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Purpose of review

Nonhuman primate (NHP) models of HIV-1 infection provide complementary experimental pathways for
assessing aspects of acute HIV-1 infection (AHI) that cannot be addressed in humans. This article reviews
acute infection studies in SIV-infected or SHIV-infected macaque species over the previous 18months.

Recent findings

Reviewed studies examined the dynamics of replication-competent viral reservoir establishment during early
infection, reservoir maintenance throughout therapy, and factors influencing viral rebound after treatment
cessation. Also discussed are acute infection events in the central nervous system and liver and potential
links between these events and manifestations of comorbidities during chronic infection. Additional studies
addressed how occurrences during acute infection impact the development of natural viral control or
posttreatment control. Another report evaluated treatment during acute infection with broadly neutralizing
antibodies with enhanced ability to engage innate immune cells, highlighting the ability of this early
intervention to shape innate and adaptive antiviral responses.

Summary

NHP models of HIV-1 infection are a fundamental research tool for investigating AHI events. These models
enable detailed pathogenesis characterization and the testing of hypothesis-driven strategies for altering
disease courses through interventions during AHI, including targeting viral persistence and comorbidities
that persist throughout chronic infection.
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Acute HIV-1 infection (AHI) best describes the inter-
val between viral exposure and the development of
antiviral antibodies. The period is characterized by
infection of target cells, high viremia, systemic viral
dissemination and replication, immune activation,
and rapid depletion of CD4þ T cells in the gut-
associated lymphoid tissue (GALT) [1–12]. AHI is a
vital area of research, as events occurring during this
period inform efforts to prevent and treat HIV-1 and
understand HIV-1 pathogenesis. In particular, inter-
ventions during AHI or among people who initiated
antiretroviral therapy (ART) during AHI represent
promising opportunities for HIV-1 therapeutics.

Twokeyprocesses initiatedduringAHIhave long-
term consequences for the host: the establishment of
the HIV-1 reservoir and immunologic perturbations.
A reservoir of latent replication-competent virus is
seeded within immune cells during AHI, persists
throughout ART and gives rise to rebound viremia
upon treatment interruption, necessitating lifelong
ART in most people [13–17]. Detailed understanding
of latent reservoir dynamics and characteristics
In addition, accumulating evidence implicates the
events of AHI in health complications that endure
in ART-treated people living with HIV-1 (PLWH)
during chronic HIV-1 infection. For example, it is
hypothesized that the rapid depletion of GALT
CD4þ T cells during AHI and their incomplete resto-
ration during ART initiated in chronic infection con-
tributes to the deterioration of gut tissue integrity,
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KEY POINTS

� Nonhuman primate models of HIV-1 infection are a
powerful experimental research tool for assessing
aspects of acute HIV-1 infection that are difficult to
gauge in people living with HIV-1.

� Nonhuman primate models of HIV-1 infection
demonstrate the dynamics of replication-competent viral
reservoir generation during acute infection, mechanisms
of reservoir maintenance throughout ART, and factors
impacting viral rebound after treatment cessation.

� Recent research in nonhuman primate models of HIV-1
infection revealed acute infection events in the brain
and liver – organs that are impractical or impossible to
access in humans.

� Nonhuman primate models are utilized to understand
how acute infection processes contribute to achieving
viral control in the absence of therapy.

� Immunotherapeutic interventions during acute infection
may engage and enhance innate and adaptive
immune responses.
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microbial translocation, and chronic immune activa-
tion that persists in ART-treated PLWH [18]. Precisely
defining how the events of AHI contribute to residual
health complications in ART-treated PLWHwill facil-
itate the development of effective therapeutic inter-
ventions.

Given the significance of AHI, identifying people
at risk of acquiring HIV-1 or who have recently
acquired HIV-1 is a major focus of clinical research
efforts [6,19–21]. Although these efforts have been
successful, studying AHI in humans is inherently
challenging. First, many PLWH are diagnosed during
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chronic infection, and it is difficult to identify people
during AHI. Second, invasive procedures to study
relevant anatomical sites are impractical or impossi-
ble. Finally, interventions in PLWHcanbeprotracted
due to the need to prepare reagents under good
manufacturing practices (GMP) and to obtain appro-
val fromtheUSFoodandDrugAdministration (FDA).

Many of these challenges can be overcome
through the utilization of animal models of HIV-1
infection. Nonhuman primate (NHP) models in par-
ticular provide a parallel experimental pathway for
exploring the relationship between the events of AHI
and subsequent virologic and immunologic proc-
esses (Fig. 1). Multiple NHP species can be infected
with simian immunodeficiency viruses (SIV) and
chimeric simian-human immunodeficiency viruses
(SHIV) that mimic many aspects of AHI, disease pro-
gression, and successful treatment with ART
[22,23,24

&&

,25,26,27
&&

,28–31]. The relative merits of
different NHP species and virus strains commonly
used in preclinical HIV-1 vaccine and immunopro-
phylaxis studies is reviewed comprehensively else-
where [23]. For HIV-1 therapeutic intervention and
reservoir/pathogenesis studies, macaque infections
with SHIV or SIV strains that replicate robustly in
thehostwithout evidenceof spontaneous control are
generally considered the gold standard. The most
common species used in HIV-1 research is Indian-
origin rhesusmacaques. Unless otherwise stated, this
is the model system used in the studies highlighted
below. SHIVs, which incorporate the HIV-1 env gene
inserted into an SIV backbone genome, enable eval-
uation of interventions specific toHIV-1 Env, such as
vaccines andHIV-1 broadlyneutralizingmonoclonal
antibodies (bNAbs). Although advances in SHIV
development and engineeringhave resulted in SHIVs
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provide a means of studying acute HIV-1 infection (AHI) to
IV-1 infection in people living with HIV-1 (PLWH). The
els complements research in cohorts of PLWH and enhances
echanisms of viral control. Together, research in PLWH and
rategies to prevent, treat, and cure HIV-1.
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with improved in-vivo replication capacity [29,30],
SIV strains have historically achieved more consis-
tent acute viral loads and rebound posttreatment
interruption, sustained elevated chronic viral loads,
and progressive pathogenicity, more closely resem-
bling that of HIV-1 infection in humans. Consider-
ation of these factors is important in the design and
interpretation ofNHP studies, particularly in relation
to HIV-1 pathogenesis and interventions aimed at
HIV-1 therapy and cure.

To gauge recent advances in the study of AHI
using NHPmodels of HIV-1 infection, we performed
a PubMed search for articles published in the pre-
ceding 18months (i.e. 1 June 2023 to 30 Novem-
ber 2024). This manuscript discusses a curated
selection of articles from this period. We focused
on advances in understanding viral reservoir gen-
eration during acute infection and maintenance
following early ART initiation, the impact of early
infection events on viral rebound following treat-
ment interruption, acute infection events in the
central nervous system (CNS) and liver, the relation-
ship between acute infection processes and sponta-
neous viral control, and the effect of bNAb
interventions administered during acute infection.
STUDYING VIRAL RESERVOIR
FORMATION, MAINTENANCE, AND
REBOUND IN NONHUMAN PRIMATE
MODELS

A significant barrier to achieving an HIV-1 cure is
the persistence of a replication-competent viral res-
ervoir throughout ART that almost invariably
rebounds following treatment cessation. Studies in
both PLWH and NHPs demonstrate that this reser-
voir is established early during acute infection
[14,17,26]. However, many questions remain about
the dynamics of viral reservoir establishment, the
relative roles of cellular proliferation and ongoing
viral replication during ART for reservoir mainte-
nance, and factors impacting viral rebound follow-
ing treatment interruption.

To address questions about the dynamics of
reservoir establishment, Keele et al. [24

&&

] studied
macaques infected with barcoded SIVmac239M, fol-
lowed by ART initiation on days 3, 4, 5, 6, 7, 9, or 12.
All animals were viremic before ART, and the study
design permitted assessment of the impact of treat-
ment commencement at increasing viral loads. The
sequence-tagged synthetic SIV stock enabled dis-
tinct variants within an otherwise isogenic swarm
to be tracked and quantified longitudinally. After
1 year of treatment, ART was interrupted, and
rebound viremia was monitored. Animals that
received ART the earliest (i.e. 3–4days postinfection)
220 www.co-hivandaids.com
exhibited the lowest probability of rebound (1/8), the
longest time to viral rebound (50days posttreatment
interruption), and rebound viremia derived from a
single lineage. Conversely, treatment initiation 7–
12days postinfection resulted in rebound 7–16days
post-ART cessation in all animals and with 3–28
rebound lineages. ART initiation in the middle win-
dow (5–6days postinfection) resulted in an inter-
mediate phenotype: 100% rebound within 14–
50days comprised of one to two lineages. Of note,
these results differ from those previously published
by Whitney et al. [28], in which uniform viral
rebound occurred in macaques initiating ART 3days
postinfection.Differences in the design of these stud-
ies might explain the discordant observations. Chal-
lenge via the intrarectal route in the Whitney et al.
study versus intravenous in Keele et al. may contrib-
ute to distinct reservoir establishment dynamics.
Also, the shorter treatment duration in the Whitney
et al. study may have been insufficient for infected
cell decay. These data highlight the highly dynamic
nature of acute infection with respect to persistent
reservoir seeding probability and size.

To confirm that the seven nonrebounding ani-
mals that receivedART3–4dayspostinfectiondidnot
harbor a replication-competent viral reservoir, the
authors performed a series of repeated CD8a deple-
tions [24

&&

]. This strategy removes potential antiviral
effector cells in the host and drives CD4þ T-cell
proliferation. Despite this intervention, no rebound
was noted, suggesting that early infected cells are
highly labile, and reservoir formation during this
period is stochastic. Cells infected before the initia-
tion of ART 3-4 days postinfection may be less likely
to establish a latent infection, clonally expand, or
survive the 1-year ART treatment period. Keele et al.
proposed a three-phase model of replication-compe-
tent viral reservoir accumulation during acute infec-
tion. First, there is an early stochastic phase 3–4days
postexposure; initiating prolonged treatment during
this window largely prevents viral rebound after
treatment cessation. Second, there is an exponential
phase between 5 and 7days postinfection, during
which the replication-competent viral reservoir
rapidly accumulates. Finally, a saturation phase
occurs between days 9 and 12, where the growth of
the replication-competent viral reservoir slows.

Another area of active research pertains to the
possibility of ongoing viral replication during ART
contributing to reservoir maintenance. Immonen
et al. [27

&&

] added to the body of evidence that viral
replication does not occur under suppressive ART,
including in lymphoid tissues. Specifically,macaques
infected with barcoded SIVmac239M followed by
ART initiation early after infection (i.e. 10–27days)
exhibited similar viral sequences in peripheral blood
Volume 20 � Number 3 � May 2025
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mononuclear cells and lymphoid tissues longitudi-
nally duringART, with no evidence of viral evolution
fromongoing viral replicationduring treatmentperi-
ods of up to 3 years. Viral replication in tissues not
sampled was deemed unlikely through sequence
analysis of rebound viremia following treatment
interruption, which also exhibited no evidence of
viral evolution. These data support the widely held
view that viral replication is unlikely during suppres-
sive ART in most people and that it is not a contri-
buting factor to viral reservoir maintenance [32–35].

Finally, a series of studies aimed to identify
factors contributing to the occurrence and magni-
tude of viral rebound after treatment interruption.
Aid et al. [36

&

] determined peripheral biomarkers
present before treatment interruption that predict
viral rebound in SIVmac251-infectedmacaques after
treatment cessation. These included pro-inflamma-
tory cytokines, macrophage activation, and persis-
tent antigen stimulation during ART. Pinkevych
et al. [37

&

] performed mathematical modeling using
data from 124 SIV-infected macaques from 10 pre-
vious studies conducted at three institutions to
assess the impact of the time of ART initiation on
posttreatment viral rebound peak and setpoint vir-
emia. Animals initiated ART between 4 and 377days
postinfection. Each day of delay in initiating ART
over the first 3 weeks of infection was associated
with lower rebound peak and setpoint viremia after
treatment interruption. However, after 3 weeks of
infection, delays in ART initiation were associated
with higher viral rebound after treatment cessation.
These findings suggest the existence of a narrow
window of opportunity in early infection, during
which delayed treatment facilitates the generation
of optimal immune responses of potential utility for
controlling viral replication following treatment
interruption.

These studies provide significant advances in
understanding how the replication-competent viral
reservoir is generated and maintained, as well as the
factors influencing viral rebound after treatment
interruption. Potential windows of opportunity
for interventions suggest that tailored interventions
may benefit individuals who initiate ART at differ-
ent times relative to recent HIV-1 acquisition. First,
initiating prolonged ART in the first 3–4days of
infection may prevent the establishment of a per-
sistent replication-competent viral reservoir. Once
the first window of opportunity has passed, delaying
ART until 3 weeks postinfection may allow optimal
immune response development. As suggested by
Pinkevych et al. [37

&

], individuals who initiate treat-
ment during this period might benefit from inter-
ventions to hone and expand the immune responses
that develop during the pre-ART period. In contrast,
1746-630X Copyright © 2025 The Author(s). Published by Wolters Kluwe
individuals who do not start ART until later in
infection might benefit from interventions to coun-
teract immune exhaustion and viral escape. Evalu-
ating these concepts in people identified during
early acute infection will be informative in devel-
oping therapeutic strategies with broader applicabil-
ity to nonacute infections.
STUDYING THE CENTRAL NERVOUS
SYSTEM DURING ACUTE SIMIAN
IMMUNODEFICIENCY VIRUS INFECTION

A significant advantage of NHP models of HIV-1
infection is the ability to sample tissues affected
by the virus that are impractical or impossible to
access in PLWH. Lymphoid tissues and GALT are
major sites of viral replication and are thus fre-
quently included in studies in humans and NHPs
[1,9–11,17,24

&&

,25,26,27
&&

,36
&

]. Other compart-
ments, however, such as the CNS, remain poorly
characterized in PLWH, except for analyses per-
formed on cerebrospinal fluid (CSF) and end-of-life
autopsy tissue [1,2,7,8,38].

Neurocognitive impairments are a significant
complication for PLWH; even in individuals on
suppressive ART, a substantial number experience
neurocognitive impairment [39–41]. HIV-1 replica-
tion and inflammation are observed within CSF
during acute HIV-1 infection [7,8,12]. These early
events potentially contribute to establishing the
CNS viral reservoir and neurocognitive impairment.
Much remains unknown about the phenotypes of
lymphocytes and myeloid cells infected and
involved in mediating inflammation during acute
infection. There is also an unmet need for therapeu-
tics that cross the blood–brain barrier (BBB) and
eliminate infected cells. Recent publications assess-
ing CNS CD4þ T cells andmyeloid cells during acute
SIV infection provide valuable insight into the
dynamics and infection of these immune cells.

CD4þ T cells are present under homeostatic
conditions in themammalian CNS and are hypothe-
sized to contribute to immune surveillance, micro-
glia development, and learning processes [42–44].
Elizaldi et al. [45

&&

] provided detailed phenotyping
of CD4þ T cells in the uninfectedmacaque CNS. The
CD4þ T-cell landscape in the CSF consists of anti-
gen-experienced CD28þCD95þ cells. Furthermore,
cells with a CCR5þCCR7� phenotype, which com-
prise 4% of antigen-experienced CD4þ T cells in
blood and lymph nodes, are prevalent within the
CSF. The CD4þ T cells in the brain commonly
express CXCR3, facilitating their migration into
the CNS. Like their CSF counterparts, CD4þ T cells
throughout various CNS regions, including brain
parenchyma, choroid plexus stroma, dura mater,
r Health, Inc. www.co-hivandaids.com 221
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and skull bone marrow, frequently express a
CCR5þCCR7� phenotype, indicating the wide-
spread distribution of putative SIV-susceptible T
cells. These cells are similar to tissue-resident mem-
ory CD4þ T cells observed in the human brain,
which exhibit CXCR3 and CCR5 expression [44].

Next, macaques were used to study acute SIV-
mac251 infection in theCNS. The authorsmonitored
CSFviral loadsweekly for3weeks in10macaques and
sacrificed four animals 3 weeks after infection for
brain tissue analyses [45

&&

]. CSF SIVRNAwasdetected
1week after infection andpeaked at 2weeks.CD4þT-
cell frequency and CD4 :CD8 T-cell ratio signifi-
cantly decreased in the CSF 2 and 3 weeks postin-
fection. Three weeks postinfection, viral RNA and
DNA were detected across multiple CNS regions
(i.e.white andgraymatter fromtheprefrontal cortex,
white and gray matter from the superior temporal
sulcus, hippocampus, pituitary, dura mater, skull
bone marrow, and choroid plexus stroma). Single-
cell RNA sequencing of CD45þ cells from the brain
showed that viral RNA was primarily found in CD4þ

T-cell and monocyte clusters. CD4þ T-cell depletion
was significant in the brain parenchyma, choroid
plexus stroma, dura mater, and skull bone marrow
3 weeks after infection compared to uninfected con-
trols. These data highlight that SIVmac251 rapidly
accesses and replicates in the CNS and dramatically
impacts CD4þ T cells. The findings support other
studies demonstrating viral RNA in human and
NHP CSF CD4þ T cells during acute and early infec-
tion [7,46], and further implicate CD4þ T cells as
potential mediators of HIV-1 entry into the CNS
[47]. The data also reflect the ability of many SIV
(e.g. SIVmac239 or co-infection with SIVdeltaB670
and SIV/17E-Fr) and SHIV (e.g. SHIV-SF162P3, SHIV.
C.CH505, and SHIV-1157ipd3N4) strains to access
the CNS during acute or early infection [7,48–51].

Further, a cohort of six SIVmac251-infected
macaques was subjected to a suboptimal ART treat-
ment plan initiated 3 weeks postinfection and
euthanized 42weeks postinfection to study CNS
viral persistence and the impact of suboptimal
ART adherence on CD4þ T-cell recovery [45

&&

].
ART was administered until two successive CSF viral
load readings achieved less than 100 copies/ml con-
current with plasma viremia less than 10000 copies/
ml, followed by therapy discontinuation until CSF
viral load reached greater than 1000 copies/ml, and
then ART reinitiation. This was repeated for a total
of one to three rounds of ART before a final 2–4-week
period of ART was implemented in all animals prior
to necropsy. Initiation of ART at week 3 and the
short-term reinitiation before necropsy effectively
decreased CSF SIV RNA. However, cell-associated
viral RNA remained detectable in some CNS regions
222 www.co-hivandaids.com
at necropsy, and viral DNA persisted throughout the
CNS. Lastly, CNS CD4þ T cells were not fully
restored in treated animals. Despite early treatment
initiation, these data highlight virus persistence and
poor CD4þ T-cell recovery in treated chronic infec-
tion. Although the suboptimal ART treatment plan
should be considered when interpreting these data,
the observations are consistent with the seeding of a
persistent CNS viral reservoir.

A separate study focused on the impact of acute
SIVmac251 infection on CNS myeloid cells [52

&

],
which are considered critical cellular harborers of
HIV-1 DNA in the brains of PLWH [53]. Brain tissue
from SIVmac251-infected macaques was isolated
12days postinfection, when viral replication is
active within the CNS, and 0.15% of myeloid and
1.4% of lymphocytes had detectable SIV transcripts.
Single-cell RNA sequencing identified microglia and
CNS-associated macrophage (CAM) clusters. Acute
SIV infection altered the frequency of brain myeloid
cells, with reduced levels of homeostatic and pre-
activated microglia clusters and elevated activated
clusters relative to uninfected animals. Microglia
from acutely infected animals also upregulated
genes linked to immune-mediated defense and sen-
escence. A less inflammatory CD16hiCD14lo CAM
cluster predominated in uninfected animals, while a
more inflammatory CD16loCD14hi cluster predomi-
nated during acute infection. A subset of the ele-
vated microglia and CAM clusters exhibited
increased expression of genes linked to neurocog-
nitive impairments. Finally, investigation of apop-
tosis-related genes revealed increased expression of
the antiapoptotic CD5L marker in one of the micro-
glia clusters expanded during acute SIV infection.
These data highlight that acute SIV infection dra-
matically impacts CNS myeloid cell populations,
and these alterations have the potential to contrib-
ute to immune activation, neurological disorders,
and the persistence of an apoptosis-resistant reser-
voir in chronic infection.

To address the scarcity of therapeutics capable of
crossing the BBB and targeting virus-infected CNS
cells, Bohannon et al. [54

&

] built on their previous
observation that colony-stimulating factor 1 receptor
(CSF1R) expression and signaling is increased in
infectedbrainmacrophages duringSIVmac251 infec-
tion [55]. They leveraged a CNS penetrating CSF1R
kinase inhibitor, BLZ945, to promote apoptosis of
perivascular macrophages (PVMs) during acute SIV
infection. SIVmac251-infected macaques were
treated with a CD8-depleting antibody during acute
infection to drive viral replication and cellular infec-
tion in the CNS, and were dosed with daily low
(10mg/kg) or high doses (30mg/kg) of BLZ945 start-
ing at day 10 postinfection and spanning 20–30days.
Volume 20 � Number 3 � May 2025
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Treatment with the high dose reduced PVMs across
each analyzed brain region compared to untreated
controls. Additionally, BLZ945-treatment (i.e. high
and/or low-dose) significantly decreased viral DNA-
carrying cells in 9/11 brain regions assessed. This
study demonstrates that therapeutics focused on
accessing CNS targets can reduce the frequency of
virus-infected cells.

The reviewed studies highlight the infection of
CD4þ T cells and myeloid cells during acute SIV
infection, the impact of acute infection on the
frequencies and phenotypes of these cells, and the
possibility of targeting infected cells in the CNSwith
drugs that penetrate the BBB. Additional research is
needed to clarify the relative roles of CD4þ T cells
andmyeloid cells for importing viruses into the CNS
and to identify BBB-penetrating drugs that can clear
multiple infected cell types.
STUDYING THE IMPACTS OF ACUTE AND
CHRONIC INFECTION ON THE LIVER

As with neurocognitive impairment, ART-treated
PLWH experience significant morbidity andmortal-
ity from liver disease [56]. The events contributing
to liver disease in PLWH are poorly understood due
to difficulties associated with collecting liver biop-
sies, as well as problems discerning the relative
contributions of chronic ART use, co-infections,
substance use, and viral and immune-mediated dis-
ease [57

&

]. Until recently, NHP studies have not
contributed to defining the impact of the distinct
phases of SIV infection on the liver, as the tissue was
only sampled during necropsies of infected animals.

Derby et al. [57
&

] utilized a laparoscopic techni-
que to sample the livers of SIVmac251-infected
macaques longitudinally to determine how the liver
is impacted throughout infection. Serial sampling
preinfection and 2, 6, 16–20, and 32 (necropsy)
weeks postinfection enabled detailed chronicling
of liver pathogenesis. Infected animals exhibited
high levels of viremia throughout the study. Viral
DNA was also detected in the liver, achieving as
much as 5�103 copies per 106 cells 2 weeks post-
infection. Blood chemistry analysis revealed signifi-
cantly higher levels of cholesterol and aspartate
aminotransferase (AST) in infected animals com-
pared to uninfected controls. These differences were
most pronounced in acute infection. Histological
analyses revealed increased microvesicular steatosis
among acutely infected macaques, which resolved
by 6 weeks postinfection. Assessments of liver tissue
collected at necropsy identified sinusoidal dilata-
tion, or widening of hepatic capillaries, plaguing
most animals during chronic infection. Varying
liver pathologies at different phases of SIV infection
1746-630X Copyright © 2025 The Author(s). Published by Wolters Kluwe
highlight the potential need to consider the timing
of therapeutic interventions for protecting liver
health in PLWH.
CONTRIBUTION OF EVENTS DURING
ACUTE INFECTION TO ACHIEVING VIRAL
CONTROL

NHP models of HIV-1 infection are also valuable for
assessing how the events of acute infection influ-
ence the natural control of viral replication or con-
trol following the interruption of ART. Among
PLWH, those exhibiting these forms of viral control
are known as elite controllers and posttreatment
controllers (PTCs), respectively [58,59]. Class I
MHC alleles are associated with spontaneous viral
control [60,61]. In contrast, many PTCs lack class I
MHC alleles linked to spontaneous viral control and
even carry alleles related to the risk of disease pro-
gression (e.g. HLA-B�07 and HLA-B�35) [62]. Early
ART initiation that restricts viral reservoir size and
preserves immune function appears to be important
for viral control in many PTCs [58,63]. However,
much remains unresolved about the factors contri-
buting to natural and posttreatment viral control.
Recent studies in NHP models illuminate aspects of
early infection or interventions during this period
that may contribute to achieving viral control.

Harwood et al. [64
&&

] developed an NHP model
of PTCs using SIV-infected Mauritian cynomolgus
macaques (MCMs). These animals exhibit limited
genetic diversity and can carry MHC haplotypes
associated with natural viral control [65,66]. How-
ever, additional mechanisms of viral suppression
were explored by infecting animals lacking the pro-
tective M1 and M6MHC haplotypes and carrying at
least one copy of the M3 haplotype not associated
with viral control [64

&&

]. ART was initiated 2 weeks
after SIVmac239M infection and continued for 8
months. After treatment interruption, seven of eight
animals exhibited viral control or transient viremia
below 104 copies/ml for 6 months. The authors
noted that the high proportion of MCMs exhibiting
posttreatment viral control is distinct from the
almost universal viral rebound observed in SIV-
infected rhesus macaques that initiate ART 1–
4weeks postinfection and undergo treatment inter-
ruption. Some differences in viral reservoirs and
acute infection viremia were noted between these
two species: MCMs harbored lower levels of intact
proviral DNA, and while peak viremia is similar, it is
more prolonged in rhesus. Early ART initiation dur-
ing acute infection is likely significant for posttreat-
ment viral control in MCMs, as four of six animals
from a second cohort, including animals carrying
the protective M1 haplotype that did not initiate
r Health, Inc. www.co-hivandaids.com 223
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ART until 8 weeks postinfection exhibited sustained
viremia within 4 weeks of treatment interruption
after 20months of therapy.

Several lines of evidence indicated immune-
mediated viral control after treatment interruption
in the cohort that initiated ART 2 weeks postinfec-
tion. First, a rechallenge with an isogenic virus
25weeks after ART interruption resulted in four
animals rebounding or exhibiting transient viremia
and four remaining aviremic. The aviremic animals
had higher antiviral T-cell responses, as assessed by
ELISPOT. Second, CD8a depletion 8 weeks after
the viral rechallenge resulted in a 3–6 log10 viral
rebound in all animals. Finally, when assessing
MCMs from both cohorts that rebounded, blipped,
or maintained viral control, the authors noted that
lower frequencies of T cells expressing exhaustion
markers was associated with posttreatment control.
Given that PTCs are rare within the community of
PLWH [58,63], an NHP model of this phenomenon
represents a significant advance for studying corre-
lates of sustained viral control in the absence of ART.

In a similar study, Passaes et al. [67
&&

] demon-
strated that MCMs infected with SIVmac251 and
treated with ART at 4weeks postinfection weremore
likely than animals treated 24weeks postinfection
to achieve posttreatment control (82 vs. 18%) after
2 years of ART and 24–48weeks of posttreatment
follow-up. Animals were characterized as PTCs if
they did not rebound, or if they achieved viremia
less than 400 copies/ml at least one time after
rebounding. Posttreatment control was linked to
CD8þ T-cell viral suppressive activity during treat-
ment interruption. The authors conclude that early
ART allows the priming of a potent CD8 T-cell
population that can survive throughout the treat-
ment period and exhibit high proliferative capabil-
ity during viral reactivation.

Additional efforts to probe mechanisms driving
viral control in elite controllers studied 32macaques
carrying the protective Mamu-B�08 class I MHC
allele [68

&

]. Sixteen animals were immunized to
induceCD8þ T-cell responses directed to SIVmac239
Vif and Nef. The vaccine regimen showed no effi-
cacy in preventing SIVmac239 infection. However,
virus control (defined as �10000 viral RNA copies/
ml for at least four consecutive weeks) was more
common among vaccinated (13/16) than unvacci-
nated (7/16) animals. Viral load setpoint was not
linked to the quantity or quality of vaccine-induced
antiviral T-cell responses,measured via tetramer and
intracellular cytokine staining, respectively. To
assess the potential role of innate immune mecha-
nisms in achieving elite control, the authors per-
formed whole blood transcriptomics on the 32
Mamu-B�08þ animals from the vaccine study and
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eight SIVmac239-infectedMamu-B�08- animals with
progressive infections using specimens collected
during acute infection. Viral control in Mamu-
B�08þanimals was associated with a rapid upregu-
lation and resolution of gene expression related to
innate immune responses.

The data from these studies highlight the impor-
tance of acute and early infection events for estab-
lishing viral control. Critical events include the
timing of initiation of exogenous therapies (i.e.
ART) and the development of endogenous immune
responses. Continued research is required to deter-
mine if NHP models of spontaneous and posttreat-
ment control can be extrapolated to PLWH,
including developing optimized strategies to pro-
mote these phenotypes more uniformly in PLWH.
THERAPEUTIC ANTIBODY INTERVENTIONS
DURING ACUTE INFECTION

As with early initiation of ART during acute SIV
infection, therapeutic antibody interventions dur-
ing acute SHIV infection can alter the disease course
[69–73]. Nishimura et al. [72] reported that a subset
of macaques treated with two bNAbs – 10-1074 and
3BNC117 – during early acute SHIV-AD8-EO infec-
tion (starting at day 3) achieved long-term viral
control. CD8þ T-cell responses mediated this con-
trol, as animals exhibited viral rebound following
CD8þ T-cell depletion. The administered bNAbs
were hypothesized to form immune complexes that
initiated a vaccinal effect that established the anti-
viral CD8þ T cells. Vaccinal effects induced by
immune complexes would involve antigen uptake
and processing by antigen-presenting cells through
the recognition of antibody Fc portions via Fc recep-
tors.

Dias et al. [74
&&

] assessed the immunological and
virological impacts of administering bNAbsmutated
to enhance Fc receptor binding during acute infec-
tion. Macaques infected with SHIV-AD8-EO
received infusions during acute infection consisting
of either wildtype (WT) PGT121 and VRC07-523-LS
bNAbs or versions of these antibodies mutated to
enhance Fc receptor binding. Unlike Nishimura
et al., bNAb-treated animals did not exhibit pro-
longed viral control. However, treatment with
bNAbs delayed the onset of viremia until 6 or
10 weeks postchallenge for enhanced Fc receptor
binding or WT bNAbs, respectively, compared to
2 weeks in controls. The timing of the onset of
viremia in the bNAb-treated animals corresponded
with the disappearance of the bNAbs from plasma,
which followed the development of antidrug anti-
bodies. Early bNAb treatment also delayed the onset
of detectable viral RNA in lymph nodes.
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To assess the immunomodulatory effects of the
bNAbs, Gag-specific CD8þ T cells in the periphery
and lymph nodes were evaluated, along with gene
set enrichment analysis on lymph node cells [74

&&

].
bNAbs with enhanced Fc receptor binding
impacted several aspects of adaptive and innate
cellular immunity, resulting in: increased fre-
quency of CD69þIFNgþ Gag-specific CD8þ T cells
Therapy

Reservoir

Viral 
control

CNS

Liver

• Early infection of CD4+ 
T-cells and myeloid cells

• Depletion of CD4+ T-cells

• Expansion of activated 
myeloid clusters
▪ ↑ CD5L anti-apoptosis 

marker
▪ ↑ genes associated 

with neurocognitive 
impairment

• Reservoir is established 
in phases during acute 
infection
▪ Stochastic (3-4 days)
▪ Exponential (5-7 days)
▪ Saturation (9-12 days)

• Delaying ART for the first 
3 weeks of infection can 
reduce viral rebound 
during subsequent 
treatment interruption

• Reservoir is maintained 
during ART without 
ongoing viral replication 
across anatomical sites

• Persistent viral reservoir?
• Mediators of viral 

neuroinvasion?

• Poor CD4+ T-cell recovery 
after ART

• Do expanded activated 
myeloid cells contribute to 
chronic inflammation?

• Do anti-apoptosis markers 
contribute to viral 
persistence?

• Do expanded clusters 
contribute to development 
of neurocognitive 
impairment?

• Infected cells in liver

• ↑ AST & Cholesterol

• Microvesicular steatosis

• Persistent viral reservoir?

• PTCs: Early ART → 
distinct posttreatment viral 
control in different NHP 
species

• Elite controllers: Rapid 
onset & resolution of 
innate immune response

• PTCs after ART → immune 
mediated viral control 
▪ CD8+ T-cells

• Elite controllers → Natural 
viral control

• Early administration of 
bNAbs with enhanced Fc 
receptor binding delays 
onset of viremia

• Modulate adaptive and 
innate immunity

• Establishment of the 
reservoir is preventable 
with early ART initiation of 
sufficient duration

• Immune responses with 
optimal viral suppressive 
activity develop over the 
first 3 weeks of infection

• Liver pathology changes to 
sinusoidal dilatation

FIGURE 2. Summary of significant observations during acute
reported in the manuscripts surveyed during the 18-month review
directions for further study.
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in peripheral blood at week 20 postchallenge; ele-
vated pro-inflammatory signaling among lymph
node monocytes and natural killer cells at week 8
postchallenge; and diminished TNF signaling
through NF-kB in lymph node T cells at week 8
postchallenge.

Given their ability to modulate adaptive and
innate cellular immunity, bNAbs with enhanced
Develop drugs to penetrate the 
blood-brain barrier and address 
persistent inflammation and 
viral reservoirs.

Define the relative roles of 
T-cells and myeloid cells in 
HIV-1 neuroinvasion .

Identify mechanisms of viral 
control in NHP models to 
establish these phenotypes 
more commonly in PLWH.

Improve antiviral immunity 
through bNAb therapy to 
promote prolonged viral 
control.

Establish optimal treatment 
interventions for people living 
with HIV-1 (PLWH) who 
initiate ART at distinct times 
relative to infection.

Optimize timing of therapeutic 
interventions to protect liver 
health in PLWH.

infection in nonhuman primate models of HIV-1 infection
period. The observations are linked with implications and
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Fc receptor binding warrant further exploration.
The potential of these products during acute
infection is of particular interest, given the possi-
bility of altering/attenuating chronic infection out-
comes.
CONCLUSION

NHP models of HIV-1 infection continue to be
valuable assets for complementing the study of
AHI in PLWH. These models provide a parallel
experimental pathway to investigate many aspects
of AHI that cannot be addressed in clinical cohorts.
As exhibited in Fig. 2, the highlighted studies from
the review period represent experiments in NHP
models demonstrating how acute infection events
can impact short-term and long-term disease man-
ifestations. Continued research in NHP models of
HIV-1 infection will more precisely define the acute
phase of the disease and generate hypothesis-driven
strategies for therapeutic interventions aiming to
cure or control chronic viral infection in the absence
of ART.
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