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Summary

Extracellular vesicles (EVs) are double membrane lipid nanoparticles, released by all cell types
in different biological samples. Their unique characteristic is represented by their cargo which
contains several biomolecules such as metabolites, RNA, DNA and proteins, which reflect the
physiological or pathological state of the cell of origin.

Recently, EVs gained interest as diagnostic, prognostic and predictive biomarkers for several

human diseases.

This Ph.D. thesis aimed to explore the potential of EVs in reshaping diagnostic and prognostic
processes in clinical settings by identifying disease-specific signatures. To achieve this, |
evaluated different diseases, underscoring the versatility of EVs in reflecting complex

biological mechanisms.

The first chapter of this thesis aims to assess the prognostic potential of the blood-derived
EVs, particularly, platelets-derived EVs (PLT-EVs), in coronavirus disease 2019 (COVID-19)
patients. As detailed in paper 1 we employed a method validated in our lab for rapid EVs
identification, starting from liquid biopsy (i.e blood or plasma) to evaluate the prognostic
potential of PLT-EVs in COVID-19 patients. Notably, through this approach we found that
COVID-19 patients with worse prognosis after being hospitalized for one week in intensive

care unit (ICU), exhibited higher levels of PLT-EVs, highlighting their prognostic role.

After the third wave of SARS-CoV-2, our focus shifted to all those COVID-19 patients included
in our cohort, who after months from the recovery and without any sign of infection,
continued to experience a wide range of persistent symptoms. This new condition was named
post-acute sequelae of SARS-CoV-2 infection (PASC) syndrome. Thus, in the second chapter,
using advanced techniques such as activation induced marker (AIM) assay and dextramers, we
identified in peripheral mononuclear blood (PBMC) of PASC patients an hyperactivation of the
CD4* compartment and high levels of SARS-CoV-2 specific CD8* T cells compared to healthy

controls (paper 2 and paper 3).



In the third and last chapter, we investigated both blood-derived EVs and gut-derived EVs as
mediators of communication within the gut-brain axis, particularly in the context of major
depressive disorder (MDD) and multiple sclerosis (MS), by setting up and optimizing a fast and
reliable method for the isolation of the gut-derived EVs. Our findings showed the existence of

a specific fingerprint in both diseases.

Overall, this thesis advances the field by positioning EVs as innovative tools for disease
diagnostics and prognosis, demonstrating their versatility across multiple human disorders.
The new methodologies developed to detect and isolate EVs along the findings presented in
this thesis provide a foundation for future translational research, with implications for

personalized medicine and biomarker-driven disease management.



Sommario

Le vescicole extracellulari (VE) sono nanoparticelle lipidiche a doppio strato, rilasciate, in
diversi campioni biologici, da tutte le tipologie cellulari. La loro caratteristica risiede nel
contenuto di cio che veicolano, costituito da una varieta di biomolecole, come metaboliti,
RNA, DNA e proteine, che riflettono sia lo stato fisiologico che patologico della cellula di
origine.

Recentemente, le VE hanno suscitato un crescente interesse come biomarcatori diagnostici,

prognostici e predittivi in numerose patologie umane.

Questa tesi di dottorato ha avuto |'obiettivo di esplorare il potenziale delle VE nel trasformare
i processi diagnostici e prognostici in ambito clinico, attraverso l'identificazione di firme
molecolari specifiche per malattie-caso. Per raggiungere questo obiettivo, nei vari capitoli
della tesi sono state valutate diverse malattie, mettendo in evidenza la versatilita delle VE nel

riflettere meccanismi biologici complessi.

Nel primo capitolo, € stato valutato il potenziale prognostico delle VE derivate da cellule del
sangue, in particolare delle VE di origine piastrinica (PLT-EVs), nei pazienti affetti da COVID-

19. Come descritto nell’articolo 1, e stato utilizzato un metodo brevettato innovativo per
I'identificazione rapida delle VE a partire da biopsie liquide (es. sangue o plasma), al fine di
valutarne il ruolo prognostico. Da tale studio, € emerso che i pazienti COVID-19 con una
prognosi peggiore, dopo una settimana in terapia intensiva, presentavano livelli piu elevati di

PLT-EVs, sottolineandone il ruolo come biomarcatori prognostici.

Dopo la terza ondata di SARS-CoV-2, |'attenzione si & spostata sui pazienti COVID-19 della
coorte arruolata nello studio precedente che, a mesi di distanza dalla guarigione,
continuavano a manifestare una vasta gamma di sintomi persistenti. Questa nuova condizione
e stata denominata sindrome da sequele post-acute dell'infezione da SARS-CoV-2 (PASC). Nel
secondo capitolo, mediante tecniche avanzate come il test di marker indotto dall’attivazione
(AIM assay) e I'utilizzo di destrameri, € stata identificata nelle cellule mononucleate di sangue
periferico un’iperattivazione del compartimento CD4* e alti livelli di cellule CD8+ T specifiche

per SARS-CoV-2 nei pazienti PASC rispetto ai controlli sani (articoli 2 e 3).



Nel terzo ed ultimo capitolo, la mia attenzione si & spostata dalle VE derivate da cellule del
sangue a quelle originate dal microbiota intestinale, come mediatori di comunicazione
dell'asse intestino-cervello, in particolare nel contesto del disturbo depressivo maggiore
(DDM) e della sclerosi multipla (SM). Attraverso lo sviluppo e I'ottimizzazione di un metodo
rapido e affidabile per I'isolamento delle VE di origine intestinale, & stato possibile identificare

una firma specifica per entrambe le malattie.

Complessivamente, questa tesi contribuisce significativamente, posizionando le VE come
strumenti innovativi nella diagnostica e prognosi delle malattie, dimostrando la loro versatilita in
diverse condizioni patologiche. Le metodologie qui sviluppate per identificare ed isolare VE e i
risultati ottenuti rappresentano una solida base per future ricerche traslazionali, con rilevanti

implicazioni per la medicina personalizzata e la gestione delle malattie basata sui biomarcatori.
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Chapter 1: Extracellular vesicles as biomarkers in severe COVID-19
patients

Premise

At the beginning of 2020, Italy experienced the first wave of the SARS-CoV-2 outbreak, causing
Coronavirus infectious disease 2019 (COVID-19), a pandemic burden with an unprecedented
impact on the healthcare system worldwide. COVID-19 presented a complex clinical spectrum,
that is characterized by a wide range of different symptoms such as fever, cough, dyspnea,
muscle pain, headache, sore throat, chest pain, and abdominal pain. These symptoms caused
by the virus can vary from mild to severe, with the development of acute respiratory distress
syndrome (ARDS), requiring mechanical ventilation and intensive care unit (ICU) admission.
The COVID-19 pandemic presented several challenges to clinicians because of its high spread
and transmission, mortality rate and sequela leading to aftermath known as post-acute
sequelae of SARS-CoV-2 infection (PASC), In that context, it was crucial to study the disease to
get insights into the mechanisms driving these outcomes and to identify both diagnostic and
prognostic biomarkers that allow clinicians to detect immediately the disease and stratify
patients by risk and lastly to optimize treatment strategies.

At that time, the Immunomics lab, where | completed my PhD, chose to tackle the challenge
of finding reliable and fast biomarkers for routine hospital use, focusing on extracellular
vesicles (EVs) as promising candidates. EVs are double membrane nanoparticles resembling
the status of their parental cell and are involved in the cell-to-cell communication in both
physiological and pathological conditions. Several studies have shown that EVs can serve also
as biomarkers for several possible diseases including COVID-19 and its sequelae. However, the
drawbacks of EVs were, firstly, the time-consuming techniques used to isolate them, such as
ultracentrifugation, which requires at least 1 hour and secondly, the sample manipulation,
which frequently represents stressful conditions for cells, which alter the composition of the
original EVs sample, potentially misrepresenting the real EVs profile.

We applied a new method using a patented kit to detect EVs directly in a few microliters of
unmanipulated fresh blood samples within 1 hour. This approach, if proven to be reliable, will

pave the way for using EVs as biomarkers in everyday clinical practice.



Background

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic outbreak Between
the end of 2019 and the beginning of 2020, a novel coronavirus, called SARS-CoV-2, was
identified for the first time in Wuhan, Hubei Province, China. SARS-CoV-2 was
immediately recognized as a novel virus belonging to the Coronaviridae family, due to some
shared similarities with other known coronaviruses as severe acute respiratory syndrome
coronavirus (SARS-CoV) and middle east respiratory syndrome coronavirus (MERS-CoV), which
were responsible of two different epidemics in 2003 and 2012 respectively (Microbe, 2023).
Epidemiological evidence supports the zoonotic origin of SARS-CoV and MERS-CoV, and a similar
mechanism was reported for SARS-CoV-2 (Hao et al., 2022). The clinical manifestation of the
SARS-CoV-2 infection is the development of the coronavirus disease 19 (COVID-19),
characterized by a wide range of different symptoms, from asymptomatic cases to severe
pneumonia and multi-organ failure.

Despite the initial containment efforts, the rapid worldwide spread of the virus led to the
declaration of COVID-19 pandemic by the World Health Organization (WHO) in March 2020

(Figure 1) (Pascarella et al., 2020).
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Figure 1. Cases of the COVID-19 global pandemic. (https.//www.who.int/)

Coronaviridae family

The Coronaviridae are large lipid bilayer enveloped, positive-sense RNA viruses. They are the
largest known RNA viruses, with genomes ranging from 25 to 32 kb and virions of 118-140 nm

in diameter.


http://www.who.int/)

The Coronaviridae family comprises three sub-families: Orthocoronavirinae, Letovirinae and
Pitovirinae (Payne, 2017).

The Orthocoronavirinae are divided into four genera: alphacoronavirus, betacoronavirus,
gammacoronavirus and deltacoronavirus. Among them, alphacoronaviruses and
betacoronaviruses have gained central attention because they are highly infectious and
dangerous for mammalian species. Human and animal coronavirus infections mainly result in
respiratory and enteric diseases (Lam et al., 2020)

Coronavirus virions are spherical and contain four different structural proteins: Spike (S),
membrane (M), envelope (E) and nucleocapsid (N) proteins. The S protein is a large
glycoprotein present on the surface of the virus. Homotrimers of the S protein form large
structures called Spikes, which extrude from the surface of the virion, giving its distinctive
corona-like shape. The S protein is also a fusion protein and mediates the binding to the host
receptor to allow the virus to enter (Huang et al., 2020). The M glycoprotein is an integral type
Il membrane and is the most abundant structural protein in the coronavirus particles and
plays a central role in virus assembly. It interacts with other viral proteins to help shape the
virion (Li, 2016). The E protein is a transmembrane protein, and it is present in a small quantity
in virions. The main functions of this protein are the assembly and the release of the virus.
However, it seems also to be implicated in the virus’s pathogenicity, as some of them lacking
this protein are not lethal (Ruch and Machamer, 2012). The N protein is the only protein
present in the nucleocapsid. It is a multi-domain RNA binding protein that interacts with the
viral membrane protein during virion assembly and plays a critical role in enhancing the
efficiency of virus transcription and assembly (Bai et al., 2021). A fifth structural protein, the
hemagglutinin-esterase (HE), is present in a subset of B-coronaviruses. Its activity might be
involved in the enhancing of the S protein during the binding and entry into the host (Zandi et

al., 2021).

Life cycle of SARS-CoV-2
The life cycle of SARS-CoV-2 starts with the entry into the host cells through the binding of

Spike proteins with the viral entry angiotensin-converting enzyme 2 (ACE2) receptor. This
receptor is expressed by epithelial cells in the oral mucosa, liver, kidney, heart, intestine and

lungs. Specifically in SARS-CoV-2 infection, S1 portion of the Spike can bind the ACE2 to the



host cells, while, the portion S2 can mediate and facilitate the fusion and the entry of the virus,
due to the cleavage of the S1/S2 site by the host transmembrane serine proteases 2
(TMPRSS2) and also by cathepsin B and L (Pizzato et al., 2022). Subsequently, the viral genome
is released in the cytoplasm of the infected cells, where the process of translation occurs. At
the 5’ end, the two open reading frames (ORF) 1a and 1b are directly translated into
polyproteins 1a and lab that are then cleaved in functional proteins, including the RNA-
dependent RNA polymerase (RdRp). On the contrary, the structural proteins S, envelope (E),
membrane (M) and nucleocapsid (N), and accessory proteins are translated from subgenomic
RNAs (sgRNAs) and used for the virion assembly. The sgRNAs are transcribed from the 3’ end
by the RdRp in a discontinuous way and then are fused together (Harrison et al., 2020; Sola et
al., 2015). Upon translation, the new assembled virions exit from the cells via exocytosis and

start to infect other cells (Figure 2).

AANANAN
c \ f\/\/\/\ Genomic and subgenomic RNA (+)
-

"\, Genomic replication
Genomic RNA (+)
ANANANANNANANNAN %
ANNNANANANANANANAN
Endosome/Lysosomal
.
[ 7

e !
Genomic RNA () Assembly and
\NANANANANANANANS budding /

N\NANNNNNNN/

- B
Ribosome /
Ry | genom
eleses of vicsl . Subgenomic transeription \
‘
ANNNN Nucleocapsid (N) @
RNA genome (+) Y %) 5)

I Translation of polymerase protein | ANNNAN Membrane (M) . %.
‘ 20
ANANNN Envelope () @ @
ppla pplab z
l Translation :‘
v ral Additional replicase v,
"‘Y"“’" J nonstructural proteins, 04
2910
RNA Qenol:{{\)ls[\ lt°‘) > ““v'
N 8. M
RNA replication \, V % ‘ D& *
- o,
>,

Figure 2. SARS-CoV-2 lifecycle. The SARS-CoV-2 spike protein binds the angiotensin-converting enzyme 2 (ACE2)
receptor present on host cells, starting the mechanism of entry of the virus. The efficient viral entry depends on
cleavage of the S1/52 site by the surface transmembrane protease serine 2 (TMPRSS2); and/or by cathepsin L,
which mediate virus—cell membrane fusion at the cell surface and in endosomal compartments. After the entry,
the virus releases its RNA genome into the cytosol. The polyproteins (ppla and pplb) are cleaved by a virus-
encoded protease into individual replicase complexes. Replication begins in the endoplasmic reticulum (ER). The
subgenomic (sg) RNA transcription results in structural and accessory protein translation, which are ready,
together with the positive-sense RNA genomes, for the virion assembly and the release outside the cell (Harrison

et al., 2020).



Different clinical manifestation of COVID-19

The SARS CoV-2 route of transmission is airborne through droplets and aerosol (Bak et al.,
2021).

SARS-CoV-2 infection caused unusual pneumonia, which was referred to as COVID-19 by the
WHO. Manifestation of COVID-19 varied between individuals with different degrees of onset
and severity ranging from asymptomatic infection and mild flu-like symptoms to ARDS, acute
respiratory failure, pulmonary edema, sepsis, septic shock or multiple organ failure, and even
death. The most typical symptoms of COVID-19 were fever, cough, shortness of breath, muscle
ashes, headache, diarrhea, sore throat and chest pain (Verity et al., 2020) (Figure 3).

The course of the disease ranged from being asymptomatic or mild and it became serious in
about 10% of cases. Critical sequelae (respiratory failure, pneumonia, shock, and multiorgan
failure) occurred in a 5% and required the admission to ICU (Bestetti et al., 2021; Pascarella et
al., 2020). The damage of organs and tissues correlated to systemic inflammation caused by
the so-called “cytokine release syndrome” (CRS) (Mohamed Khosroshahi et al., 2021). This
phenomenon is caused by the host immune system, and it is characterized by an uncontrolled
and huge release of pro-inflammatory cytokines due to infectious stimuli. There have been
proposed different hypotheses underlying the establishment of the CRS. The first hypothesis
implied the SARS-CoV-2 replication, which led to the pyroptosis, which is a massive
inflammatory state of lytic-programmed cell death and the release of pro-inflammatory
cytokines by lymphocytes and macrophages. Pyroptosis in virus-infected macrophages
potentially acts as an immune attractant for other immune cells, which once in the infection
site elicit an immune response. In addition, pro-inflammatory factors released from pyroptotic
macrophages result in a cytokine storm (Hsu et al., 2022). This inflammatory milieu stimulates
the proliferation and activation of myeloid-derived suppressor cells (MDSC), which inhibit the
immune response through the release of nitric oxide synthase (NOS), arginase 1 (ARG1) (Wang
et al., 2022). MDSCs have been hypothesized to play a dual role in severe COVID-19 cases: on
one side by arresting SARS-CoV-2 replication and, on the other hand, by inhibiting T cell
proliferation and interferon (IFN) release (Alsalman et al., 2022). This suppression ultimately
delayed the immune response in these compromised patients.

The second hypothesis is based on the production of antibodies that can bind the S protein

and trigger the inflammatory cascade, with the release of proinflammatory cytokines. In this



inflammatory environment, macrophages and lymphocytes start to accumulate into the lungs

and drive acute respiratory distress (Jarlhelt et al., 2021).

According to the guide published by the WHO, the severity of the disease in adults can be

classified as follows:

e Mild disease: characterized by common clinical symptoms, such as fever, cough, fatigue,
and anorexia, without evidence of viral pneumonia or hypoxia.

o Moderate disease: characterized by clinical signs of pneumonia, including saturation of
peripheral oxygen (Sp02) = 90% on room air, but no signs of severe pneumonia. Fever,
cough, dyspnea, and fast breathing characterize this stage.

e Severe disease: characterized by clinical signs of severe pneumonia presenting one or more
of the following features: respiratory rate > 30 breaths/min, severe respiratory distress, or
Sp02 < 90% on room air.

e Critical disease: characterized by acute respiratory distress syndrome (ARDS), ranging from
mild ARDS to severe ARDS; sepsis, that leads to life-threatening organ dysfunction; septic
shock (persistent hypotension despite volume resuscitation); and acute thrombosis (acute

venous thromboembolism, acute coronary syndrome, and acute stroke).
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Figure 3. COVID-19 symptomatology. In red there are the symptoms that are prevalent in patients with severe
COVID-19. (Harrison et al., 2020).



Mortality rate and comorbidities in COVID-19

Once ARDS progress, multiorgan failure and shock remained the main cause of death in
COVID-19 patients. Generally, dyspnea onset requires 8 days from the beginning of first
symptoms, ARDS requires 9 days, and intensive care unit (ICU) admission occurs in 10 to 14
days (Boechat et al., 2021)

However, the mortality rate is different among several studies (ranging from 1% to 3%), due
to the variability among patients’ features such as age (the rate is higher in elderly),
comorbidities, and gender. Differences also depend on the rapid saturation of ICs and on the
lack of sufficient support (Asselah et al., 2021; Fathizadeh et al., 2021; Pascarella et al., 2020).
Tan and colleagues reported that mortality was higher in men than women. Indeed, men are
more likely to be admitted in ICU and require mechanical ventilation. The different rate can
be explained by a stronger inflammatory regulation and an enhanced immune response in
women: female patients have shown a more robust T cell activation than males, who
conversely have shown higher levels of pro-inflammatory cytokines. This could be explained
by the distinct hormonal milieu between the two genders: testosterone can have
immunosuppressive effects, as opposed to estradiol (Tan et al., 2021)

Besides old age (>75 years old) and gender, other concomitant factors that worsen the course
of the disease can be obesity, hypertension, diabetes mellitus (DM), chronic kidney disease
(CKD), and cardiovascular disorders (Bestetti et al., 2021). A higher risk of being hospitalized
was indeed found in a multistate surveillance system, called COVID-NET, among people with
obesity (Body Mass Index (BMI) =30 kg/m2) and severe obesity (BMI >40 kg/m2), CKDs, DM,
hypertension and asthma (Ko et al., 2021).

Up to now, the mechanism by which hypertension predisposes to a severe course of the
disease is still not clear, but the dysregulation of the renin—angiotensin—aldosterone system
(RAAS) system, of the immune response, and gut dysfunction may contribute to a worse

outcome (Muhamad et al., 2021).

Innate immune response in COVID-19

Innate immune response is the first line of defense against pathogens. It has three main roles:
to restrict viral replication in infected cells, to create a local antiviral state, and to trigger the

adaptive immune response (Sette and Crotty, 2021).



After the virus enter in the cell, the viral RNA is immediately sensed by the pattern recognition
receptors (PRRs) such as toll-like-receptors (TLRs), retinoic acid-inducible gene | (RIG-I) and the
NOD-like receptors (NLRs). The PRRs that are mainly involved in the SARS-CoV-2 sensing are
TLR-3 and TLR-7 in endosomes, RIG-I and the melanoma differentiation-associated gene 5
(MDAD5) (Dai et al., 2022).

Upon viral RNA binding, both TLRs and RIG-I-like receptors (RLRs) engage adaptor proteins TIR-
domain-containing adapter-inducing interferon-p (TRIF) and myeloid differentiation factor 88
(MyD88) are recruited by TLRs, while RIG-1 and MDAS5 activate mitochondrial antiviral-
signaling protein (MAVS) and consequently recruit specific kinases, such as TANK- binding
kinase 1 (TBK1). Then, phosphorylated interferon regulatory factors (IRFs), including IRF3 and
IRF7 and transcriptional factors nuclear factor kappa light-chain-enhancer of activated B cells
(NF-kB) translocate in the nucleus, inducing the transcriptional activation of genes coding
inflammatory cytokines and IFNs (Duncan et al., 2023).

Another pathway involved in the dsRNA sensing is the oligoadenylate-ribonuclease L (OAS-
RNase L) activation. OAS3 synthesizes the activation of 2'-5'-linked oligoadenylates (2-5A),
which leads to dimerization and activation of RNase L, resulting in viral degradation. An
ultimate pathway implies the protein kinase R (PKR), that once activated, induces PKR
autophosphorylation, resulting in the translation of the initiation factor elF2a, which results
in protein synthesis shutdown and restriction of viral replication (Li et al., 2021) (Figure 4).
IFN | drives the release of other inflammatory molecules that possess antiviral functions. An
example is shown by the Interferon-induced transmembrane proteins (IFITMs), which are
proteins embedded in the lipid components of the plasma membrane of the cells and can
interfere with the viral fusion mechanism, by changing the membrane curvature, thus
reducing the membrane permeability. In contrast, SARS-CoV-2 can mount several strategies
to overcome immune surveillance and inhibit the production of IFN type | and Il (Prelli Bozzo
et al., 2021). Several conserved betacoronavirus proteins, predominantly non-structural
proteins (nsps), are known to exert direct IFN-antagonistic activities. Indeed, NSP1, NSP12,
NSP13, NSP14, NSP15, ORF3b, and ORF6 have been reported to inhibit the nuclear
translocation of IRF3 (Kumar et al., 2021). For example, the NSP12 inhibition of IRF3 nuclear
translocation impairs downstream signaling of IFN | (Znaidia et al., 2022). By inhibiting the
production of IFN | and Ill, SARS-CoV-2 can delay the innate immune response and continue

to replicate.
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Figure 4. SARS-CoV-2 dsRNA sensed by the innate immune system. Type | and type Il IFN production, followed
by ISG transcription and cytokine responses, are caused by MDAS5 signals via MAVS. RNase L is activated by OASs'
production of 2-5A, which cleaves viral and host ssSRNA to cause inflammation and death. PKR autophosphorylates
before phosphorylating elF2a, which leads to cell death (Li et al., 2021).

Adaptive immune response in COVID-19

Adaptive immunity comprises both humoral and cellular components. It includes SARS-CoV-
2-specific helper T cells (CD4*) that closely regulate cytotoxic T cells (CD8*), that represent the
effector components of cell-mediated immunity, and B cells, that produce virus-specific
antibodies, among which also the neutralizing ones (Mohamed Khosroshahi et al., 2021; Sette
and Crotty, 2021).

Antigen presenting cells (APC) have the task of exposing the antigen to their surfaces through
the major histocompatibility complex (MHC) molecules. The MHC molecules of class | present
the antigen to cytotoxic T cells, while the MHC molecules class Il present the antigen to helper
T cells. It has been proposed that different human leukocyte antigen (HLA) alleles could have
a role in determining the genetic susceptibility to infections, including SARS-CoV-2 infection.
Nevertheless, further studies are required to better understand this correlation (Mohamed
Khosroshabhi et al., 2021).

As mentioned before, high degrees of lymphopenia seem to be related to COVID-19 most

severe cases. Low counts of lymphocytes are a common characteristic of viral infections, but



they typically resolve quickly. In the case of the novel coronavirus, however, it could become
a long-lasting and defining characteristic (Gusev et al., 2022).

In contrast to the previous findings, other studies reported that an excessive T cell response
could be related to severe disease. It is not clear the reason why some patients develop a poor
response while others have a massive one (Chen and John Wherry, 2020a). One study,
conducted among 125 hospitalized patients highlighted two different immunophenotypes,
associated with severe diseases: the first characterized by a robust CD4* T cells response with
few circulating T follicular helper cells (cTfh), hyperactivated or exhausted CD8* T cells,
activated CD8* terminally differentiated effector memory (TEMRA) cells, and plasmablast
response; the second characterized by low T and B cells. A third immunotype associated with
mild disease was instead characterized by less helper T cells activation, T-box transcription
factor TBX21 (Thet)* effector CD4* and CD8* T cells, and proliferating memory B cells (Mathew
et al., 2020). The rapid induction of virus-specific T helper cells is associated with mild disease
and also accelerated viral clearance (Sette and Crotty, 2021). In detail, a higher proportion of
IFNy-producing T helper 1 (Th1)-like cells with antiviral functions was described in mild cases
compared to severe cases. It has been suggested that Th2 and Th17 responses play a role in
the worsening of the disease: Th2 response is associated with lung immunopathology, while
Th17 responses are associated with ARDS. On the contrary, cTfh may play a key role for an
effective immunity and their frequency increases in parallel to SARS-CoV-2 clearance. cTfh
cells are essential for the development of virus-specific neutralizing antibodies (Chen and John
Wherry, 2020a; Neidleman et al., 2020). A cytotoxic T cell response has been found both in
patients with acute disease and in about 70% of convalescent patients with COVID-19. Jamal
and colleagues reported that CD28*, CD8* and CD3" cytotoxic suppressor T cells are generally
decreased in people with poor outcomes (Jamal et al., 2021). Indeed, the presence of SARS-
CoV-2-specific CD8* T cells is associated with a low level of disease severity (Rha and Shin,
2021). Schreibing and colleagues demonstrated that severe COVID-19 display hyperactivated
viral-specific CD8* T cells, while mild cases display a more functional, terminally differentiated
CD8* effector T cell phenotype. Within the group that recovered from severe COVID-19, they
also observed a population of exhausted T cells, characterized by the expression of T Cell
Immunoreceptor With Ig And ITIM Domains (TIGIT), Cytotoxic T-Lymphocyte Antigen 4
(CTLA4), Programmed cell death protein 1 (PD-1) and T-cell immunoglobulin and mucin-

domain containing-3 (Tim-3) (Schreibing et al., 2021). However, another study demonstrated



that cytotoxic T cells expressing PD-1 are not exhausted, but functional since they are able to

secrete IFN-y. Indeed, further research are needed to understand if exhausted T cells are really

exhausted or just highly activated (Chen and John Wherry, 2020a; Rha and Shin, 2021)

After primary viral infection, usually the number of effector T cells decreases in favor of

different subsets of memory T cells once activated upon reinfection with the same pathogen.

To develop a robust recall response, the primary response should be effective in viral

clearance in order to allow progenitor memory T cells to differentiate in fully formed

populations. Regarding SARS-CoV-2 infection, the
development of a memory response may vary
depending on the age of the individual or the
severity of the disease (Jarjour et al., 2021).

Even concerning the B cell response,
lymphopenia is unevenly reported in patients
with poor outcomes. SARS-CoV-2 specific
antibodies start to appear within 5-15 days of
post-symptoms onset, and they are directed
mostly against S and N antigens. Usually, in viral
infection, a higher antigen load correlates with
higher antibody titers. Also concerning the novel
coronavirus, high neutralizing antibody titers
were associated with severe COVID-19 and with a
potential extrafollicular B cell response
(Melenotte et al., 2020; Sette and Crotty, 2021).
Conclusively, these data suggest that different
compositions in peripheral blood immune cells
may be indicative of different severity-degrees of

COVID-19 (Figure 5).
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Figure 5. Models of possible kinetics of immune responses to SARS-CoV-2 infection. The picture shows the

timing and the duration of innate and adaptive immune responses in A) Immune response during a generic

viral infection B) Immune response during an average of SARS-CoV-2 infection C) Immune response during a

severe SARS-CoV-2 infection (Sette and Crotty, 2021).




Biomarkers in COVID-19

The emergence of the COVID-19 pandemic, due to a novel coronavirus, presented significant
challenges because of its unclear etiopathogenesis and high hospitalization and mortality rate.
In this context, clinicians dealt with faced a significant gap in the availability of fast, reliable,
and disease-specific diagnostic and prognostic biomarkers, which were essential for effective
patient management in this unexpected scenario.

At the time of virus spreading overworld few biomarkers were identified, but unfortunately,
they were poorly specific. Among them, cardiac troponin T (cTnT), and D-dimer, were
employed as an index of myocardial injury, but these markers were shown to be not specific
for SARS-CoV-2 infection (Battaglini et al., 2022; Rasmi et al., 2022).

In addition to these biochemical markers, imaging such as computed tomography (CT) scans
played also a critical role for the evaluation of the extent of pulmonary involvement, though
it overlapped significantly with features of other forms of pneumonia making not so easy a
differential diagnosis of Sars-CoV-2 from other lung infections. Thus, these gaps highlighted
the unmet need for searching for more specific and reliable biomarkers.

In recent years, membrane-bound nanoparticles, known as extracellular vesicles (EVs), gained
a lot of attention as potential biomarkers for several human diseases. The significance of EVs lies
in their cargo, which consists of different biomolecules (i.e. DNA, metabolites, proteins, RNA)
that resemble both the physiological and pathological states of their cell of origin. Since they
are released by all the cell types in several bioliquid fluids, this feature makes them a suitable
accessible biomarker. EVs can cross and enter in all the organs in the body, both near and
distant, exerting their functions as mediators in cell-to-cell communication. Moreover, they
can remain stable over time in biological samples and simplify the identification of rare
biomolecules in biofluids (Boukouris and Mathivanan, 2015). For instance, in patients with
focal segmental glomerulosclerosis (FSGS) or steroid-sensitive nephrotic syndrome (SSNS), the
urinary exosomal WT-1 (Wilms' tumor-1) has been suggested as a promising non-invasive
biomarker with podocyte specificity that can identify early progression and treatment-induced
regression of podocyte injury (Zhou et al., 2013).

Similarly, EVs have been described as biomarkers for infectious diseases. For example, they
were suggested as biomarkers for predicting the risk of Hepatitis B virus (HBV) reactivation and
detection of early fibrosis in hepatitis B and C. According to a recent study, patients with

undetectable plasma HBV-DNA, showed an increase of plasma-derived EVs. This study



demonstrated that HBV-DNA-derived EVs are uptaken by hepatocytes, highlighting their role
in HBV reactivation (Sukriti et al., 2019). Based on these findings, the authors suggested that
these EV's could serve as a diagnostic or predictive biomarker of early HBV reactivation. In other
studies, different authors demonstrated that the characterization of EVs cargo, focusing on
microRNA (miR) i.e. miR-15a, miR-30d-5p, miR-30a- 5p, miR-192-5p, miR-26a-5p, miR-23a-5p,
and miR-191-5p may discriminate between septic patients and those with non-infectious
inflammation (Caserta et al., 2016).

All this evidence paves the way for further exploration of the ability of EVs to address the
unmet clinical need for disease-specific diagnostic, prognostic, and predictive tools, improving

the early detection, monitoring, and management of severe COVID-19 cases.

Extracellular vesicles (EVs)

EVs are nanoparticles with a lipid bilayer membrane, released by all cell types into extracellular
space. They play an important role in the regulation of many biological processes and
intracellular communication, leading to their capacity to transfer proteins, lipids, and nucleic
acids (Yanez-Mé et al., 2015).

EVs can be differentiated based on their size, contents, and function into exosomes,
microvesicles (MVs) and apoptotic bodies.

Exosomes (30-100 nm in diameter) are formed from the inward budding of the endosomal
membrane and are secreted when multivesicular bodies (MVBs) fuse with the plasma
membrane; instead, MVs (100 nm to 1 mm in diameter) are formed directly by budding of the
cell’s plasma membrane; lastly, apoptotic bodies (50 nm up to 5000 nm in diameter) are
released into the extracellular space when the cell dies (Doyle and Wang, 2019).

EVs have been shown to play a role as mediators of physiological and pathological processes.
In this regard, EVs have gained significant attention as potential predictive and prognostic
biomarkers in different diseases, due to their nature to act as carriers of different

macromolecules, facilitating cell-to-cell interactions.

EVs biogenesis and uptake

EVs originate through different mechanisms either as an inward-budding vesicle within the
endocytic system (exosomes) or as an outward-budding vesicle at the plasma membrane

(microvesicles) (Figure 6).



The biogenesis of exosomes begins with the inward budding of small parts of the plasma
membrane, containing several molecules such as nucleic acids, lipids, and proteins. These

small intracellular vesicles form the early endosome. Then, the early endosome transforms

into the late endosome. The late endosomes accumulate intraluminal vesicles (ILVs) formed
by inward budding of the endosomal membrane. During this process, cytosolic proteins,
nucleic acids, and lipids are sorted into these small vesicles. Late endosomes containing a lot
of small vesicles, that are termed MVBs. These MVBs can either fuse with the lysosome if the
content is fated for degradation or fuse with the cellular membrane releasing the ILVs as
exosomes into the extracellular space (Rooks and Garrett, 2016). The exosome generation
pathway is regulated by the endosomal sorting complex required for transport (ESCRT). The
ESCRT complex is composed by four proteins: ESCRT-0, -I -1l -Ill and accessory proteins (Alix,
VPS4, and VTA-1), that sequentially act to bind future exosome cargoes and form intraluminal
vesicles (ILVs) incorporating those cargoes. The ESCRT machinery is required for MVB
formation because it sorts ubiquitinated intracellular cargos that are destined for lysosomal
degradation into MVBs (Maas et al., 2017a).

In the case of EVs that are formed by direct budding from the plasma membrane
(microvesicles and apoptotic blebs), there are different molecular mechanisms of biogenesis,
less characterised. One mechanism of their synthesis, involves the recruitment of the same
ESCRT machinery and of the subunits Tumor Susceptibility Gene 101 (TSG101) and vacuolar
protein sorting-associated protein 4 (VPS4) to the plasma membrane by adaptor protein
arrestin domain-containing protein 1 (ARRDC1), thereby promoting the generation of MVs
(Teng and Fussenegger, 2021).

EVs can release their content and interact with target cells through endocytosis or fusion with
the recipient cells (Tricarico et al., 2016). The release of EVs content is strictly regulated by
different GTPases, among which members of ADP-ribosylation factor (ARF) family, Rab and
Rho. Moreover, their entrance is mediated by the interaction with surface receptors present
on the plasma membrane (Mulcahy et al., 2014). Different molecules, among which integrins,
tetraspanins, lipids and components of the extracellular matrix, are known to be the mediators
of these interactions. Tetraspanins are a superfamily of small transmembrane proteins that
are expressed in almost all eukaryotic cells, and in mammals the tetraspanin protein family
includes more than 30 members (JankoviCova et al., 2020). The tetraspanin family comprises

different proteins characterized by their common specific molecular structure, represented



by four 5 transmembrane domains containing conserved polar residues, a small extracellular
loop (SEL) and large extracellular loop (LEL), and short cytoplasmic tails. Among tetraspanin
molecules, CD9, CD63 and CD81 are the main markers

of EVs for eukaryotic cells. Exosomes have a high expression of these three molecules;
however, since tetraspanin expression has also been detected on cell surfaces, they can be
used also as general markers for all the types of EVs (Jankovi¢ova et al., 2020).

Several factors may determine the likelihood of EV-cell fusion occurring: the first is due to
ligand-receptor binding or glycoprotein interactions, and the second is the lipid composition
of EVs and cellular membranes, which is likely to affect their propensity to fuse, because high

lipid raft content in EV may facilitate their fusion with cells (Maas et al., 2017b).
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Figure 6. Microvesicles and exosome formation with their cargo. On the left, exosomes originate from the inward
budding of early endosomes into multivesicular bodies (MVBs), which later fuse with the plasma membrane to release
exosomes, alongside microvesicles budding directly from the cell membrane. On the right, a zoomed-in view reveals
exosomes' lipid bilayer structure, embedded proteins, and internal cargo, including microRNAs, mRNAs, and intra-

vesicular proteins, highlighting their role in intercellular communication and signaling. (Eckhardt et al., 2022)

EVs in immune regulation
EVs play a multifaceted role among immune cells and in the immune response’s regulations.

The immune system is a complex network of cells, organs and molecules that protect the
organism against foreign pathogens. In this regard, EVs are implicated in the regulation of

inflammation, antigen presentation and immune cell activation.

In the innate immune system, EVs derived from monocytes contain different miRNAs and also



alarmins, that are chemotactic proteins that can bind TLRs and heat shock proteins, causing
immune activation (Chen et al., 2019). They carry inflammatory cytokines such as interleukin-
1B (IL-1B) and tumor necrosis factor-a (TNF-a), which sustain inflammatory signals and recruit
other cells (Kalluri, 2024). Neutrophils derived-EVs can transport antimicrobial peptides and
reactive oxygen species (ROS), which can help in the erasure of the infection (Chen et al.,

2019). Additionally, natural killer (NK) derived-EVs carry inside cytotoxic molecules as

granzymes and perforin, which can start the apoptosis pathways in target cells (S. He et al.,
2024).

In adaptive immunity, EVs are involved in the antigen presentation. This process is carried on
by the APCs (i.e., B cells, macrophages, and dendritic cells (DCs)) that are able to capture,
process and present antigens, through the MHC, to CD4* and CD8* T cells directly as well as
indirectly (Robbins and Morelli, 2014). In the direct way, EVs released by APCs carry surface
MHC class | and class Il molecules and, therefore, can potentially directly present the antigen
to CD8* and CD4* T cells, respectively. Instead, in the indirect antigen presentation, EVs
released by mature DCs carry on their surface different adhesion molecules such as MHC class
II, CD86 and Intercellular Adhesion Molecule 1 (ICAM1), that can enhance the binding of the
vesicles to APCs or the binding and the activation of T cell during APC-T cell interactions.
Indeed, EVs released by mature DCs are able to transfer the ability to activate T cells to non-
professional APCs. In the last antigen presentation mechanism, peptide-MHC complexes of
EVs fuse to APCs’ surfaces and can be directly presented to T cells without the need for the
peptide-MHC to be reprocessed. This occurs through a mechanism known as cross-dressing
(Robbins and Morelli, 2014).

EVs act also as carriers of antigens, indeed, microbial molecules can be present inside the EVs,
as for example, in the case of Mycobacterium bovis, that infect macrophages, which release
EVs loaded with mycobacterial antigens that activate T-cells response (Mehanny et al., 2021).
Similarly, tumor derived EVs can transport tumor antigens that are taken up by DCs, which can
process them to cytotoxic T lymphocytes (CTLs) (Menay et al., 2024).

Besides these active roles in mounting and sustaining the immune response against
pathogens, EVs are involved also in immunosuppressive and anti-inflammatory mechanisms.
For instance, EVs derived from mesenchymal stem cells (MSCs) can suppress inflammation
and promote tissue regeneration, representing a promising treatment for different diseases

(Lou et al., 2024).



Role of EVs in inflammation

Inflammation is the non-specific response to conserved peptides, motifs, and signals, which
may be pathogens or damage-associated molecular patterns. Under non-pathological

conditions, inflammatory responses are self-limiting and very controlled.

EVs are involved in the initiation, propagation and resolution of inflammatory responses. They
exert a dual role in inflammation. Indeed, they can transport a wide range of different
molecules, such as pro-inflammatory and anti-inflammatory cytokines, chemokines, proteases
and damaged associated molecular patterns (DAMPs). In inflammatory conditions, EVs
communicate with the immune cells, by influencing the systemic inflammatory response. For
instance, EVs released by macrophages carry cytokines, like IL-6 and TNF-a, which are
mediators in the recruitment and activation of immune cells. Moreover, these cytokines
loaded-EVs beyond enhancing inflammation, they can also generate a feedback loop that
sustains the inflammatory stimuli and recruit immune cells.

Emerging evidence highlights the involvement of the immune cells-derived EVs in
inflammatory lung diseases as ARDS.

In chronic inflammatory conditions, EVs exacerbate and sustain inflammation through
different mechanisms which comprise immune cells cross-talk and the delivery of
autoantigens. An example are autoimmune diseases (ADs), particularly, in rheumatoid
arthritis (RA), EVs derived from synovial fibroblasts carry pro-inflammatory molecules that
exacerbate joint inflammation and tissue damage, driving the progression of the disease.
Therefore, EVs act as both markers and active participants in inflammatory processes. They
can initiate, sustain, or resolve inflammation, depending on their molecular cargo and cellular
origin, illustrating their complex and influential role in shaping the inflammatory landscape
within the body. The functional diversity of EVs, spanning pro-inflammatory,
immunoregulatory, and tissue repair roles, underscores their potential as both diagnostic

biomarkers and therapeutic targets in inflammatory diseases.

EVs in viral infections

EVs have recently emerged as a novel mode of viral propagation exploited by both enveloped
and non-enveloped viruses (Nolte-‘t Hoen et al., 2016).

Current studies have revealed that EVs derived from infected cells contain viral nucleic acids



and viral proteins that may play a dual role: on one side, these EVs can contribute to alert the
immune system from an ongoing infection; on the other, they may co-participate in the
infection with other cells, by “boosting” infectivity (Urbanelli et al., 2019). EVs derived from
the human immunodeficiency virus (HIV) have shown the capability to vehiculate HIV proteins,

such as Nef, in the host cells. EVs containing Nef are involved in different pathogenic effects

such as the induction of T-cell apoptosis, the down-modulation of cell surface molecules (i.e.,
MHC-I and CD4) to favor immune evasion, and the restoration of the infectivity of HIV particles
defective in Nef protein. Moreover, Nef-EVs incorporate tumor necrosis factor-a- converting
enzyme (TACE), which is a metalloproteinase responsible for the activation and release of
TNFa. Therefore Nef-EVs produce a huge amount of active TNFa, that leads to the activation
and proliferation of CD4* T cells, rendering them competent for HIV expression and replication.
This process seems to be correlated with the HIV-associated immune pathogenesis (Tang et
al., 2024). Another mechanism that renders cells more susceptible to infections is the ability
of EVs to deliver viral receptors to cells, which are deprived of them. For instance, in HIV
infection, platelet (PLT)-derived EVs can transfer HIV co-receptors C-X-C chemokine receptor
type 4 (CXCR4) and C-C chemokine receptor type 5 (CCR5) to endothelial cells that normally do
not express them. Hence, this transferring process causes the establishment of a chronic
inflammatory status and the unsuitability in eradicating HIV-1 infection and probably
increasing the tropism in vivo and favoring its dissemination (Navarrete-Mufioz et al., 2022).
EVs derived from Epstein-Barr virus (EBV) retain the latent membrane protein 1 (LMP1), which
is a pro-oncogenic protein, that deregulate cellular transduction pathways and promote
transformation and immortalization of B cells (Rastelli et al., 2008). EVs can carry inside entire
non-enveloped viruses, such as the hepatitis A virus (HAV). HAV takes advantage of being
transported inside the EVs, because, when inside it, EVs act as an envelope for the virus. In this
way, the HAV encapsulated in EVs is recognized as a component of the self and so, these EV-
enveloped viruses can camouflage themselves and elude the immune system (Feng et al.,
2013). Moreover, EVsreleased by infected cells are also able to act as “garbage disposal”. They
eliminate host proteins that have a pivotal role in prompting the immune response, thus
avoiding and downregulating the immune system. Upon EBV infection, cells release, through
EVs, to the extracellular environment the y- interferon-inducible protein 16 (IFI16), that is able
to sense the EBV genome, and by doing this, infected cells are able to escape to the control of

the innate immune system (Ansari et al., 2013). The level of EVs that are released by the cells



increases when cells undergo viral infections. EVs are not only involved in favoring viral
spreading, but also in promoting antiviral mechanisms. In fact, EVs released by HIV-infected
cells, transport the host antiviral apolipoprotein B mRNA-editing enzyme catalytic
polypeptide-like 3G (APOBEC3G), a cytidine deaminase which restricts viral replication, by

changing the base sequence (from guanine to

adenosine) of the translated viral DNA. This transition causes the loss of the replicative
capacity of the virus, resulting in the production of nonviable virions. Other soluble host
factors present in EVs cargo, able to counteract HIV infection, include guanosine
monophosphate (GMP) and adenosine monophosphate (AMP), which triggers the host
immune response mediated by interferons. In case of EBV infection, a mechanism has been
found, through which EVs derived from EBV-infected cells release deoxyuridine
triphosphatase (dUTPase), which is an intercellular signaling molecule, that prompts NF-kB
activation and cytokines secretion in DCs and peripheral mononuclear blood cells (PBMCs). By
activating aforementioned processes there is a fine-tuning of the immune response against
EBV (Giannessi et al., 2020). EVs released by cytomegalovirus (CMV) infected cells carry the
glycoprotein B, that can activate CD4* T cells, thereby inducing an adaptive immune response
and helping to maintain a pool of T cells implicated in the control of CMV infection. The level
of EVs that are released by the cells is associated with the increase during the viral infections.
This happens for Plasmodium falciparum, which is sequestered in erythrocytes and activates
endothelial cells (EC) to release EVs (Combes et al., 2004). Moreover, viruses such as the
dengue virus and HIN1 influenza virus induce the release of EV from PLTs (Ostermeier et al.,

2022).

EVs in COVID-19

EVs have been suggested as key players in the pathogenesis of Sars-CoV-2 infection, since a
hallmark of COVID-19 is excessively prolonged and persistent inflammatory state as most
patients exhibit elevated levels of pro-inflammatory cytokines, which have also been detected
in EVs (Yan et al., 2021). Moreover, EVs are also involved in the promotion of blood
coagulation. This pro-coagulant activity is primarily attributed to the abundant presence of
negatively charged phospholipids, such as phosphatidylserine, on the outer surface of EV
membranes. These phospholipids provide a catalytic platform for coagulation factor assembly,

facilitating clot formation. Additionally, EVs express active tissue factor (TF), a key initiator of



the coagulation cascade, further enhancing their prothrombotic potential (Barrion et al.,
2024). The combined effects of these factors underscore the possible role of EVs in COVID-19-
associated coagulopathy, contributing to the increased risk of thromboembolic events

observed in infected individuals.

EVs serving as carriers of inflammatory mediators, may exacerbate immune responses and
contribute to the cytokine storm observed in severe cases. Indeed, alveolar macrophage-
derived EVs play a pivotal role in worsening the inflammatory response by facilitating the
influx of pro-inflammatory molecules and immune cells into the lungs. This process amplifies
lung injury and respiratory distress, making EVs critical components in COVID-19
pathophysiology.

Notably, EVs expressing CD31 and P-selectin glycoprotein ligand-1 (PSGL-1) were found to be
abundant in COVID-19 patients, highlighting endothelial damage and dysfunction, which are

crucial factors in disease severity (Barrion et al., 2024).

Understanding their role can provide new insights into therapeutic strategies aimed at

mitigating severe inflammatory responses in affected patients.

Challenges in EVs applications

The clinical translation of EVs-based technologies is challenging, and stringent regulatory and
quality standards must be met to ensure safety, efficacy, and consistencies. One of the key
criteria is the development of standardized protocols for their isolation and characterization,
which is crucial to ensure reproducibility and comparability among different studies. This
standardization is essential for their reliable use as biomarkers. To address this, guidelines like
the Minimal Information for Studies of Extracellular Vesicles (MISEV) support such attempt.
Moreover, good manufacturing practice (GMP) compliance is important for ensuring the quality,
purity, potency, and stability of EVs-based products, which is highlighted by regulatory agencies
such as the U.S. Food and Drug Administration (FDA) (Wang et al., 2024).

Like other biological therapies, these products are governed by established regulatory
frameworks that demand extensive preclinical studies and well-designed clinical trials to
establish safety and therapeutic potential.

In addition, the successful placement of EVs-based technologies in clinical workflows relies on
the establishment of stringent quality control parameters, scalable manufacturing processes, and

the endorsement of agencies such as the FDA and European Medicines Agency (EMA) (Nieuwland



et al., 2023).
EVs-based technologies demonstrate great potential as tools for diagnostics and therapeutics to
overcome these challenges and bring innovation in precision medicine and biomarker-based

disease management.



AIM 1

During the SARS-CoV-2 pandemic, researchers worldwide shifted their focus to studying
COVID-19. Likewise, our lab redirected its efforts toward COVID-19 research too. Particularly,
we focused on searching for easy and reliable diagnostic and prognostic biomarkers for COVID-
19, hopefully translatable in the hospital’s routine. Previous findings from our lab identified in
platelets- derived EVs (PLT-EVs), a diagnostic biomarker of SARS-CoV-2 infection. Based on
these previous findings, we hypothesized that PLT-EVs could also serve as prognostic tools,
helping clinicians distinguish between moderate and severe COVID-19 cases. Despite the
promising role of PLT-EVs in diagnosis, their prognostic value remains largely unexplored,
representing a critical knowledge gap. The general aim of Chapter 1 of this thesis was to
evaluate whether PLT-EV levels in hospitalized COVID-19 patients—measured after one week
of ICU admission—could predict severe clinical outcomes. By addressing this question, we
sought to determine whether PLT-EVs could function as early warning biomarkers, allowing
for improved patient stratification and timely intervention strategies. However, challenges
remain, including the standardization of EV quantification methods, the influence of
confounding clinical variables, and the need for validation in larger, multi-center cohorts.
These limitations highlight the necessity for further research to establish PLT-EVs as a robust

prognostic tool for COVID-19 management.
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Summary PAPER 1
PLT-EVs are the most abundant circulating vesicles, have been shown to increase in various

human diseases, including viral infections such as influenza and HIV. In the case of influenza,
it has been proposed that the HIN virus activates platelets, leading to the release of EVs, while
in HIV, PLT-EVs may serve as shuttles facilitating viral propagation.

Our previous findings demonstrated that PLT-EVs represented a diagnostic marker for SARS-
CoV-2 infection, detected by employing a fast and reliable method in flow cytometry
(Cappellano et al., 2021).

The objectives of this paper were: (i) to validate our previous findings regarding the use of
PLT-EVs as a biomarker in a third cohort of COVID-19 patients and (ii) to evaluate their
prognostic significance in hospitalized patients, after one week from the admission in the ICU
(paper 1). We collected peripheral blood from COVID-19 patients at two different time points:
at the time of admission to the emergency room (T0) and after one week of hospitalization
(T7) and we respectively counted PLT-EVs levels, by flow cytometry-based method. When
stratifying COVID-19 patients based on the mortality score at TO, we identified two distinct
patterns of patients: one group showed a decrease in the PLT-EVs count, during the first week
of hospitalization, while the second displayed increased levels. The latter group showed an
unfavorable outcome during hospitalization. This observation strongly supports the possibility

of a potential role of PLT-EVs as prognostic biomarkers in severe COVID-19.
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Platelet-derived extracellular vesicles (PLT-EVs), the most abundant circulating EVs, have been found to be increased in several
human diseases, including viral infections. Recently, we documented that PLT-EV counts are higher in SARS-CoV-2+ patients,
enrolled during the first two waves of COVID-19, occurred in Italy last year, and we suggested PLT-EVs as a biomarker of SARS-
CoV-2 infection. The present study is aimed at testing the ability of PLT-EV levels, measured at hospital admission and within
one week of hospitalization, to predict patient’s outcome. We applied an easy, fast, and reliable method, based on flow cytometry,
for the detection of PLT-EVs in unmanipulated blood samples. In a cohort of SARS-CoV-2 patients, enrolled during the
third wave of COVID-19 in Italy, we confirmed that PLT-EV counts are higher in comparison to healthy controls. Moreover, their
number is not affected by prehospitalization treatment neither with heparin nor with steroids that are recommended by WHO
guidelines. Noteworthy, we identified two pattern of patients, those who increased their PTL-EV level during first week and
those reducing it. The former group representented more compromised patients, with higher 4C score, and unfavorable outcome.
In conclusion, our new findings would suggest that a worse evolution of the disease is linked with increasing PLT-EV levels in
the week after hospital admission.

1. Introduction

Extracellular vesicles (EVs) are microparticles that bud from
all cells’ surface and are transported in body fluids. EVs have
been classified by size, biogenesis, and cell type of origin;
currently, EVs are categorized into three main types: (1)
microvesicles (MVs) (100—1000 nm in diameter), (2) exo-
somes (20—-150nm), and (3) apoptotic blebs (1000— 5000
nm) [1, 2]. EVs circulate and act in the extracellular
environment and can resist to the enzymatic digestion due to
the presence of their lipid membrane, which is highly

enriched in cholesterol, sphingomyelin, annexin, phosphati-
dylserine, and glycosphingolipids [3]. EVs are deeply
involved in the mechanisms of cell-to-cell communication,
which is based on different processes including horizontal
transfer of several molecules [4].

EVs are stable and can be detected in several body fluids
such as blood, saliva, urine, and breast milk [5]. By originat-
ing from the parental cells, they may resemble the current
state of disease because they carry the same molecules (e.g.,
miRNA, mRNA, and lipid). Therefore, EVs have attracted
attention as they represent an easily obtainable object of
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study, through liquid biopsies. Considering the minimally
invasive nature of the sampling process and their easy acces-
sibility, EVs are emerging as diagnostic/prognostic bio-
marker for several human diseases [6].

According to the International Society for Extracellular
Vesicles (ISEV) guidelines, several methods have been rec-
ommended to identify, characterize, and isolate EVs [7].
These include ultracentrifugation, size-exclusion chroma-
tography, immunoaffinity capture, and microfluidics. These
methods involve different steps of centrifugation, precipita-
tion, and ultracentrifugation, and they require manipulation
of the samples (from blood to plasma) which would repre-
sent a stress condition for the cells which in turn might
increase EVs release per se; thus, the amount of EVs present
in a sample may be distorted. In our recent publication, we
established a quick method (1 hr) for the quantification of
platelet- (PLT-) derived EVs in fresh blood without sample’s
manipulation using flow cytometry [8].

At the beginning of 2020, coronavirus disease-19
(COVID-19) was declared a pandemic by the World Health
Organization (WHO). Nowadays, it is well recognized as a
complex disease involving high levels of inflammation and
thrombosis, and PLT hyperactivation correlates with disease
severity [9]. Though many efforts have been done, few bio-
markers for COVID-19 have been identified; however, these
are individually poorly specific, and novel biomarkers are
needed to better predict patient outcome.

We recently showed that PLT-EV counts were increased
in two independent cohorts of SARS-CoV-2 patients hospi-
talized during the first two waves of COVID-19 pandemic,
occurring in Italy between April 2020 and December 2020.
Therefore, we suggested that PLT-EVs could be used as a
biomarker of SARS-CoV-2 infection [8]. Given that we
applied a fast and reliable method for EV count and easy
to implement in hospital clinical laboratories, in this study,
we aimed at testing the predictive value of PLT-EVs in
COVID-19 evolution during the first week of COVID-19
patient hospitalization.

2. Methods

2.1. Patients. During the third wave of COVID-19 pandemic
occurred between December 2020 and April 2021, we
enrolled all SARS-CoV-2+ patients hospitalized at Univer-
sity Hospital “Maggiore della Carita” (Novara, Italy) with
blood samples available and who signed the informed con-
sent to participate in the study. SARS-CoV-2 infection was
confirmed by reverse-transcriptase polymerase chain reac-
tion (RT-PCR). Blood was withdrawn into sodium citrate
collection tubes at two different time points: at the time of
admission at the emergency room (TO) and after one week of
hospitalization (T7). Blood parameters were measured by
using the Sysmex XN-2000™ Hematology System (Sys-
mex, Kobe, Japan) at Hospital “Maggiore della Carita” at the
time of enrollment, while EV analysis was performed within
few hours after blood withdrawal at the indicated time points
above. Moreover, information on gender, age, comorbidities,
and prehospitalization treatment with ste- roids and heparin
was collected. The 4C score was also cal-
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culated to evaluate the mortality risk at TO of the enrolled
patients.

A sample of healthy controls (HC), identified among
hospital workers, was also included in the study.

The study was approved by local ethic committee (CE67/
20); written informed consent was obtained from the patients
or their legal representative.

2.2. Flow Cytometry. EVs were quantified by flow cytometry
from the whole blood of SARS-CoV-2+ patients, as previ-
ously described by us [8]. Briefly, we used a custom kit (Bec-
ton and Dickinson, NJ, USA) containing a cationic probe
which stains lipophilic membrane of EVs and a viability dye
(i.e., phalloidin) which identifies intact and viable circu-
lating EVs. Intact EVs were then stained with a combination
of three monoclonal antibodies (Becton and Dickinson, NJ,
USA) to detect EVs released by the most abundant cell pop-
ulations in the blood: leukocyte-derived EVs (CD45+),
endothelial-derived EVs (CD31+), and PLT-derived EVs
(CD31+ CD41la+). Samples were acquired using FAC-
Symphony A5 (Becton and Dickinson, NJ, USA), and flow
cytometry data were analyzed using the FACSDiva software
(Becton and Dickinson, NJ, USA). The gating strategy is
shown in [8]. The count of EVs/uL was obtained using the
following formula:

No.of EV events for a given population * dilution factor

EVs/iuL=
K Acquired volume

M

2.3. Statistical Analysis. Descriptive statistics were used to
summarize patients’ characteristics. Categorical variables
were reported as absolute frequencies and percentages while
numerical variables as median and first (Q1) and third quar-
tiles (Q3) since not normally distributes. D’Agostino and
Pearson test was used to assess the normality distribution of
numerical variables. Mann—Whitney test was used to
compare the average platelets’ EV count between patients
with SARS-CoV-2 and HC and 4C score between subjects
increasing or decreasing platelets’ EV's between TO and T7,
while Wilcoxon sum rank test was used to compare average
platelets’ EV count between TO and T7. Finally, Kruskal-
Wallis test was used to compare average platelets’ EV count
in patients assuming corticosteroid and heparin alone or in
combination. All tests performed were two tailed, and the
type one error was set to 0.05. All analyses were performed
using Prism version 8.4.3.

3. Results

We enrolled 78 SARS-CoV-2+ patients hospitalized at Uni-
versity Hospital “Maggiore della Carita” (Novara, Italy).
Table 1 summarizes the demographic and clinical data of the
cohort of hospitalized SARS-CoV-2+ patients. PLT- EVs
were quantified in unmanipulated blood, as previously
described by us [8].

We found that PLT-EV counts were higher in SARS-
CoV-2 patients compared to HC, regardless of heparin or
steroid prehospitalization treatments (Figure 1). These
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Tasle 1: Demographic and clinical features of hospitalized SARS-
CoV-2+ patients.

Median (Q1-Q3)

Age (years) 67 (58-80)
Gender (M/F), N (%) 55/23 (71%)
WBC! (x10%/uL) 8.61 (6.36-11.26)
Lymphocytes (x10%/uL) 0.81(0.59-1.13)
Creatinine (mg/dL) 0.86 (0.74-1.16)
AST? (mU/mL) 39 (30-49)
ALT? (mU/mL) 34.5 (20-47.5)
CRP* (mg/dL) 6.44 (2.48-13.95)
PCT® (ng/mL) 0.13 (0.05-0.28)
PLTs (x10%uL) 216 (173-300)
PT-INR® 1.02 (0.96-1.08)
Ferritin (ng/mL) 564 (171-1106)
LDH (U/L) 587.5 (495-752)

D-dimer (ug/L) 1070 (609-1471)
ILe-6 14.75 (6.4-27)

SpO,/FiO, 427.5 (400-447)
PaO,/FiO, 247 (214-295)
SpO, 89 (85-94)
FiO, 21 (21-21)

Respiratory rate 25 (15-30)

Ywhite blood cell, 2aspartate aminotransferase, alanine aminotransferase,
“C-reactive protein, Sprocalcitonin, ®prothrombin time-international
normalized ratio, “lactate dehydrogenase, and finterleukin.

results strongly confirmed our previous findings showing
PLT-EVs as biomarker of SARS-CoV-2 infection [8].

To investigate variation over time in PTL-EV counts, we
monitored the kinetic of their absolute counts at the time of
admission to the emergency room (TO) and one week after
hospitalization (T7). 38/78 patients dropped out during the
follow-up because of hospital discharge or death, and only
40/78 (black dots shown in Figure 1(a)) completed the study.
67.5% of the patients within this group were males (mean
age 63.5 years (SD 14.1 years)), and the 4C mortality score
[10], evaluated at TO, was 9.4 (SD 4.4); the median duration
of symptoms before hospi- tal admission corresponded to 7
days (Q1-Q3 4-9.5); per- centage of SARS-CoV-2+ patients
treated with steroids and heparin before hospital admission
was 60% and 27.5%, respectively; 45% of patients were
admitted to intensive care unit while 55% were admitted
to other wards with intermediate intensity of care; the 30-
day mor- tality was 17.5%.

With regard to the absolute count of PLT-EVs measured
over time, we identified two different patterns in our popu-
lation: 23 out of 40 patients (subgroup A) showed a statisti-
cally significant increase of PLT-EVs from TO to T7, while
17 out of 40 patients (subgroup B) showed a significant
decrease (Figure 2).

Interestingly, by stratifying patients based on their 4C
mortality score [4] calculated at TO, we found that more com-
promised patients presented a significant increase of PLT-EV
count during the hospital stay (subgroup A) (Figure 2).

4. Discussion

PLT-EVs, the most abundant circulating EVs, have been
found to be increased in several human diseases, including
viral infections, such as influenza and HIV [11-13]. In the
former, it has been suggested that influenza H1N virus would
activate PLTs which in turn release EVs [11]; in the latter,
PLT-EVs might act as shuttle in the propagation of the virus
[13]. PLT-EVs have been shown to contain SARS-CoV-2
RNA [14], as well as the exosomal cargo, and it was
suggested that the virus might use the endocytosis route to
spread infection [15].

Recently, we showed that the PLT-EV count is higher in
SARS-CoV-2+ patients admitted to the emergency room, in
comparison with SARS-CoV-2- patients and HC. We dem-
onstrated that PLT-EVs also have a good performance as a
diagnostic biomarker in discriminating SARS-CoV-2+ from
SARS-CoV-2 patients, and we hypothesized that they might
be involved in thromboembolism and vascular leakage,
which are clinical hallmarks of SARS-CoV-2 infection [8].

The involvement of PLT-EVs in COVID-19 has been
also shown by four independent groups [14, 16—18]. Zaid et
al. evaluated PLT-EVs in PLT-free plasma of SARS- CoV-
2+ patients. They found that PLT-EV levels were increased
in the nonsevere SARS-CoV-2+ group in compar- ison with
severe one; however, upon normalization on PLT number,
they found that PLT-EVS were also increased in severe
patients [14]. Guervilly et al. showed that tissue factor bearing
PLTs and EVs were higher in COVID-19 patients who
require mechanical ventilation [17]. Another study showed
that half of EV population in COVID-19 patients was of PLT
origin, and their counts were increased in com- parison with
HC [18]. PLT-EV counts were also found to be even more
increased 30-day postdischarge, after COVID-19 remission
[16].

In this study, we confirmed our previous findings [8] and
evaluated for the first time, the kinetic of PLT-EVs within
the acute phase, during the hospital stay.

As a detection/quantification method for EVs, we applied
flow cytometry combined to patented probes, which is a
technique, among others, recommended by the Interna-
tional Society for Extracellular Vesicles (ISEV) [7]. We used
a protocol already validated by other groups [19-22] and,
recently, by us in COVID-19 [8]. This protocol shows the
advantage to probe directly and quickly PLT-EVs in fresh
unmanipulated blood, since platelets—especially when
under stress conditions (i.e., caused by ultracentrifuga-
tion)—may become activated, thus releasing EVs per se.
Also, PLT-EVs might be partially lost when plasma is double
centrifuged to remove platelets or due to repeated freeze/
thaw cycles on stored plasma specimens [23].

Considering that those stressful conditions could inter-
fere with the biological significance of the results obtained,
the use of unmanipulated blood would be preferable and may
provide more reliable data, as we did in our work.

We identified two subgroups of patients showing either
an increase or a decrease of PLT-EV counts after one week
of hospitalization compared to PLT-EV counts assessed at
the time of admission to the emergency room. Since the

35U80IT SUOWILLIOD BAITea1)) a|qealjdde au Aq pauIanob ale se|a1Le O asn JO $a|nJ 1oy AIeiqIT auljuQ A3|IM UO (SUORIPUOD-PUE-SLLLIBYWOD"AS| 1M AJeIq1[aul|uo//:SdRy) SUOIIPUOD pue swia | 8u 885 “[720z/TT/L0] uo Areiqr suljuQ As|IM ‘elfelaueIyood A G597208/2202/SSTT 0T/I0p/Wwod As|1m Aleiqjauljuoy/:sdny woly papeojumod ‘T ‘2202 ‘2vey



E

6000

4000 —

Platelets EVs/ul

Platelets EV/ul

SARS-CoV-2+  HC
@

2000 —

Disease Markers

6000

71 ©
° 3
4000 A
m]
A
0 T T T T
Steroids  + + - -
Heparin  + - +
(b)

Figure 1: PLT-EV counts are higher in SARS-CoV-2+ patients regardless of heparin and steroid treatments. (a) Dot plot showing the absolute
count of PLT-EVs in SARS-CoV-2+ patients enrolled during the 3rd wave (n=78) and HC (n=27); black dots indicate patients
hospitalized for one week; empty boxes show mean + SD; (b) PLT-EV counts at TO, stratified accordingly to prehospital treatments
with/without heparin and steroids. For statistical analysis, D’Agostino and Pearson normality test was used before to perform Mann—Whitney

and Kruskal-Wallis test. **+*p < 0.001.
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Figure 2: PLT-EV count is higher in more compromised SARS-CoV-2+ patients within one week of hospitalization. Line graphs identifying
the two subgroups of patients (A and B, previously shown in Figure 1, black dots) showing either an increase or a decrease of PLT-EV counts
at T7 and the 4C score evaluated at TO. For statistical analyses, D’ Agostino and Pearson normality test was used before performing Wilcoxon

sum rank and Mann—Whitney tests. ***p < 0.001 and *p < 0.05.

recent guidelines for COVID-19 suggested to consider the 4C
mortality score [10], which was not evaluated by Zaid et al. or
by us [14] previously, we applied it to this study. This score
refers to patient demographics, clinical observations, and
blood parameters that are commonly available at the time of
hospital admission by accurately characterizing the population
of patients at high risk of death in hospital [10]. Interestingly,
we found that more compromised patients (with an increased
4C mortality score) presented a significant increase of PLT-EV
counts during the hospital stay.

During the COVID-19 pandemic, the use of the antico-
agulant heparin and the anti-inflammatory dexamethasone
has been shown as promising tools for the management of

severe COVID-19 patients’ symptoms [24]. We documented
that prehospital treatment with steroids or heparin did not
interfere with PLT-EV counts. Since we did not find in our
cohort any correlation between absolute PLT-EV and plate-
let counts or d-dimer values (not shown), our findings lead
us to hypothesize that the increase in PLT-EVs was related
to the inflammatory response triggered by SARS-CoV-2
infection, rather than to PLTs or coagulation activation,
though the role of PLTs in thromboinflammation is well
documented [25].

Antiphospholipid antibodies (aPL) are detected in nearly
half of SARS-CoV-2+ patients, and their prevalence was
shown to be even higher in severe ones; but it is still debated
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if aPL positivity is just an epiphenomenon of an upregulated
inflammatory state triggered by COVID-19 or a true player
in the thrombotic storm of severe forms [26]. Potentially,
aPL may target PLT-EVs and thus contribute to inflamma-
tory state in COVID-19.

A recent study reported a higher expression of platelet
CD142 marker (i.e., tissue factor) onto surface of serum-
derived EVs in SARS-CoV-2+ patients compared with
SARS-CoV-2-, both developed pneumonia. Interestingly,
CD142 displayed higher biological activity only in SARS-
CoV-2+ patients [27]. These findings might suggest that
PLT-EVs initiate the extrinsic pathway of coagulation and,
thereby, directly contribute to the high thrombotic risk in
COVID-19. Lastly, since PLT-EVs are negatively charged,
they may sustain the propagation of coagulation [28].

5. Conclusions

Our findings suggest a relationship between prognosis of
SARS-CoV-2 and absolute count of PLT-EV absolute count
and Kinetics: these may be seen as biomarkers to monitor
severity of SARS-CoV-2 and/or pathogenetic actors. By
applying our fast and reliable method for EV count, which
could easily be implemented in hospital clinical laboratories,
PTL-EV counts could be translated into clinical practice. Of
note, our method is not intended to replace PCR for viral
quantification but it can rather represent a tool for clinicians
to predict worsening of COVID-19 condition. Nevertheless,
we firmly believe that further studies, in different and bigger
cohorts, are still needed to confirm our data and clarify the
potential pathophysiological role of PLT-EVs in the develop-
ment of COVID-109.
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Chapter 2: Involvement of the T cells compartment in post-Acute
Sequelae of SARS-CoV-2 (PASC) patients

Premise

The SARS-CoV-2 pandemic continues to profoundly affect global health, not only through the
acute phase of infection but also via its long-term consequences. A substantial number of
individuals who recover from COVID-19 faced lingering symptoms that persisted for months
after the initial illness, significantly impacting their quality of life. The symptoms included
mainly fever, dyspnea, fatigue etc., and although they were not dangerous for the patient's
life, they had a huge impact on work, home activities and social life. This syndrome was
defined post-Acute Sequelae of SARS-CoV-2 (PASC). Moreover, neither vaccination nor
infection generated lasting immunity, so reinfections were occurring much more rapidly and
having a more severe impact than many expected. Vaccines were far from conferring full
protection against PASC. Although some reports indicate that a smaller percentage of people
develop PASC from Omicron compared to earlier variants, the number of people infected and
reinfected means a lot more people will experience PASC syndrome going forward. Over time,
some PASC patients recovered, but a large study reported that in those still experiencing
symptoms two months after the acute illness, 85% were still not well after one year.

Our laboratory, together with other partners, won a project named Technomed-hub, that
allowed us to shed light on this new emerging phenomenon. The general aim of this project
was to build a technological platform 2.0 to support medical research, based on the
integration of data derived from multi-omic platforms with self-learning algorithms, data
mining and big data analytics.

Thanks to the Maggiore della Carita hospital, we were able to contact all individuals who had
recovered from COVID-19 but continued to report similar symptoms one year later.

In this context, our general aim was to characterize and study the adaptive immune system of
these patients, to find a specificimmune signature, that will allow us to understand the causes
of the presence of this syndrome. Our initial approach focused on studying the most abundant
circulating EVs, through the method previously applied for our COVID-19 research. However,
despite the number of patients included in the study, we did not find significant results.
Consequently, we decided to shift our analysis and focus on peripheral blood mononuclear

cells (PBMCs) from these patients to gain deeper insights into their adaptive immune system.
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We performed activation induced marker (AIM) test and dextramer analysis to identify
potential immune signatures, aiming to better understand the adaptive immune response in

these patients and its role in the persistence of symptoms.

37



Background

Post-acute sequelae of SARS-CoV-2 infection (PASC) syndrome

Among patients who recovered from COVID-19, unfortunately, there was a large portion that
experienced a wide range of persistent symptoms that lasted months after the acute phase of
the illness (Andrade et al., 2021). The WHO estimates that 10-20% of those recovering from
the SARS-CoV-2 infection manifest at least one symptom after several months. This condition
has been dubbed as PASC syndrome (Hastie et al., 2023).

Post-acute sequelae of SARS-CoV-2 (PASC) syndrome is a multi-systemic disorder
characterized by pulmonary, immunological, cardiovascular, neuropsychiatric,

gastroenterological, hepatic, renal, endocrine, and dermatological sequelae (Figure 7).
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Figure 7. PASC symptomatology. (https://www.esanum.it)

While it is not typically life-threatening, it can significantly affect a patient's daily activities and
social life (Bellan et al., 2021; Rivas-Vazquez et al., 2022). This syndrome is not related to the
severity of the acute illness, in fact it can affect all types of COVID-19 patients (from mild to
severe), even the asymptomatic ones.

Even though PASC is a relatively new syndrome, the concept of persistent, chronic symptoms
following a viral illness is not entirely new. In fact, similar conditions were already described

in the past and were known as “post viral syndromes”. This latter was characterized by the
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persistence of a wide range of chronic symptoms such as fatigue, muscle weakness, excessive
sweating, mental exhaustion and poor concentration with the lack of a recognizable
precipitating cause (Bannister, 1988). An example of virus, that after the primary infection,
can lead to the development of the post viral syndrome, is the Ebola virus. Indeed, there is a
portion of patients that survived from Ebola virus disease (EVD) but then dealt with physical
and psychological symptoms like extreme fatigue, menstrual cessation, clouded vision, hair
loss and deafness, which can last for 12 months or more (Wilson et al., 2018).

Since lungs were the target organ of SARS-CoV-2 infection, one of the main hallmarks of PASC
is the reduction of diffusing capacity of the lung for carbon monoxide (DLCO). Indeed, some
patients, who recovered from COVID-19, had ventilator dependence and difficulty in oxygen
removal, accompanied by lung function abnormalities, and other manifestations of pulmonary
fibrosis (Han et al., 2024). Moreover, at 6 months the majority of PASC patients suffered from
a reduction of DLCO, followed by a reduction of total lung capacity (Parker et al., 2021). One
year after hospitalization, a reduction in DLCO was also noted independently from the severity
of acute illness among 196 patients, a DLCO <80% was observed in 96 (49.0%), and a DLCO
<60% was observed in 20 (10.2%) (Bellan et al., 2021). Others common symptoms were the
presence of residual symptoms, which comprise fever, cough, dyspnea, asthenia, diarrhea,
dysgeusia, anosmia, arthralgia and myalgia and the alteration of the 2 minutes walking test
(2MWT). A meta-analysis revealed that the most frequent symptoms between 3 and 6 months
after the infection’s recovery, were fatigue, dyspnea, sleep disorder and concentration
difficulty. Between 6 to 9 months were effort intolerance, fatigue and sleep disorder. In
addition, between 9 and 12 months there were fatigue, dyspnea and loss of taste. Considering
several studies, sweating, chest pain, anxiety and depression were also described with a
prevalence lower than 20% (Michelen et al., 2021). Notably, the risk of developing PASC has
been found to be twice prevalent in women compared to men, but only until 60 years of age,
when the risk becomes similar. In fact, old age was also associated with the development of
this condition. The difference among genders is consistent with the different immunological
responses described in the acute stage of the illness; indeed, females have a stronger
immunological response that may be one of the major causes of PASC, as it happens for
autoimmune diseases (Ortona and Malorni, 2022). In addition, the presence of more than 5
symptoms during the acute disease and the presence of comorbidities seem to be associated

with an increased risk of long covid (Raveendran et al., 2021).
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Adaptive immune system in PASC syndrome

Several mechanisms have been pointed out as possible causes underlying PASC syndrome. The
first proposed mechanism is immune dysregulation due to Spike protein’s ability to act as
superantigen, triggering an unspecific activation of the T cells. Activated T cells can trigger
broad B cells activation with the consequent production of autoantibodies. The second
regards the formation of neutralizing antibodies targeting IFN |, potentially triggering an
autoimmune response. The last one regards the viral persistence inside the host’s organism,
which causes a continuous inflammatory status that could lead to autoimmunity (Brodin et
al., 2022).

These mechanisms are interconnected as they all share a common factor: the adaptive
immune system. This system seems to serve as the central link between these diverse
pathological processes, implying that immune dysregulation plays a key role in the
development of PASC. Some studies have been conducted to analyze the adaptive immunity
in patients with persistent symptoms, however using distinct techniques, considering the
response to different epitopes, at various time points, and again comparing different groups
of patients with different features. Therefore, the low quantity and the high variability in
research make it difficult to fully understand whether alterations in the adaptive immune
system, and especially in the T cells response, are involved in this condition.

Recent studies have investigated the differences in the adaptive immune responses between
healthy controls (HC) and PASC patients. A study by Littlefield et al., demonstrated that PASC
patients with pulmonary impairment had higher frequency of IFN-Y and TNF-a producing
SARS-CoV-2 specific T cells in peripheral blood compared to patients without PASC. Notably,
these TNF-a producing SARS-CoV-2 specific T cells, had the highest levels of Ki67, indicating
their elevated proliferation capacity (Littlefield et al., 2022). Further investigations by
Phetsouphanh et al. and Su et al. highlighted a T cell dysregulation in PASC patients.
Specifically, Phetsouphanh et al, found that activated myeloid cells, monocytes and CD8 T cells
were higher in PASC patients after 8 months after recovery from COVID-19. Moreover, they
found in the plasma of those patients increased and persistent levels of IFN | and Ill and IL-6,
suggesting a sustained organism’s inflammation (Phetsouphanh et al., 2022). Similarly, Su et
al. through a multi-omics approach discovered that PASC patients after 3 months after the
acute illness, had antibodies against the SARS-CoV-2 receptor-binding domain (RBD),

indicating the resolution of the infection. Furthermore, the authors found that these patients
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had new expanded clonotypes of cytotoxic CD8 and cytotoxic CD4 cells. Transcriptomic
analysis further revealed that genes associated with immune cells, previously found to be
enriched in COVID-19 patients, were still high in PASC patients. For instance, they exploited
increased cytotoxic CD4 T cells, proliferative exhausted T cells and MDSCs, which usually are
predictors of mortality in COVID-19 patients (Su et al., 2022). These alterations in the immune
cell profile are believed to contribute directly to the chronic inflammatory environment seen
in PASC, exacerbating symptoms and prolonging recovery.

A study by Guo et al., highlighted the crucial role of SARS-CoV-2-specific T-cell responses in
protecting against re-infection and providing long-term immunological memory. Additionally,
various research efforts have evaluated these T-cell responses, examining their persistence
and effectiveness 6 to 10 months after viral clearance (Guo et al., 2024).

In their work, Opsteen et al. evaluated SARS-CoV-2 specific T-cell response through the
activation induced marker (AIM) assay, 6 months post-infection. They found that PASC
patients had an increased and sustained SARS-CoV-2-specific CD4* T-cell response overtime,
with respect to those who recover from the infection without any symptoms (Opsteen et al.,
2023). These findings, taken together with other data, point to the persistence of viral antigen

stimulation that continuously triggers the adaptive immune system.
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AIM 2

The second objective of this thesis was to characterize the adaptive immune system of PASC
patients, one year after the recovery from COVID-19. We used the AIM test and dextramers
technologies to perform an in-depth analysis of the T cell-mediated immune response.
Specifically, with the AIM test approach we stratified PASC patients and HC (i.e. COVID patients
enrolled at the study with the PASC one, that after 12 months did not display residual
symptoms) in “responders” and “non responders” based on their ability to mount an immune
response against SARS-CoV- 2 spike peptides. Responders, characterized by activation upon
encountering spike peptides, exhibited a well-functioning memory T cell compartment.
Conversely, non-responders displayed impaired memory T cell functionality, failing to elicit an
adequate immune response. Beyond the functionality of the immune memory, we also
evaluated the magnitude and the multifunctionality of this response, to deeply describe it
(Paper 2).

Moreover, we also investigated specific SARS-CoV-2 CD8* T cells in PASC patients one year
after the recovery. It is well established that antigens-specific CD8* T cells have a crucial role
in fighting viral infections. Indeed, they proliferate and activate during viral infections and
decrease consequently with the resolution of the infection. However, evidence suggested that
SARS-CoV-2 CD8* T cells remain activated in the organism of these patients, leading to the
establishment of a persistent immune activation, which can result in the formations of the
symptoms that characterized PASC syndrome. We investigated them through dextramer
technology which allows us to quantify and characterize SARS-CoV-2 CD8* T cells and their
subsets in PASC patients (Paper 3 in preparation). This study introduces innovative
methodologies by combining the AIM test and dextramer technology to provide a

comprehensive analysis of the adaptive immune response in PASC patients.

OBJECTIVE KEY RESULTS

Targeted therapeutic
strategies by
uncovering persistent
T cell activation

Persistent adaptive
immune activation

Characterized
adaptive immune
system in PASC
patients lyear after
recovery

AIM test and
dextramers
technology

METHODOLOGY

Hyperactive CD4 and
persistent SARS-CoV-
2CD8 Tcellsin
PASC patients lyear
post-recovery

drives
PASC syndrome

CLINICAL
IMPACT

HYPOTHESIS

Flowchart of Chapter 2.



Summary PAPER 2: accepted for pubblication

PASC is a multisystemic disorder affecting pulmonary, immunological, cardiovascular,
neuropsychiatric, gastroenterological, hepatic, renal, endocrine, and dermatological systems.
Although not typically life-threatening, it can significantly impact on a patient's daily activities
and social life. The pathological mechanisms underlying PASC remain poorly understood, with
hypotheses suggesting viral persistence, immune system activation by SARS-CoV-2
superantigens, and autoimmune responses, all involving the adaptive immune system.
Adaptive immunity plays a crucial role in protecting against reinfections and recent evidence
suggests the involvement of T cells in PASC syndrome. This work aimed to evaluate the cellular
memory in PASC patients one year after the hospital discharge and correlate it with different
clinical parameters, to find a possible fingerprint associated with PASC syndrome.

We enrolled 215 patients who had recovered from COVID-19, 365 days post-hospital
discharge. PBMCs from PASC patients (n=64) and HC (n=24) were in vitro stimulated with a
pool of spike peptides. Specific CD4* and CD8* T cell responses were evaluated by performing
the AIM assay through flow cytometry, which allows determination of long-term protective
immunity. Our results indicated a significant activation of the CD4* T cell compartment, with a
higher proportion of responders in PASC patients (78%) compared to HC (54%). Within the
responder group, central memory (CM) T cells expressing IL-2 and TNF-a were increased in
PASC patients. Clinical correlations revealed that patients with reduced diffuse for lung
capacity for carbon monoxide (DLCO) and those with residual symptoms exhibited higher
levels of SARS-CoV-2-specific T cell responses.

One main limitation of the study is the lack of tracking immune dynamics overtime, since we
have only data on the immune system one year after the recovery from the infections, with no
intermediate time points.

Overall, our study contributes to existing research in the field that persistent immune activation
may be a driver of PASC syndrome. The hyperactivation of CD4* compartment, one year post
infection would suggest that immune dysregulation does not resolve with viral clearance, but
continues, potentially leading to chronic inflammation and tissue damage.

Additionally, understanding the potential role of residual viral antigens in sustaining immune
activation could open new therapeutic avenues for managing PASC-related immune

dysregulation.
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Abstract

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has led to widespread post-acute sequelae of
COVID-19 (PASC), affecting multiple body systems. Despite its prevalence, PASC's pathogenesis remains unclear, with
hypotheses suggesting viral persistence, immune activation, and autoimmune responses among the pathogenetic
mechanism. This study aimed to evaluate T cell memory response in PASC patients, one year post-hospital discharge and
correlate it with clinical parameters to identify a potential PASC-associated fingerprint.

Methods: Peripheral blood mononuclear cells (PBMCs) from PASC patients and healthy controls (HC) were stimulated with a
pool of spike peptides. CD4* and CD8* T cell responses were evaluated by flow cytometry using the activation-induced
markers assay (AIM).

Results: Findings showed significant activation of the CD4* T cell compartment, with a higher proportion of responders among
PASC patients. Central memory (CM) T cells expressing pro-inflammatory cytokines were more prevalent in responders.
Clinical correlations revealed higher SARS-CoV-2-specific T cell responses in patients with reduced diffuse lung capacity for
carbon monoxide (DLCO) and residual symptoms.

Conclusion: These immune changes, especially in CM T cells, could play a pivotal role in PASC's development and persistence,
impacting patients' daily lives.

Keywords: post-acute sequelae (PASC); CD4* T-cell response; activation-induced markers (AIM); viral persistence; cytokine
production; multifunctionality; immune fingerprint.

Highlights:

e The research revealed a defective CD8* T cell response compared to the CD4* subset one year after primary
infection. PASC subjects showed an increased proportion of persistent memory response in the CD4* subset,
particularly in central memory (CM) CD4* AIM* cells producing cytokines.

e Subjects with impaired lung function (DLCO <80%) and persistent symptoms showed increased magnitude of
immune activation. The study found hyperactivation of CD4+ T-cells at different maturation stages and with
diverse multifunctionality features in these individuals.

Authorship: Conceptualization A.C., methodology C.V., C.B.M., D.R.; software, A.G.; formal analysis, D.R., C.V.,
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Introduction

The population worldwide has experienced increased mortality and morbidity due to the pandemic caused by
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Among patients who recovered
from COronaVlrus Disease-2019 (COVID-19), unfortunately, there is still a portion that experiences a wide range
of persistent symptoms that last months after the acute phase of the illness [1]. The World Health Organization
(WHO) estimates that the 10-20% of those recovering from the SARS-CoV-2 infection manifest at least one
symptom after several months. This condition has been dubbed as post-acute sequelae of SARS-CoV-2 infection
(PASC) syndrome [2].

PASC syndrome is a multi-systemic disorder characterised by pulmonary, immunological, cardiovascular,
neuropsychiatric, gastroenterological, hepatic, renal, endocrine, and dermatological sequelae. While it is not
typically life-threatening, it can significantly affect patient's daily activities and social life [3], [4]. Pulmonary
involvement is a hallmark of PASC syndrome, and includes impaired lung function, that can be assessed through
the diffusing capacity of the lung for carbon monoxide (DLCO). DLCO is a key parameter that measures the ability
of gases to diffuse from the alveoli into the bloodstream, reflecting the integrity of both the alveolar-capillary
membrane and pulmonary blood flow. A reduction in this parameter is frequently shown by PASC patients. A
value below 80% of expected indicates a respiratory impairment, that is more severe in the case of a value below
60% [5]. Evidence suggests that the underlying mechanisms of pulmonary complications during COVID-19 are
closely linked to immune system dysregulation. In particular, immune cells drive alveolar endothelium
inflammation leading to long term consequences such as pulmonary fibrosis [6], [7] [8]. Given the critical role of
immune cells, particularly T cells, in mediating these processes, evaluating T cells subsets in PASC patients with
reduced DLCO may provide valuable insight into the adaptive immune mechanisms driving pulmonary
dysfunction in PASC syndrome.

Despite the prevalence and growing awareness of PASC, the possible pathological mechanisms underlying this
syndrome remain poorly defined. The struggle is related to the wide array of symptoms associated with PASC
and the complexities of COVID-19 pathogenesis. Nevertheless, different hypotheses have been proposed
including viral persistence, immune system activation triggered by SARS-CoV-2 superantigens, and autoimmune
responses [9], [10]. Overall, a common feature is the involvement of the adaptive immune system [9] .

Adaptive immunity comprises circulating antibodies, B and T cells, which protect the organism against re-
infections. Among them, Guo et al., have highlighted the crucial role of SARS-CoV-2-specific T-cell responses in
protecting against re-infection and providing long-term immunological memory [11]. Additionally, various
research efforts have evaluated these T-cell responses, examining their persistence and effectiveness 6 to 10
months after viral clearance. In a study by Hou et al., the authors performed an ELISPOT assay in PASC patients’
serum collected one year after the primary infection. They demonstrated that specific T-cell response can last
several months after the infection [12]. In their work, Opsteen et al. evaluated SARS-CoV-2 specific T-cell
response through the activation induced marker (AIM) assay, 6 months post-infection. They found that PASC
patients had an increased and sustained SARS-CoV-2-specific CD4* T-cell response overtime, with respect to
those who recover from the infection without any symptoms [13]. These findings, taken together with other
data, point to the persistence of viral antigen stimulation, that continuously triggers the adaptive immune
system. All these studies share a common limitation: they did not account for correlations between the biological
data obtained and the specific clinical parameters evaluated in patients who recovered from COVID-19.

It has been widely established that a persistent and uncontrolled inflammation, together with a dysregulated
immune response, can lead to the development of a long-term sequelae following viral infections [14], such as
those caused by Ebola, Lassa and Influenza viruses. This uncontrolled inflammation and immune system
activation might be implicated in the development and persistence of severe symptoms [15]. In this context, the
assessment of the SARS-CoV-2-specific T-cell response and its relationship with clinical data becomes crucial to
better characterize the disease and provide a potential diagnostic tool.

There are different strategies to measure humoral immunity and its efficiency (e.g. ELISA and neutralizing
antibody assays), but very few allow for the assessment of the entire spectrum of the cellular immunity.
Traditional methods for quantifying antigen-specific T-cell responses include proliferation assays, cytokine
production detection (ELISPOT), and peptide-MHC multimer staining. However, these methods have limitations
such as lack of information on T-cell phenotype, failure to detect low abundant cells like follicular helper T cells
(Tfh), and complexity in capturing the complete range of cytokine production. In contrast, the AIM test is an in



vitro assay, which allows to detect: i) T-cell phenotype, ii) different cytokine production (interferon-y (IFN-y),
interleukin 2 (IL-2) and tumor necrosis factor (TNF-a)) and iii) the maturation curve [16].

The primary objective of our work was to evaluate the SARS-CoV-2-specific T-cell response in patients one year
after hospital discharge and to correlate these findings with various clinical parameters. The novelty of our work
relies in the comprehensive approach, which extends beyond immune profiling. We specifically correlated the
dysregulated immune response—encompassing both CD4+ and CD8+ T cells—with distinct clinical symptoms in
PASC patients. We performed the AIM assay, which provides a wider depiction of the overall antigen-specific T-
cell response and increases the comprehension in both quantitative and qualitative terms of these responses.

Materials and methods

Study participants

We enrolled 92 patients who have been hospitalized due to COVID-19 between March 1st, 2020, and June 29th,
2020. The follow-up occurred with an average of 366 days after recovery and hospital discharge. Different clinical
parameters associated with PASC including the presence of residual symptoms, pulmonary function tests and
2MWT have been performed as previously described by Bellan et al. [4]

Activation induced marker (AlM) assay

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood by standard procedure using Ficoll-
paque density gradient centrifugation. After washing, PBMCs were cryopreserved in FBS 10% DMSO for further
analysis.

Cryopreserved PBMCs were thawed in complete RPMI 1640 medium. PBMCs were resuspended in RPMI
supplemented with heat-inactivated human serum from male AB plasma (Merck, Darmstadt, Germany). Cells
were then stimulated with PepTivator® SARS-CoV-2 Prot_S complete spike peptide pool (1 pg/mL) (Miltenyi
Biotec, Germany) in presence of 1 pug/mL anti-CD28 (LifeTechnoloiges, Carlsbad, CA, USA). Cells that were
cultured in RPMI medium supplemented only with heat-inactivated human serum in presence of 1 pg/mL anti-
CD28 antibody were used as negative control, while cells that were cultured in presence of 1 ug/mL anti-CD28
antibody and 1 pg/mL Staphylococcal enterotoxin B (SEB) (Merck, Darmstadt, Germany) were used as positive
control.

For each sample and each condition (stimulated, unstimulated and SEB stimulation), 1x10° cells were plated in
96-well round bottom plates and incubated at 37°C, 5% CO2 for 4h. After 4h incubation, samples were
supplemented with 10 pug/mL of brefeldin A (Becton and Dickinson, Franklin Lakes, NJ, USA) and incubated for
the following 12 hours.

Flow cytometry

BD Horizon™ Fixed Viability Stain 575V (Becton and Dickinson, Franklin Lakes, NJ, USA) was used to assess the
cell viability. Surface staining of the cells was performed with titrated concentrations of the following
combinations of antibodies: anti-CD4 APC-H7 (clone SK3), anti-CD8 V500C (clone SK1), anti-CD197 PE (clone 2-
L1-A), anti-CD45RA BV786 (clone HI100), and anti-CXCR5 in BV421 (clone RF8B2). After adding the surface
markers, samples were incubated for 20 minutes at 37°C. After incubation and washing, cells were fixed and
permeabilized with Fixation/Permeabilization Kit (Becton and Dickinson, NJ, USA) for intracellular staining.
Intracellular staining was carried out for 30 min at 4°C with titrated concentrations of the following combinations
of antibodies: anti-CD3 PerCP-Cy5.5 (clone SK7) anti-CD137 APC (clone), anti-CD69 PE-Cy7 (clone FN50) anti-IL-2
BV711 (clone 5344.111), anti- IFN-y FITC (clone B27), anti- TNF-a Alexa Fluor 700 (clone MAb11). All the
antibodies were purchased from Becton and Dickinson (Franklin Lakes, NJ, USA).

Acquisition of samples was performed on FACSymphony A5, while analysis was done using FACS Diva software
(Version 9.0.0, Becton and Dickinson, Franklin Lakes, NJ, USA).

The percentage of SARS-CoV-2-specific subpopulations was calculated subtracting the negative control for each
sample to its spike-specific activation.
The gating strategies were shown in supplementary figure S1, S2, S3, S4 and S5.

Statistical analysis

Mann—-Whitney U test was used to detect any significant differences in antigen-specific T-cell response between
healthy control (HC) and PASC patients. p values r below 0.05 were considered statistically significant. GraphPad
Instat software was used (Version 8.3, GraphPad Software, San Diego, CA, USA). The effect size (Cohen’s d) was



calculated based on the observed means and standard deviations in each group, following the pooled standard
deviation approach.

Results

Study cohort.

We recruited 92 subjects one year after the recovery from the first wave of COVID-19 infection (March-June
2020). The demographics of participants are listed in Table 1.

Briefly, out of the 92 participants, 71% were males and 29% females, with an average age of 60 years. In this

cohort, average half of the subjects displayed a reduced DLCO (47.8%) and more than 60%, residual symptoms
(which include fever, cough, dyspnea, asthenia, diarrhea, dysgeusia, anosmia, arthralgia and myalgia) with 70%
alteration of the 2MWT. In contrast, the HC group included in this study, although they had also been hospitalized
during the first wave of COVID-19, showed no signs of PASC 12 months post-infection. Specifically, they did not
exhibit any residual symptoms, DLCO impairment, or abnormalities in the 2MWT. Overall, the cohort consisted
of 70% (n=64) PASC patients and 30% (n=28) HC.

Table 1. General features of the study participants.
Qualitative variables are shown as frequencies (%)

Demographic characteristics

Age, years 60 [50-70]

Sex M/F 65 (70.6)/27(29.3)
Clinical parameters at 12 months

DLCO, <80%/>80% 44 (47.8)/(48(52.1)

Residual symptoms, N/Y 61 (66.3)/31(33.6)

Alterated 2MWT, N/Y 70 (76)/22 (23.9)

PASC, N/Y 28 (30.4)/64 (69.5)

Association of demographic factors with PASC.

To explore the relationship between demographic characteristics (i.e., gender and age) and PASC, we conducted
chi-square tests with a twofold approach. First, we analyzed the association between gender and PASC and found
a statistically significant relationship (p = 0.0120) (Table 2). Although, due to sample size constraints, this finding
should be taken carefully, this result indicates that male patients are more likely to experience PASC compared
to female patients. Second, we assessed the relationship between age, categorized as <60 years and >60 years,
and PASC. We observed that PASC is significantly associated (p = 0.0246), to patients older than 60 years (Table
3).

Table 2. Distribution of PASC and HC patients by gender. A chi-square test revealed a statistically significant association
between gender and PASC (p=0.0120).

PASC HC Total p value
Male 40 25 65
Female 24 3 28 0.0120
Total 64 28 92

Table 3. Distribution of PASC and HC patients by age. A chi-square test revealed a statistically significant association
between gender and PASC (p=0.0246).

PASC HC Total p value
<60 years 29 20 49
> 60 years 35 8 43 0.0246

Total 64 28 92




Increased CD4* memory T-cell response to SARS-CoV-2 peptides in PASC patients.

To investigate the extent of a SARS-CoV-2 T-cell memory response one year after the primary infection, we
performed an in vitro T-cell activation method (the AIM test) capable to phenotype T cells, assess their
functionality (cytokine expression) and maturation stage, thorough quantitative and qualitative examination of
T cell-memory response against spike peptides. We classified our subjects into responders and non-responders
based on the presence or absence of T-cell response against the SARS-CoV-2 peptides. As expected from a 1 year
far activation to spike peptides, we found non-responders i.e subject lacking a memory response, in both the
helper and the cytotoxic compartment. Interestingly, the portion of responders were higher in the CD4* AIM*
compartment (71%) compared to the CD8* AIM* one (43%) (Figure 1). We subsequently analysed the data of
each T-cell compartment by stratifying PASC and HC. Surprisingly, we found that the majority of responders of
the CD4* AIM* compartment was mainly represented by PASC patients, 78% vs 53% of HC (p=0.025) (Table 4.).
Instead, in the CD8* AIM* compartment there were no differences between the two groups (Figure 2).
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cDa* AIM* CD8* AIM*
Compartment Compartment

El Responders
3 Non responders
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3 Non responders

Figure 1. Portion of responders and non-responders among the enrolled subjects. (A) In the CD4* AIM* compartment, the
percentage of responders (71%) was higher compared to the non-responders group (29%). (B) In the CD8* AIM* compartment,
the percentage of responders (43%) among all the participants was lower respectively to the non-responders (57%).

Table 4. Differences of the percentage of responders between HC and PASC in the CD4* AIM* and CD8* AIM* compartment.
*
p<0.05

CD4* AIM* responders CD8* AIM* responders
HC 15/28 (54%) 10/28 (36%)
PASC 50/64 (78%) 30/64 (47%)
p value 0.025* 0.3667
A HC B HC
CD4* AIM* Compartment CD8* AIM* Compartment

Em Responders

W Responders
PO 3 Non responders

B3 Non responders

PASC PASC
CD4* AIM* Compartment CD8* AIM* Compartment

W Responders Wl Responders
B3 Non responders B3 Non responders

Figure 2. Portion of responders and non-responders between HC and PASC patients, in the CD4* AIM* and CD8* AIM*
compartment. (A) The portion of responders was higher compared to non-responders in both HC and PASC patients for the
CD4* AIM* compartment. (B) For the CD8 AIM* compartment, the portion of responders was higher in comparison to non-
responders in HC, instead for PASC patients the percentage of responders was lower compared to non-responders.



The magnitude of multifunctional CD4* CM T cells is higher in HC and PASC patients.

The AIM test allows to deeply characterize the phenotype of the T cells that respond to the SARS-CoV-2 peptides,
evaluating both the magnitude of the SARS-CoV-2-specific T cells and their multifunctionality, i.e. cells secreting
one or more pro-inflammatory cytokines simultaneously.

We found significant differences between HC and PASC patients, regarding mainly the CD4* AIM* compartment.
Indeed, the subset of central memory (CM) T cells (identified as CD45RA", CD197*) that secrete cytokines were
higher in PASC patients. In contrast, evaluation of the magnitude and the multifunctionality of the CD8* AIM*
compartment did not reveal any difference between HC and PASC patients (Figure 3).
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Figure 3. Evaluation of the magnitude of the CD4* AIM* compartment between HC and PASC patients. (A) Dot plot shows the
percentage of CD4* CM T cells that secrete pro-inflammatory cytokines. Mann-Whitney U test was used *** p<0.001.

High magnitude of SARS-CoV-2 memory T cells is linked to PASC patients with reduced pulmonary function.

PASC patients were divided into two distinct groups: those with a DLCO < 80% and those with a DLCO > 80%,
using this cut off to identify patients with a certain degree of respiratory impairment. Recent studies reveal that
a large proportion of PASC patients exhibit a reduction of the DLCO < 80%, indicating a persistent damage in the
alveolar-capillary space and possible fibrosis [17].

Considering both the magnitude and the multifunctionality, the total CD4* AIM* cytokine+ population, as well as
all the maturation curve e phases (CD4* naive, CM, EM CD4* and TEMRA) AIM* cytokines, were higher in patients
with a DLCO <80% (Figure 4A-G).

Additionally, also the CD4* AIM* Tfh were higher in patients with a reduced DLCO (Figure 4H).
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Figure 4. Evaluation of the magnitude of the CD4* AIM* compartment between patients with a DLCO < 80% and > 80%. (A)
Dot plot shows the percentage of CD4* T cells that secrete the pro-inflammatory cytokines. (B) Dot plot shows the percentage
of CD4* naive T cells. (C) Dot plot shows the percentage of CD4* naive T cells that secrete pro-inflammatory cytokine. (D) Dot
plot shows the percentage of CD4* EM that secrete pro-inflammatory cytokines. (E) Dot plot shows the percentage of CD4*
CM T cells (F) Dot plot shows the percentage of CD4* CM AIM* T cells. (G) Dot plot shows the percentage of CD4*TEMRA T
cells that secrete pro-inflammatory cytokines. (H) Dot plot shows the percentage of CD4* Tfh cells. Mann Whitney U test was

used *p<0.05; **p<0.01.



High magnitude of SARS-CoV-2 T cells of the CD4* AIM* compartment is linked to residual symptoms in PASC
patients.

PASC patients were stratified based on the presence or absence of residual symptoms and the magnitude and
the multifunctionality of the T-cell subsets was evaluated.

Notably, in the CD4* AIM* compartment, we found an increase of the CD4* cytokines, CD4* EM cytokines, CD4*
Tfh cytokines in those patients with residual symptoms (Figure 5A, B and C).
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Figure 5. Evaluation of the magnitude of the CD4* AIM* compartment between patients with and without residual symptoms.
(A) Dot plot shows the percentage of CD4* T cells that secrete pro-inflammatory cytokines. (B) Dot plot shows the percentage
of CD4* EM T that secrete pro-inflammatory cytokines. (C) Dot plot shows the percentage of CD4* Tfh cells that secrete pro-
inflammatory cytokines. Mann Whitney U test was used *p<0.05.

Discussion

PASC syndrome encompasses a range of non-specific health problems whose onset, persistence or worsening
follow an acute SARS-CoV-2 infection. Its treatment and pathophysiology represent a major challenges [18], and
current evidence indicates the possible role of T cells and cellular immunity in disease pathogenesis [19]. Our
results highlighted that PASC syndrome was more frequent in males compared to females. These findings
contrast with the existing, although limited data in the literature, which suggest that females are predominantly
affected by PASC and are more prone to develop the syndrome. Stewart et al. and others reported that hormones
and menopause may contribute to the increase of pro-inflammatory cytokines such as IL-6, IL-1 and TNF-a,
resulting in the establishment of inflammatory status and persistence of diseases [20]. We can not exclude the
possibility that this discrepancy is due to the gender imbalance in our cohort. Nevertheless, on the opposite, and
in line with literature we found that individuals older than 60 years were more prone to develop PASC syndrome.
Since older patients are more susceptible to comorbid conditions, which can impact their overall health and
weaken the immune system's ability to effectively respond to subsequent illnesses [21].

In our study, we inquire about the potential correlation between PASC symptoms and immune perturbation by
adopting the AIM test, an in vitro T-cell activation method that allows for the investigation of long-term
protective immunity following spike peptide stimulation [22]. Being capable to phenotype T cells, assessing their
functionality (cytokine expression) and maturation stage, this technique offers a thorough quantitative and
gualitative examination of cell-mediated memory against spike peptide in post-acute SARS-CoV-2 infection,
which may help in dissecting the intricate immunological background of its sequelae. Based on the immunological
T-cell response against the SARS-CoV-2 peptides, we were able to discriminate, among enrolled subjects those
who showed an activation, either in CD4* or CD8* compartment. Our data highlighted a defective CD8* response
compared to the CD4* subset, one after year the primary infection. Given their ability to eliminate virus-infected
cells and produce effector cytokines, CD8* T cells are crucial in the regulation of viral infection; in the contraction
phase that follows antigen clearance, a small proportion of effector CD8* T cells differentiate into memory CD8*
T cells [23]. However, previous studies indicated that, in cases of viral persistence or cancer, the formation of
memory CD8* T cells is compromised. This may explain the huge impairment of CD8* activation observed in our
cohort [24], [25]. Moreover, it has been evaluated that, among COVID-19 survivors, the proliferative capacity of
memory CD8* T cells was not as robust as that of CD4* memory T cells, even if SARS-CoV-2-specific cells remained
functionally responsive, demonstrating enhanced effector abilities including activation, proliferation, and



secretion of immune mediators [26]. Longitudinal studies have revealed sustained dysregulation of immune
responses in subjects with PASC [27]; accordingly, the stratification of our cohort in PASC and non-PASC subjects,
revealed an increased proportion of subjects with a persistent memory response in the CD4* subset in the
symptomatic group, while no significant differences emerged in the CD8* compartment, even though the number
of responders among symptomatic subjects outnumbered those of asymptomatic ones. This result may provide
a deeper insight in the immune regulation in recovered patients, since CD8* response seems to be generally more
hampered, and it does not discriminate subjects according to post-infection repercussions. On the other hand, a
more efficient response against spike peptides, in terms of magnitude, emerged to be restricted to CD4*
compartment in PASC subjects. Significant differences came out in CM CD4* AIM* cells, producing at least one of
the evaluated cytokines. Our data are in line with a previous study that found a higher proportion of CD4* CM
cells in PASC compared to recovered individuals, potentially supporting a persistent reservoir [19]. Indeed, CD4*
CM cells are essential for the establishment of immunological memory and to provide long-lasting protection
against pathogens, by activating and orchestrating the functions of other immune cells through the secretion of
cytokines (IL-2, TNF-a, IFN-y) [27]. Our results support previous evidence, suggesting a persistent activation of
CD4* T cells after severe SARS-CoV-2 infection [28].To investigate more specifically the association between
immune activation and post-infection manifestations, we stratified our cohort according to DLCO, a common
clinical predictor of residual lung function, and residual symptoms (fever, arthromyalgia, asthenia, cough,
dyspnea, diarrhea, dysgeusia and anosmia). We found an increased magnitude of the immune activation in
subjects with impaired lung function (DLCO <80%) and persistent symptomatology. The association between
reduced DLCO resulting from severe COVID-19 and increased immune activation is not entirely clear-cut and may
involve multiple determinants, since DLCO reduction after severe lung infection can be ascribed to various
factors, including inflammation, fibrosis, microvascular thrombosis, and damage to the alveolar-capillary
membrane [29]. Both acute and post-acute COVID-19 cases show a deregulated immune response, which include
cytokine storms and excessive inflammation [27], which contribute to lung damage and impaired gas exchange
[30]. Similarly, other post-infection symptoms may result from underlying increased inflammation, that may also
be explained by antigenemia and/or viral persistence in various anatomical locations [13]. To our knowledge, the
deep phenotyping of spike-specific activated T cells and the magnitude of activation in PASC subjects with
impaired DLCO or residual symptoms has never been characterized before. Our results confirm the clear
hyperactivation of CD4* T-cells at different maturation stages and with diverse multifunctionality features,
already suggested by previous studies [22], [31]. The concomitant activation of subsets with different maturation
stage, may be counterintuitive, but not unexpected, given the complexity of immune system recovery following
severe COVID-19 infections. The persistent activation of naive T cells may be bystander-driven, and this
hypothesis is supported by the elevated levels of T-cell-related cytokines found in the plasma of severe patients
even after recovery [29]. CD4* Tfh AIM* cells resulted to be significantly increased in subjects with reduced lung
function, while multifunctional AIM* Tfh cells were significantly increased in patients showing residual symptoms.
These cells play a crucial role in adaptive immune regulation. A previous study reported that after SARS-CoV-2
infection and/or vaccination, Tfh cells are recalled by antigen re-exposure [32]. We can so speculate that enduring
reservoirs of circulating Tfh cells and memory CD4* T cells, developed during primary infection, may be effectively
mobilized upon encountering the antigen again, potentially playing a pivotal role in inducing a persistentimmune
response. Whether the immune activation state is a cause or consequence of post-infection symptoms remains
an unclear matter. Multiple studies suggest an underlying autoimmune pathology dealing with this constant
immune hyperactivation [33], [34], but the topic is still debated. The AIM assay stands out for its sensitivity and
ability to characterize T-cell subpopulations and their responses and permitted a deep characterization of the
complex immunological mechanisms associated to post-acute infection sequelae. Additionally, examining
different T-cell subpopulations can help to assess whether the prevalence of a particular subset correlates with a
higher risk of other specific infections, such as herpes viruses, hepatitis B, or cytomegalovirus reactivation. Our
work represents a step forward into understanding the complexity of the immunological picture related to this
and multi-faced condition. However, it presents some limitations, specifically, i) AIM test is an in-vitro test and
as such it does not fully replicate the complexity of the in-vivo microenvironment. Indeed, in a physiological
setting, interactions between immune cells, cytokines, and tissues create a dynamic environment that can
influence T cell activation and response. ii) the limit size of our cohort especially the discrepancy among HC and
PASC patients. Therefore, further investigations are needed to confirm and expand upon our findings.



Institutional Review Board Statement: The study was conducted in accordance with the Declaration of Helsinki,
and approved by the Ethics Committee) of the University of Eastern Piedmont (protocol 117/20; NO-MORE
COVID study)

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: The authors declare that the data supporting the findings of this study are included

within the article or Supplementary Materials and are available from the corresponding author upon reasonable
request.

Acknowledgments: We would like to thank the Next-Gen Flow Cytometry & Sorting Facility at the Center for
Translational Research on Autoimmune and Allergic Diseases-CAAD, University of Eastern Piedmont, Novara, for
their technical support and the NO-MORE COVID study group: Daria Apostolo, Universita del Piemonte Orientale
(UPO), Novara, Italy; Alice Albé, Universita del Piemonte Orientale (UPO), Novara, Italy, “AOU Maggiore della
Carita”, Novara, Italy; Martina Crevola, Universita del Piemonte Orientale (UPO), Novara, Italy, “AOU Maggiore
della Carita”, Novara, Italy; Nicolo Errica, Universita del Piemonte Orientale (UPO), Novara, Italy, “AOU Maggiore
della Carita”, Novara, Italy; Giacomo Ratano, Universita del Piemonte Orientale (UPO), Novara, Italy, “AOU
Maggiore della Carita”, Novara, Italy; Acquaviva Antonio, Universita del Piemonte Orientale (UPQ), Novara, Italy,
“AOU Maggiore della Carita”, Novara, ltaly; Luigi Mario Castello, Universita del Piemonte Orientale (UPO),
Novara, Italy; Donato Colangelo, Dipartimento di Scienze della Salute, Novara, Italy; Stelvio Tonello, Universita
del Piemonte Orientale (UPO), Novara, Italy; Rosalba Minisini, Universita del Piemonte Orientale (UPO), Novara,
Italy; Davide D’Onghia, Universita del Piemonte Orientale (UPQ), Novara, Italy; Gian Carlo Avanzi, Universita del
Piemonte Orientale (UPO), Novara, Italy, “AOU Maggiore della Carita”, Novara, Italy; Giulia Baldon, Universita
del Piemonte Orientale (UPQO), Novara, Italy, “AOU Maggiore della Carita”, Novara, Italy; Michela Barini,
Universita del Piemonte Orientale (UPO), Novara, Italy; Marco Battaglia, Universita del Piemonte Orientale
(UPO), Novara, Italy, “AOU Maggiore della Carita”, Novara, Italy; Simone Bor, Universita del Piemonte Orientale
(UPOQ), Novara, Italy, “AOU Maggiore della Carita”, Novara, Italy; Alessandro Carriero, Universita del Piemonte
Orientale (UPO), Novara, Italy, “AOU Maggiore della Carita”, Novara, Italy; Sara Casella, Universita del Piemonte
Orientale (UPO), Novara, Italy; Elisa Clivati, “AOU Maggiore della Carita”, Novara, Italy; Daria Cuneo, Universita
del Piemonte Orientale (UPO), Novara, Italy, “AOU Maggiore della Carita”, Novara, Italy; Eleonora Gambaro,
Universita del Piemonte Orientale (UPO), Novara, Italy, “AOU Maggiore della Carita”, Novara, Italy; Luisa Isabella,
Universita del Piemonte Orientale (UPO), Novara, Italy, “AOU Maggiore della Carita”, Novara, Italy; Alberto Loro,
Universita del Piemonte Orientale (UPO), Novara, Italy, “AOU Maggiore della Carita”, Novara, Italy; Debora
Marangon, “AOU Maggiore della Carita”, Novara, Italy; Emanuele Mones, Universita del Piemonte Orientale
(UPO), Novara, Italy, “AOU Maggiore della Carita”, Novara, Italy; Elena Paracchini, “AOU Maggiore della Carita”,
Novara, Italy; David James Pinato, Universita del Piemonte Orientale (UPO), Novara, Italy, Department of Surgery
and Cancer, Imperial College London, Hammersmith Hospital, London, United Kingdom; Chiara Puricelli,
Universita del Piemonte Orientale (UPQO), Novara, Italy, “AOU Maggiore della Carita”, Novara, Italy; Stefano
Tricca, Universita del Piemonte Orientale (UPO), Novara, Italy.

References

[1] B.S. Andrade et al., ‘Long-covid and post-covid health complications: An up-to-date review on
clinical conditions and their possible molecular mechanisms’, Viruses, vol. 13, no. 4, 2021, doi:
10.3390/v13040700.

[2] C.E.Hastie et al., ‘True prevalence of long-COVID in a nationwide, population cohort study’, Nat.
Commun., vol. 14, no. 1, pp. 10-15, 2023, doi: 10.1038/s41467-023-43661-w.

[3] R. A. Rivas-Vazquez, G. Rey, A. Quintana, and A. A. Rivas-Vazquez, ‘Assessment and
Management of Long COVID’, |. Health Serv. Psychol., vol. 48, no. 1, pp. 21-30, 2022, doi:
10.1007/s42843-022-00055-8.

[4] M. Bellan et al., ‘Long-term sequelae are highly prevalent one year after hospitalization for severe
COVID-19’, Sci. Rep., vol. 11, no. 1, pp. 1-10, 2021, doi: 10.1038/s41598-021-01215-4.

[5] M. Bellan et al., ‘Respiratory and Psychophysical Sequelae Among Patients With COVID-19 Four
Months After Hospital Discharge’, JAMA Netw. Open, vol. 4, no. 1, p. €2036142, Jan. 2021, doi:
10.1001/jamanetworkopen.2020.36142.



(6]

[7]

(9]

(10]

[22]
(23]

[24]

L. Mohamed Khosroshahi, M. Rokni, T. Mokhtari, and F. Noorbakhsh, ‘Immunology,
immunopathogenesis and immunotherapeutics of COVID-19; an overview’, Int.
Immunopharmacol., vol. 93, p. 107364, Apr. 2021, doi: 10.1016/j.intimp.2020.107364.

B. Silva Andrade et al., ‘Long-COVID and Post-COVID Health Complications: An Up-to-Date
Review on Clinical Conditions and Their Possible Molecular Mechanisms’, Viruses, vol. 13, no. 4,
p- 700, Apr. 2021, doi: 10.3390/v13040700.

S.]. Singh et al., ‘Respiratory sequelae of COVID-19: pulmonary and extrapulmonary origins, and
approaches to clinical care and rehabilitation’, Lancet Respir. Med., vol. 11, no. 8, pp. 709-725, Aug.
2023, doi: 10.1016/52213-2600(23)00159-5.

P. Brodin et al., ‘Studying severe long COVID to understand post-infectious disorders beyond
COVID-19’, Nat. Med., vol. 28, no. 5, pp. 879-882, 2022, doi: 10.1038/s41591-022-01766-7.

A. Zollner et al., ‘free information in English and Mandarin on the novel coronavirus COVID-
Postacute COVID-19 is Characterized by Gut Viral Antigen Persistence in In fl ammatory Bowel
Diseases’, no. January, 2020.

C. Melenotte et al., 'Immune responses during COVID-19 infection’, Oncolmmunology, vol. 9, no.
1, pp. 1-23, 2020, doi: 10.1080/2162402X.2020.1807836.

K. W. Cohen et al., ‘Longitudinal analysis shows durable and broad immune memory after SARS-
CoV-2 infection with persisting antibody responses and memory B and T cells’, Cell Rep. Med., vol.
2,no. 7, p. 100354, 2021, doi: 10.1016/j.xcrm.2021.100354.

S. Opsteen, J. K. Files, T. Fram, and N. Erdmann, ‘The role of immune activation and antigen
persistence in acute and long COVID’, ]. Investig. Med., vol. 71, no. 5, pp. 545-562, 2023, doi:
10.1177/10815589231158041.

M. Hirschenberger, V. Hunszinger, and K. M. J. Sparrer, ‘Implications of innate immunity in post-
acute sequelae of non-persistent viral infections’, Cells, vol. 10, no. 8, pp. 1-22, 2021, doi:
10.3390/cells10082134.

K. L. Newell and A. T. Waickman, ‘post-acute sequelae of SARS-CoV-2 infection’, no. January,
2020.

C. Poloni, C. Schonhofer, S. Ivison, M. K. Levings, T. S. Steiner, and L. Cook, ‘T-cell activation—
induced marker assays in health and disease’, Immunol. Cell Biol., vol. 101, no. 6, pp. 491-503, 2023,
doi: 10.1111/imcb.12636.

P. Laveneziana, C. Straus, and S. Meiners, ‘How and to What Extent Immunological Responses to
SARS-CoV-2 Shape Pulmonary Function in COVID-19 Patients’, Front. Physiol., vol. 12, no. June,
pp. 1-11, 2021, doi: 10.3389/fphys.2021.628288.

W. Ruf, ‘Immune damage in Long Covid’, Science, vol. 383, no. 6680, pp. 262-263, 2024, doi:
10.1126/science.adn1077.

K. Yin et al., Long COVID manifests with T cell dysregulation, inflammation and an uncoordinated
adaptive immune response to SARS-CoV-2, vol. 25, no. 2. Springer US, 2024. doi: 10.1038/s41590-023-
01724-6.

C. M. Gameiro, F. Romao, and C. Castelo-Branco, ‘"Menopause and aging: Changes in the immune
system—A review’, Maturitas, vol. 67, no. 4, pp. 316-320, Dec. 2010, doi:
10.1016/j.maturitas.2010.08.003.

J. L. Hirschtick et al., ‘Population-Based Estimates of Post-acute Sequelae of Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) Infection (PASC) Prevalence and
Characteristics’, Clin. Infect. Dis., vol. 73, no. 11, pp. 2055-2064, Dec. 2021, doi: 10.1093/cid/ciab408.
S. Reiss et al., “AIM Assay’, PLoS ONE, vol. 12, no. 10, pp. 1-22, 2017.

A. Galmozzi, E. Dominguez, B. F. Cravatt, and E. Saez, ‘2 F ) 2{#ENIH Public Access’, Methods
Enzym., vol. 538, no. 11, pp. 151-169, 2014, doi: 10.1038/nri3307.Transcriptional.

D. Moskophldis, F. Lechner, H. Plrcher, and R. M. Zinkernagel, ‘Erratum: Virus persistence in
acutely infected immunocompetent mice by exhaustion of antiviral cytotoxic effector T cells
(Nature (1993) 362 (758-761))’, Nature, vol. 364, no. 6434, p. 262, 1993, doi: 10.1038/364262a0.



(23]

(26]

(27]

(28]

[29]

(30]

(31]

L. M. McLane, M. S. Abdel-Hakeem, and E. J. Wherry, ‘CD8 T Cell Exhaustion During Chronic
Viral Infection and Cancer’, Annu. Rev. Immunol., vol. 37, pp. 457-495, 2019, doi: 10.1146/annurev-
immunol-041015-055318.

M.-S. Rha and E.-C. Shin, ‘Activation or exhaustion of CD8+ T cells in patients with COVID-19,
Cell. Mol. Immunol., vol. 18, no. 10, pp. 2325-2333, Oct. 2021, doi: 10.1038/s41423-021-00750-4.

M. Arish, W. Qian, H. Narasimhan, and J. Sun, ‘COVID-19 immunopathology: From acute
diseases to chronic sequelae’, J. Med. Virol., vol. 95, no. 1, pp. 143, 2023, doi: 10.1002/jmv.28122.
L. Sun, Y. Su, A. Jiao, X. Wang, and B. Zhang, ‘T cells in health and disease’, Signal Transduct.
Target. Ther., vol. 8, no. 1, 2023, doi: 10.1038/541392-023-01471-y.

M. Santopaolo et al., ‘Prolonged T-cell activation and long COVID symptoms independently
associate with severe COVID-19 at 3 months’, eLife, vol. 12, pp. 1-27, 2023, doi: 10.7554/elife.85009.
M. J. Patton et al., ‘Characteristics and determinants of pulmonary long COVID’, JCI Insight, vol.
9, no. 10, 2024, doi: 10.1172/jci.insight.177518.

M. J. Peluso et al., “Markers of Immune Activation and Inflammation in Individuals With Postacute
Sequelae of Severe Acute Respiratory Syndrome Coronavirus 2 Infection’, J. Infect. Dis., vol. 224,
no. 11, pp. 1839-1848, 2021, doi: 10.1093/infdis/jiab490.

K. M. Wragg et al., ‘Establishment and recall of SARS-CoV-2 spike epitope-specific CD4+ T cell
memory’, Nat. Immunol., vol. 23, no. 5, pp. 768-780, 2022, doi: 10.1038/s41590-022-01175-5.

A. Vojdani, E. Vojdani, E. Saidara, and M. Maes, ‘Persistent SARS-CoV-2 Infection, EBV, HHV-6
and Other Factors May Contribute to Inflammation and Autoimmunity in Long COVID’, Viruses,
vol. 15, no. 2, 2023, doi: 10.3390/v15020400.

S. Mehandru and M. Merad, ‘Pathological sequelae of long-haul COVID’, Nat. Immunol., vol. 23,
no. 2, pp. 194-202, 2022, doi: 10.1038/s41590-021-01104-y.



Figures caption

Figure 1. Portion of responders and non-responders among the enrolled subjects. (A) In the CD4* AIM* compartment, the
percentage of responders (71%) was higher compared to the non-responders group (29%). (B) In the CD8* AIM* compartment,
the percentage of responders (43%) among all the participants was lower respectively to the non-responders (57%).

Figure 2. Portion of responders and non-responders between HC and PASC patients, in the CD4* AIM* and CD8* AIM*
compartment. (A) The portion of responders was higher compared to non-responders in both HC and PASC patients for the
CD4* AIM* compartment. (B) For the CD8 AIM* compartment, the portion of responders was higher in comparison to non-
responders in HC, instead for PASC patients the percentage of responders was lower compared to non-responders.

Figure 3. Evaluation of the magnitude of the CD4* AIM* compartment between HC and PASC patients. (A) Dot plot shows the
percentage of CD4* CM T cells that secrete pro-inflammatory cytokines. Mann-Whitney U test was used *** p<0.001.

Figure 4. Evaluation of the magnitude of the CD4* AIM* compartment between patients with a DLCO < 80% and > 80%. (A)
Dot plot shows the percentage of CD4* T cells that secrete the pro-inflammatory cytokines. (B) Dot plot shows the percentage
of CD4* naive T cells. (C) Dot plot shows the percentage of CD4* naive T cells that secrete pro-inflammatory cytokine. (D) Dot
plot shows the percentage of CD4* EM that secrete pro-inflammatory cytokines. (E) Dot plot shows the percentage of CD4*
CM T cells (F) Dot plot shows the percentage of CD4* CM AIM* T cells. (G) Dot plot shows the percentage of CD4* TEMRA T
cells that secrete pro-inflammatory cytokines. (H) Dot plot shows the percentage of CD4* Tfh cells. Mann Whitney U test was
used *p<0.05; **p<0.01.

Figure 5. Evaluation of the magnitude of the CD4* AIM* compartment between patients with and without residual symptoms.
(A) Dot plot shows the percentage of CD4* T cells that secrete pro-inflammatory cytokines. (B) Dot plot shows the percentage
of CD4* EM T that secrete pro-inflammatory cytokines. (C) Dot plot shows the percentage of CD4* Tfh cells that secrete pro-
inflammatory cytokines. Mann Whitney U test was used *p<0.05.

S1. Gating strategy CD4/CD8. Dot plots showing total CD4* and CD8* along with their maturation curve and gate positioning.
S2. Gating strategy of activated T cells with measurements of cytokines (Negative, Spike and SEB). Dot plots showing a
negative, Spike and SEB samples for every compartment (AIM* CD4* and CD8*) with the evaluation of multifunctionality and
gate positioning.

S3. Gating strategy of T follicular cells. Dot plot shows the gating strategy for the identification of T follicular helper (Tfh) cells
S4. Hierarchy of the CD4* AIM * populations. Table shows the Boolean gate used for the identification of AIM* CD4* cell
subsets

S5. Hierarchy of the CD8* AIM * populations. Table shows the Boolean gate used for the identification of AIM* CD8* cell
subsets



Summary PAPER 3 (in preparation)

Under normal conditions, antigen-specific T cells increase their proliferation during viral
infections and then decline as the infection resolves. In PASC patients, these cells appear to
persist and remain active even after the resolution of the SARS-CoV-2 infection leading to an
impairment of the immune response and to the development of symptomatology typical of
PASC syndrome.

In this paper we aimed to investigate the role of SARS-CoV-2 specific CD8* T cells in PASC
patients one year after the recovery from coronavirus disease 2019 (COVID-19).

To achieve this, we employed dextramers, a specialised technology designed to study antigen-
specific T cells. Dextramers are composed of dextran-based sugar polymer backbone, which
serve as a scaffold to attach major histocompatibility complex (MHC) class | molecules loaded
with different Spike peptides, which are recognised by the TCR receptor on antigen-specific T
cells. Moreover, dextramers have also fluorophores on their backbone, enabling the detection
of specific T cells that recognize and bind the Spike peptide, through flow cytometry (a
schematic representation of this technology is shown in Figure 1 of the manuscript).

Our results showed that these patients have higher levels of the SARS-CoV-2 CD8* DEX* T cells
compared to HC. Notably, phenotype analysis revealed that percentages SARS-CoV-2 CD8*
DEX* effector memory cells re-expressing CD45RA (TEMRA) T cells and activated SARS-CoV-2
CD8* DEX* T cells (identified as CD38*) were higher in PASC respect to HC, suggesting a
persistent immune activation.

Despite the significant results present in our work, we recognize some limitations. One ais that
we did not evaluate the SARS-CoV-2-specific CD4* T cells. Studying and evaluating their role
could offer a more comprehensive understanding of immune dysregulation in PASC patients
one year after the recovery. Moreover, another one regards the small sample size, which
should be increased to validate our approach and results.

Overall, our work brings attention to the potential role of persistent viral antigens in
maintaining immune activation. Adding this in clinical settings could be useful to develop
therapeutic interventions aimed at controlling chronic immune activation in PASC as well as
in other chronic post-viral syndromes. Furthermore, our study paves the way for the use of

immune profiling as diagnostic and prognostic tools in chronic disorders.
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Abstract

Persistent immune activation following SARS-CoV-2 infection is a key area of study, particularly in
understanding the role of CD8* T cells in post-acute sequelae of SARS-CoV-2 infection (PASC). While
CD8* T cells are crucial for viral clearance and immune memory, their dysregulation may contribute to
immunopathology, as observed in coronavirus disease (COVID-19) associated acute respiratory
distress syndrome (ARDS). This study focuses on characterizing SARS-CoV-2-specific CD8+ T cells in
PASC patients one year after recovery using dextramers technology. We evaluated 39 HLA-AQ2 positive
patients, 33 of whom had PASC, defined by residual symptoms, impaired diffuse lungs capacity for
carbon monoxide (DLCO), reduced 2-minute walking test, and psychological symptoms, while six
served as healthy controls (HC). Using flow cytometry, SARS-CoV-2-specific CD8* T cells were identified
and categorized into memory subsets: Naive, central memory (CM), effector memory (EM), and
terminal effector memory (TEMRA). TEMRA and activated (CD38+) subsets were significantly elevated
in PASC patients compared to HC.

These findings highlight sustained CD8* T cell activation and in PASC, shedding light on the long-term

immunological impact of COVID-19.

Introduction

Persistent activation of the immune system following (SARS-CoV-2) infection remains a critical

area of investigation, particularly in understanding the role of CD8* T cells in PASC syndrome.
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Despite their lower frequency in lymphoid organs than CD4* T cells, these cytotoxic T cells are
essential for eradicating viral infections (L. Sun et al., 2023).

Typically, respiratory virus infection in mouse models showed higher levels of antigen-specific
CD8* T cells in the lungs and within the airways (Schmidt and Varga, 2018). They become
activated after the encounter between the T cell receptor (TCR) and viral peptides, which are
bound to an major histocompatibility complex (MHC) class | molecule. This interaction, to
prime an optimal CD8 activation and proliferation, requires other costimulatory signals.
Following the expansion, antigen-specific CD8 T cells become activated and start to produce
inflammatory cytokines as interferon-gamma (IFN-y) and tumor necrosis factor alpha (TNF-a).
Moreover, they acquire effector functions with the production and release of granzyme B and
perforin, which have a cytolytic activity (Lewis and Ly, 2021).

The kinetic of antigen-specific CD8+ T cells depends on the type of virus, with usually the main
peak of expansion immediately after the clearance of the virus. After the resolution of the
infection, levels of antigen-specific CD8 T cells decrease and start the development of a subset,
which remains in the host to establish long-lasting memory, that will confer protection against
re-infections (Schmidt and Varga, 2018).

Despite their beneficial role in mediating viral clearance and protecting against secondary
infections, excessive and persistent levels of CD8* T cells can contribute to the induction of
immunopathology. For instance, in COVID-19, the development of the acute respiratory
distress syndrome (ARDS) can be addressed to the persistent hyperactivation of antigen-
specific CD8* T cells, which release high concentrations of pro-inflammatory cytokines and
chemokines, leading to a series of adverse events in COVID-19 patients (Chen and John
Wherry, 2020b). However, despite the presence of data about the role of antigen-specific CD8
T cells in COVID-19, we lack the detailed characterisation of SARS-CoV-2 specific CD8 T cells in
patients with PASC syndrome. A recent study reported that the virus-specific T cells response
in convalescent patients at different time points. After 6 months from mild and severe acute
COVID-19, a progressive switch of SARS-CoV-2-specific CD8* T cells from T effector memory
(EM) to a (TEMRA) phenotype was described. At 10 months after the post-symptom onset,
among SARS-CoV-2-specific CD8 T cells, EM and TEMRA cells were increased, while T central
memory (CM) cells were decreased (Jung et al., 2021). Another study evaluated the response
after 12 months by showing that almost all CD8* T cells acquired a TEMRA phenotype (Adamo

et al., 2022). Some studies have been conducted to analyse antigen-specific T cells in PASC
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patients, but high variability, due to the heterogeneity of techniques and time-points, make it
difficult to develop a straight way to study them. Quantifying and studying antigen-specific T
cells can be performed through the ELISpot assay, by lymphocyte proliferation assays in
response to antigen or by tetramers. Even if these technologies are reliable and frequently
used, they have some limitations. These include a very limited phenotypic analysis, a prior
knowledge of the cytokines that you want to investigate, and the in vitro stimulation, that
does not reflect the exact physiopathology (Janetzki, 2015). In this regard, dextramers
technology allows a precise snapshot of what is going on in the immune system of PASC
patients, one year after the hospital discharge, without any external stimulation. The
advantage of the dextramers technology is that they have more MHC molecules and
fluorophores alongside the sugar backbone, resulting in increased detectable fluorescence
intensity, which enables the measurement of low affinity TCRs, otherwise undetected by other
classes of multimer reagents (Tario et al., 2015). Based on this, we evaluated the presence of
SARS-CoV-2 CD8 T cells in PASC patients one year after the recovery from COVID-19, through
dextramers staining. This approach allowed us to deeply study the cytotoxic T cells
compartment and its activation status, understanding the long-term immunological

consequences of COVID-19 1 year after the recovery.

Materials and methods

Patients’ enrollment

In this thesis, 39 patients were included after being discharged between March 1 and June 29,
2020, from the Azienda Ospedaliero Universitaria Maggiore della Carita university hospital in
Novara, Italy, where they had been admitted for COVID-19. Written informed consent was
obtained from the patient or their legal representative.

We defined the presence of PASC syndrome based on the presence of several parameters like
presence of residual symptoms, assessment of diffusing capacity of the lungs for carbon
monoxide (DLCO) and 2 minutes walking test (2MWT), 1 year after the recovery from COVID-
19.

HLA-A02 typing
In order to evaluate T cell response against the SARS-CoV-2 using the dextramers technology,

which requires a specific MHC class | molecule, patients were tested for the presence of the
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HLA-AO02 allele. This HLA type was selected because it is the most widely distributed in the
population.

For the HLA-A02, 20 ul of the whole blood were added to 80 ul of PBS with 2 mM EDTA, and
then stained with 2 ul of FITC-conjugated anti-HLA-A02 monoclonal antibody. After 20 minutes
of incubation at 4°C, 2 ml of lysing buffer 1X were added in order to lyse red blood cells. After
20 minutes of incubation at room temperature (RT) in the dark, samples were washed by
adding 2 ml of PBS with 2 mM EDTA and were centrifuged at 1500 rpm for 5 minutes. Then,
samples were resuspended in 200 ul of PBS with 2 mM EDTA and acquired using
FACSymphony~ A5 (Becton Dickinson) flow cytometer and analyzed using FACSDiva software

(Becton Dickinson). Of the 141 patients recruited, 39 were identified as HLA-AO02 carriers.

PBMCs isolation

Patients’ peripheral blood mononuclear cells (PBMCs) were isolated from the whole blood
using Lympholyte®-H Cell Separation Media (company). The whole blood, mixed to PBS 1X, was
layered over top of the same quantity of Lympholyte. Then, samples were centrifuged at RT
at 1800 rpm for 20 minutes without break. After centrifuge the PBMCs layer, formed following
density gradient, was removed, and transferred in a new tube for washing. Subsequently, the
cells were frozen, adding 500 pl of FBS and 500 ul of FBS with 20% DMSO, and stored at -80°C,

until the use.

SARS-CoV-2-specific cytotoxic T cells evaluation

To identify and evaluate SARS-CoV-2-specific CD8+ T cells in HC and PASC patients, the MHC |
dextramers and the antibodies staining were performed on PBMCs. MHC | dextramers
technology allows detection with high specificity of the population of CD8+ T cells that
recognize different epitopes of the spike protein. In Figure 1 is shown the schematic
representation of a Dextramer®. Specifically, it is composed of a dextran backbone loaded with
MHC molecules presenting one peptide antigen, and fluorochromes to detect cells by flow

cytometer.
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Figure 1. (https://www.immudex.com/).
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6 different dextramers were used, each of them composed of MHC | molecules HLA-A*02 type

presenting one epitope of the spike protein (table 1).

Dextramers

Dextramer 1
Dextramer 2
Dextramer 3
Dextramer 4
Dextramer 5

Dextramer 6

Allele

A*0201
A*0201
A*0201
A*0201
A*0201
A*0201

SARS-CoV-2 antigen Epitope

Spike
Spike
Spike
Spike
Spike
Spike

RLNEVAKNL
VLNDILSRL
NLNESLIDL
TLDSKTQSL
FIAGLIAIV
YLQPRTFLL

Table 1. The allele, the SARS-CoV-2 antigen, and the specific epitope that compose each

dextramer.

PBMCs were thawed and, after counting, 1-3*10- cells were used for the staining. The Live &

Dead staining was performed to discriminate between living and dead cells. After an

incubation of 20 minutes at 4°C, the samples were washed and stained using 67,2 pl of the

dextramers mix (table 2). Biotin was added to the mix to block any free binding sites on the

Dextramer backbone. Before using, the mix was centrifuged for 1 minute at 10.000 x g to pellet

the possible aggregate. As positive and negative controls, other two mixes were prepared: the

positive one using dextramers with MHC | molecules presenting antigens of the influenza virus,

and the negative one using MHC | molecules with a non-sense peptide.
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After 10 minutes of incubation at RT in the dark, samples were stained adding 50 ul of the

antibodies mix per million cells (table 3). After 20 minutes of incubation at RT in the dark,

samples were washed twice and resuspended in 300 ul of PBS with 2 mM EDTA for the

acquisition. All samples were acquired using FACSymphony~ A5 (Becton Dickinson) and

analyzed using FACSDiva software (Becton Dickinson).

Dextramers mix Fluorochrome Volume (ul) for each sample

Dextramer 1
Dextramer 2
Dextramer 3
Dextramer 4
Dextramer 5
Dextramer 6
PBS 10X
Biotin 100 uM
TOTAL:

APC
APC
APC
APC
APC
APC

10 pl
10 pl
10 ul
10 ul
10 pl
10 pl
6 ul
1,2 ul
67,2 pl

Table 2. The fluorochrome and the volume (ul) of each single component required to obtain

the dextramers mix for one sample.

Antibodies mix

STAIN BUFFER

BRILLIANT STAIN BUFFER (BSB)

CD3
CD56
CD8
CD197
CD95
CD38
CD45
CD4

Fluorochrome Volume (pl) for 1*106 cells

BUV496
FITC
BUV805
BV711
Bv480
BB700
BUV395
BUV737
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17,5
10 ul
5 ul

5 ul
2,5 ul
2,5 ul
2,5 ul
2 ul
1
0,75 ul



CD16 PE-Cy7 0,5 pl

CD14 PE 0,5 ul
CD45RA BUV563 0,25 ul
TOTAL: 50 ul

Table 3. The fluorochrome and the volume (ul) of each single component required to obtain

the antibodies mix per million cells.

Statistical analysis

Any differences between SARS-CoV-2-specific cytotoxic T cell response in HC and in PASC
patients were detected by using Mann—Whitney t-test, where p values below 0.05 were
considered statistically significant. The statistical analyses were performed with GraphPad

Instat software (Prism 8 version 8.4.3) (GraphPad Software, San Diego, CA, USA).

Results
Evaluation of SARS-CoV-2 immune memory CD8 * T cells subset by multiparametric

analysis

SARS-CoV-2-specific cytotoxic T cells were evaluated in 39 HLA-A*2 positive patients, among
them, 33 were considered PASC patients (presence of residual symptoms, DLCO < 80%,
negative 2 minutes walking test (2 MWT), anxiety and psychological symptoms) while the
remaining 6 were healthy.

Firstly, the gating strategy (figure 1A) was designed to identify CD8- T cells that recognize
specifically six different epitopes of the viral spike protein.

Moreover, to further assess the CD8- DEX:T memory cells subsets, Naive, CM, EM, and TEMRA
were evaluated. Indeed, memory CD8 T cells subtypes differ for their phenotype, function and
protective capacity. Indeed, CM cells are early differentiated progenitors that can handle
systemic infections due to their localization in secondary lymphoid organs. Instead, EM cells
are characterised by rapid effector function, that can allow them to fight infections arising
within peripheral organs. TEMRA cells are a terminally differentiated subset that express
CDA45RA; they express markers of senescence and have low proliferative and functional
capacity (Mahnke et al., 2013; Martin and Badovinac, 2018). The surface marker CD38 that is
a NADase implicated in cell differentiation during inflammation, cytokines release, and it is

also expressed on T cells during the activation was used to evaluate how many of these CD8:
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DEX:- remained active (Piedra-Quintero et al., 2020; Sandoval-Montes and Santos-Argumedo,
2005). In addition, CD38 seems to be involved in COVID-19 as mediators of lung damage and

fibrosis (Horenstein et al., 2021).

FSC-W CD45+ SSC-W CD45+

il

céﬁsaauwas A
'
Cp45 BUV3LS-A
ffual
D APC-H?-A
1

singlets

o
ittt

FSC-H
S Mo 10 20 250

85C-A

LR R

¢, lymphocytes|
S

-

1,224

1,224

51N L K A ARARIRARLIRARANL PR
50 1 150 200 250 ® S0 100 150 200 250 L)
FSC-A A Fsow R

3215
£

v 5 v ] v g
= = = -1
¥ 3 wm Naive | o 3 4 3 P
ce ] b ] W ~e ]
g =3 2= g =1 CD16-CD14+ & =3
3 2" 3 < 3
[ N S 18 o 3 3
S . @, @, ]
= @ =]
e A o =3 8.
o LY i3 8 o £1
EM : TEMRA 5 ) =]
En‘llllllvvvml[ T 2 frm g,.‘ B ERRLL, RLLLL, RALL, P T T A s Snl S ,ga o 1
2 3 a S “mlT il 1 0 10 10* 10 9 1 1 10 -
' 10 10 10 g J s -Cyi- CD8 BUVB05-A
CD45RA BUV563-A e CD56 FITC-A co18 PE-0y-A
]
oy : i
2 =3 s
2 3
2 ]
=5 Activated CD8+
Q
&)
§
A L e e
RAL A T D
CD38 BB700-A

Figure 1. SARS-CoV-2-specific cytotoxic T cells gating strategy. A) Singlets were identified (FSC-H vs FSC-A) and
lymphocytes were then gated through the evaluation of their morphology (FSC-A vs SSC-A). A further method
to discriminate singlets was applied assessing the width (FSC-W and SSC-W) of lymphocytes that express CD45.
Subsequently, live T cells (CD3+ and negative for the live/dead dye) are identified. Cytotoxic T cells (CD8+) were
discriminated from helper T cells (CD4+). CD14-/CD16- cells and subsequently CD56- cells were gated in order
to exclude the NK cells that can give a non-specific signal because they are able to bind the MHC class | molecule
without any peptide. Finally, the dextramer positive (DEX+) T cells were identified and then further classified.
CD8+ DEX+ cells were divided in four different memory subsets: Naive T cells (CD45RA+ and CD197+), CM T cells
(CD45RA- and CD197+), EM T cells (CD45RA- and CD197-), and TEMRA T cells (CD45RA+ and CD197-). Moreover,

among CD8+ DEX+ cells, activated T cells were discriminated (CD38+).

Activated CD8+ DEX T cells and TEMRA are increased in PASC patients
The differences of the percentage of total CD8- DEX- T cells and its subsets (EM, CM, TEMRA,

Naive and activated T cells which are all expressed out of CD8 DEX- T cells) were then
evaluated between HC and PASC patients. Subjects were stratified in HC and PASC according
to the presence of a wide range of symptoms typical of PASC syndrome one year after the
hospital discharge. We found that specific SARS-CoV-2 cytotoxic T cells were higher in PASC
compared to HC (Figure 2A). Among T cell subsets, we found that the percentage of TEMRA
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SARS-CoV-2 cytotoxic T cells and activated SARS-CoV-2 cytotoxic T cells were significantly
increased in PASC patients (Figure 2B, C).
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Figure 2. Differences in SARS-CoV-2 cytotoxic T cells in HC and PASC patients. Graphs show the percentage of
A) CD8 DEX: T cells B) activated CD8 DEX-T cells C) CD8 TEMRA DEX- T cells within HC and PASC patients. Mann—
Whitney t-test was used. * p< 0.05, ** p< 0.005

Conclusions

CD8* T cells are crucial for viral clearance and immune memory, but their dysregulation may
contribute to immunopathology, as observed in COVID-19-associated acute respiratory
distress syndrome (ARDS). This opens to the necessity to continue in characterising the
adaptive immune system of PASC patients, in order to elucidate the possible immune
alterations of adaptive immunity that might be at the basis of the PASC syndrome. Findings on
antigen-specific T cells in COVID-19 patients reported their dual role: while they can be
protective, they may also be detrimental and induce the development of the cytokine storm
(Moderbacher et al., 2020). Other studies emphasized that in order to exert a protective
function, a coordinated response between CD4+ and CD8+ T cells is crucial, as any imbalance
in these responses may lead to adverse outcomes. Despite research on antigen-specific T cells
responses in COVID-19 patients, there is limited knowledge regarding the detailed
characterization of this specialized T cells responses in PASC patients one year after the
hospital discharge. Few studies have explored the role of antigen-specific T cells in PASC
syndrome months after the resolution of the acute illness, with a deep insight on the CD8+ T
cell subsets, which are generally considered to be more important players in viral

infections. Moreover, several studies revealed their critical role in the formation of long-
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lasting memory, recognizing viral epitopes deriving from both highly variable and conserved
proteins, providing robust immune protection (Moss, 2022). In addition to the limited number
of studies on antigen-specific CD8+ T cells in PASC syndrome, we have also to consider the
high variability among these studies due to the application of different techniques to evaluate
this specific type of cells.

For instance, to investigate antigen-specific T cells one can use the ELISpot, or AIM test or
tetramers technology. All these methods are highly heterogeneous and have some caveats, as
for example, a very limited phenotypic analysis, a prior knowledge of the cytokines one wants
to investigate, and the in vitro stimulation, that does not reflect the exact physiopathology
(Amara, 2009; Tippalagama et al., 2023).

A novel technology in the field is represented by dextramers, which are composed of a dextran
sugar backbone conjugated with numerous MHC class | molecules and fluorophores.
Dextramers allow us to have a precise snapshot of the status of the immune cells of PASC
patients in the peripheral blood.

We firstly tested all the patients for the HLA-A*2 and then only those that resulted to be
positive (n=39) were stained with the dextramers. We compared the percentage of SARS-CoV-
2 specific cytotoxic T cells between HC and PASC patients, analyzing the activated ones and
the different memory subsets. Notably, our results showed that the percentage of SARS-CoV-
2 CD8 DEX T cells were higher in PASC patients. Further phenotypic analysis showed an
increase in TEMRA CD8+ DEX T cells and activated CD8+ DEX T cells in PASC patients. Our
findings would suggest a prolonged immune response to the virus, possibly due to the ongoing
antigenic stimulation, due to the viral persistence. The work of Gaebler et al, demonstrated
that memory B cells display clonal turnover after 6.2 months, and the antibodies that they
expressed, had greater somatic hypermutation, indicative of continued evolution of the
humoral response. They concluded that memory B cell response to SARS-CoV-2 evolved
between 1.3 and 6.2 months after infection in a manner that is consistent with antigen
persistence (Gaebler et al., 2021). Subsequently, they evaluated the presence of the virus in
various districts and intestinal biopsies revealed the persistence of SARS-CoV-2 nucleic acids
and immunoreactivity in the gut. Over time, several works have been published where the
phenomenon of the viral persistence was demonstrated in various organs such as liver, CNS
and lungs. Viral persistence can cause continuous stimulation of the immune system causing

chronic inflammation that can lead to PASC syndrome. Based on these findings, we can

66



speculate that our result, demonstrating higher levels of SARS-CoV-2 CD8* DEX* T cells may
reflect an ongoing viral persistence in the organism of these patients compared to HC.
Specifically, the TEMRA phenotype, observed in our study, is typical of inflammatory
environments, with high levels of pro-inflammatory cytokines such as IL-6, IL-15 and IL-2. A
study by Woodruff et al. highlighted elevated inflammatory markers in PASC patients, which
could promote the differentiation of CD8* T cells into TEMRA subsets (Woodruff et al., 2023)
. Consistently, our phenotypic characterization revealed significantly higher frequencies of
SARS-CoV-2 CD8+ DEX+ TEMRA T cells in PASC patients compared to HC. Moreover, a study
from Loyal et al. demonstrated that SARS-CoV-2 reactive T cells with low TCR avidity have been
shown to be cross-reactive, whereas SARS-CoV-2 T cells with high functional TCR avidity have
been linked to improved functional activity and specificity for the SARS-CoV-2 antigens (Loyal
et al., 2021). Supporting this hypothesis, Paniskaki and colleagues found an increased count
of CD8* TEMRA T cells in PASC patients, known to have a strong effector activity but limited
proliferate capacity. Additionally, these cells can be activated via cytokines, independently
from TCR. This uncontrolled and unspecific activation provides and exacerbates tissue damage
(Paniskaki et al., 2023). These data were in accordance with our results that showed increased
SARS-CoV-2 TEMRA CD8* DEX* T cells in patients with PASC syndrome.

Another important finding was the increased levels of SARS-CoV-2 activated CD8+ DEX+ T cells
observed in PASC patients. A study from Zhan et al. demonstrated that persistent activated
CD8+ T cells produce high levels of TNF-a and induce fibrosis (Zhang and Zhang, 2020). This
mechanism might be responsible for lung fibrosis and so impair the lung functionality (e.g.,
DLCO<80%), which is one of the main symptoms of PASC, possibly explaining the higher levels
of activated SARS-CoV-2 CD8* T cells in these patients. Moreover, Cheon and colleagues
reported that, although during the acute illness CD8* T cells mainly exert a protective function,
a prolonged and/or dysregulated CD8* T cell activity can be responsible for the pulmonary
damage. Their and our findings are in line with this hypothesis, indeed they characterized
tissue-resident T cells and found that CD69* and CD103" T cells exhibited more inflammatory
and cytopathic features in lungs (Cheon et al., 2021).

These findings all together provide new insights into the immunopathology of PASC,
emphasizing the role of persistent activation and dysregulation of SARS-CoV-2-specific CD8" T

cells in driving chronic inflammation and tissue damage.
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Chapter 3: Gut-derived extracellular vesicles: unveiling their role in
the gut-brain axis in MS and MDD

Premise
In the first chapter the focus was on blood-derived EVs as biomarker in COVID-19, while in this

last chapter of my thesis we focused on the role of gut-derived EVs as mediators of
communication within the gut-brain axis, particularly in the context of major depressive
disorder (MDD) and multiple sclerosis (MS); the first one represent a mental health disorder
affecting mood and behavior, while the second disease is a neurological autoimmune disease
affecting the central nervous system. In both conditions, disruption of the gut-brain axis may
play a role in inflammation and neurological symptoms.

Despite the awareness in prevention and personalized treatments, current diagnostic and
prognostic tools for MDD and MS lack of specificity and sensitivity, leading to delayed
diagnosis and ineffective treatment for both conditions.

A growing body of evidence demonstrated the value of EVs as disease specific markers, able
to evaluate and understand differences among diseases. Based on this evidence, this chapter
proposes a novel approach for diagnosis and prognosis by analyzing gut-derived EVs as
functional carriers of disease-specific molecular fingerprints.

By studying gut-derived EVs, this chapter aims also to shed light on the role of gut-brain axis in
the context of MDD and MS. To achieve this, we established a method for isolating EVs from
stool samples, serving as a mirror of EVs in the gut. Using MACSPlex technology for eukaryotic
EVs (eEVs) profiling and metaproteomic analysis for bacterial EVs (bEVs) characterization, we
identified disease-specific EV signatures that could serve as diagnostic, prognostic, and
predictive biomarkers for MDD and MS, providing novel insights in understanding and
managing these complex disorders.

This chapter presents a non-invasive biomarker approach for early disease detection,
prognosis, and a deeper understanding of gut-brain communication. Moreover, it will pave the
way for EVs-driven diagnostic and therapeutic advancements in neuroimmunology and mental

health
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Background

Gut microbiota

The human gut microbiota is composed of various commensal and symbiotic species mainly
located in the gastrointestinal (Gl) tract (Marano et al., 2023). The Gl tract hosts nearly 1,000
different bacterial species, totaling trillions of individual organisms. These bacteria are
involved in several regulative processes concerning metabolic pathways, oxidative stress and
membrane barrier maintenance in the gut (Das and Ganesh, n.d.).

The important roles of the gut microbiota include the modulation of the immune response
against external pathogens, the maintenance of the intestinal epithelium’s integrity and the
metabolism of the nutrients. The bacteria that inhabit the intestine are classified according to
the phyla, classes, orders, families, genera, and species. The most represented phyla of the gut
microbiota are Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, and
Verrucomicrobia among which Firmicutes and Bacteroidetes are the major types (Rinninella et
al., 2019).

The gut microbiota is formed within the first five years of life and in adulthood is influenced
by various factors such as diet, drugs, stress, and environment. A healthy and balanced gut
microbiota exhibits stability, high taxonomic diversity, resilience, and symbiotic interactions
with the host. When disruptions among these factors arise, they also impact and alter the
balance of the microbiota community, causing the establishment of a phenomenon called
dysbiosis (Thursby and Juge, 2017a). Dysbiosis can be generally described as the loss of the
gut microbial diversity and richness. It has some typical features such as the loss of the
commensals, which are the common residing strain of the gut and the expansion of
pathobionts, like the bacterial family of Enterobacteriaceae, which levels increase during
enteric infections and inflammation (Petersen and Round, 2014).

Dysbiosis is frequently associated with the so called “leaky gut” syndrome (LGS), which is
characterized by a reduced barrier function and an increased intestinal permeability (Camilleri
and Vella, 2022). The latter causes the translocation of gut bacteria and their products from
the intestine to the circulatory system, triggering the release of pro-inflammatory cytokines,

leading to the activation of the immune system (Figure 8).
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Figure 8. Microbiota in health and dysbiosis. Different external factors can influence the gut microbiota
composition, leading to dysbiosis. Dysbiosis is characterized by a predominance of harmful bacteria that can
compromise the physiological functions. This can result in gastrointestinal, metabolic and neurological disorders

accompanied by immune dysregulation (Melo-Marques et al., 2024)

In normal conditions, the gut barrier remains intact and immune molecules, such as IgA and
antimicrobial peptides (AMPs) exert their functions by inhibiting the proliferation and
spreading of pathogens (Muniz et al.,, 2012). The gut-associated lymphoid tissues (GALT)
maintain homeostasis, controlling the mechanism of peripheral tolerance, resulting in the
prevention of the immune response to dietary or bacterial self-antigens. Moreover, epithelial
cells, when they are in a balanced gut environment, produce a transforming growth factor-8
(TGF-B), which induces the differentiation of the immune cells into the anti-inflammatory
phenotypes (Round and Mazmanian, 2009).

Conversely, during chronic dysbiosis, exaggerated levels of enterotoxins such as
lipopolysaccharide (LPS) can cause the disruption of the gut barriers, with the entry of
pathogens and their harmful products like pathogen associated molecular patterns (PAMPs)

into the bloodstream. PAMPs are sensed by TLRs, whose interaction results in the activation
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of intracellular signaling pathways, leading to NF-kB translocation to the nucleus. This
activation drives the transcriptions of genes involved in the pro-inflammatory cytokines
production, fueling systemic inflammatory states. The presence of bacteria’s metabolites
outside the intestine further influences the immune responses, by enhancing the
differentiation of Treg cells into pathogenic Th17 cells. For instance, high levels of segmented
filamentous bacteria (SFB) induce the transcription of stress response gene such as serum
amyloid (SAA), which promote IL-22 and IL-6 secretion and promote the Th17 cells
differentiation (Sano et al., 2015). Abundant levels of LPS can impact macrophage polarization,
inducing the proliferation of M1 phenotype. High frequencies of M1 macrophage led to the
production of pro-inflammatory cytokines, which lead to chronic inflammation and contribute
to autoimmune disease formation (Zhang et al., 2019).

Dysregulation of the immune system as a consequence of the intestinal dysbiosis can also
affect the mucosa-associated lymphoid tissue (MALT), in particular the GALT. Once disrupted,
GALT loses its ability to perform the negative selection of T lymphocytes, potentially leading
to the formation of autoreactive T and B cells. The extensive effects of intestinal dysbiosis on
systemic immunity and chronic inflammation are highlighted by this disruption in immune
control (Takiishi et al., 2017).

Recently, multifactorial diseases, such as Inflammatory Bowel Diseases (IBD), metabolic
disorders, neurological disorders and autoimmune diseases, show an increasing incidence and
a strong association with dysbiosis. For these reasons, the study of the gut microbiota and its

interplay with other organs is becoming increasingly important.

Gut-derived EVs

Microorganisms and cells within the gut microbiota release EVs, which mediate different
functions both physiological and pathological. Gut-derived EVs fill an essential role in the
interkingdom interactions, indeed, due to their nature, they can cross physiological barriers,
that are typically not easily accessible, such as the blood-brain barrier (BBB) and intestinal
barrier, enabling them to reach the central nervous system (CNS) or host cells at the intestinal

mucosal surface (Diaz-Garrido et al., 2021). Once in the target organ, these EVs can release
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their cargo, composed of miRNA, proteins, metabolites and other bioactive molecules,
influencing cell function and mediating cell-to-cell communication.

There are different types of EVs in the gut, including the eukaryotic EVs (eEVs), that derived
from intestinal or epithelial cells and the prokaryotic ones, as archaea (aEVs) and particularly

those deriving from bacteria (bEVs) (Melo-Marques et al., 2024)(Figure 9).
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Figure 9. Different types of gut-derived EVs. Bacterial EVs can originate from membrane blebbing and give rise
to outer-membrane vesicles (OVM) and outer-inner membrane vesicles (OIMV), produced by Gram-negative
bacteria, and cytoplasmic membrane vesicles (CMV), produced by Gram-positive strains. Bacterial EVs can also
originate from cell lysis, forming EMOV, EOIMV and ECMV, respectively. Bacteria can also produce EVs in the form
of tube-shaped membranous structures (TSMS). Archea produced EVs through membrane budding or nanotubes.
Eukaryotic cells can produce different types of EVs: microvesicles from the membrane budding; apptotic bodies

from apoptosis and exosomes from the endocytic pathway (Melo-Marques et al., 2024).

bEVs are divided mainly into four different categories: i) outer-membrane vesicles (OMVs), ii)
outer-inner membrane vesicles (O-IMV), iii) cytoplasmic membrane vesicles (CMVs) and iv)
tube-shaped membranous structures (TSMS) (Hosseini-Giv et al., 2022). OMVs are Gram-
negative derived and can be single or double layer. Therefore, they can be formed via cell lysis,
in which cryptic prophage endolysin activity results in cell wall degradation or DNA damage
giving rise to bEV formation. Instead, CMVs are released by Gram-positive bacteria and can be

formed by the budding of the cytoplasmic membrane, followed by the crossing through the
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cell wall. Finally, TSMS can be produced by both Gram-positive or Gram-negative bacteria and
play a role in the component exchange by acting as a bridge between different cells.

It has been demonstrated that Gram-negative OMVs are released from the bacterial envelope,
and they are released for several purposes including host-microbe interactions, and their size
varies between 20-400 nm (Volgers et al., 2018). The interaction between host and microbes
is mediated by OMV cargoes, including lipids, LPS, different types of proteins and nucleic acids.
They can also affect the biofilm formation and host cell function modulations. CMVs range
from 20-200 nm in diameter and are derived directly from the cytoplasmic membrane. TSMS
have an average dimension of 50-70 nm (Magaiia et al., 2023).

Generally, the composition and content of bEVs originate in the producer strain and differ
depending on the growth phase and conditions such as the target cells and the
microenvironment (Dauros Singorenko et al., 2017). Within the intestinal microenvironment,
bEVs contribute to the colonization and proliferation of bacteria by carrying adhesion factors
that facilitate bacterial attachment. By actively participating in regulating the balance of gut
bacteria, bEVs have the potential to facilitate enhanced colonization of probiotics, which is
crucial for the therapeutic benefits they offer. Alternatively, targeted disruption of bEVs could
be employed to diminish the colonization of pathogenic bacteria (Liang et al., n.d.).

bEVs can cross the intestinal barrier using two different pathways: i) the paracellular (between
cells) and ii) transcellular (through cells) pathways (Sultan et al., 2021). Indeed, bEVs can alter
the composition of tight junctions: for example, vesicles from commensal bacteria increase
the expression of tight junction proteins to limit paracellular transport. Instead, vesicles from
Campylobacter jejuni break down the junction proteins E-cadherin and occludin lead to the
leaky gut (EImi et al., 2016).

After passing the epithelial barrier and entering in the submucosa, bEVs engage with diverse
immune cells, influencing the host's immune system. This interaction involves direct
engagement with distinct populations of immune cells such as neutrophils, macrophages, and
DCs (Kaparakis-Liaskos and Ferrero, 2015). bEVs carry multiple copies of metabolism-
associated molecular patterns (MAMPs), including DNA, RNA, LPS and peptidoglycan: these
molecules interact with receptors such as NOD1, NOD2 and TLRs on immune cells, leading to
activation of a cascade of immune signaling (Sultan et al., 2021). Immune signaling can be
divided into pro-inflammatory signaling and anti-inflammatory signaling. The former leads to

the activation of inflammation with a strong release of pro-inflammatory cytokines and the
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recruitment of specific cells such as T helper and cytotoxic T cells, while the latter refers to a
process that induces immune tolerance, a mechanism that prevents the immune response
against a particular antigen (i.e. self-antigens). Once the tolerance is lost, disorders like
autoimmune diseases or food allergies can occur. BEVs represent two sides of the same coin,
as they have the potential to both drive dysbiosis and inflammation and contribute to their
treatment and resolution. In the context of gut dysbiosis, bEVs produced and released by
harmful bacteria can contribute to the maintenance of pathological states. For example,
vesicles deriving from P. aeruginosa contain esterase A (EstA), a bacterial virulence factor,
which induces the production of nitric oxide and pro-inflammatory cytokines (Ge et al., 2023).
In contrast, bEVs derived from probiotics can modulate and actively shape the gut microbiota,
restoring the initial homeostasis. For example, in a study from Dean et al., they demonstrated
that bEVs from Latobacillus acidophilus are enriched with bacteriocins, which target the
opportunist Lactobacillus delbrueckii (Dean et al., 2020). Based on this evidence, bEVs seems
to take part in the establishment of different diseases that are linked to gut dysbiosis, such as

metabolic disorders, neurological disorders and ADs (D. Sun et al., 2023).

Gut-brain axis

The gut-brain axis was first demonstrated by Pavlov in 1904, who showed that the release of
gastric and pancreatic secretion was due to some sensory signals such as the smell and the
sight of the food (Filaretova and Bagaeva, 2016).

This bidirectional communication is composed of the CNS, the autonomic nervous system
(ANS), the enteric nervous system (ENS) and the hypothalamic pituitary-adrenal axis (HPA).
The autonomic system, elaborate both afferent signals, arising from the lumen and
transmitted to CNS, and on the contrary, efferent signals from the CNS to the intestine
(Carabotti et al., 2015). Neuronal cells and hormones can influence immune cells, epithelial
cells, enteric neurons, smooth muscle cells, interstitial cells of Cajal and enterochromaffin
cells, as well as microorganisms present within the gut. On the other side, resident cells of the
gut, together with different microorganisms, influence neuronal cells and hormones
(Chaudhry et al., 2023). The communications from the brain to the gut is mainly driven by two

distinct mechanisms: the neural pathway and the neuroendocrine pathway.
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The first one involved the ENS, which is composed of neurons and glial cells in the intestinal
submucosa and muscolaris propria. The ENS control autonomously the gastrointestinal
physiology and functions and interacts with the CNS through the vagus nerve (VN), microbiota-
derived metabolites, and neuroendocrine pathways. ENS afferent neurons can be influenced
by different signals derived from the gut bacteria, modulating brain activity through VN.
Indeed, bacteria products present in the ENS can be transmitted to the CNS to the VN (Y. He
et al., 2024).

The second one is characterized by the HPA axis, which represents a mechanism of
communication between the brain and the gut. The host brain can communicate
bidirectionally with gut microbiota through neurotransmitters. There are four main
neurotransmitters that play a role in the gut-brain communication: serotonin (5-HT),
dopamine (DA), noradrenaline (NE), and gamma-aminobutyric acid (GABA). These molecules
are also synthesized in enteroendocrine cells, which also release other hormones in the gut
like gastric inhibitory peptide, ghrelin, serotonin, somatostatin and cholecystokinin (Zhao et

al., 2023) (Figure 10).
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Figure 10. Mechanisms of gut-brain axis. This is a bidirectional communication through the vagus nerve, HPA

axis, and immune pathways. Gut microbiota influences brain function through metabolites and immune signaling,

while neuroinflammation impacts the gut via systemic responses (Zhao et al., 2023)

Besides these pathways, there are also some mechanisms through which gut microbiota
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communicate and influence the brain. These mechanisms are the releasing of active
substances, the generation of quorum sensing, which is a communication process in bacteria
that allows them to detect and respond to cell population density by regulating gene expression,
and the metabolization of dietary nutrients to produce secondary metabolites. Recent studies
revealed that microorganisms in the gut can release vesicles which contain different active
substances. These vesicles, thanks to their size and composition, can cross the intestinal
barriers, enter the bloodstream and reach the target organs. They can even get easy access to
the BBB through the vessels or VN and communicate directly with neuronal cells and vice versa
(Figure 11). Microbial quorum sensing plays a critical role in shaping the gut ecosystem.
Quorum sensing, when a threshold is reached, starts to influence gene expression. By giving
some bacterial species a competitive edge through the synthesis of enzymes, it also influences
the composition of microbiota, and consequently also the functions of the intestine, the
immune response and the communications with distal organs. The gut microbiota can produce
secondary metabolites that can influence brain functions. For instance, the short-chain fatty
acids (SCFAs) such as butyric acid, propionic acid and acetic acid that are able to stimulate
sympathetic nervous system, mucosal serotonin release and to influence memory and

learning process (Kasarello et al., 2023).
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Figure 11. EVs in gut-brain axis. EVs from gut microbiota reach the intestinal barrier and through the vagus nerve or vessels

can cross the blood brain barrier and reach the brain and also the contrary (Sun et al., 2023).
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Major Depressive Disorder (MDD)

MDD is a complex psychiatric disorder affecting approximately 340 million people worldwide
(Chirita et al., n.d.). It is characterized by various abnormalities impacting mood, cognition,
neurovegetative functions and psychomotor activities with symptoms like persistent feeling
of sadness, loss of interest or pleasure in activities once enjoyed, and changes in sleep and
appetite. These symptoms must be present for at least two weeks and significantly interfere
with daily life to be diagnosed as MDD (Fava and Kendler, 2000). MDD is linked to a reduction
in patients’ lifespan, primarily due to an elevated risk of suicide, and it also increases their
susceptibility to many medical conditions such as cardiovascular disease, cancer and ADs to
which usually patients show poorer outcomes and response to treatment (Beurel et al., 2020).
Despite the effectiveness of antidepressant drugs that exert immunomodulatory effects, and
the extensive literature on the neuroanatomic, neuroendocrinological, and neurophysiologic
aspects of MDD, there remains an unmet clinical need for reliable diagnostic and predictive

biomarkers. Many biomarkers have been proposed to overcome this issue, for example

magnetic resonance imaging (MRI), positron emission tomography (PET) scans and
electroencephalogram (EEG) along with proteomic, transcriptomic and metabolomic studies
but an exhaustive answer has yet to be found (Kennis et al., 2020). One significant challenge

in managing this disease is that its causes are multifactorial and only partially understood.

Etiology of MDD

Genetic factors
MDD seems to have a genetic component. Recent family studies demonstrated a 3-fold

increased risk for MDD in first-degree relatives (Rhee et al., 2025). Genome Wide Association
Studies (GWAS) discovered 178 genetic risk loci, including those associated with presynaptic
vesicle trafficking (PCLO), dopaminergic neurotransmission (a primary target of
antipsychotics), glutamate ionotropic receptor kainate type subunit 5 (GRIK5), and
metabotropic glutamate receptor 5 (GRM5), and neuronal calcium signaling such as calcium
voltage-gated channel subunit alphal E (CACNA1E) and calcium voltage-gated channel
auxiliary subunit alpha2 deltal (CACNA2D1), are found to be associated with an increased risk
of MDD (Lohoff, 2010). Transcriptomic studies on MDD patients revealed deficits in the

transcription of somatostatin (SST) in the subgenual anterior cingulate cortex and the
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amygdala of MDD patients. SST appears to be involved in cortical local inhibitory circuit, so a
deficit in this neuropeptide can cause abnormal corticolimbic network activity and clinical

mood symptoms across neurological disorders (Lin and Sibille, 2013)

Neurobiological factors

The first major hypothesis of the cause of MDD was postulated about 50 years ago and
attributed the development of the disease to a deficiency of the brain monoaminergic
transmitters 5-HT, NE and DA (Jiang et al., 2022).

5-HT spreads from all the brain areas and it is responsible for different physiological processes
such as regulation of emotions, appetite and sleep.

NE influences the function of the prefrontal cortex, the processing of the working memory,
and regulates behavior. DA modulates reward and motivation functions, memory, and
attention (Azizi, 2022).

The monoamines hypothesis is based on the increased activity of the monoamine’s oxidase,
an enzyme, which degrades the amines, influencing their availability in the brain. Moreover, a
functional deficiency of monoamine neurotransmitters also impacts on the proteins’ transporter
functions. In the brain, the transport of proteins is involved in the pre-synaptic reuptake of
neurotransmitters, enhancing it and making possible a continuous neurotransmission. Thus, a
decrease in the transport of proteins could contribute to lower monoamine levels (Boku et al.,

2018).

Environmental factors
One important environmental factor associated with the development of MDD is stress.

Several studies suggested that adverse life events can lead to MDD. A traumatic or stressed
event always precedes a major depressive episode (MDE), such as job loss or a relative’s death.
The mechanisms underlying MDD caused by social adverse events and stress are still
unknown. However, there was evidence that chronic stress can cause changes in the structure
and function of neurons (Richter-Levin and Xu, 2018). Moreover, MDD patients exhibit high
levels of cortisol, the so-called “stress hormone”, which causes dysregulation of the HPA axis.
Sustained cortisol levels have been linked to neuronal damage, particularly in the
hippocampus, and the suppression of neurogenesis, further exacerbating depressive

symptoms. Dysregulation of the HPA axis influences the immune system, contributing to pro-
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inflammatory responses often observed in MDD patients. For example, elevated levels of pro-
inflammatory cytokines, such as IL-6 and TNF-a, are commonly reported in individuals with

MDD (Arinami et al., 2023).

Epigenetic modifications
Epigenetics refers to changes in gene expression which can be heritable, but environmentally

modifiable. Epigenetic regulation is involved in both physiological and pathological processes.
Increasing evidence supports that there are epigenetic components in the development of
MDD. The epigenetic mechanisms that drive MDD are: DNA methylation, histone
modifications and nucleosome positioning (Penner-Goeke and Binder, 2019). DNA
methylation is the addition of a methyl group to cytosine residues by DNA methyltransferases
(DNMTs). Research revealed different DNA methylation patterns in MDD. One study
demonstrated the presence of hypomethylation of the synapsin gene (SYN2) in MDD patients.
Instead, another showed a hypermethylation of TESC gene correlated with the disruption of

the right parahippocampal cingulum and, for that reason, involved in MDD (Li et al., 2019).

Histones regulate gene expression both positively and negatively, thanks to posttranslational
modifications catalyzed by enzymes that exert their function on amino acid residues located
on histones. The posttranslational modifications that can occur are: methylation, acetylation,
phosphorylation, ubiquitination, SUMOylation, crotonylation, citrullination, and ADP-
ribosylation. The consequences of histones modifications are the alterations of the
interactions between histones and gene expression. As an example, decreased levels of
histone 3’s acetylation was present in the hippocampus of depression-like behaviors in mice

(Covington et al., 2011).

MDD diagnosis

Despite its prevalence worldwide, MDD diagnosis still represents a clinical challenge. The
currently used criteria are based on clinical symptoms without an objective testing available.
This is the reason why MDD has a higher rate of missed and incorrect diagnoses. Studies
estimate that nearly 30-50% of MDD cases may go undetected or be incorrectly diagnosed
(Cui et al., 2024). Misdiagnosis is common in individuals with other comorbidities, like chronic
pain or fatigue, which share overlapping symptoms with MDD. There are several scales that

allow clinicians to have a more objective assessment of the disease and classify symptom’s
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severity as Hamilton Depression Rating Scale (HDRS), Montgomery-Asberg Depression Rating
Scale (MADRS), and Beck Depression Inventory (BDI). Suicidality, in terms of suicidal ideation
and attempts, is among the stronger predictors of suicide and should be assessed with

validated scales like the Columbia-Suicide Severity Rating Scale (CSSRS) (Zheng et al., 2019).

MDD treatment

There are different antidepressant treatments which can follow psychotherapies.

Tricyclic antidepressants (TCA) are the most used drugs for the treatment of MDD. The
mechanism of action is based on the changes in the neurotransmitter’s availability in the brain.
Indeed, TCAs inhibit the reuptake of neurotransmitters exerting their antidepressant effects
(Gillman, 2007). Other treatments used in everyday practice are the selective serotonin
reuptake inhibitor (SSRIs) and serotonin/norepinephrine reuptake inhibitors (SNRIs). They
inhibit serotonin transporters (SERT) and norepinephrine transporter (NET), which prevent the

reuptake of 5-HT and NE into presynaptic neurons, resulting in an increased

concentration of those neurotransmitters (Fanelli et al., 2021). An example of SSRIs is
represented by fluoxetine, which can act as an agonist of the astrocytic 5-HT2b receptors.
After the stimulation of the 5-HT receptors, epidermal growth factor receptor (EGFR) is
transactivated and subsequently activates the mitogen-activated protein kinases/extracellular
signal-regulated kinases (MAPK/ERK) and phosphoinositide 3- kinase/serine/threonine kinase
(P13K/AKT) signalling cascades, which control the expression of mRNA or proteins that may be
linked to mood disorders, such as SERT (Peng et al., 2014). Instead, SNRIs drugs are venlafaxine
and duloxetine, their dual effect makes them effective for symptoms like social anxiety and

pain (Bymaster et al., 2001).

The involvement of the immune system in MDD

Nowadays, there is emerging evidence that refers to MDD as an immune inflammatory
disorder, highlighting the active role of the immune system (Kouba et al., 2024). Different
findings assess that MDD includes the involvement of cell-mediated immune activation and a
chronic inflammatory response, with an enhanced production of pro-inflammatory cytokines.
Consistent with these findings, there is the fact that immune-inflammatory pathways
influence the neuro progression mechanism in MDD, causing neuronal apoptosis and

neurotoxic effects.
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Different studies revealed that the administration of LPS, provokes inflammation and the
release of pro-inflammatory cytokines such as IL-6, TNF-a. and IL-18, lead to the establishment
of the so-called “sickness behaviour”. This phenomenon is characterised, along with typical
immune response to sickness as fever, also by the presence of reduced psychomotor, physical
and social activities, fatigue, lethargy, reduced food intake, sleep abnormalities and altered
cognition (Liu et al., 2018).

A possible mechanism through which TNF-a induces depression-like symptoms is the
activation of the release of other cytokines, with the consequence of neuroinflammation.
Moreover, the hyperproduction of these cytokines activates the Indoleamine-2,3-dioxygenase
(IDO) production at the expense of 5-HT (Berthold-Losleben and Himmerich, 2008).

Another evidence linking MDD to inflammation is that MDD patients showed a higher increase
of IL-6 and IL-10, in comparison with those experiencing few depressive symptoms. Recently,

Serafini et al. found that suicidal ideation/attempts in MDD was associated with

differences in inflammatory cytokines profile, characterized by altered levels of IL2, IL-6, IL-8,
TNF-a, and vascular endothelial growth factor (VEGF) (Serafini et al., 2013). As confirmation
of this, antidepressant drugs seem to have a therapeutic potential in treating also immune
inflammatory conditions, suggesting that a reduction in activated immune inflammatory
response might be associated with responsiveness to MDD treatment. Several studies have
been conducted, both in animals and humans, to elucidate this dual effect of antidepressant
drugs. In the animal model, fluoxetine or paroxetine reduced LPS-induced inflammation and
depressive-like behaviors (Ohgi et al., 2013). In MDD patients it has been shown that drugs
like SSRIs and TCAs inhibit the release of IL-6, IL13, TNF-a and IFN-y (Hannestad et al., 2011).
The evaluation of the proinflammatory cytokine levels in MDD patients might serve as
predictors of antidepressant responses. Indeed, patients with poor responses to duloxetine
show high levels of IL-1B, IL-12, IFN-y, IL-1B/IL-10 and TNF-a (Fornaro et al., 2013).

On the other hand, the use of anti-inflammatory drugs alone or coupled with antidepressants
has emerged as a possible therapeutic target for MDD. For instance, celecoxib, that is a
cyclooxygenase (COX)-2 inhibitors, significantly improved depressive symptoms compared to
the placebo group in a 6-week randomized controlled trial (RCT) (Muller et al., 2006). The
association of celecoxib and fluoxetine also seems superior to fluoxetine monotherapy
(Akhondzadeh et al., 2009). Another anti-inflammatory drug, the acetylsalicylic acid, seems to

accelerate the response to antidepressants when combined with SSRIs and when used as add-
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on presented additional improvement compared to antidepressant alone (Gatecki et al.,

2009).

MDD and EVs

There are mounting evidence supporting the potential involvement of EVs in MDD.

In fact, EVs have been shown to influence neuroinflammatory pathways, which are
significantly implicated in the development and progression of depressive symptoms.
Current studies suggest a possible link between the gut-derived EVs and the mechanisms
underlying the MDD. Notably, Li et al. show that miRNAs containing EV cargo play a key role
in physiological and pathological processes; specifically, miRNAs are transferred from neurons
to microglia through EVs, leading to the release of proinflammatory factors responsible of
neuroinflammation.

A recent study from Choi et al. demonstrated that, in mice, bEVs deriving from specific
bacteria can interact with the gut and brain. Particularly, they found that bEVs from
Akkermansia muciniphila (phylum Verrucomicrobiota) protect against LPS-induced intestinal
permeability changes and also that bEVs Lactobacillo plantarum is important for brain health
and function (Choi et al. 2022). Despite this, it remains unclear, highlighting the need for
further specific studies in this field.. As a response to outer stress sources, the brain can
modulate microbiota in a maladaptive way, leading to depressive disorders and
neuropsychiatric impairments through various pathways including the autonomic nervous
system, enteric nervous system, spinal nerves, immune cells, endocrine cells and bacterial

metabolites (Longo et al. 2023).

Multiple sclerosis (MS)

MS is an autoimmune disease affecting the central nervous system (Schepici et al., 2019).
Typically, MS is diagnosed around the age of 30 years and is characterized by the progressive
accumulation of neurological impairments, which make everyday activities difficult during the
advanced stage of the disease (Zeydan and Kantarci, 2020). The primary pathological feature
of MS is the formation of inflammatory plagues (areas of demyelination) that can be found in
white and grey matter of the brain and spinal cord. The plaques arise from an inflammatory
process that causes the destruction of myelin, formed by the oligodendrocytes, with

consequent neuronal loss (Figure 12).
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Figure 12. Axonal damage in MS.( https://www.istockphoto.com/it/illustrazioni/multiple-sclerosis)

The demyelination process is triggered by an abnormal permeability of the BBB, which permits
the infiltration of peripheral pathogenic T and B cells, antibodies, monocytes, and
inflammatory mediators in the CNS (Schepici et al., 2019) .

MS can be classified into four distinct subtypes: relapsing-remitting (RR) is present in the 70-
80% of patients and is characterised by unpredictable acute attacks followed by a period of
remission, primary progressive (PP) usually these patients have fewer brain lesions, secondary

progressive (SP) is considered the second phase of the disease and the 65% of RR patients will

develop it and lastly progressive-relapsing (PR) is the less common subtypes, it occurs only in
5% of patients and is associated with symptoms such as eye pain and double vision, along with
sexual, intestinal and urinary system dysfunction, dizziness, and depression (Klineova and
Lublin, 2018). Epidemiological studies have revealed that genetic and environmental factors
are involved in the development of MS (Noto and Miyake, 2022). Among the environmental
factors, drugs, diet and stress have a detrimental role in the development of the disease. These
factors are known to play a role in the perturbation of the gut microbiota and it has already
been demonstrated by different studies the association of gut microbiota, dysbiosis and MS

development (Alfredsson and Olsson, 2019; Noto and Miyake, 2022).
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Etiology of MS

Genetic factors
The main genes associated with the risk of MS are present in the HLA region of chromosomes

6. Among them, HLA-DR2+, HLA-DQ6, DQA 0102 and DQB1 0602, HLA-DRB1, DR15,
DRB1*1501, and DRB1*1503 are alleles susceptible to the onset of MS. In addition, IL-7 and
IL-2 receptor alpha are other sensitive genes associated with MS (Ferré et al., 2020; Parnell

and Booth, 2017).

Environmental factors
There are several different environmental factors that may act many years before MS

onset. These include: EBV infection, smoking, diet and vitamin D deficiency. Specifically, EBV
is a herpesvirus that infects 95% of people, causing infectious mononucleosis. With the
resolution of the primary infection, EBV remains in a quiescent state in B cell’s host, where it
can be reactivated. MS patients are characterised by an altered immune response to EBV
antigens, such as EBV nuclear antigen-1 (EBNA-1). One mechanism by which EBV might trigger
MS is the molecular mimicry that occurs when viral proteins are so like host proteins that the
immune responses start to attack the host’s own tissues. Specifically, EBNA-1 protein shares
structural similarities with several myelin proteins, as myelin basic protein (MBP) (Hedstrom,
2023). This situation leads to a cross-reaction by the immune cells, which will destroy, beyond
the EBNA-1 proteins, also the myelin present in the CNS, causing MS. Smoking is also a risk
factor for MS, with an OR of 1.5 (Handel et al., 2011). It causes alterations to the immune

system that contribute to the formation of antibodies against myelin and also against drugs

used in MS such as natalizumab. Moreover, cigarette smoke contains a lot of toxic agents,
among them ROS. High levels of ROS cause oxidative stress, which induces the apoptosis of
oligodendrocytes, resulting in neuroinflammation. Another mechanism through which
smoking increases susceptibility to MS is epigenetic alteration. Indeed, smoke is associated
with DNA methylation and histone modifications, which will alter the immune and CNS cells.
These modifications contribute to an overexpression of pro-inflammatory genes or inhibition
of genes involved in the prevention of autoimmunity. These epigenetic changes can persist
over time and become stable, resulting in a sustained inflammatory state that will increase
the probability of MS (Wingerchuk, 2012). Vitamin D has a role in the formation of myelin and

its components, in fact, it lacks a common hallmark of all neurological diseases. Vitamin D is
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important in immune modulation and the reduction of inflammation. The vitamin D receptor
(VDR) is present on immune cells such as B cells, T cells, macrophages and DCs. Therefore,
vitamin D can activate and enhance the differentiation of regulatory T cells (Tregs), which are
essential for avoiding autoimmune reactions (Sintzel et al., 2017). MS patients are
characterised by vitamin D deficiency, which leads to low levels of Tregs, resulting in inability
to eliminate autoreactive T cells against myelin. Moreover, vitamin D suppresses Thl and Th17
cells and the production of IL-6 and IL-17, which are pro-inflammatory and enhance the
proliferation of Th2 and the production of IL-10, that exert anti-inflammatory functions (Roffe-
Vazquez et al., 2019). Vitamin D also plays a role in MS progression. Indeed, low levels of
vitamin D have been associated with higher relapse rates. Some studies suggest that vitamin
D supplementation may reduce relapse rates and slow disease progression in individuals with

MS (Alharbi, 2015).

Epidemiology

MS is an autoimmune disease that mainly affects young adults with a predominance of 3-fold
more in females than males. The onset of the disease is usually between the ages of 25 and
40 years old but based on two types of MS there are some differences. For RR MS the mean
age is 25 to 29, while for the PP MS is 39 to 41 (Harbo et al., 2013).

MS is predominantly a western disease; indeed, it is relatively rare in Asian and African
populations. In general, Europeans are more commonly affected compared to other ethnic
groups. The global prevalence of MS has been increasing, with estimates suggesting over 2.8
million people are affected worldwide. The incidence of MS appears to be rising in some
regions, potentially due to improved diagnostic techniques, increased awareness, and lifestyle

changes, such as reduced physical activity and westernized diets (Walton et al., 2020).
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MS diagnosis

For MS diagnosis there are no specific tests, but clinicians use a combination of medical history
and neurological evaluation employing MRI, lumbar punctures (LP) for cerebrospinal fluids
(CSF) analysis, optical coherence tomography, evoked potential tests and blood analysis
(Omerhoca et al., 2018). MRI can highlight the presence of abnormal brain areas that are
typical in patients with an established MS. Moreover, MRI can also exclude the presence of
other neuropathologies. Usually, MRI alone is sufficient to diagnose MS, but in patients who
have atypical clinical manifestations, CSF may represent an efficient tool (Hemond and Bakshi,
2018). CSF can be used to test the presence of normal white cell counts and autoantibodies
linked to MS. Frequently, MS patients experience optic neuritis, that is a condition that causes
changes in the retina’s composition. Thus, a common test used is optical coherence
tomography, which can detect damage to retinal nerve fibers (Deisenhammer et al., 2019).
Another tool used to support diagnosis is evoked potential tests, through which there is the
recording of electrical signals produced by the patient’s nervous system in response to stimuli.
Electrodes measure the speed through which the information passes in the nerves

(Calugaru et al., 2016). To efficiently treat MS, an early diagnosis is required.

MS treatment

Up to date, there is no definitive cure for MS. In this regard, the available treatments are
aimed to target symptomatology, reduce MS attacks and modify the disease’s progression.
The first line MS treatment is the recombinant IFN-B, which can elicit an anti- inflammatory
response through different mechanisms, such as the prevention of the immune cell’s migration
in the brain through the BBB and the suppression of T cells activation. Moreover, IFN- also
induces the proliferation of oligodendrocytes, which repair the damaged cells in the CNS. It is
widely used in the case of RR MS due to its efficacy and long-term safety profile (Cohan et al.,
2021). An immunomodulatory drug used as a disease modifier is glatiramer acetate, which
consists of a pool of synthetic peptides that have similar sequences to MBP. The mode of action
of this drug is not completely elucidated, but the beneficial effect is related to the anti-
inflammatory properties that promote Th2 cells development. These cells accumulate in the
CNS, where they exert their functions, suppressing inflammation. Glatiramer is administered
subcutaneously once a day and usually is well tolerated by patients. The only side effects

interest the site of injection, with the formation of erythema, swelling and pruritus. Glatiramer
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is very effective in treating RRMS (Lalive et al., 2011).

Ofatumumab is an anti-CD20 monoclonal antibody that is administered to patients with MS,
but mainly in those with the RRMS. This drug depletes B cells, leading to fewer relapses and
improvements in MS symptomatology (Kang and Blair, 2022).

Another immunomodulatory drug is teriflunomide, that selectively and reversibly inhibits the
mitochondrial enzyme dihydroorotate dehydrogenase, implied in de novo synthesis of
pyrimidine, resulting in the reduction of the proliferation of T and B cells. In this way, it can
block the inflammatory processes involved in the MS pathogenesis (Miller, 2021).

Dimethyl fumarate is an immunomodulatory agent, with anti-inflammatory properties. The
mechanism of action is based on the activation of the nuclear factor (erythroid-derived 2)-like
2 (Nrf2) transcriptional pathway, which is responsible for the upregulation of antioxidant
genes (Bresciani et al., 2023).

The second line treatments included: fingolimod, natalizumab, alemtuzumab and
mitoxantrone. Fingolimod is a sphingosine 1-phosphate receptor (S1PR) modulator that, after
its phosphorylation, binds with high affinity the S1PR, leading to the internalization and
degradation of the receptor in lymphocytes. As a result, autoreactive lymphocytes cannot exit
the lymph nodes and go into CNS (Mehling et al., 2011). Natalizumab is a monoclonal antibody
against ad-integrin which is involved in the adhesion of activated leukocytes. By inhibiting the
ad-integrin, activated leukocytes are no longer able to bind the inflamed endothelium and so
inflammatory cells cannot migrate into the endothelium. An important concern in the use of
natalizumab is that after 12 months of administration, there is the possibility of developing
antibodies against the drug, which makes the treatment ineffective (Khoy et al., 2020).
Alemtuzumab is a recombinant monoclonal antibody against the CD52, which is present on
the surface of T and B cells. Alemtuzumab acts through antibody-dependent cellular cytolysis
and complement-mediated lysis following cell surface binding. Consequently, it causes T and
B cells depletion and induce repopulation (Li et al., 2018).

Mitoxantrone is a synthetic anthracenedione derivative that interacts with the DNA, exerting
its immunosuppressive functions. Mitoxantrone can inhibit proliferation and induce the

apoptosis of T and B cells, macrophages and APCs (Fox, 2004).

MS and EVs

The major hallmark in MS is the autoimmune response led by autoreactive B and T cells against
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myelin components. In MS the communication between the immune system and CNS has
been altered, and in this context EVs could play a strategic part in both pathological and
reparative mechanisms (D’anca et al., 2021).

The detrimental role of EVs in MS pathogenesis is not only limited to myelin damage. EVs have
also the potential to affect the immune response, promote cellular activation, amplify
inflammation, and contribute to the BBB disruption (Sdenz-Cuesta et al., 2014). During BBB
dysfunction, a pro-inflammatory microenvironment induces the endothelium to release
cytokines and metalloproteinases through eEVs, promoting disruption of the endothelial tight
junctions (Dolcetti et al., 2020). This process increases paracellular leakage of soluble
mediators, leading to the activation of leucocytes into the CNS, pro-inflammatory
microenvironment and a significant increase of platelets derived-EVs in MS patients.

Notably, a study by D'Anca et al. demonstrated that injecting microglia-derived EVs into mice
with experimental autoimmune encephalomyelitis (EAE), the mouse model of MS, resulted in
increased brain inflammation and worsened disease progression (D'Anca et al., 2021). EEVs
also play a negative role during MS relapses by facilitating their passage through the BBB,
leading to increased inflammation within the CNS (Blonda et al., 2018). Furthermore, Verderio
et al. observed an excessive production of eEVs in the cerebrospinal fluid (CSF) of individuals
diagnosed with MS compared to healthy controls (Verderio et al., 2012).

Several independent studies reported increased levels of eEVs in MS patients compared to
healthy donors, and these eEVs especially those ofendothelial origin were associated to the
relapsing phase of MS. For example, Marcos-Ramiro et al. demonstrated a relevant increase
in plasma of EVs deriving from platelets and endothelium in all clinical forms of MS, while
Sdenz-Cuesta et al. demonstrated the involvement of platelets, lymphocytes and monocytes-
derived eEVs in MS development (Marcos-Ramiro et al., 2014), (Saenz-Cuesta et al., 2014).
Lastly, histopathological features of MS, as well as genetic risk alleles, suggest that the disease
is driven by an aberrant peripheral immune response targeting CNS antigens and there are
different evidences that suggest the implication of EVs as key mediators of crosstalk in CNS

autoimmunity (Palacio et al., 2023).
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AlM 3

MDD and MS are complex neurological diseases, both characterized by a disruption in the gut-
brain axis. This complex bidirectional relationship includes distinct players, such as immune
cells, neurotransmitters, hormones, bacterial metabolites and EVs. New emerging evidence
suggests that gut-derived EVs may play a central role in modulating immune responses,
neurotransmitter signaling, and systemic inflammation, potentially influencing diseases onset
and progression. Despite the knowledge on gut-derived EVs, the lack of a standardized
method for their isolation and characterization limits the understanding of their specific role
and their use.

Both MDD and MS are multifactorial disorders with diagnoses that are not always easy and
reliable, making the demand for high specific and sensitive biomarkers very high.

Given the potential role of EVs as diagnostic, prognostic and predictive biomarkers in several
human diseases, including their potential demonstrated in the previous chapter on COVID-19,
the third objective of my thesis was is to unveil the role of gut-derived EVs in MDD and MS as
disease-specific biomarkers and mechanistic mediators of gut-brain communication, with the
goal of developing innovative diagnostic and prognostic tools that improve disease
stratification and clinical decision-making.

To achieve this, we focus on two innovative approaches. First, we developed a reliable method
for isolating gut-derived EVs from stool samples, ensuring the preservation of their structural
and functional integrity for downstream analyses. This standardized methodology would
enhance clinical and translational research applications. Secondly, the identification of
disease-specific EVs signatures in MDD and MS by analyzing both eEVs and bEVs. This involed
the use of MACSPlex technology for eEVs profiling and metaproteomics for bEVs
characterization. Our aim was to generate a disease-specific EVs fingerprint through this study
in order to uncover novel mechanisms of gut-brain interactions in neurological disorders.
This chapter introduces a novel class of biomarkers with higher specificity and sensitivity than
current diagnostic methods, enabling earlier and more precise disease detection.

Our findings have the potential to transform patient care by facilitating personalized
treatment strategies, improving disease monitoring, and paving the way for microbiome-
based therapeutics, ultimately advancing precision medicine in neuroimmunology and mental

health.
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Materials and methods

MDD patients’ recruitment and samples collection

Patients were enrolled at “Citta della Salute e della Scienza di Torino”, Turin, Italy. Prior to the
enrolment, an informed consent statement was signed by each participant. Inclusion criteria
were age between 18 and 70 years old and diagnosis of MDD with an ongoing MDE,
necessitating the initiation or modification of an antidepressant treatment. The severity of
depressive symptoms was evaluated with the MADRS, where higher scores indicate greater
severity (Montgomery and Asberg, 1979). Functioning was assessed using the Work and Social
Adjustment Scale (W-SAS), where higher scores indicate a more significant functioning
impairment (Mundt et al., 2002). The Quality-of-Life Enjoyment Satisfaction Questionnaire—
Short Form (Q-LES-Q-SF, 16-item version) was employed to assess patients’ quality of life and
satisfaction with life (Endicott et al., 1993). It is a self-rated questionnaire; higher scores
correspond to higher subjective quality of life and satisfaction. The W-SAS and Q-LES-Q-SF
total scores were integrated into the recovery index (RI), which provides a standardized
measure of working and social functioning and subjective quality of life. It ranges from -1.643
to 4.242. Higher scores indicate better functioning and quality of life. The Rl was calculated
using an online tool (http://tinyurl.com/Recoverylndex) proposed in the index validation study
(IsHak et al., 2017). In this study, stool samples were collected at time of MDE (T0O) using
standardized methods. The stool sample was processed and aliquoted within 2-3 hours, and
stored at -80°C.

During the three-month follow-up (T1) visit, improvement of depressive symptoms and
functioning and subjective quality of life were assessed. Improvement of depressive
symptoms was evaluated with the variation (A) of the MADRS total score from baseline to the
follow-up visit (A MADRS T1-TO).

The improvement in functioning and subjective quality of life was evaluated with the variation

of the Recovery Index (A RI T1-TO).

MS patients’ recruitment and samples collection

Prior to enrolment, an informed consent statement was signed by each participant. In this

thesis, stool samples were collected from MS patients at diagnosis (TO) and from HC, using
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standardized methods. The stool sample was processed and aliquoted within 2-3 hours, and

stored at -80°C.

Gut-derived EVs isolation

Half grams of frozen feces (-80°C) were dissolved in 10 ml filtered phosphate buffered saline
(PBS) and two rounds of centrifugation were applied for 15 minutes at 5000 rpm (4°C) to
remove solid debris. After these two centrifugations, supernatant was filtered using filter with
different sizes: 5.0, 1.2, 0.45 and 0.22 um. EVs were then separated from small molecules by
loading the flow through onto a filter with a molecular weight cut-off of 100 kDa (Amicon Ultra
filter unit) and concentrating it to 250 pl through a centrifugation at 4000 rpm for 45 minutes
(4°C). Two-hundred-fifty ul of filtered PBS were used to wash the filter to have the highest
recovery of EVs (with a final volume of 500 ul). Subsequently, free proteins were removed
through size exclusion chromatography (SEC). Ten ml of CL-2B Sepharose columns were
prepared by adding 2,5 ml of PBS to 7,5 ml of Sepharose Gel CL-2B, the sample was loaded,
and 24 different fractions were collected. Then, a step of ultracentrifugation (100°000g for 1h
at 4°C) was performed to pool the fractions. After ultracentrifugation, pellets were

resuspended in 200 ul of PBS and stored at -80°C for further analyses (Figure 13).
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Figure 13. Experimental workflow for gut-derived EVs isolation. Half gram of feces were dissolved in 10 ml of
filtered PBS (1), and two steps of centrifugations were applied (2). Then, supernatant was filtered through four

filter of different size 5.0, 1.2, 0.45 and 0.2 um (3). After the filtration steps, the sample was loaded into Amicon
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Ultra filter of 100kDa (4) to concentrate it (5). To purify the sample, SEC was performed, and 24 fractions were
collected (6). Subsequently a step of ultracentrifugation was applied to pool the fraction of the gut-derived EVs
(7,8).

Nanoparticle Tracking Analysis (NTA)

Nanoparticles tracking analysis (NTA) is a widely used technique to visualize and count rapidly
the EVs that are present in a sample. Moreover, NTA enables the dynamic detection of EVs in
a liquid solution, providing an accurate and real-time count of the EV concentration within the
sample.

The collected fractions of gut-derived EVs isolated by SEC were analyzed with NTA using
NS300. The samples were diluted 1:80 in filtered PBS 1X. For each sample, three videos of 60
seconds were recorded and analyzed with camera level 12/13 and detection threshold 4.

Recorded videos were analyzed with NTA 2.3 Software (Malvern Panalytical).

Western blot analysis

Western blot is the gold standard for the characterization of EVs, as it allows the identifications
of markers that are specifically present in EVs. Thus, this technique ensured the presence of
EVs in a sample and serves as a validation step to confirm the effectiveness of the isolation
method. Proteins present in gut-derived EVs were quantified using the Qubit Assay
(Invitrogen). Atotal of 15 pg of protein were separated on a 12% SDS-PAGE gel and the proteins
were transferred into a nitrocellulose membrane. The membrane was blocked for 1 hour with
BSA 3% and incubated overnight at 4°C with the following antibodies: anti-CD63 (Invitrogen,
diluted 1:500), anti-CD9 (Invitrogen, diluted 1:500) anti-CD81 (Invitrogen, diluted 1:500) and
calnexin (Invitrogen, diluted 1:5000), anti-LPS (Abcam, diluted 1:1000) in BSA 3%.

After incubation with primary antibodies, the membrane was washed with 0.1% Tween-20 in
tris buffered saline (TBST) three times for 10 min. Incubation with a secondary antibody was
performed at room temperature (RT) with goat anti-mouse IgG secondary antibody HRP
conjugated (Invitrogen) for 1 hour. The membrane was washed three times with TBST for 10
min and it was then exposed to ECL chemiluminescence kit (Western Nova 2.0, Cyanagen) in
1:1 ratio and incubated for 2 minutes. The images were acquired using the Chemidoc (BIO-

RAD Chemidoc imaging system).
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Scanning electron microscopy (SEM)

SEM allows to have ulterior proof on the isolations of EVs in a sample. A small volume (10 pl)
of EVs sample was placed on a glass coverslip in a 24-well plate. After the sample dried, the
plate was incubated for 20 minutes with 10 pl of 2.5% glutaraldehyde solution diluted in water
(Electron Microscopy Sciences, Hatfield, PA, USA). Subsequently, following the evaporation
of the glutaraldehyde, an ethanol dehydration scale was performed: the sample was
incubated with drops of increasing ethanol concentrations (70% and 90%) for 30 minutes each,
followed by a final incubation with 100% ethanol for 1 hour. Then, we added a small volume
of hexamethyldisilazane (Electron Microscopy Sciences, Hatfield, PA, USA) and we incubated
it for 20 minutes until it was completely dry. Lastly, we coated a layer of gold on the glass
coverslip with sputter coater machine (DII-29030SCTR Smart Coater, JEOL, Italy) and observed
by using the bench SEM (JSM-IT500, JEOL, Italy).

Metaproteomic analysis

Metaproteomic analysis is a unique method that allows us to identify specific bacteria phyla

and species responsible for producing EVs.

Gut-derived EVs were lysed with cold Lysis Buffer (50 mM Tris HCI, pH 7.2, 0.05% SDS) and by
sonication. The sample was then put on a rotator for 15 min at 4°C and then cold acetone was
added to precipitate proteins. Sample was centrifuged at 14 000 x g, for 10 min, at 4°C and
the pellet was resuspended in Urea Buffer (8 M Urea, 100 mM Tris HCI, pH 8) and ammonium
bicarbonate 100 mM. The extracted proteins were quantified using the Bradford protein assay
according to manufacturers’ instructions (Bio-Rad Laboratories) and they were subjected to
enzymatic digestion.

Briefly, for the reduction of proteins, 25 ul of ammonium bicarbonate, 15 pl of
trifluoroethanol (Sigma-Aldrich Inc., US) and 2.5 ul of dithiothreitol 200 mM (Sigma-Aldrich
Inc., US) were added to the sample that were incubated at 60°C for 45 min. Alkylation was
performed adding 10 ul of iodoacetamide IAM 200 mM and the sample was incubated at RT,
in the dark, for 1 h. Then, 2.5 ul of DTT were added to the sample and incubated for another
hour. Finally, after the addition of 100 ul of ammonium bicarbonate, 200 ul of water and after
reaching a pH of 7.8, 10 ul of trypsin 0.2 pg/ul (Sigma-Aldrich Inc., US) were added to the

sample and incubated at 37°C overnight. Digestion was then stopped with 2 ul of formic acid.
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The mixture of peptides was then desalted through the Discovery DCS-18 solid phase
extraction. The sample was evaporated through the SpeedVac (ScanVac, LaboGene, Denmark)

and reconstituted with 20 pl of water with 0.1% formic acid for the LC-MS analysis.

MACSPlex exosomes kit

MACSPlex exosomes kit is a fast and reliable technique that allows to detect a wide range of
different immune markers present on eEVs. MACSPlex exosome kit (Miltenyi Biotec) allows
the detection of 37 exosomal surface epitopes plus two isotype controls (Figure 14). This kit
comprises a cocktail of different fluorescently labelled bead populations, each coated with a
specific antibody binding the respective surface

epitope. Sixty pl of MACSPlex Buffer were added to 60 ul of samples. Then, 15 pl of MACSPlex
Exosome Capture Beads were added to each tube, and the tubes were incubated overnight at
RT, protected from light, using a tube rotator on permanent run (12 rpm). Subsequently, beads
were washed with 500 ul of MACSPlex buffer at 3 000 x g for 5 minutes, and EVs bound to
capture beads were stained for 1 hour at RT with 5 pl of CD9-, CD63- and CD81-APC conjugated
antibodies (MACSPlex Exosome Detection Reagents). Finally, the sample was washed with
MACSPlex buffer for 15 minutes on rotator and then it was acquired using FACSymphony A5
(Becton and Dicknson, San Jose, CA, USA).
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Multiplex bead-based assay

Up to 39 MACSPlex
EV Capture Beads

Isolated EVs or
cell culture supernatant

% Incubation overnight, washing
+ MACSPlex EV Detection Reagents
K (APC-conjugated antibodies)
1 h incubation, washing

Analysis by flow cytometry

¥ Dye-labeled MACSPlex EV >k MACSPlex EV
Capture Bead (4.8 um) Detection Reagent
® EV

Figure 14. Principle of MACSPlex Exosome Kit. MACSPlex Capture Beads kit contains a cocktail of various
fluorescently labelled bead populations, each coated with a specific antibody. Bound EVs on the beads are stained
by a detection reagent and will generate a signal that is detectable by flow cytometry.

(https://www.miltenyibiotec.com)

Statistical analysis

Descriptive analyses were initially conducted to characterize the participants'
sociodemographic and clinical profiles. Next, a t-test for paired samples was used to compare
baseline symptoms, functioning, and subjective quality of life. Differences in bacterial
abundance and activation were analyzed using the Mann-Whitney test, with p-values below
0.05 considered statistically significant. Additionally, a linear regression analysis was
performed, with the independent variables being the relative frequencies of bacterial
activation and the 37 populations of eEVs identified. The dependent variables were the A
MADRS T1-TO and A RI T1-TO over the three-month follow-up period. Statistical analyses were

conducted using GraphPad Instat software (Prism 8 version 8.4.3) (GraphPad Software, San
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Diego, CA, USA). The differences between HC and MS at the phyla, species levels and for eEVs
populations were analyzed using Mann-Whitney T test. Data are expressed as mean *
standard error. P value below 0,05 was considered statistically significant. The statistical

analyses were performed with GraphPad Instat software (Prism 8 version 8.4.3) (GraphPad

Software, San Diego, CA, USA).
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Results

Validation and optimization of the isolation method of gut-derived EVs through NTA
analysis

The first step was to optimize and to validate our method for the isolation of gut-derived EVs
from stool samples. Stool samples were processed through different centrifugation and
filtration steps, resulting in a mixture of EVs and free proteins. To purify the EVs, we employed
SEC and with this procedure, we collected 24 different fractions. NTA was performed to
identify EVs-enriched fractions. As shown in Figure 15 A, the concentration of EVs
(particles/ml) starts to increase from the 4th fraction, with the highest peak in the 5th
(5.48x1076 particles/ml), and then notably declines after the 8th fraction. This result was in
line with Kameli and colleagues, showing that the central fractions (up to 12th) of SEC are the
most enriched ones (Kameli et al., 2021). Moreover, the EVs size was also evaluated, and the
results show that all fractions range from 100 nm to 200 nm (Figure 15 B).

While SEC provides highly purified samples, it also results in bigger volume and too diluted EVs
are difficult to use in other applications. For this reason, we pooled the fractions 1-3, 4-12 and
13-24 and we analysed them by NTA (Figure 15 C-D). In the end, we decided to use the 4- 12

pool for further analysis, because it was the one with the highest EVs concentration.
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Figure 15. Validation of isolated gut-derived EVs through NTA. A) Concentration of gut-derived EVs in the 24
fractions analyzed by NTA B) Size of gut-derived EVs in the 24 fractions analyzed by NTA C) Concentration of gut-

derived EVs in the combined samples. D) dimension of gut-derived EVs in the combined samples.

Characterization of gut-derived EVs by western blot and SEM

After NTA analysis the chosen 4-12 pool was further characterised through western blot and
SEM analysis. Stool samples contain both eukaryotic and prokaryotic cells, as well as their
respective EVs. To discriminate them, we used specific markers: tetraspanins for eEVs and LPS
for bEVs. Therefore, western blot analysis was conducted to detect tetraspanins (CD9, CD63,
and CD81) and LPS. PBMCs served as positive control for tetraspanins, while EVs derived from
gram-negative bacteria (E. Coli) were used as positive control for LPS.

Tetraspanins CD63 and CD9 were detected in the 4-12 pool, with CD63 showing a smear from
30 kDa to 60 kDa and CD9 exhibiting a signal around 25 kDa (Figure 16 A-B). Surprisingly,
tetraspanin CD81 was not detected in our sample (Figure 16 C). As expected, LPS showed a
signal around 10 kDa (Figure 16 D). Calnexin is a well-characterized marker of the endoplasmic
reticulum (ER) and it is typically not present in EVs, which are derived from the plasma
membrane and endosomal system. EVs were negative for the expression of calnexin, which
instead was detected in PBMCs around 90 kDa. (Figure 16 E). Finally, we characterized gut-
derived EVs also with SEM, showing spherical morphologies, with an average diameter of
approximately 130 nm.

These results suggest that both eEVs and bEVs were successfully isolated from stool samples

with our approach.
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Figure 16. Characterization of EVs by western blot and SEM. A) Representative western blot of CD63 in gut-

derived EVs sample and positive control B) Representative western blot of CD9 in gut-derived EVs sample and

positive control C) Representative western blot of CD81 in gut-derived EVs sample and positive control D)
Representative western blot of calnexin in gut-derived EV's sample and positive control E) Representative western
blot of LPS in gut-derived EVs sample and positive control F) Representative images of EVs from stool samples

obtained by scanning electron microscopy (SEM).

Results of gut-derived EVs in MDD patients

General features of the patient’s cohort

47 MDD patients were enrolled in the study as reported in Table 1. The sociodemographic
characteristics of the patients were: mean age 53, with a higher prevalence of women
(76.59%). The duration of illness and the number of previous MDEs were heterogeneous,
ranging from the first episode to 15 episodes with a history of MDD longer than 40 years. With
the onset of MDE, it was decided to implement a new treatment regimen, ensuring that all
patients would be placed under therapy. Consequently, from TO to T1, all patients were
treated with antidepressants, which led to a substantial clinical improvement in their
depressive symptoms (Table 1). In our cohort, at TO, 11 patients were initiating antidepressant

therapy while 36 had their treatment modified.
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Baseline (T0) Follow up (T1) p value
Age years 53y.0.
Gender M/F 11(23.40%)/36(76.59%)
Number of previous MDE 3.4
Depressive symptoms, MADRS total score 25.8 15.15 <0.0001
Impaiment in working and social functioning, W-SAS total score 19.63 14 <0.0001
Quality of life enjoyment and satisfaction, Q-LES-Q-SF % max score 34.84 47.52 0.0002
Recovery Index (RI), standardized score 0.56 1.52 <0.0001

Table 1. Sociodemographic and clinical characteristics (n=47). Data are reported as mean for continuous
variables and as absolute and relative frequencies (%) for categorical variables. MDE: major depressive episode;
MADRS: Montgomery-Asberg Depression Rating Scale; W-SAS: Work and Social Adjustment Scale; Q-LES-Q-SF:

Quality of Life Enjoyment Satisfaction Questionnaire—Short Form.

Metaproteomic analysis on bEVs reveal activation patterns in MDD patients

Recent advancements in proteomic methodologies have led to the development of
metaproteomic directly on bEVs, which can highlight the most active species. Indeed, a study
by Maredia et al. showed that there is a strong link between bEVs production and bacterial
activation (Maredia et al. 2012). In this regard, we performed metaproteomics analysis on the
bEVS to have a specific pattern of bacterial activation associated with MDD.

At phylum level, the meta-proteins found in bEVs samples of MDD patients were assigned
mainly to five phyla: Bacteroidetees (74.38%), Firmicutes (21.33%), Pseudomonadota (2.66%),
Actynomicetota (0.49%), Cyanobacteriota (0.22%) and others (0.91%) (Figure 17 A). Instead at
species level, we found predominantly these five species: Bacteroides uniformis (18.63%),
Segatella copri (14.77%), Roseburia faecis (7.59%), Parabacteroides distasonis (6.55%),
Phocaeicola massiliensis (3.54%) and others (48.93%) (Figure 17 B).
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Figure 17. Taxonomic distribution of bEVs in MDD patients. A) Pie chart depicts the five most abundant bEVs at

phyla level in MDD patients, B) Pie chart depicts the five most abundant bEVs at species level in MDD patients.

103



BEVs derived from Bacteroides uniformis are associated with clinical outcomes after
three months

The use of gut microbiota as prognostic markers for diseases is gaining significant attention,
providing new insights into disease progression and treatment response. Based on that, during
the three-month follow-up visit, depressive symptoms, improvement of functioning and
subjective quality of life were assessed. In particular, improvement of depressive symptoms
was evaluated with the A of the MADRS total score from baseline to the follow-up visit (A
MADRS T1-TO) while the improvement in functioning and subjective quality of life was
evaluated with the A RI T1-TO. We correlated the five most active phyla and species with the
A Rl and A MADRS. Indeed, the RI provides a standardized measure of working and social
functioning and subjective quality of life while the severity of depressive symptoms was
evaluated with the MADRS. The correlation analysis between bEVs deriving from the five phyla
and both A-Rl and A MADRS did not yield statistically significant results. On the other hand,
the correlation between bEVs deriving from the five most active species and A MADRS were
not significative, while we found a statistical significance in the correlation between bEVs
derived from B. uniformis and A-RI (r=-0.3178 p=0.0487). Notably, an increase in bEVs derived

from B. uniformis correlated with a less improvement in the quality of life (Figure 18).
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Figure 18. Linear regression between bEVs from Bacteroides uniformis and A RI. A) Linear regression showing

the relationship between A-RI and Bacteroides uniformis. r=-0.3178 and p=0.0487.
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CD1c* and CD11c* EVs are associated with the clinical outcome after three months. Western
blot analysis revealed that the isolation protocol successfully isolated also EVs of eukaryotic
origin which can be released by epithelial and immune cells located in the gut. In MDD
patients, dysbiosis can lead to LGS, significantly increasing the number of cells

releasing EVs into the intestinal lumen and feces. Therefore, eEVs can be very useful in
identifying a reliable and non-invasive disease biomarker. To quantify and characterize the
origin of eEVs, we employed the MACSPlex exosome kit with flow cytometry. This kit enables
the simultaneous detection of 37 surface epitopes known to be present on eEVs.

The multiplex assay includes 39 bead populations distinguishable by flow cytometry. Each
bead is coupled with an antibody that targets one of the 37 EVs surface epitopes and two
isotype negative controls. A semi-quantitative analysis of EVs surface markers was then
performed using flow cytometry, resulting in a characteristic surface profile of gut-derived EVs
from MDD patients (Figure 19 A).

Thus, we correlated eEVs with the A-MADRS and A-RI. Among all the 37 different subtypes of
EVs detected using the MACSPLEX kit, we found that CD1c-EVs and CD11c-EVs were associated
with a worse prognosis. The results showed that the increase of CD1c was correlated with a
lower improvement in depressive symptoms (Figure 19 B) and the increase of CD11c was

correlated with a worse quality of life (Figure 19 C).
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Figure 19. Gating strategy and for the detection of different subtypes of eEVs and linear regression between
eEVs and A MADRS and A RI. A) After the discrimination of bead singlets (FSC vs SSC), the different subtypes of
EVs were discriminated according to their fluorescent intensity (PE vs FITC). Finally, the signal of the detection
antibodies (anti CD9 and CD63) in the APC channel defined the EVs area where the complex beads-EVs-detection
antibodies specific for each subtype of EVs are present. B) Linear regression showing the relationship between A-
MADRS and CD1c. r= -0.6248 and p=0.0169. C) Linear regression showing the relationship between A-Rl and
CD11c. r=-0.8214 and p=0.0341.

Elevated EVs Parameters in MDD

The analysis of EVs in MDD patients revealed a significant upregulation of specific EVs
parameters. Bacteroides uniformis-derived EVs, along with EVs expressing CD1c and CD11c
markers, were consistently elevated in MDD patients, particularly those who experience less
improvement in depressive symptoms and quality of life. These findings highlight the potential
of these EVs parameters as predictive biomarkers for identifying MDD patients with poorer

outcomes.

Overexpressed in poor-response

EVs parameters MDD patients

Bacteroides uniformis derived EVs

CDIc derived EVs

CD11c derived EVs

Table 2. Listed of EVs parameters expressed in MDD patients with poorer outcomes. Table shows EVs
parameters, specifically, Bacteroides uniformis-derived EVs, CD1c-derived EVs and CD11c-derived EVs are over

expressed in MDD patients with poorer outcomes.
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Conclusions of gut-derived EVs in MDD patients

MDD is a common and debilitating mental disorder that affects millions of people around the
world with a prevalence of 3.8%; in ltaly, the prevalence of this disorder is about 5,4%,
increasing with age (https://wwwe.istat.it, https://www.who.int ). Despite its prevalence, the
diagnosis is quite complex because the symptoms are highly variable, and there is a lack of
specific tests and reliable biomarkers, able to predict the clinical outcome. The gut microbiota
is now recognized as a significant feature in human health, as it greatly impacts the functioning
of the host’s body and plays a crucial role in various diseases, including MDD. MDD patients
commonly display signs of impaired gut barriers and disrupted gut homeostasis, which may
result in immune exposure to gut bacteria and exogenous molecules, causing an improper
activation of the immune system (Géralczyk-Binkowska et al., 2022). The study of microbiota
can be easily performed through stool samples as already demonstrated (Jandhyala et al.,
2015).

Although a correlation between gut dysbiosis, MDD, and EVs is recognized, more research is
needed to comprehensively characterize both bEVs and eEVs from the gut microbiota of
patients with MDD. Several pieces of evidence underscore the interrelationship among an
imbalanced gut microbiota, autoimmune diseases, and EVs (Louka and Koumandou, 2024).
Specifically, gut dysbiosis can lead to the establishment of the LGS, a condition in which the
intestinal barrier is disrupted, allowing the entry into the lumen of toxins, antigens and
bacteria, through the junctions of the epithelium. The released harmful products can then
reach the bloodstream, affecting different organs, triggering and activating the immune
system of the host.

In this scenario, the hypothesis underlying this work is that both bEVs and eEVs, isolated from
stool samples, might play a role in the establishment and maintenance of MDD. Moreover,
due to their nature, they could be used as a powerful biomarker for MDD’s diagnosis and
prognosis, in the setting of precision medicine. Based on that, gut-derived EVs were isolated
from the MDD patient’s cohort and characterized in order to study both bEVs and eEVs.

Our isolation method represents significant advancement over conventional approaches by
combining multiple techniques, including ultrafiltration, molecular weight centrifugation, SEC,
and ultracentrifugation. These integrated techniques allow us to achieve a high yield rate of EVs,
with a mean of 4x10%° particles/ml per sample. Moreover, thanks to SEC we obtained pure

samples of EVs. All these provide us with an optimized platform for downstream applications
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such as biomarker discovery and mechanistic studies. Despite the improvements achieved with
our EVs isolation method, some limitations must be acknowledged. Indeed, the combination of
multiple techniques, while highly effective, is very time-consuming, making it challenging to
translate into everyday clinical practice and for scalability in large clinical studies. Future efforts
should address these limitations by accelerating the isolation method and enhancing scalability.
After setting and optimizing the method for the gut-derived EVs isolation, we characterized
them. The international society for EVs (ISEV) suggests different methods to characterize EVs,
and western blot is one of the most used (Welsh et al., 2024). Indeed, with this technique, it
is easy to detect the presence of tetraspanins on eEVs (CD9, CD63 and CD81), and LPS on bEVs.
In our study, western blot analysis revealed the presence of the bands of two out of three.
Tetraspanins, namely CD9 and CD63 (Figure 16 A, B), confirming the presence of eEVs despite
the lack of the band for CD81 (Figure 16 C). Our results were consistent with the study of
Barranco and colleagues, which reported that different EV subtypes can express tetraspanins
in different proportions (Barranco et al., 2019). Thus, it's possible that some of these
tetraspanins are more detectable in some samples than others. In their work, they described
that in a comparative quantitative analysis of tetraspanins expression, the levels of CD63 and
CD9 were higher in MVs compared to exosomes, while the expression of CD81 was higher in
exosomes than in MVs (Barranco et al., 2019). Thus, we asked if the dimension of the purified
eEVs falls in the MVs area (100 nm to 1 um in diameter) or in the exosomes area (30-100 nm
in diameter). Our SEM results showed the presence of EVs with a mean size of 130 nm (Figure
16 F) justifying the absence of CD81 in our sample. Lastly, calnexin was used to assess the
effective isolation of EVs from cell debris. Since calnexin is an integral ER membrane protein,
it is not typically present in EVs. This was also demonstrated by Hyun Jeong Oh who
investigated and confirmed its absence in EVs (Figure 16 D) (Oh et al., 2017).

After confirming the presence of bEVs within the gut-derived EVs by western blot (Figure 16
E), we dived in deep, by performing a metaproteomic analysis to find a bEVs-specific
fingerprint in MDD patients. The results obtained from the bEVs exhibited two distinct
patterns, one for the phyla and the other for the species. The bEVs derived from the most
active five phyla of gut bacteria were: Bacteroidetees (74.38%), Firmicutes (21.33%),
Pseudomonadota (2.66%), Actynomicetota (0.49%), Cyanobacteriota (0.22%) and others
(0.91%). While for the species, the five most active were: Bacteroides uniformis (18.63%),

Segatella copri (14.77%), Roseburia faecis (7.59%), Parabacteroides distasonis (6.55%),
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Phocaeicola massiliensis (3.54%) and others (48.93%).

Interestingly, data obtained from phyla bEVs and the one obtained from the species bEVs were
in accordance. Indeed, almost all the five most active species belonged to the Bacteroidetes
phyla, which resulted in being the most active among all the others (Figure 17 A). Importantly,
our findings aligned with the literature, where there is evidence that the genera of
Bacteroides, belonging to the phylum of Bacteroidetes, can release large amounts of bEVs
(zafar and Saier Jr, 2021). Notably, analyzing the active species, we found that the most active
onein MDD patients was the Bacteroides uniformis (Figure 17 B). This was in line with the study
of Xu et al., in which they discovered that the species Bacteroides uniformis, B. fragilis, and B.
caccae, all belonging to the Bacteroidetes phylum, are abundant in the gut microbiota of MDD
patients and are implicated in neurogenesis inhibition. Indeed, they discovered that these
species were able to increase the susceptibility to depression-like behavior, neurogenesis
inhibition and metabolic disturbance in antibiotic cocktail (ABX) treated mice (Xu et al., 2021).
It is well known that some molecules metabolized by the bacteria in the gut can affect the gut-
brain axis, with tryptophan (trp) being one of the most important. Trp metabolism plays a
crucial role in a host's health since it can synthesize two essential neuro active compounds: 5-
HT and kynurenine (KYN) (Colle et al., 2020). Ninety percent of the 5-HT present in humans
originates from trp by enterochromaffin cells and it remains stored in the gut. The 5-HT
produced in the periphery cannot cross the BBB and it cannot reach the CNS (Gao et al., 2020).
However, due to the nature and size of EVs, which are known to be able to pass the BBB and
potentially act in the CNS, these could be natural transporters of neurotransmitters or their
precursors like Trp to the brain. In fact, Luo et al. detected the presence of trp inside EVs,
supporting this idea (Luo et al., 2020).

Our main hypothesis is that bEVs, particularly those produced by Bacteroidotes uniformis, may
transport trp in the brain, where it is then metabolized in 5-HT. Thus, we can speculate that in
MDD, this transport might be impaired, resulting in a lower production of 5-HT. In line with
that, it has been already demonstrated that MDD patients have decreased levels of 5-HT in
the brain and plasma, suggesting a reduction of its synthesis (Jacobsen et al., 2012). Another
possible explanation could implicate trp metabolism that it is known to have two distinct
metabolites: KYN and 5-HT, one at the expense of the other. Indeed, if the reaction is
extensively diverted to the production of KYN, there is a strong reduction of 5-HT, which can

subsequently lead to depression (Agus et al., 2018).
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These two hypotheses may potentially explain the mechanism by which Bacteroidetes
uniformis bEVs can contribute to the persistence of MDD. Microbial metabolism contributes
to the establishment and maintenance of a healthy host by producing metabolites from
dietary substrates and modifying host molecules (i.e.: Trp metabolism); signals from these
microbial metabolites influence the host’s energy metabolism, preserve mucosal integrity,
and support immune maturation and homeostasis. These observations suggest that gut
bacteria are closely linked to human health and disease. Thus, its characterization using OMICs
technologies could be used to find possible diagnosis, prognosis, and treatment biomarkers
(Wiredu Ocansey et al., 2023). Thus, we decided to correlate the biological data collected
during an MDE and the clinical evaluation after three months. Our findings reported that
patients with a lower improvement of quality of life at the MDE (T0) exhibited high levels of
the bEVs derived from the Bacteroides uniformis (Figure 18 A). This finding robust the
hypothesis that this specific bacterium might be involved in the transport of 5-HT and
influence the trp metabolism. Both these mechanisms result in a reduction of 5-HT levels,
exacerbating the symptomatology of MDD.

Moreover, we did not consider any correlation with diet and the lifestyle of our MDD patients,
even though it is well known that these aspects influence the composition and function of gut
microbiota, thus representing a limit of the study (Thursby and Juge, 2017b).

After confirming the presence of eEVs within gut-derived EVs, we decided to phenotype them
using the MACSPlex exosome kit. This kit allows the analysis of simultaneous profiling of
several eEVs. We found that CD1c* EVs enriched in the gut correlated with a worsening of
depressive symptoms (A MADRS), while a higher production of CD11c* EVs correlated with a
decline of social and working functions and a subjective quality of life (A RI) (Figure 19 B, C).
Based on our results, Table 2. summarizes all the EVs parameters that should be up expressed
in MDD patients with poorer outcomes.

CD1c, part of the CD1 family glycoproteins, is expressed on the cell surface of DCs, B cells and
some T cells. This family is structurally similar to the MHC class | molecules, but instead of
presenting peptides, CD1 molecules present lipids and glycolipids to T cells. Moreover, Leal
Rojas et al demonstrate that CD1c* DC promotes Thl and Th17 responses, so CD1c* DC shows
significantly higher production of IL-17, IL-21, IFN-Y and IL-6. So, also this marker may have a
significant role in autoimmune inflammation (Leal Rojas et al., 2017).

CD11c is an integrin, expressed on DCs, macrophages and monocytes. It plays a key role in
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antigen presentation, helping to activate T cells. Additionally, it is involved in leukocyte
adhesion and phagocytosis (Ganguly et al., 2013).

Our results highlighted a correlation between these markers and the clinical outcome (A
MADRS and A RI). At the time of enrollment, some patients had been receiving therapy while
others had not. With the onset of MDE, it was decided to implement a new treatment regimen,
ensuring that all patients would be placed under therapy. Consequently, from TO to T1, all
patients were treated with antidepressants, which led to a substantial clinical improvement in
their depressive symptoms (Table 1). In general, antidepressant drugs like SSRIs and SNRIs
might exert different immunomodulatory effects. Moreover, DCs express the SERT, that is
functionally equivalent to the one present in the CNS (Herr et al., 2017). SSRI and SNRI are
known to block SERT activity, resulting in higher levels of 5-HT in both CNS and periphery. SSRls
seem to decrease the level of pro-inflammatory cytokines such as IFN-Y, TNF-a and IL-13, may
restore the negative feedback by cortisol on the HPA axis and may promote a more balanced
immune response by reducing inflammation. Instead, SNRIs have a greater anti-inflammatory
effect through an increase in NE levels, which may have immunosuppressive effects on DCs
and monocytes (Chen et al., 2018). Based on this evidence, we can speculate that if, at the time
of MDE, the levels of gut-derived eEVs CD1c* and CD11c* were high, the patient responded
less to the treatment. This could be ascribed basically by two different hypotheses. First, the
drug, instead of primarily acting on the CNS, was acting on the SERT expressed by immune
cells, which appear to be the most active in these patients, as indicated by their gut-derived
eEV levels. Second, patients with high levels of CD11c* eEVs may respond less to treatment
because they have low levels of 5-HT, due to altered synthesis of this neurotransmitter.
Indeed, CD11c could also be expressed by tolerogenic DCs (tDCs). These cells are recognized
for inducing Treg expansion, which suppresses the immune system by releasing anti-
inflammatory cytokines and upregulating IDO expression (Takenaka and Quintana, 2017). IDO
degrades trp into KYN, further promoting Treg expansion (Platten et al., 2019).

Consequently, increasing the metabolism of trp towards KYN thus promotes a significant
reduction in 5-HT.

One of the limitations of this study is the samples heterogeneity and a lack of standardization
in stool collection. Since stool contents varies within different sections of the stool, the specific
area from which the sample is collected can influence the detected EV profile, potentially

affecting the consistency and reproducibility of the results. Another limitation relies in the
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small patient cohort size and lack of multiple controls, which could enhance the superior
function of EVs in diagnosing different stages of the diseases.

In conclusion, these preliminary findings suggest a significant interconnection between gut
microbiota, bEVs, eEVs, and MDD, which could revolutionize our understanding of the
mechanisms underlying this condition. However, further researchers are needed to improve
and implement standardization of EVs approaches to enable their translation into clinical

practice
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Results of gut-derived EVs in MS patients

Metaproteomics analysis on bEVs reveal differences in activation patterns between HC
and MS T0 patients

We performed metaproteomics analysis on the bEVS to have a specific pattern of bacterial

activation associated with MS.

At phyla level, the meta-proteins found in bEVs samples of HC and MS patients were assigned
mainly to five phyla. For the HC: Bacteroidetes (51.59%), Firmicutes (47.67%), Proteobacteria
(0.48%), Chlamydiae (0.07%), Actynomicetota (0.18%) and others (0.03%) (Figure 20 A).
Instead for the MS TO: Bacteroidetes (64.23%), Firmicutes (33.64%), Proteobacteria (1.14%)
Chlamydiae (0.83%), Actynomicetota (0.13%) and others (0.03%) (Figure 20 B). The bacteria
most active at the phyla level were similar between HC and MS TO, with Bacteroidetes and
Firmicutes maintaining equal proportion.

At species level, we found predominantly these five species in HC: Roseburia faecis (19.46%)
Phocaeicola vulgatus (17.83%), Faecalibacterium prausnitizii (8,26%), Bacteroides uniformis
(6.48%) Roseburia intestinalis (5.50%), and others (42.46%) (Figure 21 A). On the other hand,
in MS patients, the most active were: Roseburia faecis (40.35%) Prevotella copri (14.52%)
Phocaeicola vulgatus (10.63%), Phocaeicola coprophilus (4.93%), Faecalibacterium prausnitizii
(3.13%) and others (26.45%) (Figure 21 B). At first sight it was clear that there were some
differences among the most active species between HC and MS TO. Indeed, beside Roseburia
faecis, Phocaeicola vulgatus and Faecalibacterium prausnitizii all the other species are
different. Moreover, we found that in MS patients there was less richness and diversity due

to the high levels of Roseburia faecis, which predominate over the others.
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Figure 20. Taxonomic distribution at the Phyla level in bacterial activation. A) Pie chart shows the percentages

of the five most active Phyla in HC, B) Pie chart shows the percentages of five most active Phyla in MS TO.
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Figure 21. Taxonomic distribution at the species level in bacterial activation. A) Pie chart shows the percentages

of the five most active species in HC, B) Pie chart shows the percentages of five most active species in MS TO.

Differences in phyla activation between HC and MS

The pie charts (Figure 20 A, B) showed different percentages of phyla between HC and MS.

Statistical analysis revealed a significant difference in Firmicutes activation. Indeed, our results

showed that bEVs produced by Firmicutes were elevated in HC respect to MS patients (Figure

22A).
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Figure 22. Differences in the Phyla activation between HC and MS. A) Dot plot depicts the percentage in the

activation of Firmicutes between HC and MS. *p<0.05

Differences in species activation between HC and MS
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To explore the species thoroughly and find a specific MS bEVs fingerprint, we performed a
comparison among the five most active species between HC and MS. Our findings highlighted
a trend in the activation of Roseburia faecis, which resulted to be more active in MS patients

compared to the HC (Figure 23 A). Conversely, Bacteroides uniformis showed higher activity

in HC (Figure 23 B)
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Figure 23. Differences in the species activation between HC and MS. A) Dot plot depicts the percentage in the
activation of Roseburia faecis between HC and MS. B) Dot plot depicts the percentage in the activation of

Bacteroides uniformis between HC and MS. *p<0.05.

Differences in eEVs subtypes between HC and MS TO patients
Among all the 37 different sub-types of EVs that can be detected using the MACSPLEX kit, four

populations were differentially modulated in MS patients compared to HC. Precisely, MS
patients showed a statistically significant reduction of ROR1, CD24, CD40-expressing EVs and
a trend in CD44-expressing EVs. (Figure 24 A-D).
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Figura 24. EEV:s differences between HC and MS TO patients. Graphs depict the normalized MFI of the different
sub-types of eEVs that are modulated in MS patients expressing A) ROR1, B) CD44, C) CD24 and D) CD40). Mann-
Whitney t test was used. * p<0.05, **p<0.01.

Potential diagnostic EVs parameters in MS
Our previous results provided in MS the existence of distinct patterns of EVs derived from

specific cell types or bacteria, which could serve as potential diagnostic biomarkers.
Specifically, Bacteroides uniformis-derived EVs, ROR1-derived EVs, CD44-derived EVs, CD24-
derived EVs, and CD40-derived EVs were found to be significantly down expressed in MS,
highlighting a consistent reduction of these bacteria and immune cells markers. Conversely,
Roseburia faecis-derived EVs were uniquely overexpressed in MS. These findings indicate that
these EVs parameters may provide valuable insights into the pathophysiology of MS and serve

as non-invasive biomarkers for early diagnosis and disease monitoring (Table 2.).
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EVs parameters Up/Down in MS

Bacteroides uniformis derived EVs 1

Roseburia faecis derived EVs

ROR1 derived EVs

CD44 derived EVs

CD24 derived EV/s

CDA40 derived EVs

Table 3. Listed of EVs parameters down or up expressed in MS. The table shows EVs pattern present in MS
patients, specifically, Bacteroides uniformis-derived EVs, ROR1-derived EVs, CD44-derived EVs, CD24-derived EVs,
and CD40-derived EVs are significantly down expressed in MS, instead Roseburia faecis-derived EVs are over

expressed in MS patients.
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Conclusions of gut-derived EVs in MS patients

Gut microbiota is widely recognized as a significant key factor in human health, as it greatly
impacts the functioning of the host's body and plays a crucial role in various diseases, including
ADs such as MS. MS patients commonly display signs of impaired gut barriers and disrupted
gut homeostasis, which may result in immune exposure to gut bacteria causing an improper
activation of the immune system.

To investigate the relationship of gut microbiota and MS, the analysis of EVs has gained
significant interest due to their role as messengers in cellular communication. Although a
correlation between gut dysbiosis, MS, and EVs is known, comprehensive characterization of

bEVs and eEVs from the gut microbiota of MS patients has been limited.

Several evidence underscores the relationship among an imbalanced gut microbiota, ADs, and
EVs. Specifically, gut dysbiosis can profoundly influence the immune response, often
manifesting alongside the phenomenon of leaky gut. This condition permits the entry of
exogenous molecules, notably bacterial products and metabolites, which can disrupt tissue
homeostasis, trigger inflammation, and stimulate immune responses (Parodi and Kerlero de
Rosbo, 2021).

By conducting a metaproteomic analysis on bEVs, we were able to detect a specific pattern of
bacterial activation in HC and MS patients. The results obtained indicated no significant
differences in the five most active phyla detected between MS patients and HC. Indeed, the
predominant phyla in both MS and HC were Bacteroidetes and Firmicutes, which share similar
percentages (Figure 20 A, B). Statistical analysis showed that Firmucutes were higher in HC
respect to MS (Figure 22 A), aligning with previous studies, which described less Firmicutes in
the gut microbiota of MS patients (Chen et al., 2016). Firmicutes are primary producers of
SCFAs from dietary fibers, which have anti-inflammatory properties. Their reduced activity in
MS patients can be attributed to the chronic inflammatory state characteristic of the disease
(Fusco et al., 2023).

To have a precise and specific MS bEVs fingerprint, that serves as a possible diagnostic
biomarker, we further analyzed the most active species of gut bacteria present in HC and MS.
Looking at the pie chart (Figure 21 A, B), at species level, Roseburia faecis resulted to be the
most active bacterium in both HC and MS, with a higher percentage in MS. Statistical analysis
revealed a trend, indicating a slightly increased activity of Roseburia faecis in MS patients

(Figure 23 A). This result is discordant with the existing literature, which highlights its
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beneficial functions as a commensal (Tamanai-Shacoori et al., 2017). However, despite its
positive effects, the excessive activity of Roseburia faecis at the disadvantage of other species
could be detrimental for other host’s microbiota members. Indeed, higher levels of Roseburia
faecis may result in decreased microbial diversity, highlighting a lower richness in MS patients.
Its hyperproliferation could also result in limited nutrients for other bacterial species and due
to its abnormal activation, perceived as a threat trigger the immune system. In addition,
Roseburia faecis is responsible for the production of the butyrate, a SCFA with anti-
inflammatory properties, beneficial for the gut’s host. However, a study by Ploger et al
described that chronic high levels of butyrate cause a decrease of the intestinal pH in

ruminants, resulting in alterations of the epithelium composition and barrier structure,

leading to the development of pathological conditions. Based on this, we can assume that an
increased activity of Roseburia faecis in MS patients, may result in excessive butyrate
production, which might become harmful and lead to the establishment of pathological states
(Ploger et al., 2012). Moreover, Roseburia faecis, upon activation, produces high levels of
lactate, that is an intermediate of butyrate. This compound resulted to be very high in MS
patients (Bhargava and Anthony, 2020). Thus, we can hypothesise that increased Roseburia
faecis activity might drive higher levels of this metabolite in MS patients.

Prevotella copri, was present only among the five most active species in MS patients, with a
high percentage (26.45%). Different studies revealed that this specific bacterium is responsible
for an increase of pro-inflammatory cytokines, which may explain its elevated activity in MS
patients (Scher et al., 2013). However, statistical analysis did not reveal significant differences
in Prevotella copri activation between HC and MS.

Bacteroides uniformis was detected among the five most active species of HC and a
comparison between HC and MS of its activity levels revealed that this bacterium was more
active in HC. Indeed, a specific strain, Bacteroides uniformis CECT 7771, is known to have
probiotic functions. It reduces acyl carrier protein expression, a fundamental component
required for LPS biosynthesis (Galloway and Raetz, 1990; Masoudi et al., 2014). In this way, it
can inhibit LPS formation along with the consequent expression of pro-inflammatory cytokines
(Wang et al., 2021). Based on our results, Table 3. summarizes all the EVs parameters that
should be up or down expressed in MS patients.

On the other hand, the analysis of multiple eukaryotic surface markers of gut-derived EVs have

a high diagnostic potential because of the advantage of the simultaneous profiling of several
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EVs subpopulations. The flow cytometry analysis demonstrated that four markers (ROR1,
CD44, CD24 and CD40) were downregulated in MS patients compared to HC (Figure 24 A-D)
CD24 is a marker of T and B cells, and our results suggest that MS patients might have a less
production of this type of eEVs or a less expression of this marker per single eEVs. On the other
side, CD40 is a marker of APCs like B cells and DCs, and also this marker resulted down
modulated in MS patients.

CD24 is expressed on hematopoietic cells, including B cells, T cells, neutrophils, eosinophils
and DCs, and different immunological functions for CD24 have been reported. While CD24
expressed in B and T cells is associated with their expansion, interestingly, on DCs, CD24 is a
negative regulator for T-cell homeostatic proliferation (Fang et al.,, 2010). It has been

demonstrated that CD24 has a detrimental role also in the Treg function. Indeed, Treg derived

from CD24 knock-out mice has an increase in suppression activity compared to wild-type
groups (Shi et al., 2022). These data are in contrast with our results, indeed, a downregulation
of CD24 could be ascribed to an increase of Treg activity usually absent in MS patients. One
possible explanation is that CD24 down-modulation on EVs does not reflect fewer molecules
on the surface of EVs but rather reflects fewer Tregs that secrete CD24 EVs into the intestinal
lumen. This is in line with the data describing the presence of autoreactive T cells and Tregs in
the GALT of mice with EAE where it was observed that a reduced number of Tregs impaired
the remission phase of the disease (Kadowaki et al., 2016; Ochoa-Reparaz et al., 2016).

The APCs have a detrimental role in maintaining the immune tolerance that is fundamental to
avoid immune response against self-antigen. When this mechanism fails, there is the onset of
the ADs such as MS. Thus, the downregulation of CD40 and CD24 in our data might be
explained by an impairment of immune tolerance. Indeed, CD40 can be expressed in
regulatory DCs (regDCs) which are specialized cells involved in the tolerogenic activity inducing
the production of the anti-inflammatory cytokines IL-10 (Dawicki et al., 2021). On the contrary,
there are evidence suggesting that CD40 may also play a role in promoting the proliferation of
Th1 and B cells (Ma and Clark, 2009). In line with this and since CD40-derived EVs can interact
with CD40L positive cells, we can speculate these eEVs can mask the CD40L on T cells in the
intestinal tissue, reducing their activation. Thus, MS patients might have more CD40L positive
cells able to interact with CD40 on APC cells, increasing their activation state and leading to
the disease. As long as there are conflicting data on the function of CD40 in the literature, and

there are no studies about CD40-derived EVs in stool samples, further experiments are needed
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in order to better elucidate the specific role of these eEVs in the MS. CD44 is a cell adhesion
protein involved in regulating cell migration and immune response. Previous studies have
suggested that CD44 may play a role in the migration of T lymphocytes across the blood-brain
barrier, a critical process in the pathogenesis of MS. Consequently, the reduction of CD44 in
gut-derived EVs could indicate a disruption in T lymphocyte migration to the CNS, potentially
affecting the neurogenic inflammation characteristic of MS (Dzwonek and Wilczynski, 2015).
Additionally, elevated concentrations of CD44 have been observed in astrocytic plagues of MS
patients, further emphasizing that CD44 is more highly expressed at the disease site than in
the periphery (Girgrah et al., 1991).

Although the brain and gut are anatomically distant, they can influence each other through

the gut-brain axis. EVs may travel between the CNS and the gut in both directions. Our

hypothesis is that, through this axis, CD44* EVs originating in the gut may migrate to the brain,
exacerbating the disease, which could explain the observed decrease of CD44* EVs in the gut
of MS patients.

Finally, ROR1 is a receptor tyrosine kinase that serves as a Wnt5a receptor and is widely
expressed in embryonic development and multiple human cancers: in particular; ROR1 has
been identified as a signature gene in B-cell chronic lymphocytic leukemia (B-CLL)
(Balakrishnan et al., 2017). Interestingly, active ROR1 signaling leads to the activation of NF-
Kb, that once activated, leads to the transcription of genes that promote T cell survival and
proliferation. Moreover, the NF-kB pathway has paradoxical roles in the regulation of
autoimmunity and inflammation: particularly, NF-kB is crucial for induction of immune
tolerance, and impairment of the NF-kB pathway is associated with defects in central
tolerance. In addition, Treg function is maintained by NF-kB, confirming a role of NF-kB also in
peripheral tolerance maintenance (Barnabei et al., 2021). According to these data, we can
speculate a possible role of ROR1on EVs in MS because of its implication in NF-kB pathway
activation related to tolerance. This can be confirmed by our results from flow cytometry
where we assessed a significantly lower amount of ROR1 in eEVs of MS patients compared to
HC, but further evidence is necessary to have an overwhelming proof of ROR1 importance in
development of MS.

In conclusion, these findings on eEVs together with the ones of bEVs, might contribute to
creating a specific MS EVs fingerprint. By evaluating gut-derived EVs, we were able to find

different EVs that can be suggested as diagnostic biomarkers in the identification of this
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complex disease.
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Concluding remarks

This thesis provides novel insights into the potential of both eukaryotic and prokaryotic EVs as
disease-specific signatures, highlighting their role in early diagnosis, disease progression
monitoring, and the personalization of therapeutic strategies. The lack of accessible and
reliable biomarkers remains one of the most significant challenges in precision medicine, and
the delay in identifying the right drug contributes to disease progression and the occurrence

of severe, often irreversible, damage.

The findings obtained in the context of the SARS-CoV-2 pandemic, as well as in patients later
affected by PASC, emphasize the importance of EVs and the adaptive immune system in
shaping new diagnostic and therapeutic perspectives. PLT-EVs may serve as a potential
diagnostic/prognostic biomarker for disease severity and prognosis in critical COVID-19 cases,
highlighting the importance of monitoring these levels during ICU management. PASC patients
were characterized by enhanced levels of activated SARS-CoV-2 specific CD8+ T cells,
highlighting the constant activation of their T cells, resulting in the persistent symptoms of the
PASC syndrome. The identification of specific epitopes recognized by CD8+ T cells in SARS-
CoV-2, including immunodominant regions derived from viral protein, might allow the
development of new therapeutics that could be tailored to target these specific epitopes,

potentially alleviating persistent activation of CD8+ T cells.

However, these results also underscore the need for further cytomic studies to deepen our
understanding of T-cell involvement in the persistence of PASC symptoms. This is crucial for a
better comprehension of the immunological mechanisms underlying post-infectious
syndromes and the development of targeted interventions. Additionally, integrating multi-
omics approaches, such as metabolomics, would represent a critical step towards identifying
diagnostic, prognostic, and predictive biomarkers with unprecedented precision. These
combined strategies will not only enhance the scientific understanding of disease
pathogenesis but also facilitate the translation of research findings into practical applications

in precision medicine.
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Beyond the pandemic context, the exploration of EVs in non-communicable diseases, such as
MDD and MS, unveiled promising opportunities. The gut-brain axis emerges as a pivotal
element, with EVs of bacterial and eukaryotic released in the gut acting as potential mediators
of this intricate interaction. Our results showed disease-specific EV signatures that would offer
an innovative perspective to unravel the underlying dynamics of these disorders and to

develop more targeted therapeutic approaches.

A significant future direction involves improving EV detection techniques to enable rapid and
user-friendly diagnostics, suitable for routine clinical practice. The method of EV detection we
validated, starting from few pl fresh blood, could be easily implemented in hospitals as it
requires only a basic flow cytometer, a widely available and cost-effective instrument

commonly used in clinical laboratories.

Despite the significant findings present in this thesis, there are several limitations that must
be acknowledged. First, the small size of patient cohort; expanding the study cohort will be
necessary to validate the results obtained and ensure their applicability across different
populations. Secondly, the lack of information on EVs cargo limits a comprehensive

understanding of their functional role in disease pathogenesis.

Looking ahead, further research in this field should be focused on integrating multi-omics
approaches, including in the study transcriptomics and metabolomics, in order to have a
complete overview of the EVs role in different diseases and have more specific and sensitive
biomarkers. Another important future direction will be conducting functional assays to
evaluate the biological effects and test toxicity and immunomodulatory properties of these
EVs. These studies would be crucial in determining whether EVs can be safely and effectively
employed, being diagnostic/prognostic biomarkers, as therapeutic agents, in order to develop

new personalized EVs driven medicine that will greatly improve patients’ outcomes.

In conclusion, the insights gained from this thesis constitute a critical foundation for

harnessing the full potential of EVs as indispensable tools in modern medicine.

124



References

Adamo, S., Michler, J., Zurbuchen, Y., Cervia, C., Taeschler, P., Raeber, M.E., Baghai Sain, S., Nilsson, J.,
Moor, A.E., Boyman, O., 2022. Signature of long-lived memory CD8+ T cells in acute SARS-CoV-2
infection. Nature 602, 148-155. https://doi.org/10.1038/s41586-021-04280-x

Agus, A., Planchais, J., Sokol, H., 2018. Gut Microbiota Regulation of Tryptophan Metabolism in Health
and Disease. Cell Host Microbe 23, 716—724. https://doi.org/10.1016/j.chom.2018.05.003

Akhondzadeh, S., Jafari, S., Raisi, F., Nasehi, A.A., Ghoreishi, A., Salehi, B., Mohebbi-Rasa, S., Raznahan,
M., Kamalipour, A., 2009. Clinical trial of adjunctive celecoxib treatment in patients with major
depression: a double blind and placebo controlled trial. Depress. Anxiety 26, 607-611.
https://doi.org/10.1002/da.20589

Alfredsson, L., Olsson, T., 2019. Lifestyle and Environmental Factors in Multiple Sclerosis. Cold Spring
Harb. Perspect. Med. 9, a028944. https://doi.org/10.1101/cshperspect.a028944

Alharbi, F.M., 2015. Update in vitamin D and multiple sclerosis. Neurosciences 20, 329-335.
https://doi.org/10.17712/nsj.2015.4.20150357

Alsalman, A., Al-Mterin, M.A., Elkord, E., 2022. Role of T Regulatory Cells and Myeloid-Derived
Suppressor Cells in COVID-19. J. Immunol. Res. 2022, 5545319. https://doi.org/10.1155/2022/5545319

Amara, R.R., 2009. Methods for quantitating antigen-specific T cell responses using functional assays
in rhesus macaques. Methods Mol. Biol. Clifton NJ 485, 417-424. https://doi.org/10.1007/978-1-
59745-170-3_28

Andrade, B.S., Siqueira, S., de Assis Soares, W.R., de Souza Rangel, F., Santos, N.O., Dos Santos Freitas,
A., Ribeiro da Silveira, P., Tiwari, S., Alzahrani, K.J., Gées-Neto, A., Azevedo, V., Ghosh, P., Barh, D.,
2021. Long-covid and post-covid health complications: An up-to-date review on clinical conditions and
their possible molecular mechanisms. Viruses 13. https://doi.org/10.3390/v13040700

Ansari, M.A,, Singh, V.V., Dutta, S., Veettil, M.V., Dutta, D., Chikoti, L., Lu, J., Everly, D., Chandran, B.,
2013. Constitutive Interferon-Inducible Protein 16-Inflammasome Activation during Epstein-Barr Virus
Latency |, Il, and Ill in B and Epithelial Cells. J. Virol. 87, 8606—8623. https://doi.org/10.1128/JV1.00805-
13

Arinami, H., Watanabe, Y., Suzuki, Y., Tajiri, M., Tsuneyama, N., Someya, T., 2023. Serum cortisol and
insulin-like growth factor 1 levels in major depressive disorder and schizophrenia. Sci. Rep. 13, 1148.
https://doi.org/10.1038/s41598-023-28449-8

Asselah, T., Durantel, D., Pasmant, E., Lau, G., Schinazi, R.F., 2021. COVID-19: Discovery, diagnostics
and drug development. J. Hepatol. 74, 168—184. https://doi.org/10.1016/j.jhep.2020.09.031

Azizi, S.A., 2022. Monoamines: Dopamine, Norepinephrine, and Serotonin, Beyond Modulation,
“Switches” That Alter the State of Target Networks. Neurosci. Rev. J. Bringing Neurobiol. Neurol.
Psychiatry 28, 121-143. https://doi.org/10.1177/1073858420974336

Bai, Z., Cao, Y., Liu, W., Li, J., 2021. The SARS-CoV-2 Nucleocapsid Protein and Its Role in Viral Structure,
Biological Functions, and a Potential Target for Drug or Vaccine Mitigation. Viruses 13, 1115.
https://doi.org/10.3390/v13061115

Bak, A., Mugglestone, M.A., Ratnaraja, N.V., Wilson, J.A., Rivett, L., Stoneham, S.M., Bostock, J., Moses,
S.E., Price, J.R., Weinbren, M., Loveday, H.P., Islam, J., Wilson, A.P.R., 2021. SARS-CoV-2 routes of

125



transmission and recommendations for preventing acquisition: joint British Infection Association (BIA),
Healthcare Infection Society (HIS), Infection Prevention Society (IPS) and Royal College of Pathologists
(RCPath) guidance. J. Hosp. Infect. 114, 79-103. https://doi.org/10.1016/j.jhin.2021.04.027

Balakrishnan, A., Goodpaster, T., Randolph-Habecker, J., Hoffstrom, B.G., Jalikis, F.G., Koch, LK.,
Berger, C., Kosasih, P.L., Rajan, A., Sommermeyer, D., Porter, P.L., Riddell, S.R., 2017. Analysis of ROR1
protein expression in human cancer and normal tissues. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res.
23, 3061-3071. https://doi.org/10.1158/1078-0432.CCR-16-2083

Bannister, B.A., 1988. Post-infectious disease syndrome. Postgrad. Med. J. 64, 559-567.
https://doi.org/10.1136/pgm|.64.753.559

Barnabei, L., Laplantine, E., Mbongo, W., Rieux-Laucat, F., Weil, R., 2021. NF-kB: At the Borders of
Autoimmunity and Inflammation. Front. Immunol. 12, 716469.
https://doi.org/10.3389/fimmu.2021.716469

Barranco, I., Padilla, L., Parrilla, 1., Alvarez-Barrientos, A., Pérez-Patifio, C., Pefia, F.J., Martinez, E.A.,
Rodriguez-Martinez, H., Roca, J., 2019. Extracellular vesicles isolated from porcine seminal plasma
exhibit different tetraspanin expression profiles. Sci. Rep. 9, 11584. https://doi.org/10.1038/s41598-
019-48095-3

Battaglini, D., Lopes-Pacheco, M., Castro-Faria-Neto, H.C., Pelosi, P., Rocco, P.R.M., 2022. Laboratory
Biomarkers for  Diagnosis and Prognosis in  COVID-19. Front. Immunol. 13.
https://doi.org/10.3389/fimmu.2022.857573

Bellan, M., Baricich, A., Patrucco, F., Zeppegno, P., Gramaglia, C., Balbo, P.E., Carriero, A., Amico, C.S.,
Avanzi, G.C., Barini, M., Battaglia, M., Bor, S., Cantaluppi, V., Cappellano, G., Ceruti, F., Chiocchetti, A.,
Clivati, E., Giordano, M., Cuneo, D., Gambaro, E., Gattoni, E., Loro, A., Manfredi, M., Morosini, U.,
Murano, F., Paracchini, E., Patti, G., Pinato, D.J., Raineri, D., Rolla, R., Sainaghi, P.P., Tricca, S., Pirisi, M.,
2021. Long-term sequelae are highly prevalent one year after hospitalization for severe COVID-19. Sci.
Rep. 11. https://doi.org/10.1038/s41598-021-01215-4

Berthold-Losleben, M., Himmerich, H., 2008. The TNF-a System: Functional Aspects in Depression,
Narcolepsy and Psychopharmacology. Curr. Neuropharmacol. 6, 193-202.
https://doi.org/10.2174/157015908785777238

Bestetti, R.B., Furlan-Daniel, R., Silva, V.M.R., 2021. Pharmacological Treatment of Patients with Mild
to Moderate COVID-19: A Comprehensive Review. Int. J. Environ. Res. Public. Health 18, 7212.
https://doi.org/10.3390/ijerph18137212

Beurel, E., Toups, M., Nemeroff, C.B., 2020. The Bidirectional Relationship of Depression and
Inflammation: Double Trouble. Neuron 107, 234-256. https://doi.org/10.1016/j.neuron.2020.06.002

Bhargava, P., Anthony, D.C., 2020. Metabolomics in multiple sclerosis disease course and progression.
Mult. Scler. J. 26, 591-598. https://doi.org/10.1177/1352458519876020

Boechat, J.L., Chora, I., Morais, A., Delgado, L., 2021. The immune response to SARS-CoV-2 and COVID-
19 immunopathology - Current perspectives. Pulmonology 27, 423-437.
https://doi.org/10.1016/j.pulmoe.2021.03.008

Boku, S., Nakagawa, S., Toda, H., Hishimoto, A., 2018. Neural basis of major depressive disorder:
Beyond monoamine hypothesis. Psychiatry Clin. Neurosci. 72, 3-12.
https://doi.org/10.1111/pcn.12604

126



Boukouris, S., Mathivanan, S., 2015. Exosomes in bodily fluids are a highly stable resource of disease
biomarkers. PROTEOMICS — Clin. Appl. 9, 358-367. https://doi.org/10.1002/prca.201400114

Bresciani, G., Manai, F., Davinelli, S., Tucci, P., Saso, L., Amadio, M., 2023. Novel potential
pharmacological applications of dimethyl fumarate—an overview and update. Front. Pharmacol. 14.
https://doi.org/10.3389/fphar.2023.1264842

Brodin, P., Casari, G., Townsend, L., O’Farrelly, C., Tancevski, |., Loffler-Ragg, J., Mogensen, T.H.,
Casanova, J.L., Abel, L., Aiuti, A., Al-Muhsen, S., Al-Mulla, F., Anderson, M.S., Andreakos, E., Arias, A.A.,
Feldman, H.B., Belot, A., Biggs, C.M., Bogunovic, D., Bolze, A., Bondarenko, A., Bousfiha, A.A., Bryceson,
Y., Bustamante, C.D., Butte, M.J., Christodoulou, J., Condino-Neto, A., Constantinescu, S.N., Cooper,
M.A., Dalgard, C.L., Desai, M., Drolet, B.A., Baghdadi, J.E., Espinosa-Padilla, S., Fellay, J., Flores, C.,,
Franco, J.L., Froidure, A., Gregersen, P.K., Grimbacher, B., Haerynck, F., Hagin, D., Halwani, R.,
Hammarstrém, L., Heath, J.R., Henrickson, S.E., Hsieh, E.W.Y., Husebye, E., Imai, K., Itan, Y., Jarvis, E.D.,
Karamitros, T., Kisand, K., Ku, C.L., Lau, Y.L, Ling, Y., Lucas, C.L., Maniatis, T., Mansouri, D., Mardédi, L.,
Meyts, |., Milner, J.D., Mironska, K., Morio, T., Ng, L.F.P., Novelli, A., Novelli, G., Okada, S., Okamoto,
K., Ozcelik, T., Pan-Hammarstrom, Q., Pape, J.W., de Diego, R.P., Perlin, D.S., Pesole, G., Planas, A.M.,
Prando, C., Pujol, A., Quintana-Murci, L., Ramaswamy, S., Renia, L., Resnick, I., Rodriguez-Gallego, C.,
Sancho-Shimizu, V., Sediva, A., Seppanen, M.R.J., Shahrooei, M., Shcherbina, A., Slaby, O., Snow, A.L,,
Soler-Palacin, P., Spaan, A.N., Tangye, S.G., Tayoun, A.A., Turvey, S.E., Uddin, K.M.F., Uddin, M.J., van
de Beek, D., Vinh, D.C., von Bernuth, H., Wauters, J., Zatz, M., Zawadzki, P., 2022. Studying severe long
COVID to understand post-infectious disorders beyond COVID-19. Nat. Med. 28, 879-882.
https://doi.org/10.1038/s41591-022-01766-7

Bymaster, F.P., Dreshfield-Ahmad, L.J., Threlkeld, P.G., Shaw, J.L., Thompson, L., Nelson, D.L., Hemrick-
Luecke, S.K., Wong, D.T., 2001. Comparative Affinity of Duloxetine and Venlafaxine for Serotonin and
Norepinephrine Transporters in vitro and in vivo, Human Serotonin Receptor Subtypes, and Other
Neuronal Receptors. Neuropsychopharmacology 25, 871-880. https://doi.org/10.1016/S0893-
133X(01)00298-6

CALUGARU, L., CALUGARU, G.T., CALUGARU, 0O.M., 2016. Evoked Potentials in Multiple Sclerosis
Diagnosis and Management. Curr. Health Sci. J. 42, 385—-389. https://doi.org/10.12865/CHSJ.42.04.08

Camilleri, M., Vella, A., 2022. “What to do about the leaky gut.” Gut 71, 424-435.
https://doi.org/10.1136/gutjnl-2021-325428

Cappellano, G., Raineri, D., Rolla, R., Giordano, M., Puricelli, C., Vilardo, B., Manfredi, M., Cantaluppi,
V., Sainaghi, P.P., Castello, L., De Vita, N., Scotti, L., Vaschetto, R., Dianzani, U., Chiocchetti, A., 2021.
Circulating Platelet-Derived Extracellular Vesicles Are a Hallmark of Sars-Cov-2 Infection. Cells 10, 1-
10. https://doi.org/10.3390/cells10010085

Carabotti, M., Scirocco, A., Maselli, M.A., Severi, C., 2015. The gut-brain axis: interactions between
enteric microbiota, central and enteric nervous systems. Ann. Gastroenterol. Q. Publ. Hell. Soc.
Gastroenterol. 28, 203—-209.

Caserta, S., Kern, F., Cohen, J., Drage, S., Newbury, S.F., Llewelyn, M.J., 2016. Circulating Plasma
microRNAs can differentiate Human Sepsis and Systemic Inflammatory Response Syndrome (SIRS). Sci.
Rep. 6, 28006. https://doi.org/10.1038/srep28006

Chaudhry, T.S., Senapati, S.G., Gadam, S., Mannam, H.P.S.S., Voruganti, H.V., Abbasi, Z., Abhinav, T.,
Challa, A.B., Pallipamu, N., Bheemisetty, N., Arunachalam, S.P., 2023. The Impact of Microbiota on the

127



Gut—Brain Axis: Examining the Complex Interplay and Implications. J. Clin. Med. 12, 5231.
https://doi.org/10.3390/jcm12165231

Chen, C.-Y., Yeh, Y.-W., Kuo, S.-C., Liang, C.-S., Ho, P.-S., Huang, C.-C,, Yen, C.-H., Shyu, J.-F., Lu, R.-B,,
Huang, S.-Y., 2018. Differences in immunomodulatory properties between venlafaxine and paroxetine
in patients with major depressive disorder. Psychoneuroendocrinology 87, 108-118.
https://doi.org/10.1016/j.psyneuen.2017.10.009

Chen, J., Chia, N., Kalari, K.R., Yao, J.Z., Novotna, M., Paz Soldan, M.M., Luckey, D.H., Marietta, E.V.,
Jeraldo, P.R., Chen, X., Weinshenker, B.G., Rodriguez, M., Kantarci, O.H., Nelson, H., Murray, J.A,,
Mangalam, A.K., 2016. Multiple sclerosis patients have a distinct gut microbiota compared to healthy
controls. Sci. Rep. 6, 28484. https://doi.org/10.1038/srep28484

Chen, Z., John Wherry, E., 2020a. T cell responses in patients with COVID-19. Nat. Rev. Immunol. 20,
529-536. https://doi.org/10.1038/s41577-020-0402-6

Chen, Z., John Wherry, E., 2020b. T cell responses in patients with COVID-19. Nat. Rev. Immunol. 20,
529-536. https://doi.org/10.1038/s41577-020-0402-6

Chen, Z., Larregina, A.T., Morelli, A.E., 2019. Impact of extracellular vesicles on innate immunity. Curr.
Opin. Organ Transplant. 24, 670-678. https://doi.org/10.1097/MOT.0000000000000701

Cheon, 1.S,, Li, C., Son, Y.M., Goplen, N.P., Wu, Y., Cassmann, T., Wang, Z., Wei, X., Tang, J., Li, Y.,
Marlow, H., Hughes, S., Hammel, L, Cox, T.M., Goddery, E., Ayasoufi, K., Weiskopf, D.,
Boonyaratanakornkit, J., Dong, H., Li, H., Chakraborty, R., Johnson, A.J., Edell, E., Taylor, J.J., Kaplan,
M.H., Sette, A., Bartholmai, B.J., Kern, R., Vassallo, R., Sun, J., 2021. Immune signatures underlying post-
acute COVID-19 lung sequelae. Sci. Immunol. 6, eabk1741.
https://doi.org/10.1126/sciimmunol.abk1741

Chirita, A.L., Gheorman, V., Bondari, D., Rogoveanu, |., n.d. Current understanding of the neurobiology
of major depressive disorder.

Cohan, S.L., Hendin, B.A., Reder, A.T., Smoot, K., Avila, R., Mendoza, J.P., Weinstock-Guttman, B., 2021.
Interferons and Multiple Sclerosis: Lessons from 25 Years of Clinical and Real-World Experience with
Intramuscular Interferon Beta-1a (Avonex). CNS Drugs 35, 743—767. https://doi.org/10.1007/s40263-
021-00822-z

Colle, R., Masson, P., Verstuyft, C., Féve, B., Werner, E., Boursier-Neyret, C., Walther, B., David, D.J.,
Boniface, B., Falissard, B., Chanson, P., Corruble, E., Becquemont, L., 2020. Peripheral tryptophan,
serotonin, kynurenine, and their metabolites in major depression: A case—control study. Psychiatry
Clin. Neurosci. 74, 112-117. https://doi.org/10.1111/pcn.12944

Combes, V., Taylor, T.E., Juhan-Vague, |., Mege, J.-L., Mwenechanya, J., Tembo, M., Grau, G.E,,
Molyneux, M.E., 2004. Circulating Endothelial Microparticles in Malawian Children With Severe
Falciparum Malaria Complicated With Coma. JAMA 291, 2542-2544,
https://doi.org/10.1001/jama.291.21.2542-b

Covington, H.E., Vialou, V.F., LaPlant, Q., Ohnishi, Y.N., Nestler, E.J., 2011. Hippocampal-dependent
antidepressant-like activity of histone deacetylase inhibition. Neurosci. Lett. 493, 122-126.
https://doi.org/10.1016/j.neulet.2011.02.022

128



Cui, L., Li, S., Wang, S., Wu, X,, Liu, Y., Yu, W., Wang, Y., Tang, Y., Xia, M., Li, B., 2024. Major depressive
disorder: hypothesis, mechanism, prevention and treatment. Signal Transduct. Target. Ther. 9, 1-32.
https://doi.org/10.1038/s41392-024-01738-y

Dai, J., Wang, Yibo, Wang, Hongrui, Gao, Z., Wang, Ying, Fang, M., Shi, S., Zhang, P., Wang, Hua, Su, Y.,
Yang, M., 2022. Toll-Like Receptor Signaling in Severe Acute Respiratory Syndrome Coronavirus 2-
Induced Innate Immune Responses and the Potential Application Value of Toll-Like Receptor
Immunomodulators in Patients With Coronavirus Disease 2019. Front. Microbiol. 13.
https://doi.org/10.3389/fmicb.2022.948770

Das, T.K., Ganesh, B.P., n.d. Interlink between the gut microbiota and inflammation in the context of
oxidative stress in Alzheimer’s disease progression. Gut Microbes 15, 2206504.
https://doi.org/10.1080/19490976.2023.2206504

Dauros Singorenko, P., Chang, V., Whitcombe, A., Simonov, D., Hong, J., Phillips, A., Swift, S., Blenkiron,
C., 2017. Isolation of membrane vesicles from prokaryotes: a technical and biological comparison
reveals heterogeneity. J. Extracell. Vesicles 6, 1324731.
https://doi.org/10.1080/20013078.2017.1324731

Dawicki, W., Huang, H., Ma, Y., Town, J., Zhang, X., Rudulier, C.D., Gordon, J.R., 2021. CD40 signaling
augments IL-10 expression and the tolerogenicity of IL-10-induced regulatory dendritic cells. PLoS ONE
16, e0248290. https://doi.org/10.1371/journal.pone.0248290

Dean, S.N., Rimmer, M.A., Turner, K.B., Phillips, D.A., Caruana, J.C., Hervey, W.J., Leary, D.H., Walper,
S.A., 2020. Lactobacillus acidophilus Membrane Vesicles as a Vehicle of Bacteriocin Delivery. Front.
Microbiol. 11. https://doi.org/10.3389/fmicb.2020.00710

Deisenhammer, F., Zetterberg, H., Fitzner, B., Zettl, U.K., 2019. The Cerebrospinal Fluid in Multiple
Sclerosis. Front. Immunol. 10. https://doi.org/10.3389/fimmu.2019.00726

Diaz-Garrido, N., Badia, J., Baldoma, L., 2021. Microbiota-derived extracellular vesicles in interkingdom
communication in the gut. J. Extracell. Vesicles 10, e12161. https://doi.org/10.1002/jev2.12161

Dimuccio, V., Bellucci, L., Genta, M., Grange, C., Brizzi, M.F., Gili, M., Gallo, S., Centomo, M.L., Collino,
F., Bussolati, B., 2022. Upregulation of miR145 and miR126 in EVs from Renal Cells Undergoing EMT
and Urine of Diabetic Nephropathy Patients. Int. J. Mol. Sci. 23, 12098.
https://doi.org/10.3390/ijms232012098

Doyle, L.M., Wang, M.Z., 2019. Overview of Extracellular Vesicles, Their Origin, Composition, Purpose,
and Methods for Exosome Isolation and Analysis. Cells 8, 727. https://doi.org/10.3390/cells8070727

Duncan, J.K.S., Xu, D., Licursi, M., Joyce, M.A., Saffran, H.A., Liu, K., Gohda, J., Tyrrell, D.L., Kawaguchi,
Y., Hirasawa, K., 2023. Interferon regulatory factor 3 mediates effective antiviral responses to human
coronavirus 229E and 0C43 infection. Front. Immunol. 14.
https://doi.org/10.3389/fimmu.2023.930086

Dzwonek, J., Wilczynski, G.M., 2015. CD44: molecular interactions, signaling and functions in the
nervous system. Front. Cell. Neurosci. 9, 175. https://doi.org/10.3389/fncel.2015.00175

Eckhardt, C.M., Baccarelli, A.A., Wu, H., 2022. Environmental Exposures and Extracellular Vesicles:
Indicators of Systemic Effects and Human Disease. Curr. Environ. Health Rep. 9, 465-476.
https://doi.org/10.1007/s40572-022-00357-5

129



Elmi, A., Nasher, F., Jagatia, H., Gundogdu, O., Bajaj-Elliott, M., Wren, B., Dorrell, N., 2016.
Campylobacter jejuni outer membrane vesicle-associated proteolytic activity promotes bacterial
invasion by mediating cleavage of intestinal epithelial cell E-cadherin and occludin. Cell. Microbiol. 18,
561-572. https://doi.org/10.1111/cmi.12534

Endicott, J., Nee, J., Harrison, W., Blumenthal, R., 1993. Quality of Life Enjoyment and Satisfaction
Questionnaire: a new measure. Psychopharmacol. Bull. 29, 321-326.

Fanelli, D., Weller, G., Liu, H., 2021. New Serotonin-Norepinephrine Reuptake Inhibitors and Their
Anesthetic and Analgesic Considerations. Neurol. Int. 13, 497-509.
https://doi.org/10.3390/neurolint13040049

Fang, X., Zheng, P., Tang, J., Liu, Y., 2010. CD24: from A to Z. Cell. Mol. Immunol. 7, 100-103.
https://doi.org/10.1038/cmi.2009.119

Fathizadeh, H., Afshar, S., Masoudi, M.R., Gholizadeh, P., Asgharzadeh, M., Ganbarov, K., Kése, S.,
Yousefi, M., Kafil, H.S., 2021. SARS-CoV-2 (Covid-19) vaccines structure, mechanisms and effectiveness:
A review. Int. J. Biol. Macromol. 188, 740-750. https://doi.org/10.1016/j.ijbiomac.2021.08.076

Fava, M., Kendler, K.S., 2000. Major Depressive Disorder. Neuron 28, 335-341.
https://doi.org/10.1016/5S0896-6273(00)00112-4

Feng, Z., Hensley, L., McKnight, K.L., Hu, F., Madden, V., Ping, L., Jeong, S.-H., Walker, C., Lanford, R.E.,
Lemon, S.M., 2013. A pathogenic picornavirus acquires an envelope by hijacking cellular membranes.
Nature 496, 367—371. https://doi.org/10.1038/nature12029

Ferre, L., Filippi, M., Esposito, F., 2020. Involvement of Genetic Factors in Multiple Sclerosis. Front. Cell.
Neurosci. 14. https://doi.org/10.3389/fncel.2020.612953

Filaretova, L., Bagaeva, T., 2016. The Realization of the Brain-Gut Interactions with Corticotropin-
Releasing Factor and Glucocorticoids. Curr. Neuropharmacol. 14, 876-881.
https://doi.org/10.2174/1570159X14666160614094234

Fornaro, M., Rocchi, G., Escelsior, A., Contini, P., Martino, M., 2013. Might different cytokine trends in
depressed patients receiving duloxetine indicate differential biological backgrounds. J. Affect. Disord.
145, 300-307. https://doi.org/10.1016/j.jad.2012.08.007

Fox, E.J., 2004. Mechanism of action of mitoxantrone. Neurology 63, S15-S18.
https://doi.org/10.1212/WNL.63.12_suppl_6.515

Fusco, W., Lorenzo, M.B., Cintoni, M., Porcari, S., Rinninella, E., Kaitsas, F., Lener, E., Mele, M.C,,
Gasbarrini, A., Collado, M.C., Cammarota, G., laniro, G., 2023. Short-Chain Fatty-Acid-Producing
Bacteria: Key Components of the Human Gut Microbiota. Nutrients 15, 2211.
https://doi.org/10.3390/nu15092211

Gaebler, C., Wang, Z., Lorenzi, J.C.C., Muecksch, F., Finkin, S., Tokuyama, M., Cho, A., Jankovic, M.,
Schaefer-Babajew, D., Oliveira, T.Y., Cipolla, M., Viant, C., Barnes, C.O., Bram, Y., Breton, G., Hagglof,
T., Mendoza, P., Hurley, A., Turroja, M., Gordon, K., Millard, K.G., Ramos, V., Schmidt, F., Weisblum, Y.,
Jha, D., Tankelevich, M., Martinez-Delgado, G., Yee, J., Patel, R., Dizon, J., Unson-O’Brien, C,,
Shimeliovich, I., Robbiani, D.F., Zhao, Z., Gazumyan, A., Schwartz, R.E., Hatziioannou, T., Bjorkman, P.J.,
Mehandru, S., Bieniasz, P.D., Caskey, M., Nussenzweig, M.C., 2021. Evolution of antibody immunity to
SARS-CoV-2. Nature 591, 639—-644. https://doi.org/10.1038/s41586-021-03207-w

130



Gatecki, P., Szemraj, J., Bieikiewicz, M., Florkowski, A., Gatecka, E., 2009. Lipid peroxidation and
antioxidant protection in patients during acute depressive episodes and in remission after fluoxetine
treatment. Pharmacol. Rep. 61, 436—447. https://doi.org/10.1016/51734-1140(09)70084-2

Galloway, S.M., Raetz, C.R., 1990. A mutant of Escherichia coli defective in the first step of endotoxin
biosynthesis. J. Biol. Chem. 265, 6394—6402. https://doi.org/10.1016/50021-9258(19)39339-1

Ganguly, D., Haak, S., Sisirak, V., Reizis, B., 2013. The role of dendritic cells in autoimmunity. Nat. Rev.
Immunol. 13, 566-577. https://doi.org/10.1038/nri3477

Gao, K., Mu, C.-L., Farzi, A., Zhu, W.-Y., 2020. Tryptophan Metabolism: A Link Between the Gut
Microbiota and Brain. Adv. Nutr. Bethesda Md 11, 709-723. https://doi.org/10.1093/advances/nmz127

Gao, M., Wang, J., Liu, P., Tu, H., Zhang, R., Zhang, Y., Sun, N., Zhang, K., 2023. Gut microbiota
composition in depressive disorder: a systematic review, meta-analysis, and meta-regression. Transl.
Psychiatry 13, 1-18. https://doi.org/10.1038/s41398-023-02670-5

Ge, Y., Sun, F., Zhao, B., Kong, F., Li, Z., Kong, X., 2023. Bacteria derived extracellular vesicles in the
pathogenesis and  treatment of  gastrointestinal tumours. Front. Oncol. 12.
https://doi.org/10.3389/fonc.2022.1103446

Giannessi, F., Aiello, A., Franchi, F., Percario, Z.A., Affabris, E., 2020. The Role of Extracellular Vesicles
as Allies of HIV, HCV and SARS Viruses. Viruses 12, 571. https://doi.org/10.3390/v12050571

Gillman, P.K., 2007. Tricyclic antidepressant pharmacology and therapeutic drug interactions updated.
Br. J. Pharmacol. 151, 737-748. https://doi.org/10.1038/sj.bjp.0707253

Girgrah, N., Letarte, M., Becker, L.E., Cruz, T.F., Theriault, E., Moscarello, M.A., 1991. Localization of
the CD44 glycoprotein to fibrous astrocytes in normal white matter and to reactive astrocytes in active
lesions in multiple  sclerosis. . Neuropathol. Exp. Neurol. 50, 779-792.
https://doi.org/10.1097/00005072-199111000-00009

Goéralczyk-Binkowska, A., Szmajda-Krygier, D., Koztowska, E., 2022. The Microbiota-Gut-Brain Axis in
Psychiatric Disorders. Int. J. Mol. Sci. 23, 11245. https://doi.org/10.3390/ijms231911245

Guo, L., Zhang, Q., Gu, X., Ren, L., Huang, T., Li, Y., Zhang, H., Liu, Y., Zhong, J., Wang, X., Chen, L., Zhang,
Y., Li, D., Fang, M., Xu, L., Li, Haibo, Wang, Z., Li, Hui, Bai, T., Liu, W., Peng, Y., Dong, T., Cao, B., Wang,
J., 2024. Durability and cross-reactive immune memory to SARS-CoV-2 in individuals 2 years after
recovery from COVID-19: a longitudinal cohort study. Lancet Microbe 5, e24—e33.
https://doi.org/10.1016/52666-5247(23)00255-0

Gusev, E., Sarapultsev, A., Solomatina, L., Chereshnev, V., 2022. SARS-CoV-2-Specific Immune
Response and the Pathogenesis of COVID-19. Int. J. Mol. Sci. 23, 1716.
https://doi.org/10.3390/ijms23031716

Han, X., Chen, Lu, Guo, L., Wu, L., Alwalid, O., Liu, J., Zheng, Y., Chen, Leqing, Wu, W., Li, H., Luo, Q.,
Zhao, H., Zhang, L., Bai, Y., Sun, B., Sun, T., Gui, Y., Nie, T., Chen, Lei, Yang, F., Fan, Y., Shi, H., Zheng, C.,
2024. Long-term Radiological and Pulmonary Function Abnormalities at 3-year post COVID-19
Hospitalization: A Longitudinal Cohort Study. Eur. Respir. J. https://doi.org/10.1183/13993003.01612-
2023

131



Handel, A.E., Williamson, A.J., Disanto, G., Dobson, R., Giovannoni, G., Ramagopalan, S.V., 2011.
Smoking and Multiple Sclerosis: An Updated Meta-Analysis. PLoS ONE 6, e16149.
https://doi.org/10.1371/journal.pone.0016149

Hannestad, J., DellaGioia, N., Bloch, M., 2011. The Effect of Antidepressant Medication Treatment on
Serum Levels of Inflammatory Cytokines: A Meta-Analysis. Neuropsychopharmacology 36, 2452—-2459.
https://doi.org/10.1038/npp.2011.132

Hao, Y., Wang, Y., Wang, M., Zhou, L., Shi, J., Cao, J., Wang, D., 2022. The origins of COVID-19 pandemic:
A brief overview. Transbound. Emerg. Dis. 10.1111/tbed.14732. https://doi.org/10.1111/tbed.14732

Harbo, H.F., Gold, R., Tintoré, M., 2013. Sex and gender issues in multiple sclerosis. Ther. Adv. Neurol.
Disord. 6, 237-248. https://doi.org/10.1177/1756285613488434

Harrison, A.G., Lin, T., Wang, P., 2020. Mechanisms of SARS-CoV-2 Transmission and Pathogenesis.
Trends Immunol. 41, 1100-1115. https://doi.org/10.1016/.it.2020.10.004

Hastie, C.E., Lowe, D.J., McAuley, A., Mills, N.L., Winter, A.J., Black, C., Scott, J.T., O’'Donnell, C.A., Blane,
D.N., Browne, S., Ibbotson, T.R., Pell, J.P., 2023. True prevalence of long-COVID in a nationwide,
population cohort study. Nat. Commun. 14, 10-15. https://doi.org/10.1038/s41467-023-43661-w

He, S., Su, L., Hu, H., Liu, H., Xiong, J., Gong, X., Chi, H., Wu, Q., Yang, G., 2024. Immunoregulatory
functions and therapeutic potential of natural killer cell-derived extracellular vesicles in chronic
diseases. Front. Immunol. 14. https://doi.org/10.3389/fimmu.2023.1328094

He, Y., Wang, K., Su, N., Yuan, C., Zhang, N., Hu, X,, Fu, Y., Zhao, F., 2024. Microbiota—gut—brain axis in
health and neurological disease: Interactions between gut microbiota and the nervous system. J. Cell.
Mol. Med. 28, €70099. https://doi.org/10.1111/jcmm.70099

Hedstrom, A.K., 2023. Risk factors for multiple sclerosis in the context of Epstein-Barr virus infection.
Front. Immunol. 14. https://doi.org/10.3389/fimmu.2023.1212676

Hemond, C.C., Bakshi, R., 2018. Magnetic Resonance Imaging in Multiple Sclerosis. Cold Spring Harb.
Perspect. Med. 8, a028969. https://doi.org/10.1101/cshperspect.a028969

Herr, N., Bode, C., Duerschmied, D., 2017. The Effects of Serotonin in Immune Cells. Front. Cardiovasc.
Med. 4, 48. https://doi.org/10.3389/fcvm.2017.00048

Hosseini-Giv, N., Basas, A., Hicks, C., EI-Omar, E., El-Assaad, F., Hosseini-Beheshti, E., 2022. Bacterial
extracellular vesicles and their novel therapeutic applications in health and cancer. Front. Cell. Infect.
Microbiol. 12. https://doi.org/10.3389/fcimb.2022.962216

Hsu, R.-J., Yu, W.-C., Peng, G.-R,, Ye, C.-H., Hu, S., Chong, P.C.T., Yap, K.Y., Lee, J.Y.C,, Lin, W.-C,, Yu, S.-
H., 2022. The Role of Cytokines and Chemokines in Severe Acute Respiratory Syndrome Coronavirus 2
Infections. Front. Immunol. 13. https://doi.org/10.3389/fimmu.2022.832394

Huang, Y., Yang, C., Xu, X., Xu, W,, Liu, S., 2020. Structural and functional properties of SARS-CoV-2
spike protein: potential antivirus drug development for COVID-19. Acta Pharmacol. Sin. 41, 1141-1149.
https://doi.org/10.1038/s41401-020-0485-4

IsHak, W.W., Collison, K., Danovitch, I., Shek, L., Kharazi, P., Kim, T., Jaffer, K.Y., Naghdechi, L., Lopez,
E., Nuckols, T., 2017. Screening for depression in hospitalized medical patients. J. Hosp. Med. 12, 118-
125. https://doi.org/10.12788/jhm.2693

132



Jacobsen, J.P.R., Medvedev, 1.0., Caron, M.G., 2012. The 5-HT deficiency theory of depression:
perspectives from a naturalistic 5-HT deficiency model, the tryptophan hydroxylase 2Arg439His
knockin mouse. Philos. Trans. R. Soc. B Biol. Sci. 367, 2444-2459,
https://doi.org/10.1098/rstb.2012.0109

Jamal, M., Shah, M., Almarzooq;i, S.H., Aber, H., Khawaja, S., El Abed, R., Alkhatib, Z., Samaranayake,
L.P., 2021. Overview of transnational recommendations for COVID-19 transmission control in dental
care settings. Oral Dis. 27, 655—664. https://doi.org/10.1111/0di.13431

Jandhyala, S.M., Talukdar, R., Subramanyam, C., Vuyyuru, H., Sasikala, M., Reddy, D.N., 2015. Role of
the normal gut microbiota. World J. Gastroenterol. WIJG 21, 8787-8803.
https://doi.org/10.3748/wjg.v21.i29.8787

Janetzki, S., 2015. Immune monitoring technology primer: the enzyme-linked immunospot (Elispot)
and Fluorospot assay. J. Immunother. Cancer 3, 30. https://doi.org/10.1186/s40425-015-0074-0

Jankovicova, J., Secova, P., Michalkova, K., Antalikova, J., 2020. Tetraspanins, More than Markers of
Extracellular Vesicles in Reproduction. Int. J. Mol. Sci. 21, 7568. https://doi.org/10.3390/ijms21207568

Jarjour, N.N., Masopust, D., Jameson, S.C., 2021. T Cell Memory: Understanding COVID-19. Immunity
54, 14-18. https://doi.org/10.1016/j.immuni.2020.12.009

Jarlhelt, 1., Nielsen, S.K., Jahn, C.X.H., Hansen, C.B., Pérez-Alds, L., Rosbjerg, A., Bayarri-Olmos, R.,
Skjoedt, M.-0., Garred, P., 2021. SARS-CoV-2 Antibodies Mediate Complement and Cellular Driven
Inflammation. Front. Immunol. 12. https://doi.org/10.3389/fimmu.2021.767981

Jiang, Y., Zou, D., Li, Y., Gu, S., Dong, J.,, Ma, X., Xu, S., Wang, F., Huang, J.H., 2022. Monoamine
Neurotransmitters Control Basic Emotions and Affect Major Depressive Disorders. Pharmaceuticals 15,
1203. https://doi.org/10.3390/ph15101203

Johanson, D.M., Goertz, J.E., Marin, I.A., Costello, J., Overall, C.C., Gaultier, A., 2020. Experimental
autoimmune encephalomyelitis is associated with changes of the microbiota composition in the
gastrointestinal tract. Sci. Rep. 10, 15183. https://doi.org/10.1038/s41598-020-72197-y

Jung, J.H., Rha, M.-S,, Sa, M., Choi, H.K., Jeon, J.H., Seok, H., Park, D.W., Park, S.-H., Jeong, H.W., Choi,
W.S., Shin, E.-C., 2021. SARS-CoV-2-specific T cell memory is sustained in COVID-19 convalescent
patients for 10 months with successful development of stem cell-like memory T cells. Nat. Commun.
12, 4043. https://doi.org/10.1038/s41467-021-24377-1

Kadowaki, A., Miyake, S., Saga, R., Chiba, A., Mochizuki, H., Yamamura, T., 2016. Gut environment-
induced intraepithelial autoreactive CD4+ T cells suppress central nervous system autoimmunity via
LAG-3. Nat. Commun. 7, 11639. https://doi.org/10.1038/ncomms11639

Kalluri, R., 2024. The biology and function of extracellular vesicles in immune response and immunity.
Immunity 57, 1752-1768. https://doi.org/10.1016/j.immuni.2024.07.009

Kameli, N., Borman, R., Lépez-iglesias, C., Savelkoul, P., Stassen, F.R.M., 2021. Characterization of
Feces-Derived Bacterial Membrane Vesicles and the Impact of Their Origin on the Inflammatory
Response. Front. Cell. Infect. Microbiol. 11. https://doi.org/10.3389/fcimb.2021.667987

Kang, C., Blair, H.A., 2022. Ofatumumab: A Review in Relapsing Forms of Multiple Sclerosis. Drugs 82,
55-62. https://doi.org/10.1007/s40265-021-01650-7

133



Kaparakis-Liaskos, M., Ferrero, R.L., 2015. Immune modulation by bacterial outer membrane vesicles.
Nat. Rev. Immunol. 15, 375-387. https://doi.org/10.1038/nri3837

Kasarello, K., Cudnoch-Jedrzejewska, A., Czarzasta, K., 2023. Communication of gut microbiota and
brain via immune and neuroendocrine signaling. Front. Microbiol. 14.
https://doi.org/10.3389/fmicb.2023.1118529

Kennis, M., Gerritsen, L., van Dalen, M., Williams, A., Cuijpers, P., Bockting, C., 2020. Prospective
biomarkers of major depressive disorder: a systematic review and meta-analysis. Mol. Psychiatry 25,
321-338. https://doi.org/10.1038/s41380-019-0585-z

Khoy, K., Mariotte, D., Defer, G., Petit, G., Toutirais, O., Le Mauff, B., 2020. Natalizumab in Multiple
Sclerosis Treatment: From Biological Effects to Immune Monitoring. Front. Immunol. 11.
https://doi.org/10.3389/fimmu.2020.549842

Klineova, S., Lublin, F.D., 2018. Clinical Course of Multiple Sclerosis. Cold Spring Harb. Perspect. Med.
8, a028928. https://doi.org/10.1101/cshperspect.a028928

Ko, JJ., Wu, C., Mehta, N., Wald-Dickler, N., Yang, W., Qiao, R., 2021. A Comparison of
Methylprednisolone and Dexamethasone in Intensive Care Patients With COVID-19. J. Intensive Care
Med. 36, 673—680. https://doi.org/10.1177/0885066621994057

Kouba, B.R., de Araujo Borba, L., Borges de Souza, P., Gil-Mohapel, J., Rodrigues, A.L.S., 2024. Role of
Inflammatory Mechanisms in Major Depressive Disorder: From Etiology to Potential Pharmacological
Targets. Cells 13, 423. https://doi.org/10.3390/cells13050423

Kumar, A, Ishida, R., Strilets, T., Cole, J., Lopez-Orozco, J., Fayad, N., Felix-Lopez, A., Elaish, M., Evseeyv,
D., Magor, K.E., Mahal, L.K., Nagata, L.P., Evans, D.H., Hobman, T.C., 2021. SARS-CoV-2 Nonstructural
Protein 1 Inhibits the Interferon Response by Causing Depletion of Key Host Signaling Factors. J. Virol.
95, e0026621. https://doi.org/10.1128/JV1.00266-21

Lalive, P.H., Neuhaus, O., Benkhoucha, M., Burger, D., Hohlfeld, R., Zamvil, S.S., Weber, M.S., 2011.
Glatiramer Acetate in the Treatment of Multiple Sclerosis. CNS Drugs 25, 401-414.
https://doi.org/10.2165/11588120-000000000-00000

Lam, T.T.-Y,, Jia, N., Zhang, Y.-W., Shum, M.H.-H., Jiang, J.-F., Zhu, H.-C., Tong, Y.-G., Shi, Y.-X., Ni, X.-B.,
Liao, Y.-S., Li, W.-]., Jiang, B.-G., Wei, W., Yuan, T.-T., Zheng, K., Cui, X.-M., Li, J., Pei, G.-Q., Qiang, X.,
Cheung, W.Y.-M,, Li, L.-F., Sun, F.-F., Qin, S., Huang, J.-C., Leung, G.M., Holmes, E.C., Hu, Y.-L., Guan, Y.,
Cao, W.-C., 2020. Identifying SARS-CoV-2-related coronaviruses in Malayan pangolins. Nature 583,
282-285. https://doi.org/10.1038/s41586-020-2169-0

Leal Rojas, I.M., Mok, W.-H., Pearson, F.E., Minoda, Y., Kenna, T.J., Barnard, R.T., Radford, K.J., 2017.
Human Blood CD1c+ Dendritic Cells Promote Th1 and Th17 Effector Function in Memory CD4+ T Cells.
Front. Immunol. 8. https://doi.org/10.3389/fimmu.2017.00971

Lewis, D.A., Ly, T., 2021. Cell Cycle Entry Control in Naive and Memory CD8+ T Cells. Front. Cell Dev.
Biol. 9. https://doi.org/10.3389/fcell.2021.727441

Li, F., 2016. Structure, Function, and Evolution of Coronavirus Spike Proteins. Annu. Rev. Virol. 3, 237-
261. https://doi.org/10.1146/annurev-virology-110615-042301

Li, M., D’Arcy, C,, Li, X., Zhang, T., Joober, R., Meng, X., 2019. What do DNA methylation studies tell us
about depression? A systematic review. Transl. Psychiatry 9, 68. https://doi.org/10.1038/s41398-019-
0412-y

134



Li, Y., Renner, D.M., Comar, C.E., Whelan, J.N., Reyes, H.M., Cardenas-Diaz, F.L., Truitt, R., Tan, L.H.,
Dong, B., Alysandratos, K.D., Huang, J., Palmer, J.N., Adappa, N.D., Kohanski, M.A., Kotton, D.N.,
Silverman, R.H., Yang, W., Morrisey, E.E., Cohen, N.A., Weiss, S.R., 2021. SARS-CoV-2 induces double-
stranded RNA-mediated innate immune responses in respiratory epithelial-derived cells and
cardiomyocytes. Proc. Natl. Acad. Sci. 118, e2022643118. https://doi.org/10.1073/pnas.2022643118

Li, Z., Richards, S., Surks, H.K., Jacobs, A., Panzara, M.A., 2018. Clinical pharmacology of alemtuzumab,
an anti-CD52 immunomodulator, in multiple sclerosis. Clin. Exp. Immunol. 194, 295-314.
https://doi.org/10.1111/cei.13208

Liang, X., Dai, N., Sheng, K., Lu, H., Wang, J., Chen, L., Wang, Y., n.d. Gut bacterial extracellular vesicles:
important players in regulating intestinal microenvironment. Gut Microbes 14, 2134689.
https://doi.org/10.1080/19490976.2022.2134689

Lin, L.-C., Sibille, E., 2013. Reduced brain somatostatin in mood disorders: a common
pathophysiological substrate and drug target? Front. Pharmacol. 4,
https://doi.org/10.3389/fphar.2013.00110

Littlefield, K.M., Watson, R.O., Schneider, J.M., Neff, C.P., Yamada, E., Zhang, M., Campbell, T.B., Falta,
M.T., Jolley, S.E., Fontenot, A.P., Palmer, B.E., 2022. SARS-CoV-2-specific T cells associate with
inflammation and reduced lung function in pulmonary post-acute sequalae of SARS-CoV-2. PLOS
Pathog. 18, €1010359. https://doi.org/10.1371/journal.ppat.1010359

Liu, X,, Yin, S., Chen, Y., Wy, Y., Zheng, W., Dong, H., Bai, Y., Qin, Y., Li, J., Feng, S., Zhao, P., 2018.
LPS-induced proinflammatory cytokine expression in human airway epithelial cells and macrophages
via NF-kB, STAT3 or AP-1 activation. Mol. Med. Rep. 17, 5484-5491.
https://doi.org/10.3892/mmr.2018.8542

Lohoff, F.W., 2010. Overview of the Genetics of Major Depressive Disorder. Curr. Psychiatry Rep. 12,
539-546. https://doi.org/10.1007/s11920-010-0150-6

Lou, K., Luo, H., Jiang, X., Feng, S., 2024. Applications of emerging extracellular vesicles technologies in
the treatment of inflammatory diseases. Front. Immunol. 15.
https://doi.org/10.3389/fimmu.2024.1364401

Louka, E., Koumandou, V.L., 2024. The Emerging Role of Human Gut Bacteria Extracellular Vesicles in
Mental Disorders and Developing New Pharmaceuticals. Curr. Issues Mol. Biol. 46, 4751-4767.
https://doi.org/10.3390/cimb46050286

Loyal, L., Braun, J., Henze, L., Kruse, B., Dingeldey, M., Reimer, U., Kern, F., Schwarz, T., Mangold, M.,
Unger, C., Dorfler, F., Kadler, S., Rosowski, J., Glrcan, K., Uyar-Aydin, Z., Frentsch, M., Kurth, F,,
Schnatbaum, K., Eckey, M., Hippenstiel, S., Hocke, A., Miller, M.A., Sawitzki, B., Miltenyi, S., Paul, F.,
Mall, M.A., Wenschuh, H., Voigt, S., Drosten, C., Lauster, R., Lachman, N., Sander, L.-E., Corman, V.M.,
Réhmel, J., Meyer-Arndt, L., Thiel, A., Giesecke-Thiel, C., 2021. Cross-reactive CD4+ T cells enhance
SARS-CoV-2 immune responses upon infection and vaccination. Science 374, eabh1823.
https://doi.org/10.1126/science.abh1823

Luo, P., Mao, K., Xu, J., Wu, F., Wang, X., Wang, S., Zhou, M., Duan, L., Tan, Q., Ma, G., Yang, G., Du, R,,
Huang, H., Huang, Q. Li, Y., Guo, M., Jin, Y., 2020. Metabolic characteristics of large and small
extracellular vesicles from pleural effusion reveal biomarker candidates for the diagnosis of
tuberculosis and malignancy. J. Extracell. Vesicles 9, 1790158.
https://doi.org/10.1080/20013078.2020.1790158

135



Ma, D.Y., Clark, E.A., 2009. The role of CD40 and CD40L in Dendritic Cells. Semin. Immunol. 21, 265—
272. https://doi.org/10.1016/j.smim.2009.05.010

Maas, S.L.N., Breakefield, X.0., Weaver, A.M., 2017a. Extracellular vesicles: unique intercellular
delivery vehicles. Trends Cell Biol. 27, 172—188. https://doi.org/10.1016/j.tcb.2016.11.003

Maas, S.L.N., Breakefield, X.0., Weaver, A.M., 2017b. Extracellular Vesicles: Unique Intercellular
Delivery Vehicles. Trends Cell Biol. https://doi.org/10.1016/j.tcb.2016.11.003

Magafia, G., Harvey, C., Taggart, C.C., Rodgers, A.M., 2023. Bacterial Outer Membrane Vesicles: Role
in Pathogenesis and Host-Cell Interactions. Antibiotics 13, 32.
https://doi.org/10.3390/antibiotics13010032

Marano, G., Mazza, M., Lisci, F.M., Ciliberto, M., Traversi, G., Kotzalidis, G.D., De Berardis, D., Laterza,
L., Sani, G., Gasbarrini, A., Gaetani, E., 2023. The Microbiota—Gut—Brain AXxis:
Psychoneuroimmunological Insights. Nutrients 15, 1496. https://doi.org/10.3390/nu15061496

Masoudi, A., Raetz, C.R.H., Zhou, P., Pemble IV, C.W., 2014. Chasing acyl carrier protein through a
catalytic cycle of lipid A production. Nature 505, 422—-426. https://doi.org/10.1038/nature12679

Mathew, D., Giles, J.R., Baxter, A.E., Oldridge, D.A., Greenplate, A.R., Wu, J.E., Alanio, C., Kuri-

Cervantes, L., Pampena, M.B., D’Andrea, K., Manne, S., Chen, Z., Huang, Y.J., Reilly, J.P., Weisman, A.R.,

Ittner, C.A.G., Kuthuru, O., Dougherty, J., Nzingha, K., Han, N., Kim, J., Pattekar, A., Goodwin, E.C.,

Anderson, E.M., Weirick, M.E., Gouma, S., Arevalo, C.P., Bolton, M.J,, Chen, F., Lacey, S.F., Ramage, H.,

Cherry, S., Hensley, S.E., Apostolidis, S.A., Huang, A.C., Vella, L.A., Betts, M.R., Meyer, N.J., Wherry, E.J.,
2020. Deep immune profiling of COVID-19 patients reveals distinct immunotypes with therapeutic
implications. Science 369, eabc8511. https://doi.org/10.1126/science.abc8511

Mehanny, M., Lehr, C.-M., Fuhrmann, G., 2021. Extracellular vesicles as antigen carriers for novel
vaccination avenues. Adv. Drug Deliv. Rev. 173, 164—180. https://doi.org/10.1016/j.addr.2021.03.016

Mehling, M., Johnson, T.A., Antel, J., Kappos, L., Bar-Or, A., 2011. Clinical immunology of the
sphingosine 1-phosphate receptor modulator fingolimod (FTY720) in multiple sclerosis. Neurology 76,
$20-S27. https://doi.org/10.1212/WNL.0b013e31820db341

Melenotte, C., Silvin, A., Goubet, A.G., Lahmar, |., Dubuisson, A., Zumla, A., Raoult, D., Merad, M.,
Gachot, B., Hénon, C., Solary, E., Fontenay, M., André, F., Maeurer, M., Ippolito, G., Piacentini, M.,
Wang, F.S., Ginhoux, F., Marabelle, A., Kroemer, G., Derosa, L., Zitvogel, L., 2020. Immune responses
during COvVID-19 infection. Oncolmmunology 9, 1-23.
https://doi.org/10.1080/2162402X.2020.1807836

Melo-Marques, I., Cardoso, S.M., Empadinhas, N., 2024. Bacterial extracellular vesicles at the interface
of gut microbiota and immunity. Gut Microbes 16, 2396494,
https://doi.org/10.1080/19490976.2024.2396494

Menay, F., Cocozza, F., Gravisaco, M.J,, Elisei, A., Re, J.l., Ferella, A., Waldner, C., Mongini, C., 2024.
Extracellular vesicles derived from antigen-presenting cells pulsed with foot and mouth virus vaccine-
antigens act as carriers of viral proteins and stimulate B cell response. Front. Immunol. 15.
https://doi.org/10.3389/fimmu.2024.1440667

Michelen, M., Manoharan, L., Elkheir, N., Cheng, V., Dagens, A., Hastie, C., O’Hara, M., Suett, J,,
Dahmash, D., Bugaeva, P., Rigby, I., Munblit, D., Harriss, E., Burls, A., Foote, C., Scott, J., Carson, G.,

136



Olliaro, P., Sigfrid, L., Stavropoulou, C., 2021. Characterising long COVID: a living systematic review.
BMJ Glob. Health 6, e005427. https://doi.org/10.1136/bmjgh-2021-005427

Microbe, T.L., 2023. Searching for SARS-CoV-2 origins: confidence versus evidence. Lancet Microbe 4,
€200. https://doi.org/10.1016/52666-5247(23)00074-5

Miller, A.E., 2021. An Updated Review of teriflunomide’s Use in Multiple Sclerosis. Neurodegener. Dis.
Manag. 11, 387-409. https://doi.org/10.2217/nmt-2021-0014

Moderbacher, C.R., Ramirez, S.I., Dan, J.M., Grifoni, A., Hastie, K.M., Weiskopf, D., Belanger, S., Abbott,
R.K., Kim, Christina, Choi, J., Kato, Y., Crotty, E.G., Kim, Cheryl, Rawlings, S.A., Mateus, J., Tse, L.P.V.,
Frazier, A., Baric, R., Peters, B., Greenbaum, J., Saphire, E.O., Smith, D.M., Sette, A., Crotty, S., 2020.
Antigen-Specific Adaptive Immunity to SARS-CoV-2 in Acute COVID-19 and Associations with Age and
Disease Severity. Cell 183, 996. https://doi.org/10.1016/j.cell.2020.09.038

Mohamed Khosroshahi, L., Rokni, M., Mokhtari, T., Noorbakhsh, F., 2021. Immunology,
immunopathogenesis and immunotherapeutics of COVID-19; an overview. Int. Immunopharmacol. 93,
107364. https://doi.org/10.1016/j.intimp.2020.107364

Montgomery, S.A., Asberg, M., 1979. A new depression scale designed to be sensitive to change. Br. J.
Psychiatry J. Ment. Sci. 134, 382—-389. https://doi.org/10.1192/bjp.134.4.382

Moss, P., 2022. The T cell immune response against SARS-CoV-2. Nat. Immunol. 23, 186-193.
https://doi.org/10.1038/s41590-021-01122-w

Muhamad, S.-A., Ugusman, A., Kumar, J., Skiba, D., Hamid, A.A., Aminuddin, A., 2021. COVID-19 and
Hypertension: The What, the Why, and the How. Front. Physiol. 12.
https://doi.org/10.3389/fphys.2021.665064

Mulcahy, L.A., Pink, R.C., Carter, D.R.F., 2014. Routes and mechanisms of extracellular vesicle uptake.
J. Extracell. Vesicles 3, 10.3402/jev.v3.24641. https://doi.org/10.3402/jev.v3.24641

Midller, N., Schwarz, M.J., Dehning, S., Douhe, A., Cerovecki, A., Goldstein-Mdiller, B., Spellmann, 1.,
Hetzel, G., Maino, K., Kleindienst, N., Moéller, H.-J., Arolt, V., Riedel, M., 2006. The cyclooxygenase-2
inhibitor celecoxib has therapeutic effects in major depression: results of a double-blind, randomized,
placebo controlled, add-on pilot study to reboxetine. Mol. Psychiatry 11, 680-684.
https://doi.org/10.1038/sj.mp.4001805

Mundt, J.C., Marks, I.M., Shear, M.K., Greist, J.H., 2002. The Work and Social Adjustment Scale: a simple
measure of impairment in functioning. Br. J. Psychiatry J. Ment. Sci. 180, 461-464.
https://doi.org/10.1192/bjp.180.5.461

Muniz, L.R., Knosp, C., Yeretssian, G., 2012. Intestinal antimicrobial peptides during homeostasis,
infection, and disease. Front. Immunol. 3, 310. https://doi.org/10.3389/fimmu.2012.00310

Navarrete-Mufioz, M.A., Llorens, C., Benito, J.M., Rallon, N., 2022. Extracellular Vesicles as a New
Promising Therapy in HIV Infection. Front. Immunol. 12. https://doi.org/10.3389/fimmu.2021.811471

Neidleman, J., Luo, X., Frouard, J., Xie, G., Gill, G., Stein, E.S., McGregor, M., Ma, T., George, A.F.,
Kosters, A., Greene, W.C., Vasquez, J., Ghosn, E., Lee, S., Roan, N.R., 2020. SARS-CoV-2-Specific T Cells
Exhibit Phenotypic Features of Helper Function, Lack of Terminal Differentiation, and High Proliferation
Potential. Cell Rep. Med. 1, 100081. https://doi.org/10.1016/j.xcrm.2020.100081

137



Nolte-‘t Hoen, E., Cremer, T., Gallo, R.C., Margolis, L.B., 2016. Extracellular vesicles and viruses: Are
they close relatives?  Proc. Natl. Acad. Sci. u. S. A 113, 9155-9161.
https://doi.org/10.1073/pnas.1605146113

Noto, D., Miyake, S., 2022. Gut dysbiosis and multiple sclerosis. Clin. Immunol. 235, 108380.
https://doi.org/10.1016/j.clim.2020.108380

Ochoa-Reparaz, J., Colpitts, S.L., Kircher, C., Kasper, E.J., Telesford, K.M., Begum-Haque, S., Pant, A,,
Kasper, L.H., 2016. Induction of gut regulatory CD39+ T cells by teriflunomide protects against EAE.
Neurol. Neuroimmunol. Neuroinflammation 3, e291. https://doi.org/10.1212/NXI.0000000000000291

Oh, H.J,, Shin, Y., Chung, S., Hwang, D.W., Lee, D.S., 2017. Convective exosome-tracing microfluidics
for analysis of cell-non-autonomous neurogenesis. Biomaterials 112, 82-94.
https://doi.org/10.1016/j.biomaterials.2016.10.006

Ohgi, Y., Futamura, T., Kikuchi, T., Hashimoto, K., 2013. Effects of antidepressants on alternations in
serum cytokines and depressive-like behavior in mice after lipopolysaccharide administration.
Pharmacol. Biochem. Behav. 103, 853—859. https://doi.org/10.1016/j.pbb.2012.12.003

Omerhoca, S., Akkas, S.Y., icen, N.K., 2018. Multiple Sclerosis: Diagnosis and Differential Diagnosis.
Arch. Neuropsychiatry 55, S1-S9. https://doi.org/10.29399/npa.23418

Opsteen, S., Files, J.K., Fram, T., Erdmann, N., 2023. The role of immune activation and antigen
persistence in acute and long COVID. . Investig. Med. 71, 545-562.
https://doi.org/10.1177/10815589231158041

Ortona, E., Malorni, W., 2022. Long COVID: to investigate immunological mechanisms and sex/gender
related aspects as fundamental steps for tailored therapy. Eur. Respir. J. 59, 2102245.
https://doi.org/10.1183/13993003.02245-2021

Ostermeier, B., Soriano-Sarabia, N., Maggirwar, S.B., 2022. Platelet-Released Factors: Their Role in Viral
Disease and Applications for Extracellular Vesicle (EV) Therapy. Int. J. Mol. Sci. 23, 2321.
https://doi.org/10.3390/ijms23042321

Paniskaki, K., Konik, M.J., Anft, M., Heidecke, H., Meister, T.L., Pfaender, S., Krawczyk, A., Zettler, M.,
Jager, J., Gaeckler, A., Dolff, S., Westhoff, T.H., Rohn, H., Stervbo, U., Scheibenbogen, C., Witzke, O.,
Babel, N., 2023. Low avidity circulating SARS-CoV-2 reactive CD8+ T cells with proinflammatory TEMRA
phenotype are associated with post-acute sequelae of COVID-19. Front. Microbiol. 14.
https://doi.org/10.3389/fmicb.2023.1196721

Parker, A.M., Brigham, E., Connolly, B., McPeake, J., Agranovich, A.V., Kenes, M.T., Casey, K., Reynolds,
C., Schmidt, K.F.R., Kim, S.Y., Kaplin, A., Sevin, C.M., Brodsky, M.B., Turnbull, A.E., 2021. Addressing the
post-acute sequelae of SARS-CoV-2 infection: a multidisciplinary model of care. Lancet Respir. Med. 9,
1328-1341. https://doi.org/10.1016/52213-2600(21)00385-4

Parnell, G.P., Booth, D.R., 2017. The Multiple Sclerosis (MS) Genetic Risk Factors Indicate both Acquired
and Innate Immune Cell Subsets Contribute to MS Pathogenesis and Identify Novel Therapeutic
Opportunities. Front. Immunol. 8, 425. https://doi.org/10.3389/fimmu.2017.00425

Parodi, B., Kerlero de Rosbo, N., 2021. The Gut-Brain Axis in Multiple Sclerosis. Is Its Dysfunction a
Pathological Trigger or a Consequence of the Disease? Front. Immunol. 12.
https://doi.org/10.3389/fimmu.2021.718220

138



Pascarella, G., Strumia, A., Piliego, C., Bruno, F., Del Buono, R., Costa, F., Scarlata, S., Agro, F.E., 2020.
COVID-19 diagnosis and management: a comprehensive review. J. Intern. Med. 288, 192-206.
https://doi.org/10.1111/joim.13091

Payne, S., 2017. Family Coronaviridae. Viruses 149-158. https://doi.org/10.1016/B978-0-12-803109-
4.00017-9

Peng, L., Gu, L., Li, B., Hertz, L., 2014. Fluoxetine and all other SSRIs are 5-HT2B Agonists - Importance
for their Therapeutic Effects. Curr. Neuropharmacol. 12, 365—-379.
https://doi.org/10.2174/1570159X12666140828221720

Penner-Goeke, S., Binder, E.B., 2019. Epigenetics and depression. Dialogues Clin. Neurosci. 21, 397-
405. https://doi.org/10.31887/DCNS.2019.21.4/ebinder

Petersen, C., Round, J.L., 2014. Defining dysbiosis and its influence on host immunity and disease. Cell.
Microbiol. 16, 1024—-1033. https://doi.org/10.1111/cmi.12308

Phetsouphanh, C., Darley, D.R., Wilson, D.B., Howe, A., Munier, C.M.L., Patel, S.K., Juno, J.A., Burrell,
L.M., Kent, S.J., Dore, G.J., Kelleher, A.D., Matthews, G.V., 2022. Immunological dysfunction persists
for 8 months following initial mild-to-moderate SARS-CoV-2 infection. Nat. Immunol. 23, 210-216.
https://doi.org/10.1038/s41590-021-01113-x

Pizzato, M., Baraldi, C., Boscato Sopetto, G., Finozzi, D., Gentile, C., Gentile, M.D., Marconi, R., Paladino,
D., Raoss, A., Riedmiller, I., Ur Rehman, H., Santini, A., Succetti, V., Volpini, L., 2022. SARS-CoV-2 and
the Host Cell: A Tale of Interactions. Front. Virol. 1. https://doi.org/10.3389/fviro.2021.815388

Platten, M., Nollen, E.A.A., Rohrig, U.F., Fallarino, F., Opitz, C.A., 2019. Tryptophan metabolism as a
common therapeutic target in cancer, neurodegeneration and beyond. Nat. Rev. Drug Discov. 18, 379—
401. https://doi.org/10.1038/s41573-019-0016-5

Pléger, S., Stumpff, F., Penner, G.B., Schulzke, J., Gabel, G., Martens, H., Shen, Z., Giinzel, D.,
Aschenbach, J.R., 2012. Microbial butyrate and its role for barrier function in the gastrointestinal tract.
Ann. N. Y. Acad. Sci. 1258, 52-59. https://doi.org/10.1111/j.1749-6632.2012.06553.x

Prelli Bozzo, C., Nchioua, R., Volcic, M., Koepke, L., Kriiger, J., Schiitz, D., Heller, S., Stiirzel, C.M., Kmiec,
D., Conzelmann, C., Miiller, J., Zech, F., Braun, E., Grof3, R., Wettstein, L., Weil, T., Weil3, J., Diofano, F.,
Rodriguez Alfonso, A.A., Wiese, S., Sauter, D., Mlnch, J., Goffinet, C., Catanese, A., Schén, M., Boeckers,
T.M., Stenger, S., Sato, K., Just, S., Kleger, A., Sparrer, K.M.J., Kirchhoff, F., 2021. IFITM proteins
promote SARS-CoV-2 infection and are targets for virus inhibition in vitro. Nat. Commun. 12, 4584.
https://doi.org/10.1038/s41467-021-24817-y

Rasmi, Y., Mosa, O.F., Alipour, S., Heidari, N., Javanmard, F., Golchin, A., Gholizadeh-Ghaleh Aziz, S.,
2022. Significance of Cardiac Troponins as an Identification Tool in COVID-19 Patients Using Biosensors:
An Update. Front. Mol. Biosci. 9. https://doi.org/10.3389/fmolb.2022.821155

Rastelli, J., HOmig-Hoblzel, C., Seagal, J., Miller, W., Hermann, A.C., Rajewsky, K., Zimber-Strobl, U.,
2008. LMP1 signaling can replace CD40 signaling in B cells in vivo and has unique features of inducing
class-switch recombination to 1gG1. Blood 111, 1448-1455. https://doi.org/10.1182/blood-2007-10-
117655

Raveendran, A.V., Jayadevan, R., Sashidharan, S., 2021. Long COVID: An overview. Diabetes Metab.
Syndr. 15, 869-875. https://doi.org/10.1016/j.dsx.2021.04.007

139



Rha, M.-S., Shin, E.-C., 2021. Activation or exhaustion of CD8+ T cells in patients with COVID-19. Cell.
Mol. Immunol. 18, 2325-2333. https://doi.org/10.1038/s41423-021-00750-4

Rhee, S.J., Abrahamsson, L., Sundquist, J., Sundquist, K., Kendler, K.S., 2025. The risks for major
psychiatric disorders in the siblings of probands with major depressive disorder. Mol. Psychiatry 30,
69-75. https://doi.org/10.1038/s41380-024-02650-1

Richter-Levin, G., Xu, L., 2018. How could stress lead to major depressive disorder? IBRO Rep. 4, 38—
43, https://doi.org/10.1016/j.ibror.2018.04.001

Rinninella, E., Cintoni, M., Raoul, P., Lopetuso, L.R., Scaldaferri, F., Pulcini, G., Miggiano, G.A.D.,
Gasbarrini, A., Mele, M.C., 2019. Food Components and Dietary Habits: Keys for a Healthy Gut
Microbiota Composition. Nutrients 11, 2393. https://doi.org/10.3390/nu11102393

Rivas-Vazquez, R.A., Rey, G., Quintana, A., Rivas-Vazquez, A.A., 2022. Assessment and Management of
Long COVID. J. Health Serv. Psychol. 48, 21-30. https://doi.org/10.1007/s42843-022-00055-8

Robbins, P.D., Morelli, A.E., 2014. Regulation of immune responses by extracellular vesicles. Nat. Rev.
Immunol. 14, 195-208. https://doi.org/10.1038/nri3622

Roffe-Vazquez, D.N., Huerta-Delgado, A.S., Castillo, E.C., Villarreal-Calderdn, J.R., Gonzalez-Gil, A.M.,
Enriquez, C., Garcia-Rivas, G., Elizondo-Montemayor, L., 2019. Correlation of Vitamin D with
Inflammatory Cytokines, Atherosclerotic Parameters, and Lifestyle Factors in the Setting of Heart
Failure: A 12-Month Follow-Up Study. Int. J. Mol. Sci. 20, 5811. https://doi.org/10.3390/ijms20225811

Rooks, M.G., Garrett, W.S., 2016. Gut microbiota, metabolites and host immunity. Nat. Rev. Immunol.
16, 341-352. https://doi.org/10.1038/nri.2016.42

Round, J.L., Mazmanian, S.K., 2009. The gut microbiome shapes intestinal immune responses during
health and disease. Nat. Rev. Immunol. 9, 313-323. https://doi.org/10.1038/nri2515

Ruch, T.R., Machamer, C.E., 2012. The Coronavirus E Protein: Assembly and Beyond. Viruses 4, 363—
382. https://doi.org/10.3390/v4030363

Sano, T., Huang, W., Hall, J.A., Yang, Y., Chen, A., Gavzy, S.J., Lee, J.-Y., Ziel, J.W., Miraldi, E.R., Domingos,
A.l, Bonneau, R., Littman, D.R., 2015. An IL-23R/IL-22 Circuit Regulates Epithelial Serum Amyloid A to
Promote Local Effector Th17 Responses. Cell 163, 381-393. https://doi.org/10.1016/j.cell.2015.08.061

Sattarov, R., Havers, M., Orbjorn, C., Stomrud, E., Janelidze, S., Laurell, T., Mattsson-Carlgren, N., 2024.
Phosphorylated tau in cerebrospinal fluid-derived extracellular vesicles in Alzheimer’s disease: a pilot
study. Sci. Rep. 14, 25419. https://doi.org/10.1038/s41598-024-75406-0

Schepici, G., Silvestro, S., Bramanti, P., Mazzon, E., 2019. The Gut Microbiota in Multiple Sclerosis: An
Overview of Clinical Trials. Cell Transplant. 28, 1507-1527.
https://doi.org/10.1177/0963689719873890

Scher, J.U., Sczesnak, A., Longman, R.S., Segata, N., Ubeda, C., Bielski, C., Rostron, T., Cerundolo, V.,
Pamer, E.G., Abramson, S.B., Huttenhower, C., Littman, D.R., 2013. Expansion of intestinal Prevotella
copri  correlates with  enhanced susceptibility to arthritis. elife 2, e01202.
https://doi.org/10.7554/eLife.01202

Schmidt, M.E., Varga, S.M., 2018. The CD8 T Cell Response to Respiratory Virus Infections. Front.
Immunol. 9. https://doi.org/10.3389/fimmu.2018.00678

140



Schreibing, F., Hannani, M., Ticconi, F., Fewings, E., Nagai, J.S., Begemann, M., Kuppe, C., Kurth, I,
Kranz, J., Frank, D., Anslinger, T.M., Ziegler, P., Kraus, T., Enczmann, J., Balz, V., Windhofer, F., Balfanz,
P., Kurts, C., Marx, G., Marx, N., Dreher, M., Schneider, R.K., Saez-Rodriguez, J., Costa, |., Kramann, R.,
2021. Dissecting CD8+ T cell pathology of severe SARS-CoV-2 infection by single-cell epitope mapping.
https://doi.org/10.1101/2021.03.03.432690

Serafini, G., Pompili, M., Elena Seretti, M., Stefani, H., Palermo, M., Coryell, W., Girardi, P., 2013. The
role of inflammatory cytokines in suicidal behavior: a systematic review. Eur. Neuropsychopharmacol.
J. Eur. Coll. Neuropsychopharmacol. 23, 1672-1686.
https://doi.org/10.1016/j.euroneuro.2013.06.002

Sette, A., Crotty, S., 2021. Adaptive immunity to SARS-CoV-2 and COVID-19. Cell 184, 861-880.
https://doi.org/10.1016/j.cell.2021.01.007

Shi, Y., Zhu, J., Liu, J.-Q., Talebian, F., Li, M., Bai, X.-F., 2022. CD24 is expressed on FoxP3+ regulatory T
cells and regulates their function. Am. J. Transl. Res. 14, 2291-2300.

Sintzel, M.B., Rametta, M., Reder, A.T., 2017. Vitamin D and Multiple Sclerosis: A Comprehensive
Review. Neurol. Ther. 7, 59-85. https://doi.org/10.1007/s40120-017-0086-4

Sola, 1., Almazan, F., Zudiga, S., Enjuanes, L., 2015. Continuous and Discontinuous RNA Synthesis in
Coronaviruses. Annu. Rev. Virol. 2, 265-288. https://doi.org/10.1146/annurev-virology-100114-
055218

Su, Y., Yuan, D., Chen, D.G., Ng, R.H., Wang, K., Choi, J., Li, S., Hong, S., Zhang, R., Xie, J., Kornilov, S.A.,,
Scherler, K., Pavlovitch-Bedzyk, A.J., Dong, S., Lausted, C,, Lee, I., Fallen, S., Dai, C.L., Baloni, P., Smith,
B., Duvvuri, V.R., Anderson, K.G., Li, J., Yang, F., Duncombe, C.J., McCulloch, D.J., Rostomily, C., Troisch,
P., Zhou, J., Mackay, S., DeGottardi, Q., May, D.H., Taniguchi, R., Gittelman, R.M., Klinger, M., Snyder,
T.M., Roper, R., Wojciechowska, G., Murray, K., Edmark, R., Evans, S., Jones, L., Zhou, Y., Rowen, L., Liu,

R., Chour, W., Algren, H.A., Berrington, W.R., Wallick, J.A., Cochran, R.A., Micikas, M.E., Wrin, T.,

Petropoulos, C.J., Cole, H.R., Fischer, T.D., Wei, W., Hoon, D.S.B., Price, N.D., Subramanian, N., Hill, J.A.,

Hadlock, J., Magis, A.T., Ribas, A, Lanier, L.L., Boyd, S.D., Bluestone, J.A., Chu, H., Hood, L., Gottardo,
R., Greenberg, P.D., Davis, M.M., Goldman, J.D., Heath, J.R., 2022. Multiple early factors anticipate
post-acute COVID-19 sequelae. Cell 185, 881-895.e20. https://doi.org/10.1016/j.cell.2022.01.014

Sukriti, S., Choudhary, M.C., Maras, J.S., Sharma, Sachin, Thangariyal, S., Singh, A., Das, S., Islam, M.,
Sharma, Shvetank, Trehanpati, N., Gupta, E., Sarin, S.K., 2019. Extracellular vesicles from hepatitis B
patients serve as reservoir of hepatitis B virus DNA. J. Viral Hepat. 26, 211-214.
https://doi.org/10.1111/jvh.12995

Sultan, S., Mottawea, W., Yeo, J., Hammami, R., 2021. Gut Microbiota Extracellular Vesicles as Signaling
Molecules Mediating Host-Microbiota Communications. Int. J. Mol. Sci. 22, 13166.
https://doi.org/10.3390/ijms222313166

Sun, D., Chen, P, Xi, Y., Sheng, J., 2023. From trash to treasure: the role of bacterial extracellular
vesicles in gut health and disease. Front. Immunol. 14. https://doi.org/10.3389/fimmu.2023.1274295

Sun, L., Su, Y., Jiao, A., Wang, X., Zhang, B., 2023. T cells in health and disease. Signal Transduct. Target.
Ther. 8, 1-50. https://doi.org/10.1038/s41392-023-01471-y

Takenaka, M.C., Quintana, F.J., 2017. Tolerogenic dendritic cells. Semin. Immunopathol. 39, 113-120.
https://doi.org/10.1007/s00281-016-0587-8

141



Takiishi, T., Fenero, C.I.M., Camara, N.O.S., 2017. Intestinal barrier and gut microbiota: Shaping our
immune responses throughout life. Tissue Barriers 5, e1373208.
https://doi.org/10.1080/21688370.2017.1373208

Tamanai-Shacoori, Z., Smida, I., Bousarghin, L., Loreal, O., Meuric, V., Fong, S.B., Bonnaure-Mallet, M.,
Jolivet-Gougeon, A., 2017. Roseburia Spp.: A Marker of Health? Future Microbiol. 12, 157-170.
https://doi.org/10.2217/fmb-2016-0130

Tan, A.T., Linster, M., Tan, C.W., Le Bert, N., Chia, W.N., Kunasegaran, K., Zhuang, Y., Tham, C.Y.L., Chia,
A., Smith, G.J.D., Young, B., Kalimuddin, S., Low, J.G.H., Lye, D., Wang, L.-F., Bertoletti, A., 2021. Early
induction of functional SARS-CoV-2-specific T cells associates with rapid viral clearance and mild
disease in COVID-19 patients. Cell Rep. 34, 108728. https://doi.org/10.1016/].celrep.2021.108728

Tang, Z., Lu, Y., Dong, J.-L.,, Wu, W., Li, J., 2024. The extracellular vesicles in HIV infection and
progression: mechanisms, and theranostic implications. Front. Bioeng. Biotechnol. 12.
https://doi.org/10.3389/fbioe.2024.1376455

Tario, J.D., Chen, G.L.,, Hahn, T.E., Pan, D., Furlage, R.L., Zhang, Y., Brix, L., Halgreen, C., Jacobsen, K.,
McCarthy, P.L., Wallace, P.K., 2015. Dextramer Reagents are Effective Tools for Quantifying CMV
Antigen-Specific T Cells from Peripheral Blood Samples. Cytometry B Clin. Cytom. 88, 6-20.
https://doi.org/10.1002/cyto.b.21196

Teng, F., Fussenegger, M., 2021. Shedding Light on Extracellular Vesicle Biogenesis and Bioengineering.
Adv. Sci. 8, 2003505. https://doi.org/10.1002/advs.202003505

Thursby, E., Juge, N., 2017a. Introduction to the human gut microbiota. Biochem. J. 474, 1823-1836.
https://doi.org/10.1042/BCJ20160510

Thursby, E., Juge, N., 2017b. Introduction to the human gut microbiota. Biochem. J. 474, 1823-1836.
https://doi.org/10.1042/BCJ20160510

Tippalagama, R., Chihab, L.Y., Kearns, K., Lewis, S., Panda, S., Willemsen, L., Burel, J.G., Lindestam
Arlehamn, C.S., 2023. Antigen-specificity measurements are the key to understanding T cell responses.
Front. Immunol. 14. https://doi.org/10.3389/fimmu.2023.1127470

Tricarico, C., Clancy, J., D’Souza-Schorey, C., 2016. Biology and biogenesis of shed microvesicles. Small
GTPases 8, 220-232. https://doi.org/10.1080/21541248.2016.1215283

Urbanelli, L., Buratta, S., Tancini, B., Sagini, K., Delo, F., Porcellati, S., Emiliani, C., 2019. The Role of
Extracellular  Vesicles in  Viral Infection and  Transmission.  Vaccines 7, 102.
https://doi.org/10.3390/vaccines7030102

Verity, R., Okell, L.C., Dorigatti, |., Winskill, P., Whittaker, C., Imai, N., Cuomo-Dannenburg, G.,
Thompson, H., Walker, P.G.T., Fu, H., Dighe, A., Griffin, J.T., Baguelin, M., Bhatia, S., Boonyasiri, A., Cori,
A., Cucunubag, Z., FitzJohn, R., Gaythorpe, K., Green, W., Hamlet, A., Hinsley, W., Laydon, D., Nedjati-
Gilani, G., Riley, S., Elsland, S. van, Volz, E., Wang, H., Wang, Y., Xi, X., Donnelly, C.A., Ghani, A.C,,
Ferguson, N.M., 2020. Estimates of the severity of coronavirus disease 2019: a model-based analysis.
Lancet Infect. Dis. 20, 669-677. https://doi.org/10.1016/51473-3099(20)30243-7

Vickram, A.S., Srikumar, P.S., Srinivasan, S., Jeyanthi, P., Anbarasu, K., Thanigaivel, S., Nibedita, D.,
Jenila Rani, D., Rohini, K., 2021. Seminal exosomes — An important biological marker for various
disorders and syndrome in human reproduction. Saudi J. Biol. Sci. 28, 3607-3615.
https://doi.org/10.1016/].sjbs.2021.03.038

142



Volgers, C., Savelkoul, P.H.M., Stassen, F.R.M., 2018. Gram-negative bacterial membrane vesicle
release in response to the host-environment: different threats, same trick? Crit. Rev. Microbiol. 44,
258-273. https://doi.org/10.1080/1040841X.2017.1353949

Walton, C., King, R., Rechtman, L., Kaye, W., Leray, E., Marrie, R.A., Robertson, N., La Rocca, N.,
Uitdehaag, B., van der Mei, I., Wallin, M., Helme, A., Angood Napier, C., Rijke, N., Baneke, P., 2020.
Rising prevalence of multiple sclerosis worldwide: Insights from the Atlas of MS, third edition. Mult.
Scler. Houndmills Basingstoke Engl. 26, 1816—1821. https://doi.org/10.1177/1352458520970841

Wang, C., Zhao, J., Zhang, H., Lee, Y.-K., Zhai, Q., Chen, W., 2021. Roles of intestinal bacteroides in
human health and diseases. Crit. Rev. Food Sci. Nutr. 61, 3518-3536.
https://doi.org/10.1080/10408398.2020.1802695

Wang, M., Chang, W., Zhang, L., Zhang, Y., 2022. Pyroptotic cell death in SARS-CoV-2 infection:
revealing its roles during the immunopathogenesis of COVID-19. Int. J. Biol. Sci. 18, 5827-5848.
https://doi.org/10.7150/ijbs.77561

Welsh, J.A., Goberdhan, D.C.l., O’Driscoll, L., Buzas, E.l., Blenkiron, C., Bussolati, B., Cai, H., Di Vizio, D.,
Driedonks, T.A.P., Erdbriigger, U., Falcon-Perez, J.M., Fu, Q., Hill, A.F., Lenassi, M., Lim, S.K., Mahoney,
M.G., Mohanty, S., Méller, A., Nieuwland, R., Ochiya, T., Sahoo, S., Torrecilhas, A.C., Zheng, L., Zijlstra,
A., Abuelreich, S., Bagabas, R., Bergese, P., Bridges, E.M., Brucale, M., Burger, D., Carney, R.P., Cocucci,
E., Colombo, F., Crescitelli, R., Hanser, E., Harris, A.L.,, Haughey, N.J., Hendrix, A., Ivanov, A.R.,
Jovanovic-Talisman, T., Kruh-Garcia, N.A., Ku’ulei-Lyn Faustino, V., Kyburz, D., Lasser, C., Lennon, K.M.,
Lotvall, J., Maddox, A.L., Martens-Uzunova, E.S., Mizenko, R.R., Newman, L.A., Ridolfi, A., Rohde, E.,
Rojalin, T., Rowland, A., Saftics, A., Sandau, U.S., Saugstad, J.A., Shekari, F., Swift, S., Ter-Ovanesyan,
D., Tosar, J.P., Useckaite, Z., Valle, F., Varga, Z., van der Pol, E., van Herwijnen, M.J.C., Wauben, M.H.M.,
Wehman, A.M., Williams, S., Zendrini, A., Zimmerman, A.J., MISEV Consortium, Théry, C., Witwer, K.W.,
2024. Minimal information for studies of extracellular vesicles (MISEV2023): From basic to advanced
approaches. J. Extracell. Vesicles 13, e12404. https://doi.org/10.1002/jev2.12404

Wilson, H.W., Amo-Addae, M., Kenu, E., llesanmi, O.S., Ameme, D.K., Sackey, S.0O., 2018. Post-Ebola
Syndrome among Ebola Virus Disease Survivors in Montserrado County, Liberia 2016. BioMed Res. Int.
2018, 1909410. https://doi.org/10.1155/2018/1909410

Wingerchuk, D.M., 2012. Smoking: effects on multiple sclerosis susceptibility and disease progression.
Ther. Adv. Neurol. Disord. 5, 13-22. https://doi.org/10.1177/1756285611425694

Wiredu Ocansey, D.K., Hang, S., Yuan, X., Qian, H., Zhou, M., Valerie Olovo, C., Zhang, X., Mao, F., 2023.
The diagnostic and prognostic potential of gut bacteria in inflammatory bowel disease. Gut Microbes
15, 2176118. https://doi.org/10.1080/19490976.2023.2176118

Woodruff, M.C., Bonham, K.S., Anam, F.A., Walker, T.A., Faliti, C.E., Ishii, Y., Kaminski, C.Y., Ruunstrom,
M.C., Cooper, K.R., Truong, A.D., Dixit, A.N., Han, J.E., Ramonell, R.P., Haddad, N.S., Rudolph, M.E.,
Yalavarthi, S., Betin, V., Natoli, T., Navaz, S., Jenks, S.A., Zuo, Y., Knight, J.S., Khosroshahi, A., Lee, F.E.-
H., Sanz, |., 2023. Chronic inflammation, neutrophil activity, and autoreactivity splits long COVID. Nat.
Commun. 14, 4201. https://doi.org/10.1038/s41467-023-40012-7

Xia, L., He, G., Feng, Y., Yu, X., Zhao, X,, Yin, S., Chen, Z., Wang, J., Fan, J., Dong, C., 2021. COVID-19
associated anxiety enhances tinnitus. PLOS ONE 16, e0246328.
https://doi.org/10.1371/journal.pone.0246328

143



Xu, J., Xu, H., Peng, Y., Zhao, C., Zhao, H., Huang, W., Huang, H., He, J., Du, Y., Zhou, Yong-jian, Zhou,
You-lian, Nie, Y., 2021. The effect of different combinations of antibiotic cocktails on mice and selection
of animal models for further microbiota research. Appl. Microbiol. Biotechnol. 105, 1669-1681.
https://doi.org/10.1007/s00253-021-11131-2

Yanez-Mo, M., Siljander, P.R.-M., Andreu, Z., Zavec, A.B., Borras, F.E., Buzas, E.l., Buzas, K., Casal, E.,
Cappello, F., Carvalho, J., Colds, E., Silva, A.C,, Fais, S., Falcon-Perez, J.M., Ghobrial, I.M., Giebel, B.,
Gimona, M., Graner, M., Gursel, I., Gursel, M., Heegaard, N.H.H., Hendrix, A., Kierulf, P., Kokubun, K.,
Kosanovic, M., Kralj-Iglic, V., Kramer-Albers, E.-M., Laitinen, S., Lasser, C., Lener, T., Ligeti, E., Ling, A,,
Lipps, G., Llorente, A., Lotvall, J., Mancek-Keber, M., Marcilla, A., Mittelbrunn, M., Nazarenko, |., Hoen,
E.N.M.N.-t, Nyman, T.A., O’Driscoll, L., Olivan, M., Oliveira, C., Pallinger, E., del Portillo, H.A., Reventds,
J., Rigau, M., Rohde, E., Sammar, M., Sanchez-Madrid, F., Santarém, N., Schallmoser, K., Ostenfeld,
M.S., Stoorvogel, W., Stukelj, R., Van der Grein, S.G., Vasconcelos, M.H., Wauben, M.H.M., De Wever,
0., 2015. Biological properties of extracellular vesicles and their physiological functions. J. Extracell.
Vesicles 4, 10.3402/jev.v4.27066. https://doi.org/10.3402/jev.v4.27066

Zafar, H., Saier Jr, M.H., 2021. Gut Bacteroides species in health and disease. Gut Microbes 13,
1848158. https://doi.org/10.1080/19490976.2020.1848158

Zandi, M., Behboudi, E., Soltani, S., 2021. Role of Glycoprotein Hemagglutinin-Esterase in COVID-19
Pathophysiology? Stem Cell Rev. Rep. 17, 2359-2360. https://doi.org/10.1007/s12015-021-10210-1

Zeydan, B., Kantarci, O.H., 2020. Impact of Age on Multiple Sclerosis Disease Activity and Progression.
Curr. Neurol. Neurosci. Rep. 20, 24. https://doi.org/10.1007/s11910-020-01046-2

Zhang, M., Zhang, S., 2020. T Cells in Fibrosis and Fibrotic Diseases. Front. Immunol. 11, 1142.
https://doi.org/10.3389/fimmu.2020.01142

Zhang, W., Zhang, Y., He, Y., Wang, X., Fang, Q., 2019. Lipopolysaccharide mediates time-dependent
macrophage M1/M2 polarization through the Tim-3/Galectin-9 signalling pathway. Exp. Cell Res. 376,
124-132. https://doi.org/10.1016/j.yexcr.2019.02.007

Zhao, M., Chu, J., Feng, S., Guo, C., Xue, B., He, K., Li, L., 2023. Immunological mechanisms of
inflammatory diseases caused by gut microbiota dysbiosis: A review. Biomed. Pharmacother. 164,
114985. https://doi.org/10.1016/j.biopha.2023.114985

Zheng, Y., Severino, F., Hui, L., Wu, H., Wang, J., Zhang, T., 2019. Co-Morbidity of DSM-IV Personality
Disorder in Major Depressive Disorder Among Psychiatric Outpatients in China: A Further Analysis of
an Epidemiologic Survey in a Clinical Population. Front. Psychiatry 10.
https://doi.org/10.3389/fpsyt.2019.00833

Zhou, H., Kajiyama, H., Tsuji, T., Hu, X., Leelahavanichkul, A., Vento, S., Frank, R., Kopp, J.B., Trachtman,
H., Star, R.A., Yuen, P.S.T., 2013. Urinary exosomal Wilms’ tumor-1 as a potential biomarker for
podocyte injury. Am. J. Physiol. - Ren. Physiol. 305, F553-F559.
https://doi.org/10.1152/ajprenal.00056.2013

Znaidia, M., Demeret, C., van der Werf, S., Komarova, A.V., 2022. Characterization of SARS-CoV-2
Evasion: Interferon Pathway and Therapeutic Options. Viruses 14, 1247.
https://doi.org/10.3390/v14061247

144


https://doi.org/10.3390/v14061247

Ringraziamenti

In questo lungo viaggio, chiamato dottorato, non ho camminato da sola...

Ringrazio, prima tra tutti, la professoressa Annalisa Chiocchetti; grazie per le innumerevoli

possibilita che mi hai dato e per avermi guidato in questo percorso in salita.

Ringrazio Beppe, il mio primo tutor; grazie per il supporto che mi hai dato in questi anni,

sempre disponibile nell’aiutarmi.

Ringrazio Davide; grazie per avermi insegnato a vivere il laboratorio, ma anche a dargli il suo

giusto peso.

Ringrazio i miei colleghi di laboratorio: grazie Sara, grazie Hugo, grazie Camilla, grazie
Federica, grazie Riccardo, grazie Ali... ognuno di voi & stato fondamentale in questi anni... e
come spesso diciamo saremo sempre legati da un filo invisibile per tutto quello che abbiamo

vissuto insieme.

Ringrazio tutti gli studenti che ho avuto e incontrato lungo questo percorso; grazie perché
mi avete aiutato a crescere, in particolar modo vorrei ringraziare Aurora, la “mia” prima
studentessa; grazie per la tua fiducia, e per essermi stata vicina all’inizio, guando non mi

usciva neanche un western blot.

Ringrazio Fabiola e Beatrice; oltre a delle simpatiche colleghe ho trovato in voi delle amiche
speciali! grazie per ogni momento vissuto insieme, sono sicura che in futuro ce ne saranno

altri! Vi voglio bene.

Ringrazio Elisa; grazie per essermi sempre stata vicina, per calmare il mio over thinking e per

avermi forzato ad essere piu leggera. Ti voglio bene.

Ringrazio i miei genitori; grazie per aver condiviso con me gioie e “dolori” di questi tre anni,

per avermi capita, consolata e per avermi sempre incoraggiata.

145



Ringrazio mio fratello Andrea; grazie perché pur essendo tu il fratello minore, ho sempre

visto in te una persona matura con cui confrontarmi, un porto sicuro.

Ringrazio Alessandro; anche se hai vissuto poco di questo immenso percorso, sei stato
prezioso e con la tua visione hai illuminato molti momenti bui dell’ultimo periodo. Te lo dico

spesso e lo voglio dire anche qui: sono stata davvero tanto fortunata ad incontrarti. Ti amo.

Per ultimo ringrazio tutte quelle persone che in questi anni ci sono state e mi hanno
accompagnata. Ognuna di queste ha avuto una parte, e anche se non cito i particolari
ricordero sempre quello che hanno fatto per me in questi anni, anche fosse solo una piccola
parola, un gesto o un sorriso, ma fatto al momento giusto; grazie Robi, grazie Boldrin, grazie
Luca, grazie Chiara, grazie Giulia, grazie Mirco, grazie Ja, grazie Stefano R., grazie Stefano G.,
grazie Sara C., grazie Luisa, grazie Vittoria, grazie Gianlu, grazie Giada, grazie Elena, grazie

Ale.

146



