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SARS-CoV-2



Cenni «storici»



24 October 2023: 771.679.618 confirmed cases, including 
6.977.023 deaths, and a total of 13.534.457.273 vaccine doses 
administered.
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(breve) cronistoria dei CoV umani
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Mortality rate: 9% >30% 3-5%?



(breve) descrizione dei CoV umani
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SARS-CoV-2



Virus a RNA



SARS-CoV-2

• ~29.9 kilobase positive-sense RNA genome that contains as many as 29 ORFs.
• Though the exact number of functional proteins remains to be established, there are at least:
✓ 16 nonstructural proteins (nsp), 
✓ 4 structural proteins, (S, E, M, N)
✓ at least 6-7 accessory proteins

Based on previous work with SARS-CoV and other CoVs, scientists have quickly identified functions for the majority of these factors, though the work is still ongoing. 

MERS-CoV

SARS-CoV

SARS-CoV-2



Protein Functions

Spike (S) Spike full-length (~1273 a.a. in SARS-CoV-2) protein precursor is cleaved into glycosylated subunits, S1 and S2 (S2’). S1 binds to the host’s receptor, ACE2, while S2 mediates viral and host membrane fusion.

Nucleocapsid (N) Nucleocapsid (~419 a.a. in SARS-CoV-2) binds viral genomic RNA and forms a helical ribonucleocapsid. Involved in genome protection, viral RNA replication, virion assembly, and immune evasion. Interacts with M and nsp3 proteins.

Membrane (M)
Membrane/matrix protein (~222 a.a. in SARS-CoV-2) is the most abundant structural component of the virion, and very conserved. Mediates assembly and budding of viral particles through recruitment of other structural proteins to “ER-Golgi-
intermediate compartment (ERGIC)”. Interaction with N for RNA packaging into virion. Interacts with accessory proteins 3a and 7a. Mitigation of immune response?

Envelope (E)
Envelope small membrane protein (~75 a.a. in SARS-CoV-2) is a single-pass type III membrane protein involved in viral assembly, budding, and pathogenesis. Localizes to ERGIC. Forms a homopentameric ion channel and is a viroporin. Interacts 
with M, N, 3a, and 7a.

nsp1
Nonstructural protein 1 (nsp1; ~180 a.a. in SARS-CoV-2) likely inhibits host translation by interacting with 40S ribosomal subunit, leading to host mRNA degradation through cleavage near their 5’UTRs. Promotes viral gene expression and 
immunoevasion in part by interfering with interferon-mediated signaling.

nsp2
nsp2 (~638 a.a. in SARS-CoV-2) interacts with host factors prohibitin 1 and prohibitin 2, which are involved in many cellular processes including mitochondrial biogenesis. It appears that nsp2 may change the intracellular milieu and perturb host 
intracellular signaling.

nsp3
nsp3 (~1945 a.a. in SARS-CoV-2) is a papain-like protease (PLpro) and multi-pass membrane protein that processes the viral polyprotein to release nsp1, nsp2, and nsp3. It also exhibits deubiquitinating and deISGylating activities. Interacts with 
nsp4 and nsp6.

nsp4 nsp4 (~500 a.a. in SARS-CoV-2) is required for viral replication by inducing (with nsp3) assembly of, and localizing to, double-membrane cytoplasmic vesicles. Multi-pass membrane protein.

nsp5 nsp5 (3CLpro; ~306 a.a. in SARS-CoV-2) cleaves at 11 sites in the polyprotein to release nsp4-nsp16. It is also responsible for nsp maturation.

nsp6
nsp6 (~290 a.a. in SARS-CoV-2) is a multi-pass membrane protein that induces double-membrane vesicles in infected cells with nsp 3 and nsp4. It also limits autophagosome expansion and interferes with autophagosome delivery of viral factors to 
lysosomes for destruction.

nsp7 nsp7 (~83 a.a. in SARS-CoV-2) forms a hexadecamer with nsp8 as a cofactor for the RNA-dependent RNA polymerase nsp12. May have processivity or RNA primase function.

nsp8
nsp8 (~198 a.a. in SARS-CoV-2) forms a hexadecamer with nsp7 as a cofactor for the RNA-dependent RNA polymerase nsp12. May have processivity or RNA primase function. Mutation of certain residues in nsp8 is lethal to SARS-CoV by impacting 
RNA synthesis.

nsp9 nsp9 (~113 a.a. in SARS-CoV-2) functions in viral replication as a dimeric ssRNA-binding protein.

nsp10 nsp10 (~139 a.a. in SARS-CoV-2) forms a dodecamer and interacts with both nsp14 and nsp16 to stimulate their respective 3’-5’ exoribonuclease and 2’-O-methyltransferase activities in the formation of the viral mRNA capping machinery.

nsp11 nsp11 (~13-23 a.a., depending on the CoV species) is a pp1a cleavage product at the nsp10/11 boundary. For pp1ab, it is a frameshift product that becomes the N-terminal of nsp12. Its function, if any, is unknown.

nsp12
nsp12 (~932 a.a. in SARS-CoV-2) is the RNA-dependent RNA polymerase (RdRp) performing both replication and transcription of the viral genome. It has >95% identity to the SARS-CoV polymerase and is inhibited by the nucleoside analogue 
Remdesivir.

nsp13
nsp13 (~601 a.a. in SARS-CoV-2) is a multifunctional superfamily 1 helicase capable of using both dsDNA and dsRNA as substrates with 5’-3’ polarity. In addition to working with nsp12 in viral genome replication, it is also involved in viral mRNA 
capping. It associates with nucleoprotein in membranous complexes.

nsp14 nsp14 (~527 a.a. in SARS-CoV-2) has both 3’-5’ exoribonuclease (proofreading during RNA replication) and N7-guanine methyltransferase (viral mRNA capping) activities. Interacts with nsp10.

nsp15 nsp15 (~346 a.a. in SARS-CoV-2) is an endoribonuclease that favors cleavage of RNA at the 3’-ends of uridylates. Loss of nsp15 affects both viral replication and pathogenesis. It is also required for evasion of host cell dsRNA sensors.

nsp16 nsp16 (~298 a.a. in SARS-CoV-2) interacts with and is activated by nsp10. Its 2’-O-methyltransferase activity is essential for viral mRNA capping. It may also work against host cell antiviral sensors.

ORF3a
ORF3a (~275 a.a. in SARS-CoV-2) is a multi-pass membrane protein that forms a homotetrameric viroporin in SARS-CoV. It interacts with accessory protein 7a, M, S and E. May be involved in viral release. Importantly, it also activates both NF-kB 
and NLRP3 inflammasome and contributes to the generation of cytokine storm.

ORF6 ORF6 (~61 a.a. in SARS-CoV-2) appears to be a virulence factor in SARS-CoV. It was shown to be an antagonist of type I interferons (IFNs) and is involved in viral escape from the host innate immune system.

ORF7a
ORF7a (~121 a.a. in SARS-CoV-2) is a type I membrane protein that interacts with bone marrow stromal antigen 2 (BST-2) in SARS-CoV. BST-2 tethers virions to the host’s plasma membrane. ORF7a binding inhibits BST-2 glycosylation and interferes
with this restriction activity. ORF7a also interacts with S, M, E, and ORF3a in SARS-CoV.

ORF7b ORF7b (~43 a.a. in SARS-CoV-2) is a type III integral transmembrane protein in the Golgi apparatus. In SARS-CoV, it appears to be a viral attenuation factor.

ORF8 ORF8 (~121 a.a. in SARS-CoV-2) has only 30% identity to the intact ORF8 of SARS-CoV and might be a luminal ER membrane-associated protein. It may trigger ATF6 activation and affect the unfolded protein response (UPR).

ORF9b ORF9b (~97 a.a. in SARS-CoV-2) is coded for in an alternative ORF within the N gene. No function is known, though the SARS-CoV protein interacts with nsp5, nsp14, and ORF6. There is limited evidence it may bind to lipids.

ORF10 ORF10 (~38 a.a. in SARS-CoV-2) has no known function but might have a regulatory role involving interaction with another factor(s).

Putative functions of SARS-CoV-2 proteins
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Confronto tra l’organizzazione genomica di SARS-CoV-2, SARS-CoV e MERS-CoV



Confronto tra le sequenze genomiche di SARS-CoV-2, Bat-CoV, SARS-CoV e MERS-CoV





Proteina S (Spike)

Target per 
anticorpi terapeutici 

e vaccini



Altri attori coinvolti: TMPRSS2



alveolar epithelial cells>bronchial epithelial cells

ACE2 expression



iScience 2020 23DOI: (10.1016/j.isci.2020.101839) Fodoulian L et al , iScience, December 2020

SARS-CoV-2 receptors and entry genes are expressed in the human olfactory neuroepithelium and brain

Highlights
•SARS-CoV-2 receptors ACE2 and TMPRSS2 are 
expressed in olfactory neuroepithelia
•ACE2 and TMPRSS2 are co-expressed in 
supporting sustentacular cells
•A subset of neuronal and non-neuronal cells in 
the brain transcribe ACE2



Viral proteins

RdRp: RNA-dependent RNA polymerase



SARS-CoV-2 

lyfe cycle



2021

SARS-CoV-2 lyfe cycle and generation of mutants



SARS-CoV-2 variants

WHO, 16/11/2021

Variant of Interest (VOI)

A variant with specific genetic markers associated with 

changes to receptor binding, reduced neutralization by 

Abs generated against previous infection or vaccination, 

reduced efficacy of treatments, potential diagnostic 

impact, or predicted increase in transmissibility or disease 

severity.

Possible attributes of a VOI:

•Specific genetic markers that are predicted to affect 

transmission, diagnostics, therapeutics, or immune 

escape.

•Evidence that it is the cause of an increased proportion of 

cases or unique outbreak clusters.

•Limited prevalence or expansion in the US or in other 

countries.

VOI might require one or more appropriate public health 

actions, including enhanced sequence surveillance, 

laboratory characterization, or epidemiological 

investigations to assess how easily the virus spreads to 

others, the severity of disease, the efficacy of therapeutics 

and whether currently approved or authorized vaccines 

offer protection.



Distribution of variants from January to July 2021

Tartof SY, The Lancet 2021

Goel RR, Science 2021



Garcia-Beltran WF, Cell 2021

Garcia-Beltran WF, Cell 2021



Omicron: what makes the 
latest SARS-CoV-2 
variant of concern 

so concerning?

C. Jung et al., JVI 2022

Position of changes in the 3D structure 
of the Spike/ACE2 complex based on 
the CoV-RDB 



Fonte: https://doi.org/10.1080/07853890.2022.2031274

Mutazioni aminoacidi nella regione RBD 



in red: key mutations

SARS-CoV-2 variants: not only in the spike protein!

Variante alfa

Variante beta

Variante gamma

Zhou W,  Sign Transd and Target Therapy, 2021



C. Jung et al., JVI 2022

SARS-CoV-2 mutations and escape from immune control

BA.1 
BA.2 

Phylogenetic analysis of representative 
SARS-CoV-2 isolates scaled according 
to their divergence compared to the 
Wuhan Hu-1 sequence 

Types of single nucleotide 
substitutions in SARS-CoV-2 
Omicron and Delta VOCs 
compared to Wuhan Hu-1 
reference strain

N of isolates= 475 (Delta); 77 (Omicron) 



Varianti di SARS-CoV-2 (marzo 2020-giugno 2022)





Variants of Concern (VOC) As of 3 March 2023, ECDC has de-escalated BA.2, BA.4 and BA.5 from its list of 
SARS-CoV-2 VOC, as these parental lineages are no longer circulating. ECDC will continue to categorize and 
report on specific SARS-CoV-2 sub-lineages in circulation that are relevant to the epidemiological situation

Variants of Interest (VOI)

Varianti di SARS-CoV-2 (9 marzo 2023)

https://www.ecdc.europa.eu/en/news-events/ecdc-de-escalates-ba2-ba4-and-ba5-its-list-variants-concern


Distribution of the SARS-CoV-2 lineages assigned within XBB.1.5-like + F456L, per sample collection week (globally) as of 4 September 2023 



These additional variants of SARS-CoV-2 have been de-escalated based on at least one the following criteria: (1) the variant is no longer 
circulating, (2) the variant has been circulating for a long time without any impact on the overall epidemiological situation, (3) scientific 
evidence demonstrates that the variant is not associated with any concerning properties.

De-escalated variants



SARS-Cov-2 e risposta immunitaria: 

Immunità innata, infiammazione, IFN, 
linfociti T e B…

e la malattia



SARS-Cov-2 e risposta immunitaria: 

Immunità innata, infiammazione, IFN, 
linfociti T e B…

e la malattia





(2017!)
Infezioni da CoVs



COVID-19 E COMORBIDITÀ

Report dell’Istituto Superiore di Sanità del 5 ottobre 2021

➢ Numero di decessi per Covid-19: 130.468 

➢ Età media: 80 anni

➢ Campione: 7.910 persone decedute positive al Covid-19 

Report prodotto dal Gruppo della Sorveglianza dei Decessi SARS-CoV-2: Luigi Palmieri et al.

Bellotti Azevedo et al. Journal of Human Hypertension, 2021

Numero di patologie nei pazienti 
deceduti e positivi a SARS-CoV-2



⮚ Covid-19 principale causa di morte nell’89% dei casi

⮚ Comorbidità più frequenti: cardiopatie ipertensive (18%), 

diabete mellito (16%), cardiopatie ischemiche (13%) e tumori 

(12%)

Analisi ISTAT di 4.942 schede di morte di pazienti positivi al 25 maggio 2020

Elaborazione Istat su dati Iss: IMPATTO DELL’EPIDEMIA COVID-19 SULLA MORTALITÀ: CAUSE DI MORTE NEI

DECEDUTI POSITIVI A SARS-COV-2

Concause presenti nelle cartelle di morte 

Il ruolo delle patologie croniche pregresse nella prognosi dei pazienti COVID-19. Maria Masocco et al. 

https://www.epicentro.iss.it/coronavirus/sars-cov-2-flussi-dati-confronto-patologie-croniche-pregresse

Concausa: malattia o circostanza esterna

in grado di avviare sequenze di eventi morbosi indipendenti tra loro 

che contribuiscono al decesso

COVID-19 E COMORBIDITÀ

https://www.istat.it/it/files/2020/07/Report_ISS_Istat_Cause-di-morte-Covid.pdf
https://www.epicentro.iss.it/coronavirus/sars-cov-2-flussi-dati-confronto-patologie-croniche-pregresse


Risposta immunitaria, infiammazione e spettro dei sintomi clinici da infezione con SARS-CoV-2

Frontiers Immunol, 2020



L’immunopatologia:

una visione d’insieme



Cinetica della carica virale, IFN-I , e le citochine infiammatorie



SARS-Cov-2 e risposta immunitaria: 

Immunità innata, infiammazione, IFN, 
linfociti T e B…

e la malattia



La famiglia degli IFN può essere classificata in 3 tipi principali di citochine

Epithelial cells
Some leukocytes



Interferon biological activities



3 main functions of type I IFNs



Attività antivirale e immunoregolatoria dell’IFN di tipo I

lo stato antivirale!

ISGs: IFN-stimulated genes





Immunità innata e immunoevasione da parte dei Coronavirus 

Recognition
(immune sensing)

Outcome
(IFN signaling)

Recognition
(immune sensing)

Outcome
(IFN signaling)





Inborn errors of TLR3- and IRF7-dependent type I IFN production and amplification 

underlie life-threatening COVID-19 pneumonia

Zhang Q et al. Science 2020

(3,5%)



Neutralizing auto-Abs to type I IFNs underlie life-threatening COVID-19 pneumonia

Bastard P et al. Science 2020

In these patients, adaptive autoimmunity 
impairs innate and intrinsic antiviral immunity



La genetica: 

associazioni tra geni e COVID-19



La genetica: 

associazioni tra geni e COVID-19





OAS1 is on Chr 12



SARS-Cov-2 e risposta immunitaria: 

Immunità innata, infiammazione, IFN, 
linfociti T e B…

e la malattia



Phenotype and kinetics of SARS-Cov-2-specific T cell responses after natural infection

Niessl J, Seminars in Immunol, 2021



Linfociti T

1. Diminuzione numero (leucopenia)
2. Aumento numero cellule T 

attivate con fenotipo «exhausted» 
(recettori inibitori, ridotta 
polifunzionalità e ctx)

➢ Linfociti T virus-specifici?
➢ Correlazione tra quadro clinico 

severo e risposta/fenotipo T?
➢ Presenza linfociti T anti-SARSCov2 

in individui non esposti?



Mateus J et al. Science 2021



Tarke, …Sette, Cell 2022

Highlights

• T cells of vaccinees 

recognize SARS-CoV-2 

variants, including Omicron. 

• RBD memory B cells’ 

recognition of Omicron is 

reduced 

• A median of 11 CD4 and 10 

CD8 spike epitopes are

recognized in vaccinees. 

• Average preservation > 80% 

for Omicron at the epitope 

level.

In brief: 

Human memory T cells 

induced by SARSCoV-

2 vaccines maintain the ability 

to recognize viral variants, 

including the Omicron variant.

SARS-CoV-2 

vaccination induces

immunological T

cell memory able to 

cross-recognize 

variants from

Alpha to Omicron

Good!Not so good…



Sequence conservation of 

SARS-CoV-2 T cell 

epitopes in variants 

Che impatto hanno le varianti sulle risposte mediate dai linfociti T?

Tarke, …Sette, Cell 2022



Linfociti B e anticorpi



Impact of Omicron and 

other variants on 

memory T cell and B 

cell recognition

Tarke, …Sette, Cell 2022



Mechanisms of action of monoclonal antibodies in a viral infection
and antibody-dependent enhancement (ADE)

Taylor PC, Nat Rev Imm, 2021



SARS-Cov-2 e risposta immunitaria: 

conclusioni



L’immunopatologia:

una visione d’insieme



2
1

1. Infezione delle cellule ACE2/TMPRSS2+
2. Soppressione IFN-I e aumento replicazione 

virale
3. PAMPs/DAMPs attivano cellule epiteliali, 

endoteliali e macrofagi
4. Rilascio citochine
5. Tempesta citochinica
6. Richiamo leucociti dal sangue e 

amplificazione tempesta citochinica (feedback 
positivo)

7. Danno da cellule infiammatorie e da 
anticorpi non-neutralizzanti (Antibody-
Dependent Enhancement, ADE)

8. Danno multi-organo (nei polmoni: ARDS)

3
4

5

6

6

L’immunopatologia:

una visione d’insieme

7-8



19. 

dysfunction, abnormalities of granulocytes 

L’immunopatologia



L’immunopatologia:

i meccanismi



L’immunopatologia:

le implicazioni cliniche


