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Selection pressures take place before, during, and post ART

HIV ART
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Selection pressures take place before, during, and post ART
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Multi-layered factors shaping HIV-1 persistence
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Intact proviruses (~5%) decay faster than defective ones
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Plasma HIV-1 RNA

Intact provirues
(copies/10% CD4* T cells)

Intact proviruses in blood have a biphasic but slower decay

(copies/ml)
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Why intact and defective proviruses undergo different selection?

Cytopathic effect W Intact
CTL pressure Defective
Effector Antibody pressure RNA+ Proviruses
Other immune recognition
Detriment to host gene
0 05 1
Likelihood of event
Defective proviruses can produce RNA and proteins
Defective proviruses can be recognized by CTL 03 12.12% Intact
RNA expression is often not enough to produce proteins/virions Bl 2.33% 5'Defect
1 1.40% PSC

Little signal for ongoing CTL selection on ART [ 559% Hypermut.

Bl 78.55% Large Deletion

Pollack, 2017 Imamichi, 2017 Einkauf, 2022 Sannier, 2021 Antar, 2020 Cho, 2022



Genomic context: HIV-1 integration site

HIV-1 affecting surrounding gene expression Alteration of splicing :
Negative
'm TE H‘ selection

Promoter Insertion >>Same orientation of

New polyA site

highly expressed genes
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mRNA ana AR paan
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Alternative promoter selection
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AAAA
Surrounding genome affecting HIV-1 expression
Euchromatin Heterochromatin Bushman, 2020 Liu, 2020
Yoon, 2020 Mellors, 2021
Lewinski, 2005 Burdick, 2022

B HIV-1 expression Jiang, 2021 Einkauf, 2022 8



Role of HIV-1 integration: what is the gold standard?

Acute infection in vivo or in vitro

term ART
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Challenges in detecting HIV-infected clones

Sampled population Actual population

If 1000 integration sites are recovered from one individual
only clones >10° can be detected as clonally expanded.

From Coffin and Hughes
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Host gene misexpression leading to positive selection is rare
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Clone Size

Clone Size

Clones of infected T cells are more stable, compared to all T cell clones

Sizes of the Largest Clones of Infected Cells
1x10°
~1 07

1%107

= F-07
. = C-03

1X108 + - R-09

1x10° 4

1x10* T T T T 1

1 200 400 600 800 1000
Clone Number by Size
Sizes of the Largest Clones of Uninfected Cells

1x10% -

1x10° | ~1 09
= F-07
= C-03

1x10° "K ~ R-09

1%107 |

1x10° T T T T 1

1 200 400 600 800 1000

Clone Number by Size

Guo, 2022

2017

2019

25x108—
20x105—

15108

‘Il))ﬂOE_K

0

X
F

%107 —

6x107

5x107—

a0

C-03 Infected and Uninfected Clone Sizes
in 2014 and 2017

A C-03 Infected
© C-03 Uninfected

00
10x10° 15x10°
2014

e 1
20x10°  25x10°

F-07 Infected and Uninfected Clone Sizes
in 2017 and 2019

o A F-07 Infected
O F-07 Uninfected

= I I I 1
1107 2x107 3x107 4x107 5x107 6x107 7x107
2017



ECS

eEEEEFrrrrOO0 00000

Selection of intact proviruses in loci associated with deeper latency
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Selection of intact proviruses in loci associated with deeper latency
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Recurring ZNF genes with integrations of intact proviruses

ZNF gene Overlap Chr. Provirus Paper
ZNF140 12 intact
ZNF274 19 intact
ZNF486 19 intact
ZNF721 4 intact Huang, 2021
ZNF460 19 intact
ZNF557 19 intact
ZNF141 4 intact
ZNF274 19 intact Cole, 2021
ZNF268 12 intact
ZNF721 4 intact Halvas, 2020
ZNF721* ABCA11P 4 intact
ZNF721 ABCA11P 4 intact
ZNF140 12 intact .
ZNF84 12 intact Einkauf, 2019
ZNF274 19 intact
ZNF140 12 intact Einkauf, 2022
ZNF180 19 intact
ZNF225 19 intact
ZNF721 ABCA11P 4 intact .
ZNF407 18 intact Jiang, 2021
ZNF274 19 intact
ZNF350 | ZNF350-AS1 19 intact
ZNF470 19 not known | Veenhuis, 2019

Elite controllers

On ART
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Chromosome 19
Freitze, 2010 Jakobsson, 2022 Lukic, 2013



Selection of intact proviruses in a state of deeper latency

Do KRAB-ZNF interact directly with intact proviruses? Or they are simply “trapped”, casualties
of an ancient arm race?

. . . . . R-09 F-07
Some intact proviruses in ZNF genes can be induced ex vivo A v T
-What about physiological T cell stimulation? (e.g. cognate antigen) S s e s W T AT
-Can they lead to viral rebound upon treatment interruption? ZNFT21 melessssssssteissentenees

Halvas, 2020 16



Reservoir fluctuations resemble T cell response dynamics
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Mendoza, 2020

Antigen-driven selection contributes to HIV persistence

CMV lysate or HIV-1 Gag peptides

4.
10

Q.
E 10° % 101
§ o
= 10% % 10°4
Q : E
108 O o
10 10 10° 1.63 w %F 10 T 10*
CD69 FITC CD4 PECy7
\J Y
Ag-reactive cells Other memory cells
<0.0001
1.0 0.0004
L-=- __023
] o Y
PAFAH1B1 08 *\__.-
> E N
3} 4 \
S 0.6 K \
S o , \
2 B
w 0.4 ! 1
! 1
\ ]
o \ ’
— \
0.2 ..'.' \.\ B //
o (]

;

Simonetti, 2021

T cell frequency

Cell number

3
Non-Inflationary

Inflationary

-
-

Time

Time

Klenerman, 2008

Grassmann, 2020

18



HIV+ expanded clones are enriched in cytotoxic T cells
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Possible synergy between HIV integration and immune selection
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Time for a little digression...
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New onset low level viremia is usually caused by a single, rare provirus
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~3000 copies/mL of plasma HIV RNA caused by a single drug-sensitive variant
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Proviruses cause of NSV show defects in the 5’ leader

(LTRI| gag | I
g 0 LR
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Proviruses cause of NSV show defects in the 5’ leader
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Proviruses cause of NSV show defects in the 5’ leader

HXB2
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TTGCTGAAGCGCGCACGGCAAGAGGCEGAGGGECGGCGACTGGAGAGTACGCC——-TAATTTTGACTAGCGCGAGGCTAGAAGCGAGAGAGATGG
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Proviruses cause of NSV show defects in the 5’ leader

HXB2
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— ~. — — —
TTGCTGA-GCGCGCACGGCAAGAG d22 TACGCCATAAAATTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGG
TTGCTGAAGCGCGCACGGCAAGAG d22 TACGCC————— ATTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGG
TTGCTGAAGCGCGCACGGCAAGAGGCGAGGGGCGGCG d21 TTTGACTAGCGGAGGCTAGAAGGAGAGAGATGGE
TTGCTGAAGCGCGCACGGCAAGAGGCGAGGGGCGGCGACTGGAGAGTACGCC—— —~TAATTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGG
*

TTGCTGAAGCGCGCACGGCARAGAGGCGAGGGGCGGCGACTGGCCGAGTACGCC —— ~TAATTTTGACTAGCGGAGCGCTAGAAGGAGAGAGATGG
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Proviruses cause of NSV show defects in the 5’ leader

(LTRI[ _gag | O
0d 0 LR
[ pol | [0 | env |

P | I —

N
P2 | N
S

P3 | ——
P4 | I ———

707 717 7279 737 747 757 167 77 787

DIs MSD ¥ gag AUG
HXB2 TTGCTGAAGCGCGCACGGCALGAGECGAGGGECGGCGACTGGTGAGIACGCCA-ARAATTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGG

‘.. E . L -~
ADK.d22 TTGCTGA-GCGCGCACGGCAAGAG d22 [ACGCCATAAAATTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGG
AAK1.d22 TTGCTGAAGCGCGCACGGCAAGAG d22 FACGCC————— ATTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGG
DNAJB14.d21 TTGCTGAAGCGCGCACGGCAAGAGECGAGGGGCGGCG d21 TTTGACTAGCGGAGGCTAGAAGGAGAGAGATGG
RRM1.T745A TTGCTGAAGCGCGCACGGCAZ GAGECGAGGGGCGGCGACT ACGCC--—TAATTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGG

ZFYVES.T745C TTGCTGAAGCGCGCACGGCARGAGECGAGGGGCGGCGACT! ACGCC-——TAATTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGG

CCND3.d22 TTGCTGAAGCGCGCACGGCAAGAG d22

- 4

FACGCC-AAAATTTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGG




Proviruses cause of NSV show defects in the 5’ leader
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5'L defective proviruses are inducible ex vivo upon T cell activation
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Small 5’ leader deletion lead to noninfectious viral particles

p24 ng/mL

Site directed
mlu?ag;cr:ﬁe:is c u3 R US | D NL4-3 NL4-3 NL4-3
Eas > KDa WT  d22  d21
Us-PBS
NL4-3 NL4-3 185 e
d22 d21 NL4-3 NL4-3 NL4-3
(727-748) (740-760) B WT ) d22 ) d21
105 : :
H : 115 co—
& 80 e—— .
E S 1041 : anti-gp41
103- @ € ; : (246-D)
no ARVs - 3 65 e
ARVS ===-- 2 >
'E'ﬁt 3
) 8 g 10 50 em—
102- ?5 ‘ -
o®
o)
-] 1024
1074 35—
H : 25 anti-p24
. W05 "6 12 0 6 12 0 6 12 et ——— I SR
1004 T T T 1

Hours post spinoculation
0 24 48 72 96 postsp

Hours post spinoculation




293 cells transfected with 5’L defective vector express lower Envelope
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Defective proviruses causing low level viremia are located within genes not
linked to HIV insertional mutagenesis

! 1
| 74,192,042 E 69,478,200
'P1 chr:10 | P2 Chr:2
1 1
! 1
. Aok HHH——H i AAK1 HES—HEHHHIH q
- :
i L : —a
1
X 99,910,773 ! 4,117,665
'P2  Chr4 . P2 cChr11]
! 1
! 1
= oNAJB14 HIFH—HH : Rt -
! 1
i : —a
1
L e e e e e e e e e e e e e e e e e e = = - ——
522,814,417 42,041,486
P3 chr1 | P4 Chr6
zevvEd f———Hi—HHHH—HH cenos H- —

33



Clones expanded around onset of NSV and are stable over time
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Non-infectious viremia is common among those with LLV

HIV-1 5’-Leader

Major Splicing Donor defects found in proviruses Clinical ultrasensitive assays should be
causing nonsuppressible viremia (NSV) developed to rule out altogether drug

CRAGAGGCGAGGGECGECEACTGGTCAGTACGCCA-ARARTTTTGA ':&.":al,“ﬁ;'ﬁ:‘ H )

i e coccarsanamrerca] T T resistance and 5’ leader defects

CAAGAG TACGCC————— ATTTTGA

CAAGAG TACGCC-AAAATTTTTGA

CAAAGAGGCGAGGGGECGGCG TTTGA

CAAGAGGCGAGGGGCGGCGACTGGAGAGTACGCC -~ ~TAATTTTGA
CAAGAGGCGAGEGGCEECGACTGGCGAGTACGCC— -~ TAATTTTGA J
AN

5 3 f{/ \\‘-\.I I.-“"/ \ I,/ k. \
Any variant \ | l'-.\ / I.\ J,.:
Variant causing NSV \ ____//'} \ S/
2 4 —\J\/_Q What makes one of these clones
2, HIV DNA constantly produce virus?
= -type of stimulation?
So -recognition of an antigen that is always
3 present?
T 1|HIVRNAinplasma -commensal pathogens?
-chronic virus?
Years on ART CHIV itself?
-self?

White, Wu, et al., submitted .



Putting everything together...

Proviruses persist in those cells that are meant to persist
(expansion, immune response, stimuli, cell program, resistance to death, ...)
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Take home messages

There are multiple, layered factors shaping the HIV reservoir. No single factor
can explain the persistence of every HIV-infected cell.

On average, intact and defective proviruses are expressed at similar, low frequencies.
Integration provides a selective advantage in only few infected cells.
Clonal expansion is mostly driven by immune stimuli.

Large, sharable, datasets are needed. Additional data on paired proviral structures
and integration sites will help understanding the persistence of intact proviruses caused
by specific chromosomal locations (e.g. ZNF genes).

Defective proviruses with specific defects can cause low-level viremia and
complicate art management. Their role in pathogenesis remains unclear.
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