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The integrated stress response signaling during
the persistent HIV infection
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SUMMARY

Human immunodeficiency virus-1 (HIV) infection is a chronic disease under antiretroviral therapy (ART),
during which active HIV replication is effectively suppressed. Stable viral reservoirs are established early
in infection and cannot be eradicated in people with HIV (PWH) by ART alone, which features residual im-
mune inflammation with disease-associated secondary comorbidities. Mammalian cells are equipped with
integrated stress response (ISR) machinery to detect intrinsic and extrinsic stresses such as heme defi-
ciency, nutrient fluctuation, the accumulation of unfolded proteins, and viral infection. ISR is the part of
the innate immunity that defends against pathogen infection or environmental alteration, thereby main-
taining homeostasis to avoid diseases. Here, we describe how this machinery responds to the off-target
effects of ART and persistent HIV infection in both the peripheral compartments and the brain. The latter
may be important for us to better understand the mechanisms of stable HIV reservoirs and HIV-associated
neurocoghnitive disorders.

INTRODUCTION

The mammalian immune system consists of multiple checkpoints that survey changes in the environment in the presence of various condi-
tions, including oxidative stress, pathogen infections, and changes in metabolites such as lipids, sugars, and amino acids. The latter are known
as the essential building blocks of cells.'” To provide the best possible means under the selective pressure of eukaryotes, cells have evolved
several mechanisms in response to these changes to correct the imbalance for the pre-stress state of recovery. Otherwise, prolonged or
extreme stress can sometimes cause more disorders than a quick recovery, leading to cell death. One of these signaling pathways, the inte-
grated stress response (ISR), deals with such cellular stresses by regulating important translation factors to temporarily terminate protein
translation, allowing cells to rapidly reprogram metabolism through the production of specialized stress response proteins.” Of note, recent
studies have shown that viruses can also exploit these stress signaling pathways for their own purposes, such as viral replication and latent
infection. One such pathogen is the human immunodeficiency virus-1 (HIV).* This review will focus on recent studies of ISR signaling in
HIV transcription and its persistent infection. A growing body of evidence supports that latency reversal agents (LRAs) flush out HIV from
latently infected CD4" T cells by activating ISR signaling. Since the downstream signaling of ISR activation includes cell death, this perspective
posits that ISR activation may be a possible avenue to reduce HIV reservoirs by activating apoptosis pathways in HIV" immune cells after la-
tency reversal.

THE INTEGRATED STRESS RESPONSE SIGNALING

ISR is a signaling system that enables cells to recognize environmental abnormalities such as increased levels of unfolded proteins in the
endoplasmic reticulum (ER), viral double-stranded RNA, hypoxia, nutrient deprivation, and low levels of glucose and amino acids. These up-
stream pathways of ISR signaling induce elF2a. phosphorylation, which temporarily reduces cap-dependent protein translation.”* However,
under stressful conditions, cells shift their cellular metabolisms in a more efficient direction to control the translational machinery. For
example, when a cell suffers from nutrient deprivation, ISR acts through the disruption of new protein synthesis, degrading unfolded proteins
accumulated in the ER that may lead to the formation of potentially toxic aggregates of unfolded proteins and induction of autophagy in some
cell organelles. Attempting to redirect limited resources to stay alive, the ISR signaling also triggers a series of processes that prevent the
misuse of limited resources such as amino acids and glucose under stressful conditions. When cells are severely impaired by stress, the acti-
vation of apoptosis is the last resort to help cells reach equilibrium before sustaining damage to themselves and surrounding cells.” In the
following section, the diverse components of the ISR pathway will be addressed. We will highlight HIV latency and HIV transcription related
to ISR-specific subpathways, along with the manipulation of the ISR pathway as a new perspective on the HIV cure (Figure 1).
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Figure 1. The integrated stress response and HIV transcription

ISR relies on a group of elF2a kinases to sense changes in cell homeostasis and environmental stress. (1) HRI sensor detects heme changes in red cells; (2) GCN2 or
EIF2AK4 recognizes nutrient deficiency such as amino acid and glucose; (3) PKR recognizes double-stranded RNA, typical of viral infections; and (4) UPR responds
to ER stress. UPR is composed of 3 transmembrane sensors: (a) ATFé, (b) IRE1a, and (c) PERK. Once activated, all the above upstream kinases (5) phosphorylate
elF2a at its serine 51 using ATP as a phosphate source, (6) block the regeneration of the GDP-GTP exchange factor elF2B, and prohibit Cap-dependent protein
translation initiation. All these upstream signaling pathways converge to induce the protein expression of ATF4 (7). ATF4 triggers cell death signaling by CHOP
(8), serves as a transcription factor after recruitment into its target genes, including HIV promotor as an example (9), or induces autophagy by ATG proteins (10).

The ER and the cytoplasm contain proteins that are part of the dual surveillance system of the ISR. The ER, an organelle that synthesizes
proteins and lipids and integrates cell membrane traffic between the cytosol and the extracellular environment via the Golgi complex, con-
tains the unfolded protein response (UPR) complex. UPR usually detects the presence of unfolded proteins via BiP, a chaperone that recog-
nizes unfolded proteins and exerts control over the activation of UPR.'” The latter is composed of three major sensors: activating transcription
factor 6 (ATF6), PKR-like endoplasmic reticulum kinase (PERK), and IRE1a.. ATFé is a membrane-bound leucine zipper transcription factor that
surveils the ER lumen for protein stress such as the accumulation of unfolded proteins. Under stress, ATFé is transported to the Golgi complex,
where it is processed and converted through proteolysis by S1P and S2P to ATFéf, a cytosolic form that controls the ER-associated degrada-
tion (ERAD) signature genes. After being processed in its N-terminal, ATF6 enters the cellular nucleus to regulate its downstream gene pro-
moters from the UPR response.'' PERK, another component of the UPR surveillance system, oligomerizes and self-phosphorylates once acti-
vated by ER stress or hypoxia, leading to the activation of elF2a and the production of activating transcription factor 4 (ATF4), which controls
the transcription of chaperones such as heat shock proteins (HSPs), BiP, GRP94, and the C/EBP homologous protein (CHOP). ATF4 also con-
trols the production of proteins such as the DNA damage-inducible protein (GADD34) to dephosphorylate elF2a, thereby turning off the
signaling cascade to avoid severe ISR signaling activation.'” Inositol-requiring protein 1o (IRE1a), a serine/threonine kinase with endonuclease
activity, is the third sensor available in the luminal membrane of the ER. Once dimerized and self-phosphorylated in its cytoplasmic tail, it
induces the production of the X-box binding protein 1 (XBP-1), which is involved in protein folding responses or leads to the activation of
the c-Jun N-terminal kinase pathway via ASK1 that, in turn, binds to the promoters of genes related to the UPR such as CHOP to counterbal-
ance the cellular stress.' Other elements also compose the ISR system, such as the general control non-depressive 2 (GCN2 or EIF2AK4),
which recognizes nutrient imbalances and senses uncharged tRNAs; heme-regulated elF2 (HRI) regulates globin synthesis by recognizing
erythrocyte heme variations when reactive oxygen species are present, participating in iron-induced mitochondria stress. HRI activation is
dependent on mitochondrial proteins, such as DELET, that are involved in mitochondria respiratory stress.'* The last important sensor, which
is also activated by the interferon response, is the double-stranded RNA-dependent kinase (PKR) that specializes in double-stranded RNA
recognition and is responsible for the detection of nutritional fluctuations and viral infections."®

The activation of all the previous upstream kinases converges into the activation of cytoplasmic elF2a kinases via protein phosphorylation.
The elF2a subunit from the elF2aBy heterotrimer is phosphorylated at serine 51, preventing the GDP-GTP exchange molecule elF2B from
regenerating GTP that is required for the translation initiation in the TC-elF2a complex. The phosphorylation of elF2a inhibits protein trans-
lation but activates only a few genes including the essential ISR downstream transcription factors ATF4, ATG5, and CHOP.'*"” The latter also
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controls cell growth and cell death signaling during ISR. Once recruited, these factors may use a translation initiation mechanism independent
of AUG start codon recognition to bind target genes, including ATF3 (Figure 1). However, when prolonged, ISR induces apoptosis via CHOP
rather than cell survival.'

Because viruses exploit the ISR pathway via cap-dependent translation, its role has recently received attention during viral infections,
including arbovirus, influenza virus, coronavirus, picornavirus, foot-and-mouth disease, mammalian orthoreovirus, and HIV, in which ISR
may facilitate viral replication during acute infection.*'® Among viral infections, the emerging role of ISR signaling during HIV infection
has been reported™'? (Figure 1). In the following section, we will discuss the unique role of ISR signaling during antiretroviral therapy

(ART), HIV latency, viral reservoir elimination, and HIV-associated neurocognitive disorders (HAND).

THE INTEGRATED STRESS RESPONSE AND OFF-TARGET EFFECTS OF THE ANTIRETROVIRAL THERAPY

The ISR has been studied extensively with antiretroviral drugs (ARDs). The number of treatment options has increased with the development
of ART, beginning with zidovudine in 1987 and followed by two-to three-drug combinations based on protease inhibitors, viral fusion inhib-
itors, and reverse transcriptase inhibitors. ART was designed to control the replication of HIV. It is composed of several classes of drugs tar-
geting HIV-specific enzymes, including (a) integrase strand transfer inhibitors such as raltegravir, dolutegravir, and elvitegravir, to block HIV
integration into the host genome®; (b) reverse transcriptase inhibitors, including non-nucleoside reverse transcriptase inhibitors (NNRTI) such
as delavirdine, efavirenz, and rilpivirine, and nucleoside reverse transcriptase inhibitors (NRTI) like lamivudine, abacavir, tenofovir, and zido-
vudine”’; (c) protease inhibitors such as nelfinavir, saquinavir, and ritonavir, which interfere with maturation of HIV proteins for the production
of infectious viral particles®?; (d) viral entry inhibitors such as maraviroc and enfuvirtide that targeting HIV receptors/co-receptors”; and lastly,
(e) capsid inhibitors such as lenacapavir that target viral core proteins.”*

While ARDs are effective in suppressing active HIV replication, side effects of ARDs have been observed, such as neurotoxicity, anemia,
pancreatitis, and hepatotoxicity. Studies have been conducted to better understand how some current ARDs trigger stress signaling that dis-
rupts metabolic pathways and is related to cellular side effects.”” Thus, ARD-induced ISR activation should be considered in the clinic. In lym-
phocytes isolated from people with HIV (PWH) receiving ART, IRE1a was activated in comparison with HIV-negative donors, being highly ex-
pressed in PWH under therapy with or without a protease inhibitor. BiP expression was also increased compared with non-infected subjects. In
addition, p-elF2a and cleaved ATF6 expression were observed in HIV-infected donors with or without therapy, compared with HIV-negative
donors, which were independent of protease inhibitors.”® Treatment of primary hepatocytes with NNRTI efavirenz augmented XBP1 splicing
and the expression of XBP1, CHOP, and BiP/GRP78 genes, suggestive of ISR activation.”” These observations may explain the hepatic toxicity
associated with the life-long use of efavirenz in PWH. Additionally, both protease inhibitors atazanavir and ritonavir activate the UPR response
in an ATF4/CHOP-dependent manner in primary rat hepatocytes, which was associated with decreased bile acid production and an increased
apoptotic death of hepatocytes.”®

In trophoblasts, protease inhibitor lopinavir reduced plasma membrane fusion and chromatin condensation, leading to larger mitochon-
dria but a thinner ER. ISR activation is related to lopinavir-induced IRE1a. activation and the expression of sXBP1 and GRP78 proteins. These
observations point to the in vivo toxicity of protease inhibitors in the placenta, which are known to induce preterm birth.?”

In the brain, lopinavir may induce reactive oxygen species, which was associated with the augmentation in heme-oxygenase expression,
with a slight increase in BiP protein expression being observed.*® In mice, the NNRTI nevirapine was associated with cognitive impairment and
brain lipid peroxidation.”’

Taken together, ART usually uses a combination of two NRTI/NNRTI with a PI, which disrupts several cellular pathways that are important
for maintaining cellular homeostasis, including growth factors, glucose uptake, and lipid membrane fluidity, thereby activating ISR signaling
through induction of elF2 phosphorylation. Some ARDs also activate the ISR pathway in the lung, the liver, and the brain,*” which could be
harmful to PWH if ISR activation is prolonged and not properly resolved. Intriguingly, new studies have been considering ISR activation as a
new strategy for HIV elimination, which will be discussed in the following section.

HIV TRANSCRIPTION, INTEGRATED STRESS RESPONSE, AND HIV LATENCY

After ART initiation, viral replication can be effectively controlled. However, ART alone cannot eliminate latently infected viral reservoirs,>
which exist in diverse tissue compartments including blood, the gut, the brain, lymph nodes, and the reproductive tract. Many cells have
been described to harbor latently infected replication-competent HIV, including circulating CD4" T cells, mainly resting memory ones,
and monocytes and dendritic cells, the ones present in organs such as the liver and spleen. It may also exist in tissue-resident macrophages
derived from hematopoietic cells, Kupffer cells in the liver, alveolar macrophages in the lungs, and microglia, which are the brain resident
macrophages derived from the fetal yolk sac. Macrophages and monocytes may play a role in spreading the viral infection to lymphocytes
during reservoir formation and viral blips.**? In the last decades, many groups have worked to decipher the mechanism behind HIV latency
in the aforementioned resident immune cells but mainly focused on peripheral CD4* T cells. Diverse mechanisms were addressed that may be
responsible for HIV latency, such as the epigenetic and non-epigenetic regulation of HIV latency. Some of these mechanisms will be discussed
in the following section.

During latency, the HIV long-terminal repeats (LTR) or HIV promoter is localized between two nucleosomes, which are repressed by histone
deacetylation, methylation, and possibly histone decrotonylation,*®*" resulting in a tightly packed chromatin that physically blocks access to
the essential transcription factors of HIV. The exchange of methyl groups for acetyl groups or crotonyl groups is necessary to obtain an open

40,42

conformation of chromatins, allowing the transcription initiation complex to access the HIV promoter with regulatory and/or enhancing
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molecules capable of stabilizing complexes such as P-TEFb required for HIV transcription elongation. Some of the improved methods to flush
the virus out of infected cells are latency reactivation-based, followed by killing HIV* immune cells to eradicate HIV reservoirs, i.e., “kick and
kill”. Others suggest the “block and lock” approach for a functional cure of HIV**** to prevent the production of new viruses after treatment
interruption.”%**** The “kick and kill" approach has been tested in several animal models of HIV latency and small clinical trials in PWH on
suppressive ART.“ By itself, latency reversal has a limited effect on the reduction of HIV reservoirs in infected cells. These include TLR agonists
such as MGN1703 and GS-9620, NF-kB/PKC activators such as ingenols, IAP inhibitors such as AZD5582, and histone post-translational mod-
ulators such as vorinostat.”” The identification of other pathways to be used in combination with the previously described approaches is un-
derway, as one strategy may not be sufficient to reactivate HIV reservoirs in diverse cell types. To this end, a better understanding of ISR in HIV
transcription is needed and could be used to find a cure for HIV if successful.

HIV infection induced BiP expression, phosphorylation of elF2a, phosphorylation of IRE1a, and ATFé cleavage in CD4" T cells and/or
monocytes isolated from PWH, indicating the activation of ISR signaling in vivo.”® Of note, the ISR signaling is involved in HIV transcription.
In the latently infected U1 cell line, transduction of PKR almost completely inhibited TNFa-induced HIV latency reversal, which is associated
with phosphorylation of elF2a.%® HIV infection induces GCN2 protein expression, leading to the inhibition of protein translation and dimin-
ished viral integration.”? This host innate immunity may have evolved to prevent active viral replication. Unexpectedly, the transfection of
ATF4in Jurkat cells directly induced HIV transcription even without HIV Tat.> Furthermore, HIV protease can degrade the essential ISR kinase
GCN2 needed for the elimination of ISR signaling.”’ Interestingly, the downstream effector protein ATF4 serves as a new transcription factor
of HIV. There exist several potential ATF4 binding motifs at the HIV LTR,>” which can be methylated during the establishment of HIV Ia-
tency.” Others have shown that knocking down ATF4 suppressed HIV production, and the N-terminal domains of ATF4 are critical for
HIV LTR-mediated transcriptional activation.>* Thus, HIV hijacks the anti-viral innate ISR signaling for its own replication.”

In the contents of gut lumens collected from non-human primates (NHPs), a dysregulation of amino acid metabolism was observed during
the acute SIV infection. Evidence in the literature supports that HIV exploits the ISR pathway and interferes with cellular metabolism to in-
crease its infectious potential; however, the effects during chronic infection may differ from the acute viral infection and have not been
adequately explored. In addition, Jiang et al. (2017) observed viral reactivation as a result of ATF4 recruitment to the HIV LTR, indicating
the importance of this pathway in inducing HIV transcription and/or latency reversal.” More recently, the manipulation of the ISR pathway
with HA15, which is a specific inhibitor of the retinal endoplasmic chaperone binding immunoglobulin protein, i.e., BiP,*° resulted in the
forced activation of ISR and the transient induction of HIV RNA in the primary CD4" T cell model of HIV latency'” and CD4" T cells isolated
from PWH receiving ART.” Also, HIV reactivation was reported after the depletion of the essential amino acids, which are dependent on
MAPKs but independent of mTOR or GCN2.>°¢ Under the aberrant metabolism, ISR activation may be crucial for PWH in areas with low
nutrient intake such as African countries. GCN2-ATF4 activation under starvation may support HIV transcription to better spread HIV among
starved individuals.”

Interestingly, Jaspart and coworkers (2017) have shown that the HIV integrase (IN) interacts with GCN2 in a non-competitive way, with the
S24 and S255 residues at IN appearing as the phosphorylation sites for the HIV protein. IN phosphorylation results in diminished HIV integra-
tion, which is counterbalanced by HIV through the GCN2 cleavage via the HIV protease. S255-IN-C-terminal residue mutation, abrogating
phosphorylation, or GCN2 depletion results in high infectivity of HIV. Together, these data suggest the ISR is an additional critical regulator
of HIV transcription and/or latency reversal.

Exploiting ISR signaling to deplete the HIV reservoir

The stable HIV reservoir may be selected for intrinsic signaling programs that confer resistance to cell death.***’ The expression of exhaustion
surface molecules like LAG-3 and PD-1 may display a non-reactive profile in CD8" T cells, which is a barrier to the cure. HIV may also down-
modulate proapoptotic factors such as caspase-10 and upregulate survival factors like Bcl-2 and Bcl-x. These are all factors that should be
addressed for the persistence of HIV reservoir cells.”’” To this end, approaches to directly antagonize resistance to cell death in persistently
infected cells may elicit the efficient eradication of HIV reservoirs. Several studies have found that HIV reservoirs could be reduced by directly
inducing cell death. Bradley's group aimed to block Bcl-2 in order to decrease HIV DNA in a Casp8p41-dependent way.”® A recent study by
this group showed that strategies using Bcl-2 inhibitors venetoclax plus ixazomib can selectively and efficiently kill HIV* immune cells; how-
ever, it caused undesired toxicity in primary CD4" T cells.”” Studies with the IAP inhibitor (IAPi) have demonstrated the induction of auto-
phagy-dependent apoptosis.” However, it is not clear whether IAPi is efficient enough to induce targeted cell death in latently infected
resting CD4" T cells.*’ Presumably, it would be ideal if IAPi could not only reactivate latent HIV but also induce apoptosis in these cells. In
contrast, suppressing autophagy can induce apoptosis and selectively eliminate host cells that produce HIV in vivo." Nevertheless, it is un-
clear whether PWH can tolerate such a combination therapy, as, in addition to ART, five more compounds were included in this “kick and kill”
strategy. Similarly, the inhibition of DDX3 was shown to deplete HIV reservoirs.®” A recent study has shown that CARDS inflammasome-medi-
ated pyroptosis could be manipulated by the NNRTI rilpivirine to clear persistent HIV infection.®® Studies are underway to understand whether
physiological dosages of NNRTI can reduce HIV reservoirs in PWH. Together, these excellent studies support the idea that it is feasible to
directly induce cell death of HIV-latently infected immune cells or in combination with other HIV curative strategies.

As shown previously, emerging studies demonstrated that ISR/ATF4 signaling is integrated into the signaling pathways to establish HIV
latency. Among several HIV latency models, latent HIV reactivation was observed as a result of the induction of ATF4 and its subsequent
recruitment to the HIV LTR, indicating the importance of this pathway in regulating latent infection.” A follow-up study reported that the acti-
vation of ISR signaling through ATF4-impaired autophagy, which disrupted latent HIV after FOXO1 inhibition, a regulator of T lymphocytes.
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Figure 2. The activation of ISR eradicates latent HIV reservoirs

(1) Diverse cellular stresses are recognized by stress sensors or ISR agonists, leading to ISR signaling activation (2), elF2a phosphorylation (3), and ATF4 induction.
ISR activation leads to ATF4 binding to its ATF/CREB elements at the target genes, including HIV (4). ISR/ATF4 activation may disrupt nucleosomes to open the
chromatin (5) with the consequent HIV latency disruption (6) to produce HIV transcripts (7), which may produce viral particles (8). ATF4 can also induce CHOP
transcription to activate cellular death (9). Prolonged ISR activation causes the eradication of HIV" immune cells (10) without significant impact on the
autophagy pathway (11).

When ISR was suppressed, FOXO1 inhibition-induced HIV latency reversal was also dampened. These findings further support the idea that
the suppression of ISR signaling is associated with quiescent HIV infection in CD4" T cells.>®

Besides apoptosis, autophagy can be also induced upon mild ISR activation, which serves as a protective pathway to recycle misfolded
proteins. Interestingly, while unclear, the induction of HIV latency reversal by ISR/ATF4 activation may not be associated with autophagy acti-
vation. Some reports have shown that the suppression of autophagy signaling is required for latency reversal and subsequent reservoir clear-
ance. Specifically, the treatment of HIV-infected CD4" T cells with LRAs, ingenol-3,20-dibenzoate, in combination with autophagy inhibitors
such as chloroquine or SAR405 resulted in latency reversal as well as the killing of HIV-infected cells in the peripheral blood of a humanized
mice model.®’ Together, these studies indicate that in the context of ISR signaling suppression, persistent HIV infection may be involved in the
balanced interplay between latency induction or maintenance, autophagy, and the survival of the reservoir cells. If so, prolonged or severe ISR
signaling may break this balance, thereby not only disrupting latent HIV but also inducing cell death to eradicate HIV* reservoir cells (Figure 2).
The concurrent “kick and kill” has been observed in the study of the cure of HTLV-1 infection.®” However, this has not yet been studied in the
cure of HIV until recently.

To further examine the concurrent “kick and kill” hypothesis, the ISR/ATF4 signaling was selectively activated in HIV-latently infected pri-
mary CD4™ T cells via the BiP modulator HA15 >, ISR activation transiently disrupted latent HIV.'? Importantly, when ISR was prolonged, HIV
RNA" CD4" T cells were reduced. Of note, ISR activation-induced HIV reservoir reduction had minimal impact on the cell death of HIV-nega-
tive CD4" T cells or in resting CD4" T cells derived from PWH, which are known to contain an extremely low number of HIV* immune cells in
the peripheral blood under suppressive ART. Interestingly, the depletion of the HIV reservoir was associated with the activation of ATF4/
CHOP and ATF4/IFIT signaling without the modulation of autophagy signaling.'

When resting CD4" T cells isolated from PWH were tested in a viral outgrowth assay, prolonged ISR activation reduced both cell-
associated and cell-free HIV RNA as well as HIV proviral DNA, indicating that prolonged ISR activation reduces the replication-
competent HIV by breaking the homeostasis signaling of stable HIV reservoirs in HIV' resting CD4" T cells. In one of the resting
CD4" T cell samples, the HIV reservoir (proviral DNA) was reduced >2,000-fold by ISR activation. Unexpectedly, when analyzed
with scRNA-seq, a unique cell death pathway—ferroptosis—was downregulated, which could be responsible for the resistance of
residual survived HIV® CD4* T cells.'” Interestingly, a separate study examined the transcriptional profiling in CD8* T cells and
discovered that mTOR and elF2, the key kinases regulating cellular growth, proliferation, and metabolism during the activation of
ISR, were highly expressed in the Elite controllers who maintained undetectable levels of HIV replication in the absence of ART.
Thus, these data suggest that ISR/elF2a signaling plays a unique role in regulating signaling pathways in both resting CD4" T
and CD8" T cells, thereby controlling viral reservoirs.®

Together, these studies support the idea that modulating ISR/ATF4 signaling may be useful for the development of strategies that
eradicate HIV reservoirs.'” Also, since ISR/ATF4 can be activated by ARDs, ISR/ATF4-induced cell death of infected immune cells in
PWH on ART could be partially responsible for the suppression of HIV replication. However, ARD-induced ISR signaling may not be
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sufficient to further eradicate viral reservoirs, as ARDs are not specific to ISR/ATF4 signaling. They may not be at the optimal dosages
to trigger strong ISR/ATF4 signaling for HIV eradication. Lastly, it is unknown whether the activation of ISR signaling is effective in
viral eradication in other tissue sites, such as the brain, since exploiting ISR signaling to cure HIV is just emerging. Future animal
studies will be beneficial to this.

BRAIN HIV RESERVOIRS, HIV-ASSOCIATED NEUROCOGNITIVE DISORDERS, AND THE INTEGRATED STRESS
RESPONSE

Despite successful ART, PWH have a high rate of non-communicable diseases including heart, cancer, stroke, diabetes, kidney disorders, and
neurological diseases, which might be due to long-term unresolved immune inflammation.®® HIV DNA/RNA and near intact full-length (FL)
HIV were detected in the brain of PWH on ART,* suggesting viral persistence in the central nervous system. A recent study demonstrated
the evidence of inducible replication-competent HIV reservoirs in brain resident immune cells, i.e., microglia, which could serve as a rebound
source of viremia after therapy interruption.®” Residual but persistent HIV transcription was observed despite effective ART, which may trigger
and maintain the persistent neuroinflammation in the brain microglia.*” These observations from PWH on ART advanced previous studies that
characterized HIV infection and latency using microglial cell lines and in vitro stem cell-differentiated microglia.”” In addition to microglia,
other CNS cells including perivascular macrophages, T cells, and astrocytes have been considered as viral reservoirs in the brain.”>’" How-
ever, direct evidence remains to be determined in the brains of PWH on long-term ART. Regardless, HIV can cross the blood-brain barrier and
cause infection in the brain. There is evidence of HIV-derived proteins in the CNS. To understand how HIV causes neurotoxicity, researchers
have proposed that pathogenesis at the cellular level is to be blamed.””

Local inflammation induced by HIV proteins has been associated with damaged brain connections, loss of brain function, and reduced
brain white and gray matter.” In the cerebrospinal fluid of PWH, inflammatory molecules such as IL-6 and IFNy have been found, as well
as chemokines such as MCP-1 and CXCL10, which attract other immune cells to the area of localized inflammation. Thus, neuroinflammation
may play a role in the development of dementia.”*

HAND occurs among PWH even under suppressive ART,”* which affects learning, speech, and body movements, indicating that both
direct and indirect secondary effects of HIV infection contribute to HAND with symptoms ranging from subtle loss of motor control that is
difficult to perceive by others in the same social circle, to HIV-related dementia that limits a person'’s ability to perform basic daily tasks.”®
Dementia was prevalent in PWH and was directly correlated with high blood viremia, low CD4" T cell counts, and inflammatory markers.”®
After ruling out tumors and subsequent infections, Xing and colleagues identified 11 out of 429 postmortem cases of AIDS that were sug-
gestive of encephalitis, leading to dementia. In addition to viremia, characteristic multinucleated giant cells, vacuolation, and microglial
nodules were observed in the white matter, as well as local IL-1B produced by microglial cells and TNF-inflammatory cytokine secreted
by CD68" myeloid cells.”” These observations support the idea that neuroinflammation is an important factor in the development of
HAND. Fortunately, the worst clinical outcomes, such as dementia and encephalitis, which were commonly seen in the 1980s before
the development of ART, have decreased in the presence of modern ART. However, as PWH age with continued ART, low or mild neuro-
cognitive deficits remain common in PWH.”

While it is effective in controlling active HIV replication, the current ARDs still face challenges in effectively overcoming the blood-brain
barrier and achieving therapeutic concentrations as present in the plasma. This compromises the control of HIV in this compartment and re-
sults in local inflammation. Some of the encountered difficulties rely on drug solubility, size, protein binding, and ionization profile.”® Also, it is
unclear if the current LRAs can penetrate the brain with therapeutic potential without inducing toxicity for the CNS cells and whether it is suit-
able to exploit the “kick and kill” strategy for the cure of HIV in the CNS.

The ISR signaling is activated in the brain. ATFé protein levels increased in the central frontal cortex in the HAND brain, which may
especially occur in neurons and astrocytes and is correlated with high levels of phosphorylated elF2a, compared to healthy donors.”’
Furthermore, oligodendrocytes, the cells responsible for myelin synthesis, exhibited an impaired maturation that is associated with elF2
phosphorylation by PERK, leading to activation of the ISR pathway, suggesting that ISR activation may impair neural crest cell replace-
ment.?” It has been found that despite suppressive ART, HIV remains latent in the brain microglia.*” Ryan and colleagues (2020) reported
HIV infection of microglia and the production of inflammatory cytokines such as TNF and IL-8 in iPSCs-induced microglia. The team also
showed a pro-inflammatory profile using a tri-culture model with microglia, astrocytes, and forebrain-like excitatory neurons. Of note, ISR
was activated in microglia, astrocytes, and neurons; however, ATF4 RNA induction was only observed in microglial cells.®’ As an HIV-
related process observed during the chronic stages of the disease, ISR appears activated and may cause brain damage in PWH with
HAND. Lastly, there was a correlation between type | interferon neuroinflammation and increased ISR activation. There was also a corre-
lation between decreased energy metabolism and oligodendrocyte myelin production, which may cause cognitive impairment due to
white matter dysfunction.®”

Together, ISR signaling activation may be involved in two distinct aspects of HIV pathogenesis in HAND: spontaneous viral reactivation
in resident brain immune cells and persistent HIV infection-associated neuroinflammation. It is necessary to thoroughly investigate if viral
awakening episodes during blips activate ISR signaling and cause dysfunction of the brain. While ART controls active viral replication,
both protease inhibitors and persistent immune activation directly or indirectly activate the ISR pathway, contributing to overall behavioral
dysfunction including neurological changes of white and gray matter in the brain of PWH on suppressive ART.?* Regardless, it
remains unclear whether the manipulation of the ISR signaling will be beneficial for other tissue sites such as the gut, the reproductive
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Figure 3. Questions remain to be answered regarding the feasibility of ISR/ATF4 manipulation for the reduction of HIV reservoirs, including the impact
of ISR activation in latency reversal in the myeloid cells, the toxicity of ISR modulators, and the effectiveness of HIV reservoir reduction

tract, the lungs, and the liver. Future research is necessary to better understand how ISR activation affects HIV clearance throughout
the body.

OUTSTANDING QUESTIONS

Emerging evidence indicates that the suppression of ISR/ATF4 signaling is involved in persistent HIV infection. In contrast, when ISR/ATF4 is
activated, latent HIV can be disrupted. Intriguingly, when the signaling is prolonged, the latently infected CD4" T cells can be depleted with
minimal impact on the HIV-negative immune cells.'” However, several outstanding questions remain unanswered (Figure 3). First, how is the
ISR/ATF4 signaling dampened in the HIV-latently infected resting CD4" T cells? Better elucidating this stigma will be essential to not only
understand the mechanism of latent HIV infection but also how the reservoir cells maintain their stable infection for HIV persistence. Why
can't ISR activation completely reduce the latent HIV reservoir in the resting CD4" T cells? Are there any pathways involved in resisting further
eradication during ISR induction? Is suppression of ferroptosis involved in it? Second, is ISR signaling similarly suppressed in brain immune
cells as in HIV-latently infected T cells? This could be tested with the HIV latency model in human microglia, iPS-induced microglia, organoid
model of HIV infection and latency, and patient brain-derived microglial cells.”® Third, do ISR modulators affect the tissue-specific homeo-
stasis of ISR after prolonged activation? Lastly, only activating the ISR pathway may be insufficient to disrupt all latently infected HIV. If so,
which combinations will be better and necessary for robust viral reactivation? Does prolonged ISR-induced latency reversal result in reservoir
reduction in vivo? When these questions are addressed, future HIV reservoir depletion strategies may be more efficient by manipulating the
ISR pathway for HIV reservoir clearance, which will not only eradicate latent HIV reservoirs in the peripheral blood but also the CNS and
possibly other tissue sites.
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