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Abstract

Defining the latent human immunodeficiency virus type 1 (HIV-1) burden in the human brain
during progressive infection is limited by sample access. Human hematopoietic stem cells (hu-
HSCs)-reconstituted humanized mice provide an opportunity for this study. The model mimics, in
measure, HIV-1 pathophysiology, transmission, treatment, and elimination in an infected human
host. However, to date, brain HIV-1 latency in hu-HSC mice during suppressive antiretroviral
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therapy (ART) was not studied. To address this need, hu-HSC mice were administered long

acting (LA) ART 14 days after HIV-1 infection was established. Animals were maintained under
suppressive ART for 3 months, at which time HIV-1 infection was detected at low levels in

brain tissue by droplet digital polymerase chain reaction (ddPCR) test on DNA. Notably, adoptive
transfer of cells acquired from the hu-HSC mouse brains and placed into naive hu-HSC mice
demonstrated viral recovery. These proof-of-concept results demonstrate replication-competent
HIV-1 reservoir can be established in hu-HSC mouse brains that persists during long-term ART
treatment. Hu-HSC mice-based mouse viral outgrowth assay (hu-MVOA) serves as a sensitive tool
to interrogate latent HIV-1 brain reservoirs.

Graphical Abstract

Keywords

Human immunodeficiency virus type one (HIV-1); humanized mice; adoptive transfer; brain;
latent virus recovery; mouse viral outgrowth assay

Introduction

The elimination of the human immunodeficiency virus type 1 (HIV-1) from an infected
human host remains a focus of world-wide research efforts. Indeed, virus remains integrated
within the human genome during the life of the cell as transcriptionally silent. This
precludes immune surveillance and viral clearance. Antiretroviral therapy (ART) suppresses
viral growth but cannot eliminate infection. A primary challenge in attempts to eliminate
HIV-1 rests in the broad distribution of latent infected cells throughout the body. While a
majority of studies have focused on readily accessible peripheral blood mononuclear cells
(PBMCs), virus is present in lymph nodes, gut-associated lymphoid tissue, bone marrow,
spleen, the genitourinary system and the central nervous system (CNS). Each and all

of these tissues are responsible for the persistent viral reservoir and for HIV-associated
comorbidities (Lerner, et al. 2019). Amongst these tissue sites, the CNS serves as a

notable HIV-1 anatomical site where viral suppression can be affected by inherent ART
penetrance and migration of immune cells (Hong and Banks 2015; McGee, et al. 2006).

As a result, HIV-1 persists and induces low-level inflammation which can herald HIV-
associated neurocognitive disorders (HANDs) (Clifford and Ances 2013; Heaton, et al.
2010; Saylor, et al. 2016). While interrogating brain reservoirs is clinically challenging,
autopsy examinations of individuals with premortem undetectable viremia identified HIV-1
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brain DNA with as yet not fully determined viral replication-competence (Chaillon, et al.
2020; Lamers, et al. 2016). Thus, a recurrent challenge for HIV-1 latency studies depends on
both detecting and measuring viral tissue reservoirs (Abdel-Mohsen, et al. 2020).

A limitation in detecting replication competent virus is that conventional gPCR amplifies
both defective and replication-competent proviral DNA and results in overestimating the
“true” reservoir size. While the standard viral outgrow assay (QVOA) readily detects virus
from latent sites it fails to capture all (Ho, et al. 2013), especially in the face of a limited
reservoir size (Henrich, et al. 2014; Luzuriaga, et al. 2015). Using QVOA as a standard,

a mouse-based VOA (MVOA) was developed where peripheral blood mononuclear cells
(PBMCs) from HIV-1 infected and ART suppressed persons were adoptively transferred into
humanized mice (Metcalf Pate, et al. 2015). This assay enabled HIV-1 to be successfully
recovered from the animals in the face of a negative QVOA (Charlins, et al. 2017). The
results demonstrated that MVVOA is a more sensitive assay exceeding QVOA in detecting
replication-competent HIV-1. Recently, our group extended MVVOA using humanized mice
as donors and enabled a humanized mouse-to-mouse VOA (hu-MVOA) detection system.
By adoptively transferring PBMCs from virally suppressed into naive humanized mice,
HIV-1 recovery was made (Su, et al. 2020). In addition, these works allowed studies of
human tissue cells that carry latent virus present in virally suppressed donor humanized
mouse including splenocytes and bone marrow (BM) cells. These are major anatomical sites
of latent HIV-1 supporting the fact that hu-MVOA can serve as a platform for detecting
infected cells within a broad number of tissue reservoirs. Based on this notion in the current
study, we tested whether adoptive transfer of brain cells from infected and ART suppressed
humanized mice can be seen with high sensitivity. Donor humanized mice initiated long
acting ART (Edagwa, et al. 2017) after 2 weeks of HIV-1 infection and were maintained
under suppressive treatment for 3 months. Although only minimal HIV-1 infection was
seen by ultrasensitive semi-nested ddPCR assay in donor humanized mouse brains before
adoptive cell transfer, viral recovery was made from two of four recipient humanized

mice. These results demonstrate that replication-competent HIV-1 persists in CNS during
suppressive ART. Hu-MVOA provides a tool to evaluate HIV-1 CNS reservoirs.

Materials and Methods

Generation, HIV-1 Infection and Treatment of Humanized Mice

All experimental protocols were approved by the University of Nebraska Medical Center
Institutional Animal Care and Use Committee (IACUC). All animal studies were performed
in accordance with UNMC institutional policies and the National Institutes of Health
guidelines. The experimental procedures were as follows. New-born NOD/scid-1L-2RyC"ull
(NSG) mice were injected with human CD34+ cord blood hematopoietic stem cells (hu-
HSCs) through an intrahepatic route(Gorantla, et al. 2010b). Humanization was determined
by flow cytometric staining of human cell markers. At 20-week age, donor hu-HSC mice
with affirmed human cell counts (peripheral human CD45+ cells > 20%) were selected and
intraperitoneally infected with HIV-1app at a titer of 104 tissue culture infection doses
(TCIDsgg)/animal. At 2 weeks following viral infection, plasma HIV-1 RNA was measured
in blood samples recovered from the submandibular vein by automated COBAS Ampliprep
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System V2.0/Tagman-48 system assay (Roche Molecular Diagnostics, Basel, Switzerland).
Donor hu-HSC mice with affirmed viral infection were initiated with a combination of first
generation 4 ART regimens [LA dolutegravir (NMDTG), rilpivirine (NRPV), lamivudine
(NM3TC), and abacavir (NMABC)] (Dash, et al. 2019). All the nanoformulations were
given intramuscularly. NMDTG and NRPV were injected once every 4 weeks at doses
equivalent to 45 mg/kg of parent drugs and NMABC and NM3TC were administered once a
week at doses equivalent to 50 mg/kg of parent drugs. Donor hu-HSC mice were maintained
on ART for an additional 12 weeks before sacrifice.

Brain Adoptive Transfer

After 12 weeks of LA-ART treatment, plasma HIV-1 RNA of four donor hu-HSC mice

was determined by automated COBAS Ampliprep System V2.0/Tagman-48 system and
confirmed undetected (< 200 copies/ml). Animals were immediately sacrificed and brain
cells were isolated and counted using the TC-20 automated cell counter (Bio-Rad, Hercules,
CA). The whole cell population which contained both mouse and human cells were
intraperitoneally injected into respective naive hu-HSC mice. The recipient hu-HSC mice
were maintained for 8 more weeks to monitor HIV-1 propagation.

Flow Cytometry

Hu-HSC mouse blood was collected to monitor human cell levels using monoclonal
antibodies to human CD45, CD3, CD19, CD4, and CD8 (BD Pharmingen, San Diego, CA).
Flow cytometry was operated on BD LSRII (BD Immunocytometry Systems, Mountain
View, CA) system and data were analyzed using FlowJo software (BD Pharmingen, San
Diego, CA).

gPCR for HIV-1 DNA/RNA

Total DNA and RNA were extracted from hu-HSC mouse tissues including brain, lung,
liver, spleen, bone marrow, gut, and kidney, by Qiagen All Prep DNA/RNA Mini Kit
(QIAGEN, Hilden, Germany). RNA was first reverse transcribed to cDNA using Thermo-
Fisher Scientific Verso cDNA Synthesis Kit (Invitrogen, MA). Semi-nested real-time PCR
was performed to measure total HIV-1 DNA and RNA as previously described (Arainga, et
al. 2016). In brief, the first round of PCR was performed on a conventional PCR machine
(T100 Thermal Cycler, Bio-Rad, CA) in 25 pl of PCR reaction mix containing 500 ng of
template and 50 ng each of both primers annealing to HIV-1 gag region and the reaction
conditions are as follows: 94 °C for 3 min, followed by 15 cycles of 94 °C for 30s, 55 °C
for 30s, and 72 °C for 1 min. The product of the first PCR was subsequently used as a
template in the second semi-nested real-time qPCR amplification. The assay was performed
on the ABI Step One Plus real-time PCR machine (Applied Biosystems, Foster City, CA)
using TagMan detection probe and primers. Five microliters of the first PCR product were
diluted to 10 pl with PCR master mix containing two primers at 0.2 pM each and 0.2 uM
TagMan dual-labeled fluorescent probe. Real-time PCR settings were as follows: 50°C for
2 min, then 95°C for 10 min, followed by 40 cycles of 95°C for 15 s, and 60°C for 1 min.
HIV-1 DNA/RNA was quantified using standard curve established by ACH-2 cell line that
contains one integrated copy of HIV-1 DNA per cell. The detection limit is below 10 HIV-1
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DNA copies/108 human CD45+ cells. Human CD45 (Hs0036534_g1) (Life Technology,
California, USA) was employed as reference gene for normalization.

Immunohistochemistry

RNAscope

Hu-HSC mouse tissues were collected at animal autopsy and immediately fixed with 4%
paraformaldehyde. After 24 hours, tissues were processed and paraffin embedded. Tissues
were cut into 5 um thick sections and immune-stained with anti-human HLA-DQ/DP/DR
(clone CR3/43, 1:100, DAKO, Carpinteria, CA) and HIV-1 p24 (1:10, DAKO, Carpinteria,
CA). Images were acquired with a Nuance EX camera fixed to a Nikon Eclipse E800
microscope using Nuance software (Cambridge Research & Instrumentation, Woburn, MA).
Images were captured at 10x and 20x magnifications.

Hu-HSC mouse brain tissues were prepared in 5-um thick paraffin-embedded sections

for RNAScope® analysis (Advanced Cell Diagnostics, Hayward, CA) according to the
manufacturer’s instructions. To detect HIV-1 RNA, an anti-sense HIV-1 Clade B probe
targeting viral base pairs 854-8291 was employed. Positive signals were detected as single
or clusters of brown dots. Images were captured at 40x magnification.

ddPCR for detection of HIV-1 nucleic acids

Droplet digital PCR (ddPCR) was performed based on the water—oil emulsion droplet
technology, using the ddPCR™ Supermix for Probes and reagents in the QX200™ Droplet
Digital™ PCR system (Bio-Rad Laboratories, Hercules, CA) (Dash, et al. 2019). For
quantification of HIV-1 DNA, the eluted brain DNA was PCR-amplified using Tagman

set targeting the HIV-1 gag gene and as a reference human CD45 gene. A total of 400 ng
DNA from each tissue was used as template for first round of PCR amplifications with the
same thermal cycling conditions used for real-time g-PCR detection. 500ng DNA of the first
round semi-tested PCR product was used for the ddPCR reaction, the data was expressed

as HIV-1 copies/ug of DNA used. Data acquisition and analysis were done using QX200
droplet reader and QuantaSoft™ software provided with the instrument.

Statistical Analyses

Results

Data were plotted and analyzed using GraphPad Prism 8.0 software (La Jolla, CA).

Donor Hu-HSC Mice

The experimental scheme used in this study is shown in Figure 1. At 20-weeks of age, donor
hu-HSC mice (peripheral human CD45+ cells of 20% or greater) were selected. These mice
were intraperitoneally infected with 104 tissue culture infection dosesq (TCIDsg)/animal

by the intraperitoneal route. Four hu-HSC mice were infected with HIV-1 for 2 weeks
before ART was initiated. We chose this timing based on our prior observations that in

this humanized mouse model HIV-1 infection is readily established in lymphoid tissues

but not yet detected in the brain at 14 days (Su, et al. 2019). At this point, the brain
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reservoir size is limited while peripheral HIV-1 infection is established. In the donor hu-
HSC mice, plasma HIV-1 RNA level ranged from 500 to 33,000 copies/ml before treatment
initiation (Figure 2A and Table 1). There were no significant changes in the numbers of
peripheral human CD4+ T cells (Figure 2B). Donor hu-HSC mice with affirmed viral
infection were administered four long acting ART regimens [LA dolutegravir (NMDTG),
rilpivirine (NRPV), lamivudine (NM3TC), and abacavir (NMABC)] (Dash, et al. 2019). All
formulations were administered intramuscularly. NMDTG and NRPV were injected once
every 4 weeks at 45 mg/kg and NMABC and NM3TC were administered once a week at

50 mg/kg of parent. Drug concentrations reflected parent drug concentrations. ART was
initiated at 2 weeks after infection then maintained for 12 weeks before donor hu-HSC
mice were sacrificed and adoptive transfer was performed. This treatment scheme induced
vigorous HIV-1 suppression in both hu-HSC mouse PBMC and lymphoid and brain tissues
(Dash, et al. 2019; Su, et al. 2020). Before animal euthanasia, plasma HIV-1 RNA was
confirmed below detection limit (200 copies/ml) in all 4 donors (Figure 2A). Peripheral
CDA4+ T cells did not show significant changes compared to pre-infection levels (Figure
2B). Peripheral human CD45, CD3, CD19, and CD8 cells all remained unchanged (data
not shown). At the conclusion of the experiment, donor hu-HSC mice were sacrificed and
animal brains were collected for viral and adoptive cell transfer tests. In the brain sections
of donor hu-HSC mice, human cells (stained using anti-human specific HLA-DR) were
observed in the meninges and in the cortical regions using immunohistochemistry (Figure
2C). However, at the same view, HIV-1p24 signal was not detected (data not shown).
Reflective of our prior (Su, et al. 2020) studies, after 12 weeks of first-generation ART
administration, brain HIV-1 infection was restricted where viral RNA and DNA were below
the detection limit (10 copies/108 human CD45+ cells). This finding was observed in all the
donor hu-HSC mice; measured using semi-nested gRT-PCR (data not shown). RNAscope
was deployed for HIV-1 RNA detection. This technique was used with an anti-sense HIV-1
Clade B probe targeting viral base pairs 854-8291. Positive signals were detected as single
or clusters of brown dots. By performing RNAscope assay that nearly covers the whole viral
sequence (except LTR region) and detects 1~2 viral copies, HIV-1 RNA was captured as
sporadic single brown dots in the brain sections of M388 and M3884, but not in M447 and
M470 (Figure 2D). Furthermore, ddPCR was used with a sensitivity of 1~2 viral copies

for HIV-1 detection. Viral DNA was not detected by direct amplification tests. However,
we were successful in capturing low levels of HIV-1 DNA from all donor brains when
analyzing 500 ng of DNA products from the first round of semi-nested PCR (Figure 2E).
To this end, HIV-1 infection in the brains of donor hu-HSC mice that received early and
sustained LA-ART treatment was suppressed whereas viral fragments were detected only by
ultrasensitive tests.

Brain Cell Recipient Hu-HSC Mice

Highly-sensitive PCR based assays only detect partial HIV-1 genomes that do not
differentiate replication-defective from replication-competent virus. To investigate whether
there was residual replication-competent HIV-1 in virally suppressed donor hu-HSC mouse
brains and their capability to induce new round of infection, we resuspended animal brain
cells and adoptively transferred them into respective new recipient naive hu-HSC mice
through intraperitoneal route (Figure 1 and Table 1). To avoid cell loss during human cell
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isolation, we engrafted a mixture of mouse and human cells ranging from 52.2~106.4 x

108 cells which included 0.9 ~2.0 x 108 human cells as calculated using flow cytometry
analysis (Table 1). Given that HIV-1 rebound usually occurs within 4 weeks upon adoptive
transfer (Charlins, et al. 2017; Henrich, et al. 2017; Metcalf Pate, et al. 2015), we maintained
recipient hu-HSC mice for 8 weeks to monitor HIV-1 rescue. HIV-1 was successfully
recovered from recipient M363 and M3944 but not from M381 and M476 (Figure 3A

and Table 1). The total human cells (CD45) remained consistent in all the recipient mice
throughout the experimental period as measured using flow cytometry (Figure 3B). There
was a decrease of 28.2, 3.1, 7.3, and 13.2% of peripheral human CD4+ cells and an

increase of 11.7, 4.2, 0.7, and 10.7% of peripheral CD8+ cell in M363, M381, M476,

and M3944, respectively (Figures 3C-D). In the tests used in this report, first round of

PCR was performed by conventional PCR in 25 pl of a reaction mix containing 500 ng of
template and 50 ng each of both primers directed to the HIV-1 gag region of the virus. Five
microliters of the first PCR product were diluted to 10 ul with PCR master mix containing
two primers at 0.2 pM each and 0.2 uM TagMan dual-labeled fluorescent probe for real-time
PCR detection. HIV-1 DNA and RNA were quantified. The detection limit was recorded at
< 10 HIV-1 DNA copies/108 human CD45+ cells. Tissue HIV-1 infection was readily spread
in M363 and M3944 as viral RNA and DNA were detected in spleen, BM, gut, lung, brain,
liver, and kidney, but not in M381 and M476 (Figures 3E-F). Recipient humanized mouse
spleen and lymph node sections were stained with HLA-DR and HIV-1p24 to trace viral
proteins. HIV-1p24+ cells were readily observed in the spleen (Figure 3G) and lymph nodes
(Figure 3H) sections of M363 and M3944 as shown in brown dots, but were not detected in
M381 and M476 sections. Overall, despite a small size reservoir that was only captured by
ddPCR, replication-competent HIV-1 persisted in the brains and was successfully recovered
from 50% of donor humanized mice that received early and potent suppressive treatment.

Discussion

The extent of the HIV-1 tissue reservoir rests on the broad viral distribution within a
human host. While routinely viral sampling is performed in peripheral blood, the major
site of latent virus is in tissue and is in continuous exchange with blood. Brain is the most
inaccessible tissue and can only be studied at autopsy. Although HIV-1 DNA has been
identified from brain tissues at post-mortem examination, its replication-competence has not
been known (Chaillon, et al. 2020; Lamers, et al. 2016). Simian immunodeficiency virus
(SIV)-infected macaque studies have broadened the recognition of latent viral anatomical
tissue sites including those in the brain (Gama, et al. 2018; Henderson, et al. 2020). Viral
infection is established in the brain within a week after infection and persists for years after
suppressive ART (Borducchi, et al. 2018; Graham, et al. 2011). Notably, the primary cell
types that harbor latent HIV-1 reservoir in the brain are macrophages and microglial cells
(Abreu, et al. 2019; Wallet, et al. 2019). Indeed, using a macrophage QVOA (M®-QVOA),
SIV was amplified from brain CD11b+ cells in virally suppressed macaque, confirming

the presence of replication-competent SIV in CNS (Avalos, et al. 2017). Nevertheless,

SIV is different from HIV and as such definitive virus-specific data is required which

can be obtained from infected humanized mice. Indeed, by transplanting hu-HSCs into
immunodeficient newborn rodents, human immune system can readily be reconstituted
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which supports HIV-1 replication (Gorantla, et al. 2007; Marsden and Zack 2017; Zhang
and Su 2012). Human lymphocytes and macrophages can infiltrate into mouse brains and
subject to HIV-1 infection (Gorantla, et al. 2010a). To date, the effect of ART on HIV-1
replication and persistence in the brain of this mouse model has not been investigated.
Previously we have conducted ART administration and treatment interruption studies on
hu-HSC mice and HIV-1 rebound was observed in all the tissue compartments including
brain (Dash, et al. 2019; Su, et al. 2020). However, it was not determined if the reappeared
virus came from brain or the peripheral immune system. Recently a humanized mice-based
MVOA was developed to recover HIV-1 from aviremic patient PBMCs (Schmitt and Akkina
2018). Notably, MVVOA was able to capture low levels of latent viral reservoirs that was
not detected by QVOA (Charlins, et al. 2017; Henrich, et al. 2017). We further expanded
MVOA using humanized mice as donors and successfully recaptured HIV-1 not only

from animal blood leukocytes but also from splenocytes and BM cells (Su, et al. 2020).
These observations suggest that hu-MVOA can be used to assay HIV-1 anatomical site and
provides an opportunity to investigate brain viral reservoirs.

In this proof-of-concept study ART was administrated to infected humanized mice following
the confirmation of viral infection. All infected animals demonstrated pre-treatment viral
loads over the detection limit (200 HIV-1 RNA copies/ml) but much lower than SIV
infection during a similar infectious window [108 SIV RNA copies/ml, (Avalos, et al. 2017;
Barouch, et al. 2016)], suggesting a much smaller pre-treatment brain HIV-1 reservoir size
in humanized mice compared to that in macaques. In addition, compared to conventional
ART used in the macaque study, LA-ART used in the current study shows superior tissue
penetration that may further restrict brain HIV-1 infection (Edagwa, et al. 2017; Sillman, et
al. 2018; Zhou, et al. 2018). Together, recovery of brain HIV-1 reservoir from humanized
mice has proven more complex based on size and distribution than was reported in rhesus
macaques (Avalos, et al. 2017). Indeed, after 12 weeks of suppressive ART treatment HIV-1
RNA and DNA were undetectable in hu-HSC mouse brains by nested gRT-PCR. More
sensitive ddPCR captured HIV-1 DNA only by assaying viral sequences from first round
product of nested PCR, demonstrating low level of residual HIV-1 in the donor brains.
Although HIV-1 RNA was captured in 2 mice brains by sensitive RNAscope assay which
detects 1~2 viral copies and covers nearly entire HIV-1 sequence, the single dot signal
indicated there was no viral spread. The detected HIV-1 RNA may arise from sporadic
amplification of residual virus which could be replication-defective. The successful recovery
of HIV-1 dissemination in recipient hu-HSC mice demonstrated the presence of functional
viral reservoirs that persisted in the brains despite long-term suppressive ART treatment.
Capturing the small reservoir size by hu-MVOA supports it use as a highly sensitive tool
for HIV-1 detection. Interestingly, the 2 donors (M388 and M3884) that were captured with
brain latent reservoirs had barely detectable pre-treatment plasma HIV-1 RNA (500 and 540
copies/ml) indicating that brain HIV-1 reservoirs were established during very early stages
of infection even when the peripheral viral level was low. The failure of restoring HIV-1
amplification from 2 other donors (M447 and M470) likely resulted from small reservoir
size in the engrafted cells, which was also observed in previous reports (Charlins, et al.
2017; Henrich, et al. 2017). Lower numbers of engrafted human cells from the negative
donors (0.9 and 1.1 million) compared to the positive donors (1.7 and 2.0 million) may also
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contribute to unsuccessful viral recovery. Another explanation for the absence of detectable

viral reservoirs could be the focal distribution of HIV-1 infection in the brain as reported by

other researchers (Avalos, et al. 2017; Gama, et al. 2017). Adoptively transferring different
compartments of brain tissues may provide more insights. The limitation of current study
is lack of sensitivity comparison between QVOA and MVOA on the detection of brain
reservoirs due to limited reconstitution of human cells in hu-HSC mouse brains (Gorantla,
etal. 2012). It can be realized by the development of novel humanized mouse models with
improved human cell reconstitution in the rodent brains (Mathews, et al. 2019).

In conclusion, we posit that this humanized mouse-to-mouse MVVOA (hu-MVOA) can

be used to assess HIV-1 infection in the CNS. Replication-competent HIV-1 can be
established in brain during long-term ART suppressive treatment. The data support further
investigations on the use of hu-MOVA to interrogate tissue viral reservoirs. Hu-MVOA
extended humanized mice as a valuable pre-clinical model to study HIV-1 persistence and
could be an innovative system in studies of viral eradication.

Acknowledgements and Funding

We acknowledge the technical support given in this project by Lili Guo for providing outstanding technical
assistance for preparing the humanized mice. We would like to thank Dr. Benson Edagwa for helping in the
generation and characterization of nanoformulations used for the mice study. This work was supported by the
University of Nebraska Foundation and by the National Institute of Health grants awarded to University of
Nebraska Medical Center including P01 DA028555, R0O1IMH115860, RO1MH121402 and R240D018546. The
funding agency have no role in the design of the experiments.

Availability of data and material

All the data findings from this study are included with this manuscript, any other relevant
data supporting the key findings of this study are available from the corresponding authors
upon reasonable request.

References

Abdel-Mohsen M, et al. 2020 Recommendations for measuring HIV reservoir size in curedirected
clinical trials. Nat Med 26(9):1339-1350. [PubMed: 32895573]

Abreu C, et al. 2019 Brain macrophages harbor latent, infectious simian immunodeficiency virus.
AIDS 33 Suppl 2:5181-S188. [PubMed: 31789817]

Arainga M, et al. 2016 HIV-1 cellular and tissue replication patterns in infected humanized mice. Sci
Rep 6:23513. [PubMed: 26996968]

Avalos CR, et al. 2017 Brain Macrophages in Simian Immunodeficiency Virus-Infected,
Antiretroviral-Suppressed Macaques: a Functional Latent Reservoir. mBio 8(4).

Barouch DH, et al. 2016 Rapid Inflammasome Activation following Mucosal SIV Infection of Rhesus
Monkeys. Cell 165(3):656-67. [PubMed: 27085913]

Borducchi EN, et al. 2018 Antibody and TLR7 agonist delay viral rebound in SHIV-infected monkeys.
Nature 563(7731):360-364. [PubMed: 30283138]

Chaillon A, et al. 2020 HIV persists throughout deep tissues with repopulation from multiple
anatomical sources. J Clin Invest 130(4):1699-1712. [PubMed: 31910162]

Charlins P, et al. 2017 A humanized mouse-based HIV-1 viral outgrowth assay with higher sensitivity
than in vitro qVOA in detecting latently infected cells from individuals on ART with undetectable
viral loads. Virology 507:135-139. [PubMed: 28432928]

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Suetal.

Page 10

Clifford DB, and Ances BM 2013 HIV-associated neurocognitive disorder. Lancet Infect Dis
13(11):976-86. [PubMed: 24156898]

Dash PK, et al. 2019 Sequential LASER ART and CRISPR Treatments Eliminate HIV-1 in a Subset of
Infected Humanized Mice. Nat Commun 10(1):2753. [PubMed: 31266936]

Edagwa B, et al. 2017 Long-acting slow effective release antiretroviral therapy. Expert Opin Drug
Deliv 14(11):1281-1291. [PubMed: 28128004]

Gama L, et al. 2017 Reactivation of simian immunodeficiency virus reservoirs in the brain of virally
suppressed macaques. AIDS 31(1):5-14. [PubMed: 27898590]

Gama L, et al. 2018 SIV Latency in Macrophages in the CNS. Curr Top Microbiol Immunol 417:111—
130. [PubMed: 29770863]

Gorantla S, et al. 2010a Links between progressive HIV-1 infection of humanized mice and viral
neuropathogenesis. Am J Pathol 177(6):2938-49. [PubMed: 21088215]

Gorantla S, et al. 2010b CD8+ cell depletion accelerates HIV-1 immunopathology in humanized
mice.J Immunol 184(12):7082-91. [PubMed: 20495069]

Gorantla S, Poluektova L, and Gendelman HE 2012 Rodent models for HIV-associated neurocognitive
disorders. Trends Neurosci 35(3):197-208. [PubMed: 22305769]

Gorantla S, et al. 2007 Human immunodeficiency virus type 1 pathobiology studied in humanized
BALB/c-Rag2—-/-gammac—/- mice. J Virol 81(6):2700-12. [PubMed: 17182671]

Graham DR, et al. 2011 Initiation of HAART during acute simian immunodeficiency virus infection
rapidly controls virus replication in the CNS by enhancing immune activity and preserving
protective immune responses. J Neurovirol 17(1):120-30. [PubMed: 21165785]

Heaton RK, et al. 2010 HIV-associated neurocognitive disorders persist in the era of potent
antiretroviral therapy: CHARTER Study. Neurology 75(23):2087-96. [PubMed: 21135382]

Henderson LJ, et al. 2020 Advances toward Curing HIV-1 Infection in Tissue Reservoirs. J Virol 94(3).

Henrich TJ, et al. 2014 Antiretroviral-free HIV-1 remission and viral rebound after allogeneic stem cell
transplantation: report of 2 cases. Ann Intern Med 161(5):319-27. [PubMed: 25047577]

Henrich TJ, et al. 2017 HIV-1 persistence following extremely early initiation of antiretroviral
therapy (ART) during acute HIV-1 infection: An observational study. PLoS Med 14(11):e1002417.
[PubMed: 29112956]

Ho YC, et al. 2013 Replication-competent noninduced proviruses in the latent reservoir increase
barrier to HIV-1 cure. Cell 155(3):540-51. [PubMed: 24243014]

Hong S, and Banks WA 2015 Role of the immune system in HIV-associated neuroinflammation and
neurocognitive implications. Brain Behav Immun 45:1-12. [PubMed: 25449672]

Lamers SL, et al. 2016 HIV DNA Is Frequently Present within Pathologic Tissues Evaluated at
Autopsy from Combined Antiretroviral Therapy-Treated Patients with Undetectable Viral Loads. J
Virol 90(20):8968-83. [PubMed: 27466426]

Lerner AM, Eisinger RW, and Fauci AS 2019 Comorbidities in Persons With HIV: The Lingering
Challenge. JAMA.

Luzuriaga K, et al. 2015 Viremic relapse after HIV-1 remission in a perinatally infected child. N Engl J
Med 372(8):786-8. [PubMed: 25693029]

Marsden MD, and Zack JA 2017 Humanized Mouse Models for Human Immunodeficiency Virus
Infection. Annu Rev Virol 4(1):393-412. [PubMed: 28746819]

Mathews S, et al. 2019 Human Interleukin-34 facilitates microglia-like cell differentiation and
persistent HIV-1 infection in humanized mice. Mol Neurodegener 14(1):12. [PubMed: 30832693]

McGee B, Smith N, and Aweeka F 2006 HIV pharmacology: barriers to the eradication of HIV from
the CNS. HIV Clin Trials 7(3):142-53. [PubMed: 16880170]

Metcalf Pate KA, et al. 2015 A Murine Viral Outgrowth Assay to Detect Residual HIV Type 1 in
Patients With Undetectable Viral Loads. J Infect Dis 212(9):1387-96. [PubMed: 25883388]

Saylor D, et al. 2016 HIV-associated neurocognitive disorder - pathogenesis and prospects for
treatment. Nat Rev Neurol 12(5):309. [PubMed: 27080521]

Schmitt K, and Akkina R 2018 Ultra-Sensitive HIV-1 Latency Viral Outgrowth Assays Using
Humanized Mice. Front Immunol 9:344. [PubMed: 29556230]

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2022 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Suetal.

Page 11

Sillman B, et al. 2018 Creation of a long-acting nanoformulated dolutegravir. Nat Commun 9(1):443.
[PubMed: 29402886]

Su H, et al. 2019 Immune Activations and Viral Tissue Compartmentalization During Progressive
HIV-1 Infection of Humanized Mice. Front Immunol 10:340. [PubMed: 30873181]

Su H, et al. 2020 Amplification of Replication Competent HIV-1 by Adoptive Transfer of Human Cells
From Infected Humanized Mice. Front Cell Infect Microbiol 10:38. [PubMed: 32117811]

Wallet C, et al. 2019 Microglial Cells: The Main HIV-1 Reservoir in the Brain. Front Cell Infect
Microbiol 9:362. [PubMed: 31709195]

Zhang L, and Su L 2012 HIV-1 immunopathogenesis in humanized mouse models. Cell Mol Immunol
9(3):237-44. [PubMed: 22504952]

Zhou T, et al. 2018 Creation of a nanoformulated cabotegravir prodrug with improved antiretroviral
profiles. Biomaterials 151:53-65. [PubMed: 29059541]

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2022 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Suetal. Page 12
Donor Humanized Mice

HIV-1
Humanization l% Long-acting ART

e+t
Weeks 39 o 5 6 7 8 9 10 11 12 13 14

1@ s

I
¥ Brain

-

Adoptive transfer of brain cells carrying |
latent HIV-1 4

r& Recipient Humanized Mice

Plasma and Tissue
collection for HIV-1
detection

Figure 1. Experimental Scheme.
Donor hu-HSC mice were infected with HIV-1apa intraperitoneally (i.p.) at 104 tissue

culture infective dosegy (TCIDsg)/ml for 2 weeks before treatment initiation. Plasma viral
load (VL) was measured after 2 weeks to detect viral RNA. Suppressive LA-ART was
maintained for another 12 weeks before animal sacrifice. Donor hu-HSC mouse brain
cells which contained a mixture of mouse and human cells were isolated and immediately
intraperitoneally injected into naive hu-HSC mice. Recipient animals were maintained for
another 8 weeks before sacrifice and were analyzed for HIV-1 recovery.
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Figure 2. Donor hu-HSC mice.
The dynamics of (A) plasma viral load (VL) and (B) peripheral blood human CD4+ T cells

in individual donor hu-HSC mice were recorded. The detection limit (DL) for plasma HIV-1
RNA capture was below 200 copies/ml as shown by the dotted line. Paraffin-embedded brain
sections were collected and subjected to (C) immunohistochemistry staining for human
HLA-DR as well as (D) RNAscope analysis for HIV-1 RNA detection as shown by a single
or clusters of brown dots. (E) Ultrasensitive ddPCR, with sensitivity of detecting 1-2 viral
copies, was used in cross validation tests for viral DNA detection from brains.

J Neuroimmune Pharmacol. Author manuscript; available in PMC 2022 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Suetal.

Brain Recipient Hu-HSC Mice

Page 14

A B
6 Plasma VL CD45
= 10, 100
E - 363
B - 381
@ - 426
2 10% " » 0 - 3944
-2— L] 3 —
3 e ©
£ 10* 2 —
2 - I
T
5 10%1 #
£ 20
0
a.g 2, ekl DL 0
10 8 Weeks post- " Pre-adoptive 8 Weeks post-
adoptive transfer transfer adoptive transfer
C
cb4 8 cps
100+ R 40+ + 363
. - 363 - 381
® — - 381 @ - 478
w'®m B0 \ i ' . - 3944
= o . - 3044 S @ 304
84 B &
£8 o ~ 28
=3 =+ 9
X @
82 4o : 23
59 B0 //"'
25 2, & E 191
&
o o e
Pre-adoptive 8 Weeks post- - Pm-sd'opliwe 8 Weeks post-
transfer adoptive transfer fi {opti fi
E 0 F B
Brain recipient tissue HIV-1 RNA . Brain recipient tissue HIV-1 DNA
2107
2 107+ =
g - §
L] - w (- 2
% 10& E 10 . . . .
o . e Qe .
.g 105+ . e 105 3 .
= =
G @ -
2 104 ° . % 104 . ® .
g ° 8
] - (%]
<< 3| g 3] ®
z 10 Z 10
".‘ I
§1o1| - LR ] L LS L -8 LR nL §1°1| .o .o LR N ] .o .o LR LR =L
100 T T T T
b o & e 1) o &
‘ﬁg‘p < @ K& & F *?@ <
G HIV-1p24 H

Figure 3. Brain Cell Recipient hu-HSC mice.
(A) Plasma viral load (VL) after 8 weeks of donor hu-HSC mouse brain engraftment. The

detection limit (DL) was below 200 copies/ml as shown by the dotted line. (B) Total human
cells as stained by flow cytometry using CD45 antibody, at pre-and post-adoptive transfer
of brain cells. (C) Peripheral CD4+ and (D) CD8+ T cells at pre- and post-engraftment. (E)
Tissue HIV-1 RNA and (F) DNA detection in spleen, bone marrow (BM), gut, lung, brain,
liver, and kidney by semi-nested real-time gPCR. The DL was below 10 copies/108 human
CDA45+ cells as shown by the dotted line. Representative (G) spleen and (H) Lymph node
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sections from recipient humanized mice (#363 and 3944) showing HIV-1p24 cells as brown
color dots by IHC staining. The scale bar indicates 20x and 10x magnifications respectively.
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Table 1.

Descriptors of donor and recipient humanized mice

Page 16

Donor hu-HSC mice

Recipient hu-HSC mice

Plasma Plasma No. of total . Plasma
Animal HIV-1 HIV-1 Peripheral \i\ile(l)blc:efg?;?rl] viable Animal Pehr(llplqujE:al HIV-1 RNA
ID RNA RNA hCD45 before cells for human ID before 8 weeks
(copies/ml) | before AT AT (%) AT(x10p) cells for AT AT(%) after AT
LA-ART | (copies/ml) 6 (x10g) ° (copies/ml)
388 500 ND 58.7 105.4 2.0 363 37.3 153000
447 2100 ND 30.6 108.4 11 381 75.9 ND
470 33000 ND 34.0 52.2 0.9 476 43.2 ND
3884 540 ND 29.5 54.8 1.7 3944 27.3 46000

#AT, adoptive transfer; ND, not detected < 200 copies/ml.
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