mortality by
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13-fold in patients with COVID-19 (Hansrivijit et al. 2020).
Various studies have also reported that CKD was the most
prevalent risk factor for severe COVID-19 worldwide (Clark
et al. 2020; Nadim et al. 2020; Council and Group 2021). In
addition, smoking is an independent risk factor for severe
COVID-19 (Xiang et al. 2021) and can exacerbate renal
failure in COVID-19 patients. However, the mechanism of
these relationships is unclear, and prognostic biomarkers for
the COVID-19 disease and its systemic complications are
lacking. Since emerging evidence suggest that EVs and their
content are functionally involved in many pathological pro-
cesses, they may serve as predictors/biomarkers in smoking-
induced renal failure in COVID-19 patients. Several studies
have already reported that circulating EVs and their con-
tents are associated with severity, increased comorbidities,
and mortality in patients with COVID-19 (Krishnamachary
et al. 2020; Rosell et al. 2020; Wu et al. 2020; Yu Fujita
2020). Recently a study has demonstrated that COVID-19
patients with kidney disease had significantly altered levels
of several proteins compared to their respective controls,
suggesting candidate biomarkers for kidney disease in those
patients (Huang 2020). Furthermore, few proteins such as
F2R, THBD, FGF23, MMP12, CSF1, and KLK6 were asso-
ciated with COVID-19 and kidney disease. The same study
has also reported that MMP12, VEGFD, PRLSPON1, and
LEP proteins are associated with smoking and COVID-
19. MMP12 was found to be higher among smokers and
patients with Kidney disease; therefore, it may be shared as
a proinflammatory mediator between these two conditions
and COVID-19. The study also suggests that there was a
significant overlap in markers associated with preexisting
kidney disease and hypertension, particularly FGF19. Smok-
ing causes kidney damage through various mechanisms and
one of the mechanisms is hypertension (Orth and Hallan
2008). Moreover, EVs contain FGF19 protein (Silvestro
et al. 2020). Since the contents of the EVs are reported to
be stable in the circulation, the levels of FGF19 in EVs can
serve as a potential marker for smoking-induced renal fail-
ure in COVID 19 patients. However, given the paucity of
data regarding the biomarkers for smoking-induced renal
failure in COVID-19 patients, prospective studies consider-
ing the proteomic or transcriptomic profiles of EVs derived
from COVID19 patients with and without smoking and kid-
ney diseases would provide reliable biomarkers for these
conditions.

Extracellular Vesicles in Therapeutic Development
for COVID-19 Patients Suffering from Kidney
Diseases

Due to their ability to carry and transport distinct molec-
ular cargo, EVs have been studied for their potential as
therapeutic against SARS-CoV-2 infection (Fig. 2). Recent
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Fig.2 Extracellular vesicle as biomarker and Therapeutics in SARS-
CoV-2 induced lungs and kidney manifestation. People having under-
lying medical condition such as diabetes, hypertension and a habit
of smoking are at higher risk of COVID-19. SARS-CoV-2 leads to
extracellular vesicles mediated lungs and kidney manifestation which
is exacerbated by smoking. EV contain a lot of mRNA, miRNA, pro-
tein, and metabolites and therefore can be used as a potential bio-
marker in COVID-19. In addition, endogenous EVs can be modulated
as well as EVs can be used as drug delivery modality to enhance the
therapeutic efficacy of antiretroviral drugs such as remdesivir

preclinical studies found that MSC-secretome enriched
with anti-inflammatory cytokines that have been involved
in tissue repair as well as immunomodulatory and anti-
inflammatory activity are critical for lung tissue regenera-
tion (Bari et al. 2019), which could offer promise for EVs
based therapeutics for COVID-19 and respiratory virus
infections. Other than this study, there is no literature on
how to target controlled release of EVs, release of EVs
containing protective elements, and/or reduced packaging
of toxic elements within cells that are exposed to smok-
ing and/or SARS-CoV-2 infection. We speculate that cer-
tain compounds, e.g. nutraceuticals or other chemodietary
agents, which are known to possess anti-inflammatory and
anti-oxidant properties could be targeted to smoking and/or
COVID-19 damaged tissue (Suzuki et al. 2009; Begum et al.
2017; Ghosh et al. 2020; Manoharan et al. 2020; Mhatre
et al. 2021; Thimmulappa et al. 2021). The chemodietary
agents could increase the antioxidant and anti-inflammatory
levels of in the target cells, packaged in EVs, and subse-
quently circulated and delivered to other tissues/organs. This

therapeutic approach could help reduce the damage of other
organs via EV-based cell-cell communication. The other
approach could be to reduce/abolish the cellular synthesis or
packaging of toxic elements in EVs by using specific inhibi-
tory agents in cells sensitive to smoking and/or COVID-19.
This approach could minimize the circulation of toxic EVs
released by these cells, and eventually reduce damage of
distant tissues/organs via EV-based cell—cell interactions.
Since these approaches are speculative, Further studies are
required to access the therapeutic potential of EVs for many
diseases including COVID-19 infection.

Research effort are also underway to use EVs an alterna-
tive treatment option using its novel drug delivery approach
for viral diseases (Kumar et al. 2020a, b, ¢). Most impor-
tantly, EVs can be used in a personalized medicine approach
for many patients. EVs can be isolated from a person and
then loaded with the choice of drugs and again injected back
into same person (Kumar et al. 2020c). This strategy would
bypass the immune system, which is currently successful in
cancer therapy. Some the antiviral medicine such as rem-
desivir, which is approved for emergency use, can be used
as a cargo in the EVs, which could reduce the side effect
and improve the efficacy (Kumar et al. 2020c). In addition,
many anti-viral and antiretroviral drugs, especially pro-
tease inhibitors, have been studied to reduce the severity of
COVID-19 pathogenesis (Siemieniuk et al. 2020). However,
these drugs also cause toxicity to various organs and off-
target effects at relatively high doses. Thus, EVs have been
proposed to encapsulate these drugs and deliver them by
targeting SARS-CoV-2-infected cells/organs (Kumar et al.
2020c). To target the kidney cells in COVID-19 patients,
these drugs can be encapsulated in EVs derived from Vero
CCL-81 or Vero E6 cells using exogenous or endogenous
loading method (Kumar et al. 2020c). These are kidney-
derived cells and are model cell lines to study in vitro SARS-
CoV-2 infection (Day et al. 2021). Thus, EV obtained from
these cell lines for drug delivery has the potential to directly
target kidney cells and reduce off-target effects.

Furthermore, microRNAs, which can be packaged
in EVs, could also be used in therapy for COVID-19.
Kalarikkal and Sundaram studied a total of 260 edible
nanoparticles (ENP)-derived miRNAs from various plants
and identified 10 miRNAs that could specifically target
SARS-CoV-2 genome. The study suggested that ENP-
derived miRNAs targeting SARS-CoV-2 genome has the
great potential to be developed as an alternative therapy
(Kalarikkal and Sundaram 2021).

In addition to utilizing EVs as delivery system, EVs have
also been proposed to be utilize as vaccines (Sabanovic et al.
2021). The chimeric S protein-containing EVs have been
tested as a novel protein for vaccine immunogenicity against
SARS-COV-1 in mouse models (Kuate et al. 2007). Recent
studies have highlighted the role of native or engineered
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EVs in the induction of B cell and CD8(+) T cell reac-
tions against viral proteins (Qazi et al. 2009; Kanuma et al.
2017). These studies suggest that these antigen-presenting
EVs can be used as a novel strategy for vaccine design,
including COVID-19. EV-based vaccines can overcome
some limitations of conventional vaccines such as biosafety
and efficiency. Some Biotech companies are working on the
development of futuristic EV-based vaccine. However, there
is a paucity of data in the literature for EV-based vaccines
for infectious diseases including SARS-CoV-2. Therefore,
further studies are needed to establish the role of EVs in vac-
cines development, especially against SARS-CoV-2, which
can reduce the prevalence of COVID-19-induced renal dam-
age, especially in AA populations.
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