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Sommario

La CRISPR/Cas9 ¢ una delle tecnologie di maggior successo usate per 1’editing
genomico in modelli eucariotici. Il suo meccanismo versatile si basa sull’uso di una
guida a RNA (gRNA) disegnata per riconoscere una sequenza target nel genoma e
guidare I’enzima Cas9 a tagliare il sito bersaglio. La rottura a doppio filamento
(DSB) indotta puo essere riparata da meccanismi cellulari come il non-homologous
end joining (NHEJ), che pud causare I’inserzione o la delezione di nucleotidi.
Questo puo indurre frameshift, risultando nell’introduzione di un codone di stop
prematuro e consentendo il knockout genico. A seconda del gene target, della linea
cellulare e dello scopo biologico, I’esperimento CRISPR/Cas9 pud richiedere
un’attenta ottimizzazione. In questo studio, abbiamo inizialmente utilizzato la
tecnologia CRISPR/Cas9 per indurre il knockout di diversi geni in differenti linee
cellulari, adottando diverse strategie di knockout a seconda dell’efficienza di
trasfezione della linea cellulare target o dello scopo biologico finale. I geni target
sono stati selezionati perché coinvolti in pathway tumorali o perché svolgono un
ruolo chiave nelle infezioni virali.

Abbiamo effettuato il knockout del gene ACOTS nella linea cellulare HEK293T,
colpendo I’esone 1 con un singolo gRNA, per generare un modello per lo studio
dell’infettivita di HIV-1 in assenza di ACOTS, una tioesterasi che interagisce con
la proteina virale HIV-1 Nef. Gli pseudovirus prodotti in cellule ACOT8-KO hanno
mostrato un’infettivitd significativamente ridotta sulle cellule target, un effetto
osservato solo per virus con envelope HIV. La produzione di virus pseudotipizzati
con QHO di HIV-1 in cellule ACOTS8 KO ritrasfettate con un plasmide ACOTS8 ha
portato ad un aumento di infettivita nelle cellule target a livelli comparabili dello
stesso pseudovirus prodotto in cellule WT. Cid conferma il ruolo specifico di
ACOTS nel mediare la produzione di particelle virali pit o0 meno infettive. In
secondo luogo, I’interazione tra ACOTS8 e NEF e la conseguente infettivita delle
particelle virali prodotte sono state valutate con I’aggiunta di plasmidi NEF. Questo
ha dimostrato che ’interazione ACOTS8/Nef nelle cellule produttrici di virus porta
alla produzione di particelle virali piu infettive, supportando un ruolo chiave per

ACOTS8 e ACOTS8/Nef nell’infettivita di HIV-1.



Abbiamo poi utilizzato la tecnologia CRISPR/Cas9 per identificare il ruolo di
alcuni geni coinvolti in pathway tumorali, iniziando da HADHA nelle cellule di
cancro al pancreas (PANC-1). Questo gene codifica un enzima mitocondriale
coinvolto nel metabolismo lipidico, che ¢ stato rilevato sovraespresso nelle cellule
staminali del carcinoma pancreatico. Abbiamo quindi adottato un approccio a due
guide per colpire I’esone 1 di HADHA, isolando un singolo clone KO per una linea
risultata difficile da trasfettare. Utilizzando il modello HADHA-KO PANC-1,
abbiamo osservato che la perdita di HADHA non influisce sulle proprieta staminali
del tumore al pancreas, con le cellule staminali di carcinoma pancreatico (PCSCs)
HADHA KO che formano tumourspheres pit compatte e dense rispetto alle cellule
staminali wild-type.

I1 knockout genico mediato da CRISPR/Cas9 ¢ stato poi applicato per generare
modelli cellulari knockout al fine di valutare il ruolo biologico di geni specifici in
altri due tipi di cancro, come melanoma e osteosarcoma. Nel primo caso, abbiamo
colpito il gene RUNX2, un fattore di trascrizione sovraespresso nelle cellule di
melanoma, in cellule di melanoma murino (B16) con un approccio a singola gRNA
e a doppia gRNA. I due diversi setup sperimentali ci hanno permesso di ottenere
sia cellule RUNX2 KO, sia cellule con delezione del dominio Runt, essenziale per
il legame al DNA. Entrambi i modelli saranno utilizzati per descrivere meglio il
ruolo di RUNX2 nella progressione del melanoma.

Nel secondo caso, abbiamo utilizzato CRISPR/Cas9 per colpire FBXW11 nelle
cellule di osteosarcoma MG63. 1l gene target codifica un’ubiquitina ligasi coinvolta
nella degradazione di prodotti cellulari in differenti pathway. Le cellule MG63
hanno richiesto un’attenta ottimizzazione del protocollo CRISPR/Cas9, poiché la
trasfezione del plasmide esprimente Cas9/gRNA non ha funzionato su queste
cellule. Pertanto, abbiamo utilizzato un plasmide CRISPR piu piccolo per
trasfettare cellule MG63 precedentemente trasdotte per esprimere stabilmente la
proteina Cas9, ottenendo cosi un moderato aumento dell’efficienza di editing.
Infine, abbiamo adottato la trasduzione con virus-like particles (VLP), un sistema
non integrativo ed efficiente per la delivery del complesso ribonucleoproteico
Cas9/gRNA, consentendoci di aumentare considerevolmente I’efficienza di editing

nelle cellule MG63. Dopo la trasduzione con VLP e la conferma della corretta



efficienza di editing su FBXW11, abbiamo isolato un clone MG63 FBXW11 KO
che sara utilizzato come modello per valutare cambiamenti nei pathway molecolari
e nella crescita tumorale dovuti all’assenza di FBXW11.

Abbiamo poi lavorato per ottimizzare altre applicazioni della tecnologia CRISPR.
In particolare, abbiamo lavorato con la tecnologia del prime editing, un approccio
innovativo basato su CRISPR per la prima volta sviluppato nel 2019. La tecnica
permette di eseguire modifiche a singolo nucleotide utilizzando un enzima “prime
editor”, composto da una Cas9 nickasi e una transcrittasi inversa di MMLYV, che
copia nel genoma I’informazione trasportata da una guida specializzata, chiamata
pegRNA. Abbiamo applicato questa tecnologia nel contesto della displasia
cleidocranica (CCD), una malattia scheletrica causata da mutazioni nel gene
RUNZX2. Nel nostro approccio, ne abbiamo dimostrato 1’applicazione sulle cellule
HEK?293T, introducendo la mutazione desiderata (RUNX2, ¢.505 C>T) in queste
linee cellulari, che sono state successivamente utilizzate come modello per
esperimenti di prime editing volti a correggere la mutazione. La procedura ha
richiesto 1’ottimizzazione di diverse condizioni di editing per identificare infine il
miglior sistema per introdurre o correggere questa mutazione patogenica.
Abbiamo infine usato la CRISPR/Cas9 per il knockout del gene HLA-C in cellule
HEK?293T. Le cellule generate sarebbero state poi ri-trasfettate con diversi plasmidi
esprimenti HLA-C per creare modelli per investigare la stabilita del complesso
HLA-C/beta-2-microglobulina/peptide per 1 vari allotipi HLA-C. Il nostro scopo
era quello di fornire una piu accurata classificazione della stabilita di legame con
peptidi degli allotipi HLA-C e dimostrare la sua associazione con 1’infezione di
HIV-1. Nonostante questi esperimenti di setup iniziali, un altro lavoro condotto da
Sarkizova et al. aveva gia ri-trasfettato allotipi HLA-C in cellule HLA-deficienti e
determinato sperimentalmente i1 peptidi leganti ai diversi allotipi in questione.
Abbiamo quindi deciso di utilizzare questi peptidi per analisi bioinformatiche
sull'associazione di legame con gli allotipi HLA-C per studiarne la stabilita di
legame con peptidi di HLA-C. Per ottenere ci0, abbiamo utilizzato uno strumento
bioinformatico (NetMHCpan4.2) per determinare 1 punteggi di stabilita per 1 21
alleli HLA-C umani piu frequenti. Questo software ci ha permesso di determinare

quantitativamente 1’associazione di legame tra gli allotipi HLA-C considerati e



specifici pool di peptidi leganti. Abbiamo poi genotipizzato diversi pazienti HIV-1
positivi per HLA-C e assegnato a ciascun paziente un punteggio di stabilita
HLA-C. I nostri risultati hanno dimostrato che i pazienti con rapida progressione
all’ AIDS e 1 pazienti con deficit neurologici associati all’HIV-1 mostrano valori di
stabilita. HLA-C piu bassi rispetto ai pazienti con progressione piu lenta della
malattia e ai pazienti senza deficit neurologici, rispettivamente. Il nostro studio ha
confermato il ruolo di HLA-C come un fattore genetico che puo determinare diversi

esiti dell’infezione da HIV-1.



Abstract

CRISPR/Cas9 is one of the most successful technologies used for genome editing
in eukaryotic models. Its versatile mechanism is based on the use of guide RNA
(gRNA), designed to recognise a target sequence in the genome and guide the Cas9
enzyme to cut the targeted site. The induced double-strand break (DSB) can be
repaired by cellular mechanisms such as non-homologous end joining (NHEJ),
which can cause the insertion or deletion of nucleotides. This can induce
frameshifts, resulting in the introduction of a premature stop codon and allowing
gene knockout. Depending on the target gene, cell line, and biological purpose, the
CRISPR/Cas9 experiment may require careful optimisation. In this study, we
initially used CRISPR/Cas9 technology to induce the knockout of several genes in
different cell lines, adopting different knockout approaches depending on the
transfection efficiency of the target cell line or the final biological aim. The target
genes were selected because they are involved in tumour pathways or play a key
role in viral infections.

We knocked out the ACOTS gene in the HEK293T cell line by targeting exon 1
with a single gRNA to generate a model for studying HIV-1 infectivity in the
absence of ACOTS, a thioesterase interacting with the viral HIV-1 Nef protein.
Pseudoviruses produced in ACOTS8-KO cells showed significantly reduced
infectivity on target cells, an effect that was only observed for viruses with HIV
envelopes. The production of HIV-1 QHO-pseudotyped viruses in ACOT8 KO
cells re-transfected with an ACOTS8 plasmid increased infectivity in target cells to
levels comparable to those of the same pseudovirus produced in WT cells. This
confirms the specific role of ACOT8 in mediating the production of more or less
infectious viral particles. Secondly, the interaction between ACOTS8 and NEF, and
the resulting infectivity of the viral particles produced, were evaluated with the
addition of NEF plasmids. This demonstrated that the ACOTS8/Nef interaction in
virus-producing cells leads to the production of more infectious viral particles,
supporting a key role for ACOT8 and ACOTS8/Nef in HIV-1 infectivity.

We then used CRISPR/Cas9 technology to identify the role of certain genes in
tumour pathways, starting with HADHA in pancreatic cancer cells (PANC-1). This

gene encodes for a mitochondrial enzyme involved in lipid metabolism, which was



found to be overexpressed in pancreatic cancer stem cells. We then used a two-
guide approach to target exon 1 of HADHA, isolating a single KO clone for a line
that proved difficult to transfect. Using the HADHA-KO PANC-1 model, we
observed that loss of HADHA does not affect pancreatic cancer stemness, with the
HADHA KO- pancreatic cancer stem cells (PCSCs) forming more compact and
denser tumourspheres compared to wild-type pancreatic cancer stem cells.
CRISPR/Cas9-mediated gene knockout was then applied to generate knockout cell
models in order to evaluate the biological role of specific genes in two other cancer
types, such as melanoma and osteosarcoma. In the first case, we targeted the
RUNX2 gene, a transcription factor overexpressed in melanoma cells, in mouse
melanoma cells (B16) with a single and dual gRNA approach. The two different
experimental setups allowed us to obtain both RUNX2 KO cells and cells deleted
for the Runt domain, essential for DNA binding. Both models will be used to better
depict the RUNX2 role in melanoma progression. In the second case, we used
CRISPR/Cas9 to target FBXW11 in osteosarcoma MG63 cells. The targeted gene
encodes a ubiquitin ligase involved in the degradation of cellular products across
different pathways. MG63 cells required a careful optimisation of the
CRISPR/Cas9 protocol, since transfection of Cas9/gRNA plasmid did not work on
these cells. Therefore, we used a smaller CRISPR plasmid to transfect MG63 cells
previously transduced to stably express Cas9 protein, thus gaining a moderate
increase in editing efficiency. Finally, we adopted transduction with virus-like
particles (VLPs), a non-integrating and efficient system for delivering Cas9/gRNA
ribonucleoprotein complex, thus allowing us to considerably increase editing
efficiency in MG63 cells. After VLP transduction and confirmation of the proper
editing efficiency on FBXW11, we isolated an FBXW11 KO MG63 clone that will
be used as a model to evaluate changes in molecular pathways and tumour growth
due to its absence.

We further worked to optimise other applications of the CRISPR technology. In
particular, we worked with the prime editing technology, an innovative CRISPR-
based approach first developed in 2019. The technique allows to perform single
nucleotide modifications by using a prime editor enzyme, composed of a Cas9

nickase and an MMLV reverse transcriptase, which copies the information carried



by a specialised guide, called pegRNA, into the genome. We applied this
technology in the context of cleidocranial dysplasia (CCD), a skeletal disease
caused by mutations in RUNX2 gene. In our approach, we demonstrated its
application in HEK293T by introducing the desired mutation (RUNX2, ¢.505 C>T)
in these cell lines, which have been subsequently used as a model for prime editing
experiments aimed at correcting the mutation. The procedure required the
optimisation of different editing conditions to finally identify the best system for
introducing or correcting this pathogenic mutation.

We finally used CRISPR/Cas9 to knockout HLA-C gene in HEK293T cells. The
generated cell lines would have been re-transfected with different HLA-C-
expressing plasmids to create models for investigating the stability of the HLA-
C/beta-2-microglobulin/peptide complex for various HLA-C allotypes. Our aim
was to provide a more accurate classification of peptide binding stability of
HLA-C allotypes and demonstrate its association with HIV-1 infection. Despite
these initial experimental setups, another study conducted by Sarkizova et al. had
already re-transfected HLA-C allotypes into HLA-deficient cells and
experimentally determined the peptides binding to the different allotypes
considered. We therefore decided to use these peptides for bioinformatic analyses
on the binding association with HLA-C allotypes to further study the stability of the
HLA-C complex. To achieve this, we used a tool (NetMHCpan4.2) to determine
stability scores for the 21 most frequent human HLA-C alleles. This software
allowed us to quantitatively determine the binding association between the
considered HLA-C allotypes and specific pools of binding peptides. We then
genotyped HIV-1 patients for HLA-C and assigned each patient an HLA-C stability
score. Our results demonstrated that patients with rapid progression to AIDS and
patients with HIV-1-associated neurological impairment had lower HLA-C stability
values than patients with slower AIDS progression to the disease and patients
without neurological deficits, respectively. Our study confirmed the role of
HLA-C as a genetic factor that can determine different outcomes of HIV-1

infection.
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Abbreviations

AATD
AAV
ABE

ABL
ACOT8
AD

AdV
AIDS
APOBECI

AUC
AuNP
BA

BCR

BE

BER

Bp
CAR-T
Cas
Cascade
CBE
CCD
CCR5
ChIP-seq
CIRCLE-Seq

CML
Cmr
cOA
CoASH
COL7A1

al-antitrypsin deficiency
Adeno-associated virus

Adenine base editor

Non-receptor tyrosine kinase Abelson
Acyl-CoA thioesterase 8

Alzheimer's disease

Adenovirus

Acquired immunodeficiency syndrome
Apolipoprotein B mRNA editing enzyme catalytic
subunit 1

Area under the curve

Gold nanoparticles

Binding affinity

Breakpoint cluster region

Base editor

Base excision repair

Base pair

Chimeric antigen receptor T-cell
CRISPR-associated protein
CRISPR-associated complex for antiviral defense
Cytosine base editor

Cleidocranial dysplasia

C-C chemokine receptor type 5

Chromatin immunoprecipitation sequencing

Circularization for in vitro reporting of cleavage effects

by sequencing

Chronic myeloid leukemia
Cas module RAMP
Cyclic oligoadenylate
Coenzyme A

Collagen type VII alpha 1 chain
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COSMID

Cpfl
CPP
CRISPR/Cas

CRISPRa
CRISPRIi
crRNA
Csfl

Csf2

Csm

CTL
CXCR4
dCas9
DECODR
DISCOVER-seq

DMD
DMEM
DSB
ECH
ecTadA
EL
EMT
ER
FACS
FBS
FBXW11
Fw

Gag
GFP

CRISPR off-target sites with mismatches, insertions,
and deletions

CRISPR from Prevotella and Francisella 1
Cell-penetrating peptides

Clustered regularly interspaced short palindromic repeats/

CRISPR-associated genes

CRISPR activation

CRISPR interference

CRISPR RNA

CRISPR-associated protein 1

Cas7-like protein

Cas subtype Mtube

Cytotoxic T lymphocyte

C-X-C chemokine receptor type 4
Deactivated Cas9 or dead Cas9
Deconvolution of complex DNA repair
Discovery of in situ Cas off-targets and verification
by sequencing

Duchenne muscular dystrophy

Dulbecco's Modified Eagle Medium
Double-strand break

Enoyl-CoA hydratase

Escherichia coli transfer RNA adenosine deaminase
Eluted ligand

Epithelial-mesenchymal transition
Endoplasmic reticulum
Fluorescence-activated cell sorting

Fetal bovine serum

F-box and WD repeat domain containing 11
Forward

Group-specific antigen

Green fluorescent protein

14


https://www.google.com/search?q=Dulbecco%27s+Modified+Eagle+Medium&sca_esv=6b1d8f50b92f85a4&sxsrf=AE3TifM4Oqepj6oikiQmXHW4LdgiskNNJA%3A1764946016723&ei=YPAyaZLPK53t7_UP15zVWQ&ved=2ahUKEwjJ4JqZ2qaRAxV_hf0HHZH2NJUQgK4QegQIARAC&uact=5&oq=dmem+biology+stands+for&gs_lp=Egxnd3Mtd2l6LXNlcnAiF2RtZW0gYmlvbG9neSBzdGFuZHMgZm9yMgUQABjvBTIIEAAYgAQYogQyCBAAGIAEGKIEMgUQABjvBTIIEAAYgAQYogRIjwdQAFjuBXAAeAGQAQCYAcYBoAHpBKoBAzAuNLgBA8gBAPgBAZgCAqACkALCAgkQABiABBgTGA3CAggQABgTGA0YHsICChAAGBMYCBgNGB7CAggQABiiBBiJBZgDAJIHAzAuMqAHvRayBwMwLjK4B5ACwgcDMi0yyAcM&sclient=gws-wiz-serp&mstk=AUtExfDSz4-sCmkgZxNzFQen4t-V8XxHNZBM3BOcEM66YoRKwAN5Q7_rhdKLwcx2-Z6Cw-GVny8OURtjMKrj_HQx29NHpY0Kr1NV9V4XF4YmTHzqLKqLou5VhOHab6Dao2rSNSMy-N8va_WZte-muS7mreO-YT24es54rtcwf0lPuMllVF8ygtO27LusttmJrTC-ia-um2oMi5VUy7ToiQYu0K4TJHt-rxtIePmXiasIEcLt8qdKuNcQotNd7Q63qI6kk5qdm2OOANvZ7keXUj5Asfxz&csui=3
https://www.google.com/search?q=group-specific+antigen&sca_esv=aa650d13515d1176&sxsrf=AE3TifMGOfW1IOCssRF-3FF0mxyunxBz8Q%3A1764601843827&ei=868taeuRMu6D9u8P9cemsAU&ved=2ahUKEwjB86qT1pyRAxUL_7sIHer6DYUQgK4QegQIAhAE&uact=5&oq=Gag+hiv-1+biology+abbreviation+stands+for&gs_lp=Egxnd3Mtd2l6LXNlcnAiKUdhZyBoaXYtMSBiaW9sb2d5IGFiYnJldmlhdGlvbiBzdGFuZHMgZm9yMgUQABjvBTIFEAAY7wUyCBAAGIAEGKIESNoOUMEEWL8LcAF4AZABAJgBrAGgAZsGqgEDMC42uAEDyAEA-AEBmAIGoAKGBcICChAAGLADGNYEGEfCAgQQIxgnwgIKECEYoAEYwwQYCsICCBAhGKABGMMEmAMAiAYBkAYFkgcDMS41oAfsD7IHAzAuNbgHgQXCBwUwLjQuMsgHDA&sclient=gws-wiz-serp&mstk=AUtExfDDqFUi9XL1rv165wqSM0kU6yBbJlDQQsauerZzvTlPfN05y2VeSQLsUrwmOU51e6dtEfSELz4c8KhA7bXkJ5K4Zv_zi4MRSnHsFgG3B1dY0fbHpCGIIO6rBFo8f7-N2_hhz9UqDA1tMArAV-GG6p-hzkwXGf5LNtbS0nTO4QZfJ76oHCpsVEa-nqMRvCaieGdcb8m1pzh7x46OXJ0QoxM4onvVg05AaceWh3mIwpHersLu_wBqjXuxHfu0c2tpjE30VKN0RPrhBY7yrcakSFtz&csui=3

GMO
gRNA
HACD
HADHA

HADHB

HAND
HD
HDR
HEK
HEPN
HER2
HIV-1
HLA-A
HLA-B
HLA-C
HNH
HPV
HSF1
ICE
IGFIR
iMSC
INDEL
iPSC
Kb
KIR
KO
KRAB
Lck
LNP
LTNP

Genetically modified organism

Guide RNA

Hydroxyacyl-CoA dehydrogenase
Hydroxyacyl-CoA dehydrogenase trifunctional
multienzyme complex subunit alpha
Hydroxyacyl-CoA dehydrogenase trifunctional
multienzyme complex subunit beta
HIV-associated neurocognitive disorders
Huntington's disease

Homology-directed repair

Human embryonic kidney

Higher eukaryotes and prokaryotes nucleotide-binding
Human epidermal growth factor receptor 2
Human immunodeficiency virus type 1
Human leukocyte antigen-A

Human leukocyte antigen-B

Human leukocyte antigen-C
Histidine-asparagine-histidine motif

Human papillomavirus

Heat shock factor 1

Inference of CRISPR Edits

Insulin-like growth factor 1 receptor
Induced mesenchymal stem cells
Insertion/deletion

Induced pluripotent stem cells

Kilobase

Killer Ig— related receptor

Knockout

Kriippel associated box
Lymphocyte-specific protein tyrosine kinase
Lipid nanoparticles

Long-term non-progressors
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https://www.google.com/search?q=Genetically+Modified+Organism&sca_esv=4aee882adbe694f9&biw=1536&bih=695&sxsrf=AE3TifNpQY2qxzcAm-gvOc4LF1Rzh1ZQaQ%3A1764591177535&ei=SYYtacSzIL2C9u8Pv77psAc&ved=2ahUKEwig8-y9rpyRAxUQlP0HHcKYEnIQgK4QegQIARAC&uact=5&oq=GMO+abbreviation+biology&gs_lp=Egxnd3Mtd2l6LXNlcnAiGEdNTyBhYmJyZXZpYXRpb24gYmlvbG9neTIFEAAY7wUyBRAAGO8FMggQABiABBiiBDIIEAAYogQYiQUyBRAAGO8FSMMGUABYgwRwAHgBkAEAmAGnAaAByQSqAQMwLjS4AQPIAQD4AQGYAgOgAscDmAMAkgcDMC4zoAekE7IHAzAuM7gHxwPCBwMwLjPIBwg&sclient=gws-wiz-serp&mstk=AUtExfAm54aYZHzWHuGa3mbNER3iMekhJNtWFNI-dKWzNx07MuSv93uG-Mn5QrwHFijdz67UaGSpPBAfo-VMAgtsf6C-Vpj715yFrWIqcIQn9bvLzjVW7nW2dzvhnzog6LRip2CqLv0_aPqjVbjMVYkDhjEUr_Ym9sjoK0pcEepyXKanle2awmhra7DbLV8JlT3Psc_q5b0B6c1ElHoCFGGDxdZeJ7Qx-Mzpn8_IjMoL15ATA8xFg-vc6UXxRs7qzmEnl2zi1FP6oQ94wOo-QmUApFUw8v33I1PfEZ63gdRoa3sZMJBXcp0kqc4YC-JKZV3xOA&csui=3
https://www.google.com/search?q=Human+Immunodeficiency+Virus+type+1&sca_esv=4aee882adbe694f9&biw=1536&bih=695&sxsrf=AE3TifOESNZAYku0pZpuHyM2q_IgMOCjgg%3A1764591155961&ei=M4YtaYWuOobs7_UPxcXI8Ac&ved=2ahUKEwihhcuyrpyRAxVsgv0HHbSdAs8QgK4QegQIAhAE&uact=5&oq=hiv-1+abbreviation+biology&gs_lp=Egxnd3Mtd2l6LXNlcnAiGmhpdi0xIGFiYnJldmlhdGlvbiBiaW9sb2d5MgUQABjvBTIIEAAYgAQYogQyCBAAGKIEGIkFMgUQABjvBTIIEAAYgAQYogRI2xZQkA1Y7RNwAXgBkAEAmAGlAaABuwWqAQMwLjW4AQPIAQD4AQGYAgSgArgDwgIKEAAYsAMY1gQYR8ICBhAAGAcYHsICCBAAGAcYCBgewgIKEAAYBxgIGAoYHpgDAIgGAZAGB5IHAzEuM6AHtRayBwMwLjO4B7IDwgcFMC4yLjLIBww&sclient=gws-wiz-serp&mstk=AUtExfCUx7VUs_xczrUwfCOqg3q_jJKPBzqn0T47Azmaz_s0wxHyp3xWTN1N-0HVdWIS5uBz8Iowj8untEDnY0WPd8-wYOQrdS95syMeJt2pFBbyQkruPtjoqh2PRN8e_jd2oXjfUsNqTXuW2HxluN9aYSCzm67Duc8vGXv3p_UR_HmWtX46A8R5F9xQi7ezTIUBQviSdx6VRj97IK6bBWXUqTnwFNhLXM1niOh9T1fMhclxHcongFnQpqDER9F_T3MhyGGmrwKU_JfEljb9NGYlYHiiXo5T04l7Fmk_MMpST60kdyOQho2ixPPflawcglBXJA&csui=3
https://www.google.com/search?q=Histidine-Asparagine-Histidine&sca_esv=4aee882adbe694f9&biw=1536&bih=695&sxsrf=AE3TifP6h3Q-WMV_ITCGRlR5qvcQ0rYSiQ%3A1764589994685&ei=qoEtabXHKdCH9u8P8pDq6As&oq=hnh+domain+of+cas9+acronym&gs_lp=Egxnd3Mtd2l6LXNlcnAiGmhuaCBkb21haW4gb2YgY2FzOSBhY3JvbnltKgIIADIFECEYoAEyBRAhGKABMgUQIRigAUiHLFDMBFi2JXABeACQAQCYAZ4BoAHjDqoBBDAuMTS4AQPIAQD4AQGYAgygAtsLwgIIEAAYsAMY7wXCAgcQIxiwAhgnwgIFEAAY7wXCAgYQABgWGB7CAgQQIRgVmAMAiAYBkAYEkgcEMS4xMaAH2TayBwQwLjExuAfYC8IHBTAuNy41yAch&sclient=gws-wiz-serp&mstk=AUtExfCyWOwhOMCRoqPdGUwq0dnNT5QFJBZxCaMz7QufS3cXgT3AMdvKZ8l89JAGEEqzarHaQ62dNQwRFWcjirq_OPbTKEYUjnozUNFoRMbfEg8I77BEISQrmv-ci-l5sV2wRKdGKhlIU3QQvc1IlxpZdRbopt2Sb_H70CgfDFMVjyUbWyzQ4-PSta8boOqg27HSeHCUQ5g8t_XKcwNbnR9cFPW6uyKT2yh4mB2SGMIEh2v-wNnqq13Si-xnoQkN8snb1nKZoTAjnCNxs4Ux2lpvamaBZysbQxKbF0AVVWuW4cSnVW2mGF4OcPvESaIFl9OUcw&csui=3&ved=2ahUKEwj3mtOCqpyRAxWg8bsIHYtsBpEQgK4QegQIARAC
https://www.google.com/search?q=Induced+Pluripotent+Stem+Cells&sca_esv=6b1d8f50b92f85a4&sxsrf=AE3TifOjqkl8q1HyksVQLGfKXe2Hdx8eDw%3A1764929910377&ei=drEyab7dFt6L9u8P1YnRSA&ved=2ahUKEwiGpI2p1KaRAxWMg_0HHSneCdYQgK4QegQIARAE&uact=5&oq=IPSCbiology+stands+for&gs_lp=Egxnd3Mtd2l6LXNlcnAiFklQU0NiaW9sb2d5IHN0YW5kcyBmb3IyCBAAGAcYCBgeMgUQABjvBTIFEAAY7wUyBRAAGO8FMggQABiABBiiBEiOAlAAWABwAHgBkAEAmAGhAaABoQGqAQMwLjG4AQPIAQD4AQL4AQGYAgGgArgBmAMAkgcDMC4xoAf9A7IHAzAuMbgHuAHCBwMzLTHIBxE&sclient=gws-wiz-serp&mstk=AUtExfDMV7Lk_qMrFi5Z-hL4kz2aDO0jI0aeihXRw12kFhotyHItEvzHtlmpWGCn89WN-q9WrwfIxp1ir_b--wmPmDyPfGivObx2jWgmwPmStijuRCCNe2oxjQRydWT6J8jXBcYCk5gqn8lr2lySA7jgI4xwiX7lcOMDkX_DcTn2heaYsKE&csui=3
https://www.google.com/search?q=Lymphocyte-specific+protein+tyrosine+kinase&sca_esv=6b1d8f50b92f85a4&sxsrf=AE3TifPBmyuQNib645zXYLEK6FSYoXReag%3A1764928143693&ei=j6oyaaqBKquD9u8PpNSSyQE&ved=2ahUKEwjCtq2tlqaRAxXn97sIHag8JlwQgK4QegQIARAC&uact=5&oq=lck+biology+stands+for&gs_lp=&sclient=gws-wiz-serp&mstk=AUtExfDJXjnWi2TnT-h-VINCmaxkn7fky8A3If2HN8Kl0qtrwIVw-wLK4q7nrKO7RZve5cS7EllNUx-EepRtQXeFd8h2ahGdrHWk9-FISmwUPi8K2VEMAi3KkROgZNbyvfIFMFK1Ad90kUvrgwWf29zx3qLqPfBm2l2uxrv7K6iK4yTuDzMBpWd9WCzmSbN4Chmp0VRhJ4jGmH7qH4yKcH8gwwxOeIq1hrixmE1-1PwxAbtjONEs8AWvDWJvq0gbyEblAN_tOYwoVt0kHfmtRD4eDpfC4ik3TMPtxSHzQBg_B9vJxA&csui=3

LTR

LV

MD
MeCP2
MiR
MLHIdn
MLV
MM-GBSA
MMLV
MMR
MN / MegN
MOI
MREI11
mTOR
nCas9
Nef
ngRNA
NGS
NHEJ
NK

NLS
NMD
NUC lobe
P

PAM
PBMC
PBS
PCR
PCSC
PD
PDAC
pDNA

Long terminal repeat

Lentivirus

Molecular dynamics

Methyl-CpG binding protein 2
MicroRNA

Dominant-negative MutL Homolog 1
Murine leukemia virus

Molecular mechanics-generalized Born surface area
Moloney murine leukemia virus
Eukaryotic mismatch repair
Meganucleases

Multiplicity of infection

Meiotic recombination 11
Mammalian target of rapamycin
Cas9 nickase

Negative regulatory factor
Nicking guide

Next-generation sequencing
Non-homologous end joining
Natural killer

Nuclear localization signal
Nonsense-mediated mRNA decay
Nuclease lobe

Progressors

Protospacer adjacent motif
Peripheral blood mononuclear cells
Primer binding site

Polymerase Chain Reaction
Pancreatic cancer stem cells
Parkinson's disease

Pancreatic ductal adenocarcinoma

Plasmid DNA
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https://www.google.com/search?q=Nonsense-mediated+mRNA+decay&sca_esv=aa650d13515d1176&sxsrf=AE3TifMD9FjaABO3P7oqgg2ijzVlmveLcQ%3A1764597826114&ei=QqAtacfIBsON9u8Pm_HvmAI&ved=2ahUKEwjTxYOzx5yRAxUKhv0HHXgrMlQQgK4QegQIARAC&uact=5&oq=NMD+biology+abbrevation+stands+for&gs_lp=Egxnd3Mtd2l6LXNlcnAiIk5NRCBiaW9sb2d5IGFiYnJldmF0aW9uIHN0YW5kcyBmb3IyBRAAGO8FMggQABiABBiiBDIFEAAY7wUyBRAAGO8FMgUQABjvBUjwEVAAWMoPcAB4AZABAJgBhQKgAZIKqgEFMC44LjG4AQPIAQD4AQL4AQGYAgWgApMFwgIEECEYCpgDAOIDBRIBMSBAkgcDMC41oAfsILIHAzAuNbgHkwXCBwMwLjXIBwo&sclient=gws-wiz-serp&mstk=AUtExfBPpw0oRUfEcMcWKmjxEfdATCBNJEpg7R-wCSDDe4pNLx4-BS61DRXmWqW6Vhec8ik8lCaGU48zeQoqKTzH-GxzCNOEc4RsgRXXm8XH3JQ9AZ60KqVVsi1YDNUqCkb-851Yb2tu2V0gYKPSUO8JYDULDIDmytezAJ3hp7fiZ5DTXJ7DB5KiprpGHNukcZUt-IFx1GMDYJVlofVbggMCkWp32-nf2kW1ZaV3gf3lmoK_9Me12HKxv2y1oeWRnQ70JREEZAYfuLC2gIM5DrJxQemD&csui=3
https://www.google.com/search?q=Peripheral+Blood+Mononuclear+Cells&sca_esv=6b1d8f50b92f85a4&sxsrf=AE3TifNd8VrUQ6PCAIzKXTvCaPqNaFJ8zw%3A1764927760313&ei=EKkyadHbErCD9u8PsL6umAg&ved=2ahUKEwiKtKLDlKaRAxXviP0HHSSTI8IQgK4QegQIARAE&uact=5&oq=PMBC+stands+for+abbreviation+biolgy&gs_lp=Egxnd3Mtd2l6LXNlcnAiI1BNQkMgc3RhbmRzIGZvciBhYmJyZXZpYXRpb24gYmlvbGd5MgUQABjvBTIFEAAY7wUyCBAAGIAEGKIEMgUQABjvBTIFEAAY7wVI_xlQAFi4F3ABeACQAQCYAcoBoAH9BaoBBTAuNC4xuAEDyAEA-AEBmAIGoAKUBpgDAOIDBRIBMSBAkgcFMS40LjGgB-sTsgcFMC40LjG4B5IGwgcFMC41LjHIBw8&sclient=gws-wiz-serp&mstk=AUtExfDakCy116awYW92ea7sVa1Mx0NSQf8vS-ZT1YpkYhqyvA9j0IHbesaVhBWuxdkFGI68Ur99atKVcjGR_QycXuunb-540gjI0KmexMCuwn_fUyANpWbytfaAbdkZqxTOjO6EKlDq4k2x0K2mKom7wxQt8OP3nPRTK3-z1FEuJXdEb5MyjVn4YtnYjI0zdsdGd4fu6uTWjXdo8Zcpeedn6FhmxgtbtglB_av3bGV5ovntDDh4IuU4Aw1EjXBmERdPhz7o7E6quWJi2FfNnQEEWZknphEMAmN9CiYsnjLx9zXRMA&csui=3

PE3ARnH
PEG
pegRNA
PKU

Pol 1T

Pro
pre-ctRNA
REC lobe
Rev

RLU
RNAIi
RNF2
RNP

RT
RUNX2
RuvC
RVD
SaCas9
SALL1
SAM
SARS-CoV-2
SCF

scFv

SD

SDS3
SDS-PAGE
SERPINAL1
sgRNA
SITE-Seq

SpCas9
ssODN

RNase H-deleted PE enzyme
Polyethylene glycol

Prime editing RNA
Phenylketonuria

RNA polymerase II1

Protease

Long precursor RNA molecule
Recognition lobe

Reverse

Relative light unit

RNA interference

RING finger protein 2
Ribonucleoprotein

Reverse transcriptase
Runt-related transcription factor 2
Crossover junction endodeoxyribonuclease domain
Repeat-variable diresidues
Staphylococcus aureus Cas9
Spalt-like transcription factor 1
Synergistic activation mediator
Severe acute respiratory syndrome coronavirus 2
SKP1-CULI1-F-box

Single-chain variable fragment
Standard deviation

Sin3A corepressor complex component 3

Sodium dodecyl sulfate polyacrylamide gel electrophoresis

Serine protease inhibitor, clade A, member 1

Single guide RNA

Selective enrichment and identification of tagged genomic

DNA ends by sequencing
Streptococcus pyogenes Cas9

Single-stranded oligodeoxynucleotides
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https://www.google.com/search?q=polyethylene+glycol&sca_esv=aa650d13515d1176&sxsrf=AE3TifOWKM8IXJpkpxrHUt3bh_SmBo3J2w%3A1764601890699&ei=IrAtafOkKsCC9u8PzODO4Ag&ved=2ahUKEwjmlOTB15yRAxWenf0HHWZ_JasQgK4QegQIAhAC&uact=5&oq=peg+biology+abbreviation+stands+for&gs_lp=Egxnd3Mtd2l6LXNlcnAiI3BlZyBiaW9sb2d5IGFiYnJldmlhdGlvbiBzdGFuZHMgZm9ySL0DUABY4QFwAHgAkAEAmAGoAqABrwSqAQMyLTK4AQPIAQD4AQGYAgCgAgCYAwCSBwCgB60FsgcAuAcAwgcAyAcA&sclient=gws-wiz-serp&mstk=AUtExfABstvnvzyYPO0w-jSn-xB_HiN_1t1j_tGHaMMcZNlcRdXPnLd04BbESD9GJgoR3VMhWsth8X_zV44939-nnl2UkCJCKGci7OrxCzHSpgwDYuwugBMCsJVuPwPnsDqBRy5N-3vKx1XF8ZM1-GaqIIxWMlrvMj9V6cl04ijdzUsTKDA1M8esAb0TC9D_DXxEiKQXtzKMUrvXkPIS37mx0GtT9SrUjgiCzWwA718K_ooQjE-VOTth5nXD8-L2-1ks59P9j6egMuDZS-V19zQhxBK7&csui=3
https://www.google.com/search?q=SKP1-CUL1-F-box+protein&sca_esv=5a21cf7e0cf15b69&sxsrf=AE3TifP5T3M5SuaTB3F2jm2Dwvbew_EO-g%3A1765272701794&source=hp&ei=few3aef-LYCI9u8PssPTwAs&iflsig=AOw8s4IAAAAAaTf6jYADfkIEUqiyeGst9hWfv4RghmZZ&ved=2ahUKEwinsOykmbCRAxVzg_0HHU85CAUQgK4QegQIARAB&uact=5&oq=scf+complex+biology&gs_lp=Egdnd3Mtd2l6IhNzY2YgY29tcGxleCBiaW9sb2d5MgUQIRigAUi4GVAAWO0WcAB4AJABAJgBmQGgAfIQqgEENC4xNbgBA8gBAPgBAZgCE6AC9hHCAgoQLhiABBgnGIoFwgIKECMYgAQYJxiKBcICERAAGIAEGLEDGIMBGIoFGI0GwgILEAAYgAQYsQMYgwHCAgUQLhiABMICCxAuGIAEGLEDGIMBwgIEECMYJ8ICDhAAGIAEGLEDGIMBGIoFwgIIEAAYgAQYsQPCAgUQABiABMICDhAuGIAEGMcBGI4FGK8BwgIREC4YgAQYxwEYmAUYmQUYrwHCAgsQLhiABBjHARivAcICCBAAGIAEGMsBwgIGEAAYFhgewgIIEAAYgAQYogTCAgUQABjvBZgDAJIHBDIuMTegB8l0sgcEMi4xN7gH9hHCBwcxLjYuOS4zyAdTgAgA&sclient=gws-wiz&mstk=AUtExfDF0kIjO6GnKPBWKzwTZWP0oTQYZpjTREohp3TyI7iXOtXdxurum-TQEZj_QQZjWONUspR1s2dhY2n4ogyKVvYa3ehk6lzKzyozwvQAz_P1seA-LXcvLv_ctRRwyI1xMH9ZAk7p6EdiHx22p-BwHtaJerKu1nONT8jI4r9XKvaLXfk&csui=3
https://www.google.com/search?q=Sodium+Dodecyl+Sulfate+Polyacrylamide+Gel+Electrophoresis&sca_esv=6b1d8f50b92f85a4&sxsrf=AE3TifNRmyI2jY5d5wHfwxDv_LW-bEYIew%3A1764946741827&ei=NfMyaaaUMsCK9u8P_9i9uAE&ved=2ahUKEwj6hqrf5qaRAxVD9bsIHQF3Cp8QgK4QegQIARAE&uact=5&oq=sds-page+biology+stands+for&gs_lp=Egxnd3Mtd2l6LXNlcnAiG3Nkcy1wYWdlIGJpb2xvZ3kgc3RhbmRzIGZvcjIIEAAYgAQYogQyCBAAGIAEGKIEMggQABiABBiiBDIFEAAY7wUyCBAAGIAEGKIESOkNUABYywxwAHgBkAEAmAHVAaAB9giqAQUwLjcuMbgBA8gBAPgBAZgCBKACugTCAgYQABgIGB7CAggQABiiBBiJBZgDAJIHAzAuNKAH7h2yBwMwLjS4B7oEwgcFMi0zLjHIBx8&sclient=gws-wiz-serp&mstk=AUtExfDexmLkgQYWEWYhze0V3qJzCwxKEHALnmjFHuHCGfhX-TZCLp8i0RjXg5JYA4E4KP_z9t0u6YoMieVq7R64xJtVm97Be5bCP5NWEmqv3uik3-FIYVYVcsyDJjk5S_6kOuDgCfp0qu1rncr0Ce93w53DNxXmNAaSZNRjT_FMpgAGuO0&csui=3

TALEN
TAP
TBS-T
TevopreQl1
TFP
TGF-B
TGF-pR1
TIDE
TractrRNA
U6

UGI

UTR

VLP

VPR
VSV-G
WB

WT

ZFN
ZIM3

pom

Transcription activator-like effector nucleases
Transporter associated with antigen processing
Tris-Buffered Saline with 0.1% Tween-20
Trimmed prequeosine;-1 riboswitch aptamer
Mitochondrial trifunctional protein
Transforming growth factor-beta
Transforming growth factor-beta receptor type 1
Tracking of indels by decomposition
Trans-activating crRNA

U6 small nuclear RNA (snRNA) promoter
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1. INTRODUCTION

1.1 Introduction to genome editing techniques: pre-CRISPR methods
Genome editing refers to the process of introducing modifications into an
organism’s DNA, allowing alterations of its genetic sequence (Doudna and
Charpentier 2014). The first attempts to modify genomes date back to the 1970s,
when researchers managed to integrate genetic information into the yeast genome
(Hinnen, Hicks, and Fink 1978). Soon after, the possibility of introducing new
genetic elements was also demonstrated in mammalian cell models, as shown by
experiments conducted on mouse embryonic stem cells in the late 1980s (Thomas
and Capecchi 1987).

Since then, different techniques for genome engineering have emerged, aiming to
perform precise genetic modifications, including meganucleases (MNs), zinc finger
nuclease (ZFNs) and transcription activator-like effector nucleases (TALENS).
Although these approaches have been proven to enable genome editing, they were
often characterised by a complex design process and a limited target specificity
(Khalil 2020). The real revolution in the field was represented by CRISPR/Cas9
which, originally identified as a bacterial adaptive immune system, has been later
engineered and widely used for its versality in introducing precise genetic
modifications (Jinek et al. 2012).

Genome editing technologies have contributed significantly to advancements in
scientific research, from understanding gene function in basic biology to the
development of targeted gene therapies. The continuous improvements and
optimisation of these techniques can drive new significant discoveries, contributing
to promising applications of gene therapy in different areas, such as cancer research,

viral diseases or genetic disorders (Li et al. 2020).

1.1.1 The first genome editing techniques: MNs, ZFNs and TALENSs.
The use of designed nucleases has allowed researchers to develop different
platforms for genome editing in various cell types and organisms. These

technologies exploit these nuclease enzymes and their ability to induce double-
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strand breaks in the target genome to induce genetic modifications (Silva et al.
2011).

Before the advent of CRISPR/Cas9 technology, three main nuclease-based
approaches were developed, consisting of meganucleases, zinc finger nucleases and
transcription activator-like effector nucleases.

Meganucleases (MNs or MegNs), also known as homing endonucleases, are a class
of enzymes naturally encoded in the genomes of eukaryotic mitochondria and
chloroplasts, as well as in different forms of microbial life. Among the different
families classified by sequence and structural motifs, the LAGLIDADG
meganucleases were the most used for genome editing purposes. These enzymes
assemble as homodimers or monomeric pseudodimers and are able to specifically
recognize and cut DNA sequences between 14-40 base pairs. Homing
endonucleases have served as a template for the design of new endonucleases that
can broaden the enzyme’s targeting window (Certo and Morgan 2016; Khalil 2020;
Silva et al. 2011; Stoddard 2011).

Zinc finger nucleases (ZFNs) are composed of the assembly of DNA-binding zinc
finger domains and a cleavage subunit, connected through a peptide linker. Each
zinc finger domain can make contact with approximately 3 bp of DNA in a
sequence-specific manner. The cleavage domain has been derived from the
restriction enzyme Fokl and needs to dimerize to induce a double-strand break into
the target sequence. For this reason, ZFNs can act only if two zinc finger subunits
bind the DNA in the opposite orientation to allow Fokl dimerization. This modular
assembly has enabled the engineering of ZFNs with specific sequence specificities
for a wide range of genomic targets (Chou, Leng, and Mixson 2012; Khalil 2020;
Urnov et al. 2010).

Conceptually similar to ZFNs, transcription activator-like effector nucleses
(TALENs) combine DNA-binding domains with the catalytic module of Fok/
nuclease. The core of this DNA-binding domain is constituted by highly conserved
repeated sequences derived from TALE, which are naturally occurring proteins
secreted by Xanthomonas bacteria during plant infection to mediate bacterial
invasion of host cells. The central region of TALE is fundamental for its DNA

recognition properties and is composed of tandem repeats of 33-35 amino acids,
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each recognizing a single base pair in the target DNA sequence. Within each repeat,
the DNA base specificity is determined by the repeat-variable diresidues (RVDs)
located at positions 12 and 13. The decoding of these RVD specificities has enabled
the definition of a protein—DNA recognition code, used by researchers to rearrange
the order and number of repeats in order to finally customize and reprogram the
targeting activity of TALENs (Becker and Boch 2021; Boch et al. 2009; Joung and
Sander 2013; Moscou and Bogdanove 2009) (Figure 1).

- MegNs -
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Figure 1. lllustrative diagrams for MNs, ZFNs, TALENs genome editing techniques. (4)
MegNs cleave large DNA sequences as homodimers or monomeric pseudodimers. (B) ZFNs
are composed of zinc-finger modules that recognize DNA triplets and the Fokl nuclease
domain that mediates cutting after dimerization. (C) TALENs are charactesized by tandem
repeats with a more flexible and specific cutting design, always mediated by Fokl. (Image
adapted from Khalil, 2020).
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1.1.2 Limitations of these first approaches

As mentioned before, CRISPR/Cas9 technology has represented a significant
innovation in the genome editing field, overcoming different limitations of the
previous technologies (MNs, ZFNs and TALENS).

Despite the ability to cut large DNA sequences in a highly specific manner,
meganucleases are limited in their potential for retargeting. Indeed, the design of
new MNs targeting new sequences requires several steps and significant efforts in
protein engineering. This is largely due to the tight integration of their DNA-
binding and cleavage domains, as well as on the dependence central motif region
in the targeted region, thus rendering their customizable design very laborious. In
addition, compared to other systems, their editing efficiency depends on the
selected MN and can vary considerably between different target loci (Castro et al.
2021; Khalil 2020; Lu et al. 2022; Stoddard 2011).

ZFNs offer the possibility to be assembled with different modules to achieve unique
DNA recognition specificities (Gaj, Gersbach, and Barbas 2013). However, the ZF
protein-DNA base code is not straightforward, thus making their engineering
difficult and time-consuming. Another important drawback lies in the limited target
site selection, with suitable sites occurring at an estimated frequency of ~1 per 500
bp. Off-target effects refer to the targeting and cutting of unwanted genomic regions
and represent a current issue in the use of ZFNs, since they can arise from their
ability to form both homo- and heterodimers, enabling monomers to bind
palindromic sequences or sites with partial similarity to their intended half-sites.
Furthermore, the context-dependent nature of zinc finger—-DNA interactions and the
tolerance for mismatches can favour cleavage at unintended genomic loci (Castro
et al. 2021; Gupta and Musunuru 2014).

Compared to ZFNs, TALENSs are designed to be more specific, leading to fewer
off-target effects and reduced cytotoxicity. The variability in the binding affinity
and specificity of different RVDs can affect the efficacy of the technique, with some
bases that are recognized with high efficiency but inherent degeneracy, and some
others recognized with greater specificity but lower binding affinity. Similar to the

other genome editing techniques, the overall efficiency can be affected by the cell
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type, the choice of the target site, and the duration of the effect (Castro et al. 2021;
Khan 2019).

Over the years, different improvements have been performed to overcome the
intrinsic limitations of the aforementioned technologies. The production of new
engineered meganucleases has expanded the repertoire of targeted natural
sequences (Silva et al. 2011). ZFN design has been substantially improved using
obligate heterodimeric FoklI variants that can reduce off-target events (Miller et al.
2007). Similarly, the use of non-conventional RVDs has ameliorated TALEN
performance in the context of multiplex genome editing (Gautron et al. 2017).
Despite these advances, the development of these platforms remains laborious and
expensive. CRISPR/Cas9 technology offers a system based on DNA-RNA
complementarity and an easier feasibility of reprogramming, effectively

overcoming most of the constraints of these previous methods (Jinek et al. 2012).

1.1.3 Overview of the first genome editing applications

From their initial applications to subsequent optimisations, genome editing
technologies were utilised in a wide range of fields, from basic research to
biomedical and therapeutic interventions. In genetics, these tools have enabled the
generation of cellular and animal models, useful to depict gene function within
specific disease contexts. In the field of gene therapy, they have been widely used
for various applications (Li et al. 2020). Here, some examples of their uses in
selected research areas are reported.

In cancer research, mTOR-specific ZNFs conjugated to HER2-targeted cell-
penetrating peptides (CPPs) were delivered in cancer cells to inactivate the mTOR
locus and to inhibit key cancer pathways, highlighting a relevant role in developing
targeted therapies against breast and other cancers (Puria, Sahi, and Nain 2012).
Moreover, ZFNs were designed to cleave the BCR-ABL fusion gene, with
consequent termination of BCR-ABL protein translation and apoptosis in imatinib-
resistant chronic myeloid leukemia (CML) cells (Huang et al. 2018). Notably, in
2015, the biotechnology company Cellectis developed the first cancer cure based
on genome editing by applying TALEN technology to engineer donor-derived

CAR-T cells by the inactivation of genes causing non-self immune reactions. These
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TALEN-modified CAR-T cells were used to treat therapy-resistant acute
lymphoblastic leukemia in two children (Qasim et al. 2017).

In the field of viral diseases, genome editing techniques have mainly been applied
to modify host cellular genes essential for viral pathogenesis or to target viral genes
needed for the infection cycle (Li et al. 2020). In 2008, preclinical studies first
demonstrated the anti-HIV potential of the ZFN system by disrupting about 50% of
CCRS5 alleles in primary human CD4+ T cells. In HIV-infected mice, transfusion
with these ZFN-edited CD4+ T cells led to better preservation of native CD4+ T
cells and reduced viral loads compared to untreated controls (Perez et al. 2008).
The aforementioned techniques have also found wide use in studies on genetic
disorders (Li et al. 2020). For Duchenne muscular dystrophy (DMD), TALEN-
mediated targeting of exon 23 of the DMD gene allowed researchers to obtain
Dmd™ rat models, which exhibited significant reduction in muscle strength and
spontaneous motor activity (Larcher et al. 2014). In the same context,
meganucleases were designed to cut sequences of a dystrophin gene with a
frameshift mutation, leading to restoration of the correct reading frame and protein

expression (Chapdelaine et al. 2010).

1.2 The CRISPR/Cas system

1.2.1 Discovery and natural function of CRISPR/Cas systems

The acronym CRISPR stands for “Clustered Regularly Interspaced Short
Palindromic Repeats” and describes repeated sequences originally identified by
Ishino et al. in 1987 in the Escherichia coli genome (Ishino et al. 1987). For several
years, their role and significance within the bacterium remained unclear. A step
forward towards a greater understanding of these sequences was made by Mojica
et al., who in a 1993 paper annotated the presence of similar repeated elements in
the archaeal genome of Haloferax mediterranei, a species which is evolutionarily
distant from E. coli (Mojica, Juez, and Rodriguez-Valera 1993). In 2007,
Barrangou's work on bacterial cultures of Streptococcus thermophilus demonstrated

that bacteria acquired new sequences (called spacers) from invading bacteriophages

24



in CRISPR loci. These acquired sequences provide phage-specific resistance and
shed light on the role of CRISPR in prokaryotic adaptive immunity, enabling
bacteria to “remember” past infections and recognise and counterattack the same
bacteriophage upon reinfection (Barrangou et al. 2007).

Despite different initial acronyms, the term CRISPR was definitively coined in
2002 by Jansen, who also described the presence of CRISPR-associated genes, near
the repeated CRISPR sequences (Jansen et al. 2002). A CRISPR locus is composed
of a leader sequence and a CRISPR array consisting of short repeated sequences
interspersed with spacer sequences acquired from invading genetic elements. The
leader sequence contributes to regulatory functions, especially in the first phase of
CRISPR immunity, and is a conserved, non-coding DNA sequence, with a length
of usually hundreds of base pairs, that is found upstream of the CRISPR array. On
average, CRISPR repeats are 32 bp long and mostly identical in length and sequence
within the same CRISPR locus; most of them possess the ability to form hairpin
structures, due to their partially palindromic features. Spacers are also similar in
length within the same locus, generally ranging from 26 to 72 bp, but differ in their
sequence content (Alkhnbashi et al. 2016; Karginov and Hannon 2010; Karimi et
al. 2018). CRISPR-associated (Cas) genes have always been found adjacent to
CRISPR loci. These highly polymorphic genes encode different conserved Cas
proteins that play a role in various stages of CRISPR immunity (Karginov and
Hannon 2010; Karimi et al. 2018) (Figure 2). Prokaryotic CRISPR-based adaptive
immunity acts through three main phases: the adaptation phase, in which the host
organism 1is infected by mobile genetic elements, and Cas protein cut short
fragments of the invader’s genomes, that are then incorporated in the host genome
as new spacers; in the second phase of biogenesis, the CRISPR array is transcribed
into a long precursor RNA molecule (pre-crRNA) which is subsequently processed
by Cas proteins; finally, in the interference phase, the bacterium targets the mature
crRNA/Cas complexes to recognize their cognate target in the invader’s genome

and destroy it (Charpentier and Marraffini 2014).
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Figure 2. Schematic representation of a CRISPR locus. A CRISPR locus is composed by
a leader sequence followed by an array of repeated sequences interspersed with spacer
sequences and is surrounded by CRISPR-associated (Cas) genes. In the image, the E. coli
CRISPR locus is shown as an example (Image adapted from Karginov and Hannon, 2010).

1.2.2 Classification of CRISPR/Cas systems

Based on the organisation and functional composition of Cas proteins, CRISPR/Cas
systems are generally divided into two main classes: Class 1 and Class 2. Each class
is further divided into three types, each of which comprises several subtypes that
are distinguished by their mechanism of action. The effector module comprises Cas
genes that are involved in target recognition and cleavage, also known as the
interference function (Figure 3). In Class 1 systems, the effector module comprises
multiple Cas proteins that mediate the interference stage, whereas Class 2 systems
use a single effector protein to exert all these functions (Makarova et al. 2020; Saeed
et al. 2025).

Class 1 are the most abundant CRISPR/Cas systems and are classified into type I,
type Il and IV.

In type I systems, the distinctive signature protein is represented by Cas3 protein
that reaches the targeted site to mediate helicase and nuclease activities. Most of

the type I subtypes, such as type I-E, require the action of the Cascade complex,
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composed by five different Cas proteins. This multisubunit complex acts to mediate
target DNA recognition, guided by crRNA, and then recruits Cas3 protein for the
cleavage event (Lee and Bae 2016; Saeed et al. 2025).

Type III systems require the action of Cas10 protein and can target both DNA and
RNA. In particular, the III-A subtype uses the Csm (Cas subtype Mtube) to target
DNA, while RNA is targeted by Cmr (Cas module RAMP) in III-B subtype.
Interestingly, in addition to their interference function, type III systems are able to
synthesize cyclic oligoadenylate (cOA), which in turn can activate nucleases and
transcription factors for a coordinated and time-controlled antiviral response
(Rouillon et al. 2018; Saeed et al. 2025).

Type IV is the least understood CRISPR Cas type, generally characterised by the
presence of Csfl protein and Cas7-like protein (Csf2) within the effector complex
and by the lack of adaptation modules. This CRISPR Cas type generally includes
three subtypes (IV-A, IV-B, and IV-C) characterised by distinct genes and
CRISPR-related features (Makarova et al. 2020; Saeed et al. 2025; Taylor et al.
2021).

Class 2 systems are divided into types II and V, which exhibit a DNA interference
activity, and type VI, which possesses an RNA cleavage activity. In type II, after
incorporation of new spacers from the invading organism into the CRISPR array,
the precursor crRNA is transcribed and then processed by Cas9 and a trans-
activating crRNA (tracrRNA); the assembled complex (mature crRNA-Cas9-
tractrRNA) can recognize and cut the invader’s genome upon reinfection. For the
intrinsic simplicity of the mechanism of action and the system components, further
simplified by the fusion of tracrRNA and crRNA in a chimeric single guide
(sgRNA), type II CRISPR/Cas system has been widely adopted in genome editing,
as will be described in the next sections (Jinek et al. 2012; Saeed et al. 2025)

The main actor of type V systems is the Cpfl protein, which induces cuts in the
targeted genome by generating sticky ends. Differently from type II, the effector
protein (Cpfl) can assemble with crRNA and reach the target site without the action
of crRNA (Saeed et al. 2025).

Type VI is characterised by Casl3 protein (also known as C2c2), a RNA

endonuclease that assembles with crRNA and performs cutting activity through one
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of its two HEPN (higher eukaryotes and prokaryotes nucleotide-binding) domains,
while the second one is used to process pre-crRNA into mature RNA molecules.
Due to its RNA nuclease activity, the system has been used for various RNA-

targeting and RNA-editing applications (Nakagawa et al. 2022; Saeed et al. 2025).

CRISPR/Cas system
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Class 1 Class 2
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Typel Type lll Type IV Type ll Type V Type VI

Cas3 Cas 10 Csf Cas9 Cpf1 C2c2

Figure 3. General classification of CRISPR/Cas system. Class 1 acts through multiple
proteins, while class 2 requires the action of a single multi-domain Cas protein. For each
type, the generally considered signature molecule is reported. In some other studies, Csf2
is considered the signature molecule for type IV (Taylor et al. 2021). (Image adapted from
Aman Mohammadi et al., 2023).

1.2.3 The three stages of prokaryotic CRISPR-mediated immunity

As previously mentioned, prokaryotic CRISPR adaptive immunity acts in three
main stages, namely adaptation, biogenesis (also referred as expression) and
interference, that are conserved among the different CRISPR systems but differ in
the Cas proteins used by the different microorganisms (Navarro et al. 2025; Selim
et al. 2025).

The first stage is adaptation, which is generally driven by the two endonucleases
Casl and Cas2. During this phase, sequences from invading mobile genetic
elements (MGEs) are integrated into the host genome. The original sequence from

the invading organism is called a protospacer and becomes a spacer once
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incorporated into the CRISPR array. Selecting the target sequence to be
incorporated is crucial for the bacterium in order to avoid the recognition of its own
regions and finally act only on non-self genomes. This non-self immunity is enabled
by a conserved sequence of a few nucleotides (2—5 bp), called the protospacer
adjacent motif (PAM), that flanks the protospacer region but is absent near spacers
in the CRISPR array (Gleditzsch et al. 2019; Navarro et al. 2025). Cas1-Cas2 form
a complex that allows protospacer recognition and acquisition into the host genome
by means of the integrase activity of the protein complex. Fragment incorporation
occurs at the leader-repeat boundary, followed by the action of DNA polymerases
and other ligation complexes that duplicate the first repeat, generating a new copy
at the end of the leader sequence. The entire process ensures the proper expansion
of the CRISPR array and provides a structural template for the addition of future
spacers. The adaptation process generates a genetic memory of the invading
organism, thereby being essential for the adaptive functioning of CRISPR immunity
(Hille and Charpentier 2016; Navarro et al. 2025).

In the biogenesis phase, a long precursor RNA molecule (pre-crRNA) is transcribed
from a promoter in the leader sequence. The pre-crRNA contains both the newly
acquired spacer and the pre-existing spacer—repeat units and needs to be cleaved to
produce a functional and mature molecule in a process that varies among the
different CRISPR systems. For example, in many CRISPR class 1 systems, Cas6
enzyme recognizes and cleaves repeated sequences that form a secondary structure
due to their palindromic nature. In type II systems, an additional RNA molecule, as
tracrRNA, acts by pairing with crRNA by creating a double-strand RNA molecule,
which is then cleaved by RNase III to generate mature molecules (Charpentier et
al. 2015; Navarro et al. 2025).

In the interference phase, the final action of the prokaryotic CRISPR mechanism
occurs, with the aim of destroying sequences that are complementary to those
previously incorporated during the first event of infection. In this step, mature
CRISPR RNAs (crRNAs) guide Cas enzymes to recognise, cut and degrade the
genome of invading organisms. Recognition occurs through base pairing between
the crRNA and the protospacer sequence of the invader, with the presence of the

PAM motif that is required in many systems.
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The multi-protein Cascade complex acts in Type I CRISPR systems to bind the
targeted genetic material and recruit Cas3 for the following interference activity. In
type I systems, interference occurs after pairing of the so-called seed region, a 6-8
nucleotides sequence of crRNA that is perfectly complementary to the protospacer.
This initial interaction represents the rate-limiting reaction which precedes the
entire pairing process and the formation of an R-loop with the displacement of the
non-targeted strand. As mentioned before, type II systems require a crRNA-
tracrRNA-Cas9 complex for mediating their interference function. The degradation
part is mediated by Cas9 catalytic domains, namely HNH that cleaves the strand
complementary to crRNA and RuvC that cuts the opposite one (Barrangou and
Marraftini 2014; Navarro et al. 2025; Rath et al. 2015).

A simplified representation of these three stages is illustrated in Figure 4.
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Figure 4. Representation of the three stages of CRISPR immunity. CRISPR adaptive
immunity acts to counteract infections by three stages: adaptation, biogenesis and

interference (from Zhang et al., 2018).
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1.2.4 Adaptation of CRISPR/Cas9 for genome editing

Since the discovery of CRISPR as a bacterial defence system capable of recognising
invading nucleic acids via complementary RNA and mediating cleavage via Cas
proteins, its potential for use as a genome-editing tool in eukaryotes has become
apparent. Jinek et al. focused on type II CRISPR, a system based on the use of Cas9
proteins and crRNA-tracRNA complexes to induce cutting in target sequences.
Specifically, the crRNA-tracRNA complex is essential for directing Cas9-mediated
cleavage, with the tracrRNA first processing the pre-crRNA via RNase III and then
orienting the crRNA to bind to the complementary DNA sequence. In this study,
the researchers successfully generated a single chimeric RNA molecule by fusing
the 3’ end of the crRNA with the 5" end of the tractRNA. This demonstrated the
ability of the engineered guide to direct Cas9 to efficiently cut target DNA
molecules (Jinek et al. 2012).

Based on these observations, Ran et al. developed one of the first protocols to use
CRISPR/Cas9 as a genome-editing tool in eukaryotes. The expression of a human
codon-optimised Cas9 and a single RNA guide in mammalian cells induces a
double-strand break (DSB) at target genomic loci, recognised by Watson—Crick
base pairing between the RNA and the target DNA. Following this cleavage, the
cell can undergo two main repair mechanisms for this type of damage: non-
homologous end joining (NHEJ) and homology-directed repair (HDR). In the first
mechanism, the cut DNA strands are rejoined via an error-prone mechanism that
can introduce insertions or deletions (INDELs), which can cause frameshift
mutations and premature stop codons, resulting in gene knockout. Multiple guides
can also be used to mediate genomic deletions at a target locus. Conversely, the
HDR system requires an exogenous template in the form of either double-stranded
DNA with homology arms flanking the insertion sequence or single-stranded
oligodeoxynucleotides (ssODNs). The cell then uses this template to mediate a
recombination event at the DSB site, introducing the desired sequence encoded in
the template (Ran et al. 2013).

The Cas9 endonuclease has a two-lobe structure comprising the nuclease (NUC)
and recognition (REC) lobes. As the name suggests, the nuclease lobe mediates

cleavage of the target DNA molecule via two domains: HNH and RuvC. These
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domains cleave the complementary and non-complementary strands of the
recognised sequence, respectively. In contrast, the REC lobe is essential for
recognising cognate target DNA. For cleavage to occur, the recognised target
sequence (protospacer) must be followed by a PAM sequence. One of the most
widely used Cas9 variants for genome editing is SpCas9, derived from
Streptococcus pyogenes, which requires an NGG PAM sequence (N indicates any
nucleotide). Recognition of the PAM sequence and pairing between the gRNA and
the target DNA in the region proximal to the PAM (the “seed region”) enable the
Cas9 cutting mechanism to function correctly and mediate a double-strand break
three bases upstream of the PAM (Le Rhun et al. 2019; Wang, La Russa, and Qi
2016).

Although SpCas9 is a well-characterised and widely used type II endonuclease for
CRISPR/Cas experiments, other Cas9 orthologues have been used in this context,
offering new specificities in terms of PAM requirements. In particular, SaCas9 from
Staphylococcus aureus has often been adopted due to its smaller size, which makes
it easier to deliver to mammalian cells. It also recognises a distinct PAM sequence
(NNGRRT, where R stands for A or G), which allows for new targeting possibilities
in the CRISPR editing system. Other Cas9 orthologues used in genome editing
applications include those derived from Neisseria meningitidis (NmCas9, which
recognises the PAM sequence NNNNGATT) and Streptococcus thermophilus type
1 (St1Cas9, which recognises the PAM sequence NNAGAAW, where W represents
A or T) (Wang et al. 2016).

In conclusion, CRISPR/Cas9 is a relatively simple, versatile and easy-to-engineer
genome editing system. The possibility of customising the gRNA to target
complementary genomic sequences, as well as the high cutting efficiency of Cas9,
represents a real advantage over previous and more laborious technologies (MNs,
ZFNs, and TALENs), making this system widely used for gene editing in
eukaryotic models (Ran et al. 2013) (Figure 5).
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Figure 5. Genome editing mediated by CRISPR/Cas9. Cas9 protein, complexed with
SgRNA, induces a double-strand break in a targeted sequence, which can be repaired by

NHEJ or HDR. (Image adapted from Le Rhun et al., 2019).

1.2.5 General applications and limitations of CRISPR/Cas9

The potential of genome editing using the CRISPR/Cas9 technique has been widely
adopted in a variety of fields. In biomedicine, for example, it has entered clinical
trials for the treatment of various forms of cancer. This technology is frequently
employed to modify pro-tumoural genes in cancer cells. For instance, in cervical
cancer caused by the human papillomavirus (HPV), the E6 and E7 oncogenes
(expressed by HPV) have been targeted by CRISPR/Cas9 to induce their knockout.
In cancer immunotherapy, CRISPR/Cas9 is used to modify T cells to enhance their
antitumour activity. In the field of neurodegenerative diseases such as Huntington's
disease (HD), Alzheimer's disease (AD) and Parkinson's disease (PD),
CRISPR/Cas9 has been a useful tool for improving the understanding of the genetic
factors involved and identifying new therapeutic targets. In addition to improving
our understanding of molecular pathways, the technology has also been widely
adopted in the development of animal models and drug discovery. Moreover, it has

been applied in studies on cardiovascular diseases, ocular diseases and inherited
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blood disorders. Viral infections have been targeted by CRISPR/Cas9 technology,
too. LTR promoter or viral gene of the human immunodeficiency virus-1 (HIV-1)
have been targeted in in vitro models, leading to a reduction of HIV-1 biological
activity (Du et al. 2023; Saeed et al. 2025).

Other fields of application have been environmental sciences, where CRISPR/Cas9
can be applied with the aim of helping to preserve endangered species or controlling
invasive species. In biotechnology and agriculture, the technology has enabled the
modification of the DNA of various organisms, leading to the creation of
genetically modified organisms (GMOs) with improved traits, such as increased
disease resistance or higher yield (Aman Mohammadi et al. 2023; Ansori et al.
2023).

Despite the widespread use of this technology, its major limitations must also be
considered. Based on RNA:DNA complementarity, there can be a risk that the
gRNA/Cas9 recognises and cuts unwanted regions (off-targets), leading to
undesirable effects such as cytotoxicity and unwanted mutations. Furthermore,
Cas9 performs a double-strand break in DNA, which can activate p53 response and
induce cell death. Other limitations relate to the efficiency and immunogenicity of
the delivery methods used to administer CRISPR/Cas9 components (Du et al. 2023;
Severi and Akbari 2024).

1.3 Generation of knockout cell lines using CRISPR/Cas9

The advent of CRISPR/Cas9 and its application in generating knockout cell lines
has revolutionised the field of genome editing, enabling researchers to explore gene
function within different molecular pathways. A CRISPR/Cas9 protocol for
generating knockout cell lines requires several steps, including the design of guide
RNA, delivery of CRISPR/Cas9 components, and validation of editing events on
isolated clones (Hong et al. 2024).

The Cas9 enzyme induces double-strand break (DSB) at the gRNA-targeted region;
this genomic damage is recognized by cellular repair mechanisms such as non-

homologous end joining (NHEJ), which can lead to the introduction of insertions
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or deletions (INDELSs), that can cause a frameshift mutation in the gene with the
consequent loss of protein expression (Ran et al. 2013).

In this section, we review the fundamental steps, critical for a successful
CRISPR/Cas9 experiment, with a particular focus on guide design and the
importance to enhance the on-target activity, by avoiding off-target events, as well

as the validation strategies for confirmation of successful gene knockout.

1.3.1 gRNA design principles and tools

The single guide (sgRNA) consists of a 20-nucleotide RNA molecule that specifies
a target region in the DNA and an invariable scaffold part that allows binding with
Cas9. The Cas9 nuclease is guided by the sgRNA to the complementary genomic
site, where it recognises it through Watson—Crick DNA:RNA pairing and then
exerts a double-strand break. Cleavage, in the form of double-strand break, occurs
three base pairs upstream of the PAM sequence on both DNA strands (Jinek et al.
2012; Ran et al. 2013).

The correct design of the sgRNA (or gRNA) requires several preliminary rules to
obtain a functional and effective molecule. For a complete knockout, the
gRNA/Cas9 complex must target a common coding exon in order to avoid the
partial knockout of only some isoforms (Mohr et al. 2016). The nucleotide sequence
composing the gRNA must also be taken into account, as too high or too low GC
content can lead to poor gRNA performance (Doench et al. 2014). Intramolecular
interactions in the gRNA can lead to secondary structures, finally affecting the
nucleotide accessibility in the gRNA/Cas9 complex. In this context, nucleotides 18-
20 of the gRNA sequence have been found to be important to be accessible for an
effective editing (Hiranniramol et al. 2020). Since for CRISPR/Cas9 experiments,
gRNAs are often expressed in constructs under the control of a RNA Polymerase
IIT (Pol III) promoter (like the U6 promoter), a good functioning of the machinery
also relies on transcription efficiency. For this reason, an additional guanine (G) is
preferentially added as first nucleotide at the 5’ terminus of the gRNA, as Pol III
promoters preferentially initiate transcription with this nucleotide. In addition, poly-

T tracts (as TTTT), that act as termination signals for the Pol III transcription, are
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generally avoided from gRNA design (Gao, Herrera-Carrillo, and Berkhout 2018;
(Ran et al. 2013).

The gRNA efficiency, generally referred to as on-target activity, is a crucial factor
determining a successful knockout experiment. On-target describes the ideal
interaction between the gRNA/Cas9 complex and the pre-established DNA target,
while off-target events involve the binding to similar target DNA regions that were
not intentionally selected for the desired modification. When designing the guide,
maximising its on-target activity while minimising off-target effects is a priority
concept on which the specific cutting activity of the gRNA will depend (Doench et
al. 2014, 2016; Motoche-Monar et al. 2023).

Several online computational tools have been developed to evaluate the
aforementioned gRNA design principles and adapt them to different CRISPR/Cas9
systems. These tools continually evolve their computational structures through
updates to machine learning techniques and neural networks (Motoche-Monar et al.
2023). Among the different features, these tools are able to evaluate key parameters
in gRNA design, such as secondary structure, GC content, PAM compatibility, on-
target activity and potential mismatches with non-intended genomic sites. Many of
them also include the possibility to design guides for different organisms, gene
editing modalities (knockout, knock-in, activation) or CRISPR nucleases (as Cas9,
Cpfl/Casl2a, Casl13). Some widely used CRISPR gRNA design platforms include
CHOPCHOP, CRISPROR, E-CRISPR and Cas-Designer, all offering user-friendly
features and scoring systems for a complete evaluation and proper gRNA design

(Hwang, Song, and Bae 2021; Liu, Zhang, and Zhang 2020).

1.3.2 Analysis and validation of knockout efficiency

Generally, after delivery of CRISPR/Cas9 components, cells are subjected to clonal
isolation in order to derive single clones characterised by precise editing events.
Experimentally, the isolation is usually performed by limiting dilution cloning or
fluorescence-activated cell sorting (FACS) (Hong et al. 2024). After obtaining
single clones, different methods can be adopted for validation of gene knockout. At
the sequence level, knockout events are defined by frameshift mutations that can

introduce a premature stop codon, often leading to mRNA degradation through
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nonsense-mediated mRNA decay (NMD) pathway (Van Campenhout et al. 2019).
To identify these genomic events, DNA is extracted from clones and then subjected
to PCR on the gRNA-targeted region. PCR amplicons are then analysed by Sanger
sequencing to detect editing events (Kahaki et al. 2024). Sanger sequencing can
also detect homozygous editing events, but it cannot properly decipher
heterozygous modifications. For this reason, different computation tools, such as
TIDE, ICE, DECODR and SeqScreener, have been developed to analyse
CRISPR/Cas9-induced indels. Among these, DECODR provided the most accurate
results, being able to deconvolute also wide regions of inserted and deleted
sequences. Alternatively, heterozygous allelic events can be discriminated by
TOPO cloning, followed by sequencing. In this time-consuming procedure, the
PCR amplicons are cloned into the TOPO vector, followed by bacterial
transformation and sequencing of isolated colonies (Aoki et al. 2024; Giuliano et
al. 2019). For more accurate sequencing results, even if more expensive, next-
generation sequencing (NGS) can also be employed to detect CRISPR-derived
mutations (Ran et al. 2013). At the protein level, the Western blot (WB) technique
represents the crucial validation for a CRISPR/Cas9 experiment. Indeed, WB
allows the specific detection of a protein within a sample, thus enabling the
confirmation of gene knockout in the CRISPR-edited samples when the target
protein expression is absent, compared to control samples. Moreover, as mentioned
before, FACS can allow the isolation of knockout cells by negative selection of
cells not expressing a targeted surface protein, encoded by the CRISPR/Cas9-

inactivated gene (Giuliano et al. 2019).

1.3.3 Off-target prediction and analysis

The seed region refers to the PAM-proximal region where DNA strand separation
and DNA:RNA hybridisation begin. It has been suggested that this region is
important for Cas9 specificity, even though sequence-dependent specificity has
been observed within the 20-nt gRNA. Taking this into account, mismatches
between the gRNA and the target DNA are generally better tolerated in the PAM-
distal region, thereby increasing the likelihood of off-target effects, while
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mismatches near the PAM are generally less tolerated (Hsu et al. 2013; Wang et al.
2016).

The high similarity between the gRNA sequence and an unintended non-target
DNA sequence is the primary cause of off-target events, thus driving Cas9 cutting
despite the presence of mismatches or gaps within the DNA:RNA heteroduplex.
The generated and unwanted cuts can ultimately lead to undesired and unexpected
outcomes in CRISPR/Cas9 experiments (Motoche-Monar et al. 2023).

Over the years, the evaluation of off-target effects has become critical, particularly
in the field of translational medicine. For this reason, a series of methods based on
in silico prediction and experimental validation (further classified as cell-free, cell
culture-based, or in vivo detection methods) have been developed.

Among the cell-free methods to detect CRISPR/Cas9 off-target events, SITE-Seq
and CIRCLE-Seq rely on exposure of genomic DNA to Cas9/gRNA complexes,
followed by sequencing of the resulting cleaved DNA. In particular, in the first
approach, biotinylated-streptavidin reaction is used to enrich cleaved DNA ends
before sequencing, while in CIRCLE-Seq, DNA is sheared and then circularized
before being linearized by gRNA/Cas9 cutting.

A popular cell culture-based method for detecting unintended cleavage sites is
GUIDE-Seq. In this technique, CRISPR/Cas9 components are delivered into cells
together with double-stranded oligonucleotides (dsODN) of a known sequence.
After Cas9 cutting, these dsODNs are integrated into the related cutting sites and
act as templates for targeted PCR amplification and subsequent sequencing of the
cleaved fragments.

Finally, among the in vivo detection tools, DISCOVER-seq identifies off-target
events by recruitment of the DNA damage repair protein MRE11 on double-strand
break sites, followed by ChIP-seq analysis (Cameron et al. 2017; Guo et al. 2023;
Tsai et al. 2015, 2017; Wienert et al. 2019).

Potential off-target events can also be preliminarily evaluated by in silico tools.
Some bioinformatic tools, such as COSMID, also allow a scoring of the different
off-target sites, based on the mismatch position relative to the PAM, while others,
such as Cas-OFFinder and CasOT, just provide a list of off-target sites. In this case,
validation of predicted off-target events is usually accomplished by PCR
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amplification and sequencing of the putative off-target regions to verify their

integrity (Bao et al. 2021).

1.4 Delivery methods

Delivery of CRISPR/Cas9 components is a critical step for a successful
CRISPR/Cas9 experiment. For this reason, since its initial development, several
efforts have been made to optimise and find delivery methods that can target the
widest range of cell lines or tissues (Severi and Akbari 2024).

Before describing the various delivery methods, it is important to mention the three
ways in which the CRISPR/Cas9 machinery can be delivered: plasmid DNA
(pDNA), RNA, and ribonucleoprotein (RNP).

Plasmid DNA, which contains the expression cassettes for Cas9 and sgRNA, is a
stable, low-cost format that leads to long-term expression of the CRISPR
components. However, this prolonged persistence, along with the chance of
genomic integration, could increase the likelihood of off-target effects. The large
size of plasmid DNA can also hinder its delivery into difficult-to-transfect systems.
The mRNA form of Cas9, after entering the target cells, can be directly translated
to form a complex with sgRNA that acts with faster kinetics than the plasmid form.
However, mRNA suffers from stability issues that can lead to easier degradation of
the molecule. To address this, chemical modifications are often added to improve
overall stability.

In the last form, RNP, Cas9 protein is pre-assembled with sgRNA before delivery
into target cells. This form does not require translation and transcription, but it only
needs a nuclear localization signal (NLS) to enter the nucleus and induce genome
editing in a rapid way, thus decreasing the occurrence of off-target events. A major
drawback of the RNP complex remains its high cost (Liu et al. 2023; Taha, Lee,
and Hotta 2022).

These different forms can be delivered using different approaches, which can
generally be classified into physical, biological and chemical methods (Taha et al.
2022). Among the physical methods, a widely adopted technique in CRISPR/Cas9

experiments is electroporation, which is based on the application of a high electric
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field to increase the permeability of the cell membrane. Despite its relative
straightforward use, electroporation can induce cell death, thus requiring a careful
optimisation of voltage and current when applied to different cell types.
Microinjection is another and more sophisticated physical method that directly
injects CRISPR components into target cells. The approach has no size limitation
for the delivered molecule and can be directly followed under the microscope.
Despite these advantages, microinjection can target only one cell at a time and
requires highly qualified technical expertise.

Sonoporation is a physical method that co-injects microbubbles and cargo
molecules and exploits ultrasound waves to generate pores in the cell membranes,
through which cargo can enter the cell.

Among biological methods, viral vectors have been widely used for their
effectiveness in delivering CRISPR components, with adeno-associated virus
(AAV), adenovirus (AdV) and lentivirus (LV) vectors being among the most
commonly used. Adeno-associated viral (AAV) vectors can carry genomes up to
approximately 4.7 kb, making it necessary to split SpCas9 and the gRNA into two
different vectors, or to use smaller versions of Cas9. These vectors have been
widely used in studies on animal models, while clinical applications have
encountered significant challenges. In particular, the main limitations concern the
immune response caused by the administration of these viral vectors and reported
liver toxicity, especially when administered at high doses. Although they do not
generally integrate into the host genome, the risk of genomic integration cannot be
ruled out due to the possible combination with the CRISPR/Cas9 transgene.
Furthermore, persistent expression of Cas9 can lead to undesirable off-target
effects. Adenoviral vectors are characterised by high transduction efficiency and
lead to a transient expression of CRISPR/Cas9 components, as they remain as
episomal DNA. The main issue, which has greatly limited their clinical application,
regards the high immunogenicity. In contrast to the two vectors described above,
lentiviral vectors can accommodate a viral RNA genome of up to 9 kb, which is
then reverse transcribed into DNA and integrated into the host chromosome.
Lentiviral vectors have been used in ex vivo gene therapies, while the main

limitation of their in vivo use concerns the stable integration of the CRISPR/Cas9
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system, which can lead to undesirable effects, such as insertional mutagenesis (Du
etal. 2023; Liu et al. 2017, 2023; Taha et al. 2022).

Other more innovative biological methods consist of using virus-like particles
(VLPs). These vehicles are composed of the main viral proteins, as capsid and
envelope, but lack the viral genome, thus ensuring no integration into the host
genome. VLPs can deliver Cas9/gRNA RNP in a transient and efficient way, by
operating in a rapid manner and avoiding persistence of CRISPR/Cas9 components
in the cell, thereby reducing off-target effects. Different virus-like particle systems
have been developed and the most widely used include Nanoblades, VesiCas,
Gesicle and NANOmedic.

Nanoblades are produced by transfecting HEK293T cells with plasmids encoding
for: MLV Gag-pro-pol, which are required for assembly of the viral particle; Gag-
Cas9, a fusion protein separated by a proteolytic site that will be cleaved by MLV
protease to release the functional Cas9 enzyme; sgRNA, which will assemble with
Cas9 to form the RNP complex for mediating genome editing; VSV-G, the viral
glycoprotein envelope required to ensure broad tropism.

In the VesiCas system, VLPs are produced by transfecting HEK293T cells with
plasmids encoding for Cas9, gRNA and VSV-G. Differently from the Nanoblades,
VesiCas depend on the passive assembly of viral structures to incorporate the Cas9
protein complexed with the gRNA.

Gesicle represents another and more sophisticated form of VLP, based on
dimerization-driven assembly of Cas9.

Finally, NanoMEDIC system utilizes two recruiting mechanisms for Cas9 and
gRNA, as chemically induced dimerization for Cas9 and HIV-1 packaging signal
for gRNA (Kostyushev et al. 2020; Lotfi et al. 2023; Mangeot et al. 2019; Taha et
al. 2022).

Another biological delivery method is represented by cell-penetrating peptides
(CPPs), which are short peptides that can be fused or conjugated with cargo
molecules and have been used to deliver CRISPR RNP (Taha et al. 2022).
Chemical-based delivery methods, such as gold nanoparticles (AuNP) and polymer

and lipid-based nanoparticles, are also widely used in CRISPR/Cas experiments.
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AuNPs are generally easy to synthesize and offer high loading capacity, allowing
for the delivery of RNP by leveraging a simple endocytosis-mediated cellular
uptake.

Cationic lipid-based delivery, as represented by commercial reagent
Lipofectamine3000, is a valuable and efficient solution for in vitro experiments, but
its use in in vivo applications is limited due to high toxicity. This issue can be solved
by the use of lipid nanoparticles (LNP), a more complex and multi-composed
vehicle that integrates different lipidic components. In detail, for an efficient and
safer delivery of CRISPR components, it uses an ionizable lipid that becomes
cationic after entry to induce cargo molecule release, a PEG-lipid to enhance
stability, and helper phospholipid and cholesterol for mediating the fusion process
and improving structural stability (Lotfi et al. 2023; Taha et al. 2022). Figure 6
shows a summary of the described CRISPR delivery systems.
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Figure 6. Summary of the main delivery systems for CRISPR components. The delivery
methods can be summarized into biological, chemical and physical methods. (Image from

Taha, Lee and Hotta, 2022).
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1.5 CRISPR-based precision editing

1.5.1 Base editing: cytosine and adenine base editors

First attempts at precise genome editing using CRISPR were leveraged on
homology-directed repair (HDR). After cutting by Cas9 and double-strand break
induction, HDR machinery can intervene and use a homologous template to repair
the damage. This strategy can utilize an exogenously provided donor template (in
the form of double-stranded or single-stranded DNA) to guide sequence correction
or modification. Despite the large possibilities of introducing targeted genomic
modifications, this mechanism is mainly active in G2/S phases of the cell cycle and
generally inefficient in postmitotic cells (Liao et al. 2024; Ran et al. 2013).
Following this, other CRISPR-based platforms for precise genome editing were
subsequently developed.

Different from HDR-based CRISPR knock-in, base editing represents an innovative
CRISPR-based strategy without requiring double-strand break or a homologous
template, opening the way to new potential applications in genetic medicine, as well
as new therapeutic possibilities for individuals affected by genetic disorders (Xu et
al. 2024). Komor et al. first developed base editing technologies by fusing
catalytically inactive Cas9 (dCas9) with a cytidine deaminase enzyme. Coupled
with a gRNA, this fusion protein could be programmed to target and mediate the
substitution of cytosine (C) for thymine (T). dCas9 lacks nuclease activity but
retains the ability to bind to DNA guided by the RNA guide; the cytidine deaminase
enzyme then deaminates the cytosine to uracil (U), which is subsequently
recognized by the cell’s repair machinery and replaced by thymine (T). In their
initial paper, the researchers optimised several versions, ranging from BE1 to BE3,
to enhance base editing efficiency. In brief, BEI involved the fusion of the cytidine
deaminase domain of rat APOBECI1 to dCas9 via a 16-residue XTEN linker,
enabling it to induce a C to T substitution from positions 4 to 8 within the
protospacer (the sequence recognised by the gRNA). The second version, BE2,
added a uracil glycosylase inhibitor (UGI) domain to the C-terminus of the dCas9-
APOBECI fusion to better fix the induced substitution by impeding base excision
repair (BER), which can otherwise revert the U:G heteroduplex to C:G. Significant
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improvements were achieved with BE3, which replaced dCas9 with a Cas9 nickase.
BE3 introduces a single-strand nick on the non-edited strand (the G-containing
strand opposite the deaminated U), thereby stimulating eukaryotic mismatch repair
(MMR) pathways to preferentially replace the nicked strand. This process
incorporates an A opposite the U, effectively fixing the desired C—T conversion
(Choe and Musunuru 2021; Komor et al. 2016).

This class of enzymes, later called cytosine base editors (CBEs), preceded the
second major class of enzymes for base editing, namely the adenine base editors
(ABEs), which were developed soon after and can convert an adenine (A) into a
guanine (G). For this class of enzymes, the reaction consists of the deamination of
adenine to inosine, which can pair with cytosine and be subsequently replicated as
G. Based on the fusion of Cas9 nickase with Escherichia Coli transfer RNA
adenosine deaminase (ecTadA), Gaudelli et al. optimised a series of ABEs by
protein engineering and mutagenesis experiments. One of their final versions,
ABE7.10, efficiently achieved a conversion of AeT base pairs into G*C of
approximately 50% in human cells with a minimal percentage of indel rates, and an
editing activity window ranging from positions 4 to 7 in the protospacer sequence
(Gaudelli et al. 2017).

By exploiting Cas9 nickase fused to deaminase enzymes, base editing does not
induce double-strand breaks (DSBs) in DNA, which could activate p53-mediated
cellular responses (Haapaniemi et al. 2018). It is also simpler than HDR-mediated
CRISPR knock-in, which, as mentioned before, requires a donor template to
introduce the desired genetic modification and remains relatively inefficient and
dependent on cell cycle phase (Smirnikhina et al. 2022). Collectively, base editing
provides a platform for mediating all four possible transition mutations. CBE and

ABE mechanisms are shown in Figure 7.
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Figure 7. Schematic representation of base editing. Mechanisms of CBE, that convert a

Cto a T, and ABE, that mediates the conversion of an A to G, are shown.

1.5.2 Prime editing: mechanism and different strategies

Prime editing was initially defined as a “search-and-replace” genome editing
technology able to introduce targeted deletions, insertions and all 12 types of base-
to-base conversions. Prime editing essentially comprises two elements: a prime
editor (PE) enzyme consisting of a Cas9 nickase (nCas9, H840A) fused with a
reverse transcriptase from the Moloney murine leukemia virus (MMLV-RT), and a
prime editing RNA (pegRNA) that comprises a spacer sequence, a Cas9 binding
scaffold, an RT template carrying the desired modification, and a primer binding
site (PBS). The PE is guided by the spacer sequence of the pegRNA on a target
DNA locus; after hybridization of the spacer with the target DNA strand, the Cas9
nickase nicks the PAM-containing strand by exposing a 3'-hydroxyl group (3’-OH).
The resulting 3'-single-stranded DNA (ssDNA) hybridizes with the PBS, further
allowing the associated RT to extend the strand by copying the information encoded

by the RT template. At this point, the redundant single-stranded DNA flaps are
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formed: one 5’ flap containing the non-edited DNA sequence and a 3’ flap carrying
the desired genetic modification. Although exact complementarity of the 5' flap is
favoured, this strand is generally more susceptible to degradation by nucleases,
ultimately leading to its excision and hybridization and ligation of the 3' flap. The
resulting heteroduplex can be resolved by DNA repair or replication, by copying
information from the edited strand to the unedited strand, finally resulting in the
permanent incorporation of the desired mutation (Anzalone et al. 2019; Doman et

al. 2022). The prime editing mechanism is summarized in Figure 8.
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Figure 8. Schematic representation of prime editing mechanism. Prime editing acts
through a prime editor enzyme, composed by a Cas9 nickase fused to a reverse
transcriptase. The Cas9 nickase mediates a nick on the pegRNA-targeted site, while the
reverse transcriptase allows to copy the genetic information encoded in the pegRNA 3 -
extension. Finally, cellular DNA repair mechanisms complete the installation of the desired

modification. (Image adapted from Anzalone et al., 2019).

The first prime editor version (PE1) utilised the WT form of Moloney murine
leukemia virus reverse transcriptase, while the subsequent version (PE2) introduced
five mutations to increase the overall efficiency and stability of the RT enzyme.
During the prime editing mechanism, DNA mismatch repair (MMR) can intervene
to revert the nicked heteroduplex after 3” flap annealing or after ligation to restore
the wild-type sequence. In order to impede these events, different strategies have
been developed. PE3 uses a second gRNA, called nicking guide (ngRNA), to enable
Cas9 to introduce a second nick on the opposite strand to the edited strand. This
approach biases MMR repair outcomes towards cellular replacement of the nicked

non-edited strand, leading to an increased editing efficiency compared to PE2.
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Concurrent nicks, the one introduced by Cas9-pegRNA and the second by the Cas9-
ngRNA, can predispose the cell to the formation of indel byproducts. To avoid this,
PE3b strategy uses a nicking guide that can only perfectly match the edited
sequence, thereby allowing nicks only after the edit is incorporated. Better
performance of the prime editing machinery was also reached by transient
expression of an engineered MMR-inhibiting protein (MLH1dn), thus leading to
the development of PE4 (PE2 + MLH1dn) or PES strategies (PE3 + MLHdnl)
(Chen et al. 2021; Chen and Liu 2023; Doman et al. 2022).

Compared to the first version of prime editing, substantial improvements were also
performed on pegRNA, aiming preferentially to stabilize its structure. The
incorporation of structural RNA motifs, such as the so-called trimmed
prequeosine;-1 riboswitch aptamer (tevopreQl), to the 3’ terminus of pegRNAs
protects them from 3’ exonuclease degradation and improves the structural stability.
The resulting engineered pegRNA (epegRNA) contributed to increasing the prime
editing efficiencies (Nelson et al. 2022).

1.5.3 Base and prime editing: improvements, applications and current
limitations

Several engineering efforts have been made to improve the overall editing activity
of base and prime editing, addressing needs in on-target efficiency and limited off-
target effects. For base editing, Richter et al. developed ABES8e, a more processive
enzyme, that has been successfully applied in recessive dystrophic epidermolysis
bullosa (RDEB) patient-derived fibroblasts, by correcting the c-5047 C>T mutation
in COL7A1 gene, with high efficiency and no detectable DNA and RNA off-target
events (Richter et al. 2020; Sheriff et al. 2022). During the development of the
different base editor versions, the need to expand their targeting scope led to the
combination of cytosine and adenine deaminases with engineered Cas9 variants
recognizing alternative PAM sequences, such as the SpCas9-NG variant
(Nishimasu et al. 2018). In addition, bystander edits can arise due to the presence
of multiple editable cytosines or adenines in the target site, thus leading to the
undesired conversion of non-targeted nearby nucleotides (Rees and Liu 2018). In

this context, the development of NG-ABEO9e version, characterised by a narrowed

47



editing window, showed enhanced on-target editing activity and reduced bystander
mutations compared to the previous NG-ABES8e (Tu et al. 2022).

From the beginning, the main challenges with prime editing were the large size of
the prime editor enzyme and the low editing efficiency. The Prime Editor 6 (PE6)
system introduces several modifications in the Cas9 and RT to improve various
aspects of prime editing technology. These include a smaller size for more effective
delivery, improved specificity and editing activity, and enhanced performance in
challenging cell types such as T cells and primary cells (Doman et al. 2023; Lee,
Kweon, and Kim 2025). From the pegRNA side, a recent innovation regards the
use of the La protein, which is an RNA-binding factor that protects transcripts from
degradation by exonucleases. In particular, fusing the prime editor enzyme to the
N-terminal RNA-binding domain of the La protein allows La to bind to and stabilise
polyuridine sequences at the 3’ end of the pegRNA. The resulting system, PE7,
produced considerable improvements in MMR-proficient cell lines such as HeLa
and U20S, compared to previous editing systems (Yan et al. 2024).

In mice, prime editing has been successfully used to treat al-antitrypsin deficiency
(AATD) by targeting a G-to-A substitution in the SERPINAT gene. In this context,
the use of an NLS-optimised PE2 plasmid increased targeted correction by 3.1-fold
compared to the PE2 strategy. Additionally, in a Pah®™? mouse model of
phenylketonuria (PKU), adenoviral delivery of an RNase H-deleted PE enzyme
(PE3ARnH) achieved up to 17.4% correction of the Pah mutation. The correction
was also associated with therapeutic benefits as a reduction in blood phenylalanine
and no technical-related issues, such as off-target effects or liver inflammation

(Zhao et al. 2023).

1.6 Other CRISPR-related approaches

1.6.1 CRISPR activation
The CRISPR activation (CRISPRa) system uses a catalytically inactive Cas9
(dCas9), which, when fused with activator domains, can be directed by a guide

RNA (gRNA) to recognise specific promoter or enhancer regions and activate gene
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transcription. This approach does not rely on double-strand breaks but exploits the
DNA-binding ability of Cas9 to modulate transcription through specific activator
domains (Gilbert et al. 2014). One of the first used activator domains was VP64
(derived from herpes simplex protein VP16) and VP160 (ten copies of VP16).
Following these single-component activators, new activators were developed by
fusing multiple domains to increase the resulting transcriptional activation. These
include VPR, a hybrid tripartite activator constituted by VP64-p65-Rta that, when
fused to dCas9 and coupled with 3 or 4 sgRNA, showed enhanced activation of
endogenous target genes compared to VP64. Other activators were represented by
Suntag, a system that uses a peptide repeat that binds copies of VP64 via a single
fragment antibody (scFv), and by SAM (Synergistic Activation Mediator) system,
that extends dCas9-VP64 by recruiting additional activator domains, p65 and
HSF1, via a modified sgRNA using an MS2 stem-loop structure. An integration of
SAM and Suntag elements generated TREE, one of the most recent platforms to

achieve even higher activation levels (Chavez et al. 2015; Clark et al. 2024).

1.6.2 CRISPR interference

Similarly to CRISPRa, CRISPR interference (CRISPRi) exploit DNA-binding
ability of dCas9 (devoid of nuclease activity) to silence genomic regions, specified
by gRNA. In this case, dCas9 alone has been demonstrated to be enough for
transcriptional inactivation of target genes, due to steric hindrance of the
dCas9/gRNA complex on the targeted site. Indeed, by targeting different genomic
regions (promoter or coding regions), the system can interfere with RNA
polymerase, preventing the binding of transcription factors and the initiation of
transcription, or by blocking its activity, thereby stopping the transcription
elongation (Qi et al. 2013). To achieve a more effective transcriptional repression,
dCas9 has often been fused to transcriptional repressors, such as the well-known
Kriippel Associated Box (KRAB) repressor domain from Koxl1, that were
demonstrated to increase the efficiency of CRISPRi by recruiting proteins affecting
the chromatin structure. Subsequent studies also identified a suitable targeting
window (from -50 to +300bp relative to the transcription start site) to achieve good

silencing results (Gilbert et al. 2013, 2014). Other repressor systems include the
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dCas9- KRAB-Methyl-CpG Binding Protein 2 (MeCP2), which enhances
transcription repression by recruiting additional co-repressors; the ZIM3 dCas9-
KRAB, which uses a more potent KRAB domain; and the most recent dCas9-
SALL1-SDS3, which can recruit other chromatin-modifying enzymes, such as

histone deacetylases, to achieve a stronger transcriptional inhibition (Alerasool et

al. 2020; Mills et al. 2022; Yeo et al. 2018).

1.6.3 High-throughput CRISPR screening

Among the various uses of the CRISPR system, CRISPR screening immediately
attracted particular interest, given its ability to interrogate the function of a wide
range (or even the totality) of genes. CRISPR screening, in the form of knockout,
activation, and interference, has allowed researchers to explore complex biological
questions in a high-throughput manner. Two main versions of CRISPR screening
have been developed: the pooled and arrayed approach. In a pooled screening, cells
are transduced with a pooled library of sgRNA at low multiplicity of infection
(MOI) to ensure that cells do not receive more than one sgRNA-expressing vector.
A selection is then applied to isolate specific phenotypes, followed by deep
sequencing to identify enriched or depleted sgRNAs. On the other hand, arrayed
screens are performed in multi-well plates, where a different sgRNA-targeting gene
is delivered in each well, thus allowing a more precise identification of genotype-
to-phenotype perturbations. CRISPRko and CRISPRi screening have shown
advantages over the previous RNA interference (RNA1) screen, which often suffer
from variability and off-target issues, while CRISPRa has largely substituted cDNA
overexpression libraries, which usually lead to unphysiological target
overexpression and are costly to produce. One of the recent arrayed CRISPR
libraries uses plasmids encoding 4sgRNA, achieving high levels of gene
perturbations, with potential applications in the discovery of new gene candidates
in the investigated molecular pathways (Agrotis and Ketteler 2015; Joung et al.
2017; Yin et al. 2025).
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1.7 Besides CRISPR genome editing: investigation of HLA-C stability by in

silico approaches

1.7.1 HLA-C molecule: role and genetic diversity

The human leukocyte antigen C (HLA-C) is a highly polymorphic gene encoding
the o (heavy) chain of the major histocompatibility complex class I (MHC-I).
Together with f2-microglobulin (om) and an antigenic peptide, the complex plays
a central role in immune defence (Figure 9) (Parham, 1988; Kulpa and Collins,
2011). Along with the other HLA classical Class I molecules (HLA-A and HLA-
B), HLA-C presents peptides derived from cytosolic proteins to CD8" cytotoxic T
lymphocytes (CTLs), enabling the recognition and elimination of intracellular
pathogens. In addition, HLA-I molecules can act as a ligand for killer Ig—related
receptors (KIRs) on natural killer (NK) cells, aiming at counteracting pathogens
that tend to reduce HLA-I expression to escape immune recognition (Kulpa and
Collins, 2011; Rasmussen et al., 2014).

HLA-C molecules display lower cell surface expression compared with HLA-A and
HLA-B (Blais, Dong, and Rowland-Jones 2011). The binding of miR-148a to the
3> UTR of the HLA-C gene results in reduced HLA-C protein expression levels.
HLA-C alleles presenting substitutions in the microRNA binding site contribute to
a higher surface expression. This differential expression has also been associated
with a better or worse control of HIV-1 viral load, in case of highly or poorly
expressed HLA-C alleles, respectively (O’Huigin et al. 2011). The limited surface
expression has also been linked to a dihydrophobic signal present in the HLA-C
cytoplasmatic tail, which causes accelerated molecule internalization and
intracellular degradation (Schaefer et al. 2008).

The poor surface expression of HLA-C also correlates with its intrinsic assembly
properties, since HLA-C heavy chains have been demonstrated to be less efficiently
associated with B2m (Neefjes and Ploegh 1988). Additionally, HLA-C molecules
display more selective peptide-binding preferences, which result in prolonged
association with the transporter associated with antigen processing (TAP) in the

endoplasmic reticulum (ER). Consequently, many molecules are retained and
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degraded in the ER, with a reduction of stable complexes that reach the surface
(Blais et al. 2011; Neisig, Melief, and Neefjes 1998).

Although to a lesser extent than HLA-A and -B, HLA-C exhibits a high level of
gene polymorphism. It has already been established that the expression of HLA-C
also varies in relation to the allele considered. Kaur et al. demonstrated that
variations in exons 2 and 3, encoding antigen-binding al and a2 domains of MHC
Class I heavy chain, determine variations in membrane expression. These
differences are due to structural variations in the peptide-binding cleft, which
changes the range of peptides bound by each HLA-C molecule and the consequent
efficiency of complex assembly (Kaur et al. 2017).

antigenic peptide

cell membrane

Figure 9. MHC-I complex. HLA-C molecule (in red) is expressed on cell membrane and
binds with f2-microglobulin (f2m) and an antigenic peptide. Image created with Biorender.

1.7.2 In vitro and bioinformatic approaches to study HLA-C allele stability

Genetic diversity, differential expression and specific peptide binding properties are
all factors influencing HLA-C complex stability. This concept, defined as the ability
to form and maintain stable membrane HLA-C/B.m/peptide complexes, varies
among the different HLA-C allotypes. The high number of HLA alleles has also
made it difficult a complete characterisation of the stability of the different HLA-
C/peptide complexes in vitro. Pulse-chase experiments by Sibilio et al.
demonstrated allele-specific differences in the post-assembly stability of HLA-C
molecules. Variants such as HLA-C*05, *06, and 08 showed a stronger binding

with B2-microglobulin binding with a resulting increased complex stability, while
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alleles like HLA-C*04 and *07 exhibited weaker Bom association and reduced
stability with a consequent higher proportion of free heavy chains (Parolini et al.
2018; Sibilio et al. 2008).

CRISPR/Cas9 technology has primarily been used in other contexts, primarily to
study the immunological roles of HLA molecules. Hong et al., for example, used
CRISPR/Cas9 to disrupt the HLA-A, HLA-B and HLA-C genes simultaneously,
generating an HLA Class [-null HEK293T cell line. These cells were subsequently
transduced with single HLA class I alleles together with co-stimulatory molecules
to create artificial antigen-presenting cells (APCs), demonstrating that these
engineered cells could effectively present antigens and selectively activate tumour
antigen-specific CD8* T cells (Hong et al. 2017).

Another study, conducted by Xu et al., utilized CRISPR/Cas9 to disrupt HLA genes
in iPSCs, aiming to generate immunocompatible donor cell lines. The study
highlights critical aspects in the design of a CRISPR/Cas9 experiment for HLA
gene knockout, including the need to identify gRNAs that can specifically target
individual alleles present in target cells, thereby avoiding off-target effects resulting
from the high similarity between different HLA genes (Xu et al. 2019).

Sarkizova et al. experimentally identified the peptides binding to the most frequent
HLA class I molecules, including several HLA-C allotypes. To do this, they used
mass spectrometry on B721.221 cells lacking endogenous HLA and engineered to
express single HLA class I alleles. This strategy allowed them to characterise a
large repertoire of eluted peptides. The resulting dataset contributed to the
development of HLAthena, a high-performance bioinformatic tool for predicting
peptide/HLA interactions (Sarkizova et al. 2020).

Over the years, several computational tools have been developed to predict and
estimate the binding affinity between HLA and peptides (Wang, Kurgan, and Li
2023). Among these, NetMHCpan has been widely used in various contexts,
including recent studies investigating the possibility of developing new vaccines,
being used as a system to identify immunodominant class I-restricted epitopes from
SARS-CoV-2 and influenza virus proteins (Elalouf et al. 2023; Khairkhah et al.
2020). NetMHCpan 4.0 used the integration of binding affinity and mass
spectrometry-eluted ligand data to predict HLA Class I/peptide interactions (Jurtz
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et al. 2017), while version 4.1 was based on a larger training dataset and a more
advanced neural network, resulting in more accurate and biologically relevant
estimates of antigen presentation (Reynisson et al. 2021).

The most recent version, NetMHCpan 4.2, available in 2025, offers several
significant improvements. It includes a larger training dataset, expands MHC Class
I coverage, and incorporates new features in the algorithm, such as amino acid
deletion modelling. Like previous versions, the new version consistently provides
an EL (eluted ligand) score that quantitatively describes the likelihood of a peptide
being naturally processed and presented on an MHC Class [ molecule, thus offering
a more biologically relevant measure than binding affinity (BA) alone. In addition
to the conventional BA+EL prediction mode, the tool now offers specialised modes
tailored to pathogen and tumour neoepitopes, enabling more biologically relevant
predictions (Nilsson et al. 2025).

The calculation of the EL-score on the NetMHCpan server can therefore be used to
derive a measure of the stability of the HLA-C/peptide complexes. By determining
this score for a wide range of peptides binding to a specific allotype, it is possible
to deduce the strength of association of the various HLA allotypes with their own
peptide pools. Other tools have been developed to provide more direct measures of
stability, such as NetMHCstabpan (Rasmussen et al. 2016), but these have been
trained on data from only a few alleles, meaning that most HLA-C alleles are not

covered by these data.

1.7.3 HLA-C genotyping and correlation with infectious diseases

The presence of a high number of different HLA-C alleles has often been linked to
the concept of genetic susceptibility to viral infections (Blackwell, Jamieson, and
Burgner 2009). In particular, the stability and expression levels of different HLA-
C can influence the response to certain viral infections, such as HIV-1. High
HLA-C expression levels have been shown to contribute to more effective control
of HIV-1 infection, primarily due to an enhanced cytotoxic CD8+ cell antiviral
response (Apps et al. 2013). At the same time, being correlated to expression levels,
the concept of stability plays an important role in modulating viral infectivity.

Parolini et al. demonstrated that, following HIV-1 infection of PBMCs derived from
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healthy donors genotyped for either stable or unstable alleles and supernatant
collection, the resulting infectivity on target cells revealed significant differences,
with higher levels of infectivity in supernatants from donors carrying unstable
alleles. Consistently, virions produced by 721.221-CD4 cells transfected with
HLA-C*07, previously characterised as unstable allele, displayed significantly
greater infectivity than those produced by the same cells transfected with the stable
HLA-C*06 allele (Parolini et al. 2018).

The study by Stefani et al. provided stronger evidence for the association between
HLA-C complex stability and viral infection outcomes. The researchers performed
HLA-C genotyping on a cohort of treatment-naive HIV-1-positive patients
displaying different rates of progression to AIDS. The study showed that
individuals with unstable HLA-C alleles progressed to AIDS significantly faster
than those with stable alleles (Stefani et al. 2022).

HLA-C genetic variability has also been associated with HIV-associated
neurocognitive disorders (HAND). Unstable HLA-C alleles, presenting a weaker
binding stability with fom /peptide, can lead to increased levels of free P2-
microglobulin (B2m) in the cerebrospinal fluid, thus promoting neuroinflammation
and neuronal damage (Zipeto et al. 2018). Furthermore, the HLA-C*07 allele has
specifically been associated with an increased incidence of HAND in HIV-positive
patients (Pons-Fuster et al. 2024).

An association between HLA-C and the severity of viral infections has also
emerged in the context of SARS-CoV-2. Specifically, analysis of a Spanish
Mediterranean Caucasian cohort revealed that certain HLA-C alleles, such as HLA-
C*08:02, HLA-C*12:03 and HLA-C*16:01, were associated with a milder course
of COVID-19. These alleles can induce a more efficient antiviral immune response
by forming a greater number of stable HLA-C/B.m/peptide complexes. In contrast,
other less expressed and less stable alleles can be linked to an ineffective response

and risk of severe disease outcomes (Vigon et al. 2022).
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2. MATERIALS AND METHODS

2.1 Buffer and solution

Laemmli Buffer 50mM Tris-HCI pH 6.8
6% v/v glycerol
3% v/v B-mercaptoethanol
1% w/v SDS
0.001 % w/v bromophenol blue

RIPA buffer 50mM Tris-HCI pH 7.5
150mM NacCl
2mM EDTA
ImM PMSF
1% v/v Triton X-100
1% v/v Sodium deoxycholate

Protease inhibitors cocktail (Roche)

Running Buffer 25mM Tris
192mM Glycine
0.1% w/v SDS

Transfer buffer 25mM Tris
192mM Glycine
0.1% w/v SDS
20% v/v methanol

TBS-T 20mM Tris
150mM NaCl
0.1% v/v Tween-20
pH 7.6

56



TAE 40 mM Tris
20 mM Acetic acid
1 mM EDTA

2.2 Cell culture

Human embryonic kidney (HEK) 293T cells were purchased from the American
Type Culture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Euroclone), supplemented with 10% fetal bovine serum (FBS,
Euroclone), 1% L-glutamine (Euroclone) and 1% penicillin/streptomycin
(Euroclone), at 37 °C under humidified atmosphere of 5% CO,. Cells were washed
with 1X Phosphate Buffered Saline (PBS, Euroclone) and splitted using 1X
trypsin/EDTA (Euroclone). For prime editing experiments, HEK293T were
provided by Prof. Marianne Carlon and cultured in Dulbecco’s Modified Eagle
Medium + Glutamax ™ (Gibco ™), supplemented with 8% fetal bovine serum
(FBS, Euroclone), and 0.1% gentamicin (Euroclone), at 37 °C under humidified
atmosphere of 5% CO;. Cells were washed with 1X Phosphate Buffered Saline
(PBS, Euroclone) and splitted using 1X trypsin/EDTA (Euroclone).

The HeLa derived TZM-bl cells were provided by EU Programme EVA Centre for
AIDS (NIBSC) and cultured in Dulbecco’s Modified Eagle Medium (DMEM,
Euroclone), supplemented with 10% fetal bovine serum (FBS, Euroclone), 1% L-
glutamine (Euroclone) and 1% penicillin/streptomycin (Euroclone), at 37 °C under
humidified atmosphere of 5% CO.. Cells were washed with 1X Phosphate Buffered
Saline (PBS, Euroclone) and splitted using 1X trypsin/EDTA (Euroclone).
PANC-1 PDAC cells were provided by Prof. Ilaria Dando’s Laboratory and grown
in RPMI 1640 (Gibco), supplemented with 10% FBS (Euroclone) and 50 pg/ml
gentamicin sulphate (Gibco), at 37 °C under humidified atmosphere of 5% CO,.
Cells were washed with 1X Phosphate Buffered Saline (PBS, Euroclone) and
splitted using 1X trypsin/EDTA (Euroclone).

Mouse melanoma B16 cells were kindly provided by Prof. Maria Teresa Valenti
and cultured in Dulbecco’s Modified Eagle Medium (DMEM, Euroclone),

supplemented with 10% fetal bovine serum (FBS, Euroclone), 1% L-glutamine
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(Euroclone) and 1% penicillin/streptomycin (Euroclone), at 37 °C under humidified
atmosphere of 5% CO;. Cells were washed with 1X Phosphate Buffered Saline
(PBS, Euroclone) and splitted using 1X trypsin/EDTA (Euroclone).

Osteosarcoma MG63 cells were kindly provided by Dr. Maria Teresa Valenti and
cultured in Dulbecco’s Modified Eagle Medium (DMEM, Euroclone),
supplemented with 10% fetal bovine serum (FBS, Euroclone), 1% L-glutamine
(Euroclone) and 1% penicillin/streptomycin (Euroclone), at 37 °C under humidified
atmosphere of 5% CO,. Cells were washed with 1X Phosphate Buffered Saline
(PBS, Euroclone) and splitted using 1X trypsin/EDTA (Euroclone).

2.3 Plasmids

The pSpCas9(BB)-2A-Puro (PX459) V2.0, psPAX2, pVSV-G, lentiCas9-Blast,
and B52 puro_empty gRNA were purchased from Addgene.

The pEGFP plasmid was obtained from Clontech.

pCMV-dR8.91 and pCSFLW were purchased from Addgene.

The plasmid expressing HIV-1 envelope proteins was purchased from EU Program
EVA Centre for AIDS (NIBSC).

HIV-1-LAI Nef (Nef-LAI) and HIV-1-SF2 Nef (Nef-SF2) plasmids were provided
by Prof. Massimo Pizzato (CIBIO, Trento, Italy).

The ACOTS plasmid was provided by S. Benichou (Institut Cochin de Genetique
Moleculaire, France).

ACOTS8 mutant plasmid, called APAK-APK, was generated by our research group,
as described by Serena et al., 2016.

PcDNAG6.2  (Invitrogen) plasmids expressing different HLA-C alleles
(C*01/02/03/04/05/06/07/08/12/16) were engineered by HLA-C RT PCR.

For prime editing experiments, pU6-tevopreql-GG-acceptor, pU6-pegRNA-GG-
acceptor, and pCMV-PE2 were kindly provided by Prof. Marianne Carlon. For
virus-like particles (VLPs) production, pBS-CMV-MLV-gag-pol, pCMV-
MMLVgag-3xNES-Cas9, pBluescriptSKII+ U6-sgRNA(F+E) empty and VSV-G

plasmids were kindly provided by Prof. Marianne Carlon, too.
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2.4 sgRNA design and cloning
SgRNAs were designed using the CHOPCHOP (https://chopchop.cbu.uib.no/) or

CRISPRscan ( https://www.crisprscan.org/gene/) tools. According to Zhang’s

protocol (Ran et al. 2013), forward and reverse oligonucleotides were ordered

(BMR genomics) after addition of overhangs, annealed and cloned into proper

recipient vectors. After transformation into TOP10 competent bacteria, sgRNA-

encoding plasmids were extracted and purified by MIDIprep (QIAGEN). Correct

insertion of the sgRNAs was confirmed by Sanger sequencing (BMR genomics).

Table 1 lists the ordered oligonucleotides and their corresponding recipient vectors.

TARGET A ©
sgRNA (s Expressing vector (s
GENE
ACOTS Fw: CACCGCGGTCGTGACCAAGACGCTA P4S9 2.0
Exon 1 Rev: AAACTAGCGTCTTGGTCACGACCGC XAT VL
gRNA 1 fw: CACCGGGCAGGCCTCACCTCGGGAG
HADHA gRNA 1 _rev: AAACCTCCCGAGGTGAGGCCTGCCC P4S9 2.0
Exon 1 gRNA 2 fw: CACCGGGAAGGCAGAAAAGCGGCTG XAT VL
gRNA 2 rev: AAACCAGCCGCTTTTCTGCCTTCCC
gRNA_1_fw: CACCGCCCATCTGGTACCTCTCCGA
RUNX2 gRNA 1 rev: AAACTCGGAGAGGTACCAGATGGGC Px459 12,0
Exon 4 gRNA 2 fw: CACCGAAATCTCAGATCGTTGAACC Ve
gRNA 2 rev: AAACGGTTCAACGATCTGAGATTTC
FBXWI11 Fw: CACCGGCTGCTGCGCGGGGAGAGCG Pr459 12,0
Exon 1 Rev: AAACCGCTCTCCCCGCGCAGCAGCC Ve
FBXWI11 Fw: CACCGGTGGCTAGGCTGCGCCAACC Px459 v2.0
Exon 2 Rev: AAACGGTTGGCGCAGCCTAGCCACC XIT VS
FBXW11 Fw: CACCGTTCTTTCGTACCTGGATGCC Pr459 12,0
Exon 5 Rev: AAACGGCATCCAGGTACGAAAGAAC Ve
FBXW11 Fw: CACCGTGGACGACACAACTTGCAG Bi%ﬁ;‘&g;%ﬁ%}y;
Exon 7 Rev: AAACCTGCAAGTTGTGTCGTCCAC RNA(PAE) empty
gRNA 1 _fw: CACCGCTTGATCTGATTCAGACCAC
gRNA 1 rev: AAACGTGGTCTGAATCAGATCAAGC .
ng‘ﬁl gRNA_2_fw: CACCGCTGTGATCGTCTCCAGAAAG pflﬁif;rggfgg; 1{6'
gRNA 2 rev: AAACCTTTCTGGAGACGATCACAGC & Py
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HLA-C Fw: GACACAGAAGTACAAGCGCC pBluescriptSKII+ U6-
Exon 2 Rev: GGCGCTTGTACTTCTGTGTC sgRNA(F+E) empty

Table 1. sgRNA design and recipient vectors. SgRNASs, in the form of forward and reverse
oligonucleotides, are reported in column 2. Overhangs are highlighted in green. Targeted

genes (and exons) and recipient vectors are shown in column 1 and 3, respectively.

2.5 Guide design for prime editing
PegRNA and ngRNA were designed using PRIDICT 2.0 online software
(https://www.pridict.it/). Oligos for the pegRNA spacer, the 3’ extension, and the

ngRNA spacer were ordered both for introducing the RUNX2 (¢.505C>T) mutation
and also to correct it. Oligos were annealed and then ligated into the corresponding
linearized vectors, along with the annealed scaffold oligonucleotides, in a Golden
Gate assembly reaction. Briefly, for pegRNA, 30ng of pU6-tevopreq1-GG-acceptor
(digested with Bsal enzyme) was incubated with annealed pegRNA protospacer,
annealed pegRNA 3’extension, and phosphorylated annealed sgRNA scaffold. For
ngRNA, 30ng of pU6-pegRNA-GG-acceptor (digested with Bsal enzyme) was
incubated with annealed ngRNA protospacer and two annealed sgRNA scaffolds
(with the first one phosphorylated). For both the reactions, T4 DNA ligase (NEB),
10X T4 DNA ligase buffer (NEB) and Bsal (ThermoFisher) were added and this
setup was followed: 5 min at 16°C and 5 min at 37°C for 8 cycles, followed by 15
min at 80°C, then hold at 12°C. The resulting plasmids were transformed into E.
coli DH5a competent cells, followed by colony isolation, miniprep of three selected
colonies, Sanger sequencing verification, and subsequent maxiprep. Table 2 reports
the different oligos used as pegRNA or ngRNA spacer, 3’ extensions, and scaffold.

Table 3 reports the composition of the different ligation conditions.
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Oligo name

Oligo sequence

Editing purpose

RUNX2 _e3_spA/B

Fw: CACCGAAAATTATTCTGCTGAGCTCGTTTA
Rev: CTCTTAAACGAGCTCAGCAGAATAATTTTC

Mutation correction (C>T)
and insertion (T>C)

RUNX2_RTT 1A

Fw: GTGCAGAGGCATTCCgGAGCTCAGCAGAATAATT
Rev:CGCGAATTATTCTGCTGAGCTCcGGAATGCCTCT

Mutation correction (C>T)

RUNX2_RTT 2A

Fw:GTGCGCAGAGGCATTCCgGAGCTCAGCAGAATAA
Rev:CGCGTTATTCTGCTGAGCTCcGGAATGCCTCTGC

Mutation correction (C>T)

RUNX2_RTT 3A

Fw:GTGCGAGGCATTCCgGAGCTCAGCAGAATAA
Rev: CGCGTTATTCTGCTGAGCTCcGGAATGCCTC

Mutation correction (C>T)

RUNX2_ngl_e3_A/B

Fw: CACCGCCCATCTGGTACCTCTCCGAGTTTA
Rev: CTCTTAAACTCGGAGAGGTACCAGATGGGC

Mutation correction (C>T)
and insertion (T>C)

RUNX2_ng2_e3_A/B

Fw: CACCGAGACCTACCTCGTCCACTCGTTTA
Rev: CTCTTAAACGAGTGGACGAGGTAGGTCTC

Mutation correction (C>T)
and insertion (T>C)

RUNX2_e4 sp_ 1B

Fw: CACCGTCATAACAGCAGAGGCATTCGTTTA
Rev: CTCTTAAACGAATGCCTCTGCTGTTATGAC

Mutation insertion (T>C)

RUNX2 RTT 1.1B

Fw: GTGCTGAGCTCtGGAATGCCTCTGCT
Rev: CGCGAGCAGAGGCATTCCaGAGCTCA

Mutation insertion (T>C)

RUNX2_RTT 2.1B

Fw: GTGCTGCTGAGCTCtGGAATGCCTCTGCTGTT
Rev: CGCGAACAGCAGAGGCATTCCaGAGCTCAGCA

Mutation insertion (T>C)

RUNX2_RTT_1.2B

Fw: GTGCAGAGGCATTCCaGAGCTCAGCAGAATAATT
Rev: CGCGAATTATTCTGCTGAGCTCtGGAATGCCTCT

Mutation insertion (T>C)

RUNX2 RTT 2.2B

Fw: GTGCGAGGCATTCCaGAGCTCAGCAGAATAA
Rev: CGCGTTATTCTGCTGAGCTCtGGAATGCCTC

Mutation insertion (T>C)

RUNX2 ngl e4 B

Fw: CACCGACTGTGGTTACTGTCATGGGTTTA
Rev: CTCTTAAACCCATGACAGTAACCACAGTC

Mutation insertion (T>C)

RUNX2 ng2 e4 B

Fw: CACCGAGAGGTACCAGATGGGACTGGTTTA
Rev: CTCTTAAACCAGTCCCATCTGGTACCTCTC

Mutation insertion (T>C)

F+E_COM

Fw:AGAGCTATGCTGGAAACAGCATAGCAAGTTTAAATAAGG
CTAGTCCGTTATCAACTTGGCTGAATGCCTGCGAGCATCCCA
CCCAAGTGGCACCGAGTCG
Rev: gcacCGACTCGGTGCCACTTGGGTGGGATGCTCGCAGGC
ATTCAGCCAAGTTGATAACGGACTAGCCTTATTTAAACTTGC
TATGCTGTTTCCAGCATAG

Scaffold sequence

FE_COM_H1

Fw: AGAGCTATGCTGGAAACAGCATAGCAAGT
TTAAATAAGGCTAGTCCGTTA

Rev: TTGATAACGGACTAGCCTTATTTAAACTT
GCTATGCTGTTTCCAGCATAG

Scaffold sequence

FE_COM_H2

Fw: TCAACTTGGCTGAATGCCTGCGAGCATCC
CACCCAAGTGGCACCGAGTCGGTGC
Rev: AAAAGCACCGACTCGGTGCCACTTGGGTGGG
ATGCTCGCAGGCATTCAGCCAAG

Scaffold sequence

Table 2. Oligo name and design for pegRNA and ngRNA. For RUNX2 mutation

correction or insertion, pegRNA and ngRNA spacer, 3’ extensions and scaffold sequences
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are reported in the form of forward and reverse oligonucleotides in column 2. Overhangs

are highlighted in green.
Condition Vector Spacer Scaffold 3'-extension/scaffold

1A pU6-tevopreql- ¢3 spA/B F+E COM RTT 1A
GG-acceptor - _ _

A pUb-tevopreql- | '\ p F+E_COM RTT 2A
GG-acceptor

A pUb-tevopreql- | o\ p F+E_COM RTT 3A
GG-acceptor

A pU6-pegRNA- ngl e3 A/B FE_COM _HI1 FE_COM_H2
GG-acceptor

sA pU6-pegRNA- ng2 e3 A/B FE_COM HI1 FE_COM_H2
GG-acceptor

6B pU6-tevopreql- ¢4 sp 1B F+E_ COM RTT 1.1B
GG-acceptor

7B pU6-tevopreq1- ¢4 sp 1B F+E_ COM RTT 2.1B
GG-acceptor

SB pU6-tevopreql- | . spA/B F+E_COM RTT 1.2B
GG-acceptor N _ _

oB pU6-tevopreql- e3 spA/B F+E COM RTT 2.2B
GG-acceptor - _ _

108 pU6-pegRNA- | | 4 B FE_COM _HI1 FE_COM_H2
GG-acceptor

B pU6-pegRNA- | ) 1 B FE_COM_H1 FE_COM_H2

GG-acceptor

Table 3. The different ligation conditions. From the ordered oligos, 11 ligation reactions

were prepared.

2.6 Off-target prediction and analysis

Off-target were identified by COSMID (https://crispr.bme.gatech.edu/) web tools.

The top-ranked predicted off-target sites were amplified by PCR on the extracted

DNA and compared to wild-type sequences to verify the presence of unwanted

mutations. Table 4 reports the PCR primers and the features of the selected off-

target sites with respect to the wild-type sequence.
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Target gene and Off-target site PCR primers

gRNA features
Chr. 5, 2 mismatches, Fw: CAGGTAAAATGAAGTGCAGGG
HADHA_gRNA_1 1 deletion

Rev: TTGAGGTGTTGAGTTAATGAGG

Chr.16, 2 mismatches, Fw: CAACAACGACAAAATGGTTGAG

HADHA_gRNA 1
1 deletion Rev: TTGCCCAAGCCTGAAAAG

Fw: ATTCCCCAGAGATGTTGCCG

HADHA_gRNA 2 Chr.19, 3 mismatches
- - Rev: CTCGTCGAGCCTTACCTGTC

Chr. 10, 3 mismatches Fw: TGCGTTCGCTACATACAAGGT

HADHA_gRNA 2
Rev: ACCATAAACAAAGCAGCGGG

Table 4. Off-target sites and PCR primers. Column 1 reports the considered genes and
gRNAs, column 2 shows the features (mismatches and/or insertions or deletions) with
respect to the wild-type sequence, column 3 reports the PCR primers for off-target site

amplification.

2.7 Killing curve

For PANC-1 and MG63 cells, a killing curve was performed by seeding 1 * 10° cell
in a 12-well plate (Sarstedt). The day after, different antibiotic (puromycin for
PANC-1; puromycin and blasticidin for MG63) concentrations were added. 3 days
after starting of selection, cells were trypsinized and counted. Table 5 reports the

different antibiotic concentrations for the killing curves of the considered cell lines.

Antibiotic Concentration (ng/ml) Cell type
Puromycin 5-45-4-35-3-25-2 PANC-1
Puromycin 3-25-2-15-1-05 MG63
Blasticidin 8-7-6-5-4 MG63

Table 5. Killing curve conditions for the considered cell types.

2.8 Transfection
HEK293T cells were transfected using the TransIT®- LT1 Transfection Reagent

(Mirus Bio), following the manufacturer’s protocol. For prime editing experiments,
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HEK293T were transfected with jetPRIME® transfection reagent (Polyplus),
following the manufacturer’s protocol.

MG63 cells were transfected with TransIT®- LT1 Transfection Reagent LT1
(Mirus Bio), Lipofectamine™ 3000 Transfection Reagent (Invitrogen) and
Lipofectin™ Transfection Reagent (Invitrogen), following the manufacturer’s
protocol. MG63-Cas9 cells were transfected with in-house prepared calcium
phosphate solutions.

PANC-1 cells were transfected with TransIT®- LT1 Transfection Reagent LT1
(Mirus Bio), Lipofectamine™ 3000 Transfection Reagent (Invitrogen) and
nucleofected with AmaxaTM Cell Line NucleofectorTM Kit C, following the
manufacturer’s protocol.

B16 cells were transfected with Lipofectamine™ 3000 Transfection Reagent
(Invitrogen), following the manufacturer’s protocol.

Following transfection and selection, single clones were isolated by seeding 0.3

cells/well in three 96-well plates.

2.9 Pseudovirus production and infectivity assays

For pseudoviral production, 0.5 * 10° HEK293T cells are seeded in 6-well plates.
Cells are then transfected with 1000ng of pCMV-dr8.91, 1250ng of pCSFLW and
2000ng of HIV-1 or VSV-G envelopes. 16-18 hours after transfection, the medium
was changed. 48 hours after medium change, virus-containing medium is harvested
and centrifuged at 1200rpm for 5 minutes. Supernatant is then filtered with a 0.45
um filter. Pseudoviruses are then concentrated by using through Amicon® Ultra
Centrifugal Filters with 50kDa molecular weight cutoff (MWCO)
(MilliporeSigma, Merck KGaA), by centrifuging at 2000g for 10minutes. Aliquots
are then stored at -80°C.

Before pseudovirus quantification, an infectivity test is performed to confirm the
efficiency of viral production. First, 50 pl of the concentrated pseudoviruses are
added to wells of a 96-well plate, followed by addition of 50ul of medium. 20.000
target cells/well are then plated in 96-WP (100 pl/well). DEAD-dextran was added
to the cell mixture to increase the viral infectivity, at a volume ratio of 1:187.5

(DEAE-dextran:cell suspension). 48 hours after infection, cells were treated by
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using the Britelite™ Plus Reporter Gene Assay System (PerkinElmer), according
to the manufacter’s instructions, and the resulting luciferase activity (RLU) was
measured at the Victo 3 luminometer (PerkinElmer).

One Wash™ Lentivirus Titer Kit, HIV-1 p24 ELISA (Origine) was then used to
calculate the pg/ml of p24 capsid protein in the concentrated pseudoviruses,
according to the manufacturer’s instructions. After quantification, infectivity
experiments were performed as described above, by using 625 pg of quantified
p24/well and a 1:5 dilution of the viral stock. For each condition, four technical

replicates were performed.

2.10 Generation of Cas9-expressing cells

2%¥10% HEK293T cells were seeded in 10cm dish. After 24 hours, cells were
transfected with 5Spg Lenti-Cas9, 3.75pg pspax2, 1.25pg VSV-G by calcium
phosphate in DMEM (w/o antibiotics). The day after, the medium was changed with
complete DMEM. 48hours after medium change, supernatant containing Cas9-
lentiviral particles was harvested, centrifuged at 1400rpm for 5 minutes and filtered
with 0.45um filter. Target cells were infected at different multiplicities of infection
(MOI) to optimise transduction efficiency, followed by selection with appropriate

concentrations of blasticidin.

2.11 Virus - like particles (VLP) production and cell transduction

Virus-like particles (VLPs) were produced by transfecting HEK293T cells by linear
PEI with pBS-CMV-MLV-gag-pol, pCMV-MMLVgag-3xNES-Cas9,
pBluescriptSKII+ U6-cloned sgRNA(F+E) and VSV-G plasmids, according to the
ratio described in Mangeot ef al., 2019.

VLPs were concentrated through Amicon® Ultra Centrifugal Filters with 100 kDa
molecular weight cutoff (MWCO) (MilliporeSigma, Merck KGaA) and
resuspended in Optimem (0% FBS, 50 pg/ml gentamicin).

For cell transduction, cells were counted, pelleted by centrifugation, and
resuspended in 50 pL. of VLP-containing medium. Following an incubation at room

temperature for 10 minutes, the cells were plated in the appropriate culture vessels.
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2.12 DNA extraction, PCR and sequence analysis

Genomic DNA was extracted using the Monarch ® Genomic DNA Purification Kit
(New England BioLabs). All the CRISPR-targeted exons were first amplified
through PCR, in a final concentration of 1X Wonder Taq Buffer (Euroclone), 0,6
uM forward and reverse primers (BMR Genomics); 0,05 U Wonder Taq
(Euroclone). The primer pairs used are listed in Table 6. PCR products were
purified through a PCR Purification kit (Norgen Biotek) and submitted for Sanger
sequencing (BMR genomics). CRISPR/Cas9 knockout events were analysed using
the DECODR (https://decodr.org/) or ICE (https://ice.editco.bio/) tools, while

prime editing events were analysed using EditR
(https://moriaritylab.shinyapps.io/editr_v10/). For HADHA KO, the
pcDNA™3.1/V5-His TOPO® TA Expression Kit (Invitrogen) was used to

determine the editing events.

TARGET GENE PCR PRIMERS
ACOTS Fw: CAGTCAAGATCAAGTTTCTGCC
Rev: TGTATGTCTCCGCGTCTTCC
FBXWI11 (EXON 4) Fw: CCAAAGAAATGCTGCCTCAC
Rev: GACTAATTTGAGGACACAGACC
FBXWI11 (EXON 7) Fw: ACACTGAGAGCTGCCAAGAT
Rev: GAAGCAACGCCAAAGTCTGA
HADHA Fw: AGTTGGGGAGTTAGGAAGCC
Rev: CTCCACTGCTGTCCTCTTCA
RUNX2 (MOUSE) Fw: AGGGAAGGAGATGCTACTTCG
Rev: ATTCCCGCAGACAGCCTAAC
RUNX2 (HUMAN) Fw: AGTGGCATCACAACCCATACA
Rev: AGAAAAACACTCAACTTCATCTGG
HLA-C (EXON 2) Fw: GGAGATGGGGAAGGCTCCCCACT
Rev: AGCGAGGGGCCCGCCCGGCGA

Table 6. Target gene and PCR primers to amplify the gRNA-targeted region.

2.13 Western blot analyses

Proteins were extracted using RIPA buffer and quantified with the Coomassie Plus
Bradford Protein Assay Reagent (Thermo Scientific) using a spectrophotometer
(Eppendorf). Protein samples were mixed with Laemmli buffer and resolved by
SDS-PAGE on acrylamide gels. Proteins were then transferred onto a PVDF
membrane (GE Healthcare), blocked with 5% milk in TBS-T, and incubated
overnight with the specific primary antibody. For the detection of ACOTS8 and
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Lamin-B1, anti-mouse and anti-rabbit secondary antibodies, respectively, were
diluted 1:3000 in 5% milk TBS-Tween buffer and incubated for 1 hour at room
temperature. For the detection of HADHA, the anti-mouse IgGk BP-HRP
secondary antibody was diluted 1:1500 in the same buffer and incubated for 1 hour
at room temperature. Amido Black staining was used as a loading control.

For the detection of RUNX2, an anti-rabbit secondary antibody was diluted 1:3000
in 5% milk TBS-Tween buffer and incubated for 1 hour at room temperature.

For the detection of Cas9 and ACTIN, anti-mouse and anti-rabbit secondary
antibodies, respectively, were diluted 1:3000 in 5% milk TBS-Tween buffer and

incubated for 1 hour at room temperature.

2.14 Primary antibodies

The anti-ACOT8 monoclonal murine antibody (Santa Cruz Biotechnology) was
used at a 1:500 dilution in 5% non-fat dry milk, 1X TBS, 0,1% Tween-20.

The anti-Lamin-B1 monoclonal rabbit antibody (Cell Signaling Technology) was
used at a 1:1000 dilution in 5% non-fat dry milk, 1X TBS, 0,1% Tween-20.

The anti-HADHA monoclonal murine antibody (Santa Cruz Biotechnology) was
used at a 1:200 dilution in 5% non-fat dry milk, 1X TBS, 0,1% Tween-20.

The anti-RUNX2 monoclonal rabbit antibody (Cell Signaling) was used at a 1:1000
dilution in 5% non-fat dry milk, 1X TBS, 0,1% Tween-20.

The anti-Cas9 monoclonal murine antibody (Santa Cruz Biotechnology) was used
ata 1:1000 dilution in 5% non-fat dry milk, 1X TBS, 0,1% Tween-20.

The anti-ACTIN monoclonal murine antibody (Santa Cruz Biotechnology) was

used at a 1:200 dilution in 5% non-fat dry milk, 1X TBS, 0,1% Tween-20.

2.15 Analysis of HLA-C peptide binding stability

Peptides binding to the 21 most frequent human HLA-C allotypes (Table 7) were
experimentally identified through mass spectrometry analysis by Sarkizova et al.
(Sarkizova et al. 2020). From the initial dataset, we selected only 8-12aa peptides,
since this corresponds to the preferential binding range for MHC-I complexes
(Karnaukhov et al. 2022). Netmhcpan4.2 server
((https://services.healthtech.dtu.dk/services/NetMHCpan-4.2/) was used with
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default parameters to determine the eluted ligand (EL) score for each HLA-C-
peptide pool interaction. A ranking of peptides specifically binding the proper
HLA-C allotype was then established according to their EL score and then
expressed as percentiles (% Ranking). Finally, EL score versus % Ranking curves
were generated for each allele, and the area under the curve (AUC) was calculated

to define a stability score for each of the considered HLA-C allotypes.

HLA-C Allotype Frequency in the human population
C*01:02 0.085
C*02:02 0.028
C*03:02 0.025
C*03:03 0.056
C*03:04 0.091
C*04:01 0.112
C*04:03 0.019
C*05:01 0.026
C*06:02 0.062
C*07:01 0.069
C*07:02 0.131
C*07:04 0.015
C*08:01 0.045
C*08:02 0.020
C*12:02 0.032
C*12:03 0.020
C*14:02 0.025
C*14:03 0.015
C*15:02 0.034
C*16:01 0.024
C*17:01 0.019

Table 7. List of the considered human HLA-C allotype and their frequency.
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2.16 HIV-1 patient cohorts

Two groups of HIV-1 infected patients were selected for our analysis.

The first cohort included HIV-1 treatment-naive subjects presenting a different
degree of AIDS progression, with 47 patients classified as progressors (P; >10,000
copies HIV genome/mm?, and <200 CD4+ T lymphocytes/mm?) and 37 patients
classified as long-term non-progressors (LTNPs; <10,000 copies HIV
genome/mm?>, and >400 CD4+ T lymphocytes/mm?). All participants provided
informed consent, and the study was approved by the relevant institutional review
boards and ethics committees in Brazil. Major details on the enrolled cohort are
described in Stefani et al. (Stefani et al. 2022).

The second cohort was composed of HIV-1 patients presenting or not
neurocognitive impairment, as referred by the HIV-1 associated neurocognitive
disorder (HAND) diagnosis, defined according to the Frascati criteria (Antinori et
al. 2007). Specifically, 41 HIV-1 patients were cognitively normal (HAND-), while
16 patients reported neurocognitive deficits (HAND+). Patients reporting
subjective cognitive complaints were included in the first group, in line with current
international recommendations. All participants provided informed consent, and the
study was approved by the Institutional Ethics Committee of Verona and Rovigo,

Italy (#2459 CESC), in accordance with the Declaration of Helsinki.

2.17 HLA-C genotyping and determination of patient-specific stability scores

We extracted DNA from peripheral blood lymphocytes of HIV-1 patients and
performed allele-specific polymerase chain reaction (AS-PCR) followed by Sanger
sequencing to determine HLA-C allotypes, as previously described (Stefani et al.
2022). The HLA-C classification proposed by Shen et al. was adopted as the
reference for conducting HLA-C genotyping (Shen, Parks, and Smith 2023).
Accordingly, a set of HLA-C allotypes was selected for first digit typing since rarer
allotypes generally cluster within the same subgroup, while another group was
typed at the second digit mainly through sequencing of the region between exons
2-3 of the HLA-C gene and alignments using the Immuno Polymorphism Database
(IPD https://www.ebi.ac.uk/ipd/index.html). Table 8 reports the set of HLA-C
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allotypes typed at the first or second digit. Only for C*12 and C*16, AS-PCR
allowed us to define them as 12:03 and 16:01, respectively.

For determining a patient-specific stability score, after HLA-C genotyping, the
multiplication of the stability scores (previously determined by AUC) of the
corresponding allotypes was performed. For HLA-C*14, where the two most
common allotypes (C*14:02 and C*14:03) have similar frequencies and belong to
the same subgroup, we applied a frequency-weighted mean, according to the
frequency of HLA-C alleles reported by Sarkizova et al. (Sarkizova et al. 2020).
The same approach was used when second-digit genotyping was not possible due
to insufficient DNA. For HLA-C*12, we assigned the stability score of the other
frequent allotype (C*12:02 when C12 typing did not match C*12:03). Finally, for
all the alleles typed at the first-digit resolution, we used the score of the most

frequent allotype.

HLA-C allele Genotyping resolution
C*01, C*02, C*05, C*06, C*12, C*14,
C*15, C*16, C*17

First-digit typing

Second-digit typing (for C*03: C*03:02,
C*03:03, C*03:04; for C*04: C*04:01,
C*04:03; for C*07: C*07:01, C*07:02,
C*07:04; for C*08: C*08:01, C*08:02).

C*03, C*04, C*07, C*08

Table 8. HLA-C alleles and the adopted genotyping resolution.

2.18 Molecular dynamics (MD) simulations

Molecular dynamics (MD) simulations were performed on five human HLA-C
allelic variants (HLA-C*03:04, C*04:01, C*05:01, C*06:02, and C*07:02) using
single point-mutated peptides introduced with the ‘Mutate Residue’ tool in the
Maestro Workspace (release 2021-2, Schrodinger, LLC, New York, NY, USA).
The systems were prepared using the ff19SB force field, immersed in TIP3P water,
and energy-minimized to allow the HLA-C/Bom complex to adapt to the new

peptide sequences (Mark and Nilsson 2001; Tian et al. 2020). Three independent
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replicas per system were then run for 300 ns MD simulations in Amber24.
Trajectories were clustered using Amber24’s cpptraj tool to identify dominant
conformations (Roe and Cheatham 2013). MM-GBSA analysis was then applied to

quantify the pairwise binding energy contributions within HLA/B>m complexes.

2.19 Statistical analysis

For ACOT8 experiments, four biological replicates were performed and readout
was performed in four technical replicates for each biological sample. For
comparison between the different experimental conditions, a two-tailed Mann—
Whitney U test was used. A p-value < 0.05 was considered statistically significant.
For HIV-1 patients, comparisons between HLA-C stability scores of the
independent patient groups (LTNP vs P; HAND- vs HAND+) were performed
using the two-tailed Mann—Whitney U test. A p-value < 0.05 was considered

statistically significant.
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3. AIM OF THE THESIS

The aim of this present thesis work is the application and methodological
optimisation of CRISPR/Cas9 technology to study the function of single genes,
specific domains, or point mutations in different biological contexts. In particular,
this genome editing technique has been applied in different areas, namely the
analysis of genes involved in HIV-1 virus-host interaction, the study of genes or
functional domains associated with cancer pathways (such as pancreatic cancer,
melanoma, and osteosarcoma), and the characterisation of single-nucleotide
variants causing genetic disorders, such as cleidocranial dysplasia.

To achieve these goals, the central theme of the thesis was the development of
methodological strategies to obtain efficient gene knockout and gene editing, both
in easy-to-manipulate cell lines and in hard-to-transfect systems. This involved
using and comparing different delivery systems for CRISPR/Cas9 technology, from
conventional plasmid transfection to the use of virus-like particles for safer and
more efficient delivery. Through this process, in this thesis work, we generated new
in vitro edited cell lines that are useful for clearly depicting gene function in the
associated molecular contexts.

This work has also incorporated significant in silico methods to complement and
advance CRISPR technology, with the aim of studying gene relevance in a clinical
setting, such as the impact of HLA-C stability on different outcomes of HIV-1

infection.
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4. RESULTS

4.1 Successful examples of knockout of single genes in easy-to-transfect cells

4.1.1 Generation of ACOTS8 KO HEK293T

ACOTS is an acyl-CoA thioesterase mainly localized in peroxisomes and involved
in lipid metabolism. Its enzymatic activity relies on the hydrolysis of fatty acyl-
CoA esters, such as myristoyl-CoA and palmitoyl-CoA, into Coenzyme A
(CoASH) and the corresponding free fatty acids, thereby maintaining a correct
balance of intraperoxisomal acyl-CoA/CoASH levels (Ishizuka et al. 2004;
Palmeira et al. 2019). Enzyme characterisation in mouse and rat models showed
that the enzyme possesses a broad substrate specificity, hydrolysing nearly all tested
acyl-CoA esters by recognizing the CoA moiety rather than the acyl chain.
Furthermore, an increase in peroxisomal proliferation was observed after ACOTS
overexpression in murine and human T cells, thus highlighting its potential role also
in peroxisome biogenesis (Hunt, Siponen, and Alexson 2012). The role of this
protein has attracted greater attention since researchers discovered that it interacts
with the HIV-1 Nef protein (Liu et al. 1997; Watanabe et al. 1997). HIV-1 is an
enveloped virus composed by two single-stranded RNA molecules, belonging to
the Lentivirus genus (family Retroviridae) and is the main cause of AIDS, a severe
immune deficiency characterised by a progressive and severe depletion of CD4+
cells and a greater susceptibility to opportunist infections and neoplasm
development (Février, Dorgham, and Rebollo 2011).

The negative regulatory factor (Nef) is a small HIV-1 accessory protein that plays
key roles in promoting viral infections and pathogenesis. Nef can ensure an efficient
viral spread by antagonizing the action of cellular proteins, such as Tetherin, that
would otherwise inhibit the release of viral particles. Nef also acts in the regulation
of surface membrane proteins, specifically contributing to the downregulation of
MHC-I and CD4 molecules. This action finally results in immune evasion and
prevents superinfection of already infected cells, thereby enhancing viral
propagation (Lamers et al. 2012; Manrique et al. 2017; Palmeira et al. 2019). The
N-terminal myristoylation of the Nef protein has been shown to be essential for its

activity, enabling the viral protein to be anchored to the plasma membrane and
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adopt an open conformation required for the interaction with targeted cellular
proteins (Palmeira et al. 2019; Udenwobele et al. 2017). According to Serena et al.,
interaction between Nef and ACOT8 would prevent Nef cleavage by steric
hindrance, thereby increasing the stability of Nef and preventing its degradation
(Serena et al. 2016). Another proposed mechanism is that ACOTS is addressed by
Nef to the cell membrane, leading to an increase of ACOT8 activity with resulting
depalmitoylation of Lck, a binding partner of the CD4 cytoplasmatic tails,
necessary for maintaining CD4 at the cell surface. The resulting dissociation of the
CD4—-Lck complex contributes to CD4 internalization (Lazarow 2011; Palmeira et
al. 2019).

To better elucidate the role of ACOTS and its interaction with NEF in HIV-1
infectivity, we started with the generation of an HEK293T ACOTS8 KO cell model
by CRISPR/Cas9 technology (Figure 10A). Exonl of ACOTS8 was selected as a
suitable target region for gRNA/Cas9-mediated knockout. After gRNA cloning into
a Cas9-expressing plasmid, HEK293T cells were transfected and then selected with
0.5 pg/ml puromycin. Single clones were isolated and editing events were verified
by Sanger sequencing of the PCR-amplified gRNA-targeted region. All isolated
clones exhibited editing events, presenting heterozygous or homozygous
CRISPR/Cas9-induced indels, thus confirming the high efficiency of the technique
aided by the easy transfectability of the HEK293T cell line (Figure 10B). A clone
(named A3) showing a homozygous frameshift deletion of 5bp in the targeted
region was selected for further experiments (Figure 10C). Absence of the ACOTS
protein expression on the isolated A3 clone was confirmed by Western blot

analysis, with lamin B1 used as housekeeping control (Figure 10D).
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A 1. Bicinformatic design of 2. gRNA cloning into px459 v2.0 3. Transfection of HEK 293T cells with
gRNA targeting exon 1 of plasmid and sequence gRNA/Cas9 plasmid by TranaiT-L1
ACOTE gene confirmation of gRMNA insertion reagent. followed by puromycin
selaction
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Figure 10. CRISPR/Cas9 generation of ACOT8 KO HEK293T cells. (A) Workflow of
CRISPR/Cas9 procedure to knockout ACOTS gene in HEK293T cells (image created with
BioRender). (B) Sanger sequencing chromatograms showing examples of heterozygous (in
A2 clone) or homozygous (in A3 clone) CRISPR/Cas9-induced editing events in the isolated
clones, in comparison with the WT sequence. In the WT sequence, the gRNA sequence is
shown with a black horizontal line, the cut site with a vertical black dashed line, the PAM
with a horizontal red dotted line (image adapted from Synthego Performance Analysis, ICE
Analysis. 2019. v3.0. Synthego) (C) Alignment of ACOTS gene for A3 and WT sequences,
showing a Sbp-deletion in the gRNA-targeted region of A3 clone (image adapted from
Clustal Omega Multiple Sequence Alignment). gRNA sequence is presented with a black
horizontal line. (D) Western blot of A3 clone with respect to WT cells, showing absence of
ACOTS protein band.
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4.1.2 Investigating ACOTS8 in HIV-1 infectivity

HEK293T ACOTS KO cells were first used to assess the effect of ACOTS8 absence
on HIV-1 infectivity. To this aim, lentiviral-based pseudoviruses carrying different
types of HIV-1 envelopes (QHO, RHPA, AC10 and LA1) were produced in
HEK293T packaging cells, both ACOT8 KO and WT. A p24-normalized amount
of harvested pseudoviruses was used to infect target cells (TZM-bl). Results
showed that HIV-1 pseudoviruses produced in ACOT8 KO were less infective
compared to the same viruses produced in WT cells, as determined by RLU
infectivity values. This significant reduction effect was not observed with viruses
pseudotyped with the VSV-G envelope, thus confirming a specific role of ACOTS
in supporting HIV-1 infectivity (Figure 11).
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ACOTS impact on VSV infectivity
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Figure 11. ACOTS8 impact on HIV-1 infectivity. Pseudoviruses bearing different HIV-1
envelopes were produced in HEK WT (ACOT8+) and HEK KO (ACOTS-) cells and used

to infect target cells. Luciferase RLU values showed reduced viral infectivity for viruses

produced in HEK293T ACOTS KO, compared to the WT counterpart. No reduction in

infectivity was observed when VSV-G pseudotyped viruses were produced in HEK293T

ACOTS8 KO or HEK WT cells.
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To confirm that the reduced infectivity was specifically due to the absence of
ACOTS, we re-introduced ACOTS8 plasmid in KO cells to restore ACOTS
expression at physiological levels, as confirmed by Western Blot analysis (Figure
12A-B). QHO-pseudotyped viruses were then produced in HEK WT, ACOTS8 KO
and ACOTS rescued cells and then used to infect target cells. Infectivity levels, after
viral production in cells with a restored ACOT8 expression, showed comparable
values to pseudoviruses produced in HEK WT cells, while the virus produced in

ACOTS8 KO cells was confirmed to be less infectious (Figure 12C).
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Figure 12. ACOTS rescued expression restores HIV-1 infectivity. (A-B) ACOTS KO cells
were transfected with ACOTS plasmid, thus restoring physiological levels of ACOTS
expression, as shown by Western blot analysis. (C) QHO-pseudotyped viruses produced in
ACOTS-rescued cells showed infectivity levels comparable to those produced in WT cells.

78



4.1.3 Investigation of ACOTS8/Nef interaction and resulting HIV-1 infectivity

Since the previously produced viral particles did not express Nef protein, to assess
the role of the ACOTS8/Nef interaction in the context of HIV-1 infectivity, we
introduced two additional Nef-expressing plasmids: Nef-LAI, which maintains its
interaction with ACOTS8, and Nef-SF2, which harbors mutations preventing its
binding with ACOT8 (Serena et al. 2016). In the following experiment, QHO-viral
particles were produced in ACOT8 KO cells, transfected or not with ACOTS
plasmid and with one of the different Nef plasmids, and used to infect target cells,
as described before. As previously shown, restoration of ACOTS plasmid led to an
increased in infectivity levels. The addition of Nef-LAI, interacting with ACOTS,
in virus-producing cells further enhances the resulting infectivity values. The use
of a Nef-expressing plasmid, NEF-SF2, not interacting with ACOTS, restored
infectivity values comparable to those observed in ACOT8-rescued cells (Figure
13A).

To confirm this observation, we also used a mutant form of ACOTS, called APAK-
APK, that carries deletions abolishing its binding to Nef (Serena et al. 2016).
Following the same approach as previously described, QHO-viral particles were
produced in ACOT8 KO cells and in cells that had been transfected with either the
APAK-APK ACOTS plasmid or one of the different Nef plasmids, and then used
for the infection experiment. The addition of the mutant ACOTS8 plasmid to the
virus-producing cells led to an increase in infectivity on target cells with respect to
cells without ACOT8 expression. Co-expression of mutant ACOTS8 and NEF-LAI
or NEF-SF2 did not result in further increases of infectivity (Figure 13B). Taken
together, these results indicate that the ACOT8—Nef interaction contributes to a
further and significant increase in HIV-1 infectivity, suggesting a possible additive

effect to the ACOT8 expression alone.

79



RLU

ACOTS8 Nef interaction in HIV infectivity
ek kok

PakPk Nef interaction in HIV infectivity

1 Aok

ns [t ]

' ns v

Aok '—'

L ki kkok  kkk 30000
30000 I } { 1 [ ns ns
1 M 1
k t

1
1
20000- 20000 ‘

_ _ I

RLU

o I I I T 0 | T T T

ACOT8 Wt - + + + ACOT8 PakPk - + + +
Nef-LAl - - + - Nef-LAl - - + -
Nef-SF2 - - - + Nef-SF2 - - - +

Figure 13. ACOTS8/Nef interaction further promotes HIV-1 infectivity. (1) ACOTS KO
cells were transfected with ACOTS plasmid and one of the two Nef-expressing plasmids
(NEF-LAI interacting with ACOTS8; NEF-SF?2 not interacting with ACOTS). Interaction
between ACOTS and LAI in the virus-producing cells led to more infectious QHO-viral
particles. (B) ACOT8 KO cells were transfected with the ACOTS mutant plasmid (here
named PakPk; not interacting with Nef) and one of the two Nef-expressing plasmids (NEF-
LAI and NEF-SF2). In the absence of ACOTS-Nef interaction in the producing cells, no

further increase in infectivity was observed.

4.1.4 Generation of RUNX2 KO and Runt-deleted melanoma B16 cells

RUNX2 (Runt-related transcription factor 2) is a key transcription factor regulating
osteogenesis, with prominent roles in osteoblast differentiation and chondrocyte
hypertrophy (Hojo 2023). RUNX2 is generally expressed into two main isoforms,
whose expression is driven by two different promoters and alternative splicing
events. The DNA-binding activity of RUNX2 transcription factor is mediated by a
highly conserved 128-aa region, called Runt domain (Dalle Carbonare, Innamorati,
and Valenti 2012). In cancer, a correlation is often observed between elevated levels
of RUNX2 and poor prognosis. For example, in breast cancer, higher RUNX2
expression contributes to increased Wnt and TGF-beta signalling and is associated
with the more aggressive triple negative phenotype (Ferrari et al. 2013; Wysokinski,
Blasiak, and Pawlowska 2015). In gastric cancer, RUNX2 contributes to the
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overexpression of the chemokine receptor CXCR4, thereby promoting invasion and
metastasis (Guo et al. 2016). Also in melanoma, RUNX2 was found to be more
expressed in cancer cells compared to nevic melanocytes (Boregowda et al. 2014).
Melanoma is an aggressive and heterogeneous cancer that primarily affects
melanocytes, leading to a high mortality rate due to its metastatic properties, which
make treatment difficult (Dhanyamraju and Patel 2022). Deiana et al. demonstrated
that ablation of the Runt-domain in melanoma cells led to reduced Epithelial
Mesenchymal Transition (EMT) properties, along with impaired cell growth and
migration (Deiana et al. 2018). Accordingly, subsequent studies from the same
research group concluded that RUNX2 plays a role in several molecular pathways
contributing to the induction of bone metastasis associated with melanoma (Deiana
et al. 2020).

Based on these studies, we aimed to use the CRISPR/Cas9 technology to target the
RUNX2 gene in mouse melanoma B16 cells, by adopting two different approaches.
The first CRISPR/Cas9 strategy utilized a unique guide RNA (gRNA) to target
exon 4 of the RUNX2 gene, aiming to induce a knockout (KO) of the RUNX2 gene.
In the second approach, the additional use of a second gRNA targeting exon 4
enabled the induction of a specific in-frame deletion of the Runt domain. The
generation of these two complementary CRISPR/Cas9-engineered cell models will
contribute to better dissecting the functional contribution of RUNX2 in melanoma,
addressing emerging needs in therapy resistance and tumour progression. These
cells will be further employed in in vivo studies in syngeneic B16 melanoma mouse
models, to assess the biological and functional impact of RUNX2 in melanoma
growth and metastasis.

After cloning the first gRNA-targeting RUNX2 in the Cas9-expressing plasmids,
mouse melanoma B16 cells were transfected using this single guide approach. The
transfected and selected bulk population presented a transfection efficiency of
70.6 %, after analysis with the DECODR tool, confirming a good transfectability
of this melanoma cell line. Clones were then isolated and editing events were
analysed by Sanger sequencing and DECODR analysis. Among the isolated clones,
five showed frameshift-inducing editing events (Table 9). In particular, clone A13

presented a homozygously edited sequence with +1 insertion (C) resulting in a

81



premature stop codon on the coding sequence of exon 4 and was selected for further

analysis (Figure 14).

Clone name Editing event
A3 +1 bp, +1bp
Al0 + 1bp, -1 bp
Al3 + 1bp
A2l -1 bp, -13 bp
A3l -1 bp, -23 bp

Table 9. Editing events on the B16 clones. Different mouse melanoma B16 cells were
isolated and tested for Sanger sequencing. Among five selected clones, A13 clone showed

an insertion of a C nucleotide in homozygosity.

WT 199 GACGGTAACCACAGTCCCATCTGGTACCTCT-CCGAGGGCTACAACCTAC 247
FEErrrerrrer e e eerrer e e et eeer e e e e

A13 200 GACGGTAACCACAGTCCCATCTGGTACCTCTCCCGAGGGCTACAACCTAC 249
VVALGRGTRWDCGYRHGRE--

Figure 14. Alignment of B16 WT and A13 and protein translation for A13. A13 shows a
+1bp (nucleotide C) insertion in the gRNA-targeting region (underlined), resulting in a

premature stop codons (in red).

For the dual gRNA-approach, an additional gRNA was used along with the previous
one in order to generate an in-frame deletion of 108-bp in the Runt domain. Similar
to the previous approach, after transfection and selection, single clones were
isolated and screened by PCR to identify clones harbouring the expected deletion
in the targeted region. After Sanger sequencing, three clones (L13, L25 and L34)
were confirmed to carry a 108-bp homozygous deletion in the exon 4 of RUNX2

gene and are hereafter referred as Runt-deleted clones (Figure 15).
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Figure 15. Alignment of the Runt-deleted clones with WT sequence. The sequence of
clones presenting a 108-bp homozygous deletion in the Runt-domain are shown in the
second lane, while wild-type (WT) sequence is reported on the top. The deleted region is
indicated by the red dashed line. The target sites of the two gRNAs are highlighted by black
rectangles, with PAM underlined in red.

Both single-guide and dual-guide generated clones were tested by Western Blot
(Figure 16). As expected, the A13 clone does not show RUNX2 protein expression.
Interestingly, no RUNX2 protein band is present in L13, L25 or L34, despite a
lower deleted band should be expected. The used antibody, indeed, is monoclonal
and recognizes an epitope located outside the deleted region. It may be
hypothesized that the deletion of this region, part of a functional domain as Runt,
could lead to the production of a non-functional protein that is then degraded. To
better understand these possibilities, another antibody targeting a different epitope

should be tested to visualise the lower band.

I T
£ FFES

RUNX2

-ﬁ ACTIN

Figure 16. Western blot of RUNX2 KO and Runt-deleted clones. Al3 clone does not

express RUNX2 protein, as expected. L13, L25 and L34 clones, harbouring an in-frame
deletion, do not show any RUNX2 protein band, despite a lower band should be expected.
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4.2 Optimisation of CRISPR/Cas9 protocol in hard-to-transfect cells

4.2.1 Generation of HADHA KO PANC-1 cells

Pancreatic ductal adenocarcinoma (PDAC) is the most common form of pancreatic
cancer and is one of the deadliest malignancies worldwide. The tumor, which
originates from the exocrine cells of the organ, causes symptoms that are often
detected only at advanced stages, making early diagnosis and treatment particularly
difficult (Sarantis et al. 2020). A small subset of cells within the tumor, known as
pancreatic cancer stem cells (PCSCs), plays a critical role in tumor initiation,
progression, metastasis, and resistance to therapy, thereby representing a
challenging target in pancreatic cancer treatment (Ercan, Karlitepe, and Ozpolat
2017).

The HADHA (hydroxyacyl-CoA dehydrogenase trifunctional multienzyme
complex subunit alpha) gene encodes for the o subunit of the mitochondrial
trifunctional protein (TFP) and intervenes in the last steps of fatty acid B-oxidation,
a fundamental metabolic pathway that generates energy from breaking down fatty
acids molecules. TFP is located on the inner mitochondrial membrane and acts
through HADHA, responsible for enoyl-CoA hydratase (ECH) and
hydroxyacylCoA dehydrogenase (HACD) activities, and its partner subunit,
HADHB, with a thiolase activity (Liang et al. 2018). Under hypoxic conditions,
pancreatic cancer cells experience a change in metabolism to meet their energy
demands, including an increase in uptake of fatty acids (Wang et al. 2022).
Consistently, Di Carlo et al. found that HADHA was overexpressed in PCSCs (Di
Carlo et al. 2021).

These findings suggest that HADHA could represent a promising therapeutic target
in pancreatic cancer. To further support this hypothesis, we utilized CRISPR/Cas9
to knockout HADHA in a well-established pancreatic cancer cell line, PANC-1, to
better understand its role in the stemness of the pancreatic cancer.

To generate knockout cells, we adopted a multi-guide CRISPR/Cas9 approach by
selecting two gRNAs targeting exon 1 of the HADHA gene. Before performing
knockout experiments, we assessed the transfection efficiency in PANC-1 cells. In

order to do that, we evaluated different transfection approaches (Lipofectamine
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3000, TransIT-LT1, and nucleofection) by visualizing the fluorescence signal after
transfecting a GFP plasmid into PANC-1 cells. All three methods resulted in low
fluorescence intensity, indicating that PANC-1 cells are generally hard to transfect
with  conventional transfection procedures. Despite low efficiency,
Lipofectamine3000 seemed to give the highest proportion of GFP-positive cells
(Figure 17).

Lipofectamine 3000 TransIT-LT1 Nucleofection

Figure 17. Evaluation of different transfection approaches by GFP delivery.
Lipofectamine3000 (A) showed higher transfection efficiency than TransIT-LTI1 (B) and
nucleofection (C) in PANC-1 cells. For each panel, brightfield is shown on the left and GFP

Sfluorescence on the right.

Starting from these results, we aimed at optimising transfection of CRISPR/Cas9
components in PANC-1 cells, by testing different Lipofectamine3000-based
conditions. Following transfection of two Cas9/gRNA-encoding plasmids and
puromycin selection, only conditions 6 (1.5:4:1, ratio Lipofectamine 3000 —p3000
—DNA, with 5 pg DNA) and 8 (1.25:2:1, ratio Lipofectamine 3000 —p3000 -DNA,
with 3 ug DNA) exhibited a good percentage of surviving cells, while the other
conditions showed high cell death rates. Since conditions 7 and 9 showed a low
percentage of surviving cells, they were pooled together as a unique cell population

(Table 10).
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CONDITION LIPOFECTAMINE DNA AMOUNT RESULT
RATIOS

1 3:2:1 2,5 ug No cell survival
2 2,5:2:1 3ug No cell survival
3 1,5:2:1 Sug No cell survival
4 3:4:1 2,5 ug No cell survival
5 2,5:4:1 3ug No cell survival
6 1,5:4:1 Sug Good cell survival
7 1,5:2:1 2,5 ug Poor cell survival
8 1,25:2:1 3ug Good cell survival
9 0,75:2:1 Sug Poor cell survival

Untransfected - - No cell survival

Table 10. The different Lipofectamine-based conditions for PANC-1 transfection. In
each volumetric ratio (second column), the first value indicates the amount of
Lipofectamine 3000 reagent, the second value to the amount of p3000 reagent, and the
third value to the amount of DNA. The total DNA quantity, where the two gRNA/Cas9
plasmids were added in equal amount, is expressed in ug (third column). Results, in terms

of cell survival, are shown in the last column.

After cell recovery, cells from conditions 6, 8 and 7/9 were subjected to single cell
cloning in order to isolate HADHA KO PANC-1 clones. Western Blot analysis
allowed the identification of a clone (C8E12) with no detectable HADHA protein
expression (Figure 18A). Sanger sequencing of the gRNAs-targeted region revealed
a mixed signal with overlapping peaks (Figure 18B). To allow an accurate reading
of the signal, we used the TOPO® TA Expression kit to clone PCR amplicons into
a vector, followed by bacterial transformation and sequencing of plasmids extracted
from the isolated colonies. The analysis showed that CRISPR/Cas9 led to a
heterozygous editing of the target region, with a 124-bp frameshift deletion on the
first allele removing part of exon 1 and intron 1 and a 78-bp deletion on the second
allele disrupting almost entirely exon 1, including the disruption of the start codon
and Kozak sequence, as shown in the alignment in Figure 18C. A multi-guide
approach can be a more effective approach to achieve gene knockout, but it can also
lead to an increased chance of off-target effects. To investigate this aspect, we used
a bioinformatic tool (COSMID) to select the two most probable off-target sites for
each gRNA. Sequencing of these off-target regions revealed no unintended editing
events, thus excluding the occurrence of unwanted CRISPR/Cas9-induced off-

target effects at the most probable sites (Figure 18D).
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Figure 18. Generation of HADHA KO PANC-1 cell line. (A) Western blot analysis

showing the absence of HADHA protein expression in the C8E12 clone. (B) Sanger

sequencing of the gRNAs-targeted region of PANC-1 WT and C8E12 clone (sequencing

from reverse strand). C8E12 sequence shows a double peak and an unreadable signal.

Sequences corresponding to the two gRNAs are underlined. (C) Alignment of the WT
sequence with sequences obtained from TOPO TA cloning of the CS8E12 PCR product. Two

representative sequences were present in the analysed bacterial colonies, thus allowing the

clear discrimination of the editing events on each allele. Allele 1 of the C8E12 clone 1

shows a 124bp-deletion, while allele 2 has a 78bp-deletion with respect to WT sequence.

(D) Alignment of off-target sites of the C8E12 clone with the corresponding WT sequences.

No off-target events occurred in these selected most probable off-target sites.
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4.2.2 HADHA role in the pancreatic cancer stemness

To investigate the role of HADHA in pancreatic cancer stemness, parental (P)
PANC-1 cells were first cultured in a specific “stem selective medium” to obtain
pancreatic cancer stem cells. Induction of dedifferentiation on the HADHA KO
clone showed that loss of HADHA does not impair the stemness of the pancreatic
cancer cell line; indeed, the C8E12 clone retained its ability to grow in suspension
and remain undifferentiated.

A microscopic analysis at different time points showed that, while P cells seemed
not to be affected by HADHA KO, KO-PCSCs tend to form more compact
tumourspheres, with larger aggregated structures than the WT-PCSCs. As shown in
Figure 19, the morphological structures formed by the KO cells appear denser, with
cell boundaries that are almost indistinguishable.

Based on these preliminary observations, the generation of a HADHA KO
PANC-1 cell line could represent a starting point to evaluate the role of HADHA
in the context of pancreatic cancer and its stem cell component. In particular, the
generated cell model could be used to better depict the effect of HADHA absence
on PCSC proliferation, tumour migration and therapy resistance, thus providing
valuable insights into its potential as therapeutic target in pancreatic cancer.

P cells PCSCs5d PCSCs 10 d PCSCs 15d

HADHAWT

HADHAK?

Figure 19. Bright-field microscopic images of WT and HADHA KO P cells and PSCSs.
Upon induction of dedifferentiation, HADHA KO-PCSCs maintained stem-like

morphological features and exhibited the formation of larger tumourspheres with respect

to WT-PSCSs. Cells were imaged at different days (5,10,15) after induction.
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4.2.3 Plasmid transfection efficiency on MG63 cells for FBXW11 knockout

FBXW11, also called B-TrCP2, is an F-box protein (FBXW subfamily) that takes
part in the SCF complex, a well-characterised ubiquitin E3 ligase involved in
targeted substrate degradation. By recognising generally phosphorylated substrates
and targeting them for ubiquitin-mediated degradation, the F-box proteins
contribute to the regulation of several cellular pathways, both in normal and
pathological conditions (Tekcham et al. 2020). For example, in cancer, FBXW11
has been shown to be involved in different tumour-associated outcomes. The
overexpression of the FBXWI11 gene has been observed in colorectal cancer,
resulting in an increase in cell proliferation and migration, as well as promoting the
stem cell-like features of cancer cells. Consequently, in mouse models injected with
FBXW11-knockdown cells, a significant reduction in tumor growth and liver
metastasis was achieved (Yao et al. 2021).

Osteosarcoma cells, as MG63, show lower FBXW11 protein, while maintaining
higher mRNA levels compared to normal osteoblasts, probably due to an increased
expression of miR-221 that targets FBXW11 for degradation. Reduced FBXW11
protein correlates with elevated B-catenin (target of FBXWI11), a critical factor
linked to tumor progression (Dalle Carbonare et al. 2023).

Based on these preliminary results, we hypothesized that the complete absence of
FBXWI11 could better depict its role in osteosarcoma-related cancer pathways. For
this reason, we designed a CRISPR-mediated knockout strategy targeting the
FBXW11 gene to directly assess the functional consequences of its depletion in
osteosarcoma cells and to better understand how FBXW11 loss contributes to
tumorigenic phenotypes.

MG63 are generally described as hard-to-transfect with plasmid DNA, as
previously demonstrated by Fouriki et al., that adopted magnetic nanoparticles to
significantly enhance GFP-plasmid delivery (Fouriki et al. 2014). To assess
transfection efficiency, we tested GFP delivery with different transfection reagents.
In particular, we transfected 3ug of GFP plasmid (3.4 Kb)/well in 6-well plate, by
testing Lipofectamine3000, 7ransIT®-LT1 (Mirus) and Lipofectin. For the
experiment, we used a 2.5:1, 2:1, 3.3:1 reagent:DNA ratio for Lipofectamine3000,
Mirus, Lipofectin, respectively. As shown in Figure 20, the highest GFP
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transfection efficiencies were obtained for Lipofectamine3000 and 7ransIT®-LT1

(Mirus) reagents, while a poor efficiency was observed for Lipofectin.

BRF

GFP

Figure 20. GFP delivery on MG63 cells by different transfection reagents.
Lipofectamine3000 and TransIT-LT1 showed the best transfection efficiency, while
Lipofectin yielded poor fluorescence signal. Brightfield (BRF) images are on top, while

Sfluorescence (GFP) images are on the bottom.

Next, a killing curve was performed to determine the minimal amount of puromycin
to kill the majority (about 95%) of MG63 cells. Different puromycin
concentrations, expressed in pg/ml, were tested. After two days of selection, cells
were counted and cell number of the treated conditions was compared to the one of
the control condition (no treated with puromycin). Puromycin concentration of 1.5
pg/ml was selected as the lowest puromycin concentration suitable for MG63

selection (Figure 21).
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Figure 21. Puromycin killing curve on MG63 cells. Different puromycin concentrations
(0-05—1-15-2-25-3 ug/ml) were tested on MG63 cells to determine the lowest

concentration capable of killing the majority of cells.

TransIT-LT1 transfection was adopted to deliver three gRNA/Cas9 plasmids
targeting exon 1, 2 and 5 of FBXW11 gene. Following transfection, selection with
puromycin (1.5 pg/ml) led to high cell mortality in both transfected and non-
transfected conditions, probably indicating poor transfection efficiency. To confirm
transfection efficiency and presence of editing events on the polyclonal transfected
cell line, genomic DNA was extracted and amplified by PCR for the three different
targeted exons. PCR amplicons were then purified and used for Sanger sequencing.
The sequencing results showed no CRISPR/Cas9-induced editing events in the
targeted regions (Figure 22).

To rule out the possibility that the guide design was inappropriate for inducing
editing events in the target loci, we applied the same protocol on HEK293T cells, a
more easily transfectable cell line. Sequencing results showed editing in each of the
regions targeted by the guides, confirming their correct design and appropriate
action (Figure 22). This data confirms that MG63 lines are difficult to transfect with
standard transfection reagents, despite relatively good transfection outcomes with
GFP. The main reason for this is likely to be the larger size of the Cas9/gRNA
plasmid (>9 Kb) compared to the GFP plasmid.
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Figure 22. Sanger sequencing on polyclonal MG63 and HEK293T, after transfection.
No editing events were observed for MG63 cells, while HEK293T cells appear with double
peaks corresponding to editing events. For each panel (A, B, C) corresponding to the
different gRNA-targeted regions, HEK293T sequencing results are shown on the top,
MG63 on the bottom. For each region, gRNAs are underlined.

4.2.4 Generation of Cas9-MG63 cells and transfection with a smaller plasmid

Since the large size of the plasmid can negatively affect transfection efficiency in

MG63 cells, we decided to use a smaller plasmid (B52 puro, 4 kb) to deliver the
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CRISPR/Cas9 components. In this case, the B52 puro plasmid carries only the
gRNA (up to two) and maintains the puromycin resistance gene. To deliver Cas9,
we chose to transduce MG63 cells with a lentiviral vector encoding Cas9 in order
to generate a stable line expressing Cas9, which could be used with the appropriate
guide to perform a knockout experiment. After transduction, the cells were selected
with blasticidin (encoded by the Cas9-expressing vector) to select a cell population
expressing Cas9. Again, the optimal concentration of blasticidin was determined by
akilling curve by testing different doses of antibiotic (Figure 23). After transduction
and cell selection with 5 pg/ml blasticidin, Cas9 expression was verified and

confirmed by Western Blot (Figure 24).
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Figure 23. Blasticidin killing curve on MG63 cells. Different blasticidin concentrations
(from 0 to 8 ug/ml) were tested on MG63 cells to determine the lowest concentration for

MG63 selection.

MG63 W
MG63 Cas9

Cas9

Actin

Figure 24. Western blot analysis on MG63-Cas9 cells. After transduction and blasticidin
selection, Cas9 expression was confirmed in MG63-Cas9 cells by Western blot. Actin was

used as housekeeping control.
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For this new FBXW11 KO CRISPR/Cas9 experiment, we decided to use another
gRNA, targeting exon 7 of the FBXW11 gene, that was already validated for
FBXW11 knockout in other studies (Jin et al. 2024; Kainulainen et al. 2016). After
cloning this gRNA into B52 puro, the resulting plasmid was used to transfect
MG63-Cas9 cells by calcium phosphate. After two rounds of puromycin selection
at a lower concentration (1 pg/ml), transfected cells showed better survival than
untransfected ones. To assess transfection efficiency on the transfected polyclonal
cells, DNA was extracted and PCR-amplified with primers spanning the gRNA-
targeting region of exon 7 of FBXWI11 gene. Unlike previous results, knockout
efficiency (represented by the percentage of frameshift modifications) was 15.7%,
confirming that the use of a smaller plasmid on a Cas9-expressing cell can transfect
challenging cell lines as MG63, albeit still at a low performance. Sanger sequencing

of the edited region, compared to the WT, is shown in Figure 25.
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Figure 25. Editing efficiency on the polyclonal cell line after CRISPR/Cas9 transfection.

The transfected MG63 cell line showed a modest editing efficiency (4), represented by the
appearance of double peaks in the gRNA-targeted region of exon 7 of FBXW11 gene, with
respect to the WT (untransfected) counterpart (B).

4.2.5 Generation of FBXW11 KO MG63 cells via virus-like particles (VLP)

transduction

Although the use of a smaller plasmid has made it possible to achieve
CRISPR/Cas9-induced editing on MG63-Cas9, the percentage was still quite low,
making it difficult to isolate KO clones. Furthermore, the integration and the
consequent prolonged expression of Cas9 can lead to toxicity in the cell line,

making it less suitable for subsequent studies. For this reason, we decided to adopt
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another strategy, based on the use of virus-like particles (VLPs). VLPs are virion-
resembling structures that do not carry a viral genome, thus avoiding genetic
integration in the host genome. These particles can deliver Cas9/gRNA
ribonucleoprotein complexes in an efficient and rapid way, without the need of
selecting cells after transduction. VLPs were produced by transfecting HEK293T
with VSV-G, Gag-pol, Gag-Cas9 and sgRNA-encoding plasmids. In order to
compare editing efficiency with previous results, we delivered VLPs targeting exon
7 of FBXWI11 gene. After transduction, genomic DNA was analysed for editing
events by DECODR software, as described previously. Editing results showed a
knockout efficiency of 67.5 %, with a 4-fold increase compared to previous results
(Figure 26). The total percentage of genomic modifications for VLP delivery
reached 83.4 % (the sum of 67.5 % frameshift and 15.9 % non-frameshift events),
with the remaining 16.6 % representing unedited (wild-type) sequence. In contrast,
the previous approach still showed a larger unmodified wild-type fraction of 77.8%,
together with an editing efficiency of 22.2% (15.7% frameshift and 6.5% non-

frameshift events).

CRISPR/Cas9 on exon7
100+

B3 Frameshift
] B3 Non-frameshift
50 = WT

% Editing events

(=]

T T
MG63 Cas9 + transf. VLP

Editing approach

Figure 26. VLP transduction targeting exon 7 of FBXW11 gene. Compared to previous
editing approach (transfection of MG63 Cas9 with a smaller plasmid), VLP-mediated
CRISPR/Cas9 delivery achieved greater editing efficiency on the same targeted exon.

To assess whether the combined use of two guides could result in a more efficient
editing on MG63 cells, with the aim of generating a target deletion causing a
frameshift, we performed two VLPs productions carrying guides targeting exon 4
of FBXW11. In order to optimise the transduction protocol, we transduced different
cell numbers (10000 — 40000 — 80000) with the same amount of VLP. The

simultaneous delivery of two gRNAs resulted in higher editing efficiencies,
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especially in the condition with a lower cell number. As shown in Figure 27,
transduction of 10000 cells led to almost 100% of knockout efficiency, with no
remaining unedited (wild-type) sequence, demonstrating that the dual-gRNA
knockout approach, mediated by VLP, is the most effective and safe CRISPR/Cas9

approach on difficult-to-transfect cells, such as MG63 cells.

CRISPR/Cas9 on exon4
100

O Frameshift
E= Non-frameshift
= WT

50

% Editing events

0 T T —T
10K 40K 80K

VLP condition (cell number)

Figure 27. VLP transduction targeting exon 4 of FBXW11 gene. Different cell numbers
(10000 — 40000 — 80000) were transduced with the same amount of VLPs carrying both
guides targeting exon 4 of FBXW11. Lower cell density (10K) resulted in the highest editing

efficiency, as represented by the greater percentage of frameshift editing events.

From the best performing condition (10K cells), monoclonal isolation was then
performed in order to obtain FBXW11 KO MG63 clones. We finally isolated a
FBXW11 KO clone (named J6), characterised by a frameshift deletion of -65bp on
the gRNAs-targeted region of exon 4 of FBXW11 gene (Figure 28).

36 AAGATGTTCCACAAATTCCACTTGATCTGATTCAGAC -~ -~ - - == <= <= ===~ 217

uT AAGATGTTCCACAAATTCCACTTGATCTGATTCAGACCACTGGTCAAAATATTTAATACA 230

L TCTGGAGACGATCACAGA 235

uT CAAGTCTTTTTCTTTTTGATAGTTTCCTTCTGATGGCCTCTTTCTGGAGACGATCACAGA 299
kR kh kA kA hh kA kA khhk

Figure 28. Sequence alignment of the edited clone. Alignment of J6 (FBXW11 KO MG63
clone) with the UT (untransfected) sequence shows a frameshift deletion of -65bp in the

edited clone. The two gRNAs are underlined.

96



4.3 Prime editing applied to single-nucleotide variants

4.3.1 Design of prime editing strategy in the context of CCD

Cleidocranial dysplasia (CCD) is a rare autosomal dominant disorder affecting
skeletal development. The disease, whose prevalence is estimated to be 1 in one
million individuals, is generally associated with clavicular hypoplasia, open
fontanelles, short stature, and dental anomalies (Dhiman et al. 2014; Mundlos
1999). CCD is caused by mutations in the RUNX2 (Runt-related transcription
factor 2) gene, which encodes a transcription factor essential for bone development
and osteoblast differentiation. Variants are classified as either in-frame or null
mutations, with a correlation between the genetic location of the mutation and the
clinical skeletal features (Thaweesapphithak et al. 2024). In CCD patients, early
treatments are generally dedicated to favour tooth eruption, while combined
surgical-orthodontic and orthognathic interventions can be adopted in adult age to
ensure functional dentition and an ameliorated facial profile (Zhu et al. 2018).
CRISPR/Cas9 has already been utilized for gene correction in CCD-derived IPSCs
cells. The edited cells, generated by CRISPR-mediated homologous recombination
through a donor template, showed better osteogenic properties both in vitro and in
a rat model (Saito et al. 2018).

Therefore, CRISPR-based technologies can open new possibilities to
therapeutically intervene in genetic disorders such as cleidocranial dysplasia
(CCD). More recently, the emergence of prime editing offers a powerful approach
for targeted correction of mutations without the need for exogenous donor templates
or the introduction of double-strand breaks, which are known to cause undesired
cellular outcomes. Furthermore, prime editing has been shown to reduce off-target
effects compared to traditional CRISPR/Cas9 system (Anzalone et al. 2019).
To test the applicability of prime editing in the context of CCD, we focused on a
previously characterised pathogenic variant in the RUNX2 gene (c.505C>T) (Dalle
Carbonare et al. 2025). The mutation, located on exon 4 of the gene, causes a
missense substitution (R169W) in the RUNT domain of the RUNX2 protein.
Analysis of mRNA expression patterns in CCD-derived cells revealed an altered

expression profile of mRNA involved in osteogenesis, such as an up-regulation in
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transforming growth factor beta 1 (TGF-B1), TGF-b receptor 1 (TGF-BR1) and
insulin-like growth factor 1 receptor (IGF1R) mRNA levels. Moreover, RUNX2-
mutated induced mesenchymal stem cells (iMSCs), upon osteogenic differentiation,
exhibited a deregulation of RUNX2 expression levels compared to wild-type cells,
thus confirming the impact of the mutation on the regulation of osteogenic
pathways (Dalle Carbonare et al. 2025).

Prime editing represents a suitable strategy to correct disease-causing mutations, as
those causing cleidocranial dysplasia. In parallel, the technology has been
employed to generate isogenic cell models, which can be particularly useful in
contexts where accessibility to patient-derived cells can be limited (Cerna-Chavez
et al. 2025). To address both aspects, we designed a prime editing strategy to firstly
introduce the ¢.505C>T RUNX2 mutation and then to correct it.

We chose to adopt both the PE2 and PE3 strategies, by including different pegRNA
and ngRNA design combinations, in order to select the most performing editing
conditions (Table 11). For correcting the ¢.505C>T RUNX2 mutation, we selected
a unique spacer sequence and combined it with three different 3’ extensions. For
the PE3 strategy, two additional ngRNAs were designed and paired with each
pegRNA. For inserting the mutation, we designed two different spacers, each
coupled with two distinct 3’ extensions, and each pegRNA was then combined with
two different ngRNAs in PE3 strategy. Finally, we had a total of 9 different
conditions (3 PE2 + 6 PE3) and 12 different conditions (4 PE2 + 8 PE3) for
correcting and inserting the RUNX2 mutations, respectively. A representation of
pegRNA and ngRNA targeting exon 4 of RUNX2 for both correcting and inserting
the mutation is shown in Figure 29.

The corresponding oligos were cloned through Golden Gate assembly in recipient
plasmids. After transformation, for each assembled plasmid, three colonies were
subjected to plasmid DNA miniprep and Sanger sequencing was used to verify
correct insertion events. Among 33 screened colonies, 26 showed correct insert
ligation (78.8%), 4 presented mutations (12.1%) and 3 lacked the insert (9.1%).

Correct plasmids were then extracted by maxiprep and used to transfect target cells.
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Condition gRNA sequence RTT PBS Distance to edit

1A pegRNA Spacer #1: GAAAATTATTCTGCTGAGCTC 15 15 3
2A pegRNA Spacer #1: GAAAATTATTCTGCTGAGCTC 17 13 3
3A pegRNA Spacer #1: GAAAATTATTCTGCTGAGCTC 14 13 3
4A ngRNA ngRNA #1: GCCCATCTGGTACCTCTCCGA - - 69
5A ngRNA ngRNA #2: GAGACCTACCTCGTCCACTC - - -67
Condition gRNA sequence RTT PBS Distance to edit
8B pegRNA Spacer #1: GAAAATTATTCTGCTGAGCTC 15 15 3
9B pegRNA Spacer #1: GAAAATTATTCTGCTGAGCTC 14 13 3
4A ngRNA ngRNA #1: GCCCATCTGGTACCTCTCCGA - - 69
5A ngRNA ngRNA #2: GAGACCTACCTCGTCCACTC - - -67
Condition gRNA sequence RTT PBS Distance to edit
6B pegRNA Spacer #2: GTCATAACAGCAGAGGCATTC 12 10 4
7B pegRNA Spacer #2: GTCATAACAGCAGAGGCATTC 15 13 4
10B ngRNA ngRNA #3: GACTGTGGTTACTGTCATGG - - -35
11B ngRNA ngRNA #4: GAGAGGTACCAGATGGGACTG - - -50

Table 11. Design of prime editing strategy. (A) Design of pegRNA and combined ngRNA
to be used for correcting the RUNX2 mutation. (B-C) Design of pegRNA and ngRNA to be

used for inserting the RUNX2 mutation. Each condition was assigned a different code.
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Figure 29. Prime editing on exon 4 of RUNX2 gene. (A) Representation and location of
the unique spacer and the two ngRNAs used to correct the C>T mutation. (B-C) The same
was done for the two spacers and corresponding ngRNA used for inserting the C>T

mutation. Images were generated using the SnapGene® software (from Dotmatics;

available at snapgene.com).
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4.3.2 Generation of HEK293T carrying the ¢.505C>T RUNX2 mutation
Before moving on to clinically relevant cell types, we first optimised the prime
editing strategy for the introduction of the ¢.505 C>T RUNX2 mutation in
HEK?293T cells.

As mentioned before, cells were transfected with 12 different combinations of
plasmids corresponding to either the PE2 strategy (prime editor plasmid + pegRNA
plasmid) or the PE3 strategy (prime editor plasmid + pegRNA plasmid + ngRNA
plasmid). Following genomic DNA extraction and sequencing of the target region,
editing efficiency was assessed using the EditR software to quantify the
introduction of the desired mutation.

In general, addition of ngRNA (PE3) allowed us to obtain higher editing efficiency
compared to PE2 conditions, as expected. Among all the tested conditions, pegRNA
8B/9B coupled with ngRNA 5A achieved an average editing efficiency, represented
by the introduction of a T, of 45% and 42%, respectively (Figure 30A). Sanger
sequencing data showed clearly the appearance of a double peak (C/T) on the target
site, thus confirming the insertion of the desired mutation (Figure 30B).

These results demonstrated the applicability of prime editing for introducing the
mutation into HEK293T cells. We then generated single clones (n = 11) from
conditions 8B/5A and 9B/5A, successfully isolating both homozygous (n=5,
45.4%) and heterozygous (n = 2, 18.2 %) clones for the RUNX2 mutation, as well
as wild-type clones (n =4, 36,4 %) (Figure 30C-D).

Therefore, we established isogenic HEK293T clones carrying either the
homozygous or heterozygous form of the mutation of interest, providing a cellular

model on which to test the efficiency of prime editing for correcting the mutation.
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Figure 30. Prime editing efficiency to introduce the RUNX2 mutation. (4) Efficiency on
HEK293T cells of the different editing conditions. The different pegRNAs (6B, 7B, 8B, 9B)
were used alone (PE2) or in combination with ngRNA (PE3). A pegRNA/ngRNA pair
targeting RNF2 gene was included as positive control for editing, while non-transfected
(NT) cells were used as negative control. Bars represent the mean + standard deviation
(SD) from three biological replicates. (B) Representative Sanger data from condition
8B/5A, showing the best editing efficiency with respect to NT. (C-D) Screening of HEK
clones (n=11) with representative Sanger data, illustrating the proportion of editing

events: wild-type (WT), heterozygous (C/T), homozygous (T).

102

8B/5A



4.3.3 Correction of RUNX2 mutation in HEK293T cells

Starting from previously isolated HEK293T clones carrying the ¢.505 C>T
mutation, we tested the feasibility of our prime editing design to correct back this
pathogenic variant. We chose to apply a total of 9 prime editing conditions on both
a homozygous mutant clone (named C#5) and a heterozygous clone (named C#12).
Analysis of the editing results confirmed that the PE3 strategy generally
outperforms PE2. In particular, the combination of pegRNAs 1A, 2A, 3A with
ngRNA 5A achieved the highest editing efficiencies (Figure 31). For the
heterozygous clone, the ~35% baseline observed for the C nucleotide in Clone 12
is primarily attributable to the aneuploid nature of HEK293T cells, which
frequently present more than two copies of specific genomic loci. In this context,
the consistent ~1:2 ratio between edited and wild-type alleles suggests the presence
of three copies of the RUNX2 locus, where a 33.3% frequency would be expected.
Minor deviations from the theoretical 50:50 C/T heterozygous ratio can also be due
to technical factors, such as PCR amplification bias or inherent sequencing-related
limitations. Interestingly, nicking guide 5A is included in the design for both the
introduction and the correction of the targeted mutation, resulting in the superior
editing outcomes in both cases. The ngRNA 5A and the other selected ngRNAs
follow a PE3 (or PE3a) strategy rather than PE3b, which is generally associated
with higher editing efficiencies. During the design phase, available PE3b-ngRNA
candidates for the RUNX2 locus were either unavailable or had low efficiency
scores, leading to a preference for high-performing PE3 ngRNAs. In conclusion, by
identifying the most effective conditions, we managed to optimise the prime editing

design for the correction of the ¢.505 C>T RUNX2 mutation in HEK293T cells.
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Figure 31. Correction of RUNX2 mutation on mutated HEK293T cells by prime editing.
(4). Editing efficiency on HEK293T clone (C#5) homozygous for the RUNX2 mutation. (B)
Editing efficiency on HEK293T clone (C#12) heterozygous for the RUNX2 mutation. The
dotted line represents the experimental heterozygous baseline of clone C#12 (~35% C>T
frequency). The different pegRNAs (14, 24, 34) were used alone (PE2) or in combination
with ngRNA (PE3). A pegRNA/ngRNA pair targeting RNF2 gene was included as positive

control for editing, while non-transfected (NT) cells were used as negative control. Bars

represent the mean + standard deviation (SD) from three biological replicates.
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4.4 From in vitro CRISPR genome editing to in silico approaches:

investigation of HLA-C stability

4.4.1 CRISPR/Cas9 to knockout HLA-C gene in HEK293T cells

The HLA-C molecule assembles in a trimeric complex on the cell membrane together
with beta-2 microglobulin (Bom) and an antigenic peptide, playing a key role in
immune defence (Kulpa and Collins 2011). The stability of this complex, defined as
the strength of the binding between HLA-C and the peptide/fm, can influence the
immune response, particularly in the case of viral infections. More unstable alleles
tend to dissociate more frequently from Bom/peptide, thus resulting in the generation
of HLA-C free chains, while more stable alleles are more present in the
heterotrimeric form. Due to the high degree of polymorphism of the HLA-C gene,
many alleles are present, each of which may present a different degree of stability.
Parolini et al. observed that HIV-1 virions produced in cells with unstable alleles
were more infectious than those produced in cells with stable alleles. This is probably
due to the higher percentage of free HLA-C molecules capable of interacting with
the HIV-1 envelope, which leads to advantageous modulation of infectivity (Parolini
et al. 2018). Subsequent studies have followed this line of investigation, by
genotyping samples from HIV-1 patients at different stages of HIV-1 progression
and showing that patients progressing faster towards AIDS were characterised by the
presence of unstable HLA-C alleles. The study was conducted by assigning a binary,
non-quantitative classification (stable or unstable) to the stability of HLA-C. This
was based on studies that measured stability using antibodies which either did or did
not bind to the trimeric complex, as well as defining stability of certain alleles
according to phylogenetic proximity (Parolini et al. 2018; Sibilio et al. 2008; Stefani
et al. 2022).

To deeply investigate the stability of different HLA-C allotypes and its relevance
HIV-1 infection, we initially designed a VLP-mediated CRISPR/Cas9 experiment to
rapidly and efficiently generate a HEK293T cell line knockout for HLA-C gene. As
expected, the VLP-induced knockout was quite high (71%), as shown by analysis
using ICE Synthego software (Figure 32).
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Status @ Guide Target @ PAM Sequence Indel % @ Meodel Fit (R2) @ Knockout-$: @ @
@ Succeeded GACACAGAAGTACAAGCGCC AGG 71 0.9 71 spcas9

RELATIVE CONTRIBUTION OF EACH SEQUENCE (NORMALIZED)

INDEL CONTRIBUTION v SEQUENCE
+1 — 29% GACCGGGAGACACAGAAGTAEAAGCENGCCAGGCACIJGGCTGAEEGAGTGAGCETGCGGAACCTGCGCGGCTACTA
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+ 0 == 19% GACCGGGAGACACAGAAGTAEAAGCEGCCAGGCACAGGETGACEGAGTGAECCTGCGGAACCTGEGCGGETACTAE
-2 - 17% GACCGGGAGACACAGAAGTA[AA--iGECAEGEACAGGETGACEGAGTGAECCTGCGGAACCTGEG[GGETACTAE
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-1 2% GACCGGGAGACACAGAAGTA[AAG-EGECAEGEACAGGETGACEGAGTGAECCTGCGGAACCTGEG[GGETACTAE

Figure 32. Quantification of CRISPR/Cas9-induced knockout for HLA-C gene. HEK293T
cells were transduced with virus-like particles (VLP) delivering CRISPR/Cas9 components
to target exon 2 of HLA-C gene. The knockout efficiency on the targeted exon was quantified
by ICE Synthego online tool, after Sanger sequencing of the gRNA-targeted region.

We constructed different HLA-C expressing plasmids, including several HLA-C
allelic variants, such as C*01, C*02, C*03, C*04, C*05, C*06, C*07, C*08, C*12,
C*16 to be transfected on the generated HLA-C KO HEK293T cell line to restore
the expression of individual HLA-C alleles. After generating lines that stably express
the different HLA-C alleles of interest, dissociation kinetics would have been tested
using flow cytometry analysis with an antibody that recognises free chains, preceded
by acid washing to induce dissociation, in order to obtain a measure of the stability
of the HLA-C/peptide/Bam complex for the different HLA-C variants.

While proceeding, we became aware that Sarkizova et al. already adopted a similar
approach. Specifically, their research group conducted a mass spectrometry analysis
to identify peptides that bind to various HLA-C allotypes after re-transfecting the
HLA-null B721.221 cell line with different HLA-C alleles (Sarkizova et al. 2020).
Therefore, as our experimental workflow would have been time-consuming and
challenging, and has already been addressed in the literature, we decided to adopt an
in-silico approach to characterise the peptide-binding stability of the different HLA-

C variants and investigate its associations in the context of HIV-1 infection.
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4.4.2 Computational characterisation of binding stability of HLA-C allotypes
with specific peptides

Starting from the dataset of HLA-C binding peptides identified by Sarkizova et al.,
we used this pool of experimentally identified peptides to study the binding stability
of the 21 most common human HLA-C allotypes. To achieve this, we adopted a
computational approach using the NetMHCpan-4.2 tool, which enabled us to
calculate the binding affinity of various analysed peptides with their HLA-C allotype.
The tool provides an EL (eluted ligand) score that quantitatively determines the
binding affinity between the peptide and the HLA-C molecule, as well as the
likelihood that the peptide will be processed and presented on the cell membrane by
the corresponding HLA-C allotype. We calculated and ranked the EL-score values
for each peptide that specifically binds to a different HLA-C allotype. This ranking
was then expressed in percentile form (% Ranking) to account for the varying number
of peptides for each allele. We plotted the ranked EL-score values against their
percentile ranking to create curves. We then calculated the area under the curve
(AUC) to determine a stability value for each allotype. Figure 33 shows the set of
stability curves representing the binding of the different allotypes to their respective
peptide pools. As we can observe, allele 05:01 shows the strongest binding stability
for most peptides, while allele 07:04 shows significantly weaker binding values. It is
interesting to observe how the stability curves of different subtypes, such as 08:02
and 08:01, differ significantly, with 08:02 being one of the most stable and 08:01
being one of the least stable. Most of the HLA-C allotypes present intermediate
stability values. Figure 33B shows the separated curves, for each allotype, by
indicating also the AUC value. The applied methodology allowed us to give a defined
stability score for each HLA-C allotype, based on binding values calculated on

experimentally identified peptides.
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Figure 33. Stability curves of the most common human HLA-C allotypes. Stability curves

were drawn by plotting EL-score, calculated on Netmhcpan4.2, for each HLA-C allotype

for the corresponding binding peptides, against the percentile of peptide ranking position.

Area under the curve was then calculated to determine a stability score for each HLA-C

allotype. Curves are shown overlapped (A) or separated with the reported stability score

(B).
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4.4.3 HLA-C complex stability by molecular dynamics

To confirm that the HLA-C complex stability is determined by interactions with the
peptide, molecular dynamics (MD) simulations were performed to define binding
energies in the HLA-C/ Bom /peptide complex. To accomplish this, we selected two
random 9-mer peptides for five HLA-C allotypes, for which crystal structures were
available. Computational analysis allowed the identification of the residues
involved in the interaction between the selected peptide and the HLA-C/Bom
complex. Three recurrent fom residues (Trp80, Phe76, Trp61) were found to be
involved in this interaction, and their energetic contribution was analysed. These
Bom amino acids show similar binding free energy values (AG, expressed in
kcal/mol) across the different HLA-C/peptides tested (Table 12). This result
confirmed that Bom consistently interacts with the HLA-C heavy chain, thus
indicating that the stability of the overall complex is determined by the bound
peptide.
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Allotype Peptide Bom residue AG [kcal/mol]
Trp80 -10.1
QATMPHLSM
Phe76 -5.8
C*03:04
Trp80 -10.5
TITDIISAL
Phe76 -5.7
Trp80 -10.7
YHDKNIVLL
Phe76 -4.7
C*04:01
Trp61 94
TFESLVAKL
Phe76 -5.2
Trp80 9.3
NLDQPPAFF
Phe76 -5.6
C*05:01
Trp 61 -10.3
NAEAKITKL
Phe76 -5.5
Trp80 -11.7
FKMTIPLLV
Phe76 -6.1
C*06:02
Trp80 -9.8
VYYLKNREV
Phe76 -6.5
Trp80 -10.4
LRHPVCVEL
Phe76 -5.8
C*07:02
Trp80 -10.7
FYRVTTEQY
Phe76 -5.6

Table 12. Binding free energies of f.m residue for different HLA-C/peptide complexes.
Two random peptides, shown in column 2, were selected for the five HLA-C considered.

Binding free energies (4G, kcal/mol) of the f.m residues involved in the interaction were

determined.

4.4.4 Association between HLA-C stability and HIV-1 progression and HIV-1

related neurocognitive disorders

After determining the stability values of the considered HLA-C allotypes, thus
overcoming the previous binary classification, we proceeded to study the HLA-C
stability in the context of HIV-1 infection. Two cohorts of HIV-1-positive patients

were examined: the first group consisted of individuals with rapid or slow disease
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progression, and the second group consisted of individuals with or without HIV-1-
related neurocognitive impairment. Each patient was genotyped for HLA-C allele
at the first digit resolution. For some HLA-C allotypes, a more specific genotyping
at the second digit was performed to determine more accurate stability values, as
described in the Materials and Methods section. A stability score was then
determined for each patient based on their HLA-C genotype by multiplying the
stability scores calculated from the area under the curve (AUC) of the
corresponding allotypes, following the rules described in the Materials and Methods
section.

Our analysis showed that patients showing rapid progression to AIDS (called
progressors, P) exhibited significantly lower HLA-C stability values (p=0.0143)
than patients with slower progression to AIDS, referred as long-term non-
progressors (LTNP). Furthermore, HIV-1 patients with associated neurocognitive
deficits (HAND+) also had statistically lower HLA-C stability scores (p=0.0221)
than cognitively normal patients (HAND-) (Figure 34).

Our study confirms and enriches previous studies, allowing us to define a more
rigorous definition of HLA-C stability and associate it with various outcomes of
HIV-1 infection, such as progression or the presence of neurocognitive impairment.
This study was recently published in Frontiers in Immunology (Voi M, Sangalli A,
Milano EG, De Martinis C, Orlandi E, Tamburin S, Mantovani E, Federico A,
Lanzafame M, Lattuada E, Arganaraz GA, Da Silva BCM, Da Silva Duarte AJ,
Casseb J, Arganaraz ER, Malena M, Albani M, Ruggiero A, Romanelli MG, Valenti
MT, Grazioso G and Zipeto D (2025) Computational characterization of peptide
binding stability to HLA-C allotypes and its association with HIV-1 infection
progression and HIV-1 related neurocognitive impairment. Front. Immunol.

16:1703026. doi: 10.3389/fimmu.2025.1703026).
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Figure 34. HLA-C stability scores of HIV-1 patients and association with HIV-1
progression and HIV-1 related neurocognitive impairment. (A) HIV-1 patients with a
rapid disease progression (P) exhibit lower stability scores than LTNP. (B) HIV-1 patients
presenting neurocognitive impairment (HAND+) were associated with lower stability
scores than HAND-. For statistical analysis, the two-tailed Mann-Whitney U test was used,
with p < 0.05 considered statistically significant.
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5. DISCUSSION

CRISPR/Cas9 is an efficient and relatively simple genome editing technology,
which enables gene knockout, aiming at characterising gene function in tumour
pathways, viral infections and other cellular processes.

After identification of the target gene and the corresponding cell line, a CRISPR
experiment begins with the design of the guide RNA in order to induce a specific
gene knockout. This is a fundamental step in achieving good efficiency of the
system and requires adherence to specific design rules. Nowadays, updated and
user-friendly online software (CHOPCHOP, CRISPRscan, etc) can facilitate this
process by identifying the most suitable guides to achieve optimal editing
efficiency, by maximising the on-target activity while minimising off-target
activity. The next step consists of the evaluation of the appropriate method to
deliver the CRISPR/Cas9 components.

For the knockout (KO) of ACOTS8 in HEK293T cells, the knockout of HADHA in
PANC-1 cells, and the knockout of RUNX2 in B16 cells, transfection was
performed using classic polymeric or lipid-based transfection reagents with a large
plasmid (9 kb) encoding both Cas9 and the RNA guide. This delivery method
optimally transfects HEK293T and B16 cells, allowing for the easy isolation and
verification of KO clones.

PANC-1 cells showed lower transfection efficiency, as demonstrated by previous
GFP transfection experiments that showed poor transfection of the cell line. Despite
this, optimisation of the transfection protocol allowed us to obtain an HADHA KO
line. However, the only KO clone showed a heterozygous sequence, composed of
complex and mixed editing events that could not be accurately deconvoluted by
sequence analysis software, such as ICE and DECODR. For this reason, in order to
unambiguously characterise the sequence of the isolated KO clone, we used TOPO
cloning to discriminate between individual allelic events. This is a more time-
consuming procedure, but it was necessary in this case to ensure the correct
interpretation of the results. While the double-guide approach on PANC-1 cells
aimed to create a large deletion on exon 1 useful to induce HADHA knockout, the
double-guide approach on exon 4 of RUNX2 in B16 cells was specifically designed

to induce an in-frame deletion of the Runt domain. Despite confirmation of
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homozygous in-frame deletion by Sanger sequence analysis, a lower band of
RUNX2 protein was not visualised in Western blot, probably due to protein
degradation after removal of a functional domain or lack of recognition by the
antibody used to detect the protein product carrying the deletion. For this reason, to
rule out a possible experimental artifact, the protein extracts from the Runt-deleted
clones will be retested with a different antibody.

For the KO of FBXW11 in MG63 cells, we used classical plasmid transfection as a
first-line approach, as performed for the previous cell lines, but no editing events
were detected. Since the transfectability of a line may also depend on the size of the
transfected plasmid, we decided to transfect MG63 cells with a smaller plasmid,
encoding only the guide RNA and puromycin resistance cassette. In order to
perform this approach, we first generated Cas9-expressing cells through
transduction with VSV-G pseudotyped lentiviral particles, which allowed for high-
efficiency delivery into target cells and subsequent integration of the genetic
material encoding Cas9, whose expression was confirmed by Western blot. This
approach leads to constitutive expression of Cas9, which is only active in the
presence of the gRNA, which can be provided via transfection or another delivery
strategy for its transient expression. Compared to other systems (e.g., LentiCRISPR
v2) that integrate both Cas9 and gRNA, the generation of a Cas9-expressing line
could be advantageous in reducing off-target effects. This experimental setup
allowed us to achieve a moderate editing efficiency, but still low. To increase
efficiency, we tried using virus-like particles (VLPs) to deliver the CRISPR RNP
complex in a rapid and efficient way, without integration into the genome.
Transduction via VLP proved to be the most efficient approach for difficult-to-
transfect cell lines, such as MG63, ultimately allowing us to isolate an FBXW11
KO clone.

Before proceeding with downstream functional studies, it is good practice to
validate the knockout cells by ensuring that no off-target events occurred in the
generated knockout cell models. For the HADHA KO project, a bioinformatic tool
was used to identify the two top-ranked predicted off-target sites, which were then

amplified by PCR and sequenced to exclude the presence of unwanted mutations in
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the KO clone. In the case of ACOTS8 KO, its specific effect was validated by re-
transfection of the ACOTS plasmid in ACOTS8 KO cells to restore the phenotype.
HEK293T ACOTS8 KO cells were then used to produce HIV-1 pseudoviruses and
infect target cells, demonstrating that ACOTS8 absence leads to the production of
less infectious viral particles, whereas the presence of ACOTS and its interaction
with HIV-1 Nef protein leads to the production of more infectious viral particles.
Since ACOTS is involved in lipid metabolism, and can be delivered by Nef to the
plasma membrane, subsequent studies will evaluate the effect on the lipid
composition of virions produced in the different cell lines under examination (WT,
ACOTS8 KO, ACOTS rescued and ACOTS rescued + NEF).

In the HADHA knockout project involving PANC-1 cells, we obtained preliminary
results indicating that the KO cells retained the capacity to dedifferentiate into stem
cells and form larger tumourspheres than WT-induced stem cells. Further
investigation of the effect of HADHA absence on pancreatic cancer stem cell
(PCSC) proliferation, chemoresistance and tumour migration is required to
understand its role in PCSC biology and its potential as a therapeutic target in
pancreatic cancer.

Regarding the generation of RUNX2 KO and Runt-deleted melanoma cell lines, the
resulting cells will be injected into mice to evaluate RUNX2 contribution to tumour
proliferation, cell migration, and metastasis formation. FBXW11 KO MG63 cells
will subsequently be used to improve the understanding of the role of FBXW11 in
osteosarcoma.

Prime editing is an innovative technology that enables all 12 base conversions to be
performed and insertions or deletions to be introduced into the target sequence. The
prime editing mechanism involves a series of cellular events that can incorporate
the desired mutation, but can also revert the sequence to wild type (WT), thereby
reducing editing efficiency in certain circumstances. Therefore, a careful design of
the prime editing conditions is essential, including the design of the pegRNA,
choice of the editing approach, and transfection efficiency of the targeted cell line.
In this study, we focused on a point mutation in the RUNX2 gene that causes
cleidocranial dysplasia. To optimise the conditions for correcting this mutation, we

first needed a cell model carrying the mutation of interest. For this purpose, we used
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the HEK293T cell line as a starting model to validate our system and apply the
prime editing protocol to first generate a cell model carrying the mutation.

After generating clones carrying the mutation of interest both in homozygosity and
in heterozygosity, we tested the efficiency of our prime editing design in correcting
back this pathogenic mutation in these clones. We tested different conditions in
both cases, involving either a different pegRNA design or the inclusion of ngRNA
in combination. As expected, approaches involving ngRNA (PE3) were markedly
more efficient than those using pegRNA alone (PE2). After optimising the
conditions for introducing and correcting mutations, we will aim to apply these
editing conditions to more challenging patient-derived cell lines, as induced
mesenchymal stem cell lines (iMSCs). These iMSCs will be then subjected to
osteogenic differentiation in order to evaluate the effect of introducing or correcting
the mutation in a relevant cell or organoid context.

The final project presented in this thesis work focuses on studying the stability of
HLA-C alleles and its association with HIV-1 infection. In this case, we first used
CRISPR-Cas9 to knockout the HLA-C gene in HEK293T by the VLP delivery
approach and constructed HLA-C expressing plasmids to be used for transfecting
knockout cells and evaluating the binding stability of individual HLA-C allotypes.
However, Sarkizova et al. utilised a similar approach and derived a list of HLA-C
binding peptides by mass spectrometry investigation. Based on this, we used an
updated bioinformatic software (NetMHCpan4.2) to obtain quantitative measures
of the binding affinity between different HLA-C allotypes and the pool of specific
binding peptides determined by Sarkizova et al. (Sarkizova et al. 2020). We then
derived specific stability scores for each of the considered HLA-C allotype. Using
this new, more accurate classification of HLA-C stability, we genotyped for HLA-
C two cohorts of HIV-1 patients: one with varying degrees of progression towards
AIDS, the other with or without HIV-1 related neurological deficits. These new
stability measurements enabled us to assign an HLA-C stability score to each
patient and assess that lower scores (i.e. less stable alleles) were associated with
patients with a rapid progression towards AIDS or presenting neurological
impairment. This analysis confirmed HLA-C as a genetic factor to be considered in

personalised HIV-1 infection management and treatment, as it can be potentially
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relevant for the identification of subjects who are more susceptible to increased risk
of rapid disease progression or the development of neurocognitive deficit. We will
next analyse other HIV-1 patient cohorts to validate these results and determine if

HLA-C is associated with the same or other outcomes of HIV-1 infection.
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Background: HLA-C molecules play a critical role in the immune response,
particularly in antigen presentation and immune modulation.

Methods: To investigate the effect of the most common HLA-C allotypes on the
stability of the HLA-C-B-2 microglobulin-peptide complex, we used the
NetMHCpan-4.2 bioinformatic tool that predicts peptide binding to MHC class
| molecules. This allowed us to predict the probability of a broad set of peptides
to be naturally processed, presented on each HLA-C allotype, and ultimately
recognised by the immune system, measured by EL-score. By plotting the EL-
score against the percentile of the peptide’s stability rank position, curves were
drawn to illustrate the relative stability of the binding interaction of each HLA-C
allotype tested, and the area under the curve was calculated to determine a
stability score for each HLA-C variant.

Results: This approach permits us to greatly improve the classification of HLA-C
allotypes according to their stability, overcoming the previous coarse stable and
unstable binary classification. Analysis of two well-characterised HIV-1 patient
cohorts, one focused on disease progression and the other on neurocognitive
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impairment, demonstrated a significant association between unstable HLA-C alleles,
faster disease progression, and worse HIV-associated neurocognitive outcomes.
Conclusions: These findings underscore the role of HLA-C stability in AIDS
progression, suggesting that profiling HLA-C stability may serve as a predictive
tool for HIV-1 disease management and assessing neurocognitive risk, with potential
implications in personalised medicine.

KEYWORDS

HLA-C, HIV-1, antigen presentation, immune response, neurocognitive disorders, HAND,
peptide-binding stability, personalized medicine

Introduction

The human leukocyte antigen (HLA) system is a key
component of the innate and adaptive immune responses, playing
a critical role in antigen presentation (1, 2). HLA-Cis a class I major
histocompatibility complex (MHC-I) molecule involved in the
immune surveillance against infections and malignancies. Unlike
HLA-A and HLA-B, HLA-C exhibits lower surface expression and
distinct peptide-binding properties due to less efficient assembly
and cell membrane expression (3-5), making its functional stability
a critical aspect of immune response regulation (6). Despite its
historically perceived lower relevance, emerging evidence has
demonstrated that HLA-C plays a significant role in modulating
immune responses, particularly in HIV-1 infection, influencing
viral replication, immune escape mechanisms, and disease
progression (7).

HLA-C is central to antigen presentation to CD8+ T cells and
immune surveillance. Its genetic variability influences disease
susceptibility and transplant compatibility (1, 2). Furthermore,
the stability of the HLA-C-B-2 microglobulin (B,m)-peptide
complex determines antigen presentation efficiency, with less
stable variants linked to impaired immune responses, increased
infection risk, and reduced immunotherapy efficacy (7-9).

HLA-C expression varies significantly among individuals (10)
and is modulated by genetic factors, including promoter
polymorphisms, microRNA interactions, and alternative splicing
(9, 11-13). Single-nucleotide polymorphisms (SNPs) in the 3
untranslated region (3’UTR) of the HLA-C gene affect its
expression levels, particularly through regulation by miR-148a
(14). Furthermore, HLA-C upregulation has been linked to
greater immune pressure on HIV-1, driving viral evolution and
immune escape mutations (10).

The efficiency of antigen presentation is directly linked to the
stability of the HLA-C/peptide complex, which varies across alleles
and can impact immune recognition and viral control. Unlike HLA-
A and HLA-B, HLA-C displays more selective peptide-binding
preferences, which impact its effectiveness in presenting viral
antigens. HLA-C allotypes display considerable variation in their
peptide-binding clefts, which directly influences peptide binding
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stability (9). These differences affect the capacity of HLA-C
molecules to stabilize peptide-MHC complexes and maintain
antigen presentation on the cell surface. While allotypes like
HLA-C*05 and HLA-C*08 are characterized by higher binding
stability, others, such as HLA-C*07, are more prone to peptide
dissociation and degradation (6). Sibilio and colleagues evaluated
the post-assembly stability of HLA-C variants using pulse-labelling
assays in homozygous cell lines expressing eight serologically
defined HLA-C alleles. Their findings revealed that some HLA-C
variants, such as HLA-C*05, C*06, C*08, exhibit stronger binding to
B,m, whereas others, including HLA-C*04 and C*07, display
weaker ,m association and reduced complex stability (15).

The extensive polymorphism of HLA alleles presents challenges
for experimentally characterizing HLA/peptide stability across
variants in vitro. To overcome this limitation, several
computational tools have been developed to predict the
interaction between HLA and peptides (16), among which
NetMHCpan stands out for its high predictive accuracy (17). This
model incorporates multiple parameters, including binding affinity,
stability, length, processing and presentation pathways, to estimate
peptide presentation and immunogenicity (17). NetMHCpan uses
artificial neural networks trained on experimental binding affinity
and mass spectrometry-eluted ligand (EL) data to significantly
improve the accuracy of peptide-binding predictions across
different HLA alleles. Evolving through versions 4.0, 4.1 and most
recently 4.2, it incorporates enhanced machine learning techniques
and new training datasets to improve performance in identifying
immunogenic peptides (17-19). A key innovation in recent versions
is the integration of structural features to enhance the predictive
power of the algorithm (18), as well as the EL-score (19), which
incorporates data on naturally processed and presented peptides
obtained via mass spectrometry-based ligand elution assays (20).
This overcomes the limitations of the traditional IC50-based
calculation of binding affinity. Therefore, the EL-score represents
a composite measure that integrates binding affinity (BA), the
traditional indicator of peptide-MHC interaction strength, with
eluted ligand data from naturally presented peptides, enhancing
biological relevance. It also incorporates peptide stability and
processing parameters, reflecting the likelihood that a bound
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peptide remains stably displayed on the cell surface. The EL-score
aims to predict the likelihood that a peptide will be naturally
processed, presented on an MHC class I molecule, and ultimately
trigger immunity. Studies have shown that the EL-score provides a
better correlation with immunogenicity than BA alone. For
instance, Harndahl et al. demonstrated that peptide-MHC
stability is a stronger predictor of T cell activation than affinity,
supporting the inclusion of EL data in prediction models (8).
Similarly, Rasmussen et al. reported that combining affinity and
stability scores improves the identification of CTL epitopes,
reinforcing NetMHCpan’s value in epitope discovery for vaccine
development (21). Recent improvements using deep learning
frameworks and large-scale mass spectrometry have further
refined EL-score predictions, supporting it as a robust metric
linking computational models to experimental outcomes.

HLA-C expression levels and the stability of its association with
B,m and peptide are key factors influencing antiviral immunity.
Certain HLA-C alleles are linked to better control of HIV-1
replication (10). Variations in viral load associated with different
HLA-C alleles are thought to result from differences in their
capacity to present HIV-derived peptides to CD8+ T cells and
NK cells—key players in targeting infected cells (22). Moreover,
research has shown that HLA-C expression levels and peptide-
binding stability are critical determinants of immune control
(23).Unstable HLA-C variants have also been linked to increased
HIV-1 infectivity. Previous findings from our group indicate that
these variants may dissociate from f,m, forming free heavy chains
that interact with the HIV-1 envelope glycoprotein (Env),
enhancing viral infectivity (24). In contrast, stable HLA-C
variants remain bound to P,m and retain strong antigen-
presenting functions, which are associated with better immune
control. Thus, binding stability to peptides confers to HLA-C the
ability to act as a conventional molecule involved in cellular
immunity, or as an accessory factor modulating HIV-1
infectivity (25).

HIV-associated neurocognitive disorders (HAND) encompass a
spectrum of subjective and objective cognitive impairments, from
mild to severe, that occur in approximately 50% of HIV-infected
individuals and persist despite effective antiretroviral therapy,
suggesting that host genetic factors influence their onset and
progression (26). HLA-C polymorphism also plays a role in
HAND (27, 28). Unstable HLA-C variants may contribute to
higher levels of free B,m in cerebrospinal fluid, leading to chronic
neuroinflammation and neuronal damage (29). This mechanism is
supported by associations between high B,m levels and
neurodegenerative conditions, including Alzheimer’s disease (30).
Additionally, HLA-C*07 has been specifically linked to a higher
incidence of HAND in HIV-positive individuals, further supporting
the hypothesis that HLA-C variation plays a role in neurocognitive
impairment (31).

In this study, we sought to thoroughly investigate HLA-C
stability to evaluate its relevance to HIV-1 clinical outcomes. To
these aims, we integrated bioinformatic predictions with clinical
progression and neurocognitive outcomes.
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Materials and methods
Molecular dynamics analysis

Starting from the crystal structures of five human allelic variants
of HLA-C currently available on Protein Data Bank (specifically:
HLA-C*03:04 - PDB ID: 1EFX; HLA-C*04:01 - PDB ID: 1QQD;
HLA-C*05:01 - PDB ID: 5VGD; HLA-C*06:02 — PDB ID: 5W6A;
HLA-C*07:02 - PDB ID: 5VGE), single point mutations were
introduced on the co-crystallized nonapeptides using Maestro’s
Workspace tool ‘Mutate Residue’ (release 2021-2, Schrodinger,
LLC, New York, NY, USA). Subsequently, ff19SB force field (32)
were applied on the systems using the “Protein Preparation
Wizard” available in Maestro (release 2021-2, Schrodinger, LLC,
New York, NY, USA), then the complexes were immersed in TIP3P
(33) water cubic boxes and their geometry was energy minimized,
allowing the remainder of the system (HLA-C and B,m) to adapt to
the newly introduced oligopeptide sequences. Then, Molecular
Dynamics (MD) simulations were accomplished on these systems,
using the Amber24. The parameters for these MD simulations were
configured as follows: 300 ns, 300 K, and 1 atm. For each system, we
carried out three independent replicas. The attained trajectories
were clustered, by means of Amber24’s cpptraj tool (34), to identify
the different families of complex conformations and to identify the
most populated ones. On these, the Molecular Mechanics-
Generalized Born Surface Area (MM-GBSA) approach was
applied to decompose the pairwise binding energetic
contributions within the HLA/B,m interactions.

Peptide and HLA-C stability binding
analysis

Peptides binding to the 21 most frequent HLA-C allotypes in
the human population (C*01:02, C*02:02, C*03:02, C*03:03,
C*03:04, C*04:01, C*04:03, C*05:01, C*06:02, C*07:01, C*07:02,
C*07:04, C*08:01, C*08:02, C*12:02, C*12:03, C*14:02, C*14:03,
C*15:02, C*16:01, C*17:01) were experimentally validated by
Sarkizova et al. (35). The final number of selected peptides was
36070, with a median of 1403 (range 730-3311) (Table 1). Their
database cumulatively covers 95.8% of individuals worldwide based
on allele frequencies. For our analysis, we focused on peptides of 8-
12 amino acids, as they comprised most of the initial list and were
the ones preferentially bound by MHC-I complexes (36). Allele
frequencies were reported according to Sarkizova et al. (35). The
Eluted Ligand (EL) score for each peptide binding to its specific
HLA-C allotype was determined using NetMHCpan-4.2 (https://
services.healthtech.dtu.dk/services/NetMHCpan-4.2/) with default
parameters. Peptides were then ranked by NetMHCpan-4.2 EL-
score for each HLA-C allele. The ranking was expressed in
percentiles (% Ranking) to account for different peptide pool
sizes. The resulting EL-score versus % Ranking curves were used
to calculate the area under the curve (AUC) to determine a stability
score for each HLA-C allotype considered (Figure 1).
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TABLE 1 The most frequent human HLA-C allotypes and their calculated stability score.

Allotype Peptides number Frequency Stability score (AUC) Weighted average
C*01:02 1357 0.085 63.87 -
C*02:02 930 0.028 56.76 -
C*03:02 1194 0.025 65.09
C*03:03 2123 0.056 63.17 65.52
C*03:04 2356 0.091 67.08
C*04:01 1854 0.112 67.28

68.06
C*04:03 1038 0.019 72.67
C*05:01 1442 0.026 84.84 -
C*06:02 1324 0.062 56.13 -
C*07:01 808 0.069 29.74
C*07:02 1072 0.131 50.45 40.96
C*07:04 730 0.015 9.70
C*08:01 1802 0.045 3523 -
C*08:02 3148 0.020 78.34 -
C*12:02 1403 0.032 52.20 -
C*12:03 2175 0.020 50.34 -
C*14:02 1371 0.025 77.80

76.05
C*14:03 2784 0.015 73.12
C*15:02 3311 0.034 57.39 -
C*16:01 2883 0.024 5112 -
C*17:01 965 0.019 55.18 -

For the 21 most frequent HLA-C allotypes (first column), the number of specific binding peptides (8-12mer) identified by Sarkizova et al. (35) is reported (second column) alongside their
frequency in the human population (third column). The area under the curve (AUC) calculation (fourth column) provides a stability score for each allotype. When second-digit typing was not

possible, an average stability score weighted by frequencies was calculated (fifth column).

Patient cohorts

Two groups of HIV-1 infected individuals were enrolled in this
study and categorized based on disease progression and
neurocognitive status.

The first cohort included 47 patients classified as progressors
(P; >10,000 copies HIV genome/mm3, and <200 CD4+ T
lymphocytes/mm?) and 37 patients classified as long-term non-
progressors (LTNPs; <10,000 copies HIV genome/mm?, and >400
CD4+ T lymphocytes/mm®). HIV viral-load measurements were
obtained periodically throughout each patient’s follow-up period
(defined as the interval between initial infection detection and the
end of monitoring). LTNPs were followed for a minimum of seven
years. Progressors were observed until their CD4" T-cell count
declined to <200 cells/mm?, at which point antiretroviral treatment
was initiated and sample collection was discontinued. All subjects
gave informed consent, and the research protocols were approved
by the relevant institutional review boards and research ethics
committees (Ethics Committee of the Health Department of the
Federal District (#066/07); and the Ethics Committee for Analysis
of the public network of the Federal District, Brazil; and the Ethics
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Committee for Analysis of Research Projects (CAPPesq) of Hospital
das Clinicas HCFMUSP (#CAPPesq #0306/10, Online registration
#5867), from the Faculty of Medicine at the University of Sao Paulo,
Brazil. The cohort is unique since the study participants had not
received any treatment at the time of sampling. Further details on
the patient cohort are reported in our previous study (37).

The second cohort included 57 patients referred by the
Infectious Diseases Outpatient Clinics of the Verona University
Hospital a) aged < 67 years, b) on dual/triple antiretroviral therapy
regimens, and with c) stable suppressed plasma viremia.
Participants with a history of recurrent drug abuse, current drug
addiction, or other neurological diseases (e.g., history of
cerebrovascular events) that could cause cognitive decline
were excluded. Each patient underwent a comprehensive
neuropsychological test battery designed to measure the cognitive
domains recommended by the three main diagnostic guidelines
(i.e., attention, executive function, learning and memory, language,
speed of processing, complex motor skills) (26). The impact of
cognitive difficulties on the ability to perform everyday activities
was also assessed. As neuropsychiatric symptoms frequently occur
alongside HIV infection, anxiety and depression were evaluated.
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FIGURE 1
EL-score vs percentile ranking curves for each HLA-C/peptide pool. Individual EL-score values of each specific HLA-C allotype and its
corresponding peptides, as predicted by NetMHCpan-4.2, were ranked and plotted against the percentile of the peptides’ ranking position, resulting
in distinct stability distribution profiles for each HLA-C allele. HLA-C *05:01, C*08:02, C*14:02, C*14:03 and C*04:03 clearly show a strong binding
trend with most peptides, whereas HLA-C*07:04, C*07:01 and C*08:01 exhibit the lowest EL-score values for most peptides. The curves are shown
overlapped in (A), where each curve is color-coded according to the corresponding HLA-C allotype, and separately in (B), where the area under the
curve for each HLA-C allotype is reported in the lower left corner of each plot.

The Frascati criteria (38) were used as the gold standard for
diagnosing HIV-associated neurocognitive disorders (HAND) and
for dividing patients into HAND-positive (n=16) and HAND-
negative (n=41) groups. Patients reporting subjective cognitive
complaints were added to the first group, in line with the most
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recent recommendations provided by the International HIV-
Cognition Working Group, which highlight the importance of
changes in cognition that have been noticed by the individual or
an observer, even in the absence of impact on daily functioning (39).
All patients signed an informed consent for the study that was
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conducted according to the Declaration of Helsinki and approved
by the Institutional Ethics Committee of Verona and Rovigo (Italy)
(#2459 CESC).

HLA-C genotyping and sequencing

DNA samples from all patients were extracted from peripheral
blood lymphocytes and subjected to allele-specific polymerase chain
reaction (AS-PCR) and Sanger sequencing to determine HLA-C
allotypes as described in our previous study (37). HLA-C allotypes
C*01, C*02, C*05, C*06, C*12, C*14, C*15, C*16 and C*17 were
typed at one digit resolution, since less common allotypes were
mostly clustering in the same subgroup according to Shen et al. (40).
Allele-specific PCR was used to type C*12:03 and C*16:01.
Sequencing analysis of the HLA-C region between exons 2 and 3
was utilized to further characterize HLA-C*03:02, C*03:03, C*03:04,
C*04:01, C*04:03, C*07:01, C*07:02, C*07:04, C*08:01 and C*08:02
variants at second digit resolution, by performing sequence
alignments at the Immuno Polymorphism Database (IPD https://
www.ebi.ac.uk/ipd/index.html).

Determination of patient-specific HLA-C
stability score

A stability score was determined for each patient based on their
HLA-C genotype by multiplying the allotype stability scores
(determined by the AUC of the corresponding allotypes). For
HLA-C alleles typed at the first-digit resolution, the stability score
of the most frequent allotype was used.

For HLA-C*14, the two most common allotypes (C*14:02 and
C*14:03) have similar frequencies (35) and are clustered within the
same subgroup, according to Shen et al. (40). In this case, the
allotype stability score was determined by calculating the frequency-
weighted mean. Similarly, when a patient’s DNA was insufficient for
second-digit genotyping, the frequency-weighted mean
was calculated.

Finally, since allele-specific PCR for HLA-C*12 only identifies
the common subtype C*12:03 at the second-digit, the stability score
of the other most frequent C*12 allotype (C*12:02) was assigned
when C*12 typing did not match C*12:03.

Statistical analysis

Statistical analyses were performed using GraphPad Prism
(version 10). Comparisons between independent patient groups
(LTNP vs P; HAND- vs HAND+) were performed using the two-
tailed Mann-Whitney U test. A p-value < 0.05 was considered
statistically significant.
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Results

HLA-C allotypes exhibit different binding
stability with their specific peptides

The analysis of the EL-score distribution revealed significant
variations in HLA-C binding stability. Indeed, allele C*05:01
showed a strong binding for most peptides, while peptides
specifically binding allele C*07:04 presented much lower binding
prediction values. The determination of a stability score by
calculating the AUC allowed a clear identification of different
stability values describing the binding of each allele to its own
peptide pool. Accordingly, some alleles, such as HLA-C*07:04,
C*07:01 and C*08:01, displayed weak binding interactions, while
others, such as HLA-C*05:01, C*08:02 and C*14, exhibited strong
binding stability (Figure 1). Notably, we identified discrepancies
within allele subtypes that challenged previous classifications of
stability. For example, HLA-C*07, previously considered an
unstable allele (37), showed subtype-dependent variability, with
C*07:02 demonstrating a greater stability score than C*07:01 and
C*07:04. Similarly, HLA-C*08, considered a stable allele, presented
a similar subtype variability, with C*08:02 among the variants with
the highest stability, but C*08:01 among those with the lowest. The
considered HLA-C allotypes and the calculated stability scores are
reported in Table 1.

The HLA-C complex stability is determined
by the interactions with the peptide

Computational studies were performed to acquire atomistic
details on the interaction between HLA-C/peptide and f,m.
Analyses were performed after selecting a group of HLA-C
variants for which the crystal structures were available in the
Protein Data Bank (www.rcsb.org). We randomly selected two 9-
mer peptides specific for each allotype tested. After accomplishing
MD simulations of the selected peptides in complex with the HLA-
C/B,m heterodimer, the analysis of the MD trajectories and the data
retrieved from the pairwise energy decomposition revealed that
there was a clear recurring pattern in B,m’s “hot spot” residues
involved in the interaction with HLA-C. In fact, the trend of the
residues mainly contributing and their energetic contributions’
values were superimposable within the different allelic variants,
but also amongst the different peptides (Table 2). On average
(Figure 2 and Table 2), our analysis revealed that a) ,m-Trp80
and -Trp61 give the main energetic contribution in each considered
complex, since their energetic contribution’s values are always
among -9 and -12 kcal/mol; b) B,m-Phe76 always stands in
second position, with values around -5/-6 kcal/mol; ¢) The B,m-
Tyr30 residue is another key contributor to the interaction,
providing a consistent energetic contribution of around -4 to -5
kcal/mol across all complexes.
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TABLE 2 Energetic contributions of B,m residues to HLA-C complex stability.

10.3389/fimmu.2025.1703026

Allotype Peptide EL-score % Ranking B2m residue AG [kcal/mol]
Trp80 -10.1
QATMPHLSM 0.610 64.941
Phe76 5.8
C*03:04
Trp80 -10.5
TITDISAL 0712 57.598
Phe76 -5.7
Trp80 -10.7
YHDKNIVLL 0.813 48.220
Phe76 4.7
C*04:01
Trp61 -9.4
TFESLVAKL 0533 70.712
Phe76 5.2
Trp80 -9.3
NLDQPPAFF 0.924 56.380
Phe76 -5.6
C*05:01
Trp 61 -10.3
NAEAKITKL 0.621 88.141
Phe76 5.5
Trp8o -117
FKMTIPLLV 0.490 59.063
Phe76 -6.1
C*06:02
Trp80 -9.8
VYYLKNREV 0.563 53.852
Phe76 6.5
Trp80 -10.4
LRHPVCVEL 0.439 61.007
Phe76 5.8
C*07:02
Trp8o -10.7
FYRVTTEQY 0.499 55.877
Phe76 -5.6

Binding free energy values (AG) of B,m residues that are functionally important for interaction were analyzed for five different HLA-C allotypes for which crystallographic structures are available
in the Protein data bank (www.rcsb.org). The analysis was performed on the trimeric complex consisting of the HLA-C heavy chain, $,m, and peptide. Two randomly chosen peptides specific to
each allotype were analyzed. The B,m residues primarily involved in interacting with HLA-C were Trp80 and Phe76. These residues formed comparable contacts and exhibited similar AG values

across different HLA-C allotypes.

These data clearly indicate that f,m maintains an invariant
binding pattern with HLA-C heavy chain molecules, with consistent
binding affinity and interacting residues, regardless of the bound
peptide or HLA-C subtype.

Lower HLA-C stability scores are
associated with HIV-1 progression and
HIV-1-related neurocognitive impairment

Peptide specificity is determined by interactions of peptide side
chains with six binding pockets in the HLA-C peptide-binding site
(41). Kangueane et al. (42) assigned common HLA-C alleles to 18
different sub-supertypes, with variants within the same sub-
supertype generally binding a highly shared set of peptides. It is
thus possible to predict peptide binding of other members of a
supertype using experimental results based on just one member of
the type (42). A more recent classification by Shen et al. (40)
proposed three main subtypes for HLA-C (C7 includes various
C*07 alleles; C1 includes C*05, C*17 and most of C*01 and C*15;
C2 includes C*02, C*06, C*14, C*16). Because structural clustering
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of the peptide-binding region correlates with binding specificity
(40), according to the supertype classification by Shen et al., we
adopted typing at the second-digit level for structurally divergent
alleles belonging to different subtypes (for instance C*03:02 to C2,
while C*03:03 and C*03:04 to C1) or to different subgroups within
C1 (C*04:03 and C*04:01, or C*08:01 and C*08:02), C7 (C*07:01,
C*07:02 and C*07:04) and C2 (C*12:02 and C*12:03) subtypes, in
order to obtain a more precise identification of the specific allotype.
Based on these considerations, HLA-C typing made it possible to
calculate a stability score related to each patient’s genotype and to
correlate this value to different outcomes of HIV-1 infection. The
stability scores calculated based on the HLA-C genotype of each
HIV-1 patient considered are shown in Table 3 and Table 4.

We found that Progressors (P) exhibited significantly lower
stability scores compared to Long Term Non Progressors (LTNP)
(p = 0.0143), supporting the hypothesis that unstable HLA-C alleles
are associated with more severe disease outcomes (Figure 3A).

The examination of neurocognitive outcomes showed that
HAND-positive patients had a higher prevalence of unstable
alleles, with a statistically significant difference in stability scores
compared to HAND-negative patients (p = 0.0221) (Figure 3B).
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FIGURE 2
HLA-C/B,m/peptide complex. A 3D representation of the HLA-C/B,m/peptide complex, as obtained at the end of MD simulations, is shown on the
left. On the right, a detailed visualization of the HLA-C/B,m interface, highlighting residues critical for mediating protein-protein interactions, is
shown.
Discussion NetMHCpan and MHCflurry have demonstrated increased

We explored HLA-C stability by means of advanced
computational techniques and found that HLA-C stability
influenced HIV-1 progression and cognitive outcomes. The
identification of allele subtypes with different stability levels
challenges traditional classifications of HLA-C as simply “stable”
or “unstable,” highlighting the advantages of a more precise and
individualized approach in assessing HLA-C function. Moreover,
our findings provide compelling evidence that HLA-C stability may
contribute to shaping both immune responses and neurological
outcomes in HIV-1 infected individuals.

HLA-C function is related to its stability

HLA-C stability is significantly influenced by genetic variations,
which can either enhance or reduce its functionality within the
immune response system (43, 44). HLA-C molecules exhibit
differential stability based on genetic variations in their promoter
regions, affecting their expression levels and antigen presentation
efficiency. Some alleles, e.g., HLA-C*05, exhibit high stability and
remain on the cell surface for prolonged surface expression, whereas
others, e.g., HLA-C*07, display lower stability, impairing peptide
loading and presentation (9). These observations are consistent with
previous findings showing that inefficient peptide binding
contributes to lower surface expression of HLA-C compared to
HLA-A and HLA-B (6), likely due to its greater selectivity for
peptide binding (3).

Several experimental and computational methodologies have
been employed to assess HLA-C peptide binding stability. Mass
spectrometry-based ligand elution assays have been used to profile
naturally processed peptides, revealing a preference for 9-mer
peptides in HLA-C binding (35, 36). Computational tools such as
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predictive accuracy in assessing binding affinities and stability of
peptide-HLA interactions (19). Notably, peptide-MHC stability,
rather than binding affinity alone, has been identified as a better
predictor of T-cell immunogenicity (8). Additionally,
computational tools like NetMHCpan and mass spectrometry-
based ligand profiling have significantly improved the prediction
and validation of HLA-C peptide-binding stability (19). These
methodologies may provide insights into how stability affects
immune function, disease progression, and therapeutic outcomes.

Recent studies have shown that HLA-C expression varies widely
in an allele-specific manner, with higher expression levels exerting
greater selection pressure on HIV-1, leading to virus-mediated
downregulation of HLA-C (9). Certain single-nucleotide
polymorphisms (SNPs) in the promoter and 3’ untranslated
region (UTR) of HLA-C, such as rs9264942 (located in the 5
UTR of the HLA-C gene), have been correlated with HIV viral load
and disease progression (45). Additionally, the 3’UTR of HLA-Cis a
target for microRNA regulation (miR-148a), which influences
HLA-C surface expression (14). This regulatory mechanism plays
a crucial role in determining antigen presentation efficiency and
immune escape strategies employed by HIV-1.

Our computational analysis supports evidence that HLA-C
allotypes differ in their ability to bind and stabilize peptides,
influencing their expression levels on the cell surface. Structural
studies have demonstrated that HLA-C*07 has a deeper and
narrower antigen-binding cleft, while HLA-C*05 has a relatively
flat peptide-binding groove, allowing it to bind a broader range of
peptides and remain more stably expressed on the cell membrane
(9). These findings align with our stability analysis, which
demonstrated that HLA-C*07:04 is the most unstable allele, while
HLA-C*05:01 exhibits the highest stability. Importantly, the
inefficient association of certain HLA-C variants with ,m leads
to the accumulation of misfolded HLA-C heavy chains, further
affecting antigen presentation efficiency (6, 15).
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TABLE 3 HLA-C stability scores in HIV-1 patients according to AIDS progression.

10.3389/fimmu.2025.1703026

HLA-C genotype and stability scores

Sample code HIV-1 progression Sex Age Stability score
1%t allele Score (15Y 2" allele Score (2™9)
PR1 LTNP 42 *03 65.52 *08:02 7834 5132.84
PR2 LTNP 29 *03 65.52 *03 65.52 4292.87
PR3 LTNP F 36 *06 56.13 *07:02 50.45 2831.76
PR4 LTNP M 54 *02 56.76 *12:03 50.34 2857.30
PR5 LTNP F 47 *07:02 50.45 *12 52.20 2633.49
PR6 LTNP M 23 *05 84.84 *05 84.84 7197.83
PR7 LTNP M 55 *05 84.84 *06 56.13 4762.07
PR8 LTNP M 35 *02 56.76 *06 56.13 3185.94
PRY LTNP M 58 *05 84.84 *08:02 78.34 6646.37
PRI10 LTNP M 46 *07:02 50.45 14 76.05 3836.72
PRI1 LTNP M 32 *07:02 50.45 *12:03 50.34 2539.65
PRI2 LTNP M 26 *05 84.84 *12:03 50.34 4270.85
PR13 LTNP M 33 *02 56.76 *15 57.39 3257.46
PR14 LTNP M 52 *07:01 29.74 *08:02 7834 2329.83
PRI15 LTNP M 42 *04:01 67.28 *07:01 29.74 2000.91
PR16 LTNP M 34 *04:01 67.28 *07:02 50.45 3394.28
PR17 LTNP M 44 *04:01 67.28 *08:02 78.34 5270.72
PRI8 LTNP M 55 *01 63.87 *12 52.20 3334.01
PR19 LTNP M 32 14 76.05 *08:02 7834 5957.76
PR20 LTNP M 49 *04:01 67.28 *08:02 7834 5270.72
PR21 LTNP F 42 *04:01 67.28 *16:01 51.12 3439.35
PR22 LTNP F 54 *07:01 29.74 12 52.20 1552.43
PR23 LTNP M 51 *04:01 67.28 *08:02 7834 5270.72
PR24 LTNP F 58 *01 63.87 *07:02 50.45 3222.24
PR25 LTNP F 77 *01 63.87 *04:01 67.28 4297.17
PR26 LTNP M 39 *04:01 67.28 *06 56.13 3776.43
PR27 LTNP M 40 *04:01 67.28 *12 52.20 3512.02
PR28 LTNP F 43 *05 84.84 *02 56.76 4815.52
PR29 LTNP F 47 *04:01 67.28 *06 56.13 3776.43
PR30 LTNP M 28 *07:01 29.74 *05 84.84 2523.14
PR31 LTNP F 49 *03 65.52 *02 56.76 3718.92
PR32 LTNP M 53 *07 40.96 *16:01 51.12 2093.88
PR33 LTNP M 30 *03:02 65.09 *06 56.13 3653.50
PR34 LTNP M 49 *05 84.84 *06 56.13 4762.07
PR35 LTNP F 43 *01 63.87 *06 56.13 3585.02
PR36 LTNP 27 *05 84.84 *12:03 50.34 4270.85
PR37 LTNP 57 *06 56.13 *12:03 50.34 2825.58
(Continued)
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TABLE 3 Continued

10.3389/fimmu.2025.1703026

HLA-C genotype and stability scores

Sample code HIV-1progression Sex . . y o Stability score
1%t allele Score (1*) 2"%allele Score (2"°)
PR38 M 45 *04:01 67.28 *07:02 50.45 3394.28
PR39 M 57 *03 65.52 *07:01 29.74 1948.56
PR40 M 28 *06 56.13 *07:01 29.74 1669.31
PR41 M 41 *07:02 50.45 12 52.20 2633.49
PR42 M 40 *02 56.76 *04:01 67.28 3818.81
PR43 M 42 *04:01 67.28 *07:01 29.74 2000.91
PR44 M 25 *04:01 67.28 *08:02 78.34 5270.72
PR45 M 23 *05 84.84 *07:01 29.74 2523.14
PR46 M 30 *03:02 65.09 *04 68.06 4430.03
PR47 M 30 *05 84.84 *07:01 29.74 2523.14
PR48 M 28 *07:02 50.45 *12:03 50.34 2539.65
PR49 M 31 *03 65.52 *07:01 29.74 1948.56
PR50 M 39 *02 56.76 *04:01 67.28 3818.81
PR51 M 37 *04:01 67.28 *07:02 50.45 3394.28
PR52 M 26 *03 65.52 *02 56.76 3718.92
PR53 M 36 *04:01 67.28 *04:01 67.28 4526.60
PR54 M 51 *07:04 9.7 *15 57.39 556.68
PR55 F 47 *04 68.06 *16 51.12 3479.23
PR56 M 28 *04:01 67.28 *06 56.13 3776.43
PR57 M 65 *07:04 9.7 *15 57.39 556.68
PR58 M 61 07 40.96 07 40.96 1677.72
PR59 F 30 *07:01 29.74 *04:01 67.28 2000.91
PR60 M 57 *04:01 67.28 *12:03 50.34 3386.88
PR61 M 41 *03:02 65.09 *07:02 50.45 3283.79
PR62 M 54 *07:02 50.45 *07:02 50.45 2545.20
PR63 M 24 *04 68.06 *05 84.84 577421
PR64 M 31 *03:02 65.09 *06 56.13 3653.50
PR65 M 30 *07:02 50.45 *08:02 78.34 3952.25
PR66 M 64 *01 63.87 *02 56.76 3625.26
PR67 M 48 *04:01 67.28 *15 57.39 3861.20
PR68 F 55 *07 40.96 *05 84.84 3475.05
PR69 F 41 *06 56.13 16 51.12 2869.37
PR70 F 50 *07:02 50.45 *16:01 51.12 2579.00
PR71 M 30 *04:01 67.28 *08:02 78.34 5270.72
PR72 M 49 *03 65.52 *06 56.13 3677.64
PR73 F 32 *04:01 67.28 *06 56.13 3776.43
PR74 M 61 *03 65.52 *07:01 29.74 1948.56
(Continued)
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TABLE 3 Continued

HLA-C genotype and stability scores

L HIV-1 progression Sex Stability score
Sample code 1** allele Score (1) 2" allele Score (2%

PR75 P M 29 *03:02 65.09 *07:02 50.45 3283.79
PR76 P F 53 *04:01 67.28 *06 56.13 3776.43
PR77 P M 57 *04 68.06 *12 52.20 3552.73
PR78 P F 57 *04 68.06 *07:04 9.70 660.18
PR79 P M 33 *07:01 29.74 *07:02 50.45 1500.38
PR80 P M 32 *03 65.52 *15 57.39 3760.19
PR81 P F 39 *04 68.06 *12:03 50.34 3426.14
PR82 P F 32 *07 40.96 *16:01 51.12 2093.88
PR83 P M 63 *06 56.13 *07:02 50.45 2831.76
PR84 P F 50 *07 40.96 *17 55.18 2260.17

HIV-1 infected individuals who showed either slow (Long Term Non Progressors, LTNP) or rapid progression (P) to AIDS were genotyped for HLA-C alleles. The stability values corresponding
to each allotype were multiplied together to give a final HLA-C stability score for each patient. Allele scores calculated using a frequency-weighted average are reported in italics. Patient code, sex
(M, male; F, female), HLA-C alleles and their corresponding stability scores, and the final calculated stability scores are reported.

In addition, we noted that some very unstable variants, such as ~ 25) we reported that stable HLA-C alleles are associated with lower
C*07:01 or C*07:04, are also the lowest expressed variants, whereas  viral loads and more effective immune responses, supporting our
some more stable variants, such as C*05:01 or C*14:02, are among  finding that unstable alleles contribute to a faster progression
the most highly expressed alleles. While numerous factors  to AIDS.
contribute to the regulation of HLA-C expression levels, the To assess the correlation between stability metrics and
peptide-binding capacity of different HLA-C variants is also  progression of HIV-1 infection, we re-analyzed a population of
recognized as a key determinant influencing their surface =~ HIV-1 positive, treatment-naive subjects described and
expression (46). Therefore, it is plausible that inefficient peptide  characterized in our previous study (37). In the original analysis,
binding may contribute to the lower expression of certain HLA-C  the different allotypes were binary divided into stable and unstable,
variants on the cell membrane (9), suggesting a potential correlation ~ revealing a significant correlation between rapid progression to
between stability and expression levels. AIDS and the presence of unstable HLA-C variants. In the present

Our analysis improved the definition of the stability of HLA-C  study, we refined the analysis by performing high-resolution typing
allotypes, overcoming the previous binary classification, which was  of the second digit for divergent subtypes and assessing a
too simplistic and inaccurate. The in-depth characterization of  quantitative stability coefficient based on their HLA-C allotype
binding stability to peptides specific to the most common variants ~ combination. This enhanced approach confirmed and
in the human population was carried out using pools of  strengthened our earlier findings, showing a robust and highly
experimentally validated peptides known to bind to the main  significant correlation between accelerated disease progression and
allotypes (35). This approach enabled obtaining a “stability  a higher burden of unstable HLA-C allotypes.
coefficient” for each of these HLA-C variants and thereby
quantified the overall stability profile of each HLA-typed
individual based on the combination of their specific allotype ~HLA-C stability impact on HIV-associated
stability coefficients. neurocognitive outcomes

The association between unstable HLA-C alleles and HAND is
HLA-C stability influences HIV-1 infection particularly noteworthy. Previous studies have suggested that
progression unstable HLA-C variants may lead to increased levels of free 3,m,
contributing to neuroinflammation and neuronal damage (29).
HLA-C stability plays a critical role in modulating defense  Additionally, a recent study has specifically linked HLA-C*07 to
mechanisms against HIV-1. Unstable alleles may increase HIV-1 ~ HAND in HIV patients (31).
progression, suggesting that by influencing antigen presentation To test the clinical relevance of the specific stability coefficient
efficiency, they may alter the ability of CD8+ T cells to recognize  for each major HLA-C allotype on neurological outcomes in HIV-1
and eliminate infected cells, in keeping with previous findings infection, we analyzed a population of HIV-positive subjects with
indicating that HLA-C expression levels directly affect HIV-1  subjective report or objective evidence of cognitive impairment and
immune control (10). Additionally, in our previous studies (24,  compared them to cognitively unimpaired ones. We observed a
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TABLE 4 HLA-C stability scores in HIV-1-infected patients with and without neurocognitive impairment.

HLA-C genotype and stability scores

Sample code Neurocognitive status  Sex Age Stability score
1%t allele Score (1) 2™ allele Score (2™)

H1 HAND + M 42 *01 63.87 *06 56.13 3585.02
H2 HAND + F 46 *03:02 65.09 *07:02 50.45 3283.79
H3 HAND + M 60 *02 56.76 *16:01 51.12 2901.57
H4 HAND + M 59 *03:02 65.09 *04:01 67.28 4379.26
H5 HAND + F 52 *07:02 50.45 *07:04 9.70 489.37
He6 HAND + M 66 *03:02 65.09 *16:01 51.12 3327.40
H7 HAND + M 40 *06 56.13 *07:01 29.74 1669.31
H8 HAND + M 63 *01 63.87 *07:01 29.74 1899.49
H9 HAND + M 56 *04:01 67.28 *07:01 29.74 2000.91
H10 HAND + F 53 *06 56.13 *12:03 50.34 2825.58
HI11 HAND + M 52 *05 84.84 *07:01 29.74 2523.14
Hi12 HAND + M 56 *04:01 67.28 *12:03 50.34 3386.88
H13 HAND + M 51 *07:01 29.74 *07:01 29.74 884.47
Hi14 HAND + F 65 *02 56.76 *07:01 29.74 1688.04
H15 HAND + M 58 *07:01 29.74 *12:03 50.34 1497.11
Hle HAND + M 64 *07:01 29.74 *08:02 78.34 2329.83
H17 HAND - M 57 *07:01 29.74 *07:02 50.45 1500.38
H18 HAND - M 58 *07:01 29.74 *15 57.39 1706.78
H19 HAND - F 54 *07:01 29.74 *14 76.05 2261.73
H20 HAND - M 45 *04:01 67.28 *15 57.39 3861.20
H21 HAND - M 31 *07:01 29.74 *12:03 50.34 1497.11
H22 HAND - F 53 *02 56.76 *12:03 50.34 2857.30
H23 HAND - M 39 *03:02 65.09 *12:03 50.34 3276.63
H24 HAND - F 56 *04:01 67.28 *06 56.13 3776.43
H25 HAND - M 41 *04:01 67.28 *12:03 50.34 3386.88
H26 HAND - M 55 *04:01 67.28 *04:01 67.28 4526.60
H27 HAND - F 56 *05 84.84 *12:03 50.34 4270.85
H28 HAND - NA NA *04:01 67.28 *07:01 29.74 2000.91
H29 HAND - M 62 *05 84.84 *07:01 29.74 2523.14
H30 HAND - F 57 *07:02 50.45 *12:03 50.34 2539.65
H31 HAND - M 47 *07:02 50.45 *15 57.39 2895.33
H32 HAND - M 60 *02 56.76 *15 57.39 3257.46
H33 HAND - M 60 *06 56.13 *07:01 29.74 1669.31
H34 HAND - M 62 *03:02 65.09 *07:02 50.45 3283.79
H35 HAND - M 59 *08:02 78.34 *17 55.18 4322.80
H36 HAND - M 65 *01 63.87 *14 76.05 4857.31
H37 HAND - M 62 *06 56.13 *12:03 50.34 2825.58
(Continued)
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TABLE 4 Continued

HLA-C genotype and stability scores

Sample code Neurocognitive status  Sex Age e N Stability score
H38 HAND - M 37 *01 63.87 *07:01 29.74 1899.49
H39 HAND - M 54 02 56.76 *08:02 78.34 4446.58
H40 HAND - F 64 *04:01 67.28 *07:02 50.45 339428
H41 HAND - M 59 *04:01 67.28 *06 56.13 3776.43
H42 HAND - M 46 *07:02 50.45 “14 76.05 3836.72
H43 HAND - M 64 *04:01 67.28 *06 56.13 3776.43
Ha44 HAND - F 54 *05 84.84 *16:01 51.12 4337.02
H45 HAND - M 58 *05 84.84 *07:01 29.74 2523.14
H46 HAND - M 54 *07:01 29.74 *07:02 50.45 1500.38
H47 HAND - M 55 *03:02 65.09 “14 76.05 4950.09
H48 HAND - M 54 *06 56.13 *06 56.13 3150.58
H49 HAND - M 47 *04:01 67.28 *07:02 50.45 3394.28
H50 HAND - M 60 *04:01 67.28 *06 56.13 3776.43
H51 HAND - M 51 *03:02 65.09 *12:03 50.34 3276.63
H52 HAND - M 64 *04:01 67.28 *04:01 67.28 4526.60
H53 HAND - M 65 *03:02 65.09 *12:03 50.34 3276.63
H54 HAND - M 47 *04:01 67.28 *05 84.84 5708.04
H55 HAND - M 48 *04:01 67.28 *16:01 5112 3439.35
H56 HAND - M 45 *07:01 29.74 *15 57.39 1706.78
H57 HAND - M 53 *04:01 67.28 *07:01 29.74 200091

HIV-infected individuals presenting (HAND-positive, HAND+) on not presenting (HAND-negative, HAND-) neurocognitive impairment were genotyped for HLA-C alleles. For each patient,
the stability score of each allele was multiplied to obtain the final HLA-C stability score. Allele scores calculated using a weighted average are reported in italics. Patient code, sex (M, male; F,
female; NA, not available), HLA-C alleles and their respective stability scores, and the final calculated stability scores are reported.

significantly higher presence of unstable HLA-C variants in

HLA-C stability: towards a precision

HAND-positive subjects than in HAND-negative ones, further medicine approach

confirming our preliminary observation on a small case series

(29). Our findings confirm this association, suggesting that HLA- A major advantage of this refined stability analysis is the ability

C instability may exacerbate neurocognitive decline by promoting
chronic immune activation and neuroinflammatory processes.
Extensive scientific evidence supports the notion that genetic
determinants of immune function are critical in shaping disease
outcomes in HIV-1. In particular, previous studies have emphasized
the role of HLA alleles in HIV-1 replication and progression (7, 10,
24, 25). Our findings extend this knowledge by highlighting the
relevance of HLA-C allele stability at a more granular level. The
association between HLA-C stability and neurocognitive disorders
also aligns with research on B,m in neurodegeneration (29),
providing a potential molecular framework for future
investigations into HIV-associated neurocognitive impairment.

Frontiers in Immunology

to calculate a personalized HLA-C stability score for each patient.
By integrating computational stability assessments, such as EL-
scores and AUC-derived stability coefficients, with patient-specific
genetic data, it is possible to develop a predictive model that can
help stratify patients based on their risk of rapid disease progression
or neurocognitive complications. This approach aligns with the
broader movement toward personalized medicine, where
treatments and monitoring strategies are tailored to an
individual’s genetic profile. From a clinical perspective, the ability
to predict disease progression based on HLA-C stability could lead
to more targeted interventions. For instance, patients identified as
having unstable HLA-C variants could be prioritized for early
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Association of patient HLA-C stability scores with HIV-1 progression and HIV-1-related neurocognitive impairment. (A) HIV-1 patients who
experience rapid disease progression (Progressors, P, n=47) exhibit lower stability scores than those with slower progression (Long Term Non
Progressors, LTNP, n=37). (B) HIV-1 patients presenting neurocognitive impairment (HAND+, n=16) have lower stability scores than cognitively
normal patients (HAND-, n=41). Statistical analyses were performed using the two-tailed Mann-Whitney U test; p < 0.05 was considered statistically
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intervention strategies, including more intensive monitoring, earlier
initiation of antiretroviral therapy, or adjunctive therapies targeting
immune modulation. Furthermore, understanding the link between
HLA-C instability and HAND could open new therapeutic avenues,
such as early interventions targeting neuroinflammatory pathways.
The use of HLA-C genotyping could improve personalized
treatment strategies, identifying individuals at higher risk of rapid
disease progression or HAND.

The study of HLA-C peptide binding stability is critical for
understanding immune regulation and its implications in infectious
diseases, cancer, and autoimmunity. Advances in computational
modelling and experimental methodologies provide valuable
insights into the structural and functional aspects of HLA-C
stability. Future research should focus on refining predictive
models, defining clinically relevant stability thresholds and
exploring therapeutic interventions aimed at enhancing HLA-C-
mediated immune responses.

The main limitation of the study was the inability to perform
more precise typing at the second digit for several biological
samples due to insufficient DNA for testing. This reduced the
accuracy of the data obtained, necessitating the use of a
frequency-weighted average of stability scores in some cases.
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Conclusions

HLA-C plays a crucial and multifaceted role in HIV-1 infection,
influencing immune recognition, disease progression, and
neurocognitive outcomes. Despite its lower surface expression
compared to HLA-A and HLA-B, HLA-C contributes
significantly to both adaptive and innate immune responses.
Advances in genomic and immunological research continue to
reveal the complex interactions between HLA-C and HIV-1,
providing valuable insights into potential therapeutic and vaccine
strategies. By using an innovative cutting-edge bioinformatic
pipeline, we demonstrated that reduced HLA-C stability is
associated with faster HIV-1 disease progression and a higher
prevalence of HIV-associated neurocognitive disorders. Overall,
the findings from this study emphasize that HLA-C stability
analysis should become an integral part of HIV-1 disease
management and research. Future studies should focus on
refining predictive models for personalized stability scoring,
validating these findings in larger, independent cohorts, to early
identify those at greater risk of progression or developing
neurocognitive symptoms and intervene early with the most
appropriate treatment approaches to improve patient outcomes.
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Abstract

Background: Cutaneous melanoma (CM) is a heterogeneous and highly metastatic disease with unpredictable
clinical behaviour, for which the most effective pharmacological strategies are still being sought. In the present
study, we describe the workflow for RUNX2 KO generation in B16 melanoma cells, an approach that according to
preliminary data from international databases may contribute to defusing CM resistance to targeted and
immunotherapies.

Methods: The role of the RUNX2 gene in CM was investigated using the TIMER2.0 (http:/timer.cistrome.org/) and
TISIDB (http://cis.hku.hk/TISIDB/) databases. Two gRNAs targeting exon 4 of RUNX2 were designed and cloned
into the px459v2.0 plasmid, as previously described’. The B16 melanoma cells were transfected with 2.5 g of
plasmid DNA using Lipofectamine 3000 in DMEM (without antibiotics). After one day, cells were selected with
complete DMEM containing 1 pg/ml puromycin for six days. Cells were further subjected to monoclonal cell isolation
by seeding 0.3 cells/well in 96-well plates. Genomic DNA was extracted from the transfected bulk cell population
and isolated clones and PCR-amplified with primers spanning the gRNA-target region. RUNX2 KO was confirmed
by Western blot.

Results: According to the TIMER2.0 and TISIDB databases, RUNX2 shows positive correlations with the most
notorious immune inhibitors within the CM tumour microenvironment and is overexpressed in CM patients
unresponsive to immune and targeted therapies. Therefore, we hypothesize that orchestrating RUNX2 KO in
melanoma may be a promising strategy to improve tumour response to therapeutic approaches. Five B16 clones
were subjected to Sanger sequencing and all showed editing events. In particular, they showed an in-frame deletion
within the Runt domain of the RUNX2 gene. In addition, these five clones showed no RUNX2 protein expression by
Western blot.

Conclusions: Our study presents the workflow for obtaining genetically engineered melanoma cells that can be
further exploited to dissect the biological roles of RUNX2 in syngeneic B16 melanoma mouse models.
References:

'Deiana M. et al., 2018. New insights into the Runt Domain of RUNX2 in melanoma cell proliferation and migration.
Cells. 7(11):220.
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Pseudotyped viruses (PVs) are molecular tools that can be used to study host-virus
interactions and to test the neutralizing ability of serum samples, in addition to their
better-known use in gene therapy for the delivery of a gene of interest. PVs are
replication defective because the viral genome is divided into different plasmids that
are not incorporated into the PVs. This safe and versatile system allows the use of PVs
in biosafety level 2 laboratories. Here, we present a general methodology to produce
lentiviral PVs based on three plasmids as mentioned here: (1) the backbone plasmid
carrying the reporter gene needed to monitor the infection; (2) the packaging plasmid
carrying the genes for all the structural proteins needed to generate the PVs; (3) the
envelope surface glycoprotein expression plasmid that determines virus tropism and
mediates viral entry into the host cell. In this work, SARS-CoV-2 Spike is the envelope
glycoprotein used for the production of non-replicative SARS-CoV-2 pseudotyped

lentiviruses.

Briefly, packaging cells (HEK293T) were co-transfected with the three different
plasmids using standard methods. After 48 h, the supernatant containing the PVs
was harvested, filtered, and stored at -80 °C. The infectivity of SARS-CoV-2 PVs
was tested by studying the expression of the reporter gene (luciferase) in a target
cell line 48 h after infection. The higher the value for relative luminescence units
(RLUs), the higher the infection/transduction rate. Furthermore, the infectious PVs

were added to the serially diluted serum samples to study the neutralization process

Copyright © 2023 JoVE Journal of Visualized Experiments

jove.com

November 2023 - 201 - €65658 - Page 1 of 13


https://www.jove.com
https://www.jove.com/
https://www.jove.com/author/Tobia_Fantoni
https://www.jove.com/author/Michele_Bissoli
https://www.jove.com/author/Chiara_Stefani
https://www.jove.com/author/Mauro_Voi
https://www.jove.com/author/Alexandrina_Dabija
https://www.jove.com/author/Rebecca_Casula
https://www.jove.com/author/Domenico%20Luca_Minafra
https://www.jove.com/author/Domenico%20Luca_Minafra
https://www.jove.com/author/Julys_da%20Fonseca%20Palmeira
https://www.jove.com/author/Enrique%20Roberto_Arga%C3%B1araz
https://www.jove.com/author/Martin_Mayora-Neto
https://www.jove.com/author/Nigel%20J._Temperton
https://www.jove.com/author/Donato_Zipeto
https://www.jove.com/author/Donato_Zipeto
https://www.jove.com/author/Alessandra_Ruggiero
http://dx.doi.org/10.3791/65658
https://www.jove.com/video/65658

jove

of pseudoviruses' entry into target cells, measured as the reduction in RLU intensity:

lower values corresponding to high neutralizing activity.

Introduction

Pseudotyped viruses (PVs) are molecular tools used in
microbiology to study host-virus and pathogen-pathogen

interactions?2

3.4 PVs consist of an inner part, the viral
core that protects the viral genome, and an outer part, the
envelope glycoproteins on the surface of the virus that defines
the tropism5. A pseudovirus is replication-incompetent in
the target cell because it does not contain all the genetic
information to generate new viral particles. This combination
of peculiar features makes PVs a safe alternative to a
wildtype virus. Wildtype viruses, on the other hand, are highly

pathogenic and cannot be used in BSL 2 laboratories for

analysisB.

The infectivity of PVs can be monitored by a reporter gene,
usually coding for a fluorescent protein (GFP, RFP, YFP)
or an enzyme that produces chemiluminescent products
(luciferase). This is contained in one of the plasmids used
for PV production and incorporated in the genome of the

pseudovirus’ .

Several types of PV cores currently exist, including lentiviral-
derived particles based on the HIV-1 genome. The great
advantage of HIV-1-based PVs over other platforms is their
intrinsic integration process in the target cell genomes.
Although HIV-1 is a highly contagious virus and is the
causative agent of AIDS, these lentiviral vectors are safe
to use because of the extensive optimization steps over
the years. Optimal safety conditions were achieved with
the introduction of 2”d-generation lentiviral vectors, in which

viral genes were depleted without influencing transduction

capabilitiesg. The 3@ and 4th generations contributed to the

increased safety of lentiviral vector handling with the further
splitting of the viral genome into separate plasmidsm' " The
latest generations of PVs are generally employed to produce

lentiviral vectors for gene therapy.

PVs can be used to study interactions between viruses
and host cells, during both the production and the infection
phases. PVs are especially employed in pseudovirus
neutralization assays (PVNA). PVNAs are widely validated
to assess the neutralization potential of serum or
plasma by targeting the viral glycoprotein on the PV's
envelope12'13. Neutralization activity, expressed as the
inhibitory concentration 50 (IC50), is defined as the dilution
of serum/plasma that blocks 50% of viral particle entry14. In
this protocol, we described the set-up of a PVNA to test the
antibody activity against Severe Acute Respiratory Syndrome
- Coronavirus 2 (SARS-CoV-2) in sera collected before and

after receiving a booster vaccine dose.

Protocol

The present protocol has been approved by and follows
the guidelines of the Ethical Committee of the University of
Verona (approval protocol number 1538). Informed written
consent was obtained from the human subjects participating
in the study. Whole blood samples were collected from
healthcare worker (HCW) volunteers who were in the process
of receiving anti-SARS-CoV-2 vaccines. These samples were
collected in plastic tubes containing anticoagulants for the

subsequent isolation of serum2.
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All the following processes must be performed in a Class-2
biological hood, working under sterile conditions. Virus

handling must be performed with care, and all waste products

must be neutralized in a diluted bleach solution. An overview

of the protocol is displayed in Figure 1.

Figure 1: Graphical representation of a neutralization assay. (A) PV production, (B) PV titration, and (C) neutralization

assay. All the procedures are performed in a class-2 biological hood under sterile conditions. Titration step (B) needs to be

performed to standardize the infectivity levels of PVs before use in the neutralization assay (C). This figure was created with

BioRender. Please click here to view a larger version of this figure.

1. SARS-CoV-2 PVs production and infectivity test

1. Seed 5 x 10° HEK293T cells in complete Dulbecco's
Modified Eagle Medium (DMEM, high-glucose, 10%
bovine serum (FBS), 1% 1%

foetal L-glutamine,

penicillin/streptomycin) in a 6-well plate (6WP) to reach

a suitable cell density compatible with the transfection
reagent used. In the case of performing transfection with
polyehtylenimine (PEI) (prepare the reagent following the
manufacturer instructions), ensure that the cells reach
40-60% density on the day of transfection (step 1.3).
Keep the cells in a humidified incubator at 37 °C and 5%

CO,.
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Prior to transfection, replace the spent cell medium with
fresh medium without antibiotics (DMEM, high-glucose,
10% FBS, 1% L-glutamine) to achieve higher transfection
efficiency.

NOTE: The day after seeding, HEK293T cells are ready

to be transfected.

Transfect adherent HEK293T cells with a suitable
transfection reagent according to the manufacturer's
instructions. If using PEI, prepare two mixes and follow

the steps below.

1. To prepare mix A, add 500 ng of pCMV-dR8.91
packaging plasmid16, 750 ng of pCSFLW reporter

plasmid'®, and 450 ng of SARS-CoV-2 Spike
expressing plasmid in 100 yL of reduced serum

medium.

2. Toprepare mix B, add 17.5 uL of PEI (concentration:

1 mg/mL) to 100 uL of the reduced serum medium.

3. Allow both mixes to incubate at room temperature
(RT) for 5 min. Next, mix the contents of both tubes

together by adding the PEI mix B to DNA mix A.

4. Incubate the tube for 20-30 min at RT. Flick the tube
gently every 3-4 min to enhance the mixing. Finally,

add the mixture to the HEK293T cells.

16-20 h after the transfection, replace the culture medium
with fresh, complete DMEM. Incubate at 37 °C and 5%

COy, to allow for the production of PVs by transfected

cells.

72 h after the transfection, harvest the supernatant
containing PVs. Then centrifuge at 1600 x g for 7 min at
room temperature to remove cell debris and dead cells

and filter it through a 0.45 pym cellulose acetate filter.

OPTIONAL STEP: To increase the final yield of PV
titer, perform multiple transfections, pool the cell media
containing PVs, and concentrate it using concentrating

tubes.

Proceed directly with the next steps ("PVs titration",
section 2) or aliquot the PV-containing medium in
suitable tubes to store at -80 °C until use. Prepare an
additional aliquot (400-500 pL) to be used for titration.

NOTE: Making multiple aliquots will guarantee
reproducibility between experiments by avoiding

excessive thaw-freeze cycles.

2. PVs titration

Use the fresh PV-containing medium for the next steps or
thaw the testing aliquot (step 1.7) to perform the titration
of the new viral stock. Freezing aliquots of the same PV

stock will guarantee reproducibility.

Add 50 pL of complete DMEM (or complete medium
compatible with the target cell line in usage) in all the
wells of a 96 well-plate (96WP) necessary to test in
duplicate the PV stock, leaving row "A" empty. Add 100
ML of PVs stock to row "A". Based on the number of
preparations to be tested, leave one column without the

virus as a "cell only" control (Figure 2).

Pipette 50 uL from row A to row B and repeat this process
up to row G to obtain serial dilutions of the initial stock.

Discard the excess volume from the last row.

Detach cellsusing trypsin/ethylenediaminetetraacetic
acid 1x (EDTA) in Dulbecco's phosphate buffer saline
1x (DPBS 1x), after removing the spent medium and

washing cells with DPBS 1x twice. Prepare cells to a

density of 4 x 10° cells/mL.

Copyright © 2023 JoVE Journal of Visualized Experiments

jove.com

November 2023 - 201 - 65658 - Page 4 of 13


https://www.jove.com
https://www.jove.com/

jove

NOTE: In this protocol, PVs infection was tested on the
susceptible cell line HEK293T/ACEZ2; such cells were
derived from HEK293T, transduced using a lentiviral
vector to express ACE2 receptor.

Add 50 pL of the cell suspension into each well to ensure

a cell count of 2 x 10* cells per well.

Incubate at 37 °C and 5% CO», for 48 h.

After the incubation, perform the Luciferase assay to
obtain the reading as per the manufacturer's instructions.

Add 100 pL of the luciferase reagent to the wells and

SARS-CoV-2 PVs

100 pL

incubate in the dark at RT for 2 min. Move the content
of each well to a black 96 well plate (compatible with the
available plate reader) and read the plates in a 96 well
plate reader.

NOTE: The luminometer used for the luciferase readout
will produce a spreadsheet file with the raw, unprocessed
data that will be used for downstream analysis (in this
case, an Excel file). The virus' infectivity will be expressed
as relative luminescence units (RLU) (described in

paragraph 4.1).

Virus 1:2 serial dilution (starting quantity 100 pL)

1 2 3 4 5 6 7 8 9 10 N 12

- 000000000000

- 000000000000 —
- S

‘900000000000 | ‘

000000000000 i

‘000000000000

- 9000000000000

000000 C0OOY

[

\
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4%10° cel
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Figure 2: Representative layout of a 96 well plate for PVs titration. A fixed volume of PV-containing supernatant is added

to row A, columns 1-11, and serially diluted. The last column is left as the "cell only" control. This figure was created with

BioRender. Please click here to view a larger version of this figure.

3. Neutralization assay

1.

Thaw patients' sera on ice. Inactivate serum samples by

incubating them at 56 °C for 30 min.

In a 96 well plate, add 50 pL of the fresh, complete DMEM
(or complete medium compatible with the target cell line
used)in each of the following wells: from row B (columns
1-10) to row H (columns 1-10). Put 95 pL of the fresh,
complete DMEM in row A (columns 1-10). Add 50 uL
and 100 uL of complete DMEM into the wells of columns
11 and 12, respectively. These will be the infected (virus
control, or VC) and uninfected (cell only, or CC) controls,

respectively (Figure 3).

Add 5 pL of heat-inactivated serum/plasma samples in
row A (columns 1-10). Each sample will be in duplicate.
With a multichannel pipette, mix the samples in the first
row and move 50 pL of medium containing serum from
row A to row B. Repeat this process up to the last row

(Figure 3). Discard the remaining 50 L.

Thaw the necessary number of PVs' aliquots and dilute

to 2 10* RLU/mL. Add 50 pL of the diluted PV-containing
medium to each well (from column 1 to column 11) using
a multichannel pipette to reach a 1:1 dilution of heat
inactivated serum/plasma to virus. Incubate at 37 °C and
5% COy,, for 1 h to allow the antibodies in the serum
samples to bind to the SARS-CoV-2 spike protein on the
PVs.

Prepare at least 5 mL suspension of susceptible cells

(HEK293T/ACE2) at a cell density of 4 x 105 cells/mL.
Add 50 pL of the cell suspension to each well and

incubate at 37 °C and 5% COy, for 48 h.

After the incubation, perform the luciferase assay
reading according to the manufacturer's instructions, as
described in step 2.7.

NOTE: The luminometer used for luciferase readout will
produce a spreadsheet file (in this case, .xIsx) with the
raw, unprocessed data that will be used for downstream

analysis (the Luciferase assay file).
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Figure 3: Plate representation based on serum dilution. Bright red corresponds to a higher quantity of serum, and bright

blue lane (column 11) corresponds to infected cell control (VC, virus control). Light blue lane (column 12) corresponds to

uninfected cells (CC, cell control). This figure was created with BioRender. Please click here to view a larger version of this

figure.

4. Titration analysis

1.

On the Luciferase assay file, assign the namesttitles to

the corresponding samples.

Multiply the RLU measure by the dilution factors (from
the top to the bottom of the grid: 20x, 40x, 80x, 160x,
320x, 640x, 1,280x, 2,560x) to obtain RLU/mL. If different
dilution factors are used, change the multiplication

factors accordingly.

Calculate the average RLU/mL for each PV preparation.

5. PVs neutralization assay analysis

On the Luciferase assay spreadsheet file (in this
case, .xlsx), assign the corresponding titles to the tested
samples. Enter the dilution factor of the sample (40s, 80x,
160x, 320x, 640x, 1,280x, 2,560x%, 5,120x). Calculate the
Log10 of the dilution factors.

Calculate the average RLU of uninfected and infected
control (Figure 3, columns 11 and 12, respectively).
These values will be useful for the normalization in step

5.5.
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3. Open a new document for data analysis. Select X/
Y analysis, input X as Numbers and Y as Enter 2

replicate values in side-by-side sub-columns.

4. Enter Log10 (dilution) values as X numbers. Enter the

duplicate RLU of the samples.

5. Go to Analyze > Normalize > Flag all the samples on
the same sheet. Input the average VC and CC values
in How is 0% defined?, and How is 100% defined?,

respectively. Click OK.

6. On the normalized data sheet, go to Analyze > XY
analyses > Nonlinear analyses (curve fit). Flag all
the samples and click OK. For the Dose-response
- Inhibition,

select log(inhibitor) vs normalized

response - variable slope.

7. Under Constrain, change HillSlope to Must be less

than 0.

8. Under Output, flag Create summary table and graph.
Click on OK to obtain the final analyses. A working
sheet with a template for the analysis is provided in

Supplementary File 1.

Representative Results

This protocol describes the production of SARS-CoV-2 PVs

and a downstream application of these PVs to analyze the

neutralization activity of serum/plasma of subjects receiving
anti-COVID-19 vaccination'” . Furthermore, this protocol
can be applied to produce pseudotypes of each SARS-
CoV-2 variant of concern (VOC) to test the evolution of
the neutralizing response. Despite this protocol facilitating
the study of humoral immune response after COVID-19
vaccination, it can be adapted to easily test the neutralization

of different sera/plasma against different viruses'3:18.19,

Figure 4A represents the increment of the dilution of serum
(Log(dilution)) corresponding to the increase of the RLU
signal. Thus, the higher the dilution of the sample, the
less blocked the virus entry is (Figure 4A). This is further

expressed as a percentage of neutralization (Figure 4B).

The IC50 result shows the neutralization capacity of a single
vaccine serum over time. In the example reported in Figure
4C, the subject developed a strong humoral activity against
the virus at four weeks after vaccination; however, after
16 weeks the IC50 is similar to the one prior to vaccine
administration. In this case, the PVNA showed the loss of

neutralization potential over time.
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Figure 4: Representative results of PVNA. (A) Infectivity (RLU, and (B) percentage of neutralization are shown at week 0
(WO, before the vaccination); W4 (four weeks after vaccination); W16 (sixteen weeks after W0). (C) IC50 values at the same

time points. Please click here to view a larger version of this figure.

Supplementary File 1: Neutralization analysis template. neutralization analysis. Please click here to download this

A working sheet with a template for conducting the File.
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Discussion

Although using a wildtype virus simulates the actual infection,
lentiviral PVs are a safer option to study the mechanisms
associated with viral entry and infection without the strict
safety requirements necessary to work with pathogenic
viruses*20-21_ pvs are composed of a replication-defective
viral core surrounded by the surface envelope glycoprotein of

a pathogenic virus which is the objective of the study.

HIV-1-based PVs are one of the most widely used platforms
and these have been employed in this protocol for
the production of SARS-CoV-2 pseudoviral particles. The
reporter gene can be different as per the use of the PVs; in
this case, the choice of the luciferase reporter gene provides

an easy, fast, and sensitive readout of the infectivity of the

produced PVs.

PVs based on lentiviruses are widely applied to study anti-
HIV-1 humoral responsezz. The PV technology was instantly
applied during the recent COVID-19 pandemic, caused by
SARS-CoV-2. SARS-CoV-2 is a highly pathogenic human
Betacoronavirus, identified for the first time in China (Wu
Han) which became rapidly pandemic, causing more than 6
million deaths worldwide?3-24_ Because of the validation of
vaccine strategies, the pandemic has been largely controlled;
nonetheless, in most vulnerable people, such as cancer
patients or people living with HIV, it does still pose a
risk2°:26.27 | this context, there is still a need for validated
assays to monitor the anti-vaccine humoral response in terms
of neutralizing activity. In this article we have described a
simple protocol that can be easily be performed in laboratories
with no access to category-3 containment. Furthermore, the
PV platform is a versatile system to study different SARS-
COV-2 virus variants. Indeed, by changing the envelope-

expressing plasmid with different spikes, it is possible to

generate PVs of SARS-CoV-2 new variants or of any other
coronaviruses?8. These virus portfolios can be used to
assess the reactivity of vaccine-induced humoral response
against the different variants of concern1®: 29.30.31.32 Tph;g
information can guide the generation of new and more

effective vaccines.

Three major obstacles could be encountered while following
this protocol concerning transfection conditions, titration
failure and/or neutralization assay. First, the packaging cells
may not be sufficiently confluent at the time of transfection.
This may be due to the lack of nutrients. Ensure that step
1.1. is properly followed. Otherwise, perform seeding in the
morning of the day before transfection and transfect the
packaging cells later the next day to increase the growth time.
A recurring problem is the potential contamination of the cell
medium between transfection and medium replacement the
next day. In this case, repeat the procedure by increasing
the sterilization procedure before use when working under
the BSL2 hood or include antibiotics to avoid unwanted
contaminations. Second, an undetected luciferase signal
may occur that can be attributed to various stages of PVs
production or the characteristics of the target cell line.
Plasmids should be extracted with endotoxin-free kits. The
transfection step is critical for the outcome of the protocol.
PEI reagent must be prepared at the correct concentration
of 1 mg/mL. Gently flicking the tube during the preparation
of transfection mixes enhances the formation of DNA-PEI
complexes. To verify that the cells have been transfected
correctly, it is recommended to perform the luciferase assay
immediately after harvesting the cells. In addition, include a
control virus envelope glycoprotein such as VSV: VSV-PVs
give strong RLU signals on human cell lines. Moreover, it is

necessary to mention that the target cell line must express
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the receptor, which is easily verified via western blot or flow

cytometry.

This method has been previously optimized16 with respect
to the experimental conditions, including the selection of the
transfection reagent, the determination of the ratios between
the different plasmids needed for the generation of the PV,
and the selection of the target cell lines, the use of luciferase
as reporter genes. Nonetheless, each laboratory will need
to validate the proposed methods according to the available
equipment. For example, (step 2.7) requires the addition of
100 uL of Luciferase substrate as suggested by the producer:
this is optimal for the readout of the luciferase assay with
the plate reader that is currently available. On the other
hand, other laboratories that are equipped with a different
plate reader may adapt the protocol using different luciferase
substrates or volumes of the reagent33. Furthermore, other
authors have proposed the use of the green fluorescent
protein (GFP) as a reporter gene instead of the luciferase.
This could be considered if a laboratory is fully equipped for

GFP readout but not luciferase34:3%.

To conclude, PVs are a flexible and straightforward system
that allows quantifying the infection by using a simple
detection method. It represents a cost-effective approach
that is more accessible for many research groups and
allows avoiding the use of pathogenic viruses that require a
biosafety level 3 Iaboratory21. The use of PVs represents a
well-characterized and safe approach to studying antibody-
mediated neutralization in

individuals who experienced

SARS-CoV-2 infection and/or vaccination.
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A precise characterisation of peptide binding stability to HLA-C alleles
and correlation with the progression of HIV-1 infection and HIV-1 related
neurocognitive impairment

Mauro Voi', A. Sangalli’, E.G. Milane®, C. De Martinis', E. Orlandi’, S. Tamburin', E. Mantovani', A. Federico’,
M. Lanzafame™, E. Lattuada’, G. A. Arganaraz’, B.C.M. Da Silva®, A.]. Duarte Da Silva®, ]. Casseb’, E.R.
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“Medical Investigation Laboratory Unit 56 (LIM/56), Faculdade de Medicina FMUSP, University of Séo Paulo,
Séao Paulo,Brazil

"Faculty of Medicine, Institute of Tropical Medicine, University of Sao Paulo, Sio Paulo, Brazil

Background. The molecular binding stability of HLA-C to the f2-microglobulin/peptide
complex influences HIV-1 progression and HIV-1 association with neurocognitive impairment.
Materials and Methods. The NetMHCpan4.1 tool was used to predict the binding affinity of
peptides specific to the most common human HLA-C allotypes, expressed as Eluted Ligand
score (EL-score). The EL-score was plotted against the peptide ranking percentile, and a
stability score was determined by calculating the area under the curve (AUC) for each HLA-C
allele.

Naive, HIV-1 infected subjects showing a different rate of HIV-1 progression and HIV-1
subjects presenting or not neurocognitive impairment were genotyped for HLA-C. Each
patient's stability score was calculated and analysed for correlations with HIV-1 progression
and neurocognitive impairment.

Results. The peptide binding score curves relative to ranking percentage highlighted
differences in HLA-C allele stability. C*05:01 and C*08:02 were the most stable among the
considered alleles, while C*07:04, C*07:01, and C*08:01 were the least stable. Individuals
with slower progression to AIDS had significantly higher HLA-C stability scores than those
with rapid HIV-1 progression (P = 0.0113). Furthermore, HIV-infected patients with
neurocognitive impairment exhibited significantly lower HLA-C stability scores than those
without (P = 0.0074).

Conclusion. Peptide binding analysis and AUC calculations provided an effective method for
classifying HLA-C stability, overcoming the previous stable-unstable binary classification. The
observed correlation between HLA-C stability scores and HIV-1 disease progression revealed
that lower stability scores were associated with both accelerated progression to AIDS and the
presence of neurocognitive impairment. These findings highlight the potential prognostic
value of HLA-C stability in HIV-1 infection and suggest that targeting HLA-C-peptide
interactions could be explored as a novel therapeutic approach.
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Editing RUNX2 KO in B16 melanoma cells with Crispr-Cas9 as a potential
strategy to enhance in vivo tumor response to therapeutic approaches

Carola De Martinis', E.G. Dobre’, M. Voi', E. Orlandi’, M. Bissoli', C. Constantin®, M. Neagu®, D. Zipeto’, M. T.
Valenti'

'Department of Neurosciences, Biomedicine and Movement Sciences, University of Verona, Verona, Italy
‘Immunology Laboratory, “Victor Babes” National Institute of Pathology, Bucharest, Romania

Background: Cutaneous melanoma (CM) is a heterogeneous and highly metastatic disease
with variable clinical behavior, for which the most effective pharmacological strategies are
still being sought.

RUNXZ2 is a transcription factor involved in many pathways, such as apoptosis, Epithelial-
Mesenchymal Transition (EMT), and stem cell function, affecting WNT, NOTCH, BMP, and
RAS signaling.

The present study presents the workflow for RUNX2 knockout (KO) generation in B16
melanoma cells, an approach that may contribute to defusing CM resistance to targeted and
immune therapy.

Material and methods: Two gRNAs targeting exon 4 of RUNX2 were designed and cloned
into pX459v2.0 plasmid. The B16 melanoma cells were transfected with 2.5 ng of plasmid
DNA by Lipofectamine 3000 in DMEM (w/o antibiotics). After 24 hours, cells were selected
with complete DMEM containing 1pg/mL puromycin for six days. Cells were further subjected
to monoclonal cell isolation by seeding 0.3 cells/well into 96-well plates. Genomic DNA was
extracted from isolated clones, PCR-amplified with primers spanning the gRNA-targeting
region and subjected to Sanger sequencing. RUNX2 KO was confirmed by Western blot.
Results: Clones with a 108 bp-deletion showed by PCR were selected for Sanger sequencing
and western blot analysis. Seven B16 clones showed editing events by sequencing. In
particular, four clones showed in-frame deletion within the Runt domain of the RUNX2 gene.
Three clones displayed heterozygous editing. These seven clones showed no RUNX2 protein
expression by western blot.

Conclusions: Our study presents the workflow for obtaining genetically engineered
melanoma cells that may be further exploited to dissect the biological roles of RUNXZ in B16
melanoma syngeneic mouse models.
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CRISPR/Cas9-mediated generation of HADHA KO PANC-1 cells to study
the role of HADHA in pancreatic cancer stemness

Mauro Voi', A. Dezhgir', G. Siragusa®, A. Ruggiero’, D. Cecconi’, D. Zipeto'
‘Department of Neurosciences, Biomedicine and Movement Sciences, University of Verona, Verona, Italy
‘Department of Biotechnology, University of Verona, Verona, Italy

Background. The CRISPR/Cas9 technique was applied to generate HADHA KO PANC-1 cells
to depict the role of HADHA in stemness of pancreatic cancer stem cells (PCSCs).

Methods. Two different gRNAs targeting exon 1 of the HADHA gene were designed and
cloned into Cas9-expressing plasmids. Parental PANC-1 (P) cells were transfected with
Cas9/gRNA plasmids to generate HADHA-KO cells. Individual clones were isolated and
analysed by Western Blot and Sanger sequencing of the edited region. To obtain PCSCs, P
cells were cultured in a specific “stem selective medium.” Tumoursphere formation was
imaged after 5,10,15 days using the EVOS FL Imaging System.

Results. Different transfection protocols were tested on PANC-1 cells, with
Lipofectamine3000 giving the best results of transfection efficiency, albeit moderate. We
identified a clone (C8E12) showing the absence of the HADHA protein by Western Blot.
Sanger sequencing revealed a heterozygous editing on the gRNA-targeted region, with a 124-
bp and a 78-bp deletion on the two different alleles. Induction of dedifferentiation on the KO
clone showed that HADHA knockout does not alter the stemness of the pancreatic cancer cell
line: the KO clone is still able to grow in suspension and to remain undifferentiated. HADHA
KO-PCSCs exhibited the formation of more compacted and denser tumourspheres than WT-
PCSCs.

Conclusion. The low transfection efficiency on PANC-1 cells led to the identification of a
single HADHA KO clone after the application of the CRISPR/Cas9 technique. The effect of the
absence of HADHA expression was evaluated on PCSC morphology. KO cells retain the ability
to form spheres, although morphologically they appear more compact and show denser
structures than their WT counterpart. However, the effects of HADHA knockout on PCSC
proliferation, chemoresistance, and tumour migration should be further investigated to
understand its role in PCSCs biology and its potential as therapeutic target in pancreatic
cancer.
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The absence of the human thioesterase ACOT8 negatively affects HIV-1
infectivity in vitro

Michele Bissoli’, M. Voi', A. Dezhgir’, A. Campese', C. Stefani’, ].F. Palmeira®, E.R. Argafiaraz’, A. Ruggiero',
D. Zipeto'

'Department of Neurosciences, Biomedicine and Movement Sciences, School of Medicine - University of

Verona, Italy
‘Laboratory of Molecular Neurovirclogy, Faculty of Health Science, University of Brasilia, Brazil

During the replicative cycle of HIV-1, a broad spectrum of interactions between viral and host
proteins occurs. Among these, the thioesterase ACOTS has been reported to interact with the
HIV-1 Nef protein. Here we study the effect of ACOTS depletion on HIV-1 infectivity.
CRISPR/Cas9 was used to knock-out ACOTS gene in HEK293T cells. Knock-out was verified
by Sanger sequencing and Western blot. Off-target analysis was performed by Cas-OFFinder
web tool, and the most likely sites were amplified by PCR followed by Sanger sequencing.
HIV-1 pseudotyped viruses were produced in wild type and ACOT8 knock-out HEK293T cells
and titrated by HIV-1 p24 quantification. The same viral input was used to infect the TZM-bl
cell line, allowing quantification of viral infectivity by Luciferase detection. A rescue
experiment was performed by transfecting the knock-out cells with a plasmid encoding for
ACOTS to further verify the absence of off-target due to CRISPR/Cas9. The Mann-Whitney
test was used to detect statistically significant differences between the viral infectivity in
presence or absence of ACOTS.

HEKZ93T knock-out clones obtained exhibit non-in-frame deletions in the ACOT8 region. The
absence of protein expression was verified by Western blot. Knock-out clones show no
modifications in the predicted off-target sites.

HIV-1 pseudotyped viruses showed lower infectivity when produced in abhsence of ACOTS
than when produced in its presence (p-value<0.0001). In contrast, no significant differences
were observed using the control envelope of VSV, Pseudotyped virus produced in knock-out
cells in which ACOTS expression was restored showed comparable levels of infectivity to
virus produced in HEK293T wild type cells.

Our preliminary data suggest that ACOTS8 absence in cells producing HIV-1 pseudotyped
virus is associated with reduced viral infectivity. Further experiments are underway to
characterize the mechanisms modulating infectivity and other factors involved in this
interaction.
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Human thioesterase ACOTS has an impact on in vitro HIV-1 infectivity
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Introduction. HIV-1 establishes a broad spectrum of interactions with host proteins,
including the cellular thioesterase ACOTS, presumably mediated by interactions with the
HIV-1 Nef protein. This work investigates the impact on HIV-1 infectivity of ACOTS depletion
during HIV-1 viral particle production.

Methods. CRISPR/Casd technology was used to knock-out the ACOTS gene in HEK293T and
TZM-bl cells. HEE293T wild type and knock-out cells were used to produce HIV-1
pseudotyped viruses with different HIV-1 envelopes (the CCR5 tropic QHO, AC-10 and pRHPA
and the CXCR4 tropic LAI). Virus titers were assessed by quantification of HIV-1 p24 and the
same input was used for infections on TZM-bl wild type and ACOTS knock-out cell lines;
infectivity was evaluated as Relative Luminescence Units (RLU). The Mann-Whitney test was
applied to detect statistically significant differences between the infectivity of pseudotyped
virus produced in the presence or absence of ACOTS, and in the presence of absence of Nef.
Results. The different HIV-1 envelopes tested showed higher infectivity when pseudotyped
viruses were produced in the presence of ACOTS rather than when they were produced in its
absence (QHO, p= 0.0011), even when Nef was not present (QHO, p-value<0.0001, AC10,
p=0.0019, pRHPA, p<0.0001, LAI, p<0.0001). In contrast, no difference was observed with
the VSV envelope control. No differences were found by infecting TZM-bl target cells with or
without ACOTS. This suggests that ACOTES might play a role in increasing HIV infectivity at
the pre-entry level.

Conclusions. Our preliminary data suggest that expression of ACOTS in cells producing
HIV-1 pseudotyped virus is associated with increased viral infectivity. Further experiments
are needed to better define the mechanisms that modulate virion infectivity and any other
factors involved in this interaction.
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correlation with the progression of HIV-1 infection and HIV-1 related
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Materials and methods

Calculation of HLA-C stability score

Peptides 812 amino acids in length, specifically binding to the most prevalent human HLA-C allotypes, were identified by Sarkizova et al.?. The binding affinity scores (EL-score) of each peptide for
the corresponding HLA-C allotype were calculated using NetMHCpan4.1 (https:/services.healthtech.diu.di/services/NetMHCpan-4.1/) and plotted against the percentage of the peptide ranking
position. The stability score for each of the considered HLA-C alleles was determined by caleulating the corresponding Area Under the Curve (AUC).

Genotyping of HIV-1-infected patients

For our analysis, we considered two cohorls of HIV-1-positive patients. The first, previously analyzed by Stefimi et al2, includes individuals with varying degrees of HIV-1 discase progression (Long
Term Non Progressors, LINP, n = 37; Progressors, P, n = 47), while the second cohort comprises individuals with or without neurocognitive impairment (ANFHAD, n = 16; normal cognition, n = 41),
Genomic DNA from patient-derived peripheral blood lymphocytes was analyzed by AS-PCR and Sanger scquencing to determine HLA-C allotypes at one-digit resolution, as previously deseribed?, and
sceond-digil resolution for strueturally divergent alleles (03, *04, 07, *08, *12), A paticnt-specific HLA-C stability score was then caleulated by multiplying the allele-specifie AUC-derived scores
and corrclated with HIV-1 discase progression or the presence of neuroeognitive impairment.

Results

1. Analysis of HLA-C alleles and binding peptides 2. Correlation between HLA-C stability and HIV-1 progression

A dataset of 36,070 experimentally validated L
peptides specifically binding 10 the 21 most
frequent HLA-C allotypes was retrieved from o5
Sarkizova et al® Tor each HLA-Cipeptide
pool, binding predictions values (EL-score)
were obtained using NetMHCpan-4.1 and then
plotted against the percentage of peptide j
ranking position, From the generated eurves, o+
the area under the curve (AUC) was calculated
to determine a stability score for each ITLA-C
variant

HLA-C typing enabled the calculation of a stability Fooony
score linked to each patient's genotype, obtained by
multiplying the stability values for each allotype, which
was then correlated with different outcomes of HIV-1
infection. Speeifically, clinical analysis confirmed a
strong association between HLA-C stability and HIV-1
disease progression. HIV-1 individuals with a rapid
progression to AIDS disease (Progressors, P) showed
significantly lower stability scores than those with
slower progression (Long Term Non Progressors,
LTNP) (p = 0.0113, Manu Whitney test), supporting the
hypothesis that unstable HLA-C alleles are linked to
more severe disease outcomes (Fig. 4).
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Introduction Workflow
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Materials and methods
Calculation of HLA-C stability score

Peptides specifically binding each of the most frequent human HLA-C allotypes were determined by Sarkizova et al. (2020)%, The binding affinity scores of each peptide for the corresponding HLA-C
allotype were calculated using NetMHCpand4.1 and plotted against the percentage of the peptide ranking pesition. The stability score for each of the considered HLA-C alleles was determined by
calculating the corresponding Area Under the Curve (AUC).

Genotyping of HIV-1-infected patients

A cohort of HIV-1-infected patients was previously characterized by Stefani et al. (2022)? based on immunovirological parimeters, with different degrees of HIV-1 progression (LINPs, Long Term
Non Progressors; Ps, Progressors). Individuals with alleles other than those reported in Sarkizova et al. (2020) were not considered in this analysis, The final number of considered subjects was 77 (36
LTNPs, 41 Ps). For some of the already characterized allotype groups (HLA-C*07 and HLA-C*08), Sanger sequencing allowed the characterization of the HLA-C gene at the second digit. The AUC
seore for cach HLA-C allele was multiplicd and used 1o caleulate the HLA-C siability score of cach patient, and it was correlated with HIV-1 progression,

Results

1. Analysis of HLA-C alleles and binding peptides 2. Definition of four groups for HLA-C stability

A pool of binding peptides for each AUC was calculated from the graph

of 21 HLA-C alleles covering at shown in figure 1 for each HLA-C crasan s
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i oo . coa 408 M

population was defined by Sarkizova The culeulution of AUC allowed us to o .

et al. (2020). By plotting the peptide wivd e

e define four main groups (stable, § — e
: mid stable, MS — mid unstable, MU —

unstable, U) showing a  different
degree of stability.

w0 The C*05:01 and C*08:02 HLA-C
alleles were classified as the most
stable, while the C*07:04, C*07:01
and C*08:01 alleles presented the
lowest stability scores. Based on this

affinity score (FL-score) of ecach
allele against the percentage of the

peptide  ranking  posit we

observed a different distribution for
each HLA-C allele, reflecting a
different range of stability (Fig.3).

HLA-C 03:03, 03:04 and 14:02,
14:03 were considered part of the

same group as they possess the same R classification, the C*12:02, C*12:03
binding affinity 0 e SUMC ey o e o e et i oo s e amd CH16:01 alleles were also grouped
peptides. comsideved IILA-C alicics. as unstable, while the rest of the alleles 138

presented intermediate stability scores

3. Correlation between HLA-C stability and HIV-1 progression

HIV-1-infected patients with slower progression to P oo
AIDS  (long-term  non-progressors, LTNPs)  show
significantly higher (P=0.019. Mann Whitney rest)

AUC stability scores than subjects with faster HIV-1 - T Discussion
progression  (progressors, Ps). meaning that ihe g g - . . . . . . .
. : G o Different 1ILA-C variants may show a different degree of association with f.nm/peptide
presence of stable variants s associated 10 a slower H - B N
. . N P N Eaom complex, and this may have an influence with the response to certain viral infections, such as
progression of the disease (Fig. 4). The distribution of H HIV-1. In this study, we selected 21 of the most frequent alleles and analysed their ability to
the different stability classes of HLA-C alleles - bind specific peptides to each of them, to determine a stability score. This allowed us o give a
between the two groups (LTNP and P) is statistically o more rigorous classification in the stability definition of the alleles considered. finding a
significant (P=0.0070, ehi-square test) significant correlation between HLA-C stability score and HIV-1 progression, with LTNP
B — _— . e - subjects having a genotype with higher stability score with respect to P patients. Greater
1o . E e = statistical power can be achieved by increasing the number of subjects tested for each class,
e . * Figare 4. Correlation beteeen stabifiy scores taking into account, however, that most alleles present an intermediate degree of stability with
o “ 2 it gy of M1 et poienes their own peptides. For some other allotype groups, as HLA-C*04, characterization of HLA-C
ol sl = = allele at the second digit will be performed to better discriminate the stability class of each allele
vt At 1l s Bl b h et by e in the genotype of HIV-1 infected subjects
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Introduction Workflow

CRISPR/Cas9 has rapidly changed the genome editing field and it has been widely applied to generate gene
knockout cell lines, useful to understand the biological consequences of gene silencing in selected cell lines. The
technique relics on the use of guide RNAs (gRNAs) and an endonuclease (Cas9) that mediate double steand break S

on a specific gRNA-targeted genomic region'?. Here, we select the Hydroxyacyl-CoA Dehydrogenase .Wl\ ﬁ"\lli::p‘”ei:“x:")‘l‘uj‘ﬂ” o “gsn':ﬂ m "': ::l“;
Trifunctional Multienzyme Complex Subunit Alpha (ITADITA) gene as target to knockout in human pancreatic

cancer cells (PANC-1). The gene was found to be overexpressed in pancreatic cancer stem cells (PCSCs).
Therefore, CRISPR/Cas® was used to generate ITADITA KO PANC-1 cells. The knockout cell line was then used
o obtain pancreatic cancer stem cells (PCSCs) and the effect of ITADITA absence was evaluated on the ability to

Manelonal el

! ! 2 ot and Sasper soqucnciag apic analysis of tumesrsphces
form tumourspheres. While HADHA knockout did not alter the stemness of pancreatic cancer cells, HADHA KO- amalysis of the edited dane fmation
PCSCs display the formation of denser tumourspheres than WT-PCSCs. Fignre 1. Experinental workglo.

Materials and methods
CRISPR/Cas9 generation of knockout cells

Two gRNAs targeting exon 1 of the HADHA gene were designed by using CRISPRscan and separately cloned into Cas9-expressing plasmids. GFP ion was firstly used 10 assess transfection
ney with Lipofectamine3000, Transit-LT1 and nucleofection, Both gRNA/Cas9 plasmids were then transfected into parental PANC-1 (P) cells by Lipoft i after optimization of the
DNA:reagents ratio. After selection with puromycin, single cell cloning was performed by seeding 0.3 cells/well in 96-well plates. Individual clones were then tested by Western blot with anti-HADHA.
monaclonal muring antibody. Genomic DNA was extracted and Sanger sequencing was performed on the PCR-amplified gRNA-targeted region. The TOPOR® TA Expression Kit was used 1o clone PCR
products into the TOPO® vector and, g bacterial Sanger seq was performed on six isolated colonies. Final sequences were aligned with the roference WT sequence by
EMBOSS Needle software, For cach gRNA, the most probable off-target sites were selected by COSMID web ool These top-ranked off-target genomic sites were then PCR-amplified, Sanger
sequenced and aligned to the reference WT sequence.

Tumoursphere formation assay

PCSCs were obtained by culturing P cells in a specific “stem selective medium™. Images of tumoursphere formation were taken after 5, 10, 15 days using the EVOS FL Imaging System. Only cell
clusters >40um were considered.

Results

1. Transfection optimization on PANC-1 cells 2. Generation of HADHA KO PANC-1 cells

Transtection efficiency was tested by transfecting pEGFP plasmid into PANC-1 cells with Western ‘b‘“' showed absenee of the _HA”H‘\ protein band
Lipofectamine3000, Transit-LT| and nucleofection. Lipofectamine3000 displays the best in one (CE12) of the tested clones (Fig.4).
transfection efficiency, even if moderate (Fig.2) The knockout was confirmed by Sanger sequencing,

- -- showing a 124-bp frameshift deletion on the first allele

removing part of exon 1 and intron 1 and a 78-bp deletion
on the second allele disrupting almost entirely exon 1
(Fig.5). Off-target analysis was conducted by selecting the

2 OFP anfictien ou PANCL vl et eicasy i Toawst LT 8 cud two most probable off-target sites for cach ¢gRNA. All the
off-target sites in the KO clone (C8E12) correspond to the —
Different Lipofectamine3000-based transfection conditions were evaluated in order to find the WT sequence, meaning that no unintended off-target events 75071 fle s ot iy v cire
y > S ORI terwed civemer of e SN proseie
optimal one (Fig.3). Cells transfected with conditions 6 (1.5:4:1, ratio Lipofectamine 3000 — have occurred in the predicted off-target sites (Fig 6). !

p3000 — DNA, with 5 ug DNA) and 8 (1.25:2:1, ratio Lipofectamine 3000 — p3000 — DNA,
with 3 pg DNA) exhibit the best survival rate atter puromycin selection and they were therefore
subjected to single cell cloning, along with conditions 7-9 (pocled together) that display a lower
survival percentage.
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Discussion

Since HADHA gene was found 10 be overexpressed in PCSCs, we gencrated
HADHA KO PANC-1 ecells to evaluate the effect of HADHA absence on
pancreatic cancer stemness, PANC-1 cells appeared difficult to transfect, with
Lipofectamine3000 yiclding the best transfection efficiency resulls, albeit
moderate, Among several tested clones, one resulted HADHA KO, as confirmed
by Western Blot analysis and Sanger sequencing. KO cells do not lose the ability
to underga undifferentiation, meaning that the absence of HADHA does nat alter
the stemness of the pancreatic cancer cell line. However, the HADHA KO-PCSCs
form denser and more compact structures than the WT-PCSCs. Starting from
these p inary results at the gical level, the effect of the absence of
HADHA will be next evaluated on proliferation, chemoresistance and tumour
migration of PCSCs 1o beuer define HADHA role in PCSCs biology or its
potential involvement as therapeutic target in pancreatic cancer.

References

3. Tumoursphere formation of HADHA KO PCSCs
Afer induction of dedilTerentiation, HADHA KO clone still retains the ability 1o grow in suspension and 1o
remain undiferentiated, demonstrating that the absence of HADHA does not afTect the stemness of this
pancreatic cancer cell line. Microscopic analysis shows that KO-PCSCs tend to form larger and more compact
tumourspheres than the WT-PCS
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Introduction Workflow

CRISPR/Cas9 is one of the most effective genome editing approaches to generate gene knockout cell lines, that
can be used to investigate the biological consequences of gene knockout in selected cell lines'. The efficacy of
the technique depends on several factors, as the good design of gRNA-tarseting genes, transfectability of the
chosen cell line and optimized conditions for the delivery of the CRISPR/Cas® components. Here, we described Chioies of the et goue and
CRISPR/Cas?® application to generate different KO cell lines by targeting genes that are involved in various s

biological processes. [n pa ar, we applied CRISPR/Cas9 to knockout the ACOTS gene in HEK293T that

will be used o better depiet the role of ACOTS in HIV-1-host interaction”. HADHA was the targeted gene in ., A
PANC-1 cells aiming at studying the effect of this gene knockout on the growth of pancreatic cancer stem cells? v
KO of FBXW11 will be investigated in osteosarcoma MG63 cells®.

tica of CRISFILCa:0
I ——

Figure 1, Workflaw of « CRISPRCas? experioent

Materials and methods

CRISPR/Cas9 on different cell lines

Three gRNAs targeting exon 1 of the ACOTS gene, two gRNAs targeting exon 1 of HADHA, three gRNAs targeting exons 1, 2 and 5 of FBXWI11 were designed and separetely cloned into Cas9-
expressing plasmids. HEK293T were transfected with cach single ACOT8-gRNA and with a pool of the 3gRNA-targeting ACOTS by TransIT-LT1 (Mirus). Cells were selected with 0.5ug/ml
puromycin. Single cell cloning was then performed by single cell dilutions. Genomic DNA was extracted and PCR-amplified with sequencing primers spanning a 244 bp-fragment encompassing the
target region of the three gRNAs, Amplicons were then analysed by Sunger sequencing to verify the presence of indels.

PANC-I cells were transfected with 2gRNA-targeting HADHA by Lipofectamine3000 and selected with 2 ugiml puromycin for 5 days. Single cell cloning was then performed by single cell dilutions in
order io isolate monoclonal cells, Wesiern Blot was performed on cell lysates of clones to evaluate the absence of the protein product. PCR on edited clones was performed with sequencing primers that
amplify a 347-bp fragment surrounding the target region of the two gRNAs. Sanger sequencing was carried out on the purified amplicon.

Transfection efficiency on MG63 cells was firsily evaluated by GFP e by using Lipofs 3000, TransIT-LT 1, nucleofection.

MG63 cells and HEK293T were then transfected with 3gRNA-targeting FBXW I by TransIT-LT1 and Sanger sequencing was performed on the eell pool.

Results
1. Generation of ACOT8 KO HEK293T cells 2. Generation of HADHA KO PANC-1 cells
We analysed 15 clones derived from single and poaled ACOTS-gRNA transfeetion (3 gRNA 1-, Among different clones tested by Western blot, only one  wren s co cxncrocs ce ca cx
2 gRNA 2- 7 gRNA 3- 3 gRNA pooled - derived clones). For these 15 clones, Sanger (C8E12) showed absence of the HADHA protein band Eu E0EN B 2 en Gk En el

sequencing showed homozygous editing for 7 clones (46,7%), heterozygous editing for 8 clones (Fig. 3). f ]
(53.3 %), while none of them was WT (0% . . . e ‘ ol .
4 homozygous-cdited clones ing frameshift deletions were selected for further analysis The effective knockout was confirmed by = Sanger —

sequencing that revealed a 124-bp frameshift deletion on
the first allele removing part of exon 1 and intron 1 and a
78-bp deletion on the second allele eliminating almost

Figure 2 shows clane C7, presenting a 2bp-deletion resulting in a premature stap codon on exon

ur 45 GATCCTCOTCCAGCGGCTCGAGGTTGAGCACCGTCOTCACCMEALGCTA 94 entirely exon 1, including disruption of start codon and
VT e e . -
o 16 GATCCTCGTCCARGRT (GGG TTGAGACGETCOTRACUMGACGCTA. 95 :mn;.\w DGQUCGIRGE Kozak sequence. Alignment of the edited sample with
TTVLNLEPLDEDIT £ WT sequence is shown in Fiaure 4 Figure 5. W4 om the idated
Wr 85 CGGAGETCCOCAGRGGGATCBCOGUBRTCGICACAGCCCTREECATETTC 144 O\i COTO protes fexon 11: reference q 53 1 g ICSEL shonved absence of
1] LT i
a 96 CGGAGETCCCCA- -GGEATCGCCECEETCGCCACAGCCCTGLCCATCTTC 143 Q

Figure 2 Alignment of C chone to the 1VT and profein tronsiation. Clos €7 sl

eletian restiiag e 2 prewvns srop codiw on exon 1.

Figare 4. Al of the edied supic do the W'F. el § s 2 1240y

3. CRISPR/Cas9 on FBXW11 gene for MG63 cells Discussion
Transfection efficiency on MG63 cells was tested with GFP plasmid after transfection with Lipofectamine3000, =~ HEK293T cells were transfected at a great efficiency, resulting in several edited
TransIT-LT1 and nuel ion, All the wsted fitions gave good eMMiciency resulis (Fig, 5). clones. ACOTS KO clones presenting homozygous and frameshift indels will be

used for better depicting TTTV-1-host cell interaction.

Among different PANC-1 clones, only one resulted KO for HADHA gene. The
absence of the HADHA protein on the growth of panereatie cancer stem cells will

5 > E P be evaluated

Figare 5. Tramsfection efficicncy o MOGAT celiv. 58 traryction with Lipofectimine (), Transf 2615 (18 net v leoféntion (8 shenoerd o good efficieny Despite a good efficiency after transfection with the GFP-plasmid, MG63 did not
show genomic editing events in any of the guidetargeted regions. In a
Sanger sequencing on pool MG63 and TTEK293T after TransIT-LT1 transfection with 3gRNA-targeting FBXWIL  CRISPR/Cas9 experiment, it is also possible that transfected cells undergo
shawed no CRISPR/Cas9 genome editing for MG63 in any of the guide-targeted region, while [TEK293T showed  apoptosis duc to knockout of cssential genes or activation of p33-related

the desidered moditications. pathways after double-strand breaks. Since HEK293T have been successfully
[EERESTTEeE e . prercan e . . TN . edited for this gene and MG63 cells are reported to be p53-defective® , the lack of
| J i acadiin genome editing should mostly be atiributed to an inefficient transfection.
A B S c - Lentiviral transduction will be considered to generate FBXW11 KO MG63 cells,
o - . - T E— U U that will be used to study the role of FBXWI in osteosarcoma.
Figare ool MG ¥ editng avens vere abscred fos MGSS cefls isecond ) chfe HEK2OAT appear edied s fane) for oy of

a 1 e
g gl s LB e tiveli of FVST g
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