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HIV reservoilr

HIV reservoir: Cells infected with replication-competent HIV in the blood and
at various anatomical sites that persist despite long-term ART

Infected cells are very A lot of viruses are

rare! .
defective!

v
Ratio
Provirus
-~ Intact/inducible
= 40/1
Defective Intact Rebounding
viruses viruses viruses

~11in 10,000 cells is infected
‘Needle in a haystack’

~95% of the viruses are defective

The reservolr haS a hlgh genetlc Adapted by Linos Vanderckove EMHH
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Reactivation of latent HIV infection during
suppressive ART and reduction of the
reservolr

Latent cells may periodically express HIV antigens and thus be susceptible
to immune killing. Defective proviruses are less likely to be negatively

selected
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Depending on the proportion of cells that express antigen and are killed
each year, 1t will take different amounts of time until the reservolr 1is
notably reduced (estimated eradication time: 73.4 years on ART)

Davenport, Nat Rev Immunol 2018, Cho, 2022



Barrier to eradication:
compartmentalization of reservoilrs

Latent reservoir 1is
prevalently identified in
resting CD4+ T cells

Blood is more characterized

than GALT and macrophages
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Landscape of the HIV reservoir
Deeks et al., Nature



Different assays targeting

different marker
Silent oo )
e
roime

Transcription-
competent
reservoir

viral mRNA

Translation-
competent
reservoir

viral proteins
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Replication-
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T:" g mhimm Phenotypic characterization of HIV-1

pﬁﬁis infected cells/tissues must be improved
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Strategies for HIV-1 eradication

Shock

Latency reversing agents (LRAs)
- HDAC inhibitors
- HMT inhibitors
- PKC activators

‘i’}——ART

- Induced apoptosis

- Activation-induced cell death
- CD8+ T cell-mediated lysis .
- Humoral immune response Critical: >10,000-fold reductions

Block ART not required
Latency inducing agents (LIAs) & .
- SiRNA
- shRNA
-dCA
Lock

- RNA-induced super latency
- maintain epigenetic silencing
- resist reactivation stimuli

Thomas, Front. in Microb.



Progress 1in HIV eradication

Methodology improvement

Delivery Drug
platforms potency
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HIV reservoir
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Pharmacological approach

Pharmacological modulation of epigenetic or signalling pathways involved in HIV transcription
to reactivate latent HIV or to permanently silent HIV transcription

HIV RNA degradation ) HIV latency 1is
HIV transcription initiation KC agonists
11 transcription initiatio e o fiv] heterogeneous thus a
e Cytoplasm miRNAs 1 . .
l j combination of
PKC :
HIV RNA export | 4 LSA/LPA targeting
L ———————————— 3 . various transcription
HDAC Inhit¥lors SMAC Nucleus PTB—>:Expon pathways may be
{vonnostat, mimetics .
HUSH  panobinosta) (AZD5582) : Black abféwsSSe&thways
‘ i ‘ QD promoting HIV expression
Histone HDAC  Histone DNA NF-xB NFAT Tat inhibitors  P-TEFb agonists )
methyltransferase ' acetylase methyltransferase . (GCA) '._;'O,‘P .'éET,n > HIV RNA Red arrows: Pathways
l l inhibiting HIV expression
B . BRNA polymerase

L ey \ J 3 Tat —— P-TEFb —— LRAs: purple
Gene editing: green

Integrated HIV provirus LTH “I' . : ‘ ‘
HIV transcription elongation Tested in vivo: 1italic
CRISPR. . . .
Cas9 PTB: polypyrimidine
tract-binding protein
LPA: Efficacy in mouse models, persistence and delivery can LRA: Poor results in clinical trials also when used in

be improved combination with immunological approaches



Optimizing latency reversal

HIV RNA: unspliced
and multiply spliced Viral proteins

Increases in LRA potency/tolerability ratio
Improved delivery to target cells

Targeting several latency mechanisms
through combinations of LRAs

Combining LRA with immunotherapy
to enhance killing of infected cells

.. - we iy
LRA limits to overcome: L W
* Few proviruses are intact and only a few are inducible *c W & é;\/}
* Low antigen stimulation leads to insufficient clearance (D) Sﬁ.ﬂ.{t ¥

* Off-targets effects

e Cells containing reactivated latent HIV may be resistant to killing by cytotoxic CD8 T cells Deeks et al., Nature Medic



Genetic approach

Replacement of HIV and/or host genetic regions

PAMs: short DNA sequences (2-6
bp) situated 3-4 nucleotides
downstream from the cleavage

Cas9 Enzyme

Endonuclease therapy:

Recombination UV C —»  RuvC domain

e ZFNs (zinc finger nucleases)-> directly cut DNA -HFTITITH TTITTTTTT T )Snmi‘mnl i
* CRISPR-CAS9 (Clustered Regularly T | | | |
Interspaced Short Palindromic Repeats)-> - NI
require a single guide RNA. One clinical trial is 2;st?g?ne-aspiragine- R
ongoing (NCT05144386), most studies oy f

performed in humanized mice

l DNA Cleavage

DSB (Double Stranded Break)

Non-homologous end joining (NHF.J)/ \ Homology-directed repair (HDR)

Template DNA

Pay attention to: B

* HIV high mutational rate (reduced or impaired | "== Dol x X
Cas9 cleavage activity)

» Off-target effects (low specificity)

Insertion

Replacement

Bhowmik 2022 AIDS Research and Therapy



CRISPR-Cas9 Genetic approach: HIV

Multiplex gRNAs or application of

COBR u%%g&tggﬁogherapy Combined attack
HIV-infected T CD4+ cells Dual or multiplex CRISPR-Cas editing of
- viral genes
+] HIVDNA |
sl 2 mot/’
M s > g | xx | Viral inhibtion i ‘

o) ) | Viral 2 o — SN  " N
rel;llication # * O&‘g ( fonax)

O |

Single attack

H&V cured cells
CRISPR-Cas editing of viral gene

5 i Viral = Combined-multiplex CRISPR-Cas editing of
inhibtion | 7 viral and host genes Host gene:CCRD
B (am — — TN E receptor.
Do ( Co) | :g o ) { Host DNA Halting of
Neeerl s TN : / viral entry
HIV edited cells o&gag " Viral inhibtion %3 ‘ ‘\ ~
l Viral w ﬁ \ / \ | 00K ;
/ : escape i ‘ | emes |\
Viral \ ! "
[ M“:‘ f‘a ' infection . o% e
' — * e 3 ] HIV cured cells
e Short-term effect o Long-_terrp effect .
e High likelihood of viral escape * Low likelihood of viral escape

Hussein IJMS 2023



Genetlc approach: Future developments

Novel Multiplex Cas9 Approaches New delivery platform
TRANSCRIPTIONAL MODULATION —dCas9 a Viral Vectors b Non-Viral Vectors
Adenovirus Physical Methods | Chemical Methods
:15 Microinjection | Liposome
Sub Microinjection |
’rs Immune nccdlcjwillh
A - /, E system ll\f::igé DNA
S :1; i ‘Nuu eus
‘K()—‘men' Cytoplasm
“SHOCK"” Host Cell

Adeno-associated virus

“Shock and kill”

Electroporation

dCas9 (ona (J”\] .
KRAB " |

0 ‘

|| [T

18 -~ 26 nm g Host Cell
@ Protein/RNP

= Lentivirus

Electroporator

Polymeric Nanocarriers

Hydrophilic
) O core
DMcmbran

<« > Nanogel
80 — 120 nm Polymerosome

Hydrodynamic injection ‘

“Block and lock”

Magro Pathogens 2022 Hussein IJMS 2023



Immunological approach

Enhance «self» 1mmune response (CD8+ T
cells)

Not self:

Introduce artificially
modified immune cells

E britd rel] )
Used in combination with LRAs in different
clinical trials

Cells are transfected to produce HIV antigens
and other 1Immunomodulatory proteins (clinical

""V"Il 3—|o ﬁﬁfq maollLo o mr\r\]r\1 O\
(& 3 T

Antibodies

(large

scale production
by B-cell cloning

CAR-T cells (T
cells engineered
Lo express
chimeric antigen

C1L L 1o 1A ER NS o L <L)

To improve:
* Durability of response (frequent
vaccination is required)

* Potency (immune enhancement) -> research of
new lmmunogens (Bailon et al., Nat Med

20222
Immunomodulatory therapy
Immune checkpoint molecules (i.e. PD-1, LAG-
3, TIGIT) are overexpressed on HIV infected
cells, their inhibition can restore T
cell exhaustion

techniques) . ntors)
5 M 4 -
o C EVOLULULOIlN LOwWard
effector bNAbs bi/tri specific
S CAR




Broadly neutralizing antibodies (bNAbs)

Targeting different env epitopes

CD4 binding V1/V2 loop V3 loop
site CAP256V2, 10-1074, 438-B11, 1.Complement dependent
1-18. 3BNC117 PGDM1400, PG9 DH270.6, BG18, cytotoxicity (CDC) MAC formation
IOMA, N49NP6, PGT121
N49NP7, N6,
PCIN63,VRCO1, .
VRCO07-523 Silent _
f 3. Antibody-dependent
dace cellular phagocytosis
ap120/ s (ADCP)
gp41 VRC-PGO5 e
inter-
face Degranulation
M P E R (perforin and granzymes)
8ANC195, 10E8V,
35022, DHS11.2 K3,
ACS202, . i LNO1,
PGT151, Multispecific PGZL1.H4K3,
VRC34.01 10E8.4/iMab, SAR441236 VRC42.01 2. Antibody-dependent cellular
Current Opinion in Virology cytotoxicity (ADCC)

MPER: membrane-proximal external region of gp41

Gruell 2022 Schriek, Antiviral
. . . . Reseach 2024
Antibodies 1in bold have advanced into Antibody Fc-mediated effector

clinical trials P



Strategies to improve bNabs efficacy

bNAbs limits

* Potency or breadth
Low half-1life
Viral resistance
(acquired and pre-
existing)

Env density and
heterogeneity
(mono/trimeric,
truncated)

No effects on

Transcriptionally

HIV cellular markers
universally

expressed on
latently infected cells
are not yet available
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Improve delivery system or
protein scaffold:
nanoparticles, liposomes or
lipid nanoparticles

\_

Liu 2020 Emerging Microbes and Inf



CAR T cells

scFV derived from antibody variable heavy

and light cha%%.w Variable heavy

receptor T cells (CAR)
activation motifs (ITAM)

|
|
Chain Chain Chimeric Antigen Receptor : AR :
(CAR) ' N
‘ | " ScFV - ' o
~ - '
/ ) Linker : Extracellular ' : »
/ scfv | ' Domain ' ' ’ .
. ' | . e '
5 : Hinge/spacer | '
, » E. / Reg'm : : --———
Antigen-binding : '\’
Antibody domain _ /
crtesettree creresstttene 2 ": Tmsmembrm :
. .l essssssssccs@llsssssssssness = 1 Dom'in |
ITAM: transmitting oy |
activating and : :
. [
; M. | Chimeric antigen
] |
| |
¢ [
: )

costimulatory signals S Domain
to T cells tyrosine-based ' CD3Y

Extracellular domains contains hetero-trimeric glycoprotein gpl20/gpd4l and
consist of either a CD4+ extracellular domain or a VH/VL segment derived
froom hnliha
T cells can be transduced to express 1 (monoCAR), 2 (duoCAR) ore more

unique CAR molecules
Alnefaie et al., Frontiers 1in Bioengilinering and



CAR-T cell limitations )

New Approaches

A. CAR-T cells infection (i) bNAb

(ii) CCR5 gene editing (iii) both

B. Viral escape (i) duoCAR-T cells

LRA mediated env
expression

/ coacar
iﬂj CCRS coreceptor
Q HIv
A5 bNAb
T HIV antigen protein
Y convertibleCAR

o

Main
limitations
of CAR-T

cells as a
therapy for
HIV and new
approaches to
overcome this

Campos-Gonzalez et al. Viruses



Strategies for 1n vivo gene expression

Gene modification of T cell - -

(to target HIV envelope)  PBMCs PBMCs CD4+ enriched

Leukapheresis
CAR T cell P Teells
CCR5
« positive

mRNA-containing
lipid nanoparticle

g:ﬂoﬂ
CAR

Gene expression
(such as CRISPR-
Cas9 or bNADbs)

{:} / \ CCR5
{;} g Z - — negative
PLWH on ART e External manipulation of
Re infuse cells is not required
EmmmmﬂﬂmHTﬁh e Direct administration of
CAR T cell therapy Ex vivo gene editing nanoparticles or viral

vectors encapsulating mRNA
or DNA, respectively

Deeks et al. Nature Medici



Sequential LASER ART and CRISPR Treatments Eliminate HIV-1in a
Subset of Infected Humanized Mice

a Study design

LASER ART withdraw Infected animals were divided into 3
-
Weeks -18 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 groups: _
| | | I | | I | | | | | l | | | | * no treatmentinfected group (n=4)
A T T ﬁ A ' *  received LASER ART with CRISPR-
Humanization Harvest tissues Cas9 (n=6) or without (n=7).
HIV-1 infection LASER ART CRISPR-Casg

LASER ART*: long-acting slow-effective release antiviral therapy. Highly hydrophobic antiretroviral slow drug dissolution,

enhanced lipophilicity, improved bioavailability and limited off-target toxicities
*Fatty-acid modified prodrugs synthesized for dolutegravir (DTG), lamivudine (3TC), abacavir (ABC) and rilpivirine (RPV)

Cc
. Plasma VL a ddPCR
1079 108 5 c . In vivo viral outgrowth assay
— 10
v E o 1]
= 10° Rebound é 107 0 E
% (3/6 mice) 5 f n g. 10° . 2
o A o
& 2 1024 O S v 2 2 e o
8 19t = o 0 < o
€ 10* 4 @ - g 10*
: 2 10' * . z
o 8 E
m —
S L na CRISPR-Cas9 - = a3
= 10 = 1Dﬂ' ______________________________ DL E 10
DL\ E L X mm A A Y * » - 8 0n G —————————— ) |
: g e ; 8 oo s
102 — 10 T ' T T T 10° ' ,
0 2 4 6 8 10 12 14 16 & ot Ny » 'ir“{\ Splenocytes Bone marrow cells
A LASER ART  Weeks o° O (G & >
“laDA

Continuous viral replication observed in untreated animals and treated with only LASER
ART. 3/6 LASER ART and CRISPR-Cas9-dual-treated animals had no viral rebound and virus
could be not detected in tissues Dash. Nature Communications 2022



CRISPR editing of CCR5 and HIV-1 facilitates viral elimination in
antiretroviral drug-suppressed virus-infected humanized mice

A Humanization
HIV-1 Infection

LASER ART withdrawal

Weeks -20 0 1 2 3 4 5 6 7 8 9 1 12 13 14 15 16 17
l | 1 1 1 1 1 1 1 1 1 1 1 1 | | 1 1
1 I | IT ] || I It IT IT I ] L] 1 1
LASER ART CRISPR  CRISPR
targeting  targeting
CCR5  LTR-Gag
Viral load
Flow cytometry
IHC, RNA and
Viral load and Flow cytometry DNA analysis

LASER ART
+ CRISPR (HIV)
0

LASER ART
+ CRISPR (CCR5)

F  LASERART
0 0

17

-
o

71
281

n=9 n=6 n=7

Numbers shown in each chart are percentages.

[Ono rebound [Jrebound lower than pre-ART setpoint [l rebound higher than pre-ART setpoint

LASER ART + Dual CRISPR

10
n=10 n=9
1t experiment 2" experiment

Dash et al.,

PNAS 2



Multispecific anti-HIV duoCAR-T cells 1in
mouse models

Monospecific Bispecific A HIV infection
 — B MonoCAR vs. DuoCAR
Day -3 0 7
l l 4x10¢
l | 2x10‘1 =
Activate Infect+ . A - 42%
peMC  Intrasplenic Endpoint analysis =
injection 8 6x10%4 -¥ 61%
<‘9 p = 0.00
3 F 533 4105 _I_ p <0001
{ ‘ DuA22.1-IMC-LucR infected PBMC A\ of T @
“‘)’ ‘(ﬂ, + CAR-T cells Harvest spleens - <1054 K v
@ g 2 2x10 97.5%
- . > e .
Bi-DuoCAR || 10 million Hiv-infected PBMC . - @ °®
; -/ T 0 ) ' “ g
P o o O O
o = mD1.22 (Targets CD4bs) @ = m36.4 (Targets co-receptor bs) NOD-SCID-IL2Ry " mice QQ* 6\ * * 2
%\AO

1 million CAR-T cells

Transduction with lentiviral vectors encoding multispecific anti-HIV
duoCARs confers primary T cells with the capacity to potently reduce
cellular HIV infection by up to 99% in vitro and >97% 1in vivo

The transduced T cells are protected from genetically diverse HIV-1

strains
Multispecific anti-HIV duoCAR-T cells demonstrategnhencdrmasScicies fremslved 2019
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How to evaluate HIV cure strategies?

* In vitro assays:

* Different methodologies to measure latency and reverse of latency are
available.

* High throughtput assay are needed.
* Methods developed are subtype B specific.

* HIV-1 RNA transcription pathways are complex, further studies are
necessary.

* Poor phenotypic markers of latency

* In Vvivo assays:

* Mouse models

* Different good humanized mice models have been developed (Fraker, AIDS
Review 2022)

* Non—-human primate models
* Barrier to access and high cost
e Limits
* ART duration (no more than 2 year)

* Treatment related toxicities

* Response to Similan or mouse adapted viral strain 1s different with
respect to HIV (i.e. DbNAbs)

* Human clinical trials:



Conclusions and perspectives

* Understanding the HIV reservoilr
* Size, distribution and activity
* Mechanisms of HIV latency

* Eradication strategiles
* Expanded breadth across multiple HIV subtypes

* Improved delivery strategles and durability
* Combination of multiple approaches

* Evaluation of eradication strategies
* Human organoild models
* Improved mouse and non—-human primate models

e Reliable biomarkers associated with remission/cure
to avoid ATI

All these goals are tightly related!!
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