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SIV infection decreases many amid acids and reduces protein synthesis in the gut in vivo
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Chronic infection
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Integrated Stress Response
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Amino acid starvation induces reactivation of
silenced transgenes and latent HIV-1 provirus via
down-regulation of histone deacetylase 4 (HDAC4)
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Short Communication
Activating Transcription Factor 4 (ATF4)
Promotes HIV Type 1 Activation

Elisabetta Caselli, Sabrina Benedetti, Valentina Genlili, Jessica Grigolato, and Dario Di Luca



» Our published study and others showed that ISR/ATF4 activation
disrupts latent HIV while ISR/ATF4 suppression is involved in HIV
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HIV Exploits Antiviral Host Innate GCN2-
ATF4 Signaling for Establishing Viral
Replication Early in Infection
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ABSTRACT Antiviral innate host defenses against acute viral infections include sup-
pression of host protein synthesis to restrict viral protein production. Less is known
about mechanisms by which viral pathogens subvert host antiviral innate responses
for establishing their replication and dissemination. We investigated early innate de-
fense against human immunedeficiency virus (HIV) infection and viral evasion by uti-
lizing human CD4* T cell cultures in vitro and a simian immunodeficiency virus (SIV)
model of AIDS in vivo. Our data showed that early host innate defense against the
viral infection involves GCN2-ATF4 signaling-mediated suppression of global protein
synthesis, which is exploited by the virus for supporting its own replication during
early viral infection and dissemination in the gut mucosa. Suppression of protein
synthesis and induction of protein kinase GCN2-ATF4 signaling were detected in the
gut during acute SIV infection. These changes diminished during chronic viral infec-
tion. HIV replication induced by serum deprivation in CD4* T cells was linked to the
induction of ATF4 that was recruited to the HIV long terminal repeat (LTR) to pro-
mote viral transcription. Experimental inhibition of GCN2-ATF4 signaling either by a
specific inhibitor or by amino acid supplementation suppressed the induction of HIV
expression. Enhancing ATF4 expression through selenium administration resulted in
reactivation of latent HIV in witro as well as ex vivo in the primary CD4* T cells iso-
lated from patients receiving suppressive antiretroviral therapy (ART). In summary,
HIV/SIV exploits the early host antiviral response through GCN2-ATF4 signaling by
utilizing ATF4 for activating the viral LTR transcription to establish initial viral replica-
tion and is a potential target for HIV prevention and therapy.
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FOXO1 promotes HIV latency by suppressing
ER stressin T cells

Albert Vallejo-Gracia'?, Irene P. Chen'?%, Rosalba Perrone*®, Emilie Besnard?, Daniela Boehm'?,
Emilie Battivelli?, Tugsan Tezil ©3, Karsten Krey ©'#, Kyle A. Raymond?®, Philip A. Hull', Marius Walter ©?3,
Ireneusz Habrylo'?, Andrew Cruz?, Steven Deeks @2, Satish Pillai*5, Eric Verdin 23 and Melanie Ott ©'2%

Quiescence is a hallmark of CD4* T cells latently infected with human immunodeficiency virus 1 (HIV-1). While reversing this
quiescence is an effective approach to reactivate latent HIV from T cells in culture, it can cause deleterious cytokine dysregula-
tion in patients. As a key regulator of T-cell quiescence, FOXO1 promotes latency and suppresses productive HIV infection. We
report that, in resting T cells, FOXO1 inhibition impaired autophagy and induced endoplasmic reticulum (ER) stress, thereby
activating two associated transcription factors: activating transcription factor 4 (ATF4) and nuclear factor of activated T cells
(NFAT). Both factors associate with HIV chromatin and are necessary for HIV reactivation. Indeed, inhibition of protein kinase
R-like ER kinase, an ER stress sensor that can mediate the induction of ATF4, and calcineurin, a calcium-dependent regulator
of NFAT, synergistically suppressed HIV reactivation induced by FOXO1 inhibition. Thus, our studies uncover a link of FOXO1,
ER stress and HIV infection that could be therapeutically exploited to selectively reverse T-cell quiescence and reduce the size
of the latent viral reservoir.
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Understanding of the functional role(s) of the Activating
Transcription Factor 4(ATF4) in HIV regulation and

production

Seong-Deok Lee', Kyung-Lee Yu', Seong-Hyun Park', Yu-Mi Jung', Min-Jeong Kim" & Ji-Chang You'*"
'National Research Laboratory for Molecular Virology, Department of Pathology, School of Medicine, The Catholic University of Korea, Seoul

06591, *Avixgen Inc., Seoul 06649, Korea

The activating transcription factor (ATF) 4 belongs to the
ATF/CREB (CAMP Response Element Binding bZIP [Basic
Leucine Zipper) transcription factor family, and plays a central
role in the UPR (Unfolded Protein Response) process in cells.
The induction of ATF4 expression has previously been shown
to increase the replication of HIV-1. However, the detailed
mechanism underlying this effect and the factors involved in
the regulation of ATF4 function are still unknown. Here, we
demonstrate first that knocking out ATF4 using siRNA shows a
strong negative effect on HIV-1 production, indicating that
ATF4 is a functional positive cellular factor in HIV-1
production. To determine the mechanism by which ATF4
regulates the HIV-1 life cycle, we assessed the effect of the
overexpression of wild type ATF4 and its various derivatives
on HIV-1 LTR-mediated transcriptional activation and the
production of HIV-1 particles. This effect was studied through
Co-transfection experiments with either reporter vectors or
proviral DNA. We found that the N-terminal domains of ATF4
are involved in HIV-1 LTR-mediated transcriptional activation,
and thus in HIV-1 production. [BMB Reports 2018; 51(8):
388-393]

mediates the adaptation of cells to stressors such as
endoplasmic reticulum (ER) stress and nutrient deprivation (3).
These stressors induce ATF4 expression, resulting in the
activation of the unfolded protein response (UPR) pathway,
which in tum increases the translation of ATF4 but reduces
global protein synthesis (1, 4, 5). ATF4 is capable of forming
both di and (6). The N-Te of
ATF4, which is called the p300 interaction site, functions as a
transcriptional activation domain and is implicated in protein
stability as well (7-9). A basic-leucine zipper (bZIP) domain is
located in the C-Terminus of ATF4 and is known to interact
with DNA (6, 10). The leucine zipper of the bZIP domain
contains alpha helices with leucine residues that mediate
dimerization with a parallel leucine zipper domain (11). ATF4
can be localized to the nucleus by a nuclear localization signal
sequence KKLKK (amino acids 280 to 284) in the basic region
(12). The expression of ATF4 could be stimulated or blocked
by viral infection, causing either an increase or decrease in
viral production  (13-21). Infection with the human
cytomegalovirus (HCMV) activates the UPR pathway, and the
HCMV  proteins activate ATF4 expression (13, 14). The




Integrated Stress Response (ISR)
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» We hypothesized that ISR/ATF4 signaling activation may deplete HIV reservoirs
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» HA15 is a selective ISR/ATF4 signaling agonist by disruption of BiP/GRP78 binding to PERK
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» ISR/ATF4 activation reduces GFP+ (HIV+) cells by apoptosis in primary CD4+ T cell model of HIV latency
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» Of note, induction of cell death by ISR/ATF4 activation does not occur in HIV negative primary CD4+ T cells
Li D, et al., iScience, 2023




Integrated Stress Response (ISR)
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» ISR/ATF4 activation by HA15 induces cell death gene CHOP rather than autophagy gene ATGs for cell survival,
which further supports our hypothesis that ISR/ATF4 signaling can be exploited for selective reservoir depletion.

Li D, et al., iScience, 2023




A Cell-associated vRNA

rCD4+ T cells on ART

Control or HA1S
for 4 days

-~ -~ W
N

¥
Remove 0-
HA15/ART @ o

l Add PHA B Cell-associated vDNA

for 1 day

Remove
PHA

|

Add activated CDE8-
depleted PBMCs

Change medium
l every 3 days

Collectcells at day 21 to
measure vRNANDNA

C Cell-free vRNA in the Supernatants

Viral outgrowth assay

Pt4 Pt5 Pt6 Pt7 Pt8
» ISR/ATF4 activation depletes replication-competent HIV in rCD4+ T cells isolated from PWH on ART
Li D, et al., iScience, 2023
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» Intriguingly, ISR/ATF4 activation by HA15 has minimal impacts on suvival of rCD4+ T cell isolated from PWH on ART,
further supporting that ISR/ATF4 can selectively deplete HIV+ cells but not HIVneg cells.

Li D, et al., iScience, 2023



Can ISR/ATF4 activation disrupt and deplete replication-competent HIV in the brain microglia (MG)?

Primary MG model SIV infection in brain MG isolated from NHP
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These data suggest that

v ISR/ATF4 signaling activation disrupts latent HIV in CD4+ T cells.

v ISR/ATF4 activation reduces replication-competent HIV by
inducing cell death gene CHOP/DDIT3 in rCD4+ T cells with
minimalimpact on HIVneg cells.

v ISR/ATF4 activation disrupts latent SIV, reduces viral reservoirs,
and facilitate suppressing SIV replication in brain MG isolated from
NHPs.

v Together, ISR/ATF4 activation may deplete HIV reservoirs by a
concurrent “shock and kill” in both T cells and brain MG, with
minimal impact on autophagy and HIVneg cells.
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