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Abstract (english version)

Immunological memory, conferred by the cells of the adaptive immune system, such as B and
T cells, is crucial for protecting the host against pathogens, and indeed vaccines base their efficacy
on the induction of a long-term memory response. The duration of the protection is related to the
quantity and quality of this response. More than the antibody production, the quantity and quality of
T cells (i.e. the percentage, absolute number and the polyfunctionality of antigen (Ag)-specific cells)
are likely correlated with immune protection. For this reason, we deeply characterize the SARS-CoV-
2 Ag-specific response during infection, COVID-19 recovery and after SARS-CoV-2 vaccination in
different categories of patients. The phenotype and functionality of SARS-CoV-2 specific CD4",
CDS8" T cells and B cells have been investigated by state of the art flow cytometry and data analysis.

Firstly, we studied patients with moderate or severe COVID-19 pneumonia, compared to
patients recovering from moderate or severe infection. We assessed the polyfunctionality of virus-
specific CD4" and CD8" T cells by quantifying cytokine production after in vitro stimulation with
different SARS-CoV-2 peptide pools. By using polychromatic flow cytometry, we quantified the
percentage of CD4" and CD8" T cells simultaneously producing different cytokines. We observed
that, compared to patients experiencing severe COVID-19, those recovering from a severe disease
display high proportions of Ag-specific CD4" T cells producing Thl and Th17 cytokines and are
characterized by polyfunctional SARS-CoV-2-specific CD4" T cells. This suggests that the impaired
immune response of patients experiencing severe infection turns into a high quality CD4" T cells
response during recovery.

Then, we focused on the effects of different vaccine combinations. We investigated the SARS-
CoV-2-specific immune response developed in two groups of healthy donors after vaccination
compared to a group of subjects who recovered from the infection. We observed that vaccinated
individuals display a skewed Thl Ag-specific T cell polarization and a higher percentage of Ag-
specific and activated memory B cells compared to those of patients who recovered from severe
COVID-19. In addition, recovered individuals show higher percentages of CD4" T cells producing
one or two cytokines simultaneously, while the vaccinated are distinguished by highly polyfunctional
populations. These data suggest that functional and phenotypic properties of SARS-CoV-2 adaptive
immunity differ in recovered COVID-19 individuals and vaccinated ones.

Finally, we characterized the immune response developed after SARS-CoV-2 vaccination by
Multiple Sclerosis (MS) patients on different disease modifying therapies (DMT). We find that almost
all patients develop a detectable and functional SARS-CoV-2 immune response. Among the studied

DMTs, only fingolimod and natalizumab significantly modify SARS-CoV-2-specific B and T cell



composition after vaccination. These data contribute to highlight the importance of a good vaccine
administration and its effectiveness, even in patients on immunomodulatory therapies.

The investigation of the quality and the quantity of the memory response is important to gain
feedback on the presence and duration of the protection. This could support treatment decisions and

help in making sensible choices about re-vaccination schemes in the future.

Keywords: SARS-CoV-2, antigen-specific, T cells, B cells, flow cytometry.



Abstract (italian version)

La memoria immunologica, conferita dai linfociti B e T appartenenti al sistema immunitario
acquisito, ¢ fondamentale per la protezione contro patogeni. I vaccini, infatti, basano la loro efficacia
sull’induzione di una risposta di memoria a lungo termine. La durata della protezione ¢ correlata alla
quantita ed alla qualita della risposta immunitaria. Pit che la produzione di anticorpi, ¢ la risposta dei
linfociti T (i.e. la percentuale, il numero assoluto e polifunzionalita delle cellule antigene (Ag)-
specifiche) ad essere correlata con la protezione. Per questi motivi, in questi studi abbiamo
caratterizzato la risposta Ag-specifica a SARS-CoV-2 durante infezione, guarigione da COVID-19,
e successivamente alla vaccinazione, in varie categorie di pazienti. Il fenotipo e la funzionalita dei
linfociti T CD4", CD8" ¢ dei linfociti B sono stati studiati utilizzando tecniche di ultima generazione
di citometria a flusso e data analisi.

Nel primo studio abbiamo incluso pazienti con polmonite moderata o severa da COVID-19,
confrontati con pazienti guariti da queste due forme di infezione. Abbiamo caratterizzato la
polifunzionalita dei linfociti CD4" e CD8" attraverso la quantificazione delle citochine prodotte in
vitro successivamente alla stimolazione con pool di peptidi di SARS-CoV-2. Utilizzando la tecnica
di citometria a flusso policromatica, abbiamo quantificato la percentuale di cellule CD4" ¢ CD8"
polifunzionali. Abbiamo quindi osservato che, rispetto a pazienti con infezione severa, quelli guariti
da una forma severa presentano cellule CD4" che producono citochine di tipo Thl € Th17 e sono
caratterizzati da una risposta CD4" polifunzionale. Questo suggerisce che la risposta immunitaria
compromessa osservata nei pazienti con infezione severa si trasforma in una risposta di alta qualita
durante la fase di guarigione.

Successivamente, ci siamo focalizzati sull’effetto di diverse combinazioni di vaccini. In
particolare, abbiamo analizzato la risposta specifica a SARS-CoV-2 sviluppata in due gruppi di
donatori sani in seguito a vaccinazione, confrontati con un gruppo di pazienti guariti dall’infezione.
Abbiamo quindi osservato che i1 soggetti vaccinati presentano cellule T Ag-specifiche del tipo Thl ed
un’alta percentuale di cellule B Ag-specifiche attivate e di memoria, se paragonati con quelle dei
pazienti guariti da una forma severa di COVID-19. In aggiunta, i pazienti guariti presentano un’alta
percentuale di cellule CD4" in grado di produrre una o due citochine simultaneamente, mentre i
vaccinati si distinguono per popolazioni di cellule altamente polifunzionali. Questi dati suggeriscono
che il fenotipo e la funzionalita della risposta Ag-specifica a SARS-CoV-2 sono diversi se sviluppati
in seguito a vaccinazione o ad infezione.

Infine, abbiamo caratterizzato la risposta immunitaria sviluppata in seguito a vaccinazione in

pazienti con Sclerosi Multipla (SM) in trattamento con diversi farmaci. Abbiamo potuto notare che



la maggior parte dei pazienti sviluppa una risposta immunitaria a SARS-CoV-2 rilevabile e
funzionale. All’interno delle categorie di farmaci analizzati, abbiamo osservato che solo fingolimod
e natalizumab modificano significativamente la composizione delle cellule B ¢ T Ag-specifiche.
Questi risultati contribuiscono a mettere in evidenza I’importanza e I’efficacia di una buona
somministrazione dei vaccini , anche in pazienti in cura con terapie immunomodulanti.

Lo studio della qualita e la quantificazione della risposta di memoria ¢ importante per ottenere
informazioni riguardo la presenza e la durata della protezione. Questi dati potrebbero supportare
decisioni riguardo trattamenti terapeutici ed aiutare in una scelta oculata riguardo futuri richiami o

specifici schemi vaccinali.

Parole chiave: SARS-CoV-2, antigene-specifiche, cellule T, cellule B, citometria a flusso.



ABBREVIATION INDEX

ACE2: angiotensin-converting enzyme-2; Ag*: antigen-specific; Ag™: antigen non-specific; AICD:
activation induced cell death; AIM: activation-induced marker assay; APCs: antigen presenting cells;
ARDS: acute respiratory distress syndrome; aTBCs: atypical B cells; CoVs: coronaviruses; COVID-
19: coronavirus disease 2019; CCL2: chemokines C—C motif chemokine ligand 2; CCR2: C-C
chemokine receptor type 2; CMIA: chemiluminescent microparticle immunoassay; CNS: central
nervous system; CRP: c-reactive protein; ¢Tth: circulating T follicular helper; CTLA4: cytotoxic T-
lymphocyte-associated protein 4; DAMPs: damage-associated molecular patterns; DCs: dendritic
cells; DMF: dimethylfumarate; DMTs: disease-modifying therapies; DPP4: dipeptidyl Peptidase 4;
EL: elastase; FasL: Fas ligand; FDR: false discovery rate; FP: fusion peptide; GCs: germinal
centers; GLMM: generalized linear mixed model; GMCSF: granulocyte-macrophage colony-
stimulating factor; gp130: glycoprotein 130; GRZB: granzyme B; HD: healthy donor; HIV: human
immunodeficiency virus; HLA-DR: human leukocyte antigen-DR isotype; HSCT: hematopoietic
stem cell transplant; ICPs: immune checkpoint inhibitors; ICS: intracellular cytokine staining; ICU:
intensive care unit; IFNy: interferon-y; Ig: immunoglobulin; IL: interleukin; IL-6R: interleukin-6
receptor; IMV: invasive mechanical ventilation; IP-10: IFN-y-inducible protein 10; JAK: janus
kinase; KLLH: keyhole limpet hemocyanin; LLPCs: long-lived plasma cells; M: membrane; MCP-
1: monocyte chemoattractant protein-; MEA: European Medicines Agency; MERS: middle east
respiratory syndrome; MERS-CoV: middle east respiratory syndrome coronavirus; MHC: major
hystocompatibility complex; MPO: myeloperoxidase; MS: multiple sclerosis; N: nucleocapsid;
NETs: neutrophil extracellular traps; NK: natural killer; NLR: neutrophil-to-lymphocyte ratio;
NSPs: non-structural proteins; ORFs: open reading frames; OPN: osteopontin; OXPHOS: oxidative
phosphorylation; PaQ2/FiOz: ratio of arterial partial pressure of oxygen to fraction of inspired
oxygen; PB: plasmablast; PBS: phosphate bugger saline; PD-1: programmed cell death protein 1;
PD-L1: programmed cell death ligand 1; Pre-GC MBCs: pre-germinal center memory B cells;
RAAS: renin-angiotensin-aldosterone system; RBD: receptor binding domain; RLU: relative light
unit; ROS: reactive oxygen species; RR: relapsing-remitting; RRMS: relapsing-remitting multiple
sclerosis; RT: room temperature; S: spike; SARS: severe acute respiratory syndrome; SARS-CoV-
2: severe acute respiratory syndrome coronavirus 2; SE: spreading error; SLPCs: short-lived plasma
cells; STAT: signal transducer and activator of transcription; SpOz: saturation of peripheral oxygen;
TCR: T cell receptor; Tth: T follicular helper; TGF-B: transforming growth factor beta; Th: T
helper; TIGIT: T cell immunoreceptor with immunoglobulin and ITIM domain; TIM3: T cell
immunoglobulin and mucin domain-containing protein 3; TLR: Toll-like receptors; TNF: tumor
necrosis factor; TrB: transitional B cells; Treg: regulatory T cell; VOC: variant of concern; WHO:
world health organization.






1. INTRODUCTION

1.1 Severe Acute Respiratory Syndrome Corona Virus 2 (SARS-CoV-2): origin of the

pandemic

On December 2019, news reported cases of pneumonia in Wuhan, China [1]. The infection
was caused by an unknown virus. Evidences linked the cases to the Seafood Market in Wuhan, a
wholesale fish and live animal market selling different animal species [2,3]). Soon after, at the
beginning of January 2020, a new human-infecting coronavirus was identified. It was first named
“2019 novel Coronavirus” (2019-nCoV) by the World Health Organization (WHO). Subsequently,
as a genetic relation with the coronavirus responsible for the epidemic occurred in 2003, the virus
was renamed as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [4,5]. The disease
caused by this virus was then called Coronavirus Disease 2019 (COVID-19). On March, the evidence
of a rapid human to human transmission became strong. This evidence led the WHO, on March 2020,
to declare COVID-19 a pandemic [6]. In fact, in that period the WHO noted that in 2 weeks there has
been a 13-fold increase in the number of cases outside China and the number of countries with cases
increased threefold. The virus spreading was incredibly fast and due to characteristics as incubation
period (period in which a person is infected but does not show symptoms yet), it was not possible to
stop its spreading all over the world [6]. In Italy, the first patient diagnosed for COVID-19 was in
Lombardy, dated February 21, 2020 [7]. At the end of March 2020, the city of Modena was facing
more than 1,500 cases of which about one-fifth were hospitalized [8].

After more than three years from the first identified cases, we can state that each country faced
an unprecedent emergency. Different strategies were put in place to contain the spreading of the virus
and to save lives. Despite that, now, as of August 2023, it has been registered 768 million cases

worldwide and almost 7 million deaths (https://covid19.who.int/).

1.2 COVID-19 ancestors: SARS and MERS

SARS-CoV-2 belong to the Coronaviridae family, in particular to the -coronavirus together
with its ancestors Severe Acute Respiratory Syndrome (SARS) and Middle East Respiratory
Syndrome (MERS) [9].

SARS first case was registered in November 2002 in the Guangdong Province of China. From
that moment the virus spread from continent to continent, resulting in more than 8,000 infection with

a mortality rate of 10%, considered at that time as the most severe disease caused by a coronavirus
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[10,11]. The median incubation period of this virus were 4 days [12]. The outbreak was mostly
contained because of the relative inefficient SARS-CoV transmission due to its low infectivity index
[13,14]. However, SARS pandemic not only caused a public health issue, but its effects had a socio-
economic impact in China [15].

The first case of MERS was identified in a patient showing acute pneumonia and renal failure
in Jeddah, Kingdom of Saudi Arabia in June, 2012 [16,17]. The medium incubation period was from
5.5 to 6.5 days [18,19]. The case fatality rate of MERS is, among the cited coronavirus, the highest
as of 34.4% [20]. A so high mortality rate had for sure a negative impact on the transmission of the
virus.

SARS-CoV-2 presented a low case fatality rate (2.13%) compared to SARS-CoV and MERS-
CoV. However, it rampantly spread throughout the world impacting health, lifestyle and socio-

economic aspect of the involved countries [20].

1.3 General characteristics of SARS-CoV-2, SARS-CoV and MERS-CoV

SARS-CoV-2 is an enveloped virus with a positive single-stranded RNA genome.
Coronaviruses (CoVs) present the largest viral genome, ranging from 26 to 36 kb in length [4]. Their
viral envelope is derived from the host cell, it has glycoprotein spikes and the genome is protected by
the nucleocapsid [11]. SARS-CoV-2 shares about the 82% of the genome identity with SARS-CoV
and MERS-CoV. More than 90% of these sequences encode for essential enzyme and structural
proteins. This high level of identity correlates with similar pathogenic mechanisms [21]. SARS-CoV-
2 is constituted by 4 structural proteins as Spike (S), Envelope (E), Membrane (M) and Nucleocapsid
(N), and 16 non-structural proteins (nsp1-16). CoVs share the use of the S protein to bind host cell-
surface receptors [21]. Spike is a transmembrane protein constitute of homotrimers that protrude from
the viral surface enabling for a binding action. After this viral-host contact, by using a host protease,
Spike undergoes a cleavage that activates the two subunits of the protein: S1 and S2. S1 contains the
Receptor Binding Domain (RBD) to bind the host receptor, while S2 contains the Fusion Peptide (FP)
essential for the fusion of the two membranes, an event that complete the entry process [22]. Once in
the host cell, SARS-CoV-2 replicates its genome that will be included in viral particles and will exit
the host cell to disseminate in the organism [23].

The target receptor of CoVs is not always the same. SARS-CoV and SARS-CoV-2 bind to
the Angiotensin-Converting Enzyme-2 (ACE2), while MERS-CoV recognizes the Dipeptidyl
Peptidase 4 (DPP4) receptor [21]. This difference suggests changes in the residual composition of the
Spike protein among CoVs, that correlates with different cell targets. ACE2 is widely express on the

11



surface of different type of cells. First of all, it is the homologue of the angiotensin-converting enzyme
involved in the renin-angiotensin-aldosterone system (RAAS); thus, it is involved in the regulation
of blood pressure and fluid balance. Moreover, it is expressed at the lung levels, where it inhibits
vasodilation and elevation of vascular permeability. ACE2 is also expressed at the gastrointestinal
level where it is involved in the regulation of the local innate immunity or the gut microbial ecology.
Thus, this receptor is expressed on various tissues such as heart, lung, gut, kidney, brain and others
[24]. In addition, the expression of ACE2 change during the life of an individual, decreasing with age
but also specific pathologies such as hypertension, diabetes or cardiovascular diseases are related
with ACE2 deficiency [24]. Thus, it could be hypothesized a correlation between ACE2 expression,
disease severity and categories of infected individuals; however, this hypothesis has not been verified
yet [24]. SARS-CoV-2 primarily targets lung epithelial cells; however, intestinal and other epithelia
can be infected with active virus replication [25].

Despite binding the same receptor, SARS-CoV and SARS-CoV-2 binding domain present
some differences. First of all, amino acids substitutions have been identified. In particular SARS-
CoV-2 RBD present some substitutions that favors a stronger interaction with ACE2, while other
substitutions reduce this affinity if compared to SARS-CoV [26]. Regarding the overall structure of
the two proteins, SARS-CoV-2 Spike resembles that of SARS-CoV. One difference has been
identified in the position of the RBD. The former present a RBD region closer to the central cavity
of the trimer, while the latter present the RBD region packed near the N-terminal domain of the
neighboring protomer (a structural unit of an oligomeric protein composed by at least two different
protein chains that forms a larger hetero-oligomer by the association of two or more copies of this
unit) [27]. However, when the two proteins are aligned, they still reflect an high degree of structural
homology. To gain a deeper understanding of the binding mechanism despite the structural
differences above cited, it has been quantified the kinetics of the Spike protein and ACE2 interaction
by plasmon resonance. ACE2 binding to SARS-CoV-2 RBD is 10-20 fold higher than for SARS-
CoV. Thus, even minor changes in the protein structure and amino acids sequence may have
contributed to a new characteristic of this virus, as its incredible human to human spreading [27].

Due to differences in host-cell targets, MERS-CoV showed a much broader cell tropism. In
particular, a part from respiratory epithelial cells, MERS-CoV infects also different human immune
cell lines such as monocytes and T lymphocytes. Moreover, as the wide distribution of DPP4, MERS-
CoV infects also dendritic cells (DCs), which are important Antigen Presenting Cells (APCs), with
the role to link the innate and adaptive immune response [28]. DCs are also susceptible to SARS-
CoV infection but in this case the infection was mostly abortive and when it was successful, it failed

to trigger an interferon response but resulted in an up-regulation of cytokines and chemokines thus
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being counterproductive [29]. SARS-CoV-2, on the other side, can bind and infect
monocytes/macrophages but not T lymphocytes [30]. Moreover, only SARS-CoV-2 can replicate in
in the upper respiratory tract during both pre and post symptomatic phases. These characteristics may
increase its transmissibility [31]. The main characteristics of MERS-CoV, SARS-CoV, and SARS-
CoV-2 are reported in Table 1.

All these cited features, characterize the ability of a virus to infect and reproduce itself. Surely,
the aggressiveness of MERS-CoV was a negative trait for its survival. In fact, its mortality rate was
really high and the spread of the virus was limited by it. SARS-CoV-2 shows a very high
transmissibility compared to the other two CoVs and this was surely related to some conformational
changes that helped in a higher affinity with its target receptor, its replication in the upper respiratory
tract and also the non-symptomatic phases that delayed the identification and traceability of the

infected individuals.

SARS-CoV MERS-CoV SARS-CoV-2
Date of outbreak November 2002 June 2012 December 2019
Origin China Saudi Arabia China
Mortality rate [%] 10 344 2.13
Median incubation 4 55.6.5 5165

period [days]

Period of incubation,
asymptomatic patients =
fast spreading worldwide

Target receptor ACE2 DPP4 ACE2
Table.1 Summary of MERS-CoV, SARS-CoV and SARS-CoV-2 characteristics.

Low infectivity index = | High fatality rate > low

readin : o
Spreading contained outbreak transmission

1.4 SARS-CoV-2 transmission and symptomatology

SARS-CoV-2 infection happens mostly via fomites and droplets of respiratory fluid released
form an infected individual when in contact with another individual. A so called “direct” infection
happens trough a real contact between two individuals in situation of coughing, breathing, talking,
sneezing. The “indirect” infection happens through the contact of surfaces or objectives that
previously came in contact with an infected individual [23]. The strengths of this virus are the period
of incubation and the possibility to infect through asymptomatic individuals. The period of incubation
is defined as the time between the event of the infection and the manifestation of symptoms. The
period of incubation has been estimated to be between 5.1 to 6.5 days [32,33]. During this period,

infected people do not know about their status and are able to infect other people. People during the
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incubation phase and asymptomatic individuals are the carriers of the virus. Although people from

all age can be infected, older adults with comorbidities are at higher risk [11]. Comorbidities can be

asthma, cancer, cardiovascular disease, obesity, diabetes, the use of immunosuppressive therapy or

being a transplant patient. Moreover, the severity of symptoms is really different. In fact the infection

can range from asymptomatic to severe [32]. The most common symptoms are fever, cough, sore

throat, headache, myalgia, fatigue and dyspnea. Other observed symptoms are loss of taste or smell

and gastrointestinal disorder [34,35]. In critical patient, the infection can lead to hospitalization, to

ventilatory support or even invasive mechanical ventilation (IMV). The clinical spectrum has been

described as follows (for up-to-date information: https://www.covidl9treatmentguidelines.nih.gov/):

Asymptomatic or presymptomatic infection: individuals who tested positive for SARS-CoV-
2 but present no symptoms related to COVID-19. However, in some cases objective
radiographic findings related to COVID-19 pneumonia have been reported [36,37].

Mild illness: patients that shows different symptoms nut do not have shortness of breath,
dyspnea on exertion or abnormal imaging. These patients can be managed through ambulatory
visits or also telemedicine. No particular exams are needed in these cases. However, patients
with comorbidities showing mild COVID-19 are at higher risk of disease progression, thus
they need to be monitored.

Moderate illness: patients who exhibit evidence of lower respiratory disease during clinical
assessment or imaging. These patients present a saturation of peripheral oxygen (SpO2) >94%
on room air at sea level. These patients need to be constantly monitored as the disease can
rapidly worsen.

Severe illness: patients presenting SpO> <94% on room air at sea level, a ratio of arterial
partial pressure of oxygen to fraction of inspired oxygen (PaO2/FiOz) <300 mm Hg, a
respiratory rate >30 breaths/min, or lung infiltrates >50%. These patients need to be
hospitalized and given oxygen therapy.

Critical illness: patients presenting complication as acute respiratory distress syndrome
(ARDS), septic shock, multiple organ dysfunction, cardiac shock and an uncontrolled

inflammatory response.

SARS-CoV-2 structural and infective characteristics are listed in Table 2.
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SARS-CoV-2
Genome Positive single-stranded RNA (26-36 kb)
Genome identity with previous CoVs ~82%
Structural proteins 4(S,M,N,E)
Non-structural proteins 16 (nspl-16)
Target receptor ACE2
Strength of interaction with target receptor 10-20 fold higher than SARS-CoV
Target cells Monocytes/macrophages
Transmission Fomites and droplets of respiratory fluid
Period of incubation 5.1-6.5 days
Most common symptoms Fever, cough, sore throat, headache, myalgia, fatigue, dyspnea
Clinical spectrum e Asymptomatic or presymptomatic infection
e Mild illness
e  Moderate illness
e Severe illness
e  (Critical illness

Table 2. Structural and infective characteristics of SARS-CoV-2.

1.4 Pathogenesis of COVID-19

The leading manifestation of COVID-19 is hypoxemia (low levels of oxygen in the blood),
that can worsen to various stages of ARDS, defined as an impairment of oxygenation [38]. SARS-
CoV-2 infection can also cause an unusual phenomenon as the so-called silent hypoxemia. In this
condition, patient present low PaO; but only mild respiratory discomfort and dyspnea [39,40]. In fact,
not all the patients experiencing low PaO2/FiO; ratio present symptoms as shortness of breath [41].
However, when PaO> <60 mmHg, the physiological response is to increase the respiratory drive, that
is the intensity of the neural stimulus to breathe, regulating so the respiratory rate and depth. This
condition can worsen lung function leading to a deterioration of patient condition [42,43]. During the
infection, sustained pulmonary inflammation and also fibrosis can cause progressive lung edema that
alter lung mechanics worsening tissue hypoxia [38]. COVID-19 deceased patients, present increased
average lung weight characterized by edema while alveoli are typically filled with fluid and fibrin
[44,45]. Regarding cells, type II pneumocytes frequently present disrupted membranes contributing
to lung parenchyma remodeling. Microangiopathy is a predominant feature, causing a dissemination
of platelet-fibrin microthrombi in alveolar capillaries. Thus, several marker of angiogenesis are
upregulated. Moreover, cellular infiltration is common especially in relation to leukocyte such as T
lymphocyte, macrophages, monocytes and neutrophils [46-48].

ARDS related to COVID-19 present specific characteristics. Firstly, it is often associated with
normal respiratory system compliance. The increased respiratory drive is probably lower to that of
non-COVID-19 ARDS, potentially masking the true extent of hypoxemia [49,50]. Secondly, lung
fibrosis is a deleterious consequence of COVID-19 ARDS. It leads to the deterioration of lung

function and respiratory failure. This condition is irreversible and correlates with poor prognosis [51].
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Lung fibrosis is driven by the release of pro-fibrotic factors among which transforming growth factor-
B (TGF-B). The secretion of this factor from injured lung cells, promotes repair and resolution of the
damage. However, in COVID-19 the release can be excessive leading to epithelial-to-mesenchymal
and endothelial-to-mesenchymal transition [52-54]. Once in recovery, most of the patient that
experienced a severe COVID-19 with an important inflammatory response, present pulmonary
fibrosis. In critical condition, a transplant is needed [55].

Coagulopathy and endothelial damage are other key features of COVID-19, rising the risk of
arterial and venous thromboembolism [56]. The prevalence of thrombosis in COVID-19 is higher
than in influenza [57]. Hypercoagulability in SARS-CoV-2 infected patients can be identified by
higher concentration of circulating D-dimer (a product of fibrin degradation) if compared to general
Intensive Care Unit (ICU) patients or those experiencing severe pneumonia not related to COVID-19
[58]. Severe COVID-19 can present the following characteristics: hypercoagulability, increased
fibrinogen, thrombocytopenia, elevated prothrombin time and elevated activated partial
thromboplastin time [42,59,60]. Studies suggest an association between deranged coagulation and
severity of lung failure and mortality [61-64]. Hypercoagulability in COVID-19 can be influenced by
direct virus-induced endothelial damage and consequent inflammation [65]. The hypothesis that
pulmonary circulation thrombosis can be induced by endothelial injury is supported by the evidence
that alveolar damage in COVID-19 is frequently associated with thrombotic microangiopathy [66],
[67]. This phenomenon can be explained as a dysfunctional cross-talk between leukocyte and
endothelial cells that aggravates hypoxemia [68]. The combination of pulmonary vascular
dysfunction and thrombosis is a case of high risk mortality for patients with COVID-19 and ARDS
[69-71].

1.5 Host response to SARS-CoV-2: cytokine storm, innate and adaptive immune
response.

After recognizing the presence of a pathogen, the host immune system mounts a response to
fight the intruder. The first line of defense are innate immune cells that start their action by both
signaling the presence of a pathogen and releasing pro-inflammatory molecules. After some time and
the release of a huge quantity of soluble mediators, cells from the adaptive immunity are recalled on

the site of the infection.
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1.5.1 Cytokine storm

A hallmark of SARS-CoV-2 infection is the phenomenon of the “cytokine storm”. This
definition is representative of a situation in which a large and various amount of cytokines, both pro-
inflammatory and anti-inflammatory, are produced in a way that, based on patient conditions, can be
uncontrolled and can lead to multi-organ failure and death [72]. ARDS, in fact, is mainly caused by
an excessive immune response rather than an high viral load [73]. Thus, virus-induced
hyperinflammatory syndrome can be associated with disease severity [74-75]. Cytokines are essential
to maintain and accomplish all the immune system functions. These soluble molecules are involved
in a variety of pathways, such as inflammation, coagulation, tissue repair and fibrosis. However, when
produced in a dysregulated manner, cytokines may become harmful for the organism. Pro-
inflammatory cytokines plays a major role in the up-regulations of inflammatory response, in case of
both infectious or non-infectious disease. Inflammation is a local process aimed to restrict pathogen
spreading [76].

One of the principal cause of cytokine storm caused by COVID-19 is the infection of lung cells, in
particular type II pneumocytes, that lead to the recall of immune cells among which neutrophils,
macrophages, monocytes and lymphocytes that in response produce a large quantity of cytokines
[77]. Increased neutrophil-to-lymphocyte ratio (NLR) in COVID-19 patients is a marker of cytokine
storm. Many studies demonstrated the presence of inflammatory infiltrates within different tissues in
patients diagnosed for COVID-19 [78]. Numerous inflammatory cytokines contribute to this process,
such as Interleukin (IL) -1, -2, -6, -10, Interferon (IFN) -y, Tumor Necrosis Factor (TNF) -a, IFN-
y-inducible protein 10 (IP-10), granulocyte macrophage-colony stimulating factor (GM-CSF), and
monocyte chemoattractant protein-1 (MCP-1) and the plasma concentration of these molecules also
correlate with disease severity [79,80]. These cytokines are produced and released as a cascade by
different cell types. Different are the pathway of activation:
e Direct viral recognition: activation via pattern recognition receptors (primarily by virus-
specific Toll-like receptors as TLR3, TLR7,TLR8 and TLRY);
e Indirect recognition: cytokine production in response to cell damage such as when epithelial
cells damaged by SARS-CoV-2 infection release damage-associated molecular patterns

(DAMPS).
The first cytokines to be produced and released are TNF-a and IL-1: these molecules then stimulate

the production of others [81]. In a condition in which the patient is able to cope with the infection, T

lymphocyte exhaustion and production of suppressive cytokines such as IL-10 can take part in re-
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establishing homeostasis in the lung. This balance of immune activation and suppression is crucial
for the host to fight the infection.

“Cytokine storm” is a definition already used for different viral infections such as influenza,
MERS-Cov and Ebola. However, this term have been used also to describe sepsis of various etiology
or other non-infectious pathologies such as severe traumas and burns, acute pancreatitis, macrophage
activating syndrome. [81]. Among all cytokines, IL-6 was a protagonist in scientific discussion during
COVID-19 pandemic. IL-6 is one of the main pro-inflammatory cytokines that is involved in different
aspects of both innate and adaptive immunity. IL-6 promotes the differentiation of monocyte to
macrophages rather than to Dendritic Cells (DCs), thus controlling the antigen presenting cell
development and favoring the presence of cells able to fight pathogens [82]. Regarding adaptive
immunity, IL-6 is a growth factor for B cells and inducer of plasma cell differentiation, thus impacting
on antibodies production. In addition, IL-6 is a co-stimulatory molecule for T cell activation
enhancing proliferation and also protecting CD4" T cells from activation induced cell death (AICD),
downregulating Fas ligand (FasL) expression [83]. It can also inhibit TGF- induced regulatory T
cell (Treg) differentiation, reinforcing inflammation. IL-6 stimulates hepatocytes to produce
inflammation proteins such as C-reactive protein (CRP) and fibrinogen. All these actions, when taken
to the excess, cause damage to the organism [84]. IL-6 as well as its receptor can be found both as
soluble and membrane-bound molecules. IL-6 binds to its receptor, IL-6 receptor (IL-6R or CD126)
and to Glycoprotein 130 (gp130). When bound, it forms a hexameric complex that transduces the
signal through the Janus kinase (JAK) and signal transducer and activator of transcription (STAT)
pathway [85]. The complex IL-6/IL-6R/gp130 can activate classic signaling and trans-signaling.
When the combination is composed of membrane-bound IL-6, the classic signaling is activated, while
when it is involved the soluble molecule, the trans-signaling pathway is then turned on. When the
serum levels of IL-6 are low, then the classic pathway is activated playing an anti-inflammatory role.
On the other hand, when IL-6 concentration increases, trans-signaling is activated and pro-
inflammatory reactions occurs in a wide cell population [86].

IL-6 is typically found in blood of healthy individuals at low concentration (1-5 pg/ml). The
association between IL-6 > 80 pg/ml and respiratory failure or death was observed in different studies
and was the fuse that led to the use of IL-6 blockers in the management of severe COVID-19 patients
[85]. Tocilizumab is a humanized monoclonal antibody that by binding to IL-6R (both soluble and
membrane-bound) can inhibit the interaction with the ligand, interfering with IL-6 signaling and
opposing to inflammation. This new drug is largely used by rheumatologist in the treatment of
rheumatoid arthritis. Regarding COVID-19, tocilizumab is effective in patients with hypoxemia and

in need for oxygen therapy. It improves survival and lower the chances of progressing to mechanical
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ventilation in critical patients in ICUs. However, as usually occurs, not all the patients can benefit
from this therapy [87-89]. Thus, studies tried to identify markers to distinguish responder from non-
responder patients and highlighted that, at the time of treatment initiation, COVID-19 patients who
responded to tocilizumab presented higher concentrations of pro-inflammatory cytokines such as IL-
1B, IL-1o and IFN- B [90]. Where IL-6 was high, the early administration of tocilizumab determined
improvement in oxygenation, defined as the ratio between arterial oxygen tension and fraction of
inspired oxygen [91]. In non-responders, IL-6 has been seen to increase its levels even after the
administration of tocilizumab [90].

The mode of action of tocilizumab affects B cell growth, B cell differentiation, survival of
plasma cells and, more in general, B cell homeostasis in all COVID-19 patients, both responding or
non-responding to therapy. In particular, B cells increase in number after tocilizumab treatment even
in non-responders [92]. Responder patients, after therapy, present also higher number of CD4" and
CD8" T cells, with a particular increase in naive and recently activated memory T cells. In
inflammation caused by rheumatoid arthritis, tocilizumab contributes to the increase of protective
Treg and to inhibit T helper (Th) 17 phenotype [93-95]. Regarding tocilizumab therapy, responding
patients before treatment seem to be characterized by higher levels of inflammation, B and T cells if

compared to non-responders which present leukopenia [90].

1.5.2 Innate immune response

The innate immune response is fundamental for a fast action against the pathogen. It has three
main and pivotal role:
e The restriction of viral replication within infected cells;
e The creation of an antiviral state as well as the recruitment of effector cells of the innate
immune system;

e The priming of the adaptive immune response.

The first two activities slow down the viral replication and spreading, while the third is critical for a
clearance of the infection [96]. The first barriers that SARS-CoV-2 encounter when infecting the host
are the physical barriers, as skin and mucosa lining in the respiratory tract. Then cells of the innate
branch of immunity are recalled. Innate immune cells are dendritic cells, macrophages, monocytes
and granulocytes (eosinophil, basophil, neutrophils), each one with a different function and activating
pathways that lead to different outcomes. The intensity of the response depends on the activation of

these cells [97].
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The majority of cells infiltrating lungs are monocytes and macrophages. These cells together with
multinucleated giant cells were observed in lungs during autopsy from COVID-19 death patients and
were associated with alveolar injury [97].

Monocytes are an heterogenous population of APC that constitute the 5-10% of peripheral-
blood leukocyte. On the basis of surface marker expression, monocytes can be subdivided in:

e Classical monocytes: expressing high levels of CD14 but no CD16 (CD14%& CD16);
during the infection these monocytes can home to the site of inflammation, recognize and
phagocyte the pathogen, secrete pro-inflammatory cytokines and recall immune cells [98].

e Intermediate monocytes: expressing high levels of both CD14 and CD16 (CD14°eh
CD16"€"): these cells are the main source of pro-inflammatory cytokines, such as IL-6, TNF,
IL-1p and IL-8 [99].

e Non-classical monocytes: expressing medium levels of CD14 but high levels of CDI16
(CD14%™  CD16#"); these innate immune cell can move along the vasculature and are

considered surveilling monocytes.

These subsets differ for the expression of homing receptors, for the production of pro-inflammatory
cytokines and for the ability to present antigens [98].

In a physiological situation, monocytes produce adenosine triphosphate (ATP) to exert their
functions by both oxidative phosphorylation (OXPHOS) and glycolysis. During a situation of
inflammation or hypoxia, monocytes preferentially activate one of the two pathways changing their
metabolism to face the danger. However, during COVID-19 infection, monocyte metabolic condition
are profoundly compromised. In particular, both the pathways were found to be defective, reminding
of a condition seen in patients with sepsis that was called “metabolic paralysis” [100]. Monocyte
metabolism impacts their functionality; the quantification of reactive oxygen species (ROS),
produced during respiratory (or oxidative) burst, is a direct measure of the activation and phagocytic
function of the cell. This capacity of respiratory burst together with microbial killing, phagocytosis
and cytokine production are hallmark of monocyte function and are influenced by their metabolism
[101-102]. From a metabolic point of view, COVID-19 patient monocytes are less efficient and more
dysfunctional if compared to healthy controls. These cells during the infection present low glycolysis
levels and reduced ability to perform oxidative burst. In addition, mitochondria were depolarized and
presented abnormal ultrastructure [103].

SARS-CoV-2 infection induces a change in the redistribution of the three subpopulation of

monocytes. In particular, intermediate monocytes are more present in COVID-19 patients than
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healthy individual, at the expense of classical and non-classical monocytes that are less present if
compared to controls. An important reduction in the number of non-classical monocytes has been
observed in the peripheral blood of severe patients compared to mild or control ones, together with a
reduction in Human Leukocyte Antigen-DR isotype (HLA-DR) reduced expression on CD14°right
monocytes. IL-6 is responsible for the inhibition of HLA-DR expression, thus the over production of
IL-6 related to the cytokine storm could be responsible for this phenomenon. Indeed, when IL-6R
antibodies are used, the restoration of normal levels of HLA-DR and non-classical monocytes have
been observed. The decrease of non-classical monocytes is not related to other pathologies, thus
representing a specific characteristic of SARS-CoV-2 infection [104-106]. However, this subset
modification could be partially explained by the recruitment of non-classical monocytes to the site of
the infection [107].

Monocytes can express C-C chemokine receptor type 2 (CCR2"), a marker that induce
chemotaxis to the site of the infection. CCR2" monocytes can migrate to the site of inflammation,
differentiate into inflammatory macrophages and activate Natural Killer (NK) lymphocytes as well
as memory CD8" T cells which are involved in the antiviral response [103,108,109]. SARS-CoV-2
can also impact monocyte asset of surface antigen expression. Indeed, monocytes can express
exhaustion markers, as antigens that are expressed after long stimuli and that inhibit the effector
function of the cells. Among those, Programmed Cell Death Protein -1 (PD-1) is one of the most
famous and cited. PD-1 binds to its ligand Programmed Death-Ligand 1 (PD-L1). PD-1/PD-L1
pathway is also involved in the pathogenesis of sepsis, where the increased expression of the two
markers on monocytes is associated with increased mortality [110-112]. Regarding COVID-19
patients, PD-1 and PD-L1 were increased on all the three subpopulations of monocytes, indicating
possible bad prognosis [103].

Despite their metabolic dysfunction and expression of marker of exhaustion, monocytes still
produce cytokines. Inflammatory chemokines involved in monocyte regulation and migration such
as C—C motif chemokine ligand (CCL2 , ligand of CCR2), CCL11, CXCLI10 (ligand of CXCR3),
osteopontin (OPN) are more abundant in COVID-19 patients compared to healthy controls. Another
important molecules increased in COVID-19 patients is GM-CSF, indicating the activation of
emergency myelopoiesis during the infection, a process defined by the mobilization of immature
myeloid cells in the attempt to restore immune functions. IFN-y, in addition, is increased in plasma
of patients with the function of stimulating macrophages to produce pro-inflammatory cytokines in
an uncontrolled way [103,104].

Granulocytes can be distinguished in eosinophil, basophil and neutrophil, named after their

cytoplasmic granules staining characteristics. Neutrophil, for example, present neutrally stained
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granules. Among innate immune cells, neutrophils are the most abundant effector cells, characterized
by an important role in the response against pathogens. Neutrophils can phagocyte cells, produce
different types of chemokines and cytokines, release huge amount of ROS during respiratory burst,
degranulate and release granules of lytic enzyme and neutrophil extracellular traps (NETs). In
addition, these cell can release anti-inflammatory molecules and cytokines such as resolvins, 1L-4
and IL-10, helping ending the inflammation [113,114]. Neutrophil also have chemoattractant
properties: through the release of CCL2 and CXCL10 or CCL2 and CCL20 these cells can attract
Thl and Th17 to the site of inflammation [113,115]. Regarding their metabolism, neutrophils are
highly glycolytic cells. The formation of NETs depends on glucose and on glycolysis-derived ATP.
In patients with severe COVID-19, neutrophils remodel their metabolism, enhancing glycolysis,
storage and mobility of glycogen to perform NETs. Neutrophils release extracellular fibers mostly
composed of DNA and globular proteins with antimicrobial properties that disarm and kill the
pathogen [116-118]. These formations allow neutrophils to kill the pathogen while minimizing
damage to the host cells as the release of enzymes happens in a very concentrated space without
spreading. However, when NETs are released in huge quantity as in severe COVID-19 patients, the
phenomenon leads to organ damage. Elevated levels of NETs markers, such as myeloperoxidase
(MPO)/DNA complexes, have been found in circulation and in pulmonary vessel of patients [119-
122]. MPO is an oxidative enzyme and elastase (EL) is the enzyme that breaks down elastin, a protein
that imparts elasticity to connective tissue as in the lung. However, when upregulated, EL damages
the function of the lung permeability barrier and induce the release of pro-inflammatory cytokines
[123]. The antibacterial activity of MPO involves the release of ROS and reactive nitrogen species,
so the control of MPO release at the site of infection is of prime importance. An uncontrolled release
of MPO could lead to tissue damage [124]. Evidences reported that during autopsies of patients who
died from COVID-19, neutrophils and NETs were identified in different tissues and organs such as
lungs, heart, kidneys, liver and brain [125]. Even in vitro experiments reported data of this important
neutrophil activation. Plasma of SARS-CoV-2 infected patients presented high concentration of MPO
and EL [126], thus isolated neutrophils from healthy donors, when exposed to serum from COVID-
19 patients, start to form NETs, suggesting the presence of NET-inducing molecules. In addition,
isolated neutrophils from COVID-19 patients, in the absence of exogenous stimuli are more prone to
produce NETs in vitro compared to healthy controls, indicating high activation [122,124,127].
Plasmacytoid dendritic cells (pDCs) are important protagonist of the fight against pathogen.
During the infection, pDCs migrate from peripheral blood to the site of infection where they can sense
the virus even if they do not present virus-specific receptors. In response to the pathogen these cells

produce pro-inflammatory cytokines and IFNs, especially type I IFN that restrict SARS-CoV-2
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spreading during the acute phase of the infection. However, pDCs decrease in absolute number in
COVID-19 patients admitted to ICU, compromising the development of a protective anti-viral T cell
response. In addition, the remaining pDCs seems to exert a pro-inflammatory function more than an

anti-viral one [128].

1.5.3 Adaptive immune response

The adaptive immune system is composed of three major cell types: CD4" T cells, CD8" T
cells and B cells. The latter, produce antibodies against the pathogen, CD4" T cell action can range
from helper to effector while CD8" are cytotoxic T cells [96]. Adaptive immune response has two
major role: (1) the control and clearance of almost all the virus that cause diseases in humans and (2)
the memory preservation of the processed antigens in order to mount a faster response in case of a
second infection. The adaptive immune system is primed by the innate immune system.

The input for CD4" T cell differentiation is the antigenic stimulation. The interaction between
T Cell Receptor (TCR) present on CD4" T cell surface and antigen- major hystocompatibility
complex (MHC) II complex on APCs, induce a signaling pathway that eventually lead to naive cell
proliferation and differentiation into effector cells. CD4" T cells can differentiate into various cells
type. The lineage-specific differentiation depends on the surrounding cytokine milieu, the antigen
concentration, the type of APCs and the presence of costimulatory molecules [129,130]. Virus-
specific CD4" T cells mainly differentiate into Thl and T follicular helper (Tfh) cells. Thl
differentiation is induced by IL-2 and IFNy. IL-2 is secreted by APCs after their activation; IL-2 then
induces NK cells to produce IFNy. Thl exert an antiviral activity through the production and release
of cytokines. However, if their function is not well organized and cytokine storm starts to hit, the
prolonged production of anti-viral cytokine induces Th2 response. Th2 cells secrete various cytokines
among which IL-4 and IL-10 that have an anti-inflammatory action. In addition, activation of Th2
can also inhibit the antimicrobial activity of Thl. Thus, in an ideal situation, a balance between Thl
and Th2 would be the best solution to eradicate the pathogen. Th cell activation plays an essential
role in determining the severity of the infection [130].

Tth differentiation is primarily induced by IL-6 and IL-21. These cells are located in the
follicular areas of the lymphoid tissues, where they take part in the development of antigen (Ag) -
specific B cells and neutralizing antibody response [130,131]. Circulating Tth (cTfh) are generated
during the acute phase of SARS-CoV-2 infection and their frequency has been associated with

reduced disease severity. Moreover, an important fraction of cTth express CCR6, a molecule involved
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in homing processes, indicating that these cells may be directed towards mucosal airway as it was
already seen for human coronavirus HKU1 [132].

Another important T cell lineages are Th17 and Treg. Th17 have both a protective and pathogenic
role, associated with chronic inflammation and autoimmune disease. These cells produce a wide array
of cytokines such as IL-17A, IL-21, GM-CSF, IL-10 and IFNy. IL-17A, in particular, attracts
neutrophils and monocytes to the site of infection promoting innate immune cell recruitment [133].
Tregs are responsible for immune system homeostasis, negatively modulating proliferation,
activation and effector functions of different immune cells. These cells are the first line of defense
against uncontrolled inflammation with the suppression of CD4" and CD8" T cell response and NK,
eosinophil and neutrophil cell infiltration into the site of infection. Therefore, Tregs produce anti-
inflammatory cytokines such as IL-10 and IL-35 [134].

During viral infection, CD8" T cells that recognize the antigen presented through MHC-I
complex, are activated, undergo clonal expansion and differentiate into effector cells. Effector CD8"
T cells are responsible for a killer action against the pathogen. The presence of CD8" T cells during
the infection correlates with better prognosis. These cells are characterized by the expression and
release of granules containing cytotoxic molecules such as CD107a, granzyme B (GRZB), perforin
and IFNy [135]. CD107a is a marker of NK degranulation and activated CD8" T cells. When exerting
the cytotoxic function, CD8" T cells release pre-formed lytic granules located within the cytoplasm.
These granules contain various proteins and on their surface express CD107a. During the process of
degranulation, the membrane of the secretory vesicles fuses with the activated CD8" T cell and release
all the content in the immunological synapse between T cell and its target. Among the proteins inside
the vesicles there are perforin and GRZB: the first one forms a pore-like structure on the membrane
of the target cells, allowing the latter to enter and mediate cell death [136].

Lymphopenia is a key marker of severe COVID-19. In most patients the proportion between
CD4" and CD8" T cells remain stable but a decrease in CD4" and CD8" count as well as CD4"/CD8"
ratio can be observed. Patients with COVID-19 also present the expression of marker of senescence
or exhaustion. CD8" T cells, for example, were found expressing CD57, a marker of aging or
prolonged chronic infection; PD-1 was also expressed by T cells. Exhaustion is a state of functional
unresponsiveness necessary to prevent massive immune activation and excessive tissue damage. PD-
1 together with its ligand, PD-L1 mediates a potent inhibitory signal to block proliferation and
function of T effector cells [137]. Immune Checkpoint inhibitors (ICPs) are a family of receptors that
are responsible for the establishment of an exhaustion state. PD-1 belongs to this family as well as T-

cell immunoglobulin mucin 3 (TIM3), Lymphocyte-activation gene 3, T cell immunoreceptor with
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Ig and ITIM domains (TIGIT) and cytotoxic T-lymphocyte—associated antigen 4 (CTLA-4) and
many other molecules.

B cells play a role of control and clearance during viral infection. These cells exert their
function through cytokine production, antigen presentation and antibody secretion, thus presenting a
wide-range of functionalities [138]. After the interaction between naive B cells and Tth cells in
germinal centers (GCs), B cells go through a process of proliferation and differentiation, producing
pre-germinal center memory B cells (pre-GC MBCs) and short-lived plasma cells (SLPCs). These
cells secrete antibodies with low affinity. Other B cells entering GCs, can increase their antibody
affinity by clonal expansion, somatic hypermutation and class-switching recombination, resulting in
long-lived plasma cells (LLPCs) and MBCs. These cells produce high affinity antibodies. With a
second stimulation (same virus or vaccination), pre-GC MBCs and SLPCs generate plasma cells to
produce high affinity antibodies. B cells and antibodies, then, enter blood circulation and peripheral
tissue to fight the pathogen [132]. Patients with severe COVID-19 face a profound impairment of B
cell compartment. In these patients, B cell response usually arises 7-10 days after onset of symptoms
and in 3 weeks most but not all the patients develop neutralizing antibodies [139]. In normal
conditions, MBCs are supposed to remain stable in number or slightly increase in people from 20 to
80 years old [140]. In patients with severe COVID-19 these cells are lower than what observed in
controls that were also younger. A hallmark of severe COVID-19 is the number of plasmablasts (or
SLPCs): these cells increase in number in severe patients, indicating the production of antibodies by
immature cells [141]. B cells exhibit a rapid clonal expansion and diversification following SARS-
CoV-2 infection. The quality of this response defines the course of the infection. In fact, lymphopenia
of T and B cells was found in patients in need for intensive care support [142].

A schematic representation of COVID-19 immunopathology is reported in Figure 1.

25



CD8* T cell NK cell
@ @ T cell NK cell
exhaustion exhaustion
CD4+T ceII B cell
IL-2, TNF-a, IFN-y
Lymphopenia T cell activation Lymphocyte dysfunction
t f )
The immunopathology of COVID-19
v ! !
Abnormalities of Increased production of : :
granulocytes and monocytes cytokines Increased antibodies
@) O
0% ¢ °%0,0° T ) Ws-
© 0 ©O (@]
© %500 00°%0° .\(
°% 000 099 T ‘(
o P Qﬁ
IL-1B, IL-1RA, IL-2, IL-6, IL7, %

Y
IL-8, IL-9, IL-10, IL-17, TNF-q, Y )' W

IFN-y, G-CSF, GM-CSF, IP10,
MCP1, MIP1aq, etc. T IgG T Total antibodiesT

Eosinophil l Basophil l

Figure 1. The immunopathology of COVID-19. The main features of COVID-19 include lymphopenia,
activation and dysfunction of lymphocytes, abnormalities of granulocytes and monocytes, enhanced cytokine
production and increased antibody levels. Lymphopenia is a hallmark of SARS-CoV-2 infection, especially
among patients experiencing severe illness. Patients’ CD4" and CD8" T cells highly express CD69, CD38 and
CD44 but also markers of exhaustion such as programmed cell death protein-1 (PD1), T cell immunoglobulin
domain and mucin domain-3 (TIM3), and killer cell lectin-like receptor subfamily C member 1 (NKG2A)
upregulation. Virus-specific T cells from severe patients mostly exhibit a central memory phenotype and
release high levels of IFN-y, TNF-a, and IL-2. Severe patients also display high levels of neutrophils together
with reduced percentages of eosinophils, basophils, and monocytes. Uncontrolled cytokine production is
another main feature of SARS-CoV-2 infection. High levels of IL-1p, IL-6, and IL-10 are found in plasma of
severely infected patients. IgG levels increase as well as the total antibody titer (Figure from: Yang, L., et
al. COVID-19: immunopathogenesis and immunotherapeutics. Sig Transduct Target Ther 5, 128 (2020).
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1.6 Vaccines against SARS-CoV-2 infection

The introduction of vaccines in the fight against SARS-CoV-2 has been a crucial step for
public health and a triumph of biomedical research. At the beginning of 2021, after little more than
one year from the first cases of COVID-19, vaccines become available in Italy. Vaccination resulted
to be an unevaluable tool to fight severe cases of COVID-19 reducing hospitalization and deaths. The
first approved vaccine by the European Medicines Agency (MEA) was the m-RNA based vaccine
BNT162b2 (Comirnaty). After few months, many vaccines were approved such as a second mRNA
vaccine, the mRNA-1273 vaccine (Spikevax), and two viral vector vaccines, the AZD1222 vaccine
(Vaxzevria) and Ad26.COV2-S vaccine (Jcovden). The introduction of all this vaccines allowed to
rapidly expand the target population, achieving a high vaccination coverage. In December 2021, an
adjuvanted recombinant vaccine, NVX-CoV2373 (Nuvaxovid), was also approved and included in
the vaccination campaign [143]. Results from randomized clinical trials (RCTs) indicated a decrease
in symptomatic COVID-19 cases after completion of the intended vaccination cycle by more than
90% for mRNA vaccines (95% Comirnaty, 94.1% Spikevax), ~60-70% for viral vector vaccines
(59.5% Vaxzevria; 67% Jcovden) and ~90% for the adjuvanted recombinant vaccine Nuvaxovid
[144-149]. The technology proposed with mRNA vaccines was not unknown, but the BNT162b2 and
mRNA-1273 were the first authorized mRNA vaccines. This new technology proposes a mRNA
delivery by liposomal vesicles that fuse with the cell membrane and release mRNA in the cytoplasm.
Then mRNA reaches ribosomes and use them for the synthesis of Spike protein. Spike is finally
expressed on cell membrane to induce an immune response [150]. AZD1222 consists of a replication-
deficient chimpanzee adenoviral vector ChAdOx1, containing the SARS-CoV-2 Spike protein gene.
Ad26.COV2-S vaccine presents the same technology as the previous one, but using an human
adenoviral vector called Ad26. Using an adenovirus as viral vector is advantageous as it is a double-
stranded non-enveloped DNA virus with more than 300 different serotypes of adenovirus, which can
target a wide array of parallel tissues for cell infection, opening up different strategies in vaccine
design. Regarding the mechanism of action of this type of vaccines, after injection, adenovirus latches
to the host cells and release its DNA into the cytoplasm. It then migrates into the cell nucleus where
it uses host enzymes to get converted into mRNA. At this point it can be translated by ribosomes and
further expressed on the cell surface as for mRNA based vaccine. This is a safe system, as the DNA
portions coding for adenovirus replication is deleted from the vector, and consequently, it cannot be
replicated in human cells [150]. NVX-CoV2373 is a protein-based vaccine created with the use of
recombinant technology to obtain vaccine nanoparticles to be delivered. It is composed of

recombinant full-length, stabilized spike protein homotrimers that form approximately 30-nm
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nanoparticles based on hydrophobic interactions. The vaccine formulation comprise the antigen and
Matrix-M adjuvant, necessary to better activate the immune response. As it is released after the
injection, its presence as a non-self-protein recalls immune system cells [151].

At the end of 2021, a SARS-CoV-2 variant of concern (VOC) called Omicron, started
spreading all over the world. With this, also the hypothesis of a reduced protection and effectiveness
of natural and vaccine-induced immunity [152]. Virus mutations, in fact, are usually advantageous
for its spreading, increasing transmissibility, infectivity, leading to a new rise in hospitalizations and
deaths. Omicron, for example, presented numerous mutations in the Spike region, maintaining a
robust ACE2 binding together with an increased ability in antibody escape [153]. However, the
administration of a booster dose of vaccine showed to be effective in preventing Omicron infection,
although with reduced effectiveness compared to other variant of the virus [154]. Due to different
vaccine availability and instances of vaccine recalls from the market, heterologous vaccination was
taken into consideration. It was observed that boosting with a heterologous vaccine might provide
greater immunity and protection against VOCs. A randomized controlled trial conducted in the UK
showed an increase in systemic reactogenicity in the context of heterologous vaccination compared

to homologous vaccination [155].

1.7 Immunocompromised patients living the pandemic

The pandemic was a challenge for immunocompromised patients. This group represent the 2-
3% of the overall population, including people presenting Human Immunodeficiency Virus (HIV)
infection, cancers, transplants, primary immune-deficiencies and those treated with
immunosuppressive drugs. In these patients, the response to infection is impaired, with fewer
possibilities to recover and with the chance to develop complications [156,157]. Transplant
recipients, people with metastatic cancer, hematologic malignancies and those receiving cancer
chemotherapy present the higher risk for complications. Lung transplant recipients, hematopoietic
stem cell transplant (HSCT) recipients and patients receiving anti-CD20 therapies are more subjected
to severe and persistent infection and prolonged viral shedding. In particular, patients presenting
hematologic malignancies or being transplant recipients can shed viable virus for approximately 4
weeks [158,159]. Thus, when vaccine became available, the WHO pointed to immunocompromised
patients as the highest priority category to be vaccinated. However, there was concern about the
immune response, particularly for the categories of transplants recipients, hematologic malignancies

and patients treated with immunosuppressant or anti-CD20 [160]. The possibility of a missing
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immune stimulation and response was taken into account and vaccination schedule was adjusted for

immunocompromised [159].

1.8 SARS-CoV-2 vaccination and Multiple Sclerosis

Multiple Sclerosis (MS) is an autoimmune-mediated neurodegenerative disease of the central
nervous system (CNS). Due to still unknown processes, the immune system deliberately attacks the
nerve cells in the brain and spinal cord causing damage to myelin, the protective layer insulating
nerve fibers, leading to signaling deficiencies. Life expectancy is lower than general population (75.9
vs 83.4 years) and MS more commonly affects women. Diagnosis is made based on a combination
of signs and symptoms, radiographic and laboratory findings. MS patients need then to be treated
with immunosuppressive and immunomodulatory drugs [161]. Disease-modifying therapies (DMTs)
used for this clinical condition, act by using different strategies: teriflunomide inhibits the expansion
of stimulated lymphocytes; natalizumab and fingolimod keep away immune cells from the CNS;
ocrelizumab and cladribine deplete B and T cells respectively. Clearly, due to the strong impact on
the immune system, these drugs can be the cause for increased infection risk, reduced vaccine
effectiveness or reduced duration of immunity [162]. Among DMTs, other drugs with a less strong
impact on the immune system are available: IFN-f acts in shifting the pro-inflammatory response in
MS patients to an anti-inflammatory response, reducing T cell activation and the number of
inflammatory cells capable to cross the blood-brain barrier [163]; glatiramer acetate simulates the
myelin basic protein, blocking myelin-damaging T-cells through a mechanism that is not completely
understood; dimethylfumarate (DMF) stimulates the Nrf2-pathways with consequent anti-oxidative,
anti-inflammatory and cytoprotective effects. These drugs are not expected to compromise vaccine

efficacy; however, some mechanisms of action are still to be clarified [164].

1.8 Method for the identification and characterization of SARS-CoV-2 Antigen-

specific cells

Natural infection and vaccination induce the formation and subsequent expansion of Ag-
specific cell that can point in a very specific way to the target of infection or vaccination. This is a
precious pool of long-living memory cells responsible for future response to a second stimulus.
During SARS-CoV-2 infection, after a couple of weeks, Ag-specific CD4" and CD8" T cells reach
their peak around 0.5% and 0.2% of the repertoire, respectively [165]. These are considered as “rare

events”. Due to their importance in the response against the pathogen, many researcher have focused
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on the identification and characterization of these cells using different approaches. Most of these
methods are based on flow cytometry.

Ag-specific T cells can be detected by direct analysis of the TCR. One approach is the use of
MHC molecule that present a peptide of interest (i.e., SARS-CoV-2 antigen), tagged with a
fluorescent molecule. As fluorescent-tagged monomer of MHC molecule would have a weak binding
activity as it will bind and then immediately detach, while multimers have been found as a strong
solution. By creating multimer, the complex can bind to different TCR on the same cell and the signal
is better enhanced. With the help of a fluorophore cells can be identified and deeply characterized by
using flow cytometry or even sorted for further analysis (i.e., RNA signature, in vitro cell culture). In
addition, by combing different color-coded tetramers, it is possible to identify different antigens at
the same time [166,167].

Ag-specific T cells can also be identified after in vitro stimulation using peptide pools that
specifically activate the cells of interest. Peptide pools can be distinguished for the design method:
they can be MHC restricted or fragments of a defined number of residues that bind with high
selectivity the HLA molecule of interest. In addition, peptide pools can be designed for covering the
whole sequence of the genome of the pathogen under investigation or for just covering the sequence
of one protein. Thus, it can be investigated both the capacity of cells to respond to a specific protein
stimulus or simulate a condition of infection. After stimulation, different approaches can be chosen
for the identification and characterization of Ag-specific T cells [168].

Activation-induced marker assay (AIMs) is a method based on the up-regulation of specific
markers of activation on the surface of Ag-specific cells. The identification is better done by selecting
a pair of markers, such as CD69 plus CD154 (formerly CD40L), OX40 plus CD25, or OX40 plus
PD-L1 (CD274) or 4-1BB (CD137) [169,170]. This approach has been used to characterize virus or
vaccine Ag-specific response in a large number of studies. While the combination of two marker
could be efficient for the identification of virus stimulated cells, when studying response induced by
vaccine, it is suggested to use more than two markers as the magnitude of T cell activation may
provide high baseline signals due to cross-reactive activation. In fact, it has been noted that also
SARS-CoV-2 specific response is biased by the activation of cells specific for seasonal CoVs. It is
for this reason that when Ag-specific response was studied comparing unexposed individuals and
COVID-19 recovered patients, a little number of SARS-CoV-2 specific cells was found in controls
[171]. Another important factor to be considered is the kinetics of markers up-regulation. CD69,
CD154, and IFN-y are detectable after 6 to 9 hours of stimulation; CD137 and OX40 reach their
maximum expression after 12 to 24 hours of stimulation, while CD25 and HLA-DR need few days

before right up-regulation [172].
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Intracellular Cytokine Staining (ICS) is another approach to study activated or Ag-specific T
cells. This method allows for the characterization of T cell lineage by the identification of cytokines
released after in vitro peptide stimulation. 12 hours is the kinetics of cytokine release when studying
IFN-y, TNF, IL-2, IL-17, GRZB and CD107a [173]. With this method, it is also possible to study
polyfunctional profile of CD4" and CD8" T cells. Polyfunctional cells are able to produce different
cytokines at the same time. Thus, the information that can be obtained after this assay is multiple: it
can be qu the percentage of cells producing a specific cytokine or expressing a desired marker, or by
using the software Prism 6.0 (GraphPad Software Inc., La Jolla, CA, USA) it can be possible to study
polyfunctionality.

The setting up of these assays is sophisticated as different factors are to be considered: (1)
peptides have to be chosen based on the endpoint of the analysis as well as co-stimuli (i.e. CD28 for
a correct TCR stimulation); (2) the use of appropriate inhibitors to avoid non-specific stimulation
(i.e., CDA40 blocking: this marker is expressed on APCs and binds CD154; this interaction is blocked
in order to avoid non-specific activation of T cells [174]; (3) the setting of the adequate timing for
stimulation depending on the choice of markers to identify Ag-specific cells [168].

The identification of Ag-specific B cells requires different protocols and setting up
procedures. In order to have a specific binding, soluble SARS-CoV-2 antigen needs to be conjugated
with biotin and subsequently added with fluorochrome-conjugated streptavidin. In this way the
antigen will bind the specific receptors and Ag-specific B cells can be identified. However, to increase
the reliability of the assay, the biotinylated antigen can be separately incubated with two different
fluorochrome-conjugated streptavidin. B cells resulting positive for both the fluorescence will be
considered as true Ag-specific B cells. However, contaminant needs to be considered. In fact,
streptavidin specific B cells could alter the signal. To avoid this problem, a specific staining with
fluorochrome-conjugated streptavidin can be implemented before adding the mix containing SARS-

CoV-2 antigen. Contaminant cells will be excluded from the analysis in the first steps [175,176].

1.9 Polychromatic flow-cytometry and data analysis

Flow-cytometry is an unevaluable tool to characterize cellular lineage, specific features (i.e.,
exhaustion, activation, degranulation, senescence) as well as metabolism. Thanks to the progress of
technology, more than 40 markers can now be analyzed simultaneously using this technique. This
approach combines fast analysis and high throughput results, two fundamental elements in research.
However, a multi-color flow cytometry panel needs to be set correctly and many phenomena have to

be taken into account. When working with multi-parameter flow cytometry, there will be
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fluorochromes with overlapping emission spectra, leading to unwanted fluorescence spilling into a
secondary detector. This will create a signal in this secondary detector that will not be specific. By
correctly apply the spillover correction, called “compensation”, this phenomenon can be avoided.
Moreover, flow-cytometry is a technique that suffers from cell autofluorescence and spreading error
(SE) due to errors in the measurements of photons, particularly at the red and far-red wavelengths
where limited number of photons are emitted. SE affects signal in the secondary detector: double
positive cells could be obscured by the signal spread from the primary detector. Thus, SE is a major
determinant for a flow-cytometry panel success. Even with high overlap in panel spectra, if the SE is
low, the result will be successful [177].

Two are the main approaches to analyze flow-cytometry data: by manual gating or using an
unsupervised method. Manual gating was the first method used in this field; even though it is ideal
to identify subpopulations and to quantify them, it is hard to reproduce and is a major source of
variability. Nonetheless, populations of rare cells sometimes cannot be identified. Thus, an
unsupervised approach overcomes most of these problems. For a successful unsupervised data
analysis, three steps need to be followed: 1) manual pre-processing, 2) computation and 3) validation.
During the manual pre-processing, compensation is checked and doublets, dead cells and
fluorochrome aggregates are excluded. Then cells of interested are selected (i.e., CD4", CD8" T cells)
and samples can be down-sampled if necessary to reduce computational time. During the computation
step, all files are uploaded in the R or Phyton environment and desired parameters selected.
Parameters that do not give information for subset separation should be excluded (i.e., live/dead, time,
lineage). Then, data need to be transformed using specific algorithm (i.e., biexponential, arcsinh, and
HyperLog transformation) to improve the output of the automated gating strategy. Then clustering
and dimensionality reduction can be performed [168].

Flow cytometry allows to analyze each cells in a multi-dimensional way, as lot of parameters
can be used. To visualize these parameters in a low-dimensional way, different approaches have been
implemented: linear and non-linear transformation. The first, includes for example the principal
component analysis (PCA), a method that was the firstly applied to immunology to study T cell
subpopulations [178]. The second is the preferred one as nowadays analysis mostly involve complex
dataset. An example of this approach is the t-distributed stochastic neighbor embedding (t-SNE) or
Uniform Manifold Approximation and Projection (UMAP) [179]. Both approaches favor an
informative visualization of the heterogeneity of data. Regarding the quality of visualization,
distances between data points and clusters is comparable between t-SNE and UMAP, while the
distance between clusters is correctly preserved only by UMAP. This means that distances among

clusters correlates with their similarities [180].
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The last step is validation, a manual inspection of files to confirm what obtained using
unsupervised methods.
Thanks to these methods, cells can be deeply characterized and visualization will help in

defining the cellular profile of the analyzed sample.
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2. AIM OF THE THESIS

2.1 Characterization of the polyfunctional profile of SARS-CoV-2-specific CD4" and

CDS8" T cells in patients experiencing or recovering from COVID-19

The characterization of the immune response mounted against SARS-CoV-2 is crucial to
understand and predict short- and long-term protection. Developing SARS-CoV-2 Ag-specific CD4"
and CD8" T cells besides antibodies is fundamental to prevent severe outcomes and protect against
reinfections [135]. This explains, at least in part, why: (i) immunocompromised patients with reduced
humoral response and deficient B cells can develop a SARS-CoV-2 specific T cell response [181];
(i1) patients experiencing mild COVID-19 can successfully control the virus thanks to a robust SARS-
CoV-2 T cell response even in the absence of antibodies [135,182-185]. SARS-CoV-2 T cell response
in patients recovered from COVID-19 is multi-specific as T cells recognize several epitopes, by using
a heterogenous TCR [171,186-188]. Functional studies using peptide pools covering most of SARS-
CoV-2 encoded proteome demonstrated that T cell response to structural proteins such as M, S or N
is co-dominant and that a significant reactivity is also developed against other targets, such as Open
Reading Frames (ORFs) and nonstructural proteins (NSPs) [171,186,189]. However, whether this
multi-specificity is the key to long-term protection is still uncertain.

CD4" and CD8" T cell polyfunctionality indicate the ability of cells to simultaneously produce
more than one cytokine and to exert multiple functions. This is a crucial feature in Ag-specific
responses as, in some cases, the quality of the response can be more important than the quantity in
conferring protection against reinfection or pathogen reactivation [190,191]. In this scenario, CD4"
Thl and Th17 are fundamental in inducing CD8" T and B cells activity and promoting a pro-
inflammatory response [192,193]. For example, Th1 and Th17 CD4" T and CD8" T cells dominate
the influenza A virus-specific response, so inducing both a highly inflammatory environment and
viral clearance [194-196].

For these reasons, given the role and capability of these cells, the aim of the study is to characterize
the polyfunctional profile of SARS-CoV-2-specific T cells. Moreover, we aimed to investigate
possible differences in the specific response between patients experiencing and recovering from
moderate or severe infection, deepening at the same time the immunogenic capacity of M, N and S

SARS-CoV-2 structural proteins.
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2.2 Characterization of SARS-CoV-2-specific T and B cells after infection or

heterologous vaccination

Memory is the main characteristic of the immune system, being at the basis of its efficacy and

functionality, and indeed the activation of secondary response is the crucial strategy utilized by
vaccination. Natural infection and vaccines induce the formation and subsequent expansion of Ag-
specific cells that can block pathogens as soon as they try to invade the host. The creation of a pool
of long- living memory T and B cells able to respond to future stimuli is crucial for vaccine efficacy,
as well as the plasma level of antibodies [165].
During natural infection, CD4" T cells display a memory profile (including a specific subset formed
by stem cell memory) and are able to produce high levels of both IL-2 and Th1 cytokines [197-199].
CD4" T-cell response is greater than the CD8" counterpart [200]. Robust immunity is certainly
maintained by more than 6 months, but the duration of SARS-CoV-2-specific T cells could depend
also on the clinical severity of the initial infection [201]. Long-lived T-cell responses and efficient
response to SARS-CoV-2 are characterized by a CD45RA" effector-memory phenotype and a potent
activation of the IFN transcriptomic signature whose magnitude is largely due to the genetic
background of the host [202,203]. B-cell response is highly altered during COVID-19: in the plasma
of most individuals, anti- SARS-CoV-2 antibodies (Abs) persist for more than 6 months after primary
infection, but some patients rapidly lose their specific Abs [141,182,201,204]. However, specific
MBCs predominantly express immunoglobulin (Ig)M*or IgG1*and rise until 150 days after infection,
regardless of age. Receptor-binding domain (RBD)-specific IgG"MBCs are predominantly CD27",
and their number significantly correlates with cTth cell numbers [205,206].

Vaccination against SARS-CoV-2 induces a robust specific immune response. CD8* T-cell
response can be detected as early as 11 days after the first vaccination, and such cells can recognize
immunodominant peptides from ORF1ab [207,189]. Two-dose vaccination with BNT162b2 leads to
strong generation of virus-specific CD4" T-cell responses with a Thl profile, and it is detectable 6
months after vaccination [208-211]. Spike-specific antibodies peak after 7 days, and titers and
ACE2/RBD binding-inhibiting activity is still observed after 6 months, despite a progressive decline
over time. Concomitant to antibody reduction, spike-specific MBCs, mostly switched to IgG, increase
and persist 6 months after vaccination [212]. T-cell responses after vaccination are of similar
magnitude to those seen after natural infection, although they seem to be more differentiated with the
presence of T stem cell memory (T, ) subsets [213]. An adenovirus-based vaccine generates a higher
magnitude of spike-specific T cells, while mRNA vaccines develop higher antibody titers. For this

reason, heterologous vaccines have been used in clinical practice [214-217].
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As vaccination and natural infection increase across the world, there is growing interest in
predicting the risk of primary infection or reinfection. Observational and limited comparison between
natural and vaccine-induced immunity showed that the protection against SARS-CoV-2 infection was
significantly higher in COVID-19 recovered individuals if compared to that of those vaccinated who
additionally received a booster vaccine [218]. Antibodies decline more rapidly following vaccination
in naive individuals than those in individuals who have recovered from COVID-19, but they display
the same frequencies of spike-specific B and CD4" T cells at 8 months after vaccination [219].
However, besides the magnitude of the spike-specific antibody response or neutralizing titer, the
percentage, phenotypic identity, and functional profile of specific cellular immune responses have
not been taken into account as immune correlates of protection.

Here, by using high-parameter polychromatic flow cytometry and sophisticated data analyses,
we deeply investigated the magnitude, phenotype, and functionality of SARS-CoV-2-specific
immune memory in two groups of healthy subjects after heterologous vaccination compared to those

of subjects who recovered from SARS-CoV-2 infection.
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2.3 Characterization of SARS-CoV-2-specific T and B cells in multiple sclerosis patients

on different immunomodulatory drugs

The immunosuppressive and immunomodulatory DMTs used for MS act at different levels,
i.e., inhibiting the expansion of activated lymphocytes (teriflunomide), redirecting pathological
immune cells away from the central nervous system [natalizumab, fingolimod (FTY)] or depleting
immune cell subsets (B and T cells; anti-CD20, cladribine) [162]. In treated patient, DMT can
introduce potential risk for increased infections, reduced vaccine effectiveness or reduce the duration
of specific immunity. Clearly, these aspects have a critical importance, especially in the course of a
pandemic like that due to SARS-CoV-2, where the host immune response is crucial, and that was
effectively fought by several different vaccines [7,8,90,118,137, 141,199,220-223].

As far as DMT in MS patients are concerned, IFN-B3, glatiramer acetate and DMF are not
expected to compromise vaccine efficacy [164], although the effect of DMF-induced lymphopenia
on vaccine efficacy is unknown, and attenuated vaccine responses in patients with moderate or severe
lymphopenia is conceivable [224]. A modestly diminished rate of immune response to vaccines was
described in patients treated with teriflunomide, even if this did not compromise the achievement of
seroprotective antibody levels [225]. Valid immune response to diphtheria-tetanus toxoid and to
Keyhole limpet hemocyanin (KLH) was found in natalizumab-treated patients [226], while HIN1
and seasonal influenza vaccination provided evidence that an adequate response to the immunization
may not occur in some patients [227,228]. Adequate immune responses to seasonal influenza vaccine
and tetanus toxoid booster were detected in patients receiving FTY [229]. On the other hand, MS
patients treated with cell-depleting agents (such as ocrelizumab, rituximab, ofatumumab,
alemtuzumab, and cladribine) displayed attenuated vaccine responses, especially if they were
vaccinated during the maximum cell depletion period. Peripherally B cell-depleted ocrelizumab
recipients mounted attenuated humoral responses to clinically relevant vaccines and the neoantigen
KLH, suggesting that use of standard non-living vaccines while on ocrelizumab treatment requires
careful considerations [230]. In any case, it is nevertheless recommended to vaccinate patients for
seasonal influenza because a potentially protective humoral response, even if attenuated, can be
expected [231].

How different DTM affect vaccination effectiveness and safety in patients with MS was
highlighted during the outbreak of COVID-19. In particular, therapies with anti-CD20 (aCD20)
monoclonal antibodies or with the sphingosine-phosphate receptor modulator (FTY) have been
shown to weaken the formation of immune response after SARS-CoV-2 vaccination [232-240]. MS

patients treated with teriflunomide or alemtuzumab achieved effective humoral and cellular immune
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responses up to 6 months following the second COVID-19 vaccination. Immune responses were
reinforced following the third vaccine booster [241]. However, the response to vaccination was
mainly measured by humoral responses (in term of antibody titers in plasma) and or production of
IFN-y by T cells as correlate for a protective response. However, the protective capacity of the
adaptive immune response to SARS-CoV-2 depends not only on virus-specific antibodies, but also
on the cellular response [242]. The phenotype of antigen-specific (Ag") T cells of patients treated
with aCD20 displayed a skewed response, mostly compromising cTth cell responses and augmenting
the induction of CD8" T cell [242]. Moreover, when compared to healthy donors (HD), MS patients
showed lower percentages in Ag-specific cells able to produce IFN-y, IL-2 and TNF [243].

A detailed overview of different functional and metabolic features of the long-term immune
response after vaccination in relapsing-remitting (RR) MS patients treated with different DMT is still
missing. For this reason we broadly interrogated SARS-CoV-2 specific T and B cells 6 months after
the third dose of mRNA vaccine in a cohort of 106 MS patients treated with different DMT such as
cladribine, DMF, FTY, IFN-f, natalizumab, teriflunomide or aCD20. By using 21-parameter flow
cytometry, we have investigated the phenotype and function of Ag-specific T and B cells. We find
that almost all patients develop a detectable and functional SARS-CoV-2 immune response. Finally,
using a novel approach of prediction analysis, we identify a SARS-CoV-2 specific immunological

signature that could likely predict protection from breakthrough SARS-CoV-2 infection.
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3. METHODS

3.1 CD4" and CD8" T cells polyfunctionality in patients experiencing or recovering from

COVID-19

3.1.1 Patients’ selection

Four groups of patients were enrolled in this study, along with a group of healthy donors (HD). We
enrolled 13 COVID-19 patients admitted into the Infectious Diseases Clinics or ICU of the University
Hospital in Modena between March and May 2020. Patients tested positive for the SARS-CoV-2
PCR test. Within this group, 7 patients (median age: 55.0 years) were classified as moderate and 6
(63.0 years) as severe, according to World Health Organization guidelines [244]. We also studied 15
COVID-19 recovered patients, enrolled during follow-up visits between June and August 2020.
Within this group, 9 patients (56.0 years) were classified as moderate and 6 (56.5 years) as severe.
COVID-19 and recovered patients were subdivided for the analysis according to disease severity.
Moreover, 10 HD (49.5 years) were included in this study. HD presented neither symptoms nor prior
diagnosis of SARS-CoV-2 and had negative serology. Informed consent, according to Helsinki
Declaration, was provided by each participant. All uses of human material have been approved by
the local Ethical Committee (Comitato Etico dell’Area Vasta Emilia Nord, protocol number
177/2020, 11 March 2020) and by the University Hospital Committee (Direzione Sanitaria
dell’ Azienda Ospedaliero-Universitaria di Modena, protocol number 7531, 11 March 2020).

3.1.2 Blood Processing

Blood samples were obtained after informed consent. For COVID-19 patients, blood was obtained
after diagnosis of SARS-CoV-2 infection during hospitalization. For recovered patients, blood was
collected during a follow-up visit within 120—128 days after hospital admission and SARS-CoV-2
diagnosis. Up to 20 mL of blood were collected from each patient in vacuettes containing
ethylenediamine-tetraacetic acid. Peripheral blood mononuclear cells (PBMCs) were isolated
according to standard procedures and stored in liquid nitrogen until use [245].

Plasma was collected and stored at —80 °C until the quantification of IgM and IgG, performed
according to standard methods by SARS-CoV-2 IgM or IgG Quant Reagent Kit for use with Alinity
(Abbott, Abbott Park, IL, USA).
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3.1.3 In Vitro Stimulation and Intracellular Cytokine Staining (ICS)

For functional assays on cytokine production by T cells, isolated PBMCs were thawed and rested for
6 h. PBMCs were cultured in the presence of 15-mer peptides with 11-amino acids overlap, covering
the sequence of different proteins of SARS-CoV-2: Nucleocapsid phosphoprotein (“N”’) (PepTivator
SARS-CoV-2 Prot N), Membrane glycoprotein (“M”) (PepTivator SARS-CoV-2 Prot M) and Spike
glycoprotein (PepTivator SARS-CoV-2 Prot S) (Miltenyi Biotec, Bergisch Gladbach, Germany).
Each peptide was tested separately and 1 pg/mL of anti-CD28 (Miltenyi Biotec, Bergisch Gladbach,
Germany) was added to each condition. PBMCs were stimulated for 16 h at 37 °C in a 5% CO,
atmosphere in a complete culture medium (RPMI 1640 supplemented with 10% fetal bovine serum
and 1% each of I-glutamine, sodium pyruvate, nonessential amino acids, antibiotics, 0.1 M HEPES,
55 uM B-mercaptoethanol). A negative control with unstimulated cells was included in the
experimental conditions. All samples were incubated with a protein transport inhibitor containing
brefeldin A (Golgi Plug, BD Biosciences Pharmingen, San Diego, CA, USA), a protein transport
inhibitor containing monensin (Golgi Stop, BD Biosciences Pharmingen, San Diego, CA, USA) and
mAb CD107a-PE (Biolegend, San Diego, CA, USA) at a previously defined concentration. After
stimulation, cells were stained with LIVE-DEAD Aqua (ThermoFisher Scientific, Eugene, OR, USA)
and surface mAbs recognizing CD3 PE-Cy5, CD4" AF700, and CD8" APC-Cy7 (Biolegend, San
Diego, CA, USA). Cells were washed with stain buffer, fixed and permeabilized with the
Cytofix/Cytoperm buffer set (BD Biosciences Pharmingen, San Diego, CA, USA) for cytokine
detection [220]. Cells were stained with previously titrated directly conjugated mAbs: IL-17A-PE-
Cy7, TNF-BV605, IFN-y-FITC, IL-2-APC and GRZB-BV421 (all mAbs from Biolegend, San
Diego, CA, USA). Cells were analyzed by an Attune NxT acoustic cytometer (ThermoFisher
Scientific, Eugene, OR, USA). Table 3 reports mAb titers, producer, clone, catalog number, lot

number and type of fluorochrome used in the panel.

3.1.4 Statistical Analysis

Quantitative variables were compared using the Kruskal-Wallis non-parametric test corrected for
multiple comparisons by controlling the False Discovery Rate (FDR), method of Benjamini and
Hochberg. Statistically significant g values are represented (* ¢ < 0.05; ** ¢ <0.01; *** g <0.001).
T cell polyfunctionality was defined by using Simplified Presentation of Incredibly Complex
Evaluation (SPICE) software (version 6, kindly provided by Dr. Mario Roederer, Vaccine Research
Center, NIAID, NIH, Bethesda, MD, USA) [246]. Data from the total cytokine production are
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represented as individual values, means, and standard errors of the mean. Regarding
polyfunctionality, data in pie charts are represented as median values; statistical analysis was
performed using permutation test (* p <0.05; ** p <0.01; *** p <0.001). Data in graphs are reported
as individual values, means and standard errors of the mean. Statistical analyses were carried out

using Prism 6.0 (GraphPad Software Inc., La Jolla, CA, USA). Background was subtracted from each

sample.

Target Dye Clone Producer gzﬁﬁ ;ztmber (pL?If)f)pL
LIVE DEAD AQUA N/A ThermoFisher L34966 2268307 1.25
CD3 PE-Cy5 UCHTI BioLegend 300410 B270168 0.6
CD4 AF700 RPA-T4 BioLegend 300526 B336913 0.6
CD8a APC-Cy7 RPA-T8 BioLegend 301016 B300873 0.6
IFN-y FITC B27 BioLegend 506504 B286029 2.5
IL-2 APC MQI1-17H12  BioLegend 500310 B313276 2.5
Granzyme B BV421 QA18A28 BioLegend 396414 B311965 2.5
IL-17A PE-Cy7 BL168 BioLegend 512315 B325831 3.75
TNF BV605 MADbI1 BioLegend 502936 B327946 3.75
CD107a PE H4A3 BioLegend 328608 B321484 0.3

Table 3. List of antibodies used in the Intracellular Cytokine Staining (ICS) panel (Paolini A., et al., 2022).
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3.2 SARS-CoV-2 specific T and B cells after infection or heterologous vaccination

3.2.1 Blood collection and isolation of mononuclear cells

Up to 30 ml of blood was collected from each patient in vacuettes containing
ethylenediaminetetraacetic acid (EDTA). Blood was immediately processed. Isolation of PBMCs was
performed using Ficoll-Hypaque according to standard procedures [245]. PBMCs were stored in
liquid nitrogen in fetal bovine serum (FBS) supplemented with 10% dimethyl sulfoxide (DMSO).

Plasma was stored at -80°C until use.

3.2.2 Activation-induced cell marker assay and T-cell phenotype

Isolated PBMCs were thawed and rested for 6 h. After resting, CD4+0-blocking antibody (0.5 pg/ml
final concentration) (Miltenyi Biotec, Bergisch Gladbach, Germany) was added to the cultures 15
min before stimulation. PBMCs were cultured in a 96-well plate in the presence of 15-mer peptides
with 11-amino acid overlap, covering the complete sequence of Wuhan SARS-CoV-2 spike
glycoprotein (PepTivator SARS-CoV-2 Prot S complete, Miltenyi Biotec, Bergisch Gladbach,
Germany) together with 1 pg/ml of anti- CD28 (Miltenyi Biotec, Germany). PBMCs were stimulated
for 18 h at 37°C in a 5% CO, atmosphere in complete culture medium (RPMI 1640 supplemented
with 10% FBS and 1% each of L-glutamine, sodium pyruvate, nonessential amino acids, antibiotics,
0.1 M 4-(2- hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 55 mM b-
mercaptoethanol) [171,168]. For each stimulated sample, an unstimulated one was prepared as a
negative control. After stimulation, cells were washed with Phosphate buffer saline (PBS) and stained
with PromoFluor IR-840 (Promokine, PromoCell, Heidelberg, Germany) for 20 min at room
temperature (RT). Next, cells were washed with FACS buffer (PBS added with 2% FBS) and stained
with the following fluorochrome-labeled monoclonal antibodies (mAbs) for 30 min at 37°C: CXCRS5-
BUV661, CCR6-BUV496, and CXCR3-BV785. Finally, cells were washed with FACS buffer and
stained for 20 min at RT with Duraclone IM T-cell panel (Beckman Coulter, Brea, CA, USA)
containing CD45-Krome Orange, CD3-APC-A750, CD4-APC, CD8-AF700, CD27-PC7, CD57-
Pacific Blue, CD279 (PD-1)-PC5.5, CD28-ECD, CCR7-PE, and CD45RA-FITC and added with
three other fluorescent mAbs, i.e., CD69-BV650, CD137-BUV395, and CD95-BV605. Samples were
acquired on a CytoFLEX LX flow cytometer (Beckman Coulter). All reagents used for T-cell
phenotype are reported in Table 4. All mAbs added to DuraClone IM T cells were previously titrated
on human PBMCs and used at the concentration giving the best signal- to-noise ratio. The gating

strategy used to identify CD4"and CD8" T cells is reported in Figure 2.
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3.2.3 Detection of SARS-CoV-2-specific B cells

Thawed PBMCs were washed twice with RPMI 1640 supplemented with 10% FBS and 1% each of
L-glutamine, sodium pyruvate, nonessential amino acids, antibiotics, 0.1 M HEPES, 55 mM b-
mercaptoethanol, and 0.02 mg/ml DNAse. PBMCs were washed with PBS and stained using viability
marker PromoFluor IR-840 (Promokine, PromoCell, Heidelberg, Germany) for 20 min at RT in PBS.
Next, cells were washed with PBS and stained for 15 min at RT with streptavidin-AF700 (decoy
channel; ThermoFisher Scientific, USA) to remove false-positive SARS-CoV-2-specific B cells.
After washing with FACS buffer, cells were stained with biotinylated full-length SARS-CoV-2 spike
protein (R&D Systems, Minneapolis, USA) labeled with different streptavidin-fluorophore
conjugates. Full-length biotinylated spike protein was mixed and incubated with streptavidin-
BUV661 (Becton Dickinson) or streptavidin-BV650 (BioLegend) at a 6:1 mass ratio for 15 min at
RT. All samples were stained with both fluorescent and biotinylated spike protein for 1 hour at 4°C.
Then, cells were washed with FACS buffer and stained for 20 min at RT with DuraClone IM B cells
(Beckman Coulter, Brea, CA, USA) containing the following lyophilized directly conjugated mAbs:
anti-IgD-FITC, CD21-PE, CD19-ECD, CD27-PC7, CD24-APC, CD38-AF750, anti-lgM-PB, and
CD45-KrO to which the following drop-in antibodies were added: CD71-BUV395, CD20-BV785,
anti-IgG-BUV496, and anti-IgA-PerCP-Vio700. Samples were acquired on a CytoFLEX LX flow
cytometer (Beckman Coulter). A minimum of 1,000,000 cells per sample were acquired. All reagents
used for B-cell phenotype are reported in Table 4. All mAbs added to DuraClone IM B cells were
previously titrated on human PBMCs and used at the concentration giving the best signal-to-noise

ratio. The gating strategy used to identify Ag”and Ag" B cells is reported in Figure 3.

3.2.4 Computational analysis of flow cytometry data

T cell analysis

Compensated Flow Cytometry Standard (FCS) 3.0 files were imported into FlowJo software version
v10.7.1 and analyzed by standard gating to remove doublets, aggregates, and dead cells. For ex vivo
immunophenotyping of non-antigen-specific (Ag-) and antigen- specific (Ag") T cells of both CD4"
and CD8", we analyzed only the data of stimulated samples. For each sample, we therefore selected
data from all living CD4" or CD8" T cells and imported them in R using flowCore package v2.4.0 for
a total of 8,436,275 CD4" T cells (of which 89,400 were SARS-CoV-2-specific) and 3,723,899 CD8"
T cells (of which 20,413 were SARS-CoV-2-specific) [247]. Further analysis was performed using
CATALYST vl1.17.3 [248]. All data obtained by flow cytometry were transformed in R using

hyperbolic arcsine “arcsinh (x/ cofactor)” applying manually defined cofactors (where x is the
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fluorescence-measured intensity value). Clustering and dimensional reduction were performed using
FlowSOM (version 2.4.0) and Uniform Manifold Approximation and Projection (UMAP) (version
0.2.8.0) algorithms, respectively. The Ag'CD4"and CD8" T-cell clusters have been reanalyzed more
in-depth by performing a new step of clustering using the following markers: CD45RA, CCR7,
CD27, CD28, PD-1, CCR6, CXCR3, CXCRS5, and CD95. Starting from 15 clusters of either CD4" T
cells or CD8" T cells, reclustering gave origin to 10 clusters of CD4" T cells and 11 of CD8" T
lymphocytes. The quality control (QC) of clustering for CD4"and CD8" T cells is reported in Figure
4 and Figure 5, respectively.

B cell analysis

Compensated FCS 3.0 files were imported into FlowJo software version v10.7.1 and analyzed by
standard gating to remove doublets, aggregates, and dead cells and identify CD19 B cells. Then, from
the total CD19 B cells, we excluded decoy-positive B cells to remove false-positive SARS-CoV-2
specific B cells. For each sample, we selected the SARS-CoV-2 specific B cells as positive cells for
both Spike_streptavidin-BUV661 and Spike_streptavidin-BV650 (we referred to as Ag” B cells). The
remaining double-negative cells were non-SARS-CoV-2-specific B cells (we referred to as Ag B
cells). Then, we exported for each sample separately both Ag” and Ag~ B cells and imported them
in R using flowCore package v2.4.0 for a total of 3,057,659 CD19 B cells (of which 9,898 were
SARS-CoV-2-specific). The unsupervised analysis was performed using CATALYST v1.17.3. All
data were transformed in R using hyperbolic arcsin (arcsinh x/cofactor) applying manually defined
cofactors (where x is the fluorescence-measured intensity value). Clustering and dimensional
reduction were performed using FlowSOM and UMAP algorithms, respectively. The QC of

clustering for B cells is reported in Figure 6.

3.2.5 Measuring anti-SARS-CoV-2 anti-spike and anti-RBD IgG antibodies

Anti-spike antibody levels were measured by qualitative and semiquantitative chemiluminescent
microparticle immunoassay (CMIA). AdviseDx SARS-CoV-2 IgG II assay (Abbott) was used to
detect plasmatic IgG antibodies able to bind the RBD of the S1 subunit of the spike protein. Plasma,
SARS-CoV-2 Ag-coated paramagnetic microparticles, and assay diluent are combined and incubated.
The anti-spike IgG antibodies present in the sample bind to the SARS-CoV-2 Ag-coated
paramagnetic microparticles. The mixture was then washed. Anti-human IgG acridinium-labeled
conjugate was added and incubated to create a reaction mixture. The resulting chemiluminescent

reaction was measured as a relative light unit (RLU). There is a direct relationship between the
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amount of IgG antibodies to SARS-CoV-2 in the sample and the RLU detected by the system optics.
Results from the anti-spike AdviseDx SARS- CoV-2 IgG II assay are reported as arbitrary units per
milliliter (AU/ ml). As recommended, we applied a cutoff of 50 AU/ml as a positive threshold. Every
measurement was performed on Abbott “Alinity I”” platform. The level of anti-RBD IgG antibodies
was calculated by using NAB Neutralizing Antibody kit (SGM Italia).

3.2.6 Principal component analysis and correlation plot

PCA was performed and visualized in R using prcomp and pca3d package. To perform PCA, we used
a matrix containing the level of plasmatic anti-SARS-CoV-2 IgG antibodies, Ag-specific T, B cell
percentages, and the fraction of polyfunctional CD4" T cells. The total contribution of a given variable
retained by PC1 and PC2 is equal to [(C1 * Eigl) + (C2 * Eig2)]/(Eigl + Eig2), where C1 and C2 are
the contributions of the variable on PC1 and PC2; Eigl and Eig?2 are the eigenvalues of PC1 and PC2.
Correlation analysis was performed on the same parameters used to run the PCA (see above) except
the following features that were not used for the correlation analysis of REC donors because they
were not available: PB IgA, PB, and CD107a"TFN-g IL2"TNF'IL17". Pairwise correlations between
variables were calculated and visualized as a correlogram using R packages stats (version 3.6.2) and
corrplot (version 0.90). Spearman’s rank correlation coefficient (r) was indicated by color scale;

significance was indicated by asterisks (* P < 0.05; ** P <0.005; *** P <0.0005).

3.2.7 Statistical analysis

Differential cell population abundance analysis was performed using generalized linear mixed model
(GLMM) implemented within diffcyt package [249] applying FDR cutoff = 0.05; each P-value was
reported in the figure. Quantitative variables were compared using Kruskal-Wallis nonparametric
test corrected for multiple comparisons by controlling the false discovery rate (FDR), method of
Benjamini and Hochberg. Statistically significant adjusted P-values are represented. Statistical
analysis of cytokine production was performed using GraphPad Prism version 8 (GraphPad Software
Inc., La Jolla, USA). The total percentage of Ag-specific (Ag'CD4" and Ag'CD8") T cell data has
been calculated as background subtracted data. SPICE software (version 6, kindly provided by Dr.
Mario Roederer, Vaccine Research Center, NIAID, NIH, Bethesda, MD, USA) was used to analyze
flow cytometry data on T-cell polyfunctionality [246]. Data from the total cytokine production are
represented as individual values, means, and standard errors of the mean. Regarding

polyfunctionality, data in pie charts are represented as median values, and statistical analysis was
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performed using the permutation test. Data in graphs are represented as individual values, means, and

standard errors of the mean.
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Catalog Titer

Target Dye Clone Producer Number Lot Number (LL)/100pL Panel
PromoFluor840  Maleimide N/A Promocell AR5 0.3 Rkl essey
01 and B
CD45RA FITC 2H4 ?gﬁfggnceol‘ﬁ% B53328 - AIM assay
CCR7 PE GO043H7 ?Sﬁfﬁgi"l‘ﬁ% B53328 - AIM assay
CD28 ECD CD28.2 ?gﬁfggnceol‘ﬁ% B53328 - AIM assay
PD-1 PC5.5 PD1.3.5 ?Sﬁfﬁgi"l‘ﬁ% B53328 - AIM assay
CD27 PC7 1A4.CD27 ?gﬁfﬁgnceolﬁ% B53328 - AIM assay
CD4 APC 13B8.2 ?Sﬁgﬁ*}gnﬁ‘}‘ﬁ% B53328 - AIM assay
CD8 A700 B9.11 ?Sﬁfﬁgi‘}ﬂ% B53328 - AIM assay
CD3 APC-A750 UCHT-1 ?Sﬁgﬁ*}gnﬁ‘}‘ﬁ% B53328 - AIM assay
CD57 Pacific Blue  NCI ?Sﬁfﬁgi‘}ﬂ% B53328 - AIM assay
CD45 Krome Orange J33 ?Sﬁgrcuignce(}ﬁe;) B53328 - AIM assay
CXCR3 BV785 G025H7 BioLegend 353738 B302668 1.25 AIM assay
CCR6 BUV496 11A9 Becton Dickinson 612948 1114714 1.25 AIM assay
CXCRS5 BUV661 RF8B2 Becton Dickinson | 741559 1298915 0.6 AIM assay
CD69 BV650 FN50 BioLegend 310934 B346313 2.5 AIM assay
CD137 BUV395 4B4-1 Becton Dickinson | 745737 1298922 1.25 AIM assay
CD95 BV605 DX2 BioLegend 305628 B344380 2.5 AIM assay
LIVE DEAD AQUA N/A ThermoFisher L34966 2268307 1.25 ICS
CD3 PE-Cy5 UCHTI BioLegend 300410 B270168 0.6 ICS
CD4 AF700 RPA-T4 BioLegend 300526 B336913 0.6 ICS
CD8a APC-Cy7 RPA-T8 BioLegend 301016 B300873 0.6 ICS
IFN-y FITC B27 BioLegend 506504 B286029 2.5 ICS
IL-2 APC MQI-17H12  BioLegend 500310 B313276 2.5 ICS
Granzyme B BV421 QA18A28 BioLegend 396414 B311965 2.5 ICS
IL-17A PE-Cy7 BLI168 BioLegend 512315 B325831 3.75 ICS
TNF BV605 MAbI11 BioLegend 502936 B327946 3.75 ICS
CD107a PE HA4A3 BioLegend 328608 B321484 0.3 ICS
IgD FITC 1A6-2 ?Sﬁﬁ‘éﬁgg’[‘ﬁe’é) BS3318 )
CD21 PE BLI3 ?gﬁﬁgﬁgi"l‘ﬁ‘g) B53318 -
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CD19

CD27

CD24

CD38

IgM

CD45
Streptavidin
Streptavidin
Streptavidin
S-protein
IgG

IgA

CDh71

CD20

ECD

PC7

APC
APC-AT750
Pacific Blue

Krome Orange
BV650
BUV661
AF700

Biotin
BUV496
PerCP-Vio700
BUV395

BV785

J3-119

1A4CD27

ALB9

LS198-4-3

SA-DA4

J33

DOJH0421071
G18-154
1S11-8E10
M-AT712

2H7

Beckman Coulter
(DuraClone IM B)
Beckman Coulter
(DuraClone IM B)
Beckman Coulter
(DuraClone IM B)
Beckman Coulter
(DuraClone IM B)
Beckman Coulter
(DuraClone IM B)
Beckman Coulter
(DuraClone IM B)

BioLegend
Becton Dickinson
ThermoFisher
R&D

Becton Dickinson
Miltenyi Biotec
Becton Dickinson

BioLegend

B53318

B53318

B53318

B53318

B53318

B53318

405231 B347044
612979 1188291
S21383 2286302
Bt10549 -

741172 1341490
130-113-478 5211109889
743308 1298918
302356 B337363

0.3
0.3
0.1
4.5
1.25
0.5
1.25

0.6

os)

T W W W W W W w

Table 4. List of antibodies used in flow cytometry panels to identify antigen-specific T and B cells. AIM assay:

Activation Induced Marker assay. ICS: Intracellular Cytokine Staining. B: Ag" B cell phenotype (Lo Tartaro D., et al.,

2023).
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Fig. 2 Data processing performed before unsupervised computational analysis of CD4+ and CD8+ T
cells. For ex vivo inmmunophenotyping of non-antigen-specific (Ag’) and antigen-specific (Ag") T cells of
both CD4" and CD8" we analyzed only the data of stimulated ‘S’ samples (Lo Tartaro D., et al., 2023).
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Figure 3. Data processing performed before unsupervised computational analysis of Ag" and Ag B cells.
The time vs IgD-FITC gate was used to exclude unstable flow cells (Lo Tartaro D., et al., 2023).
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Figure 4. a) UPAM graphs colored by the expression of 12 markers used for CD4" T cell phenotyping. b)
Projection of UMAP graph stratified by condition. The condition levels are referred to: recovered (REC) and
vaccinated subjects (VAX; MIX+RNA) (Lo Tartaro D., et al., 2023).
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Figure 5. a) UPAM graphs colored by the expression of 12 markers used for CD8" T cell phenotyping. b)
Projection of UMAP graph stratified by condition. The condition levels are referred to: recovered (REC) and
vaccinated subjects (VAX; MIX+RNA) (Lo Tartaro D., et al., 2023).
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Figure 6. a) UPAM graphs colored by the expression of 12 markers used for CD19" B cell phenotyping. b)

Projection of UMAP graph stratified by condition. The condition levels are referred to: recovered (REC) and
vaccinated subjects (VAX; MIX+RNA) (Lo Tartaro D., et al., 2023).
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3.3 SARS-CoV-2 specific T and B cells in MS patients on different DMTs

3.3.1 Blood collection and isolation of mononuclear cells

Up to 30 mL of blood were collected from each patient in vacuettes containing ethylenediamine-
tetraacetic acid (EDTA). Blood was immediately processed. Isolation of peripheral blood
mononuclear cells (PBMC) was performed using ficoll-hypaque according to standard procedures.
For all experiments PBMC were stored in liquid nitrogen in fetal bovine serum (FBS) supplemented
with 10% dimethyl sulfoxide (DMSO). Plasma was stored at =80 °C until use. The study was
reviewed and approved by each participant, including healthy donors, provided informed consent
according to Helsinki Declaration, and all uses of human material have been approved by the local
Ethical Committee (Comitato Etico dell’Area Vasta Emilia Nord, protocol number 199/ 2022, May
24th, 2020) and by the University Hospital Committee (Direzione Sanitaria dell’ Azienda Ospedaliero
Universitaria di Modena, protocol number 5974, February 24th, 2023). The patients/participants

provided their written informed consent to participate in this study.

3.3.2 Activation induced cell marker assay (AIM) and T cell phenotype

Isolated PBMCs were thawed and rested for 6 hours. After resting, CD40-blocking antibody (0.5
mg/ml final concentration) (Miltenyi Biotec, Bergisch Gladbach, Germany) was added to the cultures
15 min before stimulation. PBMCs were cultured in 96-well plate in the presence of 15-mer peptides
with 11-amino acids overlap, covering the complete sequence of Wuhan SARS-CoV-2 Spike
glycoprotein (PepTivator SARS-CoV-2 Prot S complete, Miltenyi Biotec, Bergisch Gladbach,
Germany) together with 1 pg/mL of anti-CD28 (Miltenyi Biotec, Germany). PBMCs were stimulated
for 18 h at 37 °C in a 5% CO2 atmosphere in complete culture medium (RPMI 1640 supplemented
with 10% fetal bovine serum and 1% each of L-glutamine, sodium pyruvate, nonessential amino
acids, antibiotics, 0.1M HEPES, 55uM B-mercaptoethanol). For each stimulated sample, an
unstimulated one was prepared, as negative control. After stimulation, cells were washed with PBS
and stained with PromoFluor IR-840 (Promokine, PromoCell, Heidelberg, Germany) for 20 minutes
at room temperature (RT). Next, cells were washed with FACS buffer (PBS supplemented with 2%
FBS) and stained with the following fluorochrome-labeled mAbs: CXCR5-BUV661, CCR6-
BUV496, CXCR3-BV785 for 30 minutes at 37 °C. Finally, cells were washed with FACS buffer and
stained for 20 minutes at RT with Duraclone IM T cell panel (Beckman Coulter, Brea, CA) containing
CD45-Krome Orange, CD3-APC-A750, CD4-APC, CD8-AF700, CD27-PC7, CD57-Pacific Blue,
CD279 (PD-1)-PC5.5, CD28-ECD, CCR7-PE, CD45RA-FITC and added with other three
fluorescent mAbs i.e., CD69-BV650, CD137-BUV395 and CD95-BV605. Samples were acquired on
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a CytoFLEX LX flow cytometer (Beckman Coulter). All reagents used for T cell phenotyping are
listed in Table 5. All mAbs added to DuraClone IM T cells were previously titrated on human PBMCs
and used at the concentration giving the best signal-to-noise ratio. The gating strategies used to

identify CD4" and CD8" T cells are reported in the Figures 7, 8.

3.3.3 Detection of SARS-CoV-2-specific B cells

Thawed PBMC were washed twice with RPMI 1640 supplemented with 10% fetal bovine serum and
1% each of L-glutamine, sodium pyruvate, nonessential amino acids, antibiotics, 0.1M HEPES,
55uM B-mercaptoethanol and 0.02 mg/ml DNAse. PBMC were washed with PBS and stained using
viability marker PromoFluor IR-840 (Promokine, PromoCell, Heidelberg, Germany) for 20 min at
RT in PBS. Next, cells were washed with PBS and stained for 15 min at RT with streptavidin-AF700
(decoy channel; ThermoFisher Scientific, USA) to remove false positive SARS-CoV-2-specific B
cells. After washing with FACS buffer, cells were stained with biotinylated full-length SARS-CoV-
2 spike protein (R&D Systems, Minneapolis) labelled with different streptavidin-fluorophore
conjugates. Full-length biotinylated spike protein was mixed and incubated with streptavidin-
BUV661 (Becton Dickinson) or streptavidin-BV650 (BioLegend) at a 6:1 mass ratio for 15 min at
RT. All samples were stained with both biotinylated streptavidin for 1h at 4°C. Then, cells were
washed with FACS buffer and stained for 20 min at RT with DuraClone IM B cells (Beckman
Coulter, Brea, CA) containing the following lyophilized directly conjugated mAbs: anti-IgD-FITC,
CD21-PE, CD19-ECD, CD27-PC7, CD24-APC, CD38-AF750, anti-IgM-PB, CD45-KrO to which
following drop-in antibodies were added: CD71-BUV395, CD20-BV785, anti-IgG-BUV496 and
anti-IgA-PerCP-Vio700. Samples were acquired on a CytoFLEX LX flow cytometer (Beckman
Coulter). A minimum of 1,000,000 cells per sample were acquired. All reagents used for B cell
phenotype are reported in Table 6. All mAbs added to DuraClone IM B cells were previously titrated
on human PBMCs and used at the concentration giving the best signal-to-noise ratio. The gating

strategy used to identify Ag and Ag" B cells is reported in the Figure 9.

3.3.4 Intracellular cytokine staining (ICS)

Isolated PBMCs were thawed and rested for 6 h. PBMCs were stimulated in the presence of a pool
of lyophilized peptides covering the complete protein coding sequence (aa 5-1273) of spike
glycoprotein ("S") of SARS-CoV-2 (PepTivator SARS-CoV-2 Prot_ S Complete Miltenyi Biotec,
Bergisch Gladbach, Germany) together with 1 ug/ml of anti-CD28/49d (Becton Dickinson). PBMCs
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were stimulated for 16 h at 37°C in a 5% CO2 atmosphere in complete culture medium (RPMI 1640
supplemented with 10% FBS and 1% each of L-glutamine, sodium pyruvate, non-essential amino
acids, antibiotics, 0.1 M HEPES, 55 mM B-mercaptoethanol, and 0.02 mg/mL DNAse I). For each
stimulated sample, an unstimulated one was prepared as a negative control. All samples were
incubated with protein transport inhibitors brefeldin A (Golgi Plug, Becton Dickinson Bioscience,
San Jose, CA, USA) and monensin (Golgi Stop, Becton Dickinson Bioscience, San Jose, CA, USA)
and previously titrated concentration of CD107a-PE (BioLegend, San Diego, CA, USA). After
stimulation, cells were washed with PBS and stained with LIVE/DEAD fixable Aqua (ThermoFisher
Scientific, USA) for 20 min at RT. Next, cells were washed with FACS buffer and stained with
surface mAbs recognizing CD3-PE.Cy5, CD4-AF700, and CD8-APC.Cy7 (BioLegend, San Diego,
CA, USA). Cells were washed with FACS buffer and fixed and permeabilized with the
Cytofix/Cytoperm buffer set (Becton Dickinson Bioscience, San Jose, CA, USA) for cytokine
detection. Then, cells were stained with previously titrated mAbs recognizing IL-17-PE-Cy7, TNF-
BV605, IFN-y-FITC, IL-2-APC, and GRZMB BV421 (all mAbs from BioLegend, San Diego, CA,
USA). Samples were acquired on an Attune NxT acoustic cytometer (ThermoFisher Scientific, USA).
Table 7 reports mAb titers, clones, catalog numbers, and type of fluorochrome used in the panel.
Gating strategy used to identify and analyze the intracellular cytokine production of CD4" and CD8"
T lymphocytes is reported in Figure 10.

3.3.5 Computational analysis of flow cytometry data

T cells analysis

Compensated Flow Cytometry Standard (FCS) 3.0 files were imported into FlowJo software version
v10.7.1 and analyzed by standard gating to remove doublets, aggregates and dead cells. For ex vivo
immunophenotyping of non-antigen-specific (Ag") and antigen-specific (Ag") T cells of both CD4"
and CD8" we analyzed only the data of stimulated samples. For each sample, we therefore selected
data from all living CD4" or CD8" T cells and imported them in R using flowCore package v2.4.0 f
or a total 0f 37,397,203CD4" T cells (of which 465,729 were SARS-CoV-2 specific) and 12,758,008
CDS8" T cells (of which 180,267 were SARS-CoV-2 specific). The further analysis was performed
using CATALYST v1.17.3. All data obtained by flow cytometry were transformed in R using
hyperbolic arcsine “arcsinh (x/cofactor)” applying manually defined cofactors (where x is the
fluorescence measured intensity value). Clustering and dimensional reduction were performed using
FlowSOM (version 2.4.0) and UMAP (version 0.2.8.0) algorithms, respectively. The Ag* CD4" and
CDS8" T cell clusters have been analyzed using the following markers: CD45RA, CCR7, CD27,
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CD28, PD-1, CCR6, CXCR3, CXCR5 and CD95. The quality control (QC) of clustering for CD4"
and CD8" T cells is reported in the respective Figures 11, 12.

B cell analysis

Compensated Flow Cytometry Standard (FCS) 3.0 files were imported into FlowJo software version
v10.7.1 and analyzed by standard gating to remove doublets, aggregates, dead cells, and identify
CD19" B cells. From total CD19" B cells, to remove false positive SARS-CoV-2-specific B cells we
eliminated decoy-positive B cells. For each sample, we selected the SARS-CoV-2-specific B cells as
positive cells for both Spike streptavidin-BUV661 and Spike streptavidin-BV650 and now referred
to as Ag" B cells. The remaining double negative cells were non-SARS-CoV-2-specific B cells and
mentioned to as Ag~ B cells. Then, we exported for each sample separately both Ag” and Ag™ B cells
and imported them in R using flowCore package v2.4.0. The unsupervised analysis was performed
using CATALYST v1.17.3. All data were transformed in R using hyperbolic arcsin (arcsinh
x/cofactor) applying manually defined cofactors. Clustering and dimensional reduction were
performed using FlowSOM and UMAP algorithms, respectively. For each day of acquisition at
CytoFLEX LX, we had a sample used as quality control (QC).

3.3.6 Statistical analysis

Quantitative variables were compared using Kruskal-Wallis non-parametric test corrected for
multiple comparisons by controlling the False Discovery Rate (FDR), method of Benjamini and
Hochberg. Statistically significant g-values are represented. Statistical analysis of cytokines
production was performed using GraphPad Prism version 8 (GraphPad Software Inc., La Jolla, USA).
Total percentage of antigen-specific (Ag'CD4" and Ag"CD8") T cell data have been calculated as
background subtracted data. Simplified Presentation of Incredibly Complex Evaluation (SPICE)
software (version 6, Vaccine Research Center, NIAID, NIH, Bethesda, MD, USA) was used to
analyze flow cytometry data on T cell polyfunctionality. Data from the total cytokine production are
represented as individual values, means, and standard errors of the mean. Regarding
polyfunctionality, data in pie charts are represented as median values and statistical analysis was
performed using permutation test; data in graphs are represented as individual values, means, and

standard errors of the mean.

3.3.7 Principal Component Analysis
Principal Component Analysis (PCA) was executed and visualized in R using the prcomp function

(stats v3.6.2) and the pca3d package v0.1. The data used included the proportions and absolute
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number of Ag" CD19" B cells, CD4", CD8" T cells along with clinical parameters (reported in results
section). Missing values of dataset were imputed using missMDA package v1.18. The total impact
of a specific variable retained by PC1 and PC2 was computed as [(C1 * Eigl) + (C2 * Eig2)]/(Eigl
+ Eig2), where C1 and C2 represent the contributions of the variable to PC1 and PC2, and Eigl and
Eig2 denote the eigenvalues of PC1 and PC2, respectively. The Euclidean distance of MS-treated
groups to HD in PCA space was calculated using the phenoptr v.0.3.2 package.

Target Dye Clone Producer :32:::_ nul;:lt;ver (uL.)r/i?l(:)rOuL
PromoFluor840| Maleimide N/A Promocell PK;?{‘O_ 0.3
CD45RA FITC 2H4 Beckman Coulter (DuraClone IM T) B53328 -
CCR7 PE GO043H7 Beckman Coulter (DuraClone IM T) B53328 -
CD28 ECD CD28.2 Beckman Coulter (DuraClone IM T) B53328 -
PD-1 PC5.5 PD1.3.5 Beckman Coulter (DuraClone IM T) B53328 -
CD27 PC7 1A4.CD2 7 | Beckman Coulter (DuraClone IM T) B53328 -
CD4 APC 13B8.2 Beckman Coulter (DuraClone IM T) B53328 -
CD8 A700 B9.11 Beckman Coulter (DuraClone IM T) B53328 -
CD3 APC-A750 UCHT-1 Beckman Coulter (DuraClone IM T) B53328 -
CD57 Pacific Blue NC1 Beckman Coulter (DuraClone IM T) B53328 -
CD45 OK::::(; J33 Beckman Coulter (DuraClone IM T) B53328 -
CXCR3 BV785 GO25H7 BioLegend 353738 B302668 1.25
CCR6 BUV496 11A9 Becton Dickinson 612948 1114714 1.25
CXCR5 BUV661 RF8B2 Becton Dickinson 741559 1298915 0.6
CD69 BV650 FN50 BioLegend 310934 B346313 2.5
CD137 BUV395 4B4-1 Becton Dickinson 745737 1298922 1.25
CD95 BV605 DX2 BioLegend 305628 B344380 2.5

Table 5. List of monoclonal antibodies used in the AIM assay (De Biasi S., et al., 2024).
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Target Dye Clone Producer :3:::’; Lot Number (mL;-;;(:)';)mL
PromoFluor840| Maleimide N/A Promocell PK-PF840-3- 01 0.3
CD45 OK:::‘; 133 |Beckman Coulter (DuraClone IMB)|  B53318 -
CD19 ECD J3-119 |Beckman Coulter (DuraClone IM B) B53318 -
CD21 PE BL13 |Beckman Coulter (DuraClone IM B) B53318 -
CD27 PC7 1A4CD27 [Beckman Coulter (DuraClone IM B) B53318 -
CD24 APC ALB9 |Beckman Coulter (DuraClone IM B) B53318 -
CD38 APC-A750 |LS198-4-3|Beckman Coulter (DuraClone IM B) B53318 -
IgD FITC IA6-2 |Beckman Coulter (DuraClone IM B) B53318 -
IgM Pacific Blue | SA-DA4 |Beckman Coulter (DuraClone IM B) B53318 -
Streptavidin BV650 - BioLegend 405231 B347044 0.3
Streptavidin BUV661 - Becton Dickinson 612979 1188291 0.3
Streptavidin AF700 - ThermoFisher $21383 2286302 0.1
S-protein Biotin - R&D BT10549 DOJH0142107 4.5
CD20 BV785 2H7 BioLegend 302356 B337363 0.6
CD71 BUV395 M-A712 Becton Dickinson 743308 1341511 1.25
IgG BUV496 | G18-154 Becton Dickinson 741172 1341490 1.25
IgA nggo ;SElllo Miltenyi Biotec 130-113-478 [5211109889 0.5
Table 6. List of monoclonal antibodies used in B cell panel (De Biasi S., et al., 2024).

Target Dye Clone Producer Catalog number Lot Number Titer (uL)/100uL
LIVE/DEAD AQUA N/A ThermoFisher L34966 2268307 1.25
CD4 AF700 RPA-T4 Biolegend 300526 B336913 0.6
CD8 APC-Cy7 RPA-T8 Biolegend 301016 B300873 0.6
CD3 PE-Cy5 UCHT1 Biolegend 301016 B300873 0.6
IFNg FITC B27 Biolegend 506504 B286029 2.5
TNF BV605 MAb11 Biolegend 502936 B327946 3.75
IL-2 APC MQ1-17H12 Biolegend 500310 B313276 2.5
IL-17a PE-Cy7 BL168 Biolegend 512315 B325831 3.75
GRZB Bv421 QA18A28 Biolegend 396414 B311965 2.5
CD107a PE H4A3 Biolegend 328608 B321484 0.3

Table 7. List of monoclonal antibodies used in the ICS assay (De Biasi S., et al., 2024).
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Figure 7. Gating strategy for the identification and characterization of antigen-specific CD4" T cells (AIM
assay). (a) A gate was set on CD69 vs TIME plot, then in this population, a gate was set according to physical
parameter (FSC and SSC. Further gating is done in an FSC-H and FSC-Width dot plot to eliminate doublets.
On a bivariate plot of CD45 vs. ViaKrome (viability) select CD45", ViaKrome™ cells (viable cells). On a
bivariate plot of CD3 vs SSC-H select CD3 T lymphocytes. CD4" T cells was selected and the percentage of
Antigen-Specific (CD69" CD137)T cells was quantified. (b) Gating strategy to identify and characterize i)T
helper (Th), ii) circulating T follicular helper (cTth), iii) Naive, true naive and Tscm among Ag'CD4" T cell
populations. EM, effector memory; CM central memory; EMRA, terminally differentiated effector memory;

Tscm stem memory cell (De Biasi S., et al., 2024).
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On a bivariate plot of CD45 vs. ViaKrome (viability) select CD45",ViaKrome™ cells (viable cells). On a
bivariate plot of CD3 vs SSC-H select CD3 T lymphocytes. CD4" T cells was selected and the percentage of
Antigen-Specific (CD69" CD137")T cells was quantified. (b) Gating strategy to identify and characterize i)T
cytotoxic (Tc), i) Tc CXCRS", iii) Naive, true naive and Tscm among Ag'CD4" T cell populations. EM,
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Figure 10. Gating strategy and representative plots of intracellular staining analysis of cytokine producing
cells (ICS) after overnight stimulation with spike protein compared to unstimulated control. Cytokine
production and polyfunctionality of antigen-specific CD4" T cells (panel b) and CD8" T cells (panel c¢).
Numbers in the dot plots indicate the percentage of CD4*and CD8" cells identified by the gates. Comparison
between the total production of IFN-g, TNF, IL-17, IL-2, CD107a, and GZMB (De Biasi S., et al., 2024).
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Figure 11. Uniform Manifold Approximation and Projection (UMAP) plot shows the 2D spatial distribution
of cells from 28 healthy donors (HD) vaccinated against SARS-CoV2 and 106 patients with multiple sclerosis
undergoing different disease-modifying therapies (DMT) and vaccinated against COVID-19. UMAP graphs
are colored by the expression of ten different markers used for unsupervised analysis of CD4" antigen specific
T cells. Yellow: high expression. Dark blue: low expression (De Biasi S., et al., 2024).

64



CCR7 CD27 CD28 CD95

CCR6 CXCR3 PD1 CXCRS

CD57 CD45RA

scaled .
expression

1.00

0.75
0.50
0.25
0.00

UMAP 2

Figure 12. Uniform Manifold Approximation and Projection (UMAP) plot shows the 2D spatial distribution
of cells from 28 heallthy donors vaccinated against SARS-CoV2 and 106 patients with multiple sclerosis
undergoing different disease-modifying therapies (DMT) and vaccinated against COVID-19. UMAP graphs
colored by the expression of 10 markers used for CD8" antigen specific T cell. Blue represents lower
expression while yellow represent higher expression (De Biasi S., et al., 2024).
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4. RESULTS

4.1 Polyfunctional CD4" and CD8" T cells analysis in COVID-19 infected or recovered

patients

4.1.1 Characteristics of the Patients

We studied a total of 28 patients with COVID-19 pneumonia admitted into the Infectious
Diseases Clinics or to the Intensive Care Unit (ICU) of the University Hospital in Modena over the
period of March 2020-May 2020, and 10 healthy donors.

Characteristics of patients are reported in Table 8. COVID-19 moderate and COVID- severe
presented higher levels of LDH when compared to recovered moderate and recovered severe,
respectively. Regarding SARS-CoV-2 specific IgM and IgG, even if IgM were more represented
among patients with moderate disease, no statistically significant differences were found between
those with COVID-19 and the recovered, while HD tested negative for both assays. One patient from
the COVID-19 severe group and one from the recovered severe group presented type 2 diabetes.
Recovered moderate and recovered severe were hospitalized and diagnosed with SARS-CoV-2
infection 120 * 18 (mean * SD) days and 128 * 3 (mean * SD) days, respectively, before blood
withdrawal.

An example of the gating strategy for the identification of cells able to exert one or more
functions is reported in Figure 13. Peripheral blood mononuclear cells (PBMCs) were stimulated or
not with M, N or S peptide pool, cultured and stained. PBMCs were first gated according to their
physical parameters, and the aggregates were electronically removed from the analysis by using a
gate designed for singlets. Living (Live/Dead, L/D-) cells and CD3" T cells were identified. Among
CD3" cells, CD4" and CD8" T cell subpopulations were identified. In each subpopulation, the
percentage of cells producing interferon IFN-y, TNF, IL-2, IL-17, and GRZB, as well as expression
of CD107a, was then quantified.

4.1.2 Recovered Patients Who Experienced a Severe Disease Display High Percentage of
Antigen-Specific CD4" T Cells Producing Th1 and Th17 Cytokines

Cytokine production was assessed following 16 h of in vitro stimulation with SARS- CoV-2
peptide pools covering the sequence of different proteins (N, M or S). The percentage of CD4" and
CD8" T cells producing IFN-y, TNF, IL-2, IL-17, and GRZB was quantified along with the
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percentage of cells able to express CD107a. The identification of these cytokines allows us to
recognize different subsets of helper CD4+ and CD8+ T cells, such as: (i) Thl, defined as cells
producing IFN-y, TNF, IL-2; (ii) Th17 identified as cells producing IL-17; (iii) cytotoxic T cells,
which are positive for GRZB and CD107a [250,136].

Individuals who recovered from a severe form of COVID-19 disease showed a higher
percentage of CD4" T cells responding to N and S compared to healthy donors (HD) (Figure 14a).
Moreover, taking into consideration all the stimuli used, patients who recovered from a severe disease
exhibited a higher percentage of CD4" T cells producing IFN-y, TNF and IL-2 compared to either
HD or individuals who recovered from moderate disease (Figure 14b). This was also observed when
COVID-19 patients with a moderate disease were compared to HD. Furthermore, recovered
individuals who experienced a severe disease also displayed a higher percentage of CD4" T cells
producing IL-17 compared to recovered moderate, regardless of the stimulus used (Figure 14b). On
the other hand, COVID-19 patients with severe infection were characterized by higher proportions of
cells expressing CD107a compared to HD after M and S stimulation, indicating a more enhanced
cytotoxic phenotype (Figure 14b).

Regarding CD8" T cell response, the percentage of CD8" T cells responding to peptide pool
stimulation was higher in COVID-19 patients with a moderate disease compared to either HD or
recovered individuals who experienced a moderate infection. In addition, COVID-19 patients with
severe form exhibited a higher percentage of responding CD8" T cells compared to those who
recovered from a severe form (Figure 15a). Furthermore, after in vitro stimulation with M, COVID-
19 severe patients displayed a higher percentage of CD8" T cells expressing CD107a compared to
individuals who recovered from severe infection (Figure 15b). Thus, antigen-specific CD8" T cells
are more abundant among COVID-19 patients and present a more pronounced cytotoxic phenotype

in line with their role in mediating clearance during viral infections [251].

4.1.3 Recovered Patients Who Experienced a Severe Disease Are Characterized by

Polyfunctional SARS-CoV-2 Antigen-Specific CD4" T cells

In vitro stimulation with the M peptide pool induced a different polyfunctional profile between
COVID-19 moderate and severe patients, COVID-19 severe patients and those who recovered from
severe disease. Moreover, the polyfunctional response was different when compared to HD in either
patients with moderate COVID-19 or those who recovered from severe disease. In particular,
COVID-19 moderate patients and recovered individuals from severe disease, when compared to HD,

reported higher percentages of IFN-y+IL-2+TNF+, IFN-y+TNF+ and IL-2+TNF+ within CD4" T
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cells. Patients experiencing COVID- 19 moderate also displayed a high percentage of IFN-y+IL-2+
within CD4" T cells. The percentage of the latest population was higher in COVID-19 severe and
recovered moderate if compared to recovered severe and HD (Figure 16a).

Stimulation with N induced differences in the overall polyfunctionality of CD4" T cells
between patients who recovered (moderate vs. severe) and between COVID-19 severe patients and
those who recovered from severe disease. Finally, COVID-19 moderate patients and recovered
displayed a different cytokine profile when compared to HD. Regarding the subsets of polyfunctional
CD4" T cells, individuals who recovered from the severe disease exhibited the same cytokine
production as seen with M stimulation. In addition, this group of patients presented a small population
of TNF+, IL-17+ cells. COVID-19 moderate patients, compared to HD, also presented a high
percentage of IFN-y+IL-2+TNF+ and IL-2+TNF+ (Figure 16b). Finally, after stimulation with S,
individuals who recovered from different disease severity showed a different polyfunctionality as
well as COVID-19 moderate patients and recovered from the moderate disease. In addition, recovered
from severe disease displayed a distinct polyfunctional asset compared to COVID-19 severe and HD.
Individuals who recovered from severe disease presented almost overlapping results as those
observed after stimulation with N and M. Moreover, they also displayed a higher percentage of
TNF+IL-17+ within CD4" T cells if compared to COVID-19 severe and HD. Regarding COVID-19
moderate, the cell distribution after stimulation is the same as the one measured after N stimulation
(Figure 16c¢). For clarity, Figure 16d shows the legend of the colors and symbols of the previous
Figure 16 panels.

The polyfunctional profile of CD8" T cells after in vitro stimulation with M or N was similar
among the groups. Only the S peptide pool induced a slightly different profile in COVID-19 moderate
patients when compared to HD (Figure 17).
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Table 8. Demographic and clinical characteristics of healthy donors (HD), COVID-19 and recovered patients (Paolini A., et al., 2022)

p-value
p-value COVID-19 p-value p-value
COVID-19 RECOVERED COVID-19
HEALTHY COVID-19 COVID-19 RECOVERED RECOVERED MODERTAT MODERTAT MODERATE SEVERE
Variable DONOR MODERATE SEVERE MODERATE SEVERE E vs Evs s s
N=10 N=7 N=6 N=9 N=6 i RECOVERE
( ) ( ) ( ) ( ) ( ) COVID-19 D RECOVERED RECOVERED
EVERE EVERE EVERE
S MODERATE S S
Demographic characteristics
Age (median years, range)' 49.5 55.0 63.0 56.0 56.5 ns ns ns ns
(37-70) (43-65) (53-68) (36-63) (43-61)
Sex (M, %)? 5(50) 6(85.7) 6 (100) 5(55.6) 4 (66.7) ns ns ns ns
Clinical characteristics
Coexisting conditions
Type 2 diabetes, N (%)? / 0(0) 1(16.7) 0(0) 1(16.7) ns ns ns ns
Cardiovascular Dis., N (%)? / 0(0) 0(0) 0(0) 0(0) NA NA NA NA
Chronic Kidney Dis., N (%)* / 0(0) 0(0) 0(0) 0(0) NA NA NA NA
Cancer., N (%)? / 0(0) 0(0) 0(0) 0(0) NA NA NA NA
Clinical Blood parameters
Total bilirubin, mg/dL (median, range)' / 1.0 0.8 0.7 0.4 ns ns ns ns
(0.6-1.4) (0.3-0.9) (0.3-0.9) (0.3-0.8)
CK, U/L (median, range ) / 81.0 345 102.0 139.0 ns ns ns ns
(56-154) (23-259) (87-139) (12-282)
Creatinine, mg/dL (median, range)' / 0.8 0.6 0.9 0.9 ns ns ns ns
(0.6-1.0) (0.5-0.8) (0.7-1.1) (0.8-1.2)
D-dimer, ng/mL (median, range)' / 495 750 180 255 ns ns ns ns
(230-7,810) (190-5,820) (100-340) (140-780)
LDH, U/L (median, range )' / 591 581 361 384 ns 0.0272 ns 0.0272
(580-886) (507-1,521) (244-450) (337-430)
CRP, mg/dL (median, range)' / 0.3 0.35 0.2 0.2 ns ns ns ns
(0.2-0.9) (0.2-12.1) (0.2-0.3) (0.2-0.4)
Blood cell count
White blood cells, N/uL (median, range )! / 7,500 6,305 6,480 6,985 ns ns ns ns
(2,888-10,880) (4,800-15,300) (4,420-7,160) (6,340-7,680)
Lymphocytes, N/uL (median, range )! / 2,898 1,642 2,240 2,615 ns ns ns ns
(2,698-3,098) (629-2,460) (1,600-7,160) (2,120-3,740)
Neutrophils, N/uL (median, range )' / 6,390 3,818 3,120 3,755 ns ns ns ns
(5,545-7,235) (1,906-14,560) (2,430-2,980) (3,060-3,900)
Detection of SARS-CoV-2 IgM, IgG
IgM, Index (median, range )’ 0.0 28.7 6.4 4.7 4.5 ns ns ns ns
(5.7-59.1) (1.2-66.3) (0.3-28.6) (0.5-20.0)
IgG, Index (median, range )' 0.0 7.3 6.2 6.1 39 ns ns ns ns
(6.3-9.0) (1.5-8.6) (2.0-9.4) (1.2-7.0)

NA; not applicable

1 Kruskal-Wallis test with original FDR method of Benjamini and Hochberg

2Chi-square test
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Figure 13. Gating strategy for the identification of CD4" and CD8" T lymphocytes for the analysis of
intracellular cytokines. PBMCs were gated according to physical parameters and aggregates were removed
from the analysis. Living (Live/Dead, L/D-) cells and CD3 T cells were identified; among CD3 cells, CD4"
and CD8" T cell subpopulations were identified. In the quadrants the percentages of CD3", CD4" or CD8" T
cells are shown, along with the percentages of cells producing IFN-y, TNF, IL-2, IL-17, GRZB as well as
expression of CD107a (Paolini A., et al., 2022).
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Figure 14. Total cytokine production by CD4" T cells after in vitro stimulation. a) Percentage of
responding CD4" T cells after stimulation with M, N or S. Data represent individual values from healthy donors
(HD, n=10), COVID-19 moderate (n=7), COVID-19 severe (n=6), recovered moderate (n=9) and recovered
severe (n=6). Mean (center bar) + standard error of the mean (SEM, upper and lower bars) is represented.
Statistical analysis was performed using Kruskal-Wallis non-parametric test corrected for multiple
comparisons by controlling the False Discovery Rate (FDR), method of Benjamini and Hochberg. Statistically
significant q values are represented. Background was subtracted from each sample. b) Representation of the
total production of each cytokine after stimulation of CD4" T cells. We evaluated the percentage of CD4" T
cells producing IFN-y, TNF, IL-2, IL-17, GRZB as well as expressing CD107a among HD (n=10), COVID-
19 moderate (n=7), COVID-19 severe (n=6), recovered moderate (n=9) and recovered severe (n=6). Data are
represented as individual values, mean (center bar) + standard error of the mean (SEM, upper and lower bars)
is represented. Statistical analysis was performed using Kruskal-Wallis non-parametric test corrected for
multiple comparisons by controlling the False Discovery Rate (FDR), method of Benjamini and Hochberg.
Statistically significant q values are represented. Background (i.e., the value determined in unstimulated
controls) was subtracted from each sample (Paolini A., et al., 2022).
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Figure 15. Total cytokine production by CD8" T cells after in vitro stimulation. a) Percentage of
responding CD8" T cells after stimulation with M, N or S. Data represent individual values from HD (n=10),
COVID-19 moderate (n=7), COVID-19 severe (n=6), recovered moderate (n=9) and recovered severe (n=6).
Mean (center bar) + standard error of the mean (SEM, upper and lower bars) is represented. Statistical analysis
was performed using Kruskal-Wallis non-parametric test corrected for multiple comparisons by controlling
the False Discovery Rate (FDR), method of Benjamini and Hochberg. Statistically significant q values are
represented. Background was subtracted from each sample. b) Representation of the total production of
cytokines after stimulation of CD8" T cells. We evaluated the percentage of CD8" T cells producing IFN-y,
TNF, IL-2, IL-17, GRZB as well as expressing CD107a among HD (n=10), COVID-19 moderate (n=7),
COVID-19 severe (n=6), recovered moderate (n=9) and recovered severe (n=6). Data are represented as
individual values, mean (center bar) + standard error of the mean (SEM, upper and lower bars) is represented.
Statistical analysis was performed using Kruskal-Wallis non-parametric test corrected for multiple
comparisons by controlling the False Discovery Rate (FDR), method of Benjamini and Hochberg. Statistically
significant q values are represented. Background (i.e., the value determined in unstimulated controls) was
subtracted from each sample (Paolini A., et al., 2022).
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Figure 16. Polyfunctionality of CD4" T cells after in vitro stimulation. Pie charts representing the proportion
of CD4" T cells producing different combinations of IFN-y TNF, IL-2, IL-17, GRZB as well as expressing
CD107a after stimulation with a) M; b) N; or ¢) S peptide pools from HD (n=10), COVID-19 moderate (n=7),
COVID-19 severe (n=6), recovered moderate (n=9) and recovered severe (n=6) patients. For clarity, panel d
reports the legend for the colours and the symbols used in panels a, b and c. Data in pie charts are represented
as median values. Frequencies were corrected by background subtraction as determined in non-stimulated
controls using SPICE software. Statistical analysis between pie charts was performed using permutation test.
Pie arches represent the total production of different cytokines. Comparison between the production of
different combinations of cytokines by CD4" T cells is represented. Data are represented as individual values,
mean (center bar) = standard error of the mean (SEM, upper and lower bars) is represented. Statistical analysis
was performed using Kruskal-Wallis non-parametric test corrected for multiple comparisons by controlling
the False Discovery Rate (FDR), method of Benjamini and Hochberg. Statistically significant q values are
represented (Paolini A., et al., 2022).
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Figure 17. Polyfunctionality of CD8" T cells after in vitro stimulation. Pie charts representing the proportion
of CD8" T cells producing different combinations of IFN- y, TNF, IL-2, IL-17, GRZB as well as expressing
CD107a after stimulation with a) M; b) N; or c¢) S peptide pools from HD (n=10), COVID-19 moderate (n=7),
COVID-19 severe (n=6), recovered moderate (n=9) and recovered severe (n=6) patients. Data in pie charts are
represented as median values. Frequencies were corrected by background subtraction as determined in non-
stimulated controls using SPICE software. Statistical analysis between pie charts was performed using
permutation test. Pie arches represent the total production of different cytokines (Paolini A., et al., 2022).
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4.2 Characterization of SARS-CoV-2-specific T and B cells after infection or

heterologous vaccination

4.2.1 Study design

Three groups of donors were enrolled in this study. The first one was composed of nine
COVID-19 recovered patients (hereafter called REC; mean age of 35.1 £ 11.1 years), with a mean of
131.1 days (range 64—165 days) from last infection during follow-up visits at the Infectious Diseases
Clinics of the Azienda Ospedaliero-Universitaria Policlinico di Modena. All REC had symptoms
consistent with COVID-19 and positive PCR-based testing for SARS-CoV-2 over the period of
March 2020—August 2020. Within this group, four patients were classified as severe (35.3 + 5.68
years) while five patients were moderate (35.0 = 7.4) according to World Health Organization
guidelines [244]. Given that there were no differences between moderate and severe recovered
individuals and their low number, they were considered as a unique group for the statistical analysis.
Twenty-three vaccinated donors were enrolled in this study, and they were divided into two groups:
one was composed of 11 donors with a mean of 31.1 days (range 3035 days) after the third dose of
SARS- CoV-2 vaccine (hereafter defined MIX; 27.0 + 4.5 years); these subjects were vaccinated with
three different vaccines (first dose: ChAdOx1; second dose: BNT162b2; third dose: mRNA-1273).
The second group was composed of 12 donors with a mean of 33.9 days (range 26—44 days, hereafter
defined RNA; 35.3 &+ 11.3 years) after being vaccinated with two different RNA vaccines (first and
second doses: BNT162b2; third dose: mRNA-1273). Each participant, including healthy donors,
provided informed consent according to the Helsinki Declaration, and all uses of human material
have been approved by the local Ethics Committee (Comitato Etico dell’Area Vasta Emilia Nord,
protocol number 177/2020, 11 March 2020) and by the University Hospital Committee (Direzione
Sanitaria dell’ Azienda Ospedaliero Universitaria di Modena, protocol number 7531, 11 March 2020).

The clinical characteristics of all participants are reported in Table 9.

4.2.2 MIX showed a skewed Thl Ag-specific CD4* T-cell polarization compared to that of

recovered ones

To investigate the percentage of Ag-specific T cells, we used T-cell receptor (TCR)-dependent
activation-induced marker (AIM) assays to identify and quantify SARS-CoV-2-specific CD4" T cells.
We stimulated peripheral blood mononuclear cells (PBMCs) from nine REC patients and 11 MIX
and 12 RNA donors overnight with 15-mer peptides with 11-amino acid overlap, covering the

complete sequence of Wuhan SARS-CoV-2 spike glycoprotein (see Methods for details).
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The phenotype of Ag-specific T cells (i.e., those CD137°CD69") within CD4" T cells,
hereafter termed Ag"CD4'T cells, was first analyzed by manual gating and compared with the non-
Ag-specific CD4™T cell counterparts (CD137 CD69", hereafter called Ag CD4"). Ag'CD4" T cells
showed different cell subset distributions (in terms of the expression of differentiation markers such
as CD45RA, CCR7,CD28, and CD95) and Th cell polarization (evaluated by the expression of CCR6
and CXCR3). Ag"'CD4" T displayed a low percentage of naive (N, CD45RA'CCR7'CD28"CD95")
and higher frequencies of memory compartment such as central memory (CM;
CD45RACCR7'CD28"CD95"), transitional memory (TM; CD45RACCR7 CD28'CD95"),
effector memory (EM; CD45RA"CCR7 CD28 CD95"), and Tscm (CD45RATCCR7'CD28°CD95™)
and a similar percentage of terminally differentiated effector memory (EMRA;
CD45RA'CCR7 CD28 CD95") (Figure 18a, b). Considering T-cell polarization, in comparison
with Ag"CD4" T cells, those Ag-specific displayed a higher percentage of Thl (CXCR3"CCR6),
Th17 (CXCR3 CCR6%), and Th1/Th17 (CXCR3"CCR6") and a lower percentage of Th0/Th2
(CXCR3CCR6") (Figure 18c¢).

To gain a more detailed overview on the differentiation status and Th-polarization, we took
advantage of unsupervised FlowSOM clustering. This analysis revealed a total of 19 clusters, and
within these, six clusters represented SARS-CoV-2-reactive CD4" T cells expressing CD69 and
CD137 (Figure 19a, b; Figure 4). The frequencies of the different clusters of T cells within Ag™
CD4" T cells were similar in the three groups of individuals as shown in Figure 20. We focused our
attention on Ag'CD4" T cells that were selected and reclustered. We obtained 10 clusters,
representing different subpopulations of Ag" T cells. We found naive T cells that were defined as
CD45RA'CCR7'CD27°CD95, Tscm as CD45RA'CCR7°CD27°CD95°, CM Thl as
CCR7'CD45RACCR6 CXCR3" (CM Thl), CM Th0/Th2 as CCR7'CD45RA " CCR6 CXCR3",CM
Th17 as CCR7'CD45RACCR6'CXCR37, CM CXCR5" as CCR7'CD45RA CXCR5PD-17,
circulating T follicular helper as CCR7°'CD45RA CXCR5PD-17 (c¢Tfh), TM Thl as
CCR7 CD45RA CD28"CXCR3" (TM Th1), ™ ThO/Th2 as
CCR7 CD45RACD28'CCR6 CXCR3™, and TM Th17 as CCR7 CD45RA CD28"CCR6'CXCR3~
(Figure 19c¢).

The percentage of total CD4+ and Ag+ CD4+ T cells was similar among the three groups
(Figure 19d). Despite that, within the latter, we observed a different distribution of the populations
among REC and vaccinated groups (both MIX and RNA). RNA displayed higher percentages of CM
Thl, CM Th0/Th2, and TM Th1 if compared to those in REC subjects. Moreover, both MIX and
RNA showed a lower percentage of ¢Tth cells (Figure 19¢). No differences were found between Ag”
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CD4" T-cell clusters of MIX and RNA. Similar percentages of all other clusters were present in REC,
MIX, and RNA subjects (Figure 21).

4.2.3 Vaccinated individuals showed a higher percentage of Tcl-like Ag-specific CD8" T cells

compared to that of recovered subjects

The AIM assay was used for CD8" T-cell analysis to identify and quantify SARS-CoV-2-
specific (see Methods). We first manually gated different subpopulations of T cells on the basis of
differentiation markers and cytotoxic-polarization markers (Tc-polarization). We observed that
Ag"CD8" T cells, if compared to Ag"CD8" T lymphocytes, displayed lower percentages of N and
higher percentages of Tscm, CM, and TM; similar percentages of both EM and EMRA were found
(Figure 22a, b). In terms of Tc-polarization, similar percentages of Tcl cells were found within Ag*
and Ag CD8" T cells. However, Ag"CD8" T cells were characterized by higher percentages of both
Tc17 and Tcl/Tc17 and lower percentages of Tc0/Tc2 (Figure 22c¢).

As for CD4" T-cell analysis, we applied unsupervised analysis and found 21 clusters, of which
six were SARS-CoV-2-reactive CD8" T cells (Figure 23a, b; Figure 5a). Considering Ag CD8" T
cells, both MIX and RNA showed increased levels of TM Tcl17 CD69", TM Tc0/ Tc¢2, and TM
Th0/Th2 PD-1" CXCRS5" if compared to those of REC subjects. Furthermore, RNA showed a higher
percentage of TM Tcl PD-1" CXCR5" compared to those of REC and MIX (Figure 24). Ag'CD8"
T cells were selected and after reclustering, 11 clusters were identified. Besides naive T cells and
Tscwm, defined as CD45RATCCR7'CD27°'CD28"CD95™ and CD45RA'CCR7'CD27'CD28"CD95",
respectively, we found two clusters of CM T cells defined as follows: CM Tcl PD-1" that were
CD45RACCR7°'CD28"CXCR3"PD-1~ and CM Tcl PD-1" that were
CD45RA CCR7'CD28'CXCR3"PD-1".

Among effector Ag'CD8" T cells, we found five clusters defined as TM Tcl PD-1-
(CCR7 CD45RACD28"CXCR3"PD-17), TM Tcl PD-17 (CCR7 CD45RA CD28"CXCR3"PD-1"),
™ Tc0/Tc2 (CCR7 CD45RACD28"'CCR6 CXCR3"), ™ Tcl7
(CCR7 CD45RACD28"'CCR6'CXCR3"), and EM Tel CD57* PD-1*
(CCR7 CD45RA"CD28 CD57'PD-17). Moreover, three populations of effector memory cells re-
expressing CD45RA  (EMRA) were detected, ie., EMRA Tcl CD57° PD-1"
(CCR7 CD45RA'CXCR3"CD57 PD-17), EMRA Tel CD57" PD-1"
(CCR7 CD45RA'CXCR3*CD57PD-1"), and EMRA Tel CD57* PD-1"
(CCR7 CD45RA'CXCR3"CD57PD-17) (Figure 23c¢).
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Similar percentages of total CD8" and Ag"CD8" T cells were found among the three groups (Figure
15d). However, within the Ag" population, we observed increased percentages of EM Tcl CD57"
PD-1" in both vaccinated groups if compared to that in the recovered ones (Figure 23¢). Furthermore,
MIX and RNA showed increased levels of EMRA Tcl CD57" PD-1" terminal effector CD8™ T cells
compared to that in REC. Finally, we observed that the percentage of EMRA Tcl CD57 PD-1-
terminal effector CD8" T cells was higher in MIX compared to those of both REC and RNA (Figure
23e). Similar percentages of all other subpopulations were found among REC, MIX, and RNA
(Figure 25).

4.2.4 Patients who recovered from COVID-19 display more polyfunctional antigen-specific

CD4+ T cells compared to those in vaccinated donors

Besides Th-polarization, the functional properties of Ag™-specific T cells were investigated
by measuring the percentages of cells producing IFN-y, TNF, IL-2, IL-17 and GZMB, along with the
expression of the degranulation marker CD107a. The percentages of cells producing cytokines were
assessed following 16 h of in vitro stimulation with SARS-CoV-2 peptide pool covering the complete
sequence of Wuhan SARS-CoV-2 spike glycoprotein. The gating strategy is reported in Figure 26.
REC displayed a higher percentage of CD4" T cells producing TNF, IL-2, and IL-17 than that in the
MIX group, but not with respect to that of the RNA group. Furthermore, a higher percentage of CD4"
T cells producing IL-2 and TNF was observed in RNA compared to that in MIX subjects. Similar
percentages of IFN-y, CD107a, and GZMB were found among the three groups (Figure 27b).
Polyfunctional properties were investigated in CD4" and CD8" T cells by analyzing the simultaneous
production of TNF, CD107a, IFN-y, IL-2, and IL-17 using the bioinformatic SPICE tool. Among
CD4" T cells, REC exhibited a different polyfunctionality profile from those who had been vaccinated
(Figure 27b). In particular, REC displayed a higher percentage of CD4" T cells simultaneously
producing IL-2 and TNF compared to those in MIX and RNA. The percentage of CD4" T cells
producing TNF or IL-17 was higher in REC compared to those in both vaccinated groups. Moreover,
RNA exhibited higher percentages of CD4" T cells simultaneously producing IL-2 and TNF or IL-2
alone compared to those in MIX. Furthermore, we found that both vaccinated groups displayed higher
percentages of cells defined as “highly polyfunctional” as simultaneously producing CD107a, IFN-
v, IL-2, and TNF compared to those in REC (Figure 27¢). The functional properties of CD8" T were

similar between the three groups (Figure 28).
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4.2.5 Vaccinated donors showed a higher percentage of antigen-specific and activated memory

B cells expressing IgG compared to that in REC

SARS-CoV-2 antibodies decline already as early as 21 days after infection or vaccination
[201]. However, long-lived MBCs constitute a durable long-term memory and provide a rapid recall
response differentiating into high-affinity matured plasma cells [252]. For this reason, we measured
the frequencies of circulating SARS-CoV-2 spike-specific B cells (Ag" B cells) (see Methods).
Similar percentages of total B cells were found among the three groups (Figure 29a). However, both
MIX and RNA showed a higher percentage of Ag" B cells (defined as CD45"'CD19"decoy” Spike-
BUV661"Spike-BV650") when compared to that in REC (Figure 29b). By applying manual gating,
we observed that Ag™ B cells compared to its Ag~ counterpart displayed a lower percentage of naive
B cells and an increased percentage of memory switched, memory unswitched and of CD27 IgD™ B
cells (Figure 30a). Moreover, after vaccination or SARS-CoV-2 infection, ~42%-96% of Ag" B cells
were IgG”. This percentage decreased to ~5%-22% in the Ag™ B cells, where ~69%-90% of cells
were IgDIgM" (Figure 30b). Furthermore, the percentage of IgA" B cells was higher in the Ag™
compartment (Figure 30b). To deeply characterize both Ag™ and Ag" B cells, we took advantage of
unsupervised clustering. The analysis revealed 15 clusters, spanning from naive to atypical B cells
(atBCs; CD21°CD27 CD38") [253] (Figure 29¢, d; Figure 6a). Besides naive and transitional B
cells (TrB), respectively defined as naive: CD20°CD21°CD24"CD38 IgDIgM* and TrB:
CD20"CD21'CD24"CD38"IgD"IgM", we found five clusters of MBCs defined as follows: MBC
IgDIgM" (CD20°CD21°CD24'CD27 IgD"IgM"), MBC IgA™ (CD20"CD21°CD24"'CD27 IgA"),
MBC IgG* (CD20"CD21°CD24"CD27 1gG"), MBC IgA* CD71"
(CD20°CD21'CD24°CD27'IgA"CD71%), and MBC IgG" CD71" (CD20°CD21°CD24"
CD27'1gA"CD71"). Among plasmablasts (PBs), we found the following three clusters: PB IgA™ as
CD27°CD71"CD38IgA", PB IgM" as CD27'CD71"CD38 ' IgM", and PB IgG" as CD27"'CD71"
CD38IgG". Together with naive, TrBs, MBCs, and PBs, we identified five clusters of atBCs, i.e.,
atBC1 as CD21°CD27 CD20'IgG*, atBC2 as CD21 CD27 CD24°CD20'IgG*, atBC3 as
CD21°CD27°CD20'IgD", atBC4 as CD21 CD27 CD20'IgD'IgM", and atBC5 as
CD21°CD27 CD20°CD24". Within Ag™ B cells, MIX and RNA showed higher levels of MBC
IgDIgM" and lower levels of atBC5 compared to those in REC (Figure 31). Within Ag" B cells,
MIX and RNA displayed lower percentages of naive, MBC IgA", and atBC4 B cells if compared to
those in REC, while the percentages of MBC IgG"™ CD71" and atBC2 were significantly higher
(Figure 29e). Moreover, REC displayed a higher percentage of atBC4 cells if compared to those in
MIX and RNA (Figure 29¢). Similar percentages of all other subpopulations were found among
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REC, MIX, and RNA subjects (Figure 32). In addition, we measured IgG antibodies able to bind the
spike and the RBD of the S1 subunit of the spike protein (the latter known as neutralizing antibodies).
We observed that both vaccinated groups had higher levels of anti-spike and anti-RBD-binding IgG
compared to those in REC subjects (Figure 29f).

4.2.6 Recovered patients show different immunological profiles compared to those of

vaccinated donors

The principal component analysis (PCA) computed using the complete phenotype of Ag” B
and T cells, CD4" T cell polyfunctionality, plasmatic anti-spike, and anti-RBD antibodies showed
that the group of REC clusters in a different position of the two-dimensional PCA space if compared
to MIX and RNA, which are almost entirely overlapping (Figure 33a, left). Inmune features related
to the amount of MBC IgA, CDI107a IFN-y IL2 "TNF'IL17", CD107a IFN-y IL2"TNF'IL17",
CDI107a TFN-y IL2"TNF IL17", and naive B cells (more abundant in REC subjects) were the main
drivers of the clusterization of samples in two different areas (Figure 33a, right). Moreover, the
picture of PCA contribution also reveals that both vaccinated groups were characterized by increased
levels of MBC IgG CD71", anti-spike, and anti-RBD IgG antibodies (Figure 33a, right). By using
the same parameters used to perform the PCA, we assessed the existence of immunological
correlations between the variables within the REC, MIX, and RNA groups. It is to note that in REC,
but not in the MIX and RNA groups, a strong positive correlation was present among the percentages
of MBC IgA CD71" and all polyfunctional CD4" T-cell subsets (Figure 33b, Figure 34). The
percentages of MBC IgD'IgM", transitional, and naive B cells inversely correlate with all

polyfunctional CD4" T-cell subsets (Figure 33b, Figure 34).
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Table 9. Demographic and clinical characteristics of COVID-19 recovered patients and vaccinated donors (Lo Tartaro D., et al., 2023).

Variable RECOVERED AZPM PFZM p-value p-value p-value
(n=9) (n=11) (n=12) (RECvsAZPM) (RECvsPFZM) (AZPMvsPFZM)
Demographic characteristics
Age (mean years, range)' 35.1(22-41) 27.0 (22-39) 35.3(23-62) 0.0177 ns ns
Sex (Male, %)? 88.9 27.3 45.5 0.0098 ns ns
Race/Ethnicity
White: Non-Hispanic or Latino (%)? 66.7 100 100 ns ns ns
White: Hispanic or Latino (%) 11.1 0 0 / / /
Black (%)? 22.2 0 0 / / /
Hospitalization status
Never hospitalized (%) 11.1 / / / / /
Hospitalized (%) 88.9 / / / / /
Days of hospitalization (mean days, range) 11.6 (4-17) / / / / /
Sample Collection
Sample Collection Dates April-December 2020 D;:glrgli;rz%()él— D?:Eig?’?zzo%él- / / /
Days post symptom onset or third dose 131.1 (64-165) 31.8 (30-35) 33.9 (26-44) 0.0004 0.0009 ns
vaccine (mean days, range)
Disease Severity
Moderate (%) 55.56% (5/9) / / / / /
Severe (%) 44.44% (4/9) / / / / /
Vaccine type
First dose / ChAdOx1 BNT162b2 / / /
Second dose / BNT162b2 BNT162b2 / / /
Third dose / mRNA-1273 mRNA-1273 / / /
Detection of SARS-CoV-2 IgM, IgG
IgM, Index mean value (= SD)! 0.45 (£0.7) 0.18 (+0.2)
IgG, Index mean value (+ SD)! 17,151.6 (+10,563.5)  18,284.9 (£11,169.9)

! Kruskal-Wallis test with Original FDR methods of Benjamini and Hochberg

2 Fisher's exact test

3 Chi-squared test

ns, not significant

SD, standard deviation
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Figure 18 a) Representative dot plots showing manual gating analysis of Ag" (blue dots) and Ag™ (grey dots)
CD4" T cells from REC, AZPM, and PFZM. Numbers indicate the percentage of cells identified by the gates;
b) Dot plots show the relative cell percentage of naive (N, CCR7"CD45RA'CD28'CD95"), T stem cell
memory (Tscm, CCR7'CD45RATCD28'CD95"), central memory (CM, CCR7'CD45RACD28*CD95"),
transitional memory (TM, CCR7 CD45RA CD28'CD95"), effector memory (EM, CCR7 CD45RA CD28"
CD95") and effector memory re-expressing CD45RA (EMRA, CCR7 CD45RA"CD28 CD95%). Numbers
indicate the exact p-value obtained by Mann—Whitney test; ¢) (Left) Representative dot plots showing manual
gating analysis of Ag" and Ag- CD4" T cells from REC, AZPM, and PFZM. Numbers in the dot plots indicate
the percentage of cells identified by the gates; (Right) Dot plots show the relative cell percentage of Thl
(CXCR3"CCR6), ThO/Th2 (CXCR3 CCR67), Thl7 (CXCR3 CCR6") and Thl-17 (CXCR3*CCR6).
Numbers indicate the exact p-value obtained by Mann—Whitney test (Lo Tartaro D., et al., 2023).
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Figure 19. Immune phenotyping of antigen-specific CD4" T cells. (A) Uniform Manifold Approximation
and Projection (UMAP) plot shows the 2D spatial distribution of 8,436,275 cells from nine donors who
recovered from SARS-CoV-2 infection (REC, severe = 4 and moderate = 5) and 23 vaccinated donors (MIX
=11 and RNA = 12) embedded with FlowSOM clusters. Ag*, antigen-specific CD4" T cells; Ag™, non-antigen-
specific CD4" T cells. (B) Heatmap of the median marker intensities of the 12 lineage markers across the 19
cell populations obtained with FlowSOM algorithm after the manual metacluster merging. The colors of
cluster_id column correspond to the colors used to label the UMAP plot clusters. The color in the heatmap is
referred to the median of the arcsinh marker expression (0—1 scaled) calculated over cells from all of the
samples. Blue represents lower expression, while red represents higher expression. Light gray bar along the
rows (clusters) and values in brackets indicate the relative sizes of the clusters. N, naive; Tsem, T stem cell
memory; CM, central memory; TM, transitional memory; EM, effector memory; EMRA, effector memory re-
expressing the CD45RA; cTth, circulating T follicular helper cells. The black bar on the right is used to group
Ag" or Ag™ subpopulations. (C) UMAP and heatmap visualization of 10 manually merged antigen-specific
CD4" T-cell clusters. (D) Dot plots show the total percentage of antigen-specific CD4" T cells. Kruskal-Wallis
test with Benjamini—Hochberg correction for multiple comparisons was used to test the differences among the
three groups. (E) Dot plots show the cell percentage of the antigen-specific CD4" T cells. The central bar
represents the mean + SEM. Generalized linear mixed model (GLMM) test was used for the statistical analysis.
Adjusted P-values are reported in the figure. ns, not significant (Lo Tartaro D., et al., 2023).
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Figure 20. Dot plots show the relative cell percentage of the 13 Ag- CD4+ T cell clusters from 9 healthy
subjects who recovered from SARS-CoV-2 infection (REC, severe=4 and moderate=5) against 23 vaccinated
donors (AZPM=11 and PFMZ=12). The central bar represents the mean + SEM. Generalized linear mixed
model (GLMM) test was used for the statistical analysis. Only significant adjusted p-values are indicated (<
0.05) (Lo Tartaro D., et al., 2023).
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Figure 21. Dot plots show the relative cell percentage of the six Ag"™ CD4" T cell clusters from 9 healthy
subjects who recovered from SARS-CoV-2 infection (REC, severe=4 and moderate=5) against 23 vaccinated
donors (AZPM=11 and PFMZ=12). The central bar represents the mean + SEM. Generalized linear mixed
model (GLMM) test was used for the statistical analysis. Only significant adjusted p-values are indicated (<
0.05) (Lo Tartaro D., et al., 2023).
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Figure 22. a) Representative dot plots showing manual gating analysis of Ag* (blue dots) and Ag™ (grey dots)
CD8" T cells from REC, AZPM, and PFZM. Numbers indicate the percentage of cells identified by the gates;
b) Dot plots show the relative cell percentage of naive (N, CCR7*CD45RA*CD28"CD957), T stem cell
memory (Tscu, CCR7'CD45RA'CD28°CD95"), central memory (CM, CCR7'CD45RA CD28°'CD95"),
transitional memory (TM, CCR7 CD45RA CD28'CD95"), effector memory (EM, CCR7 CD45RA CD28"
CD95") and effector memory re-expressing CD45RA (EMRA, CCR7 CD45RA"CD28 CD95%). Numbers
indicate the exact p-value obtained by Mann—Whitney test; ¢) (Left) Representative dot plots showing manual
gating analysis of Ag" and Ag- CD8" T cells from REC, AZPM, and PFZM. Numbers in the dot plots indicate
the percentage of cells identified by the gates; (Right) Dot plots show the relative cell percentage of Thl
(CXCR3"CCR6), Th0/Th2 (CXCR3 CCR67), Thl7 (CXCR3 CCR6") and Thl-17 (CXCR3"CCR6).
Numbers indicate the exact p-value obtained by Mann—Whitney test (Lo Tartaro D., et al., 2023).
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Figure 23. Immune phenotyping of antigen-specific CD8" T cells. (A) UMAP plot shows the 2D spatial
distribution of 3,723,899 cells from nine donors who recovered from SARS-CoV-2 infection (REC, severe =
4 and moderate = 5) and 23 vaccinated donors (MIX = 11 and RNA = 12) embedded with FlowSOM clusters.
Ag’, antigen-specific CD8" T cells; Ag~, non-antigen-specific CD8" T cells. (B) Heatmap of the median marker
intensities of the 12 lineage markers across the 21 cell populations obtained with FlowSOM algorithm after
the manual metacluster merging. The colors of cluster_id column correspond to the colors used to label the
UMAP plot clusters. The color in the heatmap is referred to the median of the arcsinh marker expression (0—1
scaled) calculated over cells from all of the samples. Blue represents lower expression, while red represents
higher expression. Light gray bar along the rows (clusters) and values in brackets indicate the relative sizes of
the clusters. N, naive; CM, central memory; TM, transitional memory; EM, effector memory; EMRA, effector
memory re-expressing the CD45RA. The black bar on the right is used to group Ag" or Ag™ subpopulations.
(C) Uniform Manifold Approximation and Projection UMAP and heatmap visualization of 11 manually
merged antigen-specific CD8" T cell clusters. (D) Dot plots show the total percentage of antigen-specific CD8*
T cells. Kruskal-Wallis test with Benjamini— Hochberg correction for multiple comparisons was used to test
the differences among the three groups. (E) Dot plots show the relative cell percentage of the antigen-specific
CD8" T-cell clusters of nine donors who recovered from SARS-CoV-2 infection (REC, severe = 4 and
moderate = 5) and 23 vaccinated donors (MIX = 11 and RNA = 12). The central bar represents the mean +
SEM. Generalized linear mixed model GLMM test was used for the statistical analysis. Adjusted P- values are
reported in the figure. ns, not significant (Lo Tartaro D., et al., 2023).
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Figure 24. Dot plots show the relative cell percentage of the 16 Ag- CD8" T cell clusters from 9 healthy
subjects who recovered from SARS-CoV-2 infection (REC, severe=4 and moderate=>5) against 23 vaccinated
donors (AZPM=11 and PFMZ=12). The central bar represents the mean + SEM. Generalized linear mixed
mode (GLMM) test was used for the statistical analysis. Only significant adjusted p-values are indicated (<
0.05) (Lo Tartaro D., et al., 2023).
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Figure 25. Dot plots show the relative cell percentage of the eight Ag® CD8" T cell clusters from 9 healthy
subjects who recovered from SARS-CoV-2 infection (REC, severe=4 and moderate=5) against 23 vaccinated
donors (AZPM=11 and PFMZ=12). The central bar represents the mean + SEM. Generalized linear mixed
mode (GLMM) test was used for the statistical analysis. Only significant adjusted p-values are indicated (<
0.05) (Lo Tartaro D., et al., 2023).
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Figure 26. a) Gating strategy used to identify and analyze the intracellular cytokine production of CD4" and
CD8" T lymphocytes. Lymphocytes were gated according to physical parameters and doublets were removed
from the analysis. Living (Live/Dead negative, L/D-) CD3" T cells were selected; among them, CD4" and
CDS8" T cell subpopulations were identified. In the quadrants plot is reported the percentages of b) CD4" or c)
CD8" T cells producing IFN-y, TNF, IL-2, IL-17, GZMB as well as the expression of CD107a (Lo Tartaro D.,
et al., 2023).
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Figure 27. Cytokine production and polyfunctionality of antigen-specific CD4" T cells. (a) Comparison
between the total production of IFN-g, TNF, IL-17, IL-2, CD107a, and GZMB by CD4" T cells after in vitro
stimulation with 15-mer peptides, covering the complete sequence of Wuhan SARS-CoV-2 spike glycoprotein.
Data represent individual values from nine healthy subjects who recovered from SARS-CoV-2 infection (REC,
severe = 4 and moderate = 5) and 23 vaccinated donors (MIX= 11 and RNA = 12). Mean (center bar) = SEM
(upper and lower bars). Kruskal-Wallis test with Benjamini—-Hochberg correction for multiple comparisons
was used to test the differences among the three groups. (b) Pie charts representing the proportion of
responding CD4" T cells producing different combinations of CD107a, IL-2, IL-17, IFN-g, and TNF after in
vitro stimulation with 15-mer peptides, covering the complete sequence of Wuhan SARS-CoV-2 spike
glycoprotein. Frequencies were corrected by background subtraction as determined in non-stimulated controls
using SPICE software. Pie arches represent the total production of different cytokines. (c) Percentage of
polyfunctional population within CD4" T cells. Kruskal-Wallis test with Benjamini—Hochberg correction for
multiple comparisons was used to test the differences among the three groups. Adjusted P-values are indicated
in the figure (Lo Tartaro D., et al., 2023).
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Figure 28. a) Comparison between the total production of IFN-y, TNF, IL-17, IL-2, CD107a and granzyme-
B (GZMB) by CD8' T cells after in vitro stimulation with 15-mer peptides, covering the complete sequence
of Wuhan SARS-CoV-2 Spike glycoprotein. Data represent individual values from 9 healthy subjects who
recovered from SARS-CoV-2 infection (REC, severe=4 and moderate=5) against 23 vaccinated donors
(AZPM=11 and PFMZ=12). Mean (central bar)= SEM (upper and lower bars). Kruskal-Wallis test with
Benjamini-Hochberg correction for multiple comparisons was used to test the differences among the three
groups; b) Pie charts representing the proportion of responding CD8" T cells producing different combinations
of CD107a, IL-2, IL-17, IFN-y, and TNF after in vitro stimulation with 15-mer peptides, covering the complete
sequence of Wuhan SARS-CoV-2 Spike glycoprotein. Kruskal-Wallis test with Benjamini-Hochberg
correction for multiple comparisons was used to test the differences among the three groups (Lo Tartaro D., et

al., 2023).
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Figure 29. Immune phenotyping of antigen-specific CD19" B cells. (a) Dot plots show the total percentage
of CD19" B cells. Kruskal-Wallis test with Benjamini—Hochberg correction for multiple comparisons was
used to test the differences among the three groups. (b) Dot plots show the total percentage of antigen-specific
CD19" B cells (left); representative dot plots showing manual gating analysis of Ag" B cells from REC, MIX,
and RNA. Numbers in the dot plots indicate the percentage of cells identified by the gates (right). Kruskal—
Wallis test with Benjamini—Hochberg correction for multiple comparisons was used to test the differences
among the three groups. (¢) UMAP plot shows the 2D spatial distribution of 3,057,659 cells from nine donors
who recovered from SARS-CoV-2 infection (REC, severe = 4 and moderate = 5) and 23 vaccinated donors
(MIX = 11 and RNA = 12) embedded with FlowSOM clusters. Ag+, antigen-specific CD19" B cells; Ag",
non-antigen- specific CD19+ B cells. (d) Heatmap of the median marker intensities of the 10 lineage markers
across the 15 cell populations obtained with FlowSOM algorithm after the manual metacluster merging. The
colors of cluster id column correspond to the colors used to label the UMAP plot clusters. The color in the
heatmap is referred to the median of the arcsinh marker expression (0—1 scaled) calculated over cells from all
of the samples. Blue represents lower expression, while red represents higher expression. Light gray bar along
the rows (clusters) and values in brackets indicate the relative sizes of the clusters. N, naive; TrB, transitional
B cells; MBC, memory B cell; atBC, atypical B cell. (¢) Dot plots show the percentage of 15 Ag” B cell clusters
among nine donors who recovered from SARS-CoV- 2 infection (REC, severe = 4 and moderate = 5) and 23
vaccinated donors (MIX = 11 and RNA = 12). The central bar represents the mean + SEM. GLMM test was
used for the statistical analysis. Adjusted P-values are reported in the figure. (f) Anti-spike and anti-RBD IgG
concentrations in plasma samples from REC, MIX, and RNA individuals. Kruskal-Wallis test with
Benjamini—Hochberg correction for multiple comparisons was used to test the differences among the three
groups. Adjusted P-values are indicated in the figure (Lo Tartaro D., et al., 2023).
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Figure 30. a) (Left) Representative dot plots showing manual gating analysis of Ag” (green dots) and Ag"
(grey dots) CD19" B cells from REC, AZPM, and PFZM. Numbers in the dot plots indicate the percentage of
cells identified by the gates; (Right) Dot plots show the relative cell percentage of naive (N, IgD*CD27"),
memory unswitched (MBC unsw, IgD*CD27"), memory switched (MBC sw, IgD CD27") and IgD"CD27".
Numbers indicate the exact p-value obtained by Mann—Whitney test; b) (Left) Representative dot plots
showing manual gating analysis of Ag" and Ag- CD19" B cells from REC, AZPM, and PFZM. Numbers in
the dot plots indicate the percentage of cells identified by the gates; (Right) Dot plots show the relative cells
percentage of IgA”, IgG" and IgD"IgM" (IgA 1gG") B cells. Numbers indicate the exact p-value obtained by
Mann—Whitney test (Lo Tartaro D., et al., 2023).
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Figure 31. Dot plots show the relative cell percentage of the 15 Ag™ CD19" B cell clusters from 9 healthy
subjects who recovered from SARS-CoV-2 infection (REC, severe=4 and moderate=5) against 23 vaccinated
donors (AZPM=11 and PFMZ=12). The central bar represents the mean + SEM. Generalized linear mixed
mode (GLMM) test was used for the statistical analysis. Only significant adjusted p-values are indicated (<
0.05) (Lo Tartaro D., et al., 2023).
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Figure 32. Dot plots show the relative cell percentage of the 10 Ag® CD19+ B cell clusters from 9 healthy
subjects who recovered from SARS-CoV-2 infection (REC, severe=4 and moderate=>5) against 23 vaccinated
donors (AZPM=11 and PFMZ=12). The central bar represents the mean + SEM. Generalized linear mixed
mode (GLMM) test was used for the statistical analysis. Only significant adjusted p-values are indicated (<
0.05) (Lo Tartaro D., et al., 2023).
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Figure 33. Principal component analysis and correlogram reveal that REC is different from MIX and RNA.
(a) (Left) Principal component analysis (PCA) using the plasma level of anti-SARS-CoV-2 IgG antibodies,
Ag-specific T, B-cell percentages, and the fraction of polyfunctional CD4" T cells from REC, MIX, and RNA
subjects. REC, green circles (n = 9); MIX, blue circles (n = 11); RNA, orange circles (n = 12). (Right)
Contribution of the different variables to PCA. The color of the arrows underlines the contribution level, while
the position underlines the positive or negative contribution. Negatively correlated variables are positioned on
opposite sides of the plot origin (opposed quadrants). (b) Correlogram of REC. Spearman R (r) values are
shown from brown (—1.0) to green (1.0); color intensity and areas of square are proportional to correlation
coefficients R. Spearman rank two-tailed P-value was indicated by *P < 0.05, **P < 0.01, and ***P < (0.001.
Additional XY scatter plots that specifically show the relationship between the variables that are most
correlated are displayed. Each scatter plot reports the regression line (blue), the Spearman R (r) value, the exact
two-tailed P-value, and the 95% confidence bands (light gray) (Lo Tartaro D., et al., 2023).
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Figure 34. Correlation matrix performed on complete phenotype of Ag" B and T cells, CD4" T cells
polyfunctionality, plasmatic anti-Spike and anti-RBD antibodies responses in a) AZPM group and b) PFZM
group. Spearman R (p) values are shown from brown (—1.0) to green (1.0); color intensity and areas of square
are proportional to correlation coefficients R. Spearman rank two-tailed p-value was indicated by *p < 0.05,
**p < 0.01, and ***p <0.001 (Lo Tartaro D., et al., 2023).
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4.3 Investigation of SARS-CoV-2 specific response in multiple sclerosis patients under

different disease modifying therapies

4.3.1 Demographic and clinical characteristics of the patients

MS patients and healthy donors had a median age of 44.0 (interquartile range, IQR: 41.5-
48.5), were mostly female (71.7%), with a median disease duration of 14.3 years (IQR: 10.0-17.1).
The most common anti-COVID-19 vaccine used was Pfizer-BioNTech (Comirnaty): 68 persons
(64.2%), followed by Moderna (Spikevax): 38 persons (35.8%). Median time from the last dose of
vaccine to sample collection was 4.4 months (IQR: 3.8-5.3). Demographic and clinical characteristics
of 93 MS patients and 13 healthy donors (HD), the type of DMT at the time of vaccination, the type
of third dose vaccine and median range of time to last administration, prior COVID-19 infection
status, and relevant comorbidities are shown in Table 10. Patients were eligible for inclusion if they
met the following criteria: a) a confirmed diagnosis of Relapsing-Remitting Multiple Sclerosis
(RRMS), and b) a history of treatment with FTY, dimethyl fumarate, natalizumab, or teriflunomide
for a minimum of six months, or having undergone at least two infusional cycles with
rituximab/ocrelizumab or completed at least one full cycle of cladribine. Patients on ocrelizumab or
rituximab, as per routine clinical practice, underwent SARS-CoV-2 vaccination at least six weeks
before subsequent infusion or at least three months after the last infusion. Exclusion criteria
comprised treatment with steroids during the preceding six weeks and a history of COVID-19 before
vaccination. Patients treated with different DMT were enrolled such as: natalizumab (n=15; 14.2%)),
DMF (n=18; 17.0%), DMF patients with decreased absolute lymphocyte counts (<800/uL) at the time
of sampling, defined “DMF lymphopenic” (n=10; 9.4%), interferon IFN (n=12; 11.3%), FTY (n=14;
11.3%), aCD20 [n=10; 9.4%, which included those treated with ocrelizumab (n=7; 70.0%) or
rituximab (n=3; 30.0%)], cladribine (n=6; 5.7%), and teriflunomide (n=8; 7.5%).

4.3.2 MS patients treated with different DMT develop similar percentages of Ag* CD4"* T cells,
but these cells display a different phenotype compared to healthy donors

First, we investigated by manual gating the percentage of CD4" T cells. Figure 35A shows
that lymphopenic patients treated with DMF displayed higher percentage of CD4" T cells if compared
to HD, while all other MS patients treated with different therapies showed similar percentages of

CD4" T cells. The absolute number of CD4" T cells was lower in patients treated with cladribine,
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FTY- and lymphopenic-DMF treated patients and higher in those treated with natalizumab if
compared to HD.

Then, we identified Ag" T cells, defined as cells expressing CD137 and CD69 after 18 hours
of in vitro stimulation with SARS-CoV-2 peptides (Figure 7) [168, 222]. As shown in Figure 35B,
the percentage of Ag™ T cells within CD4" T cells was similar in all MS patients and HD, confirming
that MS patients treated with different drugs mount a detectable specific T cell response. The absolute
number of Ag" CD4" T cells was lower in FTY -treated patients if compared to HD and DMF-, IFN-
, natalizumab-, teriflunomide- or aCD20-treated patients. Lymphopenic patients treated with DMF
displayed lower absolute number of Ag"™ CD4" T cells if compared to natalizumab-, teriflunomide-
or aCD20-treated MS patients. Patients treated with DMF exhibited a higher total number of CD4"
Ag" T cells compared to those treated with FTY, but this absolute number was lower in comparison
to patients receiving natalizumab treatment. Cladribine-treated patients were characterized by a lower
absolute number of these cells if compared to natalizumab- or teriflunomide-treated patients. The
highest number of these cells was found in natalizumab-treated patients.

Then, the pool of Ag” CD4" T cells was analyzed by an unsupervised method, i.e., FlowSOM,
to better depict their phenotype in terms of differentiation and T helper polarization towards
circulating follicular helper (Tth), ThO/Th2, Thl or Th17 (Figure 35C, Figure 11). Cell clustering
resulted in 15 different populations that represent the entire differentiation spectrum, from the most
undifferentiated cell type (i.e., naive) to the most differentiated one, such as effector memory T cells
(EM). The expression of antigens such as CD45RA, CCR7, CD27, CD28 and CD95 was used to
identify the differentiation status to define naive (CD45RA'CCR7'CD27'CD28°CD957), stem
memory  cell  (Tscm, CD45RA'CCR7'CD27'CD28°CD95"), central memory (CM,
CD45RA-CCR7'CD27'CD28"CD95"), transitional memory (TM,
CD45RA-CCR7-CD27°CD28°CD95"), and effector memory (EM)
(CD45RA-CCR7'CD27'CD28CD95"). Surface molecules such as CXCR3, CCR6, CXCR5 and
PD-1 were used for a classification regarding Th polarization, i.e., ThO/Th2 defined as
CXCR37CCR67, Thl as CXCR3"CCR67, Th17 as CXCR3CCR6", Th1/Th17 as CXCR3"CCR6"
and Tth as CXCR3"CCR6 CXCR5'PD-1". Senescent T cells were characterized by the expression
of CD57 (Figure 35C).

Even if MS patients mount a CD4" Ag" T cell response whose frequency was similar among
HD and MS patients treated with different drugs, cellular composition was phenotypically different.
Differences were evident for the percentage of naive cells and the Th1 compartment as far as DMF-

or teriflunomide-treated patients are concerned (Figure 35D), but these differences were lost when
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absolute numbers were considered (Figure 35E). Indeed, DMF patients displayed higher percentage
of naive Ag" T cells if compared to HD or to patients treated with other therapies, but this difference
was not maintained in the absolute numbers. Natalizumab-treated patients displayed the highest
percentage of Ag" TM Th0-2 cells if compared to healthy donors or to the other treatments; this
difference was maintained also for the absolute numbers. The percentage of CM Th17 Ag™ T cells
was higher in cladribine- and teriflunomide-treated patients if compared to HD and MS patients, and
these differences were maintained only for teriflunomide-treated patients, who also displayed the
highest absolute number of this cells. FTY- or aCD20-treated patients displayed lower percentages
of Tth Ag" cells if compared to HD or to other MS patients. This trend was maintained for the absolute

number.

4.3.3 Patients treated with teriflunomide develop higher percentage of Ag® CD8" T cells if

compared to healthy donors

Next, we aimed to investigate Ag" CD8'T cells. Figure 36A shows that lymphopenic MS
patients treated with DMF showed lower percentage of CD8" T cells if compared to HD. Absolute
number of CD8" T cells was lower in cladribine-, DMF- (both groups of patients) or FTY-treated
patients if compared to HD. Natalizumab-treated patients displayed the highest absolute number
when compared to cladribine-, DMF-, FTY- or IFN-treated patients. Lymphopenic DMF-treated
patients showed the lowest absolute number of CD8" T cells when compared to the other treatments.
Figure 36B indicates that, as far as the percentage of Ag" CD8" T cells is considered (gating strategy
is shown in Figure 8), teriflunomide-treated patients displayed the highest percentage. DMF- or FTY-
treated patients showed the lowest absolute number if compared to HD; moreover, lymphopenic
patients treated with DMF were characterized by lower number of Ag" cells if compared to
natalizumab-, teriflunomide- or aCD20-treated patients.

Then, we applied the aforementioned unsupervised method of analysis, i.e., FlowSOM, for
the identification of the phenotype of Ag" CD8" T cells (Figure 36C, Figure 12). We could identify
12 different clusters, spanning from that of naive TcO cells to terminally differentiated effector
memory T cells re-expressing CD45RA (EMRA), that were also CD57" and/or PD-1". More in detail,
FlowSOM revealed one cluster of CM Tc0/2 (CD45RA-CCR7'CD27"CD28"PD-1%), one cluster of
TM Tcl expressing CXCR5 (CD45RA-CCR7-CD27'CD28"PD-1"CXCR5"CXCR3"), five clusters
of EM (mainly Tc0/2, Tc17 or Tcl expressing or not CD57 and PD-1) and four clusters of EMRA
(mainly Tc0/2, Tc17 or Tcl expressing or not CD57 and PD-1). The phenotype of Ag® CD8" T cells
of DMT-treated patients was quite different not only from that of HD, but also among different
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therapies (Figure 36D). DMF patients (both lymphopenic or not) showed the highest percentage of
naive TcO Ag" T cells, natalizumab-treated patients displayed the highest percentage of CM Tc0/2
cells, while FTY-treated patients displayed the lowest percentage of TM Tcl CXCR5+ cells. As for
Ag" CD4" T cells, DMF patients displayed the highest percentage of naive Ag" CD8" T cells if
compared to HD and to the other groups, but these differences were not maintained when considering
their absolute number. Natalizumab-treated patients showed the highest percentage and absolute
numbers of CM Tc0-2 and TM Tcl CXCRS5", while teriflunomide-treated patients were characterized
by high percentage and absolute number of cells EM TcO PD-1"CD57- (Figure 36E).

4.3.4 MS patients treated with different DTM reveal polyfunctional profiles

The functional properties of Ag'-specific T cells were investigated by measuring the
percentages of cells producing IFN-y, TNF, IL-2, IL-17, and/or GRZB, along with the expression of
the degranulation marker CD107a. The percentages of cells producing cytokines were assessed after
16 hours of in vitro stimulation with a SARS-CoV-2 peptide pool covering the complete sequence of
SARS-CoV-2 spike glycoprotein.

MS patients treated with FTY showed the highest percentage of CD4" T cells producing
GRZB and the lowest percentage of CD4" T cells producing IL-2, displaying a more cytotoxic profile,
that is typically found in autoimmune diseases and, in particular, during MS (Figure 37A).
Polyfunctional properties were investigated in CD4" and CD8" T cells by analyzing the simultaneous
production of TNF, CD107a, IFN-y, IL-2, and IL-17 using the bioinformatic Simplified Presentation
of Incredibly Complex Evaluation (SPICE) tool. Healthy donors displayed a different polyfunctional
profile if compared to FTY-, natalizumab-, teriflunomide- or aCD20-treated MS patients. The
polyfunctional profile of natalizumab-treated patients was different from those of IFN-, DMF and
DMF-treated lymphopenic patients. These differences were mainly due to the percentage of CD4" T
cells producing CD107a+IFN-y—IL2+IL17-TNF+, CD107a-IFN-y+IL2+IL17-TNF+ and
CD107a—IFNy—-IL2+IL17-TNF+ (Figure 37B).

Regarding Ag” CD8" T cell, FTY-treated patients showed a higher percentage of CD8" T cells
producing GRZB if compared to those treated with DMF, natalizumab or IFN (Figure 37C). The
polyfunctional profile of CD8" T cells of HD was then different from those of aCD20-treated patients.
The percentage of CD8" T cells that were CD107a—IFNy-IL2-IL17-TNF+ was higher in
teriflunomide-treated patients if compared to those treated with DMF (Figure 37D).
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4.3.5 Fingolimod- or anti-CD20 treated-patients displayed low or undetectable levels of Ag* B
cells

Natalizumab-treated MS patients were characterized by highest percentage and absolute
number of B cells if compared to all groups (Figure 38A). Consistent with expectations, patients
treated with aCD20 exhibited markedly reduced, but detectable levels of circulating B cells.
Subsequently, the percentage of Ag" B cells was quantified, revealing that aCD20-treated patients
displayed the lowest proportion and absolute count of these cells (Figure 38B, Figure 9).
Furthermore, patients treated with FTY showed a reduced percentage and absolute count of these
cells compared to HD and individuals treated with DMF, IFN, or natalizumab, who displayed the
highest proportion and count of Ag" B cells among all other patients on DMTs. Moreover, the
phenotype of Ag" B cells was extensively characterized using the aforementioned unsupervised
methods (Figure 39). Ag" B cells were composed by 11 clusters, such as: naive
(CD20"CD217CD24"CD38 IgDIgM"); transitional B cells (TrB;
CD20"CD21"CD27-CD24"CD38"IgD " IgM"); immature TrB
(CD20"CD21-CD24"CD27°CD38 IgD"IgM"); six clusters of memory B cell MBCs defined as
follows: MBC unswitched (CD20"CD217CD24°CD27 IgD " IgM"), MBC IgA”
(CD20"CD217CD24"CD27'IgD IgM"), MBC IgG" CD21low (CD20"CD21°"CD24"CD27'1gG"),
MBC IgG" CD20~ (CD21*CD24°CD27"), and MBC IgG" CD71" (CD20"CD21°CD24"CD27'IgA")
and MBC IgA" (CD20°CD21°CD24'CD27°CD71"); plasmablasts (PB) were defined as PB
CD27°CD71'CD38""; atypical B cells (atBCs) as CD21-CD27-CD20"IgG" (Figure 38C). Ag" B
cells were phenotypically very similar in all groups except for aCD20 treated patients (Figure 38D).
The highest percentage of naive Ag" B cells was found in FTY-treated MS patients and the lowest in
aCD20-treated patients, and they both displayed the lowest absolute number of this cell population.
However, natalizumab-treated patients displayed the highest absolute number. Moreover FTY -treated
patients had the lowest percentage and absolute number of Ag" MBC IgA cells.

Finally, the plasma levels of anti-spike IgG were measured, and nearly all MS patients
developed humoral immunity. However, among the patients treated with FTY, 1 out of 14, and among
those treated with aCD20, 3 out of 11, did not develop IgG. These groups, along with cladribine-
treated patients, showed the lowest IgG concentrations. Additionally, when analyzing the levels of
neutralizing antibodies (anti-RBD), 6 out of 8 aCD20-treated patients, 11 out of 13 FTY-treated
patients, and 5 out of 6 cladribine-treated patients exhibited positive neutralizing capacity (Figure

38E).
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4.3.6 FTY- and natalizumab-treated patients develop a different antigen-specific immune

response

In order to describe an immunological signature indicating how different DMT could shape
Ag-specific immunity and protection against SARS-CoV-2, we took advantage of the use of the
principal component analysis (PCA) [90]. Based on the first two PCs, PCA revealed that only FTY-
and natalizumab-treated patients develop a clearly different quality of the Ag-specific immune
response (p<0.05, Figure 40A), forming separate clusters, while all other groups (also including the
aCD20 one) displayed similar immunological features even when compared to HD.

As shown in Figure 40A, FTY-treated patients form a cluster on the left side of PC1 (whose
weight was 13.9%) while natalizumab-treated patients are on the right side. Figure 40B reveals that
the main responsible of this division were the immunological features more represented in FTY-
treated patients, such as: Ag" cytotoxic CD4" and CD8" T cells (expressing CD107a and Granzyme),
Ag" T cells expressing of CD57 and PD-1 (indicating senescence and exhaustion/activation). On the
contrary, the main features responsible for the clusterization of natalizumab-treated patients were the
absolute number of Ag" B and Ag" CD4" T cells, the number of B and CD8" T cells and the marked
shift of Ag" T cell towards Th1 phenotype. To better point out the distinctive features of the immune
response in patients undergoing treatment with natalizumab or FTY, we employed PCA specifically
on these patient groups and confirmed that FTY patients are divided from patients treated with

natalizumab according to PC1 (26.5%) (Figure 40C).
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Table 10. Demographic and clinical characteristics of multiple sclerosis (MS) and healthy donor (HD) patients, type of disease modifying therapy (DMT) at the
time of vaccination, type of third dose vaccine and median range of time to last administration, prior COVID-19 infection status and relevant comorbidities ((De

Biasi S., et al., 2024).

Study population (N = 106) HD (N = 13) CLADRIBINE (N = 6) DMEF (N = 18) DMF LYMPHO (N = 10) FTY (N = 14) IEN (N = 12) NATALIZUMAB (N = 15) TERIFLUNOMIDE (N = 8) aCD20 (N = 10)
Age, median (IQR), y 44.0 (35.0-57.0) 45.0 (43.3-50.5) 41.5 (34.0-46.8) 48.5 (47.0-50.5) 43.0 (40.3-50.1) 50.5 (47.8-54.5) 38.0 (30.0-49.5) 51.5 (47.0-58.0) 34.0 (29.5-38.0)
Females, n (%) 10.0 (76.9) 4.0 (66.7) 13.0 (72.2) 8.0 (80.0) 10.0 (71.4) 8.0 (66.7) 12.0 (80.0) 5.0 (62.5) 6.0 (60.0)
Disease duration, median (IQR), y - 17.5 (15.0-21.5) 5.5 (3.0-18.5) 7.0 (6.0-17.2) 16.5 (11.3-22.5) 17.5(11.5-19.0) 12.0 (4.5-19.5) 17.0 (14.5-25.0) 11.0(10.0-12.5)
Disability by EDSS score, median (IQR) - 2.0(0.5-2.8) 1.0 (0.3-2.0) 1.0 (0.0-1.0) 2.0(1.1-3.3) 1.0 (0.0-1.8) 2.0(1.0-3.0) 2.0(1.0-2.7) 2.5(1.0-4.3)
Time from last treatment starts, median (IQR), y - 1.3(1.0-2.7) 2.8 (2.0-4.9) 3.5(2.5-4.8) 7.4 (6.0-8.0) 6.6 (4.3-9.1) 5.9(1.4-9.1) 3.1(2.3-5.9) 2.7 (1.6-4.1)
Time from last infusion to last vaccination, median (IQR),

months - NA NA NA NA NA 1.0 (0.5-1.7) NA 4.9 (4.2-5.2)
Absolute lymphocyte count, median (IQR), 103cells/mm3 1.9 (1.6-2.2) 1.1(0.7-1.7) 1.5(1.2-1.9) 0.9 (0.8-0.9) 0.8 (0.5-0.9) 1.6 (1.3-1.9) 3.0(2.6-4.1) 2.1(1.8-2.2) 1.6 (1.4-2.1)
CD19 B-cell count, median (IQR), n/mm?> NA 101.0 (97.0-142.0) NA NA 36.0 (28.0-40.0) NA NA NA 9.5(3.8-21.3)
Breakthrough COVID-19 after full vaccination, n (%) 4.0(13.3) 0(0.0) 3.0(16.7) 2.0(20.0) 3.0(21.4) 1.0(8.3) 4.0(26.7) 0(0.0) 1.0(10.0)

SARS-CoV-2 IgGll titer after full vaccination, AU/mL

Median (IQR) 12,288.5 (5,85.0-28,306.0)  4,666.1 (3,386.2-8,641.6) 14,804.3 (7,892.6-40,000.0) 12,763.2 (4,960.9-17,160.0) 1,958.0 (106.2-7,777.3) 11,277.7 (8,405.0-22,383.9) 6,058.2 (1,163.8-11,091.7)  9,812.0(1,605.8-19,784.8)  95.5(31.8-3,973.4)
SARS-CoV-2 RBD IgG titer after full vaccination, AU/mL

Median (IQR) 8,237.2(5,275.8-13,011.2)  2,798.8 (1,668.3-4,417.1) 7,160.0(5,201.2-17,953.5) 10,204.3 (3,967.3-14,666.8) 1,764.2 (63.5-6,542.3) 7,124.1 (4,974.9-20,010.2) 4,964.8 (1,183.1-9,854.2) 4,552.8 (732.3-10,868.5) 65.8 (4.0-3,580.0)
Time from first ion to dian (IQR), 11.6 (10.3-12.7)
months 12.0(9.0-15.1) 13.2 (10.2-15.9) 13.2 (9.6-15.6) 11.5 (10.3-13.0) 11.5 (10.3-13.0) 14.1(9.5-15.5) 12.8 (11.2-14.2) 11.8 (10.0-15.5)
Time from last vaccination to sampling, median (IQR), 3.5(2.1-5.0)
months 3.5(1.8-6.1) 4.8(2.5-8.3) 5.8(2.1-8.2) 3.9 (2.6-5.0) 3.9 (2.6-5.0) 5.5 (1.9-6.7) 5.4 (4.1-6.9) 2.4(1.7-6.0)
Type of third vaccine dose

BNT162b2, n (%) 8.0(61.5) 3.0(50.0) 11.0 (61.1) 5.0 (50.0) 8.0(57.1) 6.0 (50.0) 14.0 (93.3) 5.0 (62.5) 8.0 (80.0)

MRNA-1273, n (%) 5.0 (38.5) 3.0 (50.0) 7.0(38.9) 5.0 (50.0) 6.0 (42.9) 6.0 (50.0) 1.0 (6.7) 3.0(37.5) 2.0(20.0)

HD, healthy controls; Cladribine; DMF, Dimethyl Fumarate; DMF Lympho, Dimethyl Fumarate Lymphopenic; FTY, Fingolimod; IFN, interferon; Natalizumab; Teriflunomide; aCD20 (Ocrelizumab; Rituximab); IQR interquartile range; AU, arbitrary unit.
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Figure 35. Ag" CD4" T cell landscape. A) Percentage of Ag®* CD4" T cells. Dot plots show the cell
percentage of the antigen-specific (Ag") CD4" T cells. The central bar represents the mean + SEM. Kruskal—
Wallis test with Benjamini—Hochberg correction for multiple comparisons was used to test the differences
among the three groups. Significant adjusted q-values are reported in the figure. B) Absolute number of
Ag" CD4" T cells. Dot plots show the absolute number of the antigen-specific (Ag") CD4" T cells. The central
bar represents the mean £ SEM. Kruskal-Wallis test with Benjamini-Hochberg correction for multiple
comparisons was used to test the differences among the three groups. Significant adjusted q-values are reported
in the figure. C) Ag” CD4" T cells phenotype UMAP and Heatmap. Uniform Manifold Approximation and
Projection (UMAP) plot shows the 2D spatial distribution of 256.419 cells from 28 healthy donors (HD) and
106 MS patients treated with different DMT embedded with FlowSOM clusters. Ag", antigen-specific CD4" T
cells; Heatmap of the median marker intensities of the 10 lineage markers across the 15 cell populations
obtained with FlowSOM algorithm after the manual metacluster merging. The colors of cluster _id column
correspond to the colors used to label the UMAP plot clusters. The color in the heatmap is referred to the
median of the arcsinhmarker expression (0—1 scaled) calculated over cells from all the samples. Blue
represents lower expression, while red represents higher expression. Light gray bar along the rows (clusters)
and values in brackets indicate the relative sizes of the clusters. N, naive; Tscm, T stem cell memory; CM,
central memory; TM, transitional memory; EM, effector memory; EMRA, effector memory reexpressing the
CD45RA; cTth, circulating T follicular helper cells. D) UMAP graphs stratified by therapy: HC. healthy
controls; Cladribine. DMF. Dimethyl Fumarate; DMF Lymphopenic. Dimethyl Fumarate Lymphopenic;
Fingolimod; IFN. interferon; Natalizumab; Teriflunomide; aCD20. E) Dot plots of different subpopulation
of Ag" T cells in patients treated with different DMT. Kruskal-Wallis test with Benjamini—-Hochberg
correction for multiple comparisons was used to test the differences among the three groups (De Biasi S., et
al., 2024).
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Figure 36. Ag" CD8" T cell landscape. A) Percentage of Ag® CD8" T cells. Dot plots show the cell
percentage of the antigen-specific (Ag") CD8" T cells. The central bar represents the mean + SEM. Kruskal—
Wallis test with Benjamini—Hochberg correction for multiple comparisons was used to test the differences
among the three groups. Significant adjusted q-values are reported in the figure. B) Absolute number of
Ag" CD8" T cells. Dot plots show the absolute number of the antigen-specific (Ag") CD4" T cells. The central
bar represents the mean £ SEM. Kruskal-Wallis test with Benjamini-Hochberg correction for multiple
comparisons was used to test the differences among the three groups. Significant adjusted q-values are reported
in the figure. C) Ag” CD8" T cells phenotype UMAP and Heatmap. Uniform Manifold Approximation and
Projection (UMAP) plot shows the 2D spatial distribution of 93.757 cells from 28 healthy donors (HD) and
106 MS patients treated with different DMT embedded with FlowSOM clusters. Ag", antigen-specific CD8" T
cells; Heatmap of the median marker intensities of the 10 lineage markers across the 12 cell populations
obtained with FlowSOM algorithm after the manual metacluster merging. The colors of cluster _id column
correspond to the colors used to label the UMAP plot clusters. The color in the heatmap is referred to the
median of the arcsinhmarker expression (0—1 scaled) calculated over cells from all of the samples. Blue
represents lower expression, while red represents higher expression. Light gray bar along the rows (clusters)
and values in brackets indicate the relative sizes of the clusters. N, naive; Tscm, T stem cell memory; CM,
central memory; TM, transitional memory; EM, effector memory; EMRA, effector memory reexpressing the
CD45RA; cTth, circulating T follicular helper cells. D) UMAP graphs stratified by therapy: HC. healthy
controls; Cladribine. DMF. Dimethyl Fumarate; DMF Lymphopenic. Dimethyl Fumarate Lymphopenic;
Fingolimod; IFN. interferon; Natalizumab; Teriflunomide; aCD20. E) Dot plots of different subpopulation
of Ag" T cells in patients treated with different DMT. Kruskal-Wallis test with Benjamini—-Hochberg
correction for multiple comparisons was used to test the differences among the three groups (De Biasi S., et
al., 2024).
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Figure 37. Ag* CD4" and CD8" T cell functionality. A) Total percentage of Ag" CD4" T cells producing
different cytokines after in vitro stimulation with SARS-CoV-2 peptides. Representative dot plots showing
the percentages of CD4" Ag" cells producing IL-2, IL-17, CD107a and granzyme B (GRZB). Pots show mean
(centre bar)+ SEM (upper and lower bars). Kruskal-Wallis test with Benjamini-Hochberg correction for
multiple comparisons was used to test the differences among the nine groups. B) Polyfunctional profile of
Ag" CD4" T cells. (Upper) Pie charts representing the proportion of Ag® CD4" T cells producing different
combinations of CD107a, IL2, IL17, IFNg, and TNF after in vitro stimulation with SARS-CoV-2 peptides.
Each color refers to specific polyfunctional CD4 T subpopulation as reported in the ‘polyfunctionality legend’.
The far-left heatmap illustrates the statistical variances among the 9 distinct pie charts; Kruskal-Wallis test
with Benjamini-Hochberg correction for multiple comparisons was used to test the differences among the nine
groups.. (far-right) Dot plot reporting the percentages of Ag" CD4" CD107a'TFNg'IL2"IL17 TNF,
CD107a TFNg'IL2'IL17 TNF" and CD107a TFNg IL2IL17 TNF" populations are depicted. Kruskal-Wallis
test with Benjamini-Hochberg correction for multiple comparisons was used to test the differences among the
nine groups. C) Total percentage of Ag'CD8" T cells producing different cytokines after in
vitro stimulation with SARS-CoV-2 peptides. Manual gating strategy of Ag" CD8" cells producing CD107a
and GRZB. The numbers displayed on the plot represent the relative percentages of these cells. Dot plot
representing the percentage of Ag® CD8" T cells producing GRZB is shown, mean (centre bar) = SEM (upper
and lower bars). Kruskal-Wallis test with Benjamini-Hochberg correction for multiple comparisons was used
to test the differences among the nine groups. D) Polyfunctional profile of Ag* CD8" T cells. (Upper) Pie
charts representing the proportion of Ag" CD8" T cells producing different combinations of CD107a, IL2,
IL17, IFNg, and TNF after in vitro stimulation with SARS-CoV-2 peptides. Each color refers to specific
polyfunctional CD8 T subpopulation as reported in the ‘polyfunctionality legend’. The far-left heatmap
illustrates the statistical variances among the 9 distinct pie charts; Kruskal-Wallis test with Benjamini-
Hochberg correction for multiple comparisons was used to test the differences among the nine groups.. (Right)
Dot plot reporting the percentages of Ag™ CD8" CD107a IFNg IL2IL17 TNF populations. Kruskal-Wallis
test with Benjamini-Hochberg correction for multiple comparisons was used to test the differences among the
nine groups (De Biasi S, et al., 2024).
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Figure 38. Ag" B cell landscape. A) Dot plot shows the total percentage and the absolute number of CD19*
B cells. Kruskal-Wallis test with Benjamini—Hochberg correction for multiple comparisons was used to test
the differences among the nine groups. B) Dot plot shows the percentage and absolute number of antigen-
specific CD19" B cells. C) UMAP plot shows the 2D spatial distribution of 25.866 antigen-specific B cells
from 28 healthy controls (HD) and 106 patients with Multiple Sclerosis embedded with FlowSOM clusters.
Heatmap of the median marker intensities of the 10 lineage markers across the 11 cell populations obtained
with FlowSOM algorithm after the manual metacluster merging. The colors of cluster id column on the left
correspond to the colors used to label the UMAP plot clusters. Each color in the heatmap is referred to the
median of the arcsinh marker expression (0—1 scaled) calculated over cells from samples. Blue represents
lower expression. while red represents higher expression. Light gray histogram bar and values indicate the
relative sizes of the clusters. Naive; TrB. transitional B cells; MBC Usw. memory B cell unswitched; MBC.
memory B cell; PB. plasmablasts; atBC. atypical B cell. D) (Left) UMAP graphs stratified by therapy. (Right)
Dot plot showing the percentages and absolute numbers of naive and MBC IgA B cells. E) Anti-spike and
anti-RBD IgG concentrations in plasma samples from HD and MS treated groups. Kruskal-Wallis test with
Benjamini—Hochberg correction for multiple comparisons was used to test the differences among the three
groups. Adjusted P-values are indicated in the figure. HD. healthy donor; Cladribine. DMF. Dimethyl
Fumarate; DMF Lymphopenic. Dimethyl Fumarate Lymphopenic; Fingolimod; IFN. interferon; Natalizumab;
Teriflunomide; aCD20 (De Biasi S., et al., 2024).
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Figure 39. Uniform Manifold Approximation and Projection (UMAP) plot shows the 2D spatial distribution
of B cells from 28 healthy donors vaccinated against Sars-CoV-2 and 106 patients with multiple sclerosis
undergoing different disease-modifying therapies (DMT) and vaccinated against COVID-19. UMAP graphs

colored by the expression of 10 markers used for CD19" antigen specific B cell phenotyping. Blue represents
lower expression while yellow represent higher expression (De Biasi S., et al., 2024).

124



O

PC2 (9.9%)

X
9
=
AN
@)
(a
o

[To e

©1e
[Tol

S_
o
o -
o
-
[ ]
T T T 1
-10 -5 0 5
O -
—

B 7

CD4_EM_T

//

c0-2_PD

o
1

Cladribine @
1

DMF -@- * | %

DMF lymphopenic
aCD20

» CLADRIB Interferon <cl->|
= DMF :
° EME(L)YLMPHO Fingolimod —
N !
L] "
+ NATALIZ Natalizumab
 TERIFL !
Teriflunomide —_——
1
aCD20 —@—I
-8 -4 0 4
Euclidean distance (log2)
to HD

4 CM_Th1

0 e
Time from last vaccination /
/

contribution of
variables to
PCA

> Total B cells (%)
e I 3
- g 2
I 1

CD4_CM_CXCR5+
BiscMEsz

CD8_CM_Tc0-2

Total B cells (N, mm3)
CD4_TM_Th1_CXCR3+
Absolute lymphocyte count (mm3)

CD8 cells (N, mm3)

Ag+ B cells (N, mm3)

5

4_IFN

contribution of
variables to
'M_Te1_CXCRS+ PCA

B_scMEP_1 RO e = > 2 !3
= : S 2

o -
[ I_Th17_PD1+
CD8_EM_Tc0-2_PD1+_CD57
CD4_EM_Th1_PD1+
o CD4_ GRZB
el CD8_GRZB
! CD4_EM_Th1_CD57+ Ag+ CD4 (%
CD4_IFN
CD4_TNF
Ag+ CD4 cells (N, mm3)
I T I 1
-10 -5 0
%
PC1 (13.9%
® FINGOL
¢ A NATALIZ 8.
O_
=
-
A
° 2
o
o o 2 A
°
°e ‘ AAA A
“ a
o ° o
o
I T 1
-5 0 5

PC1 (26.5%)

125



Figure 40. Principal component analysis (PCA) of HD and MS treated groups. A) PCA showing the spatial
distribution of vaccinated MS patients treated with different DMT and healthy donors. Euclidean distance to
HD has been calculated. Kruskal-Wallis test with Benjamini—-Hochberg correction for multiple comparisons
is used to test the differences among groups, * p<0.05. B) Plot displaying the variables as vector, indicating
the direction of each variable to overall distribution. The strength of each variable is represented by colors:
orange color represents a strong contribution; light blue color represents a milder contribution. Length and
direction of the arrows indicate the weight and correlation for each parameter. C) (Left) PCA showing the
spatial distribution of MS patients treated with fingolimod or natalizumab after SARS-CoV-2 vaccination,
(Right) contribution of each immunological variables to PCA (De Biasi S., et al., 2024).
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5. DISCUSSION

5.1 Patients Recovering from Severe COVID-19 Develop a Polyfunctional Antigen-
Specific CD4+ T Cell Response

In this study, we describe the differences in the production of cytokines by SARS-CoV-2-
specific T cells from patients with COVID-19 (severe or moderate) and in recovered individuals after
in vitro stimulation with different peptide pools. Our aim was to measure not only the magnitude but
also the characteristics, in qualitative terms, of such antigen-specific response. We found that
COVID-19 moderate patients develop polyfunctional CD4" T cells compared to patients experiencing
a severe infection, that in turn display a higher percentage of CD107a" cells. Besides their helper
capability, CD4" T cells can exert cytotoxicity, and this has been described during persistent
infections such as those by Epstein—Barr virus [254], cytomegalovirus [255], and Human
Immunodeficiency Virus (HIV) [256]. Cytotoxic potential can be measured, detecting the expression
of the degranulation marker CD107a [257]. This result is in line with other studies demonstrating that
patients experiencing severe COVID-19 usually mount an impaired SARS-CoV-2 T cell-specific
response [135,258]. It is known that the expression of exhaustion markers such as Programmed
Death-1 (PD-1) and T-cell immunoglobulin and mucin domain-3 (Tim-3) is associated with disease
progression [165,259]. This might reinforce the concept that patients experiencing a more severe
infection present impaired CD4" and CD8" T cell functionality due to an exhausted phenotype.
However, whether the expression of such markers reflects functional exhaustion rather than ongoing
activation is still debated [165].

During the infection, Th1 cytokines such as IFN-y, IL-2 and TNF are essential for supporting
the expansion and maturation of CD8" T lymphocytes and B cells. The loss of CD4" Th1 leads to a
progressive CD8" T cell decline and dysfunction with important implications for controlling the
infection [260]. In addition, Th17 cells are responsible for the recruitment of several different cell
populations at the site of the infection, inducing the inflammatory process necessary for the
immediate protective response against a pathogen [192,193]. We found that, if compared to patients
experiencing severe COVID-19, those recovering from severe COVID-19 display SARS-CoV-2-
specific, highly polyfunctional CD4" T cells with a Th1 and Th17 phenotype. No differences were
reported in the CD8" T cell compartment, reflecting the T cell kinetics of the immune response
contraction according to which 2 weeks after onset symptoms, when circulating CD8" T cells
progressively decline, CD4" T cells remain stable and eventually increase in the initial recovery phase

(1-2 months after infection), more than immediately after infection [135,261].
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T cells are able to both proliferate and secrete cytokines that in turn can influence other cell
functions as well as induce cytolysis of infected cells. Polyfunctionality is the ability of cells to
simultaneously perform more than one function, and it can be measured at a single cell level by flow
cytometry [262]. In CD4" T cells, such property is a correlate for protection against different
pathogens. As an example, comparing the profile (more than the amount) of T cell cytokine
production in different groups of HIV-infected individuals such as in those who control the infection
to that of patients with a chronic progression of the infection revealed the presence of several key
molecules involved in controlling the infection. This approach suggested that in some cases the
quality of the T cell response, not the quantity, is correlated with immune protection [191]. During
cytomegalovirus (CMV) infection, the development of polyfunctional T cells correlates with a better
prognosis and confers an immunological advantage against other pathogens [190]. In addition,
polyfunctional CD4" T cells represent a marker for spontaneous control of viral replication in CMV-
seropositive patients undergoing liver transplantation [263]. On the whole, this indicates the
importance of measuring representative functions of T cells to identify and define correlates of
immune protection.

The identification of the most immunogenic epitopes is key to the study and understanding of
cellular immune response to gain insights into virus-induced infection mechanisms. An immunogenic
peptide is one that is presented by a self-major histocompatibility complex (MHC) and is able to elicit
a T cell response [264]. Thus, the identification of such epitopes is also of importance in the context
of future therapies.

M, N and S are SARS-CoV-2 structural proteins that constitute different portions of the virus.
These proteins have different interactions with the other parts of the virion, and during the infection,
they interact differently and in different moments with the host cell. This may define a different level
of immunogenicity for each protein. For these reasons, we deepened the SARS-CoV-2 specific
response to M, N and S. Overall, in our study we observed that M, N and S induced a similar response
among the categories considered, confirming their co-dominance [171,265].

We are aware that this study has a main limitation since the number of individuals that we
could study is relatively small, because of the difficulties to obtain biological material from patients
admitted to the hospital. However, even if we could study a relatively low number of patients, we
could define the polyfunctionality profile of CD4" and CD8" T cells during and after SARS-CoV-2
infection in patients experiencing different severities of COVID-19. Global knowledge of the
complex interaction during the cellular response to infection, as well as SARS-CoV-2-induced
changes, is helping in understanding mechanisms beyond the immune response toward protective

phenotype. In addition, the identification of unique cell subsets involved in immune protection could
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allow us to develop and use more and more sophisticated techniques that accurately measure the
outcome of new therapies. Thus, the successful use of functional T cell analyses will likely help to
significantly advance the field of SARS-CoV-2 therapy as well as vaccine efficacy, and hopefully,

aid in reducing the global burden of the pandemic.
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Figure 41. Study of antigen-specific CD4* and CD8" T cell response in patients experiencing and
recovering from moderate or severe COVID-19. Blood samples were withdrawn, peripheral blood
mononuclear cells (PBMCs) were isolated and separately stimulated with different antigenic peptides of
SARS-CoV-2. CD4" T cells producing cytokines were identified using flow cytometry techniques. In cases of
moderate infection, a high percentage of CD4" T cells producing various cytokines, including IFN-y, TNF,
and IL-2, were observed. CD8" T cells exhibited a more cytotoxic phenotype characterized by the production
of CD107a; high polyfunctionality was a main characteristic of this immune response. On the other hand,
patients experiencing severe infection exhibited a more impaired response, with CD4* and CD8* cells mostly
producing CD107a (cytotoxic phenotype) and showing low polyfunctionality. However, in the recovery phase,
patients presented a different immune response. While patients recovering from moderate infection exhibited
a high percentage of CD4" T cells producing IFN-y and IL-2, those recovering from severe infection showed
CD4" T cells producing more cytokines, as IFN-y, IL-2, IL-17, and TNF. CD4" T cell polyfunctionality was
similar for both patient cohorts. The figure was created with BioRender.com.
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5.2 Detailed characterization of SARS-CoV-2-specific T and B cells after infection or

heterologous vaccination

Vaccines are designed to induce a long-term adaptive immune response that confers durable
protection. In this study, as revealed by PCA, we report that COVID-19 recovered patients show
different long-term immunological profiles compared to those of donors who had been vaccinated
with three doses (either with adenovirus or mRNA technologies). Vaccinated individuals display a
skewed Thl Ag-specific T-cell polarization and a higher percentage of Ag-specific and activated
MBCs expressing IgG compared to those of patients who recovered from severe COVID-19.
Different polyfunctional properties characterize the two groups: recovered individuals show higher
percentages of CD4" T cells producing one or two cytokines simultaneously, while vaccinated donors
are distinguished by highly polyfunctional populations able to release four molecules such as
CD107a, IFN-y, TNF, and IL-2.

SARS-CoV-2 entry route shapes the innate immune response, as major players such as
macrophages and neutrophils contribute to recruit T and B cells that should mount a local specific
immune response, with the consequent production of mucosal antibodies. This means that different
adaptive mechanisms are involved in the protective immunity generated by the infection or
vaccination. Indeed, we found that recovered individuals are characterized by higher percentages of
MBCs producing IgA if compared to those of vaccinated ones. However, systemic and mucosal IgA
responses are variably induced in response to vaccination and are associated with protection against
subsequent infection [266,267].

SARS-CoV-2-specific cells wane more slowly than do antibodies [reviewed in [268]], and T
cells able to exert an efficient protection are those capable of exerting many functions simultaneously.
Polyfunctional T-cell responses have been documented also in HIV-1 [191], hepatitis B virus vaccine
[269], and vaccinia-induced responses [270], indicating that highly functional T-cell responses are
commonly found in response to other viral infections and vaccination and are effectively controlled
by cellular immunity. The functional population able to produce four cytokines or more is likely of
significant immunologic importance because it could directly eliminate virally infected cells
(assuming that such cells express or upregulate CD107a) and suppress viral replication while
maintaining itself without CD4" T-cell help through autocrine production of IL-2.

We found that vaccinated donors are characterized by MBCs IgG-switched that express
CD71. Ag-specific B cells can be divided into antibody-secreting cells (or PBs) and MBCs after

infection or vaccination. A particular subset of B cells, called activated B cells, is distinct from
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antibody-secreting cells and is committed to the MBC lineage. Activated B cells are characterized by
the expression of CD71, which is the transferrin receptor and indicates higher activation status and
proliferative capabilities [271]. This population is also typically found in blood after infection with
Ebola or influenza virus and also after vaccination [272,273].

As far as vaccination strategy is concerned, the ChAdOx1 vaccine uses a nonreplicating
adenovirus as a vector to introduce into the cells of the recipient’s DNA coding for the spike protein
of SARS-CoV-2. BNT162b2 instead uses messenger RNA (mRNA) coding for spike, which cells
take up and use to synthetize the protein. mRNA vaccines are good at inducing antibody responses,
and the vector-based vaccines are better at triggering T-cell responses. In a Spanish study, people
who received a dose of the Pfizer-BioNTech vaccine 8 weeks after an initial AstraZeneca dose had
few side effects and a robust antibody response 2 weeks after the second shot, suggesting that mixing
the two types of vaccine may give the immune system multiple ways to recognize a pathogen [274].
However, in our small cohort of vaccinated individuals, the immunological response was not different
in the two groups of individuals who received different vaccination strategies likely because the
immune response has been investigated after the third dose.

We are well aware that this study has some limitations. First of all, the number of patients
studied is low, but the B- and T-cell compartments were investigated in-depth in terms of phenotype
and functionality. Second, the number of days post symptom onset (for recovered individuals) or after
the third dose of the vaccine (for vaccinated ones) is different. This could be relevant when
interpreting the results regarding SARS-CoV-2-specific antibodies or the percentage of Ag-specific
B cells and cTth cells in recovered patients. Third, a group of donors who developed hybrid immunity
characterized by immunity developed by natural infection and vaccination.

However, our study can provide a novel characterization of the humoral and cellular immune
responses upon COVID-19 vaccination or infection by including the fine phenotypic and functional
analysis of Ag-specific B and T cells together with the comparison between different vaccination

strategies (after the third dose of vaccination) and natural infection.
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Figure 42. Characterization of SARS-CoV-2 specific T and B cells after infection or heterologous
vaccination. Three cohorts of patients were studied: those recovering from SARS-CoV-2 infection and two
groups of donors vaccinated with different vaccine combinations. Blood samples were collected from each
group, and peripheral blood mononuclear cells (PBMCs) were isolated. T and B cells were then separately
analyzed to characterize their phenotype and functionality. The data analysis revealed that different vaccination
strategies can result in similar immune responses. Vaccinated donors exhibited antigen-specific cells with a
Thl phenotype and a higher polyfunctional profile compared to recovered patients. Patients in the recovery
phase displayed high percentages of memory B cells (MBCs) producing IgA, while donors showed high
percentages of MBCs IgG-switched CD717, indicating an activated profile with proliferative capabilities. The
figure was created with BioRender.com.

132



5.3 Relapsing-remitting MS patients treated with FTY or natalizumab present a

different vaccine-specific response compared to patients on other DMTs

The aim of this study was to ascertain whether COVID-19 vaccinated patients affected by the
relapsing-remitting form of multiple sclerosis and receiving different MS-treatments would mount an
effective T and B cell response against SARS-CoV-2. For this reason, we have used different
approaches and techniques mainly based on flow cytometry, to carefully investigated cell phenotype
and function.

Several observational studies evaluating the effectiveness of COVID-19 vaccines in MS
patients treated with DMT showed that most of these drugs allow for mounting a protective immune
response, at least in terms of antibody production and production of antigen-specific B and T cells,
even if some patients can experience a reduced immune response. However, an immune signature
associated with the phenotype and function of Ag” T and B cells that could suggest the existence of
a predisposition to breakthrough infection in MS patients has never been investigated.

Here, we show that nearly 6 months after the third SARS-CoV-2 vaccine dose, the overall
SARS-CoV-2-specific T and B cell response in relapsing-remitting MS patients treated with different
drugs was similar among all patients and healthy donors, except for those treated with FTY or
natalizumab, whose cells displayed totally different immunological features.

In the case of FTY-treated patients, we saw that phenotype and function of Ag" T and B cells
seemed to mimic the characteristic of an aged immune system. Indeed, these patients were
characterized by high proportions of effector memory T cells expressing PD-1 and CD57; CD4" T
cells producing granzyme; Ag" T cells with low polyfunctional profile; decreased percentages of Ag"
B cells.

The immune system of MS patients is characterized by a premature aging [275], and DMT
can cause drastic changes that worsen or even accelerate immune senescence long after the drug has
been stopped [276]. The effects of cell depleting agents are not readily reversible, and even those of
therapies primarily targeting cell migration such as natalizumab and FTY may long lasting effects.
Aging of the immune system involves not only a decreased production of naive T cells, but also an
increase in terminally differentiated late effector memory T cells determining a narrowing of the T
cell repertoire [277,278], with an increase in the level of activation and cytotoxicity [221]. Aging
decreases B cell differentiation in the bone marrow and the output of mature B cells, induces a
redistribution of B cell subsets in the periphery with a significant increase in frequencies and numbers

of proinflammatory B cells, decreases the expression of molecules involved in Ig class-switch
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recombination and somatic hypermutation, two processes leading to the generation of high-affinity
protective antibodies as well as germinal center formation, and decreases B cell repertoire diversity
[141,279].

We found that MS patients treated with different DMT display a different phenotype of Ag”
T and B cells. It has been shown that some effects of FTY, DMF and aCD20 resemble
immunosenescence, as they cause a decrease in total B and T cells and induce a negative regulation
of Th1 and Th17 differentiation while promoting Th2 differentiation [280]. FTY not only modulates
lymphocyte trafficking, but also modulates the composition of B and T cells subsets, with an increase
of circulating effector memory T cells and decrease of naive T cells. On the contrary, natalizumab
induces an increase in total T cells (including Th1 and Th17), total B cells, memory B cells, but alter
the proportion of plasmablasts which have high expression of CD49d [276,281].

Assessing the molecular and cellular state of the immune system after vaccination, by
adopting data-driven models, could be used to predict pathogen-specific immune responses or the
prevention of breakthrough infection. The goal is to identify key immune signatures that are
responsible for the creation of an effective immune response. Systems-biology analyses of influenza
virus vaccination have identified antibody response predictors, these have been based on post-
vaccination parameters, such as the magnitude of plasmablast increases on day 7, and changes in
blood host-derived transcripts on days 1-3 after vaccination [282,283]. Moreover, certain immune
signatures can predict not only the response to malaria vaccination, but the clinical outcomes of acute
infection [284]. Questions regarding how much the immune signature before vaccination influence
the creation of a protective immune response needs to be elucidated and how much these
immunological signatures are similar across different populations (young, elderly, pregnant, different
ethnicities) need to be investigated.

Even if we acknowledge some study limitations (i.e., the number of patients per group and
the cross-sectional investigation), we show, for the first time, that only FTY and natalizumab modify
significantly (in terms of phenotype and functionality) the SARS-CoV-2-specific B and T cell

composition after vaccination.
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Figure 43. Investigation of SARS-CoV-2 specific response in multiple sclerosis patients under different
disease modifying therapies. SARS-CoV-2 T and B cell response was studied in patients with Multiple
Sclerosis (MS) undergoing different treatments and compared with those of a group of Healthy Donors (HD).
The immune response was examined nearly 6 months after receiving the third dose of the SARS-CoV-2
vaccine. Blood samples were collected from patients and donors, and peripheral blood mononuclear cells
(PBMCs) were isolated. T and B cells were then separately analyzed to characterize their phenotype and
functionality. By using sophisticated data analysis approaches, it was observed that the overall SARS-CoV-2-
specific T and B cell response in MS patients treated with different drugs was similar to that of healthy donors,
except for those treated with FTY or natalizumab. These medications significantly alter the composition (in
terms of phenotype and functionality) of SARS-CoV-2-specific B and T cells following vaccination. The
figure was created with BioRender.com.
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6. CONCLUSION

COVID-19 pandemic has undeniably been a life-changing event for people all over the world.
There was a high urge to clear the mechanisms of infection and the pathways leading to the deleterious
immune system activation. Scientists and clinicians worked relentlessly with the same objective for
more than one year and still continue to ensure that such a dangerous pandemic will not happen again.
We tried to participate and contribute in expanding the scientific knowledge by using innovative
technique for the investigation of the immune response.

Firstly, we deepened the effects of infection on the adaptive immune system by comparing
the ability of CD4" and CD8" T cells to produce cytokines and to be polyfunctional in infected and
recovered patients. We also deepened the effects of different antigenic portion of SARS-CoV-2 by
using peptides that mimic various structural proteins. We categorized patients in experiencing or
recovering from a moderate or severe infection. We observe that during a severe infection the
functionality of CD4" and CD8" T cells is importantly impaired but at the time of recovery these cells
regain all the fundamental characteristics to mount a sustained immune response against SARS-CoV-
2 antigens.

As vaccines became available worldwide, campaigns emphasizing the importance of
vaccination in this global situation began to gain momentum. Different types of vaccines were
available, i.e. RNA but also replication-deficient adenovirus based vaccines. Thus, as population
received different combination of vaccine, we wanted to deepen the immune protection provided by
these different vaccination scheme in comparison to individuals recovering from the infection.
Overall, the immune response given by the different combination of vaccines was similar. However,
this response was stronger if compared to recovered patients. The power of vaccination was seen in
terms of percentage of antigen-specific as well as activated and highly polyfunctional T and B cells.

During the vaccination campaign, priority was given to immunocompromised individuals,
recognizing them as the first in need. Due to their immune condition, however, the efficacy of
vaccination was questioned. For this reason we wanted to deepen the ability to mount an immune
response in patients with Multiple Sclerosis (MS) on different disease modifying therapies (DMTs).
To gain a wide overview of the phenomenon, we compared patients on 8 different therapies with
healthy donors (HDs). After an in-depth investigation, we observed that only patients treated with
fingolimod and natalizumab exhibited a modified immune response, distinct from the one observed
in HDs.

As of today, COVID-19 is a virus with which we can cohabit. Nevertheless, it is crucial to

remain vigilant concerning vulnerable patients and potential dangerous virus variants. The overall
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picture that can be obtained by our results is that a deepen investigation of the quality and quantity of
the immune response help in gain information about the potential duration. If implemented in clinical

analysis, this method would facilitate more personalized and targeted decision for re-vaccination

schemes or the definition of new medical approaches.
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Abstract: Specific T cells are crucial to control SARS-CoV-2 infection, avoid reinfection and confer
protection after vaccination. We have studied patients with severe or moderate COVID-19 pneumonia,
compared to patients who recovered from a severe or moderate infection that had occurred about
4 months before the analyses. In all these subjects, we assessed the polyfunctionality of virus-specific
CD4+ and CD8+ T cells by quantifying cytokine production after in vitro stimulation with different
SARS-CoV-2 peptide pools covering different proteins (M, N and S). In particular, we quantified the
percentage of CD4+ and CD8+ T cells simultaneously producing interferon-y, tumor necrosis factor,
interleukin (IL)-2, IL-17, granzyme B, and expressing CD107a. Recovered patients who experienced a
severe disease display high proportions of antigen-specific CD4+ T cells producing Th1 and Th17
cytokines and are characterized by polyfunctional SARS-CoV-2-specific CD4+ T cells. A similar
profile was found in patients experiencing a moderate form of COVID-19 pneumonia. No main
differences in polyfunctionality were observed among the CD8+ T cell compartments, even if the
proportion of responding cells was higher during the infection. The identification of those functional
cell subsets that might influence protection can thus help in better understanding the complexity of
immune response to SARS-CoV-2.

Keywords: COVID-19; antigen-specific T cells; cytokine production; polyfunctionality; flow cytometry

1. Introduction

The characterization of the immune response mounted against Severe Acute Respi-
ratory Syndrome-Coronavirus-2 (SARS-CoV-2) infection is crucial to understanding and
predicting short- and long-term protection. Both innate and adaptive immunity has been
well described during severe cases as well as in recovered patients [1-10] and it has been
reported that an integrated response can limit COVID-19 disease severity [11]. Developing
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SARS-CoV-2 antigen-specific CD4+ and CD8+ T cells besides antibodies is crucial to pre-
vent severe outcomes and protect against reinfections [11,12]. This explains, at least in part,
why: (i) immunocompromised patients with reduced humoral response and deficient B
cells can develop a SARS-CoV-2 specific T cell response [13]; (ii) patients experiencing mild
COVID-19 can successfully control the virus thanks to a robust SARS-CoV-2 T cell response
even in the absence of antibodies [11,14-17].

SARS-CoV-2 T cell response in patients recovered from COVID-19 is multi-specific as
T cells recognize several epitopes, by using a heterogenous T cell receptor (TCR) [18-21].
Functional studies using peptide pools covering most of SARS-CoV-2 encoded proteome
demonstrated that T cell response to structural proteins such as the membrane (M), spike
(S) or nucleocapsid (N) is co-dominant and that a significant reactivity is also developed
against other targets, such as Open Reading Frames (ORFs) and nonstructural proteins
(NSPs) [5,18,19]. However, whether this multi-specificity is the key to long-term protection
is still uncertain.

CD4+ and CD8+ T cell polyfunctionality indicate the ability of cells to simultane-
ously produce more than one cytokine and to exert multiple functions. This is a cru-
cial feature in antigen-specific responses as, in some cases, the quality of the response
can be more important than the quantity in conferring protection against reinfection or
pathogen reactivation [22,23]. In this scenario, CD4+ T helper type 1 (Th1) and Th17 are
fundamental in inducing CD8+ T and B cells activity and promoting a pro-inflammatory
response [12,24,25]. For example, Th1l and Th17 CD4+ T and CD8+ T cells dominate the
influenza A virus-specific response, so inducing both a highly inflammatory environment
and viral clearance [26-28].

For these reasons, given the role and capability of these cells, the aim of the study
is to characterize the polyfunctional profile of SARS-CoV-2-specific T cells. Moreover,
we aimed to investigate possible differences in the specific response between patients
experiencing and recovering from moderate or severe infection, deepening at the same
time the immunogenic capacity of M, N and S SARS-CoV-2 structural proteins.

2. Results
2.1. Characteristics of the Patients

We studied a total of 28 patients with COVID-19 pneumonia admitted into the Infec-
tious Diseases Clinics or to the Intensive Care Unit (ICU) of the University Hospital in
Modena over the period of March 2020-May 2020, and 10 healthy donors.

Characteristics of patients are reported in Table 1. COVID-19 moderate and COVID-
severe presented higher levels of LDH when compared to recovered moderate and re-
covered severe, respectively. Regarding SARS-CoV-2-specific IgM and IgG, even if IgM
were more represented among patients with moderate disease, no statistically significant
differences were found between those with COVID-19 and the recovered, while HD tested
negative for both assays. One patient from the COVID-19 severe group and one from the
recovered severe group presented with type 2 diabetes. Recovered moderate and recovered
severe were hospitalized and diagnosed with SARS-CoV-2 infection 120 £ 18 (mean =+ SD)
days and 128 + 3 (mean =+ SD) days, respectively, before blood withdrawal.

An example of the gating strategy for the identification of cells able to exert one or
more functions is reported in Figure S1. Peripheral blood mononuclear cells (PBMCs)
were stimulated or not with M, N or S peptide pool, cultured and stained. PBMCs were
first gated according to their physical parameters, and the aggregates were electronically
removed from the analysis by using a gate designed for singlets. Living (Live/Dead,
L/D-) cells and CD3+ T cells were identified. Among CD3+ cells, CD4+ and CD8+ T cell
subpopulations were identified. In each subpopulation, the percentage of cells producing
interferon (IFN)-y, Tumor Necrosis Factor (TNF), Interleukin (IL)-2, IL-17, and granzyme B
(GRZB), as well as expression of CD107a, was then quantified.
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Table 1. Demographic and clinical characteristics of healthy donors (HD), COVID-19 and recovered patients.
g g p-Value p-Value p-Value Recovered p-Value
. Healthy COVID-19 COVID-19 Recovered Recovered Severe COVID-19 Moderate COVID-19 Moderate Moderate COVID-19 Severe
Variable Donor Moderate Severe Moderate 1=6) vs vs vs vs
(n =10 n=7 (n=6) = 9) COVID-19 Severe Recovered Moderate Recovered Severe Recovered Severe
Demographiccharacteristics
. 1 49.5 55.0 63.0 56.0 56.5
Age (median years, range) (37-70) (43-65) (53-68) (36-63) (43-61) ns ns ns ns
Sex (M, %) 2 5 (50) 6(85.7) 6 (100) 5(55.6) 4 (66.7) ns ns ns ns
Clinicalcharacteristics
Coexisting conditions
Type 2 diabetes, N (%) 2 / 0 (0) 1(16.7) 0 (0) 1(16.7) ns ns ns ns
Cardiovascular Dis., N (%) 2 / 0(0) 0(0) 0(0) 0 (0) NA NA NA NA
Chronic Kidney Dis., N (%) 2 / 0 (0) 0 (0) 0(0) 0 (0) NA NA NA NA
Cancer., N (%) 2 / 0(0) 0(0) 0(0) 0(0) NA NA NA NA
Clinical Blood parameters
Total bilirubin, mg/dL (median, range) * / 1.0(0.6-1.4) 0.8(0.3-0.9) 0.7(0.3-0.9) 0.4(0.3-0.8) ns ns ns ns
. 1 81.0 345 102.0 139.0
CK, U/L (median, range) / (36.0-1540)  (23.0-259.0)  (87.0-139.0) (12.0-282.0) ns ns ns ns
Creatinine, mg/dL (median, range) ! / © 2781 0) © ;)46) 8) © 9791 1) © 3791 2) ns ns ns ns
D-dimer, ng/mL (median, range) ! / 495 750 180 255 ns ns ns ns
€ ng edian, range (230-7810) (190-5820) (100.0-340.0) (140.0~780.0)
. 591 581 361 384
LDH, U/L (median, range) ! / (580-886) (507.0-1521) (244-450) (337-430) ns 0.0272 ns 0.0272
. 1 0.3 0.35 0.2 0.2
CRP, mg/dL (median, range) / (0.2-0.9) 02-12.1) 0.2-03) 0.2-0.4) ns ns ns ns
Blood cell count
. . 1 7500 6305 6480 6985
White blood cells, N/ulL (median, range) / (2888-10,880)  (4800-15300)  (4420.0-7160) (6340.0-7680) ns ns ns ns
. 1 2898 1642 2240 2615
Lymphocytes, N/pL (median, range) / (2698-3098) (629-2460) (1600-7160) (2120-3740) ns ns ns ns
. . 1 6390 3818 3120 3755
Neutrophils, N/l (median, range) / (5545-7235)  (1906-14,560)  (2430-2980) (3060.0-3900) ns ns ns ns
Detection of SARS-CoV-2 IgM, IgG
. 28.7 6.4 47 4.5
IgM, Index (median, range) ! 0.0 (5.7-59.1) (1.2-66.3) (0.3-28.6) (0.5-20.0) ns ns ns ns
IgG, Index (median, range) ! 0.0 ® 37_?; 0) a 56_% 6) @ 06_19 4 3.9(1.2-7.0) ns ns ns ns

NA; not applicable. ns; not significant, p-Value > 0.05. ! Kruskal-Wallis test with original FDR method of Benjamini and Hochberg. 2 Chi-square test.
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2.2. Recovered Patients Who Experienced a Severe Disease Display High Percentage of
Antigen-Specific CD4+ T Cells Producing Th1 and Th17 Cytokines

Cytokine production was assessed following 16 h of in vitro stimulation with SARS-
CoV-2 peptide pools covering the sequence of different proteins (N, M or S). The percentage
of CD4+ and CD8+ T cells producing IFN-y, TNF, IL-2, IL-17, and GRZB was quantified
along with the percentage of cells able to express CD107a. The identification of these
cytokines allows us to recognize different subsets of helper CD4+ and CD8+ T cells, such as:
(i) Th1, defined as cells producing IFN-y, TNF, IL-2; (ii) Th17 identified as cells producing
IL-17; (iii) cytotoxic T cells, which are positive for GRZB and CD107a [29,30].

Individuals who recovered from a severe form of COVID-19 disease showed a higher
percentage of CD4+ T cells responding to N and S compared to healthy donors (HD)
(Figure 1a). Moreover, taking into consideration all the stimuli used, patients who recovered
from a severe disease exhibited a higher percentage of CD4+ T cells producing IFN-y, TNF
and IL-2 compared to either HD or individuals who recovered from moderate disease
(Figure 1b). This was also observed when COVID-19 patients with a moderate disease were
compared to HD. Furthermore, recovered individuals who experienced a severe disease
also displayed a higher percentage of CD4+ T cells producing IL-17 compared to recovered
moderate, regardless of the stimulus used (Figure 1b). On the other hand, COVID-19
patients with severe infection were characterized by higher proportions of cells expressing
CD107a compared to HD after M and S stimulation, indicating a more enhanced cytotoxic
phenotype (Figure 1b).

Regarding CD8+ T cell response, the percentage of CD8+ T cells responding to peptide
pool stimulation was higher in COVID-19 patients with a moderate disease compared to
either HD or recovered individuals who experienced a moderate infection. In addition,
COVID-19 patients with severe form exhibited a higher percentage of responding CD8+
T cells compared to those who recovered from a severe form (Figure 2a). Furthermore,
after in vitro stimulation with M, COVID-19 severe patients displayed a higher percentage
of CD8+ T cells expressing CD107a compared to individuals who recovered from severe
infection (Figure 2b). Thus, antigen-specific CD8+ T cells are more abundant among
COVID-19 patients and present a more pronounced cytotoxic phenotype in line with their
role in mediating clearance during viral infections [31].

2.3. Recovered Patients Who Experienced a Severe Disease Are Characterized by Polyfunctional
SARS-CoV-2 Antigen-Specific CD4+ T cells

In vitro stimulation with the M peptide pool induced a different polyfunctional profile
between COVID-19 moderate and severe patients, COVID-19 severe patients and those
who recovered from severe disease. Moreover, the polyfunctional response was different
when compared to HD in either patients with moderate COVID-19 or those who recovered
from severe disease. In particular, COVID-19 moderate patients and recovered individuals
from severe disease, when compared to HD, reported higher percentages of IFN-y+IL-
2+TNF+, IEN-y+TNF+ and IL-2+TNF+ within CD4+ T cells. Patients experiencing COVID-
19 moderate also displayed a high percentage of IFN-y+IL-2+ within CD4+ T cells. The
percentage of the latest population was higher in COVID-19 severe and recovered moderate
if compared to recovered severe and HD (Figure 3a).

Stimulation with N induced differences in the overall polyfunctionality of CD4+ T
cells between patients who recovered (moderate vs. severe) and between COVID-19 severe
patients and those who recovered from severe disease. Finally, COVID-19 moderate patients
and recovered displayed a different cytokine profile when compared to HD. Regarding
the subsets of polyfunctional CD4+ T cells, individuals who recovered from the severe
disease exhibited the same cytokine production as seen with M stimulation. In addition,
this group of patients presented a small population of TNF+, IL-17+ cells. COVID-19
moderate patients, compared to HD, also presented a high percentage of IFN-y+IL-2+TNF+
and IL-2+TNF+ (Figure 3b).
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Figure 1. Total cytokine production by CD4+ T cells after in vitro stimulation. (a) Percentage of
responding CD4+ T cells after stimulation with M, N or S. Data represent individual values from
healthy donors (HD, n = 10), COVID-19 moderate (n = 7), COVID-19 severe (1 = 6), recovered
moderate (n = 9) and recovered severe (n = 6). Mean (center bar) + standard error of the mean
(SEM, upper and lower bars) is represented. Statistical analysis was performed using Kruskal-Wallis
non-parametric test corrected for multiple comparisons by controlling the False Discovery Rate
(FDR), method of Benjamini and Hochberg. * g < 0.05; ** g < 0.01. Background was subtracted from
each sample. (b) Representation of the total production of each cytokine after stimulation of CD4+
T cells. We evaluated the percentage of CD4+ T cells producing IFN-y, TNEF, IL-2, IL-17, GRZB
as well as expressing CD107a among HD (n = 10), COVID-19 moderate (n = 7), COVID-19 severe
(n = 6), recovered moderate (n = 9) and recovered severe (n = 6). Data are represented as individual
values, mean (center bar) + standard error of the mean (SEM, upper and lower bars) is represented.
Statistical analysis was performed using Kruskal-Wallis non-parametric test corrected for multiple
comparisons by controlling the False Discovery Rate (FDR), method of Benjamini and Hochberg.
* 4 <0.05; ** q < 0.01; ** g < 0.001. Background (i.e., the value determined in unstimulated controls)
was subtracted from each sample.
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Figure 2. Total cytokine production by CD8+ T cells after in vitro stimulation. (a) Percentage of
responding CD8+ T cells after stimulation with M, N or S. Data represent individual values from
HD (n = 10), COVID-19 moderate (n = 7), COVID-19 severe (n = 6), recovered moderate (n = 9) and
recovered severe (1 = 6). Mean (center bar) + standard error of the mean (SEM, upper and lower bars)
is represented. Statistical analysis was performed using Kruskal-Wallis non-parametric test corrected
for multiple comparisons by controlling the False Discovery Rate (FDR), method of Benjamini and
Hochberg. * g < 0.05; ** g < 0.01. Background was subtracted from each sample. (b) Representation
of the total production of cytokines after stimulation of CD8+ T cells. We evaluated the percentage
of CD8+ T cells producing IFN-y, TNF, IL-2, IL-17, GRZB as well as expressing CD107a among HD
(n = 10), COVID-19 moderate (n = 7), COVID-19 severe (n = 6), recovered moderate (n = 9) and
recovered severe (1 = 6). Data are represented as individual values, mean (center bar) + standard
error of the mean (SEM, upper and lower bars) is represented. Statistical analysis was performed
using Kruskal-Wallis non-parametric test corrected for multiple comparisons by controlling the False
Discovery Rate (FDR), method of Benjamini and Hochberg. * g < 0.05. Background (i.e., the value
determined in unstimulated controls) was subtracted from each sample.
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Figure 3. Polyfunctionality of CD4+ T cells after in vitro stimulation. Pie charts representing the
proportion of CD4+ T cells producing different combinations of IFN-y TNF, IL-2, IL-17, GRZB as well
as expressing CD107a after stimulation with (a) M; (b) N; or (c) S peptide pools from HD (n = 10),
COVID-19 moderate (n = 7), COVID-19 severe (n = 6), recovered moderate (n = 9) and recovered
severe (1 = 6) patients. For clarity, panel (d) reports the legend for the colors and the symbols used
in panels (a—c). Data in pie charts are represented as median values. Frequencies were corrected by
background subtraction as determined in non-stimulated controls using SPICE software. Statistical
analysis between pie charts was performed using permutation test (* p < 0.05; ** p < 0.01; *** p < 0.001).
Pie arches represent the total production of different cytokines. Comparison between the production
of different combinations of cytokines by CD4+ T cells is represented. Data are represented as
individual values, mean (center bar) + standard error of the mean (SEM, upper and lower bars) is
represented. Statistical analysis was performed using Kruskal-Wallis non-parametric test corrected
for multiple comparisons by controlling the False Discovery Rate (FDR), method of Benjamini and
Hochberg. * q < 0.05; ** g < 0.01; *** g < 0.001.

Finally, after stimulation with S, individuals who recovered from different disease
severity showed a different polyfunctionality as well as COVID-19 moderate patients and
recovered from the moderate disease. In addition, recovered from severe disease displayed
a distinct polyfunctional asset compared to COVID-19 severe and HD. Individuals who
recovered from severe disease presented almost overlapping results as those observed
after stimulation with N and M. Moreover, they also displayed a higher percentage of
TNF+IL-17+ within CD4+ T cells if compared to COVID-19 severe and HD. Regarding
COVID-19 moderate, the cell distribution after stimulation is the same as the one measured
after N stimulation (Figure 3c). For clarity, Figure 3d shows the legend of the colors and
symbols of the previous Figure 3 panels.

The polyfunctional profile of CD8+ T cells after in vitro stimulation with M or N was
similar among the groups. Only the S peptide pool induced a slightly different profile in
COVID-19 moderate patients when compared to HD (Figure 4).
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Figure 4. Polyfunctionality of CD8+ T cells after in vitro stimulation. Pie charts representing the
proportion of CD8+ T cells producing different combinations of IFN- vy, TNF, IL-2, IL-17, GRZB
as well as expressing CD107a after stimulation with (a) M; (b) N; or (c) S peptide pools from HD
(n = 10), COVID-19 moderate (n = 7), COVID-19 severe (n = 6), recovered moderate (n = 9) and
recovered severe (1 = 6) patients. Data in pie charts are represented as median values. Frequencies
were corrected by background subtraction as determined in non-stimulated controls using SPICE
software. Statistical analysis between pie charts was performed using permutation test (* p < 0.05).
Pie arches represent the total production of different cytokines.

3. Discussion

In this study, we describe the differences in the production of cytokines by SARS-
CoV-2-specific T cells from patients with COVID-19 (severe or moderate) and in recovered
individuals after in vitro stimulation with different peptide pools. Our aim was to measure
not only the magnitude but also the characteristics, in qualitative terms, of such antigen-
specific response. We found that COVID-19 moderate patients develop polyfunctional
CD4+ T cells compared to patients experiencing a severe infection, that in turn display
a higher percentage of CD107a+ cells. Besides their helper capability, CD4+ T cells can
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exert cytotoxicity, and this has been described during persistent infections such as those
by Epstein—-Barr virus [32], cytomegalovirus [33], and Human Immunodeficiency Virus
(HIV) [34]. Cytotoxic potential can be measured, detecting the expression of the degran-
ulation marker CD107a [35]. This result is in line with other studies demonstrating that
patients experiencing severe COVID-19 usually mount an impaired SARS-CoV-2 T cell-
specific response [11,36]. It is known that the expression of exhaustion markers such as
Programmed Death-1 (PD-1) and T-cell immunoglobulin and mucin domain-3 (Tim-3) is
associated with disease progression [37,38]. This might reinforce the concept that patients
experiencing a more severe infection present impaired CD4+ and CD8+ T cell functionality
due to an exhausted phenotype. However, whether the expression of such markers reflects
functional exhaustion rather than ongoing activation is still debated [37].

During the infection, Thl cytokines such as IFN-y, IL-2 and TNF are essential for
supporting the expansion and maturation of CD8+ T lymphocytes and B cells [12]. The
loss of CD4+ Th1 leads to a progressive CD8+ T cell decline and dysfunction with impor-
tant implications for controlling the infection [39]. In addition, Th17 cells are responsible
for the recruitment of several different cell populations at the site of the infection, induc-
ing the inflammatory process necessary for the immediate protective response against a
pathogen [24,25]. We found that, if compared to patients experiencing severe COVID-19,
those recovering from severe COVID-19 display SARS-CoV-2-specific, highly polyfunc-
tional CD4+ T cells with a Th1 and Th17 phenotype. No differences were reported in the
CD8+ T cell compartment, reflecting the T cell kinetics of the immune response contraction
according to which 2 weeks after onset symptoms, when circulating CD8+ T cells progres-
sively decline, CD4+ T cells remain stable and eventually increase in the initial recovery
phase (1-2 months after infection), more than immediately after infection [11,40].

T cells are able to both proliferate and secrete cytokines that in turn can influence other
cell functions as well as induce cytolysis of infected cells. Polyfunctionality is the ability of
cells to simultaneously perform more than one function, and it can be measured at a single
cell level by flow cytometry [41]. In CD4+ T cells, such property is a correlate for protection
against different pathogens. As an example, comparing the profile (more than the amount)
of T cell cytokine production in different groups of HIV-infected individuals such as in
those who control the infection to that of patients with a chronic progression of the infection
revealed the presence of several key molecules involved in controlling the infection. This
approach suggested that in some cases the quality of the T cell response, not the quantity,
is correlated with immune protection [23]. During cytomegalovirus (CMV) infection,
the development of polyfunctional T cells correlates with a better prognosis and confers
an immunological advantage against other pathogens [22]. In addition, polyfunctional
CD4+ T cells represent a marker for spontaneous control of viral replication in CMV-
seropositive patients undergoing liver transplantation [42]. On the whole, this indicates the
importance of measuring representative functions of T cells to identify and define correlates
of immune protection.

The identification of the most immunogenic epitopes is key to the study and un-
derstanding of cellular immune response to gain insights into virus-induced infection
mechanisms. An immunogenic peptide is one that is presented by a self-major histocom-
patibility complex (MHC) and is able to elicit a T cell response [43]. Thus, the identification
of such epitopes is also of importance in the context of future therapies. M, N and S are
SARS-CoV-2 structural proteins that constitute different portions of the virus. These pro-
teins have different interactions with the other parts of the virion, and during the infection,
they interact differently and in different moments with the host cell. This may define a
different level of immunogenicity for each protein. For these reasons, we deepened the
SARS-CoV-2 specific response to M, N and S. Overall, in our study we observed that M,
N and S induced a similar response among the categories considered, confirming their
co-dominance [18,44].

We are aware that this study has a main limitation since the number of individuals
that we could study is relatively small, because of the difficulties to obtain biological



Int. J. Mol. Sci. 2022, 23, 8004

11 of 15

material from patients admitted to the hospital. However, even if we could study a
relatively low number of patients, we could define the polyfunctionality profile of CD4+
and CD8+ T cells during and after SARS-CoV-2 infection in patients experiencing different
severities of COVID-19. Global knowledge of the complex interaction during the cellular
response to infection, as well as SARS-CoV-2-induced changes, is helping in understanding
mechanisms beyond the immune response toward protective phenotype. In addition,
the identification of unique cell subsets involved in immune protection could allow us
to develop and use more and more sophisticated techniques that accurately measure the
outcome of new therapies. Thus, the successful use of functional T cell analyses will likely
help to significantly advance the field of SARS-CoV-2 therapy as well as vaccine efficacy,
and hopefully, aid in reducing the global burden of the pandemic.

4. Materials and Methods
4.1. Patients

Four groups of patients were enrolled in this study, along with a group of healthy
donors (HD). We enrolled 13 COVID-19 patients admitted into the Infectious Diseases
Clinics or Intensive Care Unit (ICU) of the University Hospital in Modena between March
and May 2020. Patients tested positive for the SARS-CoV-2 PCR test. Within this group,
7 patients (median age: 55.0 years) were classified as moderate and 6 (63.0 years) as severe,
according to World Health Organization guidelines [45]. We also studied 15 COVID-19
recovered patients, enrolled during follow-up visits between June and August 2020. Within
this group, 9 patients (56.0 years) were classified as moderate and 6 (56.5 years) as severe.
COVID-19 and recovered patients were subdivided for the analysis according to disease
severity. Moreover, 10 HD (49.5 years) were included in this study. HD presented neither
symptoms nor prior diagnosis of SARS-CoV-2 and had negative serology. Informed consent,
according to Helsinki Declaration, was provided by each participant. All uses of human
material have been approved by the local Ethical Committee (Comitato Etico dell’Area
Vasta Emilia Nord, protocol number 177/2020, 11 March 2020) and by the University Hos-
pital Committee (Direzione Sanitaria dell’Azienda Ospedaliero-Universitaria di Modena,
protocol number 7531, 11 March 2020).

4.2. Blood Processing

Blood samples were obtained after informed consent. For COVID-19 patients, blood
was obtained after diagnosis of SARS-CoV-2 infection during hospitalization. For recovered
patients, blood was collected during a follow-up visit within 120-128 days after hospital ad-
mission and SARS-CoV-2 diagnosis. Up to 20 mL of blood were collected from each patient
in vacuettes containing ethylenediamine-tetraacetic acid. Peripheral blood mononuclear
cells (PBMCs) were isolated according to standard procedures and stored in liquid nitrogen
until use [46].

Plasma was collected and stored at —80 °C until the quantification of IgM and IgG,
performed according to standard methods by SARS-CoV-2 IgM or IgG Quant Reagent Kit
for use with Alinity (Abbott, Abbott Park, IL, USA).

4.3. In Vitro Stimulation and Intracellular Cytokine Staining (ICS)

For functional assays on cytokine production by T cells, isolated PBMCs were thawed
and rested for 6 h. PBMCs were cultured in the presence of 15-mer peptides with 11-amino
acids overlap, covering the sequence of different proteins of SARS-CoV-2: Nucleocapsid
phosphoprotein (“N”) (PepTivator SARS-CoV-2 Prot_N), Membrane glycoprotein (“M”)
(PepTivator SARS-CoV-2 Prot_M) and Spike glycoprotein (PepTivator SARS-CoV-2 Prot_S)
(Miltenyi Biotec, Bergisch Gladbach, Germany). Each peptide was tested separately and
1 pg/mL of anti-CD28 (Miltenyi Biotec, Bergisch Gladbach, Germany) was added to each
condition. PBMCs were stimulated for 16 h at 37 °C in a 5% CO; atmosphere in a complete
culture medium (RPMI 1640 supplemented with 10% fetal bovine serum and 1% each
of l-glutamine, sodium pyruvate, nonessential amino acids, antibiotics, 0.1 M HEPES,
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55 uM (-mercaptoethanol). A negative control with unstimulated cells was included
in the experimental conditions. All samples were incubated with a protein transport
inhibitor containing brefeldin A (Golgi Plug, BD Biosciences Pharmingen, San Diego,
CA, USA), a protein transport inhibitor containing monensin (Golgi Stop, BD Biosciences
Pharmingen, San Diego, CA, USA) and mAb CD107a-PE (Biolegend, San Diego, CA, USA)
at a previously defined concentration. After stimulation, cells were stained with LIVE-
DEAD Aqua (ThermoFisher Scientific, Eugene, OR, USA) and surface mAbs recognizing
CD3 PE-Cy5, CD4 AF700, and CD8 APC-Cy7 (Biolegend, San Diego, CA, USA). Cells were
washed with stain buffer, fixed and permeabilized with the Cytofix/Cytoperm buffer set
(BD Biosciences Pharmingen, San Diego, CA, USA) for cytokine detection [47]. Cells were
stained with previously titrated directly conjugated mAbs: IL-17A-PE-Cy7, TNF-BV605,
IFN-y-FITC, IL-2-APC and GRZB-BV421 (all mAbs from Biolegend, San Diego, CA, USA).
Cells were analyzed by an Attune NxT acoustic cytometer (ThermoFisher Scientific, Eugene,
OR, USA). Table S1 reports mAb titers, producer, clone, catalog number, lot number and
type of fluorochrome used in the panel.

4.4. Statistical Analysis

Quantitative variables were compared using the Kruskal-Wallis non-parametric test
corrected for multiple comparisons by controlling the False Discovery Rate (FDR), method
of Benjamini and Hochberg. Statistically significant g values are represented (* g < 0.05;
** g <0.01; *** ¢ <0.001). T cell polyfunctionality was defined by using Simplified Presen-
tation of Incredibly Complex Evaluation (SPICE) software (version 6, kindly provided
by Dr. Mario Roederer, Vaccine Research Center, NIAID, NIH, Bethesda, MD, USA) [48].
Data from the total cytokine production are represented as individual values, means, and
standard errors of the mean. Regarding polyfunctionality, data in pie charts are represented
as median values; statistical analysis was performed using permutation test (* p < 0.05;
**p <0.01; *** p < 0.001). Data in graphs are reported as individual values, means and stan-
dard errors of the mean. Statistical analyses were carried out using Prism 6.0 (GraphPad
Software Inc., La Jolla, CA, USA). Background was subtracted from each sample.
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The formation of a robust long-term antigen (Ag)-specific memory, both humoral and
cell-mediated, is created following severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection or vaccination. Here, by using polychromatic flow cytometry
and complex data analyses, we deeply investigated the magnitude, phenotype, and
functionality of SARS-CoV-2-specific immune memory in two groups of healthy
subjects after heterologous vaccination compared to a group of subjects who
recovered from SARS-CoV-2 infection. We find that coronavirus disease 2019
(COVID-19) recovered patients show different long-term immunological profiles
compared to those of donors who had been vaccinated with three doses.
Vaccinated individuals display a skewed T helper (Th)1 Ag-specific T cell polarization
and a higher percentage of Ag-specific and activated memory B cells expressing
immunoglobulin (Ig)G compared to those of patients who recovered from severe
COVID-19. Different polyfunctional properties characterize the two groups: recovered
individuals show higher percentages of CD4" T cells producing one or two cytokines
simultaneously, while the vaccinated are distinguished by highly polyfunctional
populations able to release four molecules, namely, CD107a, interferon (IFN)-y,
tumor necrosis factor (TNF), and interleukin (IL)-2. These data suggest that
functional and phenotypic properties of SARS-CoV-2 adaptive immunity differ in
recovered COVID-19 individuals and vaccinated ones.
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Introduction

Memory is the main characteristic of the immune system, being at
the basis of its efficacy and functionality, and indeed the activation of
secondary response is the crucial strategy utilized by vaccination.
Natural infection and vaccines induce the formation and subsequent
expansion of antigen (Ag)-specific cells that can block pathogens as
soon as they try to invade the host. The creation of a pool of long-
living memory T and B cells able to respond to future stimuli is crucial
for vaccine efficacy, as well as the plasma level of antibodies (1).

During natural infection, typically after a couple of weeks, the
magnitude of the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)-specific CD4"and CD8" memory T-cell response
peaks at the maximum and is of the order of 0.5% and 0.2% of the
repertoire, respectively (2). CD4" T cells display a memory profile
(including a specific subset formed by stem cell memory) and are able
to produce high levels of both IL-2 and T helper (Th)1 cytokines (3—
5). CD4" T-cell response is greater than the CD8" counterpart (2).
Robust immunity is certainly maintained by more than 6 months, but
the duration of SARS-CoV-2-specific T cells could depend also on the
clinical severity of the initial infection (6). Long-lived T-cell responses
and efficient response to SARS-CoV-2 are characterized by a
CD45RA™ effector-memory phenotype and a potent activation of
the interferon (IFN) transcriptomic signature whose magnitude is
largely due to the genetic background of the host (7-10).

Regarding B-cell response, which is highly altered during coronavirus
disease 2019 (COVID-19) (11), in the plasma of most individuals, anti-
SARS-CoV-2 antibodies (Abs) persist for more than 6 months after
primary infection, but some patients rapidly lose their specific Abs (6, 12,
13). However, specific memory B cells (MBCs) predominantly express
immunoglobulin (Ig)M" or IgG1* and rise until 150 days after infection
(14), regardless of age (15). Receptor-binding domain (RBD)-specific
IgG" MBCs are predominantly CD27", and their number significantly
correlates with circulating follicular helper T-cell numbers (14).

Vaccination against SARS-CoV-2 induces a robust specific immune
response. CD8" T-cell response can be detected as early as 11 days after the
first vaccination (16), and such cells can recognize immunodominant
peptides from ORFlab (17). Two-dose vaccination with BNT162b2 leads
to strong generation of virus-specific CD4" T-cell responses with a Thl
profile, and it is detectable 6 months after vaccination (18-21). Spike-specific
antibodies peak after 7 days, and titers and Angiotensin-converting enzyme 2
(ACE2)/RBD binding-inhibiting activity is still observed after 6 months,
despite a progressive decline over time. Concomitant to antibody reduction,
spike-specific MBCs, mostly switched to IgG, increase and persist 6 months
after vaccination (22). T-cell responses after vaccination are of similar
magnitude to those seen after natural infection, although they seem to be
more differentiated with the presence of T stem cell memory (Tscyy) subsets
(23). An adenovirus-based vaccine generates a higher magnitude of spike-
specific T cells (24, 25), while mRNA vaccines develop higher antibody titers.
For this reason, heterologous vaccines have been used in clinical practice
6, 27).

As vaccination and natural infection increase across the world, there
is growing interest in predicting the risk of primary infection or
reinfection. Observational and limited comparison between natural and
vaccine-induced immunity showed that the protection against SARS-
CoV-2 infection was significantly higher in COVID-19 recovered
individuals if compared to that of those vaccinated who additionally
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received a booster vaccine (28). Antibodies decline more rapidly
following vaccination in naive individuals than those in individuals
who have recovered from COVID-19, but they display the same
frequencies of spike-specific B and CD4" T cells at 8 months after
vaccination (29). However, besides the magnitude of the spike-specific
antibody response or neutralizing titer, the percentage, phenotypic
identity, and functional profile of specific cellular immune responses
have not been taken into account as immune correlates of protection.
Here, by using high-parameter polychromatic flow cytometry and
sophisticated data analyses, we deeply investigated the magnitude,
phenotype, and functionality of SARS-CoV-2-specific immune memory
in two groups of healthy subjects after heterologous vaccination compared
to those of a group of subjects who recovered from SARS-CoV-2 infection.

Results
Study design

Three groups of donors were enrolled in this study. The first one was
composed of nine COVID-19 recovered patients (hereafter called REC;
mean age of 35.1 + 11.1 years), with a mean of 131.1 days (range 64-165
days) from last infection during follow-up visits at the Infectious Diseases
Clinics of the Azienda Ospedaliero-Universitaria Policlinico di Modena.
All REC had symptoms consistent with COVID-19 and positive PCR-
based testing for SARS-CoV-2 over the period of March 2020-August
2020. Within this group, four patients were classified as severe (35.3 +
5.68 years) while five patients were moderate (35.0 + 7.4) according to
World Health Organization guidelines (30). Given that there were no
differences between moderate and severe recovered individuals and their
low number, they were considered as a unique group for the statistical
analysis. Twenty-three vaccinated donors were enrolled in this study, and
they were divided into two groups: one was composed of 11 donors with
a mean of 31.1 days (range 30-35 days) after the third dose of SARS-
CoV-2 vaccine (hereafter defined MIX; 27.0 + 4.5 years); these subjects
were vaccinated with three different vaccines (first dose: ChAdOx1;
second dose: BNT162b2; third dose: mRNA-1273). The second group
was composed of 12 donors with a mean of 33.9 days (range 26-44 days,
hereafter defined RNA; 35.3 + 11.3 years) after being vaccinated with two
different RNA vaccines (first and second doses: BNT162b2; third dose:
mRNA-1273). Each participant, including healthy donors, provided
informed consent according to the Helsinki Declaration, and all uses of
human material have been approved by the local Ethics Committee
(Comitato Etico dell’Area Vasta Emilia Nord, protocol number 177/2020,
11 March 2020) and by the University Hospital Committee (Direzione
Sanitaria dellAzienda Ospedaliero Universitaria di Modena, protocol
number 7531, 11 March 2020). The clinical characteristics of all
participants are reported in Table 1 and in the Methods section.

MIX showed a skewed Thl Ag-specific CD4*
T-cell polarization compared to that of
recovered ones

To investigate the percentage of Ag-specific T cells, we used T-cell
receptor (TCR)-dependent activation-induced marker (AIM) assays to
identify and quantify SARS-CoV-2-specific CD4" T cells (31-34). We
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TABLE 1 Demographic and clinical characteristics of COVID-19 recovered patients and vaccinated donors.

Variable REC (n=9) p-value p-value p-value
(RECvsMIX) (RECvsRNA) (MIXvsRNA)
Demographic characteristics
Age (mean years, range)1 35.1 (22.0- 27.0 (22.0-39.0) 35.3 (23.0-62.0) 0.0177 ns ns
41.0)
Sex (Male, %)> 88.9 27.3 455 0.0098 ns ns
Race/Ethnicity
White: Non-Hispanic or Latino (%)* 66.7 100 100 ns ns ns
White: Hispanic or Latino (%)* 11.1 0 0 / / /
Black (%)’ 222 0 0 / / /
Hospitalization status
Never hospitalized (%) 11.1 / / / / /
Hospitalized (%) 88.9 / / / / /
Days of hospitalization (mean days, range) 11.6 (4.0- / / / / /
17.0)
Sample Collection
Sample Collection Dates March 2020- December 2021- December 2021- / / /
August 2020 January 2022 January 2022
Days post symptom onset or third dose 131.1 (64.0- 31.8 (30.0-35.0) 33.9 (26.0-44.0) 0.0004 0.0009 ns
vaccine (mean days, range) ' 165.0)
Disease Severity
Moderate (%) 55.6% (5/9) / / / / /
Severe (%) 44.4% (4/9) / / / / /
Vaccine type
First dose / ChAdOx1 BNT162b2 / / /
Second dose / BNT162b2 BNT162b2 / / /
Third dose / mRNA-1273 mRNA-1273 / / /
Detection of SARS-CoV-2 IgG
IgG, Index mean value AU/mL (+ SD)! 1,344.2 12,205.4 (+£9,457.4) 6,422.1 (+2,496.1) 0.0001 0.0011 ns
(+663.4)

'Kruskal-Wallis test with Original FDR methods of Benjamini and Hochberg;
“Fisher's exact test;

3Chi-squared test;

ns, not significant; SD, standard deviation; AU, arbitrary unit.

stimulated peripheral blood mononuclear cells (PBMCs) from nine REC
patients and 11 MIX and 12 RNA donors overnight with 15-mer peptides
with 11-amino acid overlap, covering the complete sequence of Wuhan
SARS-CoV-2 spike glycoprotein (see Methods for details).

The phenotype of Ag-specific T cells (ie., those CD137°CD69")
within CD4" T cells, hereafter termed Ag'CD4" T cells, was first
analyzed by manual gating and compared with the non-Ag-specific
CD4" T cell counterparts (CD137"CD69", hereafter called Ag CD4").
Ag'CD4" T cells showed different cell subset distributions (in terms of
the expression of differentiation markers such as CD45RA, CCR7, CD28,
and CD95) and Th cell polarization (evaluated by the expression of
CCR6 and CXCR3). Ag"CD4" T displayed a low percentage of naive (N,
CD45RA'CCR7'CD28"CD95") and higher frequencies of memory
compartment such as central memory (CM; CD45RA™CC
R7'CD28"CD95"), transitional memory (TM; CD45RA”CCR7 CD

Frontiers in Immunology 03

28"CD95"), effector memory (EM; CD45RA™CCR7 CD28 CD95"),
and Tscy (CD45RATCCR7'CD28°CD95") and a similar percentage of
terminally differentiated effector memory (EMRA; CD45RA"CCR7
CD28'CD95") (Supplementary Figures SI1A, B). Considering T-cell
polarization, in comparison with Ag CD4" T cells, those Ag-specific
displayed a higher percentage of Thl (CXCR3"CCR67), Thl17
(CXCR37CCR6"), and Th1/Th17 (CXCR3+CCR6+) and a lower
percentage of Th0/Th2 (CXCR3™CCR6 ) (Supplementary Figure S1C).

To gain a more detailed overview on the differentiation status and
Th-polarization, we took advantage of unsupervised FlowSOM
clustering. This analysis revealed a total of 19 clusters, and within
these, six clusters represented SARS-CoV-2-reactive CD4" T cells
expressing CD69 and CD137 (Figures 1A, B; Supplementary Figure S2).

The frequencies of the different clusters of T cells within
Ag CD4" T cells were similar in the three groups of individuals as
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FIGURE 1
Immune phenotyping of antigen-specific CD4" T cells. (A) Uniform Manifold Approximation and Projection (UMAP) plot shows the 2D spatial distribution of 8,436,275
cells from nine donors who recovered from SARS-CoV-2 infection (REC, severe = 4 and moderate = 5) and 23 vaccinated donors (MIX = 11 and RNA = 12)
embedded with FlowSOM clusters. Ag*, antigen-specific CD4* T cells; Ag™, non-antigen-specific CD4* T cells. (B) Heatmap of the median marker intensities of the
12 lineage markers across the 19 cell populations obtained with FlowSOM algorithm after the manual metacluster merging. The colors of cluster_id column
correspond to the colors used to label the UMAP plot clusters. The color in the heatmap is referred to the median of the arcsinh marker expression (0-1 scaled)
calculated over cells from all of the samples. Blue represents lower expression, while red represents higher expression. Light gray bar along the rows (clusters) and
values in brackets indicate the relative sizes of the clusters. N, naive; Tscm, T stem cell memory; CM, central memory; TM, transitional memory; EM, effector memory;
EMRA, effector memory reexpressing the CD45RA; cTfh, circulating T follicular helper cells. The black bar on the right is used to group Ag™ or Ag™ subpopulations. (C)
UMAP and heatmap visualization of 10 manually merged antigen-specific CD4* T-cell clusters. (D) Representative dot plots showing manual gating analysis of Ag-
specific (CD137"CD69") CD4" T cells after overnight stimulation with spike protein compared to unstimulated control [activation-induced marker assay (AIM assay)].
Numbers in the dot plots indicate the percentage of cells identified by manual gating. (E) Dot plots show the total percentage of antigen-specific CD4* T cells.
Kruskal—Wallis test with Benjamini—Hochberg correction for multiple comparisons was used to test the differences among the three groups. (F) Dot plots show the
cell percentage of the antigen-specific CD4* T cells. The central bar represents the mean + SEM. Generalized linear mixed model (GLMM) test was used for the
statistical analysis. Adjusted P-values are reported in the figure. ns, not significant.
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shown in Supplementary Figure S3. We focused our attention on
Ag"CD4" T cells that were selected and reclustered. We obtained 10
clusters, representing different subpopulations of Ag™ T cells. We
found naive T cells that were defined as CD45RA*CCR7°CD27"
CD95", Tsey as CD45RA*CCR7*CD27°CD95", CM Th1 as CCR7"
CD45RA"CCR6 CXCR3" (CM Thl), CM ThO/Th2 as
CCR7"CD45RA"CCR6 CXCR37, CM Th17 as CCR7"
CD45RA"CCR67CXCR37, CM CXCR5" as CCR7"CD45RA"~
CXCR5"PD-17, circulating T follicular helper as CCR7"CD45RA™
CXCR5"PD-1" (cTth), TM Thl as CCR7 CD45RA~CD28"CXCR3*
(TM Th1), TM Th0/Th2 as CCR7 CD45RA"CD28"CCR6 CXCR3",
and TM Th17 as CCR7 CD45RA™CD28"CCR6*CXCR3 ™ (Figure 1C).

The percentage of total CD4" and Ag" CD4" T cells was similar
among the three groups (Figures 1D, E). Despite that, within the
latter, we observed a different distribution of the populations among
REC and vaccinated groups (both MIX and RNA). RNA displayed
higher percentages of CM Thl, CM Th0/Th2, and TM Thl if
compared to those in REC subjects. Moreover, both MIX and RNA
showed a lower percentage of cTth cells (Figure 1F). No differences
were found between Ag"CD4" T-cell clusters of MIX and RNA.
Similar percentages of all other clusters were present in REC, MIX,
and RNA subjects (Supplementary Figure S4).

Vaccinated individuals showed a higher
percentage of Tcl-like Ag-specific
CD8™* T cells compared to that of
recovered subjects

The AIM assay was used for CD8" T-cell analysis to identify and
quantify SARS-CoV-2-specific (see Methods). We first manually
gated different subpopulations of T cells on the basis of
differentiation markers and cytotoxic-polarization markers (Tc-
polarization). We observed that Ag'CD8" T cells, if compared to
Ag CD8" T lymphocytes, displayed lower percentages of N and
higher percentages of Tscv, CM, and TM; similar percentages of
both EM and EMRA were found (Supplementary Figures S5A, B). In
terms of Tc-polarization, similar percentages of Tcl cells were found
within Ag” and Ag"CD8" T cells. However, Ag"CD8" T cells were
characterized by higher percentages of both Tc17 and Tc1/Tc17 and
lower percentages of Tc0/Tc2 (Supplementary Figure S5C).

As for CD4" T-cell analysis, we applied unsupervised analysis and
found 21 clusters, of which six were SARS-CoV-2-reactive CD8" T cells
(Figures 2A, B; Supplementary Figure S6A). Considering Ag CD8" T cells,
both MIX and RNA showed increased levels of TM Tc17 CD69*, TM Tc0/
Tc2, and TM Th0/Th2 PD1* CXCR5" if compared to those of REC
subjects. Furthermore, RNA showed a higher percentage of TM Tcl PD1*
CXCR5" compared to those of REC and MIX (Supplementary Figure S7).
Ag'CD8" T cells were selected and after reclustering, 11 clusters were
identified. Besides naive T cells and Tscy, defined as CD45R
ATCCR77CD277CD28"CD95~ and CD45RATCCR7"CD27"
CD28"CD95", respectively, we found two clusters of CM T cells defined
as follows: CM Tcl PD-1" that were CD45RA"CCR7*CD28"CXCR3"PD-
1" and CM Tcl PD-1" that were CD45RA™CCR7"CD28"CXCR3"PD-1".

Among effector Ag"CD8" T cells, we found five clusters defined as
TM Tcl PD-1 (CCR7 CD45RA™CD28*CXCR3*PD-17), TM Tcl
PD-1* (CCR7 CD45RA™CD28*CXCR3"PD-1"), TM Tc0/Tc2
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(CCR7 CD45RACD28"CCR6 CXCR37), TM Tcl7
(CCR7"CD45RA™CD28"CCR6"CXCR37), and EM Tcl CD57" PD-
1" (CCR7 CD45RA™CD28 CD57"PD-1").
populations of effector memory cells reexpressing CD45RA
(EMRA) were detected, i.e., EMRA Tcl CD57  PD-1"
(CCR7"CD45RA"CXCR3*"CD57 PD-17), EMRA Tcl CD57" PD-17
(CCR7 CD45RA"CXCR3"CD57PD-17), and EMRA Tcl CD57"
PD-1" (CCR7"CD45RA*CXCR3*CD57*PD-17) (Figure 2C).
Similar percentages of total CD8" and Ag"'CD8" T cells were
found among the three groups (Figures 2D, E). However, within the

Moreover, three

Ag" population, we observed increased percentages of EM Tcl CD57*
PD-1" in both vaccinated groups if compared to that in the recovered
ones (Figure 2F). Furthermore, MIX and RNA showed increased
levels of EMRA Tcl CD57" PD-1" terminal effector CD8" T cells
compared to that in REC. Finally, we observed that the percentage of
EMRA Tcl CD57" PD-1" terminal effector CD8" T cells was higher
in MIX compared to those of both REC and RNA (Figure 2E). Similar
percentages of all other subpopulations were found among REC, MIX,
and RNA (Supplementary Figure S8).

Patients who recovered from COVID-19
display more polyfunctional antigen-specific
CD4™ T cells compared to those in
vaccinated donors

Besides Th-polarization, the functional properties of Ag"-specific T
cells were investigated by measuring the percentages of cells producing
IEN-y, tumor necrosis factor (TNF), interleukin (IL)-2, IL-17, and
granzyme B (GZMB), along with the expression of the degranulation
marker CD107a. The percentages of cells producing cytokines were
assessed following 16 h of in vitro stimulation with SARS-CoV-2 peptide
pool covering the complete sequence of Wuhan SARS-CoV-2 spike
glycoprotein. The gating strategy is reported in Supplementary Figure S9.

REC displayed a higher percentage of CD4" T cells producing
TNF, IL-2, and IL-17 than that in the MIX group, but not with respect
to that of the RNA group. Furthermore, a higher percentage of CD4"
T cells producing IL-2 and TNF was observed in RNA compared to
that in MIX subjects. Similar percentages of IFN-y, CD107a, and
GZMB were found among the three groups (Figure 3A, B).

Polyfunctional properties were investigated in CD4" and CD8" T
cells by analyzing the simultaneous production of TNF, CD107a,
IFN-y, IL-2, and IL-17 using the bioinformatic Simplified
Presentation of Incredibly Complex Evaluation (SPICE) tool.
Among CD4" T cells, REC exhibited a different polyfunctionality
profile from those who had been vaccinated (Figure 3C). In particular,
REC displayed a higher percentage of CD4" T cells simultaneously
producing IL-2 and TNF compared to those in MIX and RNA. The
percentage of CD4" T cells producing TNF or IL-17 was higher in
REC compared to those in both vaccinated groups. Moreover, RNA
exhibited higher percentages of CD4" T cells simultaneously
producing IL-2 and TNF or IL-2 alone compared to those in MIX.
Furthermore, we found that both vaccinated groups displayed higher
percentages of cells defined as “highly polyfunctional” as
simultaneously producing CD107a, IFEN-y, IL-2, and TNF compared
to those in REC (Figure 3D). The functional properties of CD8" T
were similar between the three groups (Supplementary Figure S10).
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FIGURE 2

Immune phenotyping of antigen-specific CD8* T cells. (A) UMAP plot shows the 2D spatial distribution of 3,723,899 cells from nine donors who recovered from
SARS-CoV-2 infection (REC, severe = 4 and moderate = 5) and 23 vaccinated donors (MIX = 11 and RNA = 12) embedded with FlowSOM clusters. Ag*, antigen-
specific CD8" T cells; Ag™, non-antigen-specific CD8" T cells. (B) Heatmap of the median marker intensities of the 12 lineage markers across the 21 cell
populations obtained with FlowSOM algorithm after the manual metacluster merging. The colors of cluster_id column correspond to the colors used to label the
UMAP plot clusters. The color in the heatmap is referred to the median of the arcsinh marker expression (0—1 scaled) calculated over cells from all of the
samples. Blue represents lower expression, while red represents higher expression. Light gray bar along the rows (clusters) and values in brackets indicate the
relative sizes of the clusters. N, naive; CM, central memory; TM, transitional memory; EM, effector memory; EMRA, effector memory reexpressing the CD45RA.
The black bar on the right is used to group Ag* or Ag™ subpopulations. (C) Uniform Manifold Approximation and Projection UMAP and heatmap visualization of 11
manually merged antigen-specific CD8" T cell clusters. (D) Representative dot plots showing manual gating analysis of Ag-specific (CD137*CD69") CD8" T cells
after overnight stimulation with spike protein compared to unstimulated control [activation-induced marker assay (AIM assay)l. Numbers in the dot plots indicate
the percentage of cells identified by manual gating. (E) Dot plots show the total percentage of antigen-specific CD8" T cells. Kruskal-Wallis test with Benjamini—
Hochberg correction for multiple comparisons was used to test the differences among the three groups. (F) Dot plots show the relative cell percentage of the
antigen-specific CD8"* T-cell clusters of nine donors who recovered from SARS-CoV-2 infection (REC, severe = 4 and moderate = 5) and 23 vaccinated donors
(MIX = 11 and RNA = 12). The central bar represents the mean + SEM. Generalized linear mixed model GLMM test was used for the statistical analysis. Adjusted P-
values are reported in the figure. ns, not significant.

Vaccinated donors showed a higher
percentage of antigen-specific and activated
memory B cells expressing IgG compared to
that in REC

SARS-CoV-2 antibodies decline already as early as 21 days after
infection or vaccination (6). However, long-lived MBCs constitute a

Frontiers in Immunology

durable long-term memory and provide a rapid recall response
differentiating into high-affinity matured plasma cells (35). For this
reason, we measured the frequencies of circulating SARS-CoV-2
spike-specific B cells (Ag" B cells) (see Methods).

Similar percentages of total B cells were found among the three
groups (Figure 4A). However, both MIX and RNA showed a higher
percentage of Ag" B cells (defined as CD45"CD19*decoy Spike-
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FIGURE 3
Cytokine production and polyfunctionality of antigen-specific CD4™ T cells. (A) Representative dot plots showing manual gating analysis of intracellular
cytokine production of CD4" T lymphocytes after overnight stimulation with spike protein compared to unstimulated control. Numbers in the dot plots
indicate the percentage of cells identified by the gates. (B) Comparison between the total production of IFN-y, TNF, IL-17, IL-2, CD107a, and GZMB by
CD4" T cells after in vitro stimulation with 15-mer peptides, covering the complete sequence of Wuhan SARS-CoV-2 spike glycoprotein. Data represent
individual values from nine healthy subjects who recovered from SARS-CoV-2 infection (REC, severe = 4 and moderate = 5) and 23 vaccinated donors (MIX=
11 and RNA = 12). Mean (center bar) + SEM (upper and lower bars). Kruskal—Wallis test with Benjamini—Hochberg correction for multiple comparisons was
used to test the differences among the three groups. (C) Pie charts representing the proportion of responding CD4* T cells producing different combinations
of CD107a, IL-2, IL-17, IFN-y, and TNF after in vitro stimulation with 15-mer peptides, covering the complete sequence of Wuhan SARS-CoV-2 spike
glycoprotein. Frequencies were corrected by background subtraction as determined in non-stimulated controls using SPICE software. Pie arches represent
the total production of different cytokines. (D) Percentage of polyfunctional population within CD4™ T cells. Kruskal—Wallis test with Benjamini—Hochberg
correction for multiple comparisons was used to test the differences among the three groups. Adjusted P-values are indicated in the figure.

BUV661"Spike-BV650") when compared to that in  memory unswitched and of CD27 IgD™ B cells (Supplementary
REC (Figure 4B). Figure S11A). Moreover, after vaccination or SARS-CoV-2

By applying manual gating, we observed that Ag" B cells infection, ~42%-96% of Ag" B cells were IgG". This percentage
compared to its Ag™ counterpart displayed a lower percentage of  decreased to ~5%-22% in the Ag™ B cells, where ~69%-90% of cells
naive B cells and an increased percentage of memory switched, were IgD'IgM" (Supplementary Figure S11B). Furthermore, the
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FIGURE 4

Immune phenotyping of antigen-specific CD19" B cells. (A) Dot plots show the total percentage of CD19" B cells. Kruskal-Wallis test with Benjamini—Hochberg
correction for multiple comparisons was used to test the differences among the three groups. (B) Dot plots show the total percentage of antigen-specific CD19*
B cells (left); representative dot plots showing manual gating analysis of Ag* B cells from REC, MIX, and RNA. Numbers in the dot plots indicate the percentage of
cells identified by the gates (right). Kruskal-Wallis test with Benjamini—Hochberg correction for multiple comparisons was used to test the differences among the
three groups. (C) UMAP plot shows the 2D spatial distribution of 3,057,659 cells from nine donors who recovered from SARS-CoV-2 infection (REC, severe = 4
and moderate = 5) and 23 vaccinated donors (MIX = 11 and RNA = 12) embedded with FlowSOM clusters. Ag*, antigen-specific CD19" B cells; Ag™, non-antigen-
specific CD19* B cells. (D) Heatmap of the median marker intensities of the 10 lineage markers across the 15 cell populations obtained with FlowSOM algorithm
after the manual metacluster merging. The colors of cluster_id column correspond to the colors used to label the UMAP plot clusters. The color in the heatmap
is referred to the median of the arcsinh marker expression (0—1 scaled) calculated over cells from all of the samples. Blue represents lower expression, while red
represents higher expression. Light gray bar along the rows (clusters) and values in brackets indicate the relative sizes of the clusters. N, naive; TrB, transitional B
cells; MBC, memory B cell; atBC, atypical B cell. (E) Dot plots show the percentage of 15 Ag* B cell clusters among nine donors who recovered from SARS-CoV-
2 infection (REC, severe = 4 and moderate = 5) and 23 vaccinated donors (MIX = 11 and RNA = 12). The central bar represents the mean + SEM. GLMM test was
used for the statistical analysis. Adjusted P-values are reported in the figure. (F) Anti-spike and anti-RBD IgG concentrations in plasma samples from REC, MIX,
and RNA individuals. Kruskal—Wallis test with Benjamini—Hochberg correction for multiple comparisons was used to test the differences among the three groups.
Adjusted P-values are indicated in the figure.

percentage of IgA" B cells was higher in the Ag™ compartment from naive to atypical B cells (atBCs; CD21 CD27 CD387) (36)
(Supplementary Figure S11B). (Figures 4C, D; Supplementary Figure S12A).

To deeply characterize both Ag™ and Ag" B cells, we took advantage Besides naive and transitional B cells (TrB), respectively defined as
of unsupervised clustering. The analysis revealed 15 clusters, spanning  naive: CD20"CD21"CD24"CD38 IgD"IgM"* and TrB: CD20'CD21"
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CD24'CD38'IgD'IgM", we found five clusters of MBCs defined as
follows: MBC IgD* IgM* (CD20"CD21"CD24"CD27*IgD*IgM*), MBC
IgA* (CD207CD217CD24"CD27"IgA"), MBC IgG" (CD20*CD21"
CD247CD27"1gG"), MBC IgA™ CD71" (CD20"CD21"CD24"
CD27'IgA*CD71%), and MBC IgG" CD71" (CD20"CD21"CD24"
CD27'IGACD71%). Among plasmablasts (PBs), we found the
following three clusters: PB IgA* as CD27"CD71"CD38""IgA", PB
IgM" as CD27"'CD71"CD38""IgM", and PB IgG" as CD27'CD71"
CD38""IgG". Together with naive, TrBs, MBCs, and PBs, we identified
five clusters of atBCs, i.e., atBC1 as CD21"CD27 CD20'IgG", atBC2 as
CD21"CD27 CD24"CD20"IgG", atBC3 as CD21 CD27 CD20'IgD",
atBC4 as CD21 CD27 CD20'IgD'IgM", and atBC5 as CD21~
CD27 CD20"CD24".

Within Ag™ B cells, MIX and RNA showed higher levels of MBC
IgD"IgM" and lower levels of atBC5 compared to those in REC
(Supplementary Figure S13). Within Ag” B cells, MIX and RNA
displayed lower percentages of naive, MBC IgA™, and atBC4 B cells if
compared to those in REC, while the percentages of MBC IgG"
CD71" and atBC2 were significantly higher (Figure 4E). Moreover,
REC displayed a higher percentage of atBC4 cells if compared to those
in MIX and RNA (Figure 4E). Similar percentages of all other
subpopulations were found among REC, MIX, and RNA subjects
(Supplementary Figure S14).

In addition, we measured IgG antibodies able to bind the spike
and the RBD of the S1 subunit of the spike protein (the latter known
as neutralizing antibodies). We observed that both vaccinated groups
had higher levels of anti-spike and anti-RBD-binding IgG compared
to those in REC subjects (Figure 4F).

Recovered patients show different
immunological profiles compared to those
of vaccinated donors

The principal component analysis (PCA) computed using the
complete phenotype of Ag™ B and T cells, CD4" T cell
polyfunctionality, plasmatic anti-spike, and anti-RBD antibodies
showed that the group of REC clusters in a different position of the
two-dimensional PCA space if compared to MIX and RNA, which are
almost entirely overlapping (Figure 5A, left). Immune features related
to the amount of MBC IgA, CD107a IFN-y IL2 TNF'IL17",
CD107a IFN-y IL2"TNF'IL17", CD107a IFN-y IL2 "TNF IL17", and
naive B cells (more abundant in REC subjects) were the main drivers of
the clusterization of samples in two different areas (Figure 5A, right).
Moreover, the picture of PCA contribution also reveals that both
vaccinated groups were characterized by increased levels of MBC IgG
CD71%, anti-spike, and anti-RBD IgG antibodies (Figure 5A, right).

By using the same parameters used to perform the PCA, we
assessed the existence of immunological correlations between the
variables within the REC, MIX, and RNA groups. It is to note that in
REC, but not in the MIX and RNA groups, a strong positive
correlation was present among the percentages of MBC IgA CD71"
and all polyfunctional CD4" T-cell subsets (Figure 5B, Supplementary
Figure S15). The percentages of MBC IgD" IgM", transitional, and
naive B cells inversely correlate with all polyfunctional CD4" T-cell
subsets (Figure 5B, Supplementary Figure S15).
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Discussion

Vaccines are designed to induce a long-term adaptive immune
response that confers durable protection. In this study, as revealed by
PCA, we report that COVID-19 recovered patients show different
long-term immunological profiles compared to those of donors who
had been vaccinated with three doses (either with adenovirus or
mRNA technologies). Vaccinated individuals display a skewed Thl
Ag-specific T-cell polarization and a higher percentage of Ag-specific
and activated MBCs expressing IgG compared to those of patients
who recovered from severe COVID-19. Different polyfunctional
properties characterize the two groups: recovered individuals show
higher percentages of CD4" T cells producing one or two cytokines
simultaneously, while vaccinated donors are distinguished by highly
polyfunctional populations able to release four molecules such as
CD107a, IFN-y, TNF, and IL-2.

SARS-CoV-2 entry route shapes the innate immune response, as
major players such as macrophages and neutrophils contribute to
recruit T and B cells that should mount a local specific immune
response, with the consequent production of mucosal antibodies. This
means that different adaptive mechanisms are involved in the
protective immunity generated by the infection or vaccination.
Indeed, we found that recovered individuals are characterized by
higher percentages of MBCs producing IgA if compared to those of
vaccinated ones. However, systemic and mucosal IgA responses are
variably induced in response to vaccination and are associated with
protection against subsequent infection (37, 38).

SARS-CoV-2-specific cells wane more slowly than do antibodies
[reviewed in (39)], and T cells able to exert an efficient protection are
those capable of exerting many functions simultaneously.
Polyfunctional T-cell responses have been documented also in
HIV-1 (40), hepatitis B virus vaccine (41), and vaccinia-induced
responses (42), indicating that highly functional T-cell responses
are commonly found in response to other viral infections and
vaccination and are effectively controlled by cellular immunity. The
functional population able to produce four cytokines or more is likely
of significant immunologic importance because it could directly
eliminate virally infected cells (assuming that such cells express or
upregulate CD107a) and suppress viral replication while maintaining
itself without CD4" T-cell help through autocrine production of IL-2.

We found that vaccinated donors are characterized by MBCs IgG-
switched that express CD71. Ag-specific B cells can be divided into
antibody-secreting cells (or PBs) and MBCs after infection or
vaccination. A particular subset of B cells, called activated B cells, is
distinct from antibody-secreting cells and is committed to the MBC
lineage. Activated B cells are characterized by the expression of CD71,
which is the transferrin receptor and indicates higher activation status
and proliferative capabilities (43). This population is also typically
found in blood after infection with Ebola or influenza virus and also
after vaccination (44-46).

As far as vaccination strategy is concerned, the ChAdOx1 vaccine
uses a nonreplicating adenovirus as a vector to introduce into the cells
of the recipient’s DNA coding for the spike protein of SARS-CoV-2.
BNT162b2 instead uses messenger RNA (mRNA) coding for spike,
which cells take up and use to synthetize the protein. mRNA vaccines
are good at inducing antibody responses, and the vector-based
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FIGURE 5

Principal component analysis and correlogram reveal that REC is different from MIX and RNA. (A) (Left) Principal component analysis (PCA) using the plasma
level of anti-SARS-CoV-2 IgG antibodies, Ag-specific T, B-cell percentages, and the fraction of polyfunctional CD4* T cells from REC, MIX, and RNA subjects.
REC, green circles (n = 9); MIX, blue circles (n = 11); RNA, orange circles (n = 12). (Right) Contribution of the different variables to PCA. The color of the
arrows underlines the contribution level, while the position underlines the positive or negative contribution. Negatively correlated variables are positioned on
opposite sides of the plot origin (opposed quadrants). (B) Correlogram of REC. Spearman R (p) values are shown from brown (-1.0) to green (1.0); color
intensity and areas of square are proportional to correlation coefficients R. Spearman rank two-tailed P-value was indicated by *P < 0.05, **P < 0.01, and
***P < 0.001. Additional XY scatter plots that specifically show the relationship between the variables that are most correlated are displayed. Each scatter plot
reports the regression line (blue), the Spearman R (p) value, the exact two-tailed P-value, and the 95% confidence bands (light gray).

vaccines are better at triggering T-cell responses. In a Spanish study,
people who received a dose of the Pfizer-BioNTech vaccine 8 weeks
after an initial AstraZeneca dose had few side effects and a robust
antibody response 2 weeks after the second shot, suggesting that
mixing the two types of vaccine may give the immune system multiple
ways to recognize a pathogen (47). However, in our small cohort of
vaccinated individuals, the immunological response was not different
in the two groups of individuals who received different vaccination

Frontiers in Immunology

strategies likely because the immune response has been investigated
after the third dose.

We are well aware that this study has some limitations. First of all,
the number of patients studied is low, but the B- and T-cell
compartments were investigated in-depth in terms of phenotype
and functionality. Second, the number of days post symptom onset
(for recovered individuals) or after the third dose of the vaccine (for
vaccinated ones) is different. This could be relevant when interpreting
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the results regarding SARS-CoV-2-specific antibodies or the
percentage of Ag-specific B cells and cTfh cells in recovered
patients. Third, a group of donors who developed hybrid immunity
characterized by immunity developed by natural infection
and vaccination.

However, our study can provide a novel characterization of the
humoral and cellular immune responses upon COVID-19
vaccination or infection by including the fine phenotypic and
functional analysis of Ag-specific B and T cells together with the
comparison between different vaccination strategies (after the third
dose of vaccination) and natural infection.

Methods

Blood collection and isolation of
mononuclear cells

Up to 30 ml of blood was collected from each patient in vacuettes
containing ethylenediaminetetraacetic acid (EDTA). Blood was
immediately processed. Isolation of PBMCs was performed using
Ficoll-Hypaque according to standard procedures (48). PBMCs were
stored in liquid nitrogen in fetal bovine serum (FBS) supplemented with
10% dimethyl sulfoxide (DMSO). Plasma was stored at -80°C until use.

Activation-induced cell marker assay and
T-cell phenotype

Isolated PBMCs were thawed and rested for 6 h. After resting,
CD40-blocking antibody (0.5 pg/ml final concentration) (Miltenyi
Biotec, Bergisch Gladbach, Germany) was added to the cultures
15 min before stimulation. PBMCs were cultured in a 96-well plate
in the presence of 15-mer peptides with 11-amino acid overlap,
covering the complete sequence of Wuhan SARS-CoV-2 spike
glycoprotein (PepTivator SARS-CoV-2 Prot_S complete, Miltenyi
Biotec, Bergisch Gladbach, Germany) together with 1 pg/ml of anti-
CD28 (Miltenyi Biotec, Germany). PBMCs were stimulated for 18 h
at 37°C in a 5% CO, atmosphere in complete culture medium (RPMI
1640 supplemented with 10% FBS and 1% each of L-glutamine,
sodium pyruvate, nonessential amino acids, antibiotics, 0.1 M 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), and 55 uM
B-mercaptoethanol) (33, 34). For each stimulated sample, an
unstimulated one was prepared as a negative control. After
stimulation, cells were washed with Phosphate buffer saline (PBS)
and stained with PromoFluor IR-840 (Promokine, PromoCell,
Heidelberg, Germany) for 20 min at room temperature (RT). Next,
cells were washed with FACS buffer (PBS added with 2% FBS) and
stained with the following fluorochrome-labeled monoclonal
antibodies (mAbs) for 30 min at 37°C: CXCR5-BUV661, CCR6-
BUV496, and CXCR3-BV785. Finally, cells were washed with FACS
buffer and stained for 20 min at RT with Duraclone IM T-cell panel
(Beckman Coulter, Brea, CA, USA) containing CD45-Krome Orange,
CD3-APC-A750, CD4-APC, CD8-AF700, CD27-PC7, CD57-Pacific
Blue, CD279 (PD1)-PC5.5, CD28-ECD, CCR7-PE, and CD45RA-
FITC and added with three other fluorescent mAbs, ie., CD69-
BV650, CD137-BUV395, and CD95-BV605. Samples were acquired

Frontiers in Immunology

1

10.3389/fimmu.2023.1123724

on a CytoFLEX LX flow cytometer (Beckman Coulter). All reagents
used for T-cell phenotype are reported in Supplementary Table S1. All
mAbs added to DuraClone IM T cells were previously titrated on
human PBMCs and used at the concentration giving the best signal-
to-noise ratio. The gating strategy used to identify CD4" and CD8" T
cells is reported in Supplementary Figure S16.

Intracellular cytokine staining

Isolated PBMCs were thawed and rested for 6 h. PBMCs were
then cultured in the presence of 15-mer peptides with 11-amino acid
overlap, covering the complete sequence of Wuhan SARS-CoV-2
spike glycoprotein (PepTivator SARS-CoV-2 Prot_S complete,
Miltenyi Biotec, Bergisch Gladbach, Germany) together with 1 ug/
ml of anti-CD28 (Miltenyi Biotec, Germany). PBMCs were stimulated
for 16 h at 37°C in a 5% CO, atmosphere in complete culture medium
(RPMI 1640 supplemented with 10% FBS and 1% each of L-
glutamine, sodium pyruvate, nonessential amino acids, antibiotics,
0.1 M HEPES, and 55 UM B-mercaptoethanol). For each stimulated
sample, an unstimulated one was prepared as a negative control. All
samples were incubated with protein transport inhibitor containing
brefeldin A (Golgi Plug, Becton Dickinson) and monensin (Golgi
Stop, Becton Dickinson) and previously titrated concentration of
CD107a-PE (BioLegend, San Diego, CA, USA). After stimulation,
cells were washed with PBS and stained with LIVE/DEAD fixable
Aqua (ThermoFisher Scientific, USA) for 20 min at RT. Next, cells
were washed with FACS buffer and stained with surface mAbs
recognizing CD3-PE.Cy5, CD4-AF700, and CD8-APC.Cy7
(BioLegend, San Diego, CA, USA). Cells were washed with FACS
buffer and fixed and permeabilized with the Cytofix/Cytoperm buffer
set (Becton Dickinson Bioscience, San Jose, CA, USA) for cytokine
detection. Then, cells were stained with previously titrated mAbs
recognizing IL-17-PE-Cy7, TNF-BV605, IFN-y-FITC, IL-2-APC, and
GZMB BV421 (all mAbs from BioLegend). Samples were acquired on
an Attune NxT acoustic cytometer (ThermoFisher Scientific, USA).
Supplementary Table S1 reports mADb titers, clones, catalog numbers,
and type of fluorochrome used in the panel. Gating strategy used to
identify and analyze the intracellular cytokine production of CD4"
and CD8" T lymphocytes is reported in Supplementary Figure S9.

Detection of SARS-CoV-2-specific B cells

Thawed PBMCs were washed twice with RPMI 1640 supplemented
with 10% FBS and 1% each of L-glutamine, sodium pyruvate,
nonessential amino acids, antibiotics, 0.1 M HEPES, 55 uM -
mercaptoethanol, and 0.02 mg/ml DNAse. PBMCs were washed with
PBS and stained using viability marker PromoFluor IR-840 (Promokine,
PromoCell, Heidelberg, Germany) for 20 min at RT in PBS. Next, cells
were washed with PBS and stained for 15 min at RT with streptavidin-
AF700 (decoy channel; ThermoFisher Scientific, USA) to remove false-
positive SARS-CoV-2-specific B cells. After washing with FACS buffer,
cells were stained with biotinylated full-length SARS-CoV-2 spike protein
(R&D Systems, Minneapolis, USA) labeled with different streptavidin-
fluorophore conjugates. Full-length biotinylated spike protein was mixed
and incubated with streptavidin-BUV661 (Becton Dickinson) or
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streptavidin-BV650 (BioLegend) at a 6:1 mass ratio for 15 min at RT. All
samples were stained with both fluorescent biotinylated biotinylated
spike protein for 1 h at 4°C. Then, cells were washed with FACS buffer
and stained for 20 min at RT with DuraClone IM B cells (Beckman
Coulter, Brea, CA, USA) containing the following lyophilized directly
conjugated mAbs: anti-IgD-FITC, CD21-PE, CD19-ECD, CD27-PC7,
CD24-APC, CD38-AF750, anti-IgM-PB, and CD45-KrO to which the
following drop-in antibodies were added: CD71-BUV395, CD20-BV785,
anti-IgG-BUV496, and anti-IgA-PerCP-Vio700. Samples were acquired
on a CytoFLEX LX flow cytometer (Beckman Coulter). A minimum of
1,000,000 cells per sample were acquired. All reagents used for B-cell
phenotype are reported in Supplementary Table S1. All mAbs added to
DuraClone IM B cells were previously titrated on human PBMCs and
used at the concentration giving the best signal-to-noise ratio. The gating
strategy used to identify Ag™ and Ag" B cells is reported in
Supplementary Figure S17.

Computational analysis of flow
cytometry data

T-cell analysis

Compensated Flow Cytometry Standard (FCS) 3.0 files were
imported into FlowJo software version v10.7.1 and analyzed by
standard gating to remove doublets, aggregates, and dead cells. For ex
vivo immunophenotyping of non-antigen-specific (Ag") and antigen-
specific (Ag") T cells of both CD4" and CD8", we analyzed only the
data of stimulated samples. For each sample, we therefore selected data
from all living CD4" or CD8" T cells and imported them in R using
flowCore package v2.4.0 (49) for a total of 8,436,275 CD4" T cells (of
which 89,400 were SARS-CoV-2-specific) and 3,723,899 CD8" T cells
(of which 20,413 were SARS-CoV-2-specific). Further analysis was
performed using CATALYST v1.17.3 (50). All data obtained by flow
cytometry were transformed in R using hyperbolic arcsine “arcsinh (x/
cofactor)” applying manually defined cofactors (where x is the
fluorescence-measured intensity value). Clustering and dimensional
reduction were performed using FlowSOM (version 2.4.0) and Uniform
Manifold Approximation and Projection (UMAP) (version 0.2.8.0)
algorithms, respectively. The Ag" CD4" and CD8" T-cell clusters have
been reanalyzed more in-depth by performing a new step of clustering
using the following markers: CD45RA, CCR7, CD27, CD28, PD-1,
CCR6, CXCR3, CXCR5, and CD95. Starting from 15 clusters of either
CD4" T cells or CD8" T cells, reclustering gave origin to 10 clusters of
CD4" T cells and 11 of CD8" T lymphocytes. The quality control (QC)
of clustering for CD4" and CD8" T cells is reported in Supplementary
Figures S2 and S6, respectively.

B-cell analysis

Compensated FCS 3.0 files were imported into FlowJo software
version v10.7.1 and analyzed by standard gating to remove doublets,
aggregates, and dead cells and identify CD19" B cells. Then, from the
total CD19" B cells, we excluded decoy-positive B cells to remove false-
positive SARS-CoV-2-specific B cells. For each sample, we selected the
SARS-CoV-2-specific B cells as positive cells for both Spike_streptavidin-
BUVG661 and Spike_streptavidin-BV650 (we referred to as Ag™ B cells).
The remaining double-negative cells were non-SARS-CoV-2-specific B
cells (we referred to as Ag™ B cells). Then, we exported for each sample
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separately both Ag" and Ag™ B cells and imported them in R using
flowCore package v2.4.0 for a total of 3,057,659 CD19" B cells (of which
9,898 were SARS-CoV-2-specific). The unsupervised analysis was
performed using CATALYST v1.17.3. All data were transformed in R
using hyperbolic arcsin (arcsinh x/cofactor) applying manually defined
cofactors (where x is the fluorescence-measured intensity value).
Clustering and dimensional reduction were performed using FlowSOM
and UMAP algorithms, respectively. The QC of clustering for B cells is
reported in Supplementary Figure S12.

Measuring anti-SARS-CoV-2 anti-spike and
anti-RBD IgG antibodies

Anti-spike antibody levels were measured by qualitative and
semiquantitative chemiluminescent microparticle immunoassay
(CMIA). AdviseDx SARS-CoV-2 IgG II assay (Abbott) was used to
detect plasmatic IgG antibodies able to bind the RBD of the Sl
subunit of the spike protein. Plasma, SARS-CoV-2 Ag-coated
paramagnetic microparticles, and assay diluent are combined and
incubated. The anti-spike IgG antibodies present in the sample bind
to the SARS-CoV-2 Ag-coated paramagnetic microparticles. The
mixture was then washed. Anti-human IgG acridinium-labeled
conjugate was added and incubated to create a reaction mixture.
The resulting chemiluminescent reaction was measured as a relative
light unit (RLU). There is a direct relationship between the amount of
IgG antibodies to SARS-CoV-2 in the sample and the RLU detected
by the system optics. Results from the anti-spike AdviseDx SARS-
CoV-2 IgG II assay are reported as arbitrary units per milliliter (AU/
ml). As recommended, we applied a cutoff of 50 AU/ml as a positive
threshold. Every measurement was performed on Abbott “Alinity I”
platform. The level of anti-RBD IgG antibodies was calculated by
using NAB Neutralizing Antibody kit (SGM Italia).

Principal component analysis and correlation plot
PCA was performed and visualized in R using prcomp and pca3d
package. To perform PCA, we used a matrix containing the level of
plasmatic anti-SARS-CoV-2 IgG antibodies, Ag-specific T, B-cell
percentages, and the fraction of polyfunctional CD4™ T cells
(Supplementary Table S2). The total contribution of a given variable
retained by PC1 and PC2 is equal to [(C1 * Eigl) + (C2 * Eig2)]/(Eigl +
Eig2), where C1 and C2 are the contributions of the variable on PC1
and PC2; Eigl and Eig2 are the eigenvalues of PC1 and PC2.
Correlation analysis was performed on the same parameters used to
run the PCA (see above) except the following features that were not used
for the correlation analysis of REC donors because they were not available:
PB IgA, PB, and CD107a'TFN-y' IL2"TNF'IL17". Pairwise correlations
between variables were calculated and visualized as a correlogram using R
packages stats (version 3.6.2) and corrplot (version 0.90). Spearman’s rank
correlation coefficient (p) was indicated by color scale; significance was
indicated by asterisks (* P < 0.05; ** P < 0.005; *** P < 0.0005).

Statistical analysis

Differential cell population abundance analysis was performed
using generalized linear mixed model (GLMM) implemented within
diffcyt package (51) applying FDR cutoff = 0.05; each P-value was
reported in the figure. Quantitative variables were compared using
Kruskal-Wallis nonparametric test corrected for multiple
comparisons by controlling the false discovery rate (FDR), method
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of Benjamini and Hochberg. Statistically significant adjusted P-values
are represented. Statistical analysis of cytokine production was
performed using GraphPad Prism version 8 (GraphPad Software
Inc., La Jolla, USA). The total percentage of Ag-specific (Ag"CD4"
and Ag"CD8") T-cell data has been calculated as background
subtracted data. SPICE software (version 6, kindly provided by Dr.
Mario Roederer, Vaccine Research Center, NIAID, NIH, Bethesda,
MD, USA) was used to analyze flow cytometry data on T-cell
polyfunctionality (52). Data from the total cytokine production are
represented as individual values, means, and standard errors of the
mean. Regarding polyfunctionality, data in pie charts are represented
as median values, and statistical analysis was performed using the
permutation test. Data in graphs are represented as individual values,

means, and standard errors of the mean.
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Disease-modifying therapies (DMT) administered to patients with multiple
sclerosis (MS) can influence immune responses to SARS-CoV-2 and

vaccine efficacy. However, data on the detailed phenotypic, functional and
metabolic characteristics of antigen (Ag)-specific cells following the third dose
of mRNA vaccine remain scarce. Here, using flow cytometry and 45-parameter
mass cytometry, we broadly investigate the phenotype, function and the
single-cell metabolic profile of SARS-CoV-2-specific T and B cells up to 8
months after the third dose of mRNA vaccine in a cohort of 94 patients with
MS treated with different DMT, including cladribine, dimethyl fumarate,
fingolimod, interferon, natalizumab, teriflunomide, rituximab or ocrelizumab.
Almost all patients display functional immune response to SARS-CoV-2.
Different metabolic profiles characterize antigen-specific-T and -B cell
response in fingolimod- and natalizumab-treated patients, whose immune
response differs from all the other MS treatments.

The immunosuppressive and immunomodulatory disease-modifying
therapies (DMT) used for multiple sclerosis (MS) act at different levels,
i.e., inhibiting the expansion of activated lymphocytes (teriflunomide),
redirecting pathological immune cells away from the central nervous
system [natalizumab, fingolimod (FTY)] or depleting immune cell
subsets (B and T cells; anti-CD20, cladribine)". In treated patients, DMT
can introduce risk for increased infections, reduced vaccine

effectiveness or reduce the duration of specific immunity. These
aspects are of critical importance, especially in the course of a pan-
demic such as that due to SARS-CoV-2, where the host immune
response is crucial®*, and that was effectively fought by several dif-
ferent vaccines.

In patients with MS, DMT such as interferon (IFN)-B, glatiramer
acetate and dimethyl fumarate (DMF) are not expected to compromise
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vaccine efficacy®, although the effect of DMF-induced lymphopenia on
vaccine efficacy is unknown, and attenuated vaccine responses in
patients with moderate or severe lymphopenia is conceivable*. A
modestly diminished rate of immune response to vaccines was
described in patients treated with teriflunomide, even if this did not
compromise the achievement of seroprotective antibody levels®. Valid
immune response to diphtheria-tetanus toxoid and to Keyhole limpet
hemocyanin (KLH) was found in natalizumab-treated patients'®, while
HINI and seasonal influenza vaccination provided evidence that an
adequate response to the immunization may not occur in some
patients""%, Adequate immune responses to seasonal influenza vaccine
and tetanus toxoid booster were detected in patients receiving FTY".
On the other hand, MS patients treated with cell-depleting agents
(such as ocrelizumab, rituximab, ofatumumab, alemtuzumab, and
cladribine) displayed attenuated vaccine responses, especially if they
were vaccinated during the maximum cell depletion period. Periph-
erally B cell-depleted ocrelizumab recipients mounted attenuated
humoral responses to clinically relevant vaccines and the neoantigen
KLH, suggesting that use of standard non-live vaccines while on
ocrelizumab treatment requires careful considerations™. It is never-
theless recommended to vaccinate patients for seasonal influenza
because a potentially protective humoral response, even if attenuated,
can be expected”.

How different DTM affect vaccination effectiveness and safety in
patients with MS was highlighted during the outbreak of coronavirus
diseases (COVID-19). In particular, therapies with anti-CD20 (ritux-
imab/ocrelizumab) monoclonal antibodies or with the sphingosine-
phosphate receptor modulator (FTY) have been shown to weaken the
formation of immune response after SARS-CoV-2 vaccination®'. MS
patients treated with teriflunomide or alemtuzumab achieved effective
humoral and cellular immune responses up to 6 months following the
second COVID-19 vaccination. Immune responses were reinforced
following the third vaccine booster®>. However, the response to vac-
cination was mainly measured by humoral responses (in term of anti-
body titers in plasma) and or production of interferon (IFN)-y by T cells
as correlate for a protective response. However, the protective capa-
city of the adaptive immune response to SARS-CoV-2 depends not only
on virus-specific antibodies, but also on the cellular response®. The
phenotype of antigen-specific (Ag") T cells of patients treated with
rituximab/ocrelizumab displayed a skewed response, mostly com-
promising circulating follicular helper T (Tfh) cell responses and aug-
menting the induction of CD8" T cell’>. Moreover, when compared to
healthy donors (HD), MS patients showed lower percentages in Ag-
specific cells able to produce IFN-y, interleukin (IL)-2 and tumor
necrosis factor (TNF)*.

A detailed overview of different functional and metabolic fea-
tures of the long-term immune response after vaccination in
relapsing-remitting (RR) MS patients treated with different DMT is
still missing. Here, we broadly interrogate SARS-CoV-2 antigen-
specific T and B cells 6 months after the third dose of mRNA vac-
cine in a cohort of 94 MS patients treated with different DMT such as
cladribine, DMF, FTY, IFN-$, natalizumab, teriflunomide or rituximab/
ocrelizumab. By using 21-parameter flow cytometry, we investigate
the phenotype and function of antigen-specific T and B cells. In
addition, the metabolic profile of such cells is examined using 45-
parameter mass cytometry, allowing profiling of the metabolic reg-
ulome at the single-cell level (scMEP)**>*¢, We find that almost all
patients develop a detectable and functional SARS-CoV-2 immune
response. In particular, we show that a diverse metabolic profile
characterizes antigen-specific T and B cell response in FTY- and
natalizumab-treated MS patients, who generate a unique immune
response that differs from all other MS treatments. Finally, using our
own approach of prediction analysis, we identify a SARS-CoV-2 spe-
cific immunological signature that could likely predict protection
from breakthrough SARS-CoV-2 infection.

Results

Demographic and clinical characteristics of the patients

MS patients and healthy donors had a median age of 44.0 (interquartile
range, IQR: 41.5-48.5), were mostly female (71.7%), with a median dis-
ease duration of 14.3 years (IQR: 10.0-17.1). The most common anti-
COVID-19 vaccine used was Pfizer-BioNTech (Comirnaty): 69 persons
(64.2%), followed by Moderna (Spikevax): 38 persons (35.8%). Median
time from the last dose of vaccine to sample collection was 4.4 months
(IQR: 3.8-5.3). Demographic and clinical characteristics of 94 MS
patients and 13 healthy donors (HD), the type of DMT at the time of
vaccination, the type of third dose vaccine and median range of time to
last administration, prior COVID-19 infection status, and relevant
comorbidities are shown in Supplementary Data 1. Patients were eli-
gible for inclusion if they met the following criteria: (a) a confirmed
diagnosis of Relapsing-Remitting Multiple Sclerosis (RRMS), and (b) a
history of treatment with FTY, dimethyl fumarate, natalizumab, or
teriflunomide for a minimum of 6 months, or having undergone at
least two infusion cycles with rituximab or ocrelizumab or completed
at least one full cycle of cladribine. Patients on ocrelizumab or ritux-
imab, as per routine clinical practice, underwent SARS-CoV-2 vacci-
nation at least six weeks before subsequent infusion or at least three
months after the last infusion. Exclusion criteria comprised treatment
with steroids during the preceding 6 weeks and a history of COVID-19
before vaccination. Patients treated with different DMT were enrolled
such as: natalizumab (n =15; 15.9%), DMF (n =18; 19.1%), DMF patients
with decreased absolute lymphocyte counts (<800/pL) at the time of
sampling, defined “DMF lymphopenic” (n=10; 10.6%), interferon IFN
(n=12;12.8%), FTY (n=14;14.9%), rituximab/ocrelizumab [n =11;11.7%,
which included those treated with ocrelizumab (n=7; 63.6%) or
rituximab (n=4; 36.4%)], cladribine (n=6; 6.4%), and teriflunomide
(n=8; 8.6%).

MS patients treated with different DMT develop similar
percentages of Ag" CD4" T cells, but these cells display a
different phenotype compared to healthy donors

First, we investigated by manual gating the percentage of CD4" T cells.
Figure 1A shows that lymphopenic patients treated with DMF displayed
higher percentage of CD4" T cells if compared to HD, while all other MS
patients treated with different therapies showed similar percentages of
CD4' T cells. The absolute number of CD4" T cells was lower in patients
treated with cladribine, FTY- and lymphopenic-DMF treated patients
and higher in those treated with natalizumab if compared to HD.

Then, we identified Ag" T cells, defined as cells expressing CD137
and CD69 after 18 h of in vitro stimulation with SARS-CoV-2 peptides
(Supplementary Fig. 1)°*. As shown in Fig. 1B, the percentage of Ag’
T cells within CD4" T cells was similar in all MS patients and HD,
confirming that MS patients treated with different drugs mount a
detectable specific T cell response. The absolute number of Ag" CD4"
T cells was lower in FTY-treated patients if compared to HD and DMF-,
IFN-, natalizumab-, teriflunomide- or rituximab/ocrelizumab-treated
patients.

Then, the pool of Ag' CD4" T cells was analyzed by an unsu-
pervised method, i.e., FlowSOM, to better depict their phenotype in
terms of differentiation and T helper polarization towards circulating
follicular helper (Tfh), ThO/Th2, Thl or Thi17 (Fig. 1C, Supplementary
Fig. 2). Cell clustering resulted in 15 different populations that repre-
sent the entire differentiation spectrum, from the most undiffer-
entiated cell type (i.e., naive) to the most differentiated one, such as
effector memory T cells (EM). The expression of antigens such as
CD45RA, CCR7, CD27, CD28 and CD95 was used to identify the dif-
ferentiation status to define naive (CD45RA*CCR7°CD27°'CD28°CD95"),
stem memory cell (Tscy, CD45RA'CCR7°CD27*CD28'CD95"), central
memory (CM, CD45RA"CCR7'CD27'CD28CD95"), transitional mem-
ory (TM, CD45RA"CCR7°CD27'CD28'CD95"), and effector memory
(EM) (CD45RA"CCR7°CD27'CD28 CD95"). Surface molecules such as
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CXCR3, CCR6, CXCRS5 and PD1 were used for a classification regarding
Th polarization, i.e., ThO/Th2 defined as CXCR3'CCR67, Thl as
CXCR3"CCR67, Th17 as CXCR3"CCR6", Th1/Th17 as CXCR3"'CCR6" and
Tfh as CXCR3"CCR6 CXCR5'PD1". Senescent T cells were characterized
by the expression of CD57 (Fig. 1C).

Even if MS patients mount a CD4" Ag' T cell response whose fre-
quency was similar among HD and MS patients treated with different

drugs, cellular composition was phenotypically different. Differences
were evident for the percentage of naive cells and the Thl compart-
ment as far as DMF- or teriflunomide-treated patients are concerned
(Fig. 1D), but these differences were lost when absolute numbers were
considered (Fig. 1E). Natalizumab-treated patients displayed the
highest percentage of Ag® TM ThO-2 cells if compared to healthy
donors or to the other treatments; this difference was maintained also
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Fig. 1| Ag' CD4" T cell landscape. A Percentage and absolute number of CD4*

T cells. Dot plots show the percentage and absolute number of CD4" T cells.

The central bar represents the mean + SD. Kruskal-Wallis test (one-sided) with
Benjamini-Hochberg correction for multiple comparisons. Significant adjusted
g-values are reported in the figure. B Percentage and absolute number of Ag* CD4*
T cells. Dot plots show the percentage and absolute number of Ag* CD4" T cells. The
central bar represents the mean + SD. Kruskal-Wallis test (one-sided) with
Benjamini-Hochberg correction for multiple comparisons. Significant adjusted
g-values are reported in the figure. C Ag* CD4" T cells phenotype UMAP and
Heatmap. Uniform Manifold Approximation and Projection (UMAP) plot shows the
2D spatial distribution of 256.419 cells from healthy donors (HD) and MS patients
treated with different DMT embedded with FlowSOM clusters. Heatmap of the
median marker intensities of the 10 lineage markers across the 15 cell populations
obtained with FlowSOM algorithm after the manual metacluster merging. The
colors of cluster_id column correspond to the colors used to label the UMAP plot

clusters. The color in the heatmap is referred to the median of the arcsinhmarker
expression (0-1 scaled) calculated over cells from all the samples. Blue represents
lower expression, while red represents higher expression. Light gray bar along the
rows (clusters) and values in brackets indicate the relative sizes of the clusters. N
naive, Tscv T stem cell memory, CM central memory, TM transitional memory, EM
effector memory, EMRA effector memory reexpressing the CD45RA, cTfh circu-
lating T follicular helper cells. D UMAP graphs stratified by therapy: healthy donors
(HD); Cladribine; Dimethyl Fumarate (DMF); DMF Lymphopenic; Fingolimod;
interferon 1B (IFN); Natalizumab; Teriflunomide; Rituximab/Ocrelizumab. E Dot
plots of different subpopulation of Ag" T cells in patients treated with different
DMT. The central bar represents the mean + SD. Kruskal-Wallis test with
Benjamini-Hochberg correction for multiple A-E: HD: n =13; Cladribine: n = 6;
DMF: n =14; DMF Lymphopenic: n=9; Fingolimod: n =12; IFN: n=13; Natalizumab:
n=15; Teriflunomide: n = 8; Rituximab/Ocrelizumab: n=11.

for the absolute numbers. A detailed representation of all statistical
differences among therapies for each cluster is reported in detail in the
Supplementary Fig. 3.

Patients treated with teriflunomide develop higher percentage
of Ag™ CD8" T cells if compared to healthy donors

Next, we aimed to investigate Ag" CD8'T cells. Figure 2A shows that
lymphopenic MS patients treated with DMF showed lower percentage
of CD8' T cells if compared to HD. Absolute number of CD8' T cells was
lower in cladribine-, DMF- (both groups of patients) or FTY-treated
patients if compared to HD. Natalizumab-treated patients displayed
the highest absolute number when compared to cladribine-, DMF-,
FTY- or IFN-treated patients. Lymphopenic DMF-treated patients
showed the lowest absolute number of CD8" T cells when compared to
the other treatments. Figure 2B indicates that, as far as the percentage
of Ag" CDS8" T cells is considered (gating strategy is shown in Supple-
mentary Fig. 4), teriflunomide-treated patients displayed the highest
percentage. DMF- or FTY-treated patients showed the lowest absolute
number if compared to HD.

Then, we applied the aforementioned unsupervised method of
analysis, i.e., FlowSOM, for the identification of the phenotype of Ag*
CDS8" T cells (Fig. 2C, Supplementary Fig. 5). We could identify 12 dif-
ferent clusters, spanning from that of naive TcO cells to terminally
differentiated effector memory T cells re-expressing CD45RA (EMRA),
that were also CD57" and/or PD-1". More in detail, FlowSOM revealed
one cluster of CM Tc0/2 (CD45RA"CCR7°'CD27'CD28'PD-1), one
cluster of TM Tcl expressing CXCR5 (CD45RA"CCR7 CD27'CD28'PD-
1*CXCR5'CXCR3"), five clusters of EM (mainly Tc0/2, Tcl7 or Tcl
expressing or not CD57 and PD-1) and four clusters of EMRA (mainly
Tc0/2, Tcl7 or Tcl expressing or not CD57 and PD-1). The phenotype of
Ag' CD8' T cells of DMT-treated patients was quite different not only
from that of HD, but also among different therapies (Fig. 2D).
Natalizumab-treated patients displayed the highest percentage of CM
TcO0/2 cells, while FTY-treated patients displayed the lowest percen-
tage of TM Tcl CXCRS5+ cells. Natalizumab-treated patients showed the
highest percentage and absolute numbers of CM Tc0-2 and TM Tcl
CXCRS’, (Fig. 2E). All differences in the phenotype are reported in
detail in the Supplementary Fig. 6.

MS patients treated with different DTM reveal polyfunctional
profiles

The functional properties of Ag'-specific T cells were investigated by
measuring the percentages of cells producing IFN-y, tumor necrosis
factor (TNF), interleukin (IL)-2, IL-17, and/or granzyme B (GRZB), along
with the expression of the degranulation marker CD107a. The per-
centages of cells producing cytokines were assessed after 16 h of
in vitro stimulation with a SARS-CoV-2 peptide pool covering the
complete sequence of SARS-CoV-2 spike glycoprotein (Supplementary
Figs. 7-10).

MS patients treated with FTY showed the highest percentage of
CD4" T cells producing GRZB and the lowest percentage of CD4" T cells
producing IL-2, displaying a more cytotoxic profile, that is typically
found in autoimmune diseases and, in particular, during MS (Fig. 3A).
Polyfunctional properties were investigated in CD4" and CD8" T cells
by analyzing the simultaneous production of TNF, CD107a, IFN-y, IL-2,
and IL-17 using the bioinformatic Simplified Presentation of Incredibly
Complex Evaluation (SPICE) tool. Healthy donors displayed a different
polyfunctional profile if compared to FTY-, natalizumab-, teri-
flunomide- or rituximab/ocrelizumab-treated MS patients. The poly-
functional profile of natalizumab-treated patients was different. These
differences were mainly due to the percentage of CD4" T cells pro-
ducing CD107a’IFN-y’IL2°IL17"TNF*, CD107a’IFN-y’IL2IL17"TNF" and
CD107a IFN-y IL2'IL17"TNF"* (Fig. 3B).

Regarding Ag® CD8" T cell, FTY-treated patients showed a higher
percentage of CD8" T cells producing GRZB if compared to those
treated with DMF, natalizumab or IFN (Fig. 3C). The polyfunctional
profile of CD8" T cells of HD was then different from those of ritux-
imab/ocrelizumab-treated patients. The percentage of CD8" T cells
that were CD107a IFN-y’IL2'IL17"TNF" was higher in teriflunomide-
treated patients if compared to those treated with DMF (Fig. 3D).

Fingolimod- or rituximab/ocrelizumab-treated-patients
displayed low or undetectable levels of Ag" B cells
Natalizumab-treated MS patients were characterized by highest per-
centage and absolute number of B cells if compared to all groups
(Fig. 4A). Consistent with expectations, patients treated with ritux-
imab/ocrelizumab exhibited markedly reduced, but detectable levels
of circulating B cells. Subsequently, the percentage of Ag" B cells was
quantified, revealing that rituximab/ocrelizumab-treated patients dis-
played the lowest proportion and absolute count of these cells (Fig. 4B,
Supplementary Fig. 11). Furthermore, patients treated with FTY
showed a reduced percentage and absolute count of these cells com-
pared to HD. Moreover, the phenotype of Ag" B cells was extensively
characterized using the aforementioned unsupervised methods.
(Supplementary Fig. 12). Ag" B cells were composed by 11 clusters, such
as: naive (CD20°CD21°CD24"CD38 IgD*IgM"); transitional B cells (TrB;
CD20'CD21'CD27 CD24'CD38'lgD*'IgM*); immature TrB (CD20*
CD21°CD24'CD27°CD38'IgD*IgM"); six clusters of memory B cell MBCs
defined as follows: MBC unswitched (CD20°'CD21'CD24'CD27*
IgDIgM"), MBC IgA*(CD20*CD21'CD24"CD27'IgA‘IgD IgM"), MBC IgG*
CD21low (CD20*CD21°*CD24'CD27'IgG"), MBC IgG' CD20™ (CD21"
CD24°CD27%), and MBC IgG*" CD71* (CD20"CD21°'CD24"CD27°1gG") and
MBC IgG" (CD20'CD21°CD24'CD27°'CD71'1gG"); plasmablasts (PB)
were defined as PB CD27'CD71'CD38"; atypical B cells (atBCs) as
CD21"CD27°CD20'1gG" (Fig. 4C). Ag" B cells were phenotypically very
similar in all groups except for rituximab/ocrelizumab treated patients
(Fig. 4D and Supplementary Fig. 13). The highest percentage of naive
Ag' B cells was found in FTY-treated MS patients and the lowest in
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rituximab/ocrelizumab-treated patients, and they both displayed the
lowest absolute number of this cell population. However, natalizumab-
treated patients displayed the highest absolute number. Moreover
FTY-treated patients had the lowest percentage and absolute number
of Ag" MBC IgA cells.

Finally, the plasma levels of anti-spike IgG were measured, and
nearly all MS patients developed humoral immunity. However, among
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the patients treated with FTY, 1 out of 14, and among those treated with
rituximab/ocrelizumab, 3 out of 11, did not develop IgG. These groups,
along with cladribine-treated patients, showed the lowest IgG con-
centrations. Additionally, when analyzing the levels of neutralizing
antibodies (anti-RBD), 6 out of 8 rituximab/ocrelizumab-treated
patients, 11 out of 13 FTY-treated patients, and 5 out of 6 cladribine-
treated patients exhibited positive neutralizing capacity (Fig. 4E).

Nature Communications | (2024)15:2752



Article

https://doi.org/10.1038/s41467-024-47013-0

Fig. 2| Ag' CD8" T cell landscape. A Percentage and absolute number of CD8"

T cells. Dot plots show the percentage and absolute number of CD8" T cells. The
central bar represents the mean + SD. Kruskal-Wallis test (one-sided) with
Benjamini-Hochberg correction for multiple comparisons. Significant adjusted g-
values are reported in the figure. B Percentage and absolute number of Ag* CD8"
T cells. Dot plots show the percentage and absolute number of Ag* CD8" T cells.
The central bar represents the mean + SD. Kruskal-Wallis test (one-sided) with
Benjamini-Hochberg correction for multiple comparisons. Significant adjusted
g-values are reported in the figure. C Ag* CD8" T cells phenotype UMAP and
Heatmap. Uniform Manifold Approximation and Projection (UMAP) plot shows the
2D spatial distribution of 93.757 cells from healthy donors (HD) and MS patients
treated with different DMT embedded with FlowSOM clusters. Heatmap of the
median marker intensities of the 10 lineage markers across the 12 cell populations
obtained with FlowSOM algorithm after the manual metacluster merging. The
colors of cluster_id column correspond to the colors used to label the UMAP plot

clusters. The color in the heatmap is referred to the median of the arcsinhmarker
expression (0-1 scaled) calculated over cells from all of the samples. Blue repre-
sents lower expression, while red represents higher expression. Light gray bar
along the rows (clusters) and values in brackets indicate the relative sizes of the
clusters. N naive, Tscy T stem cell memory, CM central memory, TM transitional
memory, EM effector memory, EMRA effector memory reexpressing the CD45RA,
cTfh circulating T follicular helper cells. D UMAP graphs stratified by therapy:
healthy donors (HD); Cladribine; Dimethyl Fumarate (DMF); DMF Lymphopenic;
Fingolimod; interferon 1B (IFN); Natalizumab; Teriflunomide; Rituximab/Ocrelizu-
mab. E Dot plots of different subpopulation of Ag" T cells in patients treated with
different DMT. The central bar represents the mean + SD. Kruskal-Wallis test with
Benjamini-Hochberg correction for multiple. In A-E plots: HD: n =13; Cladribine:
n=6; DMF: n=14; DMF Lymphopenic: n=9; Fingolimod: n=12; IFN: n =13; Natali-
zumab: n =15; Teriflunomide: n = 8; Rituximab/Ocrelizumab: n=11.

Ag" T cells from MS patients treated with different DMT switch
on different metabolic features

After in vitro stimulation with the SARS-CoV-2 peptide pool, the
metabolism of cells expressing CD69 and CD137 within CD4"* and CD8"
T cells was investigated by using single-cell metabolic regulome pro-
filing (scMEP), a technique that quantifies proteins that regulate
metabolic pathway activity by 45-parameter mass cytometry [adapted
from ref. 36]. PBMC from patients treated with different DMT were
stained with 22 mAbs recognizing cell phenotype and 23 mAbs
recognizing molecules involved in different metabolic pathways (see
Supplementary Table 5) and analyzed by mass cytometry. We identi-
fied all major cell lineages of Ag" T cells (Supplementary Figs. 14-16),
and then we focused on their metabolic states (Fig. 5).

Along with their distinct functions, Ag" T cell lineages also possess
unique metabolic profiles which are essential for their function and
maintenance. T cell activation is indeed accompanied by a switch from
a metabolism mainly based upon mitochondrial respiration to a
metabolism where the glycolytic flux is prevalent”.

Clustering cells on the basis of the expression of proteins involved
in different metabolic pathways (i.e., GLUT1, MCT1, GAPDH, LDHA,
HK2, PFKB4, G6PD, CytC, CS, IDH1, ATPA5, CD98, GLUDI1/2, CD36,
CPTIA, VDACI, pACC, pPGCla, pS6, pPDK1, HIF1a, pNRF2, pH3), we
identified 10 scMEP states (Supplementary Figs. 17-19). These meta-
bolic states spanned from cells with a quiescent or exhausted meta-
bolism (scMEPL, 2, 3) to those with high activation of different
metabolic pathways (scMEP6, 9, 10) (Fig. 5A-C). In particular, 20% of
Ag" T cells were characterized by the scMEP1 state, a basal level of
metabolic activation (low expression of all metabolic features, except
from MCTI and CS), while 44% of Ag" T cells was grouped into
scMEP2 state, a metabolic quiescent/exhausted state (with very low
levels of all markers except PFKB4 and CPT1A). Cells in scMEP3 state
displayed high levels of GLUD1/2 and CD36, meaning that amino acid
metabolism as well as fatty acid oxidation (FAO) were activated;
scMEP4 state described a metabolic phenotype of pentose pathway
activation (high expression of G6PD), activation of tricarboxylic acid
(TCA) cycle (IDH1, ATP5A), involvement of amino acid pathway (high
expression of GLUD1/2) and enhanced mitochondrial dynamics
(phosphorylation of VDACI1). scMEP5 and scMEP7 states grouped cells
characterized by low activation of mainly glycolysis, pentose, oxidative
phosphorylation (OXPHOS) and FAO (high expression of MCT1, HK2,
PFKB4, CytC, CS, CD98, GLUD1/2). A total of 20% of Ag’ T cells was
grouped into scMEP6 (4.96%) and scMEP9 (14.88%) states, character-
ized by a glycolytic profile (high protein expression of HK2 and PFK4)
and cell growth (pPDK1). scMEPS8 represented 0.33% of Ag' T cells,
characterized by glycolytic activation (high expression of GLUTI,
MCT1, HK2) as well as activation of amino acid pathway (CD98) and
mTOR activation (pS6). Finally, 0.46% of Ag" T cells clustered into
scMEP10, a highly activated metabolic state where all metabolic
pathways taken into account are switched on.

As far as different therapies were considered, the distribution of
Ag" T cell on the basis of metabolic states was different (Fig. 5D). In
particular, FTY-treated patients were characterized by the lowest
percentages of Ag" T cells in scMEP4 and scMEP9 states, meaning that
these cells do not rely on glycolysis and pentose pathway. When
compared to HD, Ag" T cells from DMF-treated patients (the non-
lymphopenic ones) and IFN-treated ones displayed a low proportion of
scMEP2, suggesting that the drug is able to reprogram metabolism.

Because Ag" T cell scMEP states were defined using exclusively
metabolic features, we tried to associate their metabolic features with
phenotypic properties (Fig. 5E). As expected, scMEP metabolic states
were clearly linked to immunological phenotypes. scMEP2 state was
composed by terminally differentiated (EMRA) CD8" T cells expressing
low level of CD27, high level of CD57 and medium level of PD-1.
scMEP4 state was mainly represented by effector memory CD4" T cells
expressing CD27, while scMEP 9 state was composed by a small cluster
of cycling. We found that a few cells were present in scMEP10, which is
formed by activated (HLA-DR'CD38") Ag" CD8Y™ T cells expressing
CD57 and CDIic; such population is typically present in autoimmune
diseases, is expanded in an Ag-dependent manner and mainly produce
IFN-y™.

To determine the pattern of the dynamic development of scMEP
states, trajectory inference analysis has been applied (Fig. 5F). After
in vitro stimulation, Ag" T cells acquire different metabolic states
starting from scMEP5, passing through highly metabolic activated
state (SCMEP5, 7 and 9), and reaching the final state of metabolic
quiescence (scMEP1, 2 and 3).

Finally, on freshly isolated PBMC from a small subgroup of
patients, we could profile the global metabolic capacities and depen-
dencies of Ag' T cells by the SCENITH assay*’. We found that Ag" CD4"
T cells from IFN-treated patients displayed a higher glucose depen-
dence when compared to HD, while natalizumab-treated patients dis-
played the highest glycolytic capacity (Supplementary Fig. 20).

Ag" plasmablasts from FTY-treated MS patients are fully
glycolytic while those from the rituximab/ocrelizumab group
display a quiescent/senescent metabolism

Metabolic demands of Ag’ B cells are related to their functional
activity. Upon stimulation, Ag" B cells have a balanced increase in
lactate production and oxygen consumption, with proportionally
increased GLUT1 expression leading to enhance glucose uptake and
mitochondrial mass*. Moreover, their proliferation and function are
regulated by HIF-1a expression. Here, we found that Ag® B cells dis-
played 8 different metabolic states (Fig. 6A-C and Supplementary
Figs. 21-23). Approximately 5.26% of cells were classified into scMEP1, a
metabolic state marked by the upregulation of GLUT1. Another 16.91%
exhibited activation in TCA, ECT, signaling, and transcription, cate-
gorizing them as scMEP2. The majority, comprising over 60% of cells,
fell into scMEP3, scMEP4, and scMEP6 groups. These states displayed
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similar metabolic activities, excluding glycolysis. Notably, cells in the
scMEP4 state exhibited elevated CD36 expression, indicating heigh-
tened activity in the fatty acid pathway. About 6.42% of Ag+ B cells
clustered into scMEPS, characterized by reduced glycolytic activation
but increased engagement in the pentose pathway, ETC, TCA, fatty
acid metabolism, mitochondrial dynamics, proliferation, and signal
transduction. Additionally, less than 2% of non-proliferating cells were
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distributed into scMEP7 and scMEPS states. These states exhibited low
mTOR and pentose pathway activation but demonstrated glycolytic,
TCA, ECT activation.

The distribution of metabolic states changed significantly across
different groups, including HD and MS patients treated with DMTs
(Fig. 6D). In particular, patients treated with FTY and rituximab/ocre-
lizumab exhibited the highest proportion of Ag’ B cells in scMEP1 state.
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Fig. 3 | Ag' CD4" and CDS8' T cell functionality. A Percentage of Ag" CD4" T cells
producing different cytokines after in vitro stimulation with SARS-CoV-2 peptides.
Representative dot plots showing the percentages of CD4" Ag" cells producing IL-2,
IL-17, CD107a and granzyme B (GRZB). Plots show mean (center bar) + SD.
Kruskal-Wallis (one-sided) test with Benjamini-Hochberg correction for multiple
comparisons. B Polyfunctional profile of Ag" CD4" T cells. (Upper) Pie charts
representing the proportion of Ag* CD4" T cells producing different combinations
of CD107a, IL2, IL17, IFNy, and TNF. Each color refers to specific polyfunctional CD4
T subpopulation as reported in the ‘polyfunctionality legend’. The far-left heatmap
illustrates the statistical variances among the 9 distinct pie charts; The central bar
represents the mean + SD. Kruskal-Wallis test (one-sided) with Benjamini-
Hochberg correction for multiple comparisons. (far-right) Dot plot reporting the
percentages of Ag* CD4" producing different combination of cytokines. Kruskal-
Wallis (one-sided) test with Benjamini-Hochberg correction for multiple compar-
isons. C Percentage of Ag® CD8' T cells producing different cytokines after in vitro
stimulation with SARS-CoV-2 peptides. Representative dot plots of Ag" CD8" cells

producing CD107a and GRZB. Dot plot representing the percentage of Ag" CD8"
T cells producing GRZB is shown, mean (center bar) + SD. Kruskal-Wallis test (one-
sided) with Benjamini-Hochberg correction for multiple comparisons.

D Polyfunctional profile of Ag" CD8" T cells. (Upper) Pie charts representing the
percentage of Ag' CD8" T cells producing different combinations of CD107a, IL2,
IL17, IFNy, and TNF. Each color refers to specific polyfunctional CD8 T sub-
population as reported in the ‘polyfunctionality legend’. The far-left heatmap
illustrates the statistical variances among the 9 distinct pie charts; Kruskal-Wallis
test (one-sided) with Benjamini-Hochberg correction for multiple comparisons
(Right) Dot plot reporting the percentage of Ag* CD8" CD107a IFNy IL2 IL17"TNF
population. The central bar represents the mean + SEM. Kruskal-Wallis test with
Benjamini-Hochberg correction for multiple comparisons was used to test the
differences among the nine groups. In A-C plots: HD healthy donors (N =13); Cla-
dribine (V= 6); DMF Dimethyl Fumarate (N =14); DMF Lymphopenic: Dimethyl
Fumarate Lymphopenic (N =9); Fingolimod (N=12); IFN Interferon 13 (N =13);
Natalizumab (N =15); Teriflunomide (N = 8); rituximab/ocrelizumab (N =11).

However, they showed a lower percentage of cells in scMEP3 com-
pared to patients treated with natalizumab. Those treated with ritux-
imab/ocrelizumab displayed the lowest percentage of cells in scMEP4.
As far as the phenotype of these B cells is concerned, plasmablasts
constituted most of cells in scMEP1, scMEP7 and scMEP8; memory B
cells were grouped in scMEP3 and scMEP4; recently activated Ag' B
cells were in scMEP2 while atypical B cells (atBC) were in scMEP5
(Fig. 6E). These results are in line with the clustering performed by
using both lineage and metabolic markers (Supplementary
Figs. 24-25).

As for Ag" T cell, we determined the dynamic development of
scMEP states by using trajectory inference analysis (Fig. 6F). After
in vitro stimulation, Ag" B cells acquired different metabolic states
starting from scMEP2, passing through mid-metabolic activated state
(scMEP3, 4 and 5), reaching the final state of highly metabolic activa-
tion (scMEP7, 8 and 1).

Finally, due to limited cell number, we could use the SCENITH
assay on freshly isolated PBMC only from a limited number of patients
treated with different DMT. We found that Ag" B cells from
natalizumab-treated patients displayed a trend of higher glycolytic
capacity when compared to HD (Supplementary Fig. 26). Even the
results are not statistically significant, this observed trend seems to
confirm what we have found by the scMEP.

FTY- and natalizumab-treated patients develop a different
antigen-specific immune response

In order to describe an immunological signature indicating how dif-
ferent DMT could shape Ag-specific immunity and protection against
SARS-CoV-2, we took advantage of the use of the principal component
analysis (PCA)’. Based on the first two PCs, PCA revealed that only FTY-
and natalizumab-treated patients develop a clearly different quality of
the Ag-specific immune response (p < 0.05, Fig. 7A), forming separate
clusters, while all other groups (also including the rituximab/ocreli-
zumab one) displayed similar immunological features even when
compared to HD.

As shown in Fig. 7A, FTY-treated patients form a cluster on the left
side of PC1 (whose weight was 13.9%) while natalizumab-treated
patients are on the right side. Figure 7B reveals that the main
responsible of this division were the immunological features more
represented in FTY-treated patients, such as: Ag* cytotoxic CD4" and
CD8" T cells (expressing CD107a and Granzyme), cells in scMEP2
(quiescent metabolic state), Ag" T cells expressing of CD57 and PD-1
(indicating senescence and exhaustion/activation). On the contrary,
the main features responsible for the clusterization of natalizumab-
treated patients were the absolute number of Ag" B and Ag" CD4"
T cells, the number of B and CD8' T cells, the marked shift of Ag" T cell
towards Thl phenotype, and more marked metabolic status in B cells
(SCMEP3).

To better point out the distinctive features of the immune
response in patients undergoing treatment with natalizumab or FTY,
we employed PCA specifically on these patient groups (Fig. 7C, left
panel). FTY patients are divided from patients treated with natalizumab
according to PC1 (26.5%). Besides the aforementioned immunological
features responsible for the different clusterization, also that different
metabolic engagement by Ag” B cells was responsible for the division
(Fig. 7C, right panel). Indeed, FTY-treated patients displayed higher
percentage of glycolytic Ag* B cells in scMEP1 and scMEP7 states
together with higher percentage of Ag” T cells in scMEP2, characterized
by low level of all metabolic markers, except from PFKB4 and CPT1A.

High percentage of Ag" T cells in scMEP 10 and scMEP7 as well as
a high percentage of Ag* B cells in scMEP 1, scMEP2 and scMEP5
predict protection from SARS-CoV2-breakthrough infection
Accurate identification of phenotype-relevant subsets from hetero-
geneous cell populations is crucial to delineate an immunological
signature that could predict protection from breakthrough infections.
To pursue this, and to identify subpopulations that could be associated
with categorical or continuous phenotypes from single-cell data, we
used a supervised learning framework called “phenotype-associated
subpopulations from single-cell data” (PENCIL), based on rejection
strategy learning®. Using this classification mode, we interrogated
subpopulations of Ag" T and B cells that were associated with indivi-
duals that experienced symptomatic SARS-CoV-2 infection after the
third dose of vaccine.

A total of 18 individuals (MS patients and HD, as reported in
Supplementary Data 1) experienced SARS-CoV-2 infection within
6 months from the last dose of vaccine. Taking into consideration data
from Ag® T cells analyzed with scMEP, we performed the prediction
analysis (see Methods). PENCIL revealed that high percentages of Ag"
T cells grouped into scMEP7 (effector memory CD4'CD27'PD-14m
CD57%™) and scMEP10 (mainly formed by CD8*™CDI1ic" T cells with
almost all metabolic pathways activated and by T cell, also expressing
PD-1and CD57) were associated with absence of SARS-CoV-2 infection,
meaning that these clusters of cells can confer high immune protec-
tion. On the contrary, a high percentage of cells grouped into scMEP9
(CD4" TM) and scMEP2 (either CD4 or CDS8, either EM or EMRA,
expressing PD-1 and CD57 with a metabolically resting phenotype)
were associated with the onset of a SARS-CoV-2 breakthrough infec-
tion (Fig. 8A, B). To validate this prediction, patients and HD were
stratified by therapy and we observed that high percentage of scMEP2
(in the case of HD and IFN-treated individuals) and scMEP9 (in ritux-
imab/ocrelizumab group) were associated with breakthrough infec-
tion (Supplementary Fig. 27).

Then, Ag" B cells that underwent scMEP analysis were inter-
rogated by PENCIL (see Methods). PENCIL indicated that a high per-
centage of scMEP1 (not proliferating plasmablasts, highly glycolytic),
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scMEP2 cells (i.e., recently activated naive B cells with activated
mitochondrial metabolism), and scMEPS cells (atypical B cells, coupled
with activation of all metabolic pathways) predict protection from
SARS-CoV-2 infection. On the contrary, a high percentage of cells
grouped into scMEP3 (memory B cells, PD-1 9™) predict SARS-CoV-2
infection (Fig. 8C, D). We validate this prediction as performed with
Ag' T cells. Even if not significant for the low number of cells and

OHIGH (N) 9.0 50 11.0 80 11.0120 15.06.0 6.0 (high>30% of SARS-CoV2 IgG)
MILD(N) 20 10 1.0 20 20 0.0

0.0 1.0 2.0 (10% < mild < 30% of SARS-CoV2 IgG)

patients, high percentage of scMEP3 (as in the case of HD, Natalizumab
and rituximab/ocrelizumab) can predict breakthrough infection
(Supplementary Fig. 27).

Discussion
The aim of this study was to ascertain whether COVID-19 vaccinated
patients affected by the relapsing-remitting form of multiple sclerosis
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Fig. 4 | Ag’ B cell landscape. A Dot plot shows the total percentage and the
absolute number of CD19* B cells. The central bar represents the mean + SD.
Kruskal-Wallis test (one-sided) with Benjamini-Hochberg correction for multiple
comparisons. B Dot plot shows the percentage and absolute number of antigen-
specific CD19" B cells. The central bar represents the mean + SD. Kruskal-Wallis test
(one-sided) with Benjamini-Hochberg correction for multiple comparisons was
used to test the differences among the nine groups. C UMAP plot shows the 2D
spatial distribution of 25.866 antigen-specific B cells from healthy controls (HD)
and patients with Multiple Sclerosis embedded with FlowSOM clusters. Heatmap of
the median marker intensities of the 10 lineage markers across the 11 cell popula-
tions obtained with FlowSOM algorithm after the manual metacluster merging. The
colors of cluster_id column on the left correspond to the colors used to label the
UMAP plot clusters. Each color in the heatmap is referred to the median of the
arcsinh marker expression (0-1 scaled) calculated over cells from samples. Blue
represents lower expression. while red represents higher expression. Light gray

histogram bar and values indicate the relative sizes of the clusters. Naive; TrB.
transitional B cells; MBC Usw. memory B cell unswitched; MBC memory B cell, PB
plasmablasts, atBC atypical B cell. D (Left) UMAP graphs stratified by therapy.
(Right) Dot plot showing the percentages and absolute numbers of naive and MBC
IgA B cells. The central bar represents the mean + SD. Kruskal-Wallis test (one-
sided) with Benjamini-Hochberg correction for multiple comparisons was used to
test the differences among the nine groups. E Anti-spike and anti-RBD IgG con-
centrations in plasma samples from HD and MS treated groups. The central bar
represents the mean + SD. Kruskal-Wallis test (one-sided) with
Benjamini-Hochberg correction for multiple comparisons. Adjusted P-values are
indicated in the figure. Plots A-E HD healthy controls (N =13); Cladribine (N=6);
DMF: Dimethyl Fumarate (N =14); DMF Lymphopenic: Dimethyl Fumarate Lym-
phopenic (N=9); Fingolimod (N=12); IFN: Interferon 1B (N =13); Natalizumab

(N =15); Teriflunomide (N = 8); Rituximab/Ocrelizumab (N =11).

and receiving different MS-treatments would mount an effective T and
B cell response against SARS-CoV-2. For this reason, we have used
different approaches and techniques mainly based on flow and mass
cytometry, to carefully investigated cell phenotype, function and
metabolism.

Several observational studies evaluating the effectiveness of
COVID-19 vaccines in MS patients treated with DMT showed that most
of these drugs allow for mounting a protective immune response, at
least in terms of antibody production and production of antigen-
specific B and T cells, even if some patients can experience a reduced
immune response. However, an immune signature associated with the
phenotype and function of Ag* T and B cells that could suggest the
existence of a predisposition to breakthrough infection in MS patients
has never been investigated.

Here, we show that nearly 6 months after the third SARS-CoV-2
vaccine dose, the overall SARS-CoV-2-specific T and B cell response in
relapsing-remitting MS patients treated with different drugs was
similar among all patients and healthy donors, except for those treated
with FTY or natalizumab, whose cells displayed totally different
immunological features as well as a diverse immunometabolic
engagement.

In the case of FTY-treated patients, we saw that phenotype,
function, and metabolism of Ag" T and B cells seemed to mimic the
characteristic of an aged immune system. Indeed, these patients were
characterized by high proportions of effector memory T cells
expressing PD-1 and CD57; CD4" T cells producing granzyme; Ag*
T cells with low polyfunctional profile; decreased percentages of Ag" B
cells. Moreover, most Ag" T and B cells display a glycolytic metabolism
which might constitute a rescue mechanism to maintain an activated
and functional phenotype when metabolism is skewed due to the
possible, well known age-dependent mitochondrial impairment*>*,

The immune system of MS patients is characterized by a pre-
mature aging**, and DMT can cause drastic changes that worsen or
even accelerate immune senescence long after the drug has been
stopped®. The effects of cell depleting agents are not readily rever-
sible, and even those of therapies primarily targeting cell migration
such as natalizumab and FTY may long lasting effects. Aging of the
immune system involves not only a decreased production of naive
T cells, but also an increase in terminally differentiated late effector
memory T cells determining a narrowing of the T cell repertoire***’,
with an increase in the level of activation and cytotoxicity®. Aging
decreases B cell differentiation in the bone marrow and the output of
mature B cells, induces a redistribution of B cell subsets in the per-
iphery with a significant increase in frequencies and numbers of
proinflammatory B cells, decreases the expression of molecules
involved in Ig class-switch recombination and somatic hypermutation,
two processes leading to the generation of high-affinity protective
antibodies as well as germinal center formation, and decreases B cell
repertoire diversity>*®, These phenotypic and functional alterations

are strictly connected to age-associated metabolic changes that
impact the bioenergetic program of T and B cells at discrete phases of
development and activation*’. Glycolysis and LDH activity are reduced
in aged T cells’® and mitochondrial dysfunction is one of the main
hallmarks of aged T cells, that are characterized by smaller or dys-
functional mitochondria characterized by a decreased respiration rate
and ATP production®.

We found that MS patients treated with different DMT display a
different phenotype of Ag" T and B cells. It has been shown that some
effects of FTY, DMF and rituximab/ocrelizumab resemble immunose-
nescence, as they cause a decrease in total B and T cells and induce a
negative regulation of Thl and Thi7 differentiation while promoting
Th2 differentiation®. FTY not only modulates lymphocyte trafficking,
but also modulates the composition of B and T cells subsets, with an
increase of circulating effector memory T cells and decrease of naive
T cells. On the contrary, natalizumab induces an increase in total T cells
(including Thl and Th17), total B cells, memory B cells, but alter the
proportion of plasmablasts which have high expression of CD49d**
Moreover, most Ag" B cells of natalizumab-treated patients were
metabolically quiescent. Natalizumab binds CD49d (integrin a4) which
is also a molecule expressed during cell activation®. Given that nata-
lizumab prevents this phenomenon, likely it also prevents metabolic
activation of B cells and their capability to differentiate and produce
antibodies. The metabolic pathways within immune cells regulate the
formation of antigen-specific immune and its cell function. Indeed,
metabolic pathways can influence the development of various T helper
subsets. For example, Treg cells predominantly depend on OXPHOS
and mitochondrial FAO for development and survival, whereas the
generation of Th17 cells requires glycolysis®. Here, for the first time, by
applying a method based upon mass cytometry, we confirm how dif-
ferent therapies are able to modify the metabolic profiles of circulating
antigen-specific cells.

Assessing the molecular and cellular state of the immune system
after vaccination, by adopting data-driven models, could be used to
predict pathogen-specific immune responses or the prevention of
breakthrough infection. The goal is to identify key immune signatures
that are responsible for the creation of an effective immune response.
Systems-biology analyses of influenza virus vaccination have identified
antibody response predictors, these have been based on post-
vaccination parameters, such as the magnitude of plasmablast
increases on day 7, and changes in blood host-derived transcripts on
days 1-3 after vaccination®~°. Moreover, certain immune signatures
can predict not only the response to malaria vaccination, but the
clinical outcomes of acute infection®’*%, Then, we applied for the first
time to mass cytometry data a prediction approach like PENCIL, that is
typically used to analyze single cell transcriptome. We found that
predominance of metabolically active Ag" CD4*,CD27*,PD-14™ CD574im
T cells and CD8Y™,CDI1c* Ag" T cells correlates with the absence of
breakthrough infection and may thus confer high immune protection.
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In addition, high percentage of non-proliferating, Ki67~ plasmablasts,
highly glycolytic, recently activated naive B cells with activated mito-
chondrial metabolism and metabolically activated atypical B cells
predict protection from SARS-CoV-2 infection. This may indicate these
cells are able to recognize antigens but do not to properly react and
mount a specific response, paving the way to approaches to increase
the effectiveness of vaccination.

UMAP 1

Questions regarding how much the immune signature before
vaccination influence the creation of a protective immune response
needs to be elucidated and how much these immunological signatures
are similar across different populations (young, elderly, pregnant,
different ethnicities) need to be investigated.

The study has some limitations. First, the number of patients per
group is relatively small, and the investigation is cross-sectional.
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Fig. 5| Ag’ T cell metabolic states. A Uniform Manifold Approximation and Pro-
jection (UMAP) plot shows the 2D spatial distribution of 107,522 cells from HD and
MS patients. UMAP dimensionality reduction is calculated using sampled data from
all cells and all available metabolic features; through FlowSOM clustering are
identified 10 different clusters, defined as scMEP. Cells are colored by their scMEP
state. B Heatmap of the median marker intensities of the 23 metabolic markers
across the 10 cell populations, obtained with FlowSOM algorithm. The colors of
cluster_id column correspond to the colors used to label the UMAP plot clusters/
ScMEP. The color in the heatmap is referred to the median of the arcsinh marker
expression (0-1 scaled): white represents a lower expression, while dark green
represents a higher expression. Light gray bar along the rows (clusters/scMEP) and
values in percentages indicate the relative sizes of the clusters. C Projection of
UMAP graphs stratified by HD and all different MS patients. D Representative dot

plots showing percentages of scMEP2, scMEP4 and scMEP9 among different
Group_IDs. The central bar represents the mean + SD. Kruskal-Wallis test (one-
sided) with Benjamini-Hochberg correction for multiple comparisons is used to
test the differences among groups. Adjusted g-values are reported in the figure, if
significant. healthy donors (HD, n = 8), multiple sclerosis patients treated with
Cladribine (n =4), Dimethyl Fumarate (DMF, n =8), Fingolimod (n=35), interferon
1B (IFN, n = 6), Natalizumab (n = 8), Teriflunomide (n=5), Rituximab/Ocrelizumab
(n=7).E Heatmap of 14 immunological markers enrichment modeling (not used for
metabolic clustering) across different scMEP states, showing the relationship
between metabolic states and functional properties. Light gray bar along the rows
(clusters/scMEP) and values in percentages indicate the relative sizes of the clus-
ters/scMEP. F Pseudotime visualization of scMEP development based on the esti-
mated trajectory and envisaged in UMAP space.

However, considering the parameters that we have investigated, all
groups were homogeneous and there were no outliers. Second, given
that the exposure to SARS-CoV-2 was not controlled, the results from
prediction analysis should therefore be considered preliminary and
subject to further validation. However, our findings suggest that only
FTY and natalizumab modify significantly (in terms of phenotype and
metabolic status) the SARS-CoV-2-specific B and T cell composition
after vaccination.

Methods

Patient’s selection

Demographic and clinical characteristics of 93 MS patients and 13
healthy donors (HD), the type of DMT at the time of vaccination, the
type of third dose vaccine and median range of time to last admin-
istration, prior COVID-19 infection status, and relevant comorbidities
are shown in Supplementary Data 1. Patients were eligible for inclu-
sion if they met the following criteria: (a) a confirmed diagnosis of
Relapsing-Remitting Multiple Sclerosis (RRMS), and (b) a history of
treatment with FTY, dimethyl fumarate, natalizumab, or teri-
flunomide for a minimum of six months, or having undergone at least
two infusion cycles with rituximab or ocrelizumab or completed at
least one full cycle of cladribine. Patients on ocrelizumab or ritux-
imab, as per routine clinical practice, underwent SARS-CoV-2 vacci-
nation at least 6 weeks before subsequent infusion or at least
3 months after the last infusion. Exclusion criteria comprised treat-
ment with steroids during the preceding six weeks and a history of
COVID-19 before vaccination.

Blood collection and isolation of mononuclear cells

Up to 30 mL of blood were collected from each patient in vacuettes
containing ethylenediamine-tetraacetic acid (EDTA). Blood was
immediately processed. Isolation of peripheral blood mononuclear
cells (PBMC) was performed using ficoll-hypaque according to stan-
dard procedures. For all experiments, except those related to meta-
bolic investigation, PBMC were stored in liquid nitrogen in fetal bovine
serum (FBS) supplemented with 10% dimethyl sulfoxide (DMSO). For
metabolic investigation, PBMC were used immediately after isolation.
Plasma was stored at —80 °C until use. The study was reviewed and
approved by each participant, including healthy donors, provided
informed consent according to Helsinki Declaration, and all uses of
human material have been approved by the local Ethical Committee
(Comitato Etico dell'Area Vasta Emilia Nord, protocol number 199/
2022, May 24th, 2020) and by the University Hospital Committee
(Direzione Sanitaria dell’Azienda Ospedaliero Universitaria di Modena,
protocol number 5974, February 24th, 2023). The patients/partici-
pants provided their written informed consent to participate in
this study.

Activation induced cell marker assay (AIM) and T cell phenotype
Isolated PBMCs were thawed and rested for 6 h. After resting, CD40-
blocking antibody (0.5mg/ml final concentration) (Miltenyi Biotec,

Bergisch Gladbach, Germany) was added to the cultures 15 min before
stimulation. PBMCs were cultured in 96-well plate in the presence of
15-mer peptides with 11-amino acids overlap, covering the complete
sequence of Wuhan SARS-CoV-2 Spike glycoprotein (PepTivator SARS-
CoV-2 Prot_S complete, Miltenyi Biotec, Bergisch Gladbach, Germany)
together with 1 pg/mL of anti-CD28 (Miltenyi Biotec, Germany). PBMCs
were stimulated for 18 h at 37 °C in a 5% CO2 atmosphere in complete
culture medium (RPMI 1640 supplemented with 10% fetal bovine
serum and 1% each of L-glutamine, sodium pyruvate, nonessential
amino acids, antibiotics, 0.1M HEPES, 55uM [3-mercaptoethanol).
For each stimulated sample, an unstimulated one was prepared, as
negative control. After stimulation, cells were washed with PBS and
stained with PromoFluor IR-840 (Promokine, PromoCell, Heidelberg,
Germany) for 20 min at room temperature (RT). Next, cells were
washed with FACS buffer (PBS supplemented with 2% FBS) and stained
with the following fluorochrome-labeled mAbs: CXCR5-BUV661, CCR6-
BUV496, CXCR3-BV785 for 30 min at 37 °C. Finally, cells were washed
with FACS buffer and stained for 20 min at RT with Duraclone IM T cell
panel (Beckman Coulter, Brea, CA) containing CD45-Krome Orange,
CD3-APC-A750, CD4-APC, CD8-AF700, CD27-PC7, CD57-Pacific Blue,
CD279 (PD1)-PC5.5, CD28-ECD, CCR7-PE, CD45RA-FITC and added with
other three fluorescent mAbs i.e., CD69-BV650, CD137-BUV395 and
CD95-BV605. Samples were acquired on a CytoFLEX LX flow cytometer
(Beckman Coulter). All reagents used for T cell phenotyping are listed
in Supplementary Table 1. All mAbs added to DuraClone IM T cells
were previously titrated on human PBMCs and used at the con-
centration giving the best signal-to-noise ratio. The gating strategies
used to identify CD4" and CD8" T cells are reported in the Supple-
mentary Figs. 1 and 4.

Detection of SARS-CoV-2-specific B cells

Thawed PBMC were washed twice with RPMI 1640 supplemented with
10% fetal bovine serum and 1% each of L-glutamine, sodium pyruvate,
nonessential amino acids, anti- biotics, 0.1M HEPES, 55pM (-
mercaptoethanol and 0.02 mg/ml DNAse. PBMC were washed with
PBS and stained using viability marker PromoFluor IR-840 (Promokine,
PromoCell, Heidelberg, Germany) for 20 min at RT in PBS. Next, cells
were washed with PBS and stained for 15 min at RT with streptavidin-
AF700 (decoy channel; ThermoFisher Scientific, USA) to remove false
positive SARS-CoV-2-specific B cells. After washing with FACS buffer,
cells were stained with biotinylated full-length SARS-CoV-2 spike pro-
tein (R&D Systems, Minneapolis) labeled with different streptavidin-
fluorophore conjugates. Full-length biotinylated spike protein was
mixed and incubated with streptavidin-BUV661(Becton Dickinson) or
streptavidin-BV650 (BioLegend) at a 6:1 mass ratio for 15 min at RT. All
samples were stained with both biotinylated streptavidin for 1 hat4 °C.
Then, cells were washed with FACS buffer and stained for 20 min at RT
with DuraClone IM B cells (Beckman Coulter, Brea, CA) containing the
following lyophilized directly conjugated mAbs: anti-lgD-FITC, CD21-
PE, CD19-ECD, CD27-PC7, CD24-APC, CD38-AF750, anti-lgM-PB, CD45-
KrO to which following drop-in antibodies were added: CD71-BUV395,
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CD20-BV785, anti-IlgG-BUV496 and anti-IgA-PerCP-Vio700. Samples
were acquired on a CytoFLEX LX flow cytometer (Beckman Coulter). A
minimum of 1,000,000 cells per sample were acquired. All reagents
used for B cell phenotype are reported in Supplementary Table 3. All
mAbs added to DuraClone IM B cells were previously titrated on
human PBMCs and used at the concentration giving the best signal-to-

noise ratio. The gating strategy used to identify Ag™ and Ag" B cells is
reported in the Supplementary Fig. 11.

Intracellular cytokine staining (ICS)
Isolated PBMCs were thawed and rested for 6 h. PBMCs were
stimulated in the presence of a pool of lyophilized peptides covering
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Fig. 6 | Ag" B cell metabolic states. A Uniform Manifold Approximation and
Projection (UMAP) plot shows the 2D spatial distribution of 9,780 cells from HD
and MS patients. UMAP dimensionality reduction is calculated using sampled data
from all cells and all available metabolic features; through FlowSOM clustering are
identified 8 different clusters, defined as scMEP. Cells are colored by their scMEP
state. B Heatmap of the median marker intensities of the 23 metabolic markers
across the 8 cell populations, obtained with FlowSOM algorithm. The colors of
cluster_id column correspond to the colors used to label the UMAP plot clusters/
ScMEP. The color in the heatmap is referred to the median of the arcsinh marker
expression (0-1 scaled): white represents a lower expression, while dark green
represents a higher expression. Light gray bar along the rows (clusters/scMEP) and
values in percentages indicate the relative sizes of the clusters. C Projection of
UMAP graphs stratified by HD and all different MS patients. D Representative dot
plots showing percentages of scMEP1, scMEP3 and scMEP4 among different

Group_IDs. The central bar represents the mean + SD. Kruskal-Wallis test (one-
sided) with Benjamini-Hochberg correction for multiple comparisons is used to
test the differences among groups. Adjusted g-values are reported in the figure, if
significant. healthy donors (HD, n = 8), multiple sclerosis patients treated with
Cladribine (n=4), Dimethyl Fumarate (DMF, n = 8), Fingolimod (n=35), IFN (n=6),
Natalizumab (n =8), Teriflunomide (n =5), Rituximab/Ocrelizumab (n=7).

E Heatmap of 15 immunological markers enrichment modeling (not used for
metabolic clustering) across different scMEP states, showing the relationship
between metabolic states and functional properties. Light gray bar along the rows
(clusters/scMEP) and values in percentages indicate the relative sizes of the clus-
ters/scMEP. F Pseudotime visualization of scMEP development based on the esti-
mated trajectory and envisaged in UMAP space. Colors are representative of the
different distribution of cells population: blue represents less active metabolic
state, while red represents an increased/enhanced metabolic state.

the complete protein coding sequence (aa 5-1273) of spike glyco-
protein (“S”) of SARS-CoV-2 (PepTivator SARS-CoV-2 Prot S Com-
plete Miltenyi Biotec, Bergisch Gladbach, Germany) together with
1pg/ml of anti-CD28/49d (Becton Dickinson). PBMCs were stimu-
lated for 16 h at 37 °C in a 5% CO, atmosphere in complete culture
medium (RPMI 1640 supplemented with 10% FBS and 1% each of L-
glutamine, sodium pyruvate, non-essential amino acids, antibiotics,
0.1M HEPES, 55 mM B-mercaptoethanol, and 0.02 mg/mL DNAse I).
For each stimulated sample, an unstimulated one was prepared as a
negative control. All samples were incubated with protein transport
inhibitors brefeldin A (Golgi Plug, Becton Dickinson Bioscience, San
Jose, CA, USA) and monensin (Golgi Stop, Becton Dickinson
Bioscience, San Jose, CA, USA) and previously titrated concentration
of CD107a-PE (BioLegend, San Diego, CA, USA). After stimulation,
cells were washed with PBS and stained with LIVE/DEAD fixable Aqua
(ThermoFisher Scientific, USA) for 20 min at RT. Next, cells were
washed with FACS buffer and stained with surface mAbs recognizing
CD3-PE.Cy5, CD4-AF700, and CD8-APC.Cy7 (BioLegend, San Diego,
CA, USA). Cells were washed with FACS buffer and fixed and per-
meabilized with the Cytofix/Cytoperm buffer set (Becton Dickinson
Bioscience, San Jose, CA, USA) for cytokine detection. Then, cells
were stained with previously titrated mAbs recognizing IL-17-PE-Cy7,
TNF-BV60S5, IFN-y-FITC, IL-2-APC, and GRZB-BV421 (all mAbs from
BiolLegend, San Diego, CA, USA). Samples were acquired on an
Attune NXT acoustic cytometer (ThermoFisher Scientific, USA).
Supplementary Table 2 reports mAb titers, clones, catalog numbers,
and type of fluorochrome used in the panel.

Gating strategy used to identify and analyze the intracellular
cytokine production of CD4" and CD8" T lymphocytes is reported in
Supplementary Fig. 7.

Computational analysis of flow cytometry data

T cell analysis. Compensated Flow Cytometry Standard (FCS) 3.0 files
were imported into FlowJo software version v10.7.1 and analyzed by
standard gating to remove doublets, aggregates and dead cells. For
ex vivo immunophenotyping of non-antigen-specific (Ag’) and
antigen-specific (Ag") T cells of both CD4" and CD8* we analyzed only
the data of stimulated samples. For each sample, we therefore selected
data from all living CD4* or CD8" T cells and imported them in R using
flowCore package v2.4.0 f or a total of 37,397,203CD4" T cells (of which
465,729 were SARS-CoV-2 specific) and 12,758,008 CD8' T cells (of
which 180,267 were SARS-CoV-2 specific). The further analysis
was performed using CATALYST v1.17.3. All data obtained by flow
cytometry were transformed in R using hyperbolic arcsine “arcsinh
(x/cofactor)” applying manually defined cofactors (where x is the
fluorescence measured intensity value). Clustering and dimensional
reduction were performed using FlowSOM (version 2.4.0) and UMAP
(version 0.2.8.0) algorithms, respectively. The Ag* CD4* and CD8 " T
cell clusters have been analyzed using the following markers: CD45RA,
CCR7, CD27, CD28, PD-1, CCR6, CXCR3, CXCRS and CD95. The quality

control (QC) of clustering for CD4" and CD8" T cells is reported in the
respective Supplementary Figs. 2 and 5.

B cell analysis. Compensated Flow Cytometry Standard (FCS) 3.0 files
were imported into FlowJo software version v10.7.1 and analysed by
standard gating to remove doublets, aggregates, dead cells, and
identify CD19"B cells. From total CD19" B cells, to remove false positive
SARS-CoV-2-specific B cells we eliminated decoy-positive B cells. For
each sample, we selected the SARS-CoV-2-specific B cells as positive
cells for both Spike_streptavidin-BUV661 and Spike_streptavidin-
BV650 and now referred to as Ag" B cells. The remaining double
negative cells were non-SARS-CoV-2-specific B cells and mentioned to
as Ag™ B cells. Then, we exported for each sample separately both Ag*
and Ag™ B cells and imported them in R using flowCore package v2.4.0.
The unsupervised analysis was performed using CATALYST v1.17.3. All
data were transformed in R using hyperbolic arcsin (arcsinh x/cofac-
tor) applying manually defined cofactors. Clustering and dimensional
reduction were performed using FlowSOM and UMAP algorithms,
respectively. For each day of acquisition at CytoFLEX LX, we had a
sample used as quality control (QC).

Mass cytometry

scMEP staining protocol. Thawed PBMCs were washed twice with
RPMI 1640 supplemented with 10% fetal bovine serum and 1% each of
L-glutamine, sodium pyruvate, nonessential amino acids, antibiotics,
0.1M HEPES, 55uM [B-mercaptoethanol and 0.02mg/ml DNAse.
PBMCs were washed with Maxpar PBS and stained for 5 min at 37 °C
with a working solution of the pre-titrated Cell-ID Cisplatin-195Pt in
Maxpar PBS. For quenching the cisplatin stain, PBMCs were washed
twice with Maxpar Cell Staining Buffer, using at least 5x the volume of
the cell suspension. After that, PBMCs were stained with 100 pl of 1x
Surface mAb Mix (see Supplementary Table 5 for all reagents used) at
room temperature for 15min. Samples were gently vortexed and
incubated at room temperature for additional 15 min. Following the
incubation, cells were washed twice by adding 2 mL Maxpar Cell
Staining Buffer to each tube, centrifuged at 300 x g for 5min, and
supernatant was removed by aspiration, leaving a residual volume
about 100 pL. For each sample, the pellet was thoroughly disrupted
by pulse vortex. Cells were prepared for nuclear staining, 1 mL of
Foxp3 Fixation/Permeabilization working solution was added to each
sample, and they were incubated for 30 min at 4 °C, protected by
light. Then, 2 mL of 1X Permeabilization Buffer were added to each
samples’ tube and centrifuged at 400-600 x g for 5min at room
temperature. PBMCs were stained with 100 pl of 1x Nuclear mAb Mix
and incubate for at least 30 min at 4 °C. Cells were subsequently
washed twice; a first time with 2 mL of 1X Permeabilization Buffer and
asecond time with 2 mL of Maxpar Cell Staining Buffer. Samples were
placed on ice for 10 min to chill. Then, 1mL of 4 °C methanol was
added, samples were mixed gently, and incubated on ice for further
15 min. PBMCs were washed twice with 2 mL of Maxpar Cell Staining
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Fig. 7 | Principal component analysis (PCA) of HD and MS treated groups. A PCA
showing the spatial distribution of vaccinated MS patients treated with different
DMT and healthy donors (HD). Euclidean distance to HD has been calculated. Violin
plot showing median, interquartile range (IQR) and whiskers (1.5*IQR).
Kruskal-Wallis test (one-sided) with Benjamini-Hochberg correction for multiple
comparisons is used to test the differences among groups, *p < 0.05. B Plot dis-
playing the variables as vector, indicating the direction of each variable to overall
distribution. The strength of each variable is represented by colors: orange color

represents a strong contribution; light blue color represents a milder contribution.
Length and direction of the arrows indicate the weight and correlation for each
parameter. C (Left) PCA showing the spatial distribution of MS patients treated with
fingolimod or natalizumab after SARS-CoV-2 vaccination, (Right) contribution of
each immunological variables to PCA. Healthy donors (HD, n = 8), multiple sclerosis
patients treated with Cladribine (n =4), Dimethyl Fumarate (DMF, n = 8), Fingoli-
mod (n=35), IFN (n=6), Natalizumab (n = 8), Teriflunomide (n =5), rituximab/
ocrelizumab (n=7).
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SARS-CoV-2 breakthrough infection. A UMAP visualization displaying the Ag"

T cells from specific scMEP clusters. B Bar plot illustrating the percentage of cells
within the scMEP clusters, whether associated or not with immune protection,
among patients experiencing or not SARS-CoV-2 breakthrough infections. C UMAP
visualization displaying the Ag" B cells from specific scMEP clusters. D Bar plot

illustrating the percentage of cells within the scMEP clusters, whether associated or
not with immune protection, among patients experiencing or not SARS-CoV-2
breakthrough infections. In gray: not assigned cells (Rejected); in blue: cells asso-
ciated with immune protection (YES); in red: cells not associated with immune
protection (NO).

Buffer, centrifuged at 800 xg for 5min, and supernatants were
removed by aspiration. PBMCs were then stained with 100 pl of 1x
Phospho-Mix and incubated for 30 min at room temperature. Cells
were washed twice by adding 2 mL Maxpar Cell Staining Buffer to
each tube, centrifuged at 800 x g for 5 min, and supernatants were
removed by aspiration, leaving a residual volume about 100 pL. It was
essential to thoroughly disrupt the pellet by pulse vortex, before
adding 1 mL of the 1.6% formaldehyde solution to each tube. After
gently mixing, PBMCs were incubated at room temperature for
10 min. When incubation was completed, cells were centrifuged at
800 x g for 5min and supernatant was removed by aspiration. One
mL of Cell-ID Intercalation solution was then added to each sample
and gently vortex. Samples were incubated at 4 °C overnight. After
centrifuging tube at 800 x g for 5 min, each pellet was resuspended
in the residual volume of iridium fix/perm solution and transferred
into a labeled 1.5mL microcentrifuge tube ready to be stored
at —80 °C.

After thawing in Maxpar cell staining buffer (CSB), cells were
washed twice with CSB. Prior to acquisition cells were also washed with
Maxpar cell acquisition solution (CAS). Immediately before acquisi-
tion, cells were resuspended to a final concentration of 10*¢/ml in CAS
with EQ Passport beads (1:10 dilution) and acquired on the Helios™
system (Standard Biotools, South San Francisco, CA, USA). Acquisition
rate was constantly monitored at 350 to 400 events/sec, to minimize
ion cloud fusion and maximize data quality. Acquired data were nor-
malized using Passport beads (Fluidigm/Standard Biotools method)
with CyTOF software (version 10.7.1014).

SCENITH assay on SARS-CoV-2-specific B cells. Freshly isolated
PBMCs were rested overnight in RPMI 1640 supplemented with 10%
FBS and 1% each of L-glutamine, sodium pyruvate, nonessential amino
acids, antibiotics, 0.1 M HEPES, 55 mM B-mercaptoethanol. After rest-
ing, cells were washed with PBS and stained with biotinylated full-
length SARS-CoV-2 spike protein (R&D Systems, Minneapolis, USA)
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labeled with different streptavidin fluorophore conjugates. Full-length
biotinylated spike protein was mixed and incubated with streptavidin-
BUV661 (Becton Dickinson) or streptavidin-BV650 (BioLegend) at a 6:1
mass ratio for 15 min at room temperature (RT). PBMCs were stained
with both biotinylated streptavidin at 4 °C for 1h. Then, cells were
washed at 1000 rpm for 7 min and resuspended in complete medium
at a density of 1x10%0.1 ml and incubated at 37 °C for 4 h. After the
incubation cells were washed at 1000 rpm for 7 min and resuspended
in 340 pl of complete medium and equally distributed in 4 tubes (one
for each condition CO, DG, DGO, 0) to proceed with SCENITH proto-
col. All the reagents were prepared the day of the experiment, empty
tubes and 20X inhibitors CO; DG; O; P (stored at —20 °C in aliquots)
were equilibrated at 37 °C for 30 min before cell treatment. 5 pl of each
20X inhibitor and 10 pl of 20X puromycin were added to the corre-
sponding tube and incubated at 37 °C for 40 min. In the DGO tube, DG
and O were added simultaneously. After incubation, tubes with cells
were filled up with ice cold MACS Buffer, centrifuged at 400 x g during
5min at 4 °C and the supernatant was discarded by aspiring. Cells were
resuspended in 100 pl of PromoFluor IR-840 (Promokine, PromoCell,
Heidelberg, Germany) and Fc Block (Becton Dickinson) and incubated
for 15 min, at 4 °C, in the dark. Without washing, 100 pl of 2X surface
staining mix including the previously titrated mAbs CD19-PE, CD69-
FITC, were added to cells and samples were incubated for 25 min at
4 °C in the dark. Tubes were filled up with FACS buffer, centrifuged at
400 x g, during 5min, at 4 °C and the supernatant was discarded by
aspiring. Red blood cells lysis was avoided. The following intracellular
staining with Invitrogen FOXP3 stain buffer was performed: cells were
resuspended in 100 uL of Foxp3 Fixation/Permeabilization solution,
vortexed and incubated for 20 min at RT in the dark. Then 1X Per-
meabilization Buffer was added to cells and samples were centrifuged
at 600 x g for 5 min at RT. The supernatant was discarded by aspiration
and cells were resuspended in 50 uL of intracellular block (1X Per-
meabilization Buffer + 20% FCS) and incubate for 10 min at RT. Without
washing 50 uL of anti-puromycin-AF647 antibody solution 1/250 were
added to cells and cells were incubated for 1 h at 4 °Cin the dark. At the
end of incubation cells were washed with 1X Permeabilization Buffer
and centrifuged at 600 xg for 5min at 4 °C. The supernatant was
discarded, and stained cells were resuspended in 400 uL of FACS
Buffer and acquired by flow cytometer CytoFLEX LX (Beckman Coul-
ter, Hialeah, FL). A minimum of 1,500,000 cells per sample were
acquired. All reagents used for the staining of cells are reported in
Supplementary Table 4.

SCENITH assay performed on SARS-CoV-2-specific T cells. Freshly
isolated PBMCs were incubated at a density of 1x10%/0.1ml in com-
plete medium (RPMI 1640 supplemented with 10% FBS and 1% each of
L-glutamine, sodium pyruvate, nonessential amino acids, antibiotics,
0.1M HEPES, 55mM f3-mercaptoethanol) with CD40-blocking anti-
body (0.5 pg/ml final concentration) (Miltenyi Biotec, Bergisch Glad-
bach, Germany) for 15 min at 37 °C before stimulation. Then, cells were
stimulated by adding in the medium PepTivator SARS-CoV-2 Prot_S
complete (Miltenyi Biotec, Bergisch Gladbach, Germany) containing
15-mer peptides with 11-amino acid overlap, covering the complete
sequence of Wuhan SARS-CoV-2 spike glycoprotein, together with
CD28/CD49d (Becton Dickinson) and incubated for 18 hat37°Cina 5%
CO2 atmosphere. At the end of stimulation, cells were washed at
1000 rpm for 7 min and resuspended in 340 pl of complete medium
and equally divided into 4 FACS tubes (one for each condition CO, DG,
DGO, 0) to perform the SCENITH protocol. All the reagents were
prepared the day of the experiment, empty tubes and 20X inhibitors
CO; DG; O; P (stored at —20 °C in aliquots) were equilibrated at 37 °C
for 30 min before cell treatment. 5 pl of each 20X inhibitor and 10 pl of
20X puromycin were added to the corresponding tube and incubated
at 37 °C for 40 min. In the DGO tube, DG and O were added simulta-
neously. After incubation, tubes with cells were filled up with ice cold

MACS Buffer, centrifuged at 400 x g during 5min at 4°C and the
supernatant was aspirated. Cells were resuspended in 100 pl of Pro-
moFluor IR-840 (Promokine, PromoCell, Heidelberg, Germany) and Fc
Block (Becton Dickinson) and incubated for 15 min at 4 °C, in the dark.
Without washing, 100 pl of 2X surface staining mix including the pre-
viously titrated mAbs CD4-FITC, CD8-PE, CD3-PB, CD69-BV650, CD137-
BUV395 were added to cells and samples were incubated for 25 min at
4 °C in the dark. Tubes were filled up with FACS buffer, centrifuged at
400 x g, during 5min, at 4 °C and the supernatant was discarded by
aspiring. Red blood cells lysis was avoided, and the following intra-
cellular staining with Invitrogen FOXP3 stain buffer was performed:
cells were resuspended in 100 pL of Foxp3 Fixation/Permeabilization
solution, vortexed and incubated for 20 min at RT in the dark. Then 1X
Permeabilization Buffer was added to cells and samples were cen-
trifuged at 600 x g for 5 min at RT. The supernatant was discarded by
aspiring and cells were resuspended in 50 pL of intracellular block (1X
Permeabilization Buffer + 20% FCS) and incubated for 10 min at RT.
Without any washing step, 50 uL of anti-puromycin-AF647 antibody
solution 1/250 was added to cells and followed by incubation for 1 h at
4 °Cin the dark. Cells were washed with 1X Permeabilization Buffer and
centrifuged at 600 g for 5 min at 4 °C. The supernatant was discarded,
and stained cells were resuspended in 400 pul of FACS Buffer and
acquired by flow cytometer CytoFLEX LX (Beckman Coulter, Hialeah,
FL). A minimum of 1,500,000 cells per sample were acquired. All
reagents used for the staining of cells are reported in Supplementary
Table 4.

Statistical analysis. Quantitative variables were compared using
Kruskal-Wallis non-parametric test corrected for multiple comparisons
by controlling the False Discovery Rate (FDR), method of Benjamini
and Hochberg. Statistically significant g-values are represented. Sta-
tistical analysis of cytokines production was performed using Graph-
Pad Prism version 8 (GraphPad Software Inc., La Jolla, USA). Total
percentage of antigen-specific (Ag'CD4" and Ag"CD8") T cell data have
been calculated as background subtracted data. Simplified Presenta-
tion of Incredibly Complex Evaluation (SPICE) software (version 6,
Vaccine Research Center, NIAID, NIH, Bethesda, MD, USA) was used to
analyze flow cytometry data on T cell polyfunctionality. Data from the
total cytokine production are represented as individual values, means,
and standard errors of the mean. Regarding polyfunctionality, data in
pie charts are represented as median values and statistical analysis was
performed using permutation test; data in graphs are represented as
individual values, means, and standard errors of the mean.

Principal component analysis. Principal Component Analysis (PCA)
was executed and visualized in R using the prcomp function (stats
v3.6.2) and the pca3d package v0.1. The data used included the
proportions, absolute number and scMEP matabolic state of Ag*
CD19*B cells, CD4*, CD8'T cells along with clinical parameters
(reported in Source Data File). Missing values of dataset were
imputed using missMDA package v1.18. The total impact of a specific
variable retained by PC1 and PC2 was computed as [(C1 * Eigl) + (C2 *
Eig2)]/(Eigl + Eig2), where C1 and C2 represent the contributions of
the variable to PC1 and PC2, and Eigl and Eig2 denote the eigenvalues
of PC1 and PC2, respectively. The Euclidean distance of MS-treated
groups to HD in PCA space was calculated using the phenoptr v.0.3.2
package.

PENCIL prediction analysis. PENCIL v0.7 was used to predict cell
clusters associated with absence of breakthrough infection in MS
patients and HD". As single cell input data we used our 45-parameter
mass cytometry data (scMEP data) analyzed previously with R by using
CATALYST v1.18.1 (see method above). We imported into Seurat v4.9.9
58 the expression matrix, containing hyperbolic arcsinh (cofactor 5)
transformed data, and the metadata (also UMAP coordinates) of Ag+ T
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or B lymphocytes. Cells from all individuals were divided in two groups
on the basis of SARS-CoV-2 breakthrough infection and were used as
input to run PENCIL. For T cells prediction, to reduce the number of
rejected cells due to huge differences in cell number form who
experienced SARS-CoV-2 breakthrough infection (10,591 cells) and
who did not (96,931 cells), a downsampled dataset was used (a total of
21,591, whose 11,000 for who experienced SARS-CoV-2 breakthrough
infection; 10,591 for who did not get COVID-19). Prediction displayed
68% accuracy. Then 5650 was used for Ag" B cells prediction (2825 for
each group); a total of 1047 cells were rejected. The precision of the
prediction was 76%.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analysed in this study are included in this pub-
lished article (and its supplementary information files). Further inqui-
ries can be directed to the corresponding authors. Source data are
provided with this paper.
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