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HIV eradication is hindered by the existence of latent HIV reservoirs in CD4+ T cells.
Therapeutic strategies targeting latent cells are required to achieve a functional cure,
however the study of latently infected cells from HIV infected persons is extremely
challenging due to the lack of biomarkers that uniquely characterize them. In this study,
the dual reporter virus HIVGKO was used to investigate latency establishment and
maintenance in lymphoid-derived CD4+ T cells. Single cell technologies to evaluate
protein expression, host gene expression, and HIV transcript expression were
integrated to identify and analyze latently infected cells. FDA-approved, JAK1/2
inhibitors were tested in this system as a potential therapeutic strategy to target the
latent reservoir. Latent and productively infected tonsillar CD4+ T cells displayed similar
activation profiles as measured by expression of CD69, CD25, and HLADR, however
latent cells showed higher CXCR5 expression 3 days post-infection. Single cell analysis
revealed a small set of genes, including HIST1-related genes and the inflammatory
cytokine, IL32, that were upregulated in latent compared to uninfected and productively
infected cells suggesting a role for these molecular pathways in persistent HIV infection.
In vitro treatment of HIV-infected CD4+ T cells with physiological concentrations of JAK1/2
inhibitors, ruxolitinib and baricitinib, used in clinical settings to target inflammation,
reduced latent and productive infection events when added 24 hr after infection and
blocked HIV reactivation from latent cells. Our methods using an established model of HIV
latency and lymphoid-derived cells shed light on the biology of latency in a crucial
anatomical site for HIV persistence and provides key insights about repurposing
baricitinib or ruxolitinib to target the HIV reservoir.
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INTRODUCTION

The latent HIV reservoir is defined as cells carrying integrated,
replication-competent provirus that do not express viral
transcripts or proteins (1). CD4+ T cells are recognized as the
predominant cellular refuge for the latent HIV reservoir;
specifically resting memory cells have been shown to be
enriched in HIV provirus compared to other CD4+ T cell
subsets, however cells from the myeloid lineage can also be
infected by HIV and contribute to persistence of latency (2–4).
Studies of antiretroviral therapy (ART) initiation during acute
infection in humans and non-human primates (NHP) have
shown that the latent reservoir is established very early
following HIV infection (5, 6). This is likely due to the ability
of latently infected cells to distribute throughout the tissues with
a higher viral burden detected in the gut, lymph nodes, and CNS
relative to peripheral blood (7–9).

The persistence of latent HIV reservoirs despite effective ART
remains the largest barrier to the cure of HIV/AIDS (10–12).
Many technical challenges contribute to the difficulties in
studying latent HIV infection. First, in patients under ART
suppression latently infected cells are present at very low
frequencies in the blood with estimates at 1-1,000 per million
CD4+ T cells (13, 14). Second, despite this being an area of
intense research that has generated several candidate markers
including CD32a, CD30, PD-1, Lag-3, Tigit, and CD127 (15–21),
there are no validated phenotypic biomarkers to distinguish
latently infected from uninfected cells. Third, the majority of
latent HIV genomes detected in ART-treated subjects are
defective and will not produce infectious virions upon viral
reactivation (i.e., transcription) (22). Finally, the two methods
generally accepted for quantifying the replication-competent
HIV reservoir, quantitative viral outgrowth assay (QVOA) (22)
and intact proviral DNA assay (IPDA) (13), do not allow for
direct interrogation of latently-infected cells and thereby hinder
the discovery of biomarkers and the study of mechanisms
governing latency. These stringencies limit our ability to apply
mechanistic pharmacological intervention studies, with a goal of
understanding the direct impact of an agent on the replication
competent reservoir, which is sentinel towards informed
translational research that can be applied towards human
studies in the cure space.

To overcome the hurdle of trying to study extremely rare
latently infected CD4+ T cells in vivo, in vitro models have been
generated (23–25). Primary CD4+ T cell models are especially
useful and easily established using cells from HIV negative
donors. A widely used model for HIV latency involves
selection of resting CD4+ T cells (negative for expression of T
cell activation markers CD69, HLADR, CD25) that have been
stimulated with CCR7 ligands to support viral integration with
limited viral replication (24, 26–28). Primary cell models use in
vitro infection with HIV viruses of varying subtypes (e.g. B or C)
and envelope tropism (29) and assess infection efficiency through
the use of Gag p24 detection or fluorescent reporter expression
indicating productive infection. Unfortunately, latently infected
cells are still undetectable using these techniques and the
approach given this limitation is to allow confirmed infected
Frontiers in Immunology | www.frontiersin.org 2
cells (e.g., GFP+) ample time in culture (2-8 weeks) to silence
HIV transcription and convert from productive to latent (25, 30).

On the other hand, dual reporter viral constructs allow for
direct and simultaneous detection of HIV infected cells at
different stages (i.e., latent and productive). HIVGKO is a
second-generation dual reporter virus and features eGFP
marker under the control of the HIV LTR promoter and a
Kusabira Orange 2 (mKO2) fluorescent marker under the
control of the host elongation factor 1a (EF1a) promoter (31–
35). Given the propensity for HIV infected cells to be recovered
from lymphoid tissues (7, 36–38), we used HIVGKO to investigate
latency establishment and maintenance in lymphoid-derived,
tonsillar CD4+ T cells. Using this system, we were able to
integrate datasets from single cell technologies to evaluate
protein expression, host gene expression, and HIV transcript
expression to characterize latently infected cells.

Finally, we used this tool to test reactivation of latency and
FDA-approved JAK1/2 inhibitors as a therapeutic intervention
for silencing HIV transcription. The FDA-approved JAK1/2
inhibitor ruxolitinib was recently evaluated in an AIDS
Clinical Trial Group multi-site Phase 2a study (A5336), and
demonstrated safety and efficacy in virally suppressed people
living with HIV, including a significant decrease in key markers
associated with HIV persistence including HLA-DR/CD38,
CD25, and sCD14, as well as cellular/reservoir lifespan marker
Bcl-2 (39). Baricitinib is a second-generation orally bioavailable
JAK1/2 inhibitor that has an improved safety profile versus
ruxolitinib, is approved for chronic long-term use in adults
and children as young as two years of age (Olumiant.com). In
vitro, ruxolitinib treatment of HIV-infected CD4+ T cells inhibits
virus production, STAT5 phosphorylation, homeostatic
proliferation, and Bcl-2 downregulation (40). These findings
prompted us to explore the ability of the second-generation
JAK1/2 inhibitor baricitinib to target the latent reservoir directly.
METHODS

Specimen Collection
Tonsil samples were obtained from HIV-negative children and
adolescents during elective tonsillectomy for sleep apnea at
University of Miami Hospitals with informed consent. Single
cell suspensions of mononuclear cells were isolated from tonsil
tissue by mechanical separation and then filtered through a 70-
micron filter in RPMI 1640 (Gibco) as described previously (41).
Mononuclear cells were cryopreserved in FBS containing 20%
DMSO and stored in liquid nitrogen freezers.

Virus Production
Plasmid DNA for the dual reporter viral construct, HIVGKO, was
obtained from Eric Verdin and Emilie Battivelli (Gladstone
Institute, UCSF) and the dual tropic envelope construct was
obtained through the NIH HIV Reagent Program, Division of
AIDS, NIAID, NIH: Plasmid pSVIII Expressing HIV-1
92HT593.1 gp160, ARP-3077, contributed by Dr. Beatrice
Hahn. Plasmids were transformed in chemically competent
August 2021 | Volume 12 | Article 720697
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E. coli and plasmid DNA was expanded and isolated using Maxi-
Prep (Qiagen) reagent according to manufacturer’s instructions.
293FT cell lines (Invitrogen) were used to produce virus particles
and were cultured in DMEM (containing 4,500 mg/L D-glucose
no L-glutamine or sodium pyruvate) supplemented with 10%
(v/v) FBS, 4 mM of L-glutamine, 110 mg/L (1mM) sodium
pyruvate and 1% penicillin/streptomycin. Cells were transfected
with both plasmids when culture flasks showed 90-95%
confluency. 24 hours before transfection the culture media was
changed for antibiotic-free media. Briefly, plasmid DNA was
diluted in Opti-Mem media (Invitrogen) at a ratio of 1.8:1
(HIVGKO: pSVIII) before mixing with Lipofectamine 2000
Transfection Reagent (Invitrogen) according to the
manufacturer’s instructions. The day after transfection (32-36
hr post-transfection) the supernatant was removed and replaced
with fresh antibiotic-free media. The following morning, viral
supernatants were harvested into 50ml tubes and centrifuged at
1000g for 4 min to remove cellular debris. The supernatants were
filtered through a 0.45µM low protein binding filter and loaded
into ultracentrifuge tubes. Virus was concentrated by
ultracentrifugation (27,000g at 4C for 2.3 hr), resuspended by
trituration in antibiotic-free DMEM medium, aliquoted, and
stored at -80°C. Viral titers were quantified using p24 ELISA
kits (Perkin Elmer).

In Vitro Infection With HIVGKO
Cryopreserved tonsil mononuclear cells were thawed and
cul tured in comple te medium RPMI (Inv i t rogen)
supplemented with 10% FBS, L-glutamine, and Penicillin/
Streptomycin overnight. CD4+ T cells were purified using
EasySep™ Human CD4+ T cell enrichment kit (StemCell
Technologies) by negative selection. Purified CD4+ T cells were
Frontiers in Immunology | www.frontiersin.org 3
cultured at a concentration of 2-5 million/mL of complete
medium and activated using soluble anti-CD3 (1 µg/mL) and
anti-CD28 (1ug/ml) antibodies for 3 days in a 37°C, 5%CO2

incubator. Activated CD4+ T cells were infected with HIVGKO

(100 ng p24/million cells) by spinoculation at 1,200g for 2.2 hr.
Cell pellets were resuspended in complete medium containing
IL-2 (30 U/mL, Peprotech) and cultured until further analysis.

Flow Cytometry Acquisition and Sorting
For phenotypic analysis of HIVGKO infected cells by flow
cytometry, cells were labeled using fluorochrome-conjugated
monoclonal antibodies against CD4, CD45RO, CD69, HLADR,
CD25, PD-1, and CXCR5 as previously described (42) (see
Supplemental Table 1 for Ab details). Cells were also labeled
with violet live/dead stain (VIVID, Molecular Probes) for dead
cell exclusion and acquired on LSRII (Becton Dickinson) or
SH800 Sorter (Sony). Flow cytometry data was analyzed using
FlowJo (Version 10.7.1, TreeStar). Gating for productive and
latent cell populations were based off of mock-infected sample
(as shown in Figure 1C). Gating for cell surface markers were
determined using unstained control samples to define negative
gates. At the time of panel validation, FMO (fluorescence minus
one) controls were used to define compensation parameters and
compatibility of the different markers. Additionally, all
antibodies were titrated for optimal concentration for labeling.

Single Cell 3’ Whole Transcriptome
Amplification by BD Precise Assay
Single cell sorting was performed using the Sony SH800
instrument and ‘single cell’ sorting mode and 100uM chip.
Individual cells were sorted into each well of BD Precise Assay
96 well plates based on gating for productive, latent,
A B

D E
C

FIGURE 1 | HIVGKO infection in tonsil derived CD4+ T cells. (A) HIVGKO viral construct showing mutated env gene, nef gene replaced by an eGFP reporter, and
insertion of EF1a promoter directly upstream of mKO2 reporter. (B) Schematic showing experimental design for activation and infection with HIVGKO of purified
tonsillar CD4+ T cells. (C) Representative flow plot showing expression of dual fluorescent reporters from HIVGKO on day 3 post-infection. (D) Summary data from 6
tonsil donors with frequency of productive and latent infected cells based on gating shown in panel (C). (E) Mean fluorescent intensity of cell surface protein
expression for CD4 on cells infected with HIVGKO on day 3 post-infection. Red data points in panels D and E indicate the individual donor used for single cell
analyses in single cell RNA Seq experiments. Paired t test was performed to compare Uninfected, Latent, and Productive cell populations, *p < 0.05, **p < 0.01.
August 2021 | Volume 12 | Article 720697
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or uninfected cells as shown in Figure 1A. Immediately after
sorting the plate was centrifuged at 1,000g for 5 min and
stored at -80°C until library preparation was performed.
Next-generation sequencing (NGS) library preparation was
performed according to manufacturer’s instructions for BD
Precise Assays for patented BD™ Molecular Indexing (MI)
technology with Sample Index (SI) to label individual mRNA
transcripts. Briefly, during reverse transcription, the BD Precise
assay applies a non-depleting pool of 65,536 barcodes termed
molecular indexes (MI) for stochastic and unique labeling of
mRNA transcripts. In addition to MI, a second set of barcodes
(sample index, SI) are employed to identify the sample origin of
each transcript according to the well position in the 96-well plate.
Barcoded primers are then used to label polyadenylated RNA
transcripts in each of the 96 wells, followed by a pooling step into
a single tube. The resulting library was then input onto Illumina
MiSeq sequencer using the appropriate sequencing kits. Each of
the sequencing reads were processed to identify the MI, SI and
target gene using BD primary analysis pipeline. To mitigate the
effect of over-estimation of molecules from PCR and sequencing
errors, the BD analysis pipeline contains Molecular Identifier (MI)
adjustment algorithms recursive substitution error correction
(RSEC) and distribution-based error correction (DBEC). A gene
is subjected to DBEC if it meets a certain threshold for sequencing
depth. If a gene passes the threshold for DBEC, the status is pass.
If a gene does not pass, the status is low depth. If a gene has
zero counts across all cells, the status is not detected. The MI
counts detected in each plate showed comparable and similar
distribution of Pass and Low Depth (see Methods) transcripts
(Supplemental Figure 1). scRNA Seq data was also analyzed
based on fluorescent classifications of infection status and
showed comparable MI counts. Blank wells generated at the
time of sorting had low MI counts compared to cell-containing
wells recognizing a couple hundred genes (compared to ~17,000
for cell-containing wells) across 15 blank wells but with very low
read counts per gene ≤ 3.

RT-PCR for IL32 Expression
Bulk sorting of productive, latent, and uninfected cells were
sorted according to gating shown in Figure 1C. Cells (500) were
sorted directly into CellsDirect one-step qRT-PCR reagents
(Invitrogen) including primers for IL32 and GAPDH (Taqman
Assay 1:100, ABI), 2x CellsDirect reaction mix, water, and
SuperScript® III Reverse Transcriptase and Platinum® Taq
DNA Polymerase. Eighteen cycles of pre-amplification were
performed as previously described (43). The resulting cDNA
was analyzed in standard Taqman qRT-PCR to assess gene
transcript levels for IL32 and GAPDH. Relative quantification
was performed by calculating ddCT values.

Cell Sorting and HIV Reactivation Assay
Purified CD4+ T cells were infected with HIVGKO as described
above. On day 5 post-infection, cells were labeled with live/dead
(VIVID) stain and GFP negative, latent cell-enriched gated
population was sorted in purity mode using Sony SH800
sorter. The sorting gate contained ~10% of latent cells by
fluorescent reporter expression (mKO2+GFP-) and the rest
Frontiers in Immunology | www.frontiersin.org 4
were uninfected (GFP-). Cells were collected in complete
medium (R10), centrifuged, and resuspended in fresh medium
and divided equally into 4 wells of a 96 well plate with
approximately 104 cells/well in 150ul of R10. The cells rested
overnight in presence or absence of physiologically relevant
concentrations of (0.1, 1, and 10 µM) baricitinib (Selleck
chemicals) before addition of LRA (1 µg/mL each of anti-CD3
and anti-CD28). Two days after LRA treatment, cells were
stained for live/dead (VIVID) and acquired on Sony SH800
sorter to assess GFP and mKO2 expression for at least 25,000
cells (events). Flow cytometric data were analyzed using FlowJo
version 10.7.1.

Statistical Analysis
Single cell gene expression analysis was performed using R
fluidigmSC package from SINGuLAR™ Analysis Toolset
which is designed specifically for single-cell studies of gene
expression profiles. Pathway analysis was performed using
QIAGEN Ingenuity Pathway Analysis, foldchange cutoff is 1.5,
p value cutoff 0.05.

Study Approval
This study was approved by the Institutional Review Boards of
University of Miami and was conducted in accordance with
approved guidelines (IRB# 20140200/CR00004416). Voluntary
signed informed consent was obtained from every participant
prior to participating in the study.
RESULTS

Latency Is Established Early Following
HIVGKO Infection of Tonsil-Derived
CD4+ T Cells
To identify and study latently infected lymphoid-derived cells, we
performed in vitro infection of tonsillar CD4+ T cells from HIV
negative donors using the lentiviral vector HIVGKO (Figure 1A),
pseudo-typed with an X4/R5 dual tropic HIV-1 envelope subtype
B. In this model, purified CD4+ T cells are TCR-activated prior to
infection with HIVGKO and evaluated 3 days after infection by flow
cytometry to assess frequencies of productive and latent infected
cells (Figure 1B). GFP and mKO2 expression were used to
distinguish between the different populations compared to a
mock-infected control (Figure 1C). mKO2 expression driven by
the host-derived EF1a promoter activity in the cell nucleus signals
the presence of an integrated viral genome in the cell, thus mKO2
expression in the absence of GFP expression defines the latently
infected cell population in this system. GFP-expressing cells were
considered productively infected though expression of mKO2 was
variable, due to fluctuating expression of the EF1a promoter (44).
HIVGKO infection consistently established latent infection
(GFP-mKO2+) in purified CD4+ T cells from different tonsil
donors (Figure 1D). However, latent infection was always
established at lower frequencies compared to productive
infection (GFP+) (mean 0.83% vs 5.5%, respectively). Productive
cells infected with HIVGKO also exhibited reduced CD4 expression
August 2021 | Volume 12 | Article 720697
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compared to latent and uninfected cells (Figure 1E) (mean CD4
MFI: productive 4,533 vs 11,747 and 9,633 for latent and
uninfected, respectively).

CD4+ T Cells With Latent Infection Can
Exhibit Similar Activation Profiles as
Productive Infected Cells
To characterize the cells harboring latent virus in lymphoid
CD4+ T cells generated in the HIVGKO model, surface expression
of memory and activation markers 3 days after infection were
assessed by flow cytometry. Productive, Latent, and uninfected
cells were assessed for expression of CD45RO, CD69, HLADR,
and CD25. Infected cells were enriched in the CD45RO+ fraction
compared to total cells, though a small fraction of infected cells
were CD45RO negative (Figure 2A and Supplemental Table 2).
To test the hypothesis that latent infection was the result of a
transition from activated to resting state (23, 33, 45) we reasoned
that productive-infected cells should have higher expression of
activation markers compared to latent. However, expression of
activation markers was variable on infected cells with no
apparent enrichment or preference for expression of a
particular marker on productive vs. latent cells (Figure 2B).
T follicular helper cells (Tfh) have been shown to harbor
replication competent virus in lymph nodes (8, 46), thus we
assessed markers for Tfh phenotype, CXCR5 and PD-1 to
determine if there was any preference for latency establishment
within this subset. There was donor variation in the infection
efficiency within the Tfh population (CXCR5hiPD-1hi), however
Frontiers in Immunology | www.frontiersin.org 5
evaluation of MFI of each marker individually showed that latent
infected cells had higher CXCR5 MFI compared to productive
and uninfected (p < 0.05) (Figure 2C). This association was not
observed for PD-1.

Using Single-Cell RNASeq to Discover
Potential Biomarkers of Latency
An important advantage of the HIVGKO is that using FACS
sorting, mKO2+ cells can be isolated without the need for virus
reactivation providing a rich source of unperturbed latent cells to
study gene expression and identify potential biomarkers of
latency. For single cell gene expression studies, we selected one
tonsil donor for downstream single cell RNA Seq analysis (donor
highlighted in red datapoints in Figures 1D, E) in an effort to
eliminate donor variation in the subsequent gene expression
data. To generate RNA Seq data, we employed a plate-based
platform for scRNA Seq (BD™ Precise assay) to the HIVGKO

latency model and performed whole transcriptome amplification
(WTA) from a total of 462 cells from five 96-well plates across
three independent experiments using a single tonsil donor. Each
plate contained equal numbers of productive, latent, and
uninfected cells as determined by gating using expression of
the fluorescent reporters, GFP and mKO2 (index sorting data
shown in Supplemental Figure 2). GFP+ cells had varying
expression of mKO2, suggesting differential activity of the
EF1a promoter in this model, therefore, to exclude effects
related to EF1a activity only productive cells with mKO2
expression matching that of latent cells were sorted.
A

B

C

FIGURE 2 | Cellular activation and differentiation marker expression on productive and latent infected CD4+ T cells. (A) Measurement of memory marker CD45RO
expression on productive (P, GFP+, green), Latent (L, GFP-mKO+, red), and total (T, light gray) CD4+ T cells 3 days post-infection with HIVGKO. (B) Representative plots
showing expression of activation markers (CD69, HLADR, CD25) and CD45RO expression on productive, latent, and total cells. (C) Representative plot showing
expression of TFH markers, CXCR5 and PD-1 on productive, latent, and total cells. CXCR5hiPD-1hi cells define TFH population. Box and whisker plots show data from
3-5 independent experiments (individual tonsil donors). Paired t-test analysis was performed to determine differences between the groups, *p < 0.05, ns, not significant.
August 2021 | Volume 12 | Article 720697
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We first evaluated specific genes related to T cell activation
and T helper subset differentiation within each of the sorted
populations (Supplemental Figure 3). Transcripts for CD69 and
HLADR proteins had higher expression in productive cells and
expression decreased with the level of HIV transcript expression
(i.e. productive>latent>uninfected). Genes related to cytokine
and transcription factor expression for Th1 (TBX21, IFNG) and
Th2 (GATA3, IL13) type cells did not show enrichment for either
sorted population, however the Th17 transcription factor RORC
was increased in productive compared to uninfected cells
with a trend toward increased expression with greater HIV
transcript expression.

To confirm the presence (or absence) of HIV transcription in
the HIVGKO infected cells, we aligned scRNA Seq data against the
HIVGKO sequence to assess expression of open reading frames
(ORF) for gag, pol, tat, rev, vpr, and env genes in sorted single
cells (Figure 3A). Productive cells expressed highest HIV
transcripts per cell (median 38.5) as expected by high levels of
LTR-driven GFP reporter expression (Figure 3A). Latent infected
cells had a median of 1.5 HIV transcripts per cell, however, we
observed a fraction of cells with HIV transcript levels matching
GFP+ population (22.7% with >6MI/cell). Overall, the majority of
uninfected and latent cells exhibited HIV transcript levels below
the cutoff established by analysis of blank wells (no sorted cell).
Desiring to have pure populations of uninfected, latent, and
productive cells for gene expression analysis, we re-classified
Frontiers in Immunology | www.frontiersin.org 6
and grouped single cells on the basis of fluorescent reporter
expression and HIV transcript levels (Figure 3B).

We performed differential gene expression analysis between
1) Uninfected HIV transcript negative (U-neg) and Latent HIV
transcript negative (L-neg), 2) L-neg and Latent HIV transcript
low+ (L+), 3) L-neg and Productive HIV transcript++ (P++),
and 4) L+ and P++ (Figure 3C). The number of DEGs was
highest in the comparisons of latent populations (L-neg and L+)
vs productive with 164 and 203 DEGs respectively, while 110
DEGS from each comparison were overlapping (Supplemental
Data 1). However, pathway analysis demonstrated that despite
having several unique DEGs, the pathways involved were similar
when comparing latent vs productive (Figure 3D and
Supplemental Data 2). Enriched pathways included Sirtuin
Signaling, Oxidative Phosphorylation, Mitochondrial
Dysfunction, and EIF2 Signaling. In line with this observation,
the contrast of gene expression between L-neg and L+ resulted in
only 15 DEGs, exhibiting the high degree of similarity between
the two populations (Figure 3C).

Gene Profiles in Latent Infected
Lymphoid CD4+ T Cells
We were specifically interested in the latent-infected cells and
identifying a gene signature that could discriminate them from
uninfected cells. To this end, we identified 24 genes with
differential expression in latent vs uninfected cells, all of which
A B

D
E

C

FIGURE 3 | Single cell RNA Seq in HIVGKO model of latency. (A) HIV transcript MI counts per cell in each sorted cell type. Dotted line is cutoff for background levels
of transcript expression based on blank control wells in which no cells were sorted. Solid lines indicate significant difference between productive cells and all other
groups using ANOVA one-way test with multiple comparisons (p < 0.05). (B) Schematic showing cell characterization based on fluorescent reporter and HIV
transcript expression. (C) Venn diagram showing number of differentially expressed genes between the cell populations defined in (B). (D) Heatmap showing shared
enriched pathways between Latent cell populations and productive cells. Colored boxes indicate significant pathways p < 0.01, * indicates pathways with p < 0.05
and > 0.01. (E) Bar graph showing the difference in average expression of each DEG between Latent and Uninfected cells with p values from ANOVA analysis
shown as a super-imposed line graph (blue).
August 2021 | Volume 12 | Article 720697

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


de Armas et al. Modelling HIV Latency in Tonsils
were upregulated in L-neg (Figure 3E). The genes were involved
in protein folding (HSPA8, TUBA1C, TUBB4B, PFDN5),
protein targeting/viral gene expression (RPS19, RPL18A,
RPL31, RPL39), and respiratory electron transport chain
(UCP2, UCP3, MT-CO2, MT-CO3) (Supplemental Figure 4,
Genemania network analysis). We interrogated this short list of
DEGs to identify 11/24 genes that exhibited enriched expression
in latent cells relative to both uninfected and productive
populations, indicating a potential biomarker of latency
(Figure 4A). As a control we evaluated gene expression for
EF1a (EEF1A) in each of the populations and confirmed there
were no significant differences in the groups. Co-expression
analysis showed strong correlation coefficients between most of
the genes indicating a common pathway involving histone
modification and electron transport, however HSP8 and
especially IL32 showed low co-expression with the other genes
suggesting these two genes were not related to the common
pathway (Figure 4B, Supplemental Figure 5). We confirmed by
RT-PCR in sorted populations (uninfected, latent, productive)
that IL32 was upregulated in latent compared to uninfected
cells (Figure 4C).
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Reactivation of Latency in HIVGKO Infected
Cells and Therapeutic Intervention With
JAK1/2 Inhibitors
In addition to biomarker discovery, the major utility of a primary
HIV latency model is to test therapeutic strategies targeting the
latent reservoir, such as JAK1/2 inhibitors. Exogenous addition
of ruxolitinib or baricitinib, to HIVGKO infected cells reduced
frequencies of productive (GFP+) and latent (GFP-mKO2+)
infected cells in a dose-dependent manner with the strongest
effects observed at the 10 µM concentration (Figures 5A, B).
Molecular JAK1/2 inhibition also resulted in dose-dependent
downregulation of activation markers on CD4+ T cells
(Figure 5C). CD25 expression was reduced by >80% at the
highest concentration of ruxolitinib and baricitinib, while
HLADR and CD69 exhibited a reduction of 60% and 50%,
respectively, with both drugs (Figure 5D).

The approved dose for chronic long-term use of baricitinib is
2 mg (USA), or 2 and 4 mg (Japan, other non USA jurisdictions),
and 4 mg is approved for hospitalized COVID-19 patients
(OLUMIANT.COM, covid19treatmentguidelines.nih.gov). The
plasma concentrations for both doses of baricitinib fall within
A

B C

FIGURE 4 | Unique gene signature in latent cells. (A) Individual graphs showing mean (error bars indicate 95% Confidence Interval) expression of each of the genes
identified in Differentially Expressed Gene analysis between Latent cells and other infected populations (from Figures 3B, C). EEF1A1 expression (gray box, top left)
was used as a control for EF1a promoter activity in cells. (B) Correlation matrix showing the co-expression of each of the genes from (A) on a single cell level. Color
intensity is associated with the spearman correlation coefficient and the size of circle is related to the p value (larger circle, smaller p value). (C) Validation of IL32
expression in bulk sort-purified cells from 2 donors by RT-PCR.
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the range to effectively block both productive and latent infection
in our single round replication HIVGKO model (Figure 6A).
Ruxolitinib is not approved for chronic long-term use, but
approved doses range within 10-25 mg (Figure 6B). Only the
higher dose of ruxolitinib fell within plasma concentration
ranges to block both productive and latent infection.
Baricitinib demonstrates ~ half a log greater potency for both
assays versus ruxolitinib (summarized in Figure 6C).

Finally, we designed an experiment to evaluate reactivation
from latency using HIVGKO infected cells as shown in Figure 7A.
At day 3 post infection, GFP negative cells were sorted
(Figure 7B) and cultured with or without baricitinib at
different concentrations for 24 hours prior to TCR stimulation
as a latency reversing agent (LRA). In the absence of drug and
TCR stimulus via anti-CD3/anti-CD28, spontaneous
reactivation was observed indicated by the presence of GFP+

cells. HIV reactivation above the level of spontaneous
reactivation was observed in the presence of LRA, however
pretreatment of cells with baricitinib abrogated the response
Frontiers in Immunology | www.frontiersin.org 8
with the greatest effect occurring at the highest concentration of
drug (Figures 7C, D).
DISCUSSION

Primary models of HIV latency are important to enable research
into mechanisms of HIV establishment and maintenance. The
use of the dual reporter virus HIVGKO in our study and others
(31, 34, 35, 47) have validated that this model recapitulates
multiple aspects of latent HIV infection. The decision to infect
primary CD4+ T cells from tonsils rather than blood was made in
order to shed light on latency establishment and maintenance in
lymphoid derived cells which are critical for HIV reservoir
establishment and persistence (9, 46, 48, 49). T follicular helper
(Tfh) cells within lymph nodes and their counterpart in the
blood peripheral Tfh (pTfh) represent a preferred cellular site of
HIV reservoir (8, 50). Tfh harboring latent HIV may achieve
protection from CTL recognition by hiding in follicles where
A

B

D

C

FIGURE 5 | Effect of JAK1/2 inhibitors on productive and latent infection. (A) Schematic showing experimental design for activation and infection with HIVGKO of
purified tonsillar CD4+ T cells. Bar graphs showing average frequency of (B) GFP+ (productive) cells and (C) mKO+GFP- (latent) cells on day 4 post-infection in
presence of JAK1/2 inhibitors at different concentrations. Error bars represent standard error of the mean (SEM), students t test was used to compare all conditions
against the no drug control (black bar), *p < 0.05, **p < 0.01. (D) Bar graphs showing average frequency of cells expressing activation markers on day 4 post-
infection in presence of JAK1/2 inhibitors at different concentrations. Results shown represent 3 independent experiments.
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CD8+ T cells either cannot enter due to low levels of the
chemokine receptor, CXCR5 expression or are not effective at
killing virus-infected cells (51, 52). Our results showed that early
in the establishment of latency, tonsil CD4+ T cells upregulated
surface expression of CXCR5 which would allow them to enter
the GC follicle. These results support a mechanism of lymph
node homing as a means for HIV reservoir persistence.

An advantage of the HIVGKO dual reporter system is the
ability to assess uninfected and infected cells from the same
Frontiers in Immunology | www.frontiersin.org 9
treatment conditions, thereby reducing ‘noise’ in the data.
Primary cell HIV latency models tend to be long-term
experiments taking 2-12 weeks to obtain a pool of latently
infected cells for analysis. On the other hand, we were able to
isolate and analyze latent cells in a relatively short period of time
(7 days). Multiple studies have shown that latently infected cells
isolated from HIV-infected patients and NHP on long-term ART
are enriched for expression of immune checkpoint molecules
such as PD-1, CTLA-4, LAG-3 and TIGIT (17, 20, 21, 53).
A B

C

FIGURE 6 | The EC50 for blocking seeding of productive and latent infection with baricitinib and ruxolitinib. The approved dose for chronic long-term use of baricitinib is
2 mg (USA), or 2 and 4 mg (Japan, other non-USA jurisdictions), and 4 mg is approved for hospitalized COVID-19 patients. The plasma concentrations for both doses of
baricitinib fall within the range to effectively block both productive and latent infection in our single cycle model (A). Ruxolitinib is not approved for chronic long-term use,
but approved doses range within 10-25 mg (B). Only the higher dose of ruxolitinib fell within plasma concentration ranges to block both productive and latent infection in
our single cycle model (B). Baricitinib demonstrates ~ half a log greater potency for both assays versus ruxolitinib (summarized in C).
A B

DC

FIGURE 7 | Baricitinib inhibits viral reactivation in latent HIVGKO infected CD4+ T cells. (A) Schematic showing experimental design for sorting and re-activation of
HIVGKO in purified tonsillar CD4+ T cells. (B) Representative flow plot showing expression of dual fluorescent reporters from HIVGKO on day 3 post-infection and the
sorting gate for reactivation experiments. (C) Dot plots showing expression of dual fluorescent reporters from HIVGKO on day 2 following in vitro reactivation.
(D) Summary bar graph showing average frequency of GFP+ (productive) cells on day 2 post-LRA treatment in presence of Baricitinib at different concentrations.
Error bars represent standard error of the mean (SEM), students t test was used to compare all conditions against the no drug control (white bar), *p < 0.05. Results
shown represent 3 independent experiments.
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We did not find such enrichment in latently infected cells in our
model. One possible explanation for this is that in our system
cells are not reactivated in order to identify latently infected cells.
Most of the studies that have identified PD-1 expression as a
marker of latency are stimulating in vitro with a strong stimulus
(e.g. PMA and Ionomycin) for up to 40 hours to induce HIV
gene and protein expression which will have drastic effects on cell
phenotype and function. An alternative explanation is that the
short-term nature of our study is not capturing these observed
effects of latent HIV infection.

Our model consists of tonsil CD4+ T cells which are more
efficiently infected ex vivo by HIV strains than those from
primary human peripheral blood lymphocytes (54) and we
reasoned that they would allow for a larger pool of infected
cells for down-stream analysis. Latent cells are often defined as
‘quiescent’ suggesting that the absence of cellular activity is a
requirement. However, cellular activation markers are expressed
at higher levels on T cells residing in tissues compared to
circulating cells (55, 56) and multiple studies have shown a de-
coupling between activation marker expression and productive
HIV infection (57, 58), which was confirmed by our results as
well. This suggests that surveillance of classical activation
markers may not be sufficient to comprehend the cellular
activation status as it relates to HIV transcriptional activity in
the context of reactivation.

Given the difficulty of studying extremely rare and latent
HIV-infected cell populations, especially in the context of viral
suppression on ART, single cell analyses have allowed for
enhanced resolution of in vitro and ex vivo studies (25, 30, 59).
While frequencies of infected cells were low using the HIVGKO

system for this study, it was more robust than using patient-
derived cells (1/100 vs. 1/million). We applied a plate-based
approach to combine single cell sorting, flow cytometric
phenotyping, and host and HIV gene transcript analyses to
strictly define latently infected cells. Differential gene
expression analysis revealed that latent cells expressed higher
levels of the histone genes (HIST1H1D, HIST1H4C) confirming
that chromatin modification is playing a role in latency
establishment as was shown previously using this model (34).
Histone modification controls transcription for host genes and
integrated HIV (45, 60). The histone-related genes were
significantly co-expressed on a single cell level with tubulin
genes, mitochondrial-encoded cytochrome oxidase genes, and
actin genes suggesting a connection between latency
establishment and chemotaxis as reported previously in an
alternative primary cell model of latency (28). Overall, these
findings support the use of single cell analysis in studying HIV
latency especially using technologies with advanced throughput
such as 10X and Drop-seq. Identification of gene pathways in the
HIVGKO model that have been reported in the literature such as
Sirtuin signaling (61) and upregulation of survival genes (25, 35)
in latent infection reinforces the utility of this model to study the
biology of and potential disruption of latent HIV infection.

We found IL32 gene expression to be enriched in latent cells,
but this transcript did not show co-expression with the histone-
related genes suggesting it may be an additional molecular
Frontiers in Immunology | www.frontiersin.org 10
pathway involved in latency establishment. IL32 is a cytokine
expressed by T cells and to a lower extent in B cells and
monocytes (62). The multiple isoforms of IL-32 have divergent
properties and expression profiles whereby IL-32b is the most
predominant and exhibits anti-inflammatory properties (along
with IL-32a) and IL-32g is pro-inflammatory (62). Compared to
HIV-negative controls, all IL-32 isoforms are increased in plasma
from HIV-infected individuals (62, 63). Ex vivo addition of IL-32
to CD4+ T cells from virally suppressed HIV+ individuals has
shown conflicting results with regards to induction or
suppression of HIV replication which may depend in part on
the isoform used (62, 64, 65). Our results demonstrated an
increase of IL32 transcript in latent cells compared to
uninfected or productively infected cells support a mechanism
of transcriptional suppression of HIV as a way to establish and
maintain latent infection and thus point to IL-32 as a potential
target for latency reactivation.

The proposed mechanism of JAK1/2 inhibition on HIV
replication is due to its effects on lowering cellular activation
and increasing the pro-apoptotic protein Bcl-2, thereby reducing
the lifespan of the reservoir-harboring cell while simultaneously
blocking HIV-induced activation, which promotes HIV
persistence and reservoir reseeding (40, 66–68). Collectively
due to these tandem mechanisms, it is not surprising that
baricitinib and ruxolitinib confer blockade of key events
driving reservoir establishment and maintenance in this
system. HIVGKO is a single-round, replication deficient HIV,
therefore, we cannot evaluate virus spreading in this model
though it has been shown previously that ruxolitinib inhibits
viral spreading in vitro with wild-type HIV infected cells (40),
and has demonstrated efficacy towards blocking of HIV
persistence markers and reservoir lifespan marker Bcl-2 in the
A5336 study (39). Baricitinib (Olumiant.com) is cleared through
the kidneys, significantly reducing potential for drug-drug
interactions with co-administered agents that are cleared in the
liver, which is a property of ruxolitinib (Jakafi.com). Further,
baricitinib demonstrates a more favorable pharmacokinetic
profile and efficacy in humans, at 2-4 mg once per day dosing
for baricitinib versus 10-25 mg twice a day dosing for ruxolitinib.
Recent reports have also shown that baricitinib can block key
events associated with reservoir seeding and persistence in a
murine model of HIV and across primary in vitro systems,
further validating that baricitinib confers anti-HIV effects
across systems within physiologically relevant concentrations
found in humans (69).

Baricitinib has been shown able to block type 1 IFN-induced
signaling (PMID: 30002661) in a concentration dependent
manner. We also know from human studies in the COVID
setting that baricitinib blocks virus induced IFN signaling in
hepatocytes which correlates well with favorable clinical
outcomes (PMID: 33187978). While there is nothing in the
literature yet about baricitinib in the HIV space, these findings
suggest that JAK1/2 inhibition by baricitinib may also block
HIV-induced IFN and lead to reduction in reservoir. As
baricitinib represents a next-in class JAK1/2 inhibitor with an
improved safety and efficacy profile versus ruxolitinib, it is also
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promising that our data demonstrate an increased efficacy profile
compared to ruxolitnib. Together, the data reported provide a
key foundation towards establishing that JAK1/2 inhibition, and
in particular baricitinib, represent a potential modality towards
reservoir reduction in key cells. Further, our findings
demonstrate for the first time that physiologically relevant
concentrations of baricitinib can reduce the HIV reservoir in
lymphoid tissue derived cells. These data coupled with the body
of work with this class of agents including humans (A5336), will
provide an informed, robust, and mechanistic framework from
which to build additional human studies with baricitinib for the
indication of HIV cure.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Institutional Review Boards of University of Miami
(IRB# 20140200/CR00004416). Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.
AUTHOR CONTRIBUTIONS

LA, CG, SuP, SR, RP, SW, RS, and SaP provided intellectual
input and contributed to the experimental design. LA and SR
performed data collection. CG, RS, EB, EV, and RY provided
critical reagents and/or tissue. LA, CG, and LP performed data
Frontiers in Immunology | www.frontiersin.org 11
analysis and interpretation. LA and CG wrote the manuscript.
All authors provided critical feedback to produce the final
manuscript. All authors contributed to the article and
approved the submitted version.
FUNDING

This work was supported by grants awarded to LA and SW from
the Institute of AIDS and Emerging Infectious Diseases and the
Miami Center for AIDS Research (CFAR) at the University of
Miami Miller School of Medicine funded by a grant
(P30AI073961) from the National Institutes of Health (NIH),
which is supported by the following NIH Co-Funding and
Participating Institutes and Centers: NIAID, NCI, NICHD,
NHLBI, NIDA, NIMH, NIA, NIDDK, NIGMS, FIC AND
OAR. RS and CG were supported by NIH grant RO1-MH-
116695 and in part by Emory University’s CFAR NIH grant P30-
AI-050409.
ACKNOWLEDGMENTS

The authors would like to thank all tonsil donors their time and
cooperation and Louis Gonzalez for collecting tonsil tissue. We
thank Cassandra Bazile, Omayra Mendez, Kyle Russel, Dan
Kvistad, and Robert Suter for technical assistance in this study.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
720697/full#supplementary-material
REFERENCES
1. Abdel-Mohsen M, Richman D, Siliciano RF, Nussenzweig MC, Howell BJ,

Martinez-Picado J, et al. Recommendations for Measuring HIV Reservoir Size
in Cure-Directed Clinical Trials. Nat Med (2020) 26:1339–50. doi: 10.1038/
s41591-020-1022-1

2. Honeycutt JB, Thayer WO, Baker CE, Ribeiro RM, Lada SM, Cao Y, et al.
HIV Persistence in Tissue Macrophages of Humanized Myeloid-Only Mice
During Antiretroviral Therapy. Nat Med (2017) 23:638–43. doi: 10.1038/
nm.4319

3. Clayton KL, Garcia JV, Clements JE, Walker BD. HIV Infection of
Macrophages: Implications for Pathogenesis and Cure. Pathog Immun
(2017) 2:179–92. doi: 10.20411/pai.v2i2.204

4. Rodrigues V, Ruffin N, San-Roman M, Benaroch P. Myeloid Cell Interaction
With HIV: A Complex Relationship. Front Immunol (2017) 8:1698.
doi: 10.3389/fimmu.2017.01698

5. Whitney JB, Lim SY, Osuna CE, Kublin JL, Chen E, Yoon G, et al. Prevention
of SIVmac251 Reservoir Seeding in Rhesus Monkeys by Early Antiretroviral
Therapy. Nat Commun (2018) 9:5429. doi: 10.1038/s41467-018-07881-9

6. Leyre L, Kroon E, Vandergeeten C, Sacdalan C, Colby DJ, Buranapraditkun S,
et al. Abundant HIV-Infected Cells in Blood and Tissues Are Rapidly Cleared
Upon ART Initiation During Acute HIV Infection. Sci Transl Med (2020) 12:
eaav3491. doi: 10.1126/scitranslmed.aav3491
7. Estes JD, Kityo C, Ssali F, Swainson L, Makamdop KN, Del Prete GQ, et al.
Defining Total-Body AIDS-Virus Burden With Implications for Curative
Strategies. Nat Med (2017) 23:1271–6. doi: 10.1038/nm.4411

8. Fukazawa Y, LumR, Okoye AA, Park H,Matsuda K, Bae JY, et al. B Cell Follicle
Sanctuary Permits Persistent Productive Simian Immunodeficiency Virus
Infection in Elite Controllers. Nat Med (2015) 21:132–9. doi: 10.1038/nm.3781

9. Deleage C, Wietgrefe SW, Del Prete G, Morcock DR, Hao XP, Piatak M Jr,
et al. Defining HIV and SIV Reservoirs in Lymphoid Tissues. Pathog Immun
(2016) 1:68–106. doi: 10.20411/pai.v1i1.100

10. Finzi D, Hermankova M, Pierson T, Carruth LM, Buck C, Chaisson RE, et al.
Identification of a Reservoir for HIV-1 in Patients on Highly Active Antiretroviral
Therapy. Science (1997) 278:1295–300. doi: 10.1126/science.278.5341.1295

11. Palmer S, Maldarelli F, Wiegand A, Bernstein B, Hanna GJ, Brun SC, et al.
Low-Level Viremia Persists for at Least 7 Years in Patients on Suppressive
Antiretroviral Therapy. Proc Natl Acad Sci USA (2008) 105:3879–84.
doi: 10.1073/pnas.0800050105

12. Andrade A, Rosenkranz SL, Cillo AR, Lu D, Daar ES, Jacobson JM, et al. Three
Distinct Phases of HIV-1 RNA Decay in Treatment-Naive Patients Receiving
Raltegravir-Based Antiretroviral Therapy: ACTG A5248. J Infect Dis (2013)
208:884–91. doi: 10.1093/infdis/jit272

13. Bruner KM,Wang Z, Simonetti FR, Bender AM, Kwon KJ, Sengupta S, et al. A
Quantitative Approach for Measuring the Reservoir of Latent HIV-1
Proviruses. Nature (2019) 566:120–5. doi: 10.1038/s41586-019-0898-8
August 2021 | Volume 12 | Article 720697

https://www.frontiersin.org/articles/10.3389/fimmu.2021.720697/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.720697/full#supplementary-material
https://doi.org/10.1038/s41591-020-1022-1
https://doi.org/10.1038/s41591-020-1022-1
https://doi.org/10.1038/nm.4319
https://doi.org/10.1038/nm.4319
https://doi.org/10.20411/pai.v2i2.204
https://doi.org/10.3389/fimmu.2017.01698
https://doi.org/10.1038/s41467-018-07881-9
https://doi.org/10.1126/scitranslmed.aav3491
https://doi.org/10.1038/nm.4411
https://doi.org/10.1038/nm.3781
https://doi.org/10.20411/pai.v1i1.100
https://doi.org/10.1126/science.278.5341.1295
https://doi.org/10.1073/pnas.0800050105
https://doi.org/10.1093/infdis/jit272
https://doi.org/10.1038/s41586-019-0898-8
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


de Armas et al. Modelling HIV Latency in Tonsils
14. Eriksson S, Graf EH, Dahl V, Strain MC, Yukl SA, Lysenko ES, et al.
Comparative Analysis of Measures of Viral Reservoirs in HIV-1 Eradication
Studies. PloS Pathog (2013) 9:e1003174. doi: 10.1371/journal.ppat.1003174

15. Descours B, Petitjean G, Lopez-Zaragoza JL, Bruel T, Raffel R, Psomas C, et al.
CD32a Is a Marker of a CD4 T-Cell HIV Reservoir Harbouring Replication-
Competent Proviruses. Nature (2017) 543:564–7. doi: 10.1038/nature21710

16. Hogan LE, Vasquez LE, Hobbs LE, Hanhauser LE, Aguilar-Rodriguez LE,
Hussien LE, et al. Increased HIV-1 Transcriptional Activity and Infectious
Burden in Peripheral Blood and Gut-Associated CD4+ T Cells Expressing
CD30. PloS Pathog (2018) 14:e1006856. doi: 10.1371/journal.ppat.1006856

17. Fromentin R, Bakeman W, Lawani MB, Khoury G, Hartogensis W,
DaFonseca S, et al. CD4+ T Cells Expressing PD-1, TIGIT and LAG-3
Contribute to HIV Persistence During ART. PloS Pathog (2016) 12:
e1005761. doi: 10.1371/journal.ppat.1005761

18. Darcis G, Berkhout B, Pasternak AO. The Quest for Cellular Markers of HIV
Reservoirs: Any Color You Like. Front Immunol (2019) 10:2251. doi: 10.3389/
fimmu.2019.02251

19. Hsiao F, Frouard J, Gramatica A, Xie G, Telwatte S, Lee GQ, et al. Tissue
Memory CD4+ T Cells Expressing IL-7 Receptor-Alpha (CD127)
Preferentially Support Latent HIV-1 Infection. PloS Pathog (2020) 16:
e1008450. doi: 10.1371/journal.ppat.1008450

20. Banga R, Procopio FA, Noto A, Pollakis G, Cavassini M, Ohmiti K, et al. PD-1
(+) and Follicular Helper T Cells are Responsible for Persistent HIV-1
Transcription in Treated Aviremic Individuals. Nat Med (2016) 22:754–61.
doi: 10.1038/nm.4113

21. Neidleman J, Luo X, Frouard J, Xie G, Hsiao F, Ma T, et al. Phenotypic
Analysis of the Unstimulated In Vivo HIV CD4 T Cell Reservoir. Elife (2020)
9:e60933. doi: 10.7554/eLife.60933

22. Ho YC, Shan L, Hosmane NN, Wang J, Laskey SB, Rosenbloom DI, et al.
Replication-Competent Noninduced Proviruses in the Latent Reservoir Increase
Barrier to HIV-1 Cure. Cell (2013) 155:540–51. doi: 10.1016/j.cell.2013.09.020

23. Bosque A, Planelles V. Induction of HIV-1 Latency and Reactivation in
Primary Memory CD4+ T Cells. Blood (2009) 113:58–65. doi: 10.1182/blood-
2008-07-168393

24. Saleh S, Solomon A, Wightman F, Xhilaga M, Cameron PU, Lewin SR. CCR7
Ligands CCL19 and CCL21 Increase Permissiveness of Resting Memory
CD4+ T Cells to HIV-1 Infection: A Novel Model of HIV-1 Latency. Blood
(2007) 110:4161–4. doi: 10.1182/blood-2007-06-097907

25. Bradley T, Ferrari G, Haynes BF, Margolis DM, Browne EP. Single-Cell Analysis
of Quiescent HIV Infection Reveals Host Transcriptional Profiles That Regulate
Proviral Latency. Cell Rep (2018) 25:107–17.e103. doi: 10.1016/j.celrep.
2018.09.020

26. Pace MJ, Graf EH, Agosto LM, Mexas AM, Male F, Brady T, et al. Directly
Infected Resting CD4+T Cells can Produce HIV Gag Without Spreading
Infection in a Model of HIV Latency. PloS Pathog (2012) 8:e1002818.
doi: 10.1371/journal.ppat.1002818

27. Moso MA, Anderson JL, Adikari S, Gray LR, Khoury G, Chang JJ, et al. HIV
Latency can be Established in Proliferating and Nonproliferating Resting
CD4+ T Cells In Vitro: Implications for Latency Reversal. AIDS (2019)
33:199–209. doi: 10.1097/QAD.0000000000002075

28. Cameron PU, Saleh S, Sallmann G, Solomon A, Wightman F, Evans VA, et al.
Establishment of HIV-1 Latency in Resting CD4+ T Cells Depends on
Chemokine-Induced Changes in the Actin Cytoskeleton. Proc Natl Acad Sci
USA (2010) 107:16934–9. doi: 10.1073/pnas.1002894107

29. Sarabia I, Huang SH, Ward AR, Jones RB, Bosque A. The Intact Non-
Inducible Latent HIV-1 Reservoir Is Established In an In Vitro Primary TCM
Cell Model of Latency. J Virol (2021) 95(7):e01297–20. doi: 10.1128/
JVI.01297-20

30. Golumbeanu M, Cristinelli S, Rato S, Munoz M, Cavassini M, Beerenwinkel
N, et al. Single-Cell RNA-Seq Reveals Transcriptional Heterogeneity in Latent
and Reactivated HIV-Infected Cells. Cell Rep (2018) 23:942–50. doi: 10.1016/
j.celrep.2018.03.102

31. Besnard E, Hakre S, Kampmann M, Lim HW, Hosmane NN, Martin A, et al.
The mTOR Complex Controls HIV Latency. Cell Host Microbe (2016)
20:785–97. doi: 10.1016/j.chom.2016.11.001

32. Calvanese V, Chavez L, Laurent T, Ding S, Verdin E. Dual-Color HIV
Reporters Trace a Population of Latently Infected Cells and Enable Their
Purification. Virology (2013) 446:283–92. doi: 10.1016/j.virol.2013.07.037
Frontiers in Immunology | www.frontiersin.org 12
33. Chavez L, Calvanese V, Verdin E. HIV Latency Is Established Directly and
Early in Both Resting and Activated Primary CD4 T Cells. PloS Pathog (2015)
11:e1004955. doi: 10.1371/journal.ppat.1004955

34. Battivelli E, Dahabieh MS, Abdel-Mohsen M, Svensson JP, Tojal Da Silva I,
Cohn LB, et al. Distinct Chromatin Functional States Correlate With HIV
Latency Reactivation in Infected Primary CD4(+) T Cells. Elife (2018) 7:
e34655. doi: 10.7554/eLife.34655

35. Kuo HH, Ahmad R, Lee GQ, Gao C, Chen HR, Ouyang Z, et al. Anti-
Apoptotic Protein BIRC5 Maintains Survival of HIV-1-Infected CD4(+)
T Cells. Immunity (2018) 48:1183–94.e1185. doi: 10.1016/j.immuni.2018.
04.004

36. Chaillon A, Gianella S, Dellicour S, Rawlings SA, Schlub TE, De Oliveira MF,
et al. HIV Persists Throughout Deep Tissues With Repopulation From
Multiple Anatomical Sources. J Clin Invest (2020) 130:1699–712.
doi: 10.1172/JCI134815

37. Cadena AM, Ventura JD, Abbink P, Borducchi EN, Tuyishime H, Mercado
NB, et al. Persistence of Viral RNA in Lymph Nodes in ART-Suppressed SIV/
SHIV-Infected Rhesus Macaques. Nat Commun (2021) 12:1474. doi: 10.1038/
s41467-021-21724-0

38. Schacker T. The Role of Secondary Lymphatic Tissue in Immune Deficiency
of HIV Infection. AIDS (2008) 22(Suppl 3):S13–18. doi: 10.1097/
01.aids.0000327511.76126.b5

39. Marconi VC, Moser C, Gavegnano C, Deeks SG, Lederman MM, Overton ET,
et al. Randomized Trial of Ruxolitinib in Antiretroviral-Treated Adults With
HIV. Clin Infect Dis (2021) 6:ciab212. doi: 10.1093/cid/ciab212

40. Gavegnano C, Brehm JH, Dupuy FP, Talla A, Ribeiro SP, Kulpa DA, et al.
Novel Mechanisms to Inhibit HIV Reservoir Seeding Using Jak Inhibitors.
PloS Pathog (2017) 13:e1006740. doi: 10.1371/journal.ppat.1006740

41. Moysi E, Pallikkuth S, de Armas LR, Gonzalez LE, Ambrozak D, George V,
et al. Altered Immune Cell Follicular Dynamics in HIV Infection Following
Influenza Vaccination. J Clin Invest (2018) 128:3171–85. doi: 10.1172/
JCI99884

42. de Armas LR, Pallikkuth S, Rinaldi S, Pahwa R, Pahwa S. Implications of
Immune Checkpoint Expression During Aging in HIV-Infected People on
Antiretroviral Therapy. AIDS Res Hum Retroviruses (2019) 35:1112–22.
doi: 10.1089/AID.2019.0135

43. de Armas LR, Cotugno N, Pallikkuth S, Pan L, Rinaldi S, Sanchez MC, et al.
Induction of IL21 in Peripheral T Follicular Helper Cells Is an Indicator of
Influenza Vaccine Response in a Previously Vaccinated HIV-Infected
Pediatric Cohort. J Immunol (2017) 198:1995–2005. doi: 10.4049/
jimmunol.1601425

44. Kim Y, Cameron PU, Lewin SR, Anderson JL. Limitations of Dual-
Fluorescent HIV Reporter Viruses in a Model of Pre-Activation Latency.
J Int AIDS Soc (2019) 22:e25425. doi: 10.1002/jia2.25425

45. Tyagi M, Pearson RJ, Karn J. Establishment of HIV Latency in Primary CD4+
Cells Is Due to Epigenetic Transcriptional Silencing and P-TEFb Restriction.
J Virol (2010) 84:6425–37. doi: 10.1128/JVI.01519-09

46. Perreau M, Savoye A-L, De Crignis E, Corpataux J-M, Cubas R, Haddad EK,
et al. Follicular Helper T Cells Serve as the Major CD4 T Cell Compartment
for HIV-1 Infection, Replication, and Production. J Exp Med (2013) 210:143–
56. doi: 10.1084/jem.20121932

47. Vranckx LS, Demeulemeester J, Saleh S, Boll A, Vansant G, Schrijvers R, et al.
LEDGIN-Mediated Inhibition of Integrase-LEDGF/p75 Interaction Reduces
Reactivation of Residual Latent HIV. EBioMedicine (2016) 8:248–64.
doi: 10.1016/j.ebiom.2016.04.039

48. Pantaleo G, Graziosi C, Butini L, Pizzo PA, Schnittman SM, Kotler DP, et al.
Lymphoid Organs Function as Major Reservoirs for Human
Immunodeficiency Virus. Proc Natl Acad Sci USA (1991) 88:9838–42.
doi: 10.1073/pnas.88.21.9838

49. Okoye AA, Hansen SG, Vaidya M, Fukazawa Y, Park H, Duell DM, et al. Early
Antiretroviral Therapy Limits SIV Reservoir Establishment to Delay or
Prevent Post-Treatment Viral Rebound. Nat Med (2018) 24:1430–40.
doi: 10.1038/s41591-018-0130-7

50. Pallikkuth S, Sharkey M, Babic DZ, Gupta S, Stone GW, Fischl MA, et al.
Peripheral T Follicular Helper Cells Are the Major HIV Reservoir Within
Central Memory CD4 T Cells in Peripheral Blood From Chronically HIV-
Infected Individuals on Combination Antiretroviral Therapy. J Virol (2015)
90:2718–28. doi: 10.1128/JVI.02883-15
August 2021 | Volume 12 | Article 720697

https://doi.org/10.1371/journal.ppat.1003174
https://doi.org/10.1038/nature21710
https://doi.org/10.1371/journal.ppat.1006856
https://doi.org/10.1371/journal.ppat.1005761
https://doi.org/10.3389/fimmu.2019.02251
https://doi.org/10.3389/fimmu.2019.02251
https://doi.org/10.1371/journal.ppat.1008450
https://doi.org/10.1038/nm.4113
https://doi.org/10.7554/eLife.60933
https://doi.org/10.1016/j.cell.2013.09.020
https://doi.org/10.1182/blood-2008-07-168393
https://doi.org/10.1182/blood-2008-07-168393
https://doi.org/10.1182/blood-2007-06-097907
https://doi.org/10.1016/j.celrep.2018.09.020
https://doi.org/10.1016/j.celrep.2018.09.020
https://doi.org/10.1371/journal.ppat.1002818
https://doi.org/10.1097/QAD.0000000000002075
https://doi.org/10.1073/pnas.1002894107
https://doi.org/10.1128/JVI.01297-20
https://doi.org/10.1128/JVI.01297-20
https://doi.org/10.1016/j.celrep.2018.03.102
https://doi.org/10.1016/j.celrep.2018.03.102
https://doi.org/10.1016/j.chom.2016.11.001
https://doi.org/10.1016/j.virol.2013.07.037
https://doi.org/10.1371/journal.ppat.1004955
https://doi.org/10.7554/eLife.34655
https://doi.org/10.1016/j.immuni.2018.04.004
https://doi.org/10.1016/j.immuni.2018.04.004
https://doi.org/10.1172/JCI134815
https://doi.org/10.1038/s41467-021-21724-0
https://doi.org/10.1038/s41467-021-21724-0
https://doi.org/10.1097/01.aids.0000327511.76126.b5
https://doi.org/10.1097/01.aids.0000327511.76126.b5
https://doi.org/10.1093/cid/ciab212
https://doi.org/10.1371/journal.ppat.1006740
https://doi.org/10.1172/JCI99884
https://doi.org/10.1172/JCI99884
https://doi.org/10.1089/AID.2019.0135
https://doi.org/10.4049/jimmunol.1601425
https://doi.org/10.4049/jimmunol.1601425
https://doi.org/10.1002/jia2.25425
https://doi.org/10.1128/JVI.01519-09
https://doi.org/10.1084/jem.20121932
https://doi.org/10.1016/j.ebiom.2016.04.039
https://doi.org/10.1073/pnas.88.21.9838
https://doi.org/10.1038/s41591-018-0130-7
https://doi.org/10.1128/JVI.02883-15
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


de Armas et al. Modelling HIV Latency in Tonsils
51. Petrovas C, Ferrando-Martinez S, Gerner MY, Casazza JP, Pegu A, Deleage C,
et al. Follicular CD8 T Cells Accumulate in HIV Infection and Can Kill
Infected Cells In Vitro via Bispecific Antibodies. Sci Transl Med (2017) 9:
eaag2285. doi: 10.1126/scitranslmed.aag2285

52. Li S, Folkvord JM, Kovacs KJ, Wagstaff RK, Mwakalundwa G, Rendahl AK,
et al. Low Levels of SIV-Specific CD8+ T Cells in Germinal Centers
Characterizes Acute SIV Infection. PloS Pathog (2019) 15:e1007311.
doi: 10.1371/journal.ppat.1007311

53. Harper J, Gordon S, Chan CN,Wang H, Lindemuth E, Galardi C, et al. CTLA-
4 and PD-1 Dual Blockade Induces SIV Reactivation Without Control of
Rebound After Antiretroviral Therapy Interruption. Nat Med (2020) 26:519–
28. doi: 10.1038/s41591-020-0782-y

54. Moutsopoulos NM, Vazquez N, Greenwell-Wild T, Ecevit I, Horn J, Orenstein
J, et al. Regulation of the Tonsil Cytokine Milieu Favors HIV Susceptibility.
J Leukoc Biol (2006) 80:1145–55. doi: 10.1189/jlb.0306142

55. Buggert M, Nguyen S, Salgado-Montes de Oca G, Bengsch B, Darko S, Ransier
A, et al. Identification and Characterization of HIV-Specific Resident Memory
CD8(+) T Cells in Human Lymphoid Tissue. Sci Immunol (2018) 3:eaar4526.
doi: 10.1126/sciimmunol.aar4526

56. Cantero-Perez J, Grau-Expósito J, Serra-Peinado C, Rosero DA, Luque-
Ballesteros L, Astorga-Gamaza A, et al. Resident Memory T Cells Are a
Cellular Reservoir for HIV in the Cervical Mucosa. Nat Commun (2019)
10:4739. doi: 10.1038/s41467-019-12732-2

57. Munoz-Arias I, Grau-Exposito J, Serra-Peinado C, Rosero DA,
LuqueBallesteros L, Astorga-Gamaza A, et al. Blood-Derived CD4 T Cells
Naturally Resist Pyroptosis During Abortive HIV-1 Infection. Cell Host
Microbe (2015) 18:463–70. doi: 10.1016/j.chom.2015.09.010

58. Cavrois M, Banerjee T, Mukherjee G, Raman N, Hussien R, Rodriguez BA,
et al. Mass Cytometric Analysis of HIV Entry, Replication, and Remodeling in
Tissue CD4+ T Cells. Cell Rep (2017) 20:984–98. doi: 10.1016/
j.celrep.2017.06.087

59. Sannier G, Dube M, Kaufmann DE. Single-Cell Technologies Applied to HIV-
1 Research: Reaching Maturity. Front Microbiol (2020) 11:297. doi: 10.3389/
fmicb.2020.00297

60. Krishnan V, Zeichner SL. Host Cell Gene Expression During Human
Immunodeficiency Virus Type 1 Latency and Reactivation and Effects of
Targeting Genes That Are Differentially Expressed in Viral Latency. J Virol
(2004) 78:9458–73. doi: 10.1128/JVI.78.17.9458-9473.2004

61. Pagans S, Pedal A, North BJ, Kaehlcke K, Marshall BL, Dorr A, et al. SIRT1
Regulates HIV Transcription Via Tat Deacetylation. PloS Biol (2005) 3:e41.
doi: 10.1371/journal.pbio.0030041

62. Zaidan SM, Leyre L, Bunet R, Larouche-Anctil E, Turcotte I, Sylla M, et al.
Upregulation of IL-32 Isoforms in Virologically Suppressed HIV-Infected
Individuals: Potential Role in Persistent Inflammation and Transcription
Frontiers in Immunology | www.frontiersin.org 13
From Stable HIV-1 Reservoirs. J Acquir Immune Defic Syndr (2019)
82:503–13. doi: 10.1097/QAI.0000000000002185

63. Santinelli L, Statzu M, Pierangeli A, Frasca F, Bressan A, Pinacchio C, et al.
Increased Expression of IL-32 Correlates With IFN-Gamma, Th1 and Tc1 in
Virologically Suppressed HIV-1-Infected Patients. Cytokine (2019) 120:273–
81. doi: 10.1016/j.cyto.2019.01.012

64. Mesquita PMM, Preston-Hurlburt P, Keller MJ, Vudattu N, Espinoza L,
Altrich M, et al. Role of Interleukin 32 in Human Immunodeficiency Virus
Reactivation and Its Link to Human Immunodeficiency Virus-Herpes Simplex
Virus Coinfection. J Infect Dis (2017) 215:614–22. doi: 10.1093/infdis/jiw612

65. Nold MF, Nold-Petry CA, Pott GB, Zepp JA, Saavedra MT, Kim SH, et al.
Endogenous IL-32 Controls Cytokine and HIV-1 Production. J Immunol
(2008) 181:557–65. doi: 10.4049/jimmunol.181.1.557

66. Chomont N, El-Far M, Ancuta P, Trautmann L, Procopio FA, YassineDiab B,
et al. HIV Reservoir Size and Persistence Are Driven by T Cell Survival and
Homeostatic Proliferation.Nat Med (2009) 15:893–900. doi: 10.1038/nm.1972

67. Ribeiro SP, Aid M, Dupuy FP, Chan CN, Hultquist J, Delage C, et al. IL-10
Driven Memory T Cell Survival and Tfh Differentiation Promote HIV
Persistence. BioRxIV Preprint (2021). doi: 10.1101/2021.02.26.432955

68. Younes SA, Freeman ML, Mudd JC, Shive CL, Reynaldi A, Panigrahi S, et al.
IL-15 Promotes Activation and Expansion of CD8+ T Cells in HIV-1
Infection. J Clin Invest (2016) 126:2745–56. doi: 10.1172/JCI85996

69. Gavegnano C HW, Koneru R, Hurwitz S, Tao S, Tyor WR, Schinazi RF, et al.
Baricitinib Reverses HIV-Associated Neurocognitive Disorders in a SCID
Mouse Model and Reservoir Seeding In Vitro. J Neuroinflamm (2019) 16
(1):182. doi: 10.1186/s12974-019-1565-6

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 de Armas, Gavegnano, Pallikkuth, Rinaldi, Pan, Battivelli, Verdin,
Younis, Pahwa, Williams, Schinazi and Pahwa. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
August 2021 | Volume 12 | Article 720697

https://doi.org/10.1126/scitranslmed.aag2285
https://doi.org/10.1371/journal.ppat.1007311
https://doi.org/10.1038/s41591-020-0782-y
https://doi.org/10.1189/jlb.0306142
https://doi.org/10.1126/sciimmunol.aar4526
https://doi.org/10.1038/s41467-019-12732-2
https://doi.org/10.1016/j.chom.2015.09.010
https://doi.org/10.1016/j.celrep.2017.06.087
https://doi.org/10.1016/j.celrep.2017.06.087
https://doi.org/10.3389/fmicb.2020.00297
https://doi.org/10.3389/fmicb.2020.00297
https://doi.org/10.1128/JVI.78.17.9458-9473.2004
https://doi.org/10.1371/journal.pbio.0030041
https://doi.org/10.1097/QAI.0000000000002185
https://doi.org/10.1016/j.cyto.2019.01.012
https://doi.org/10.1093/infdis/jiw612
https://doi.org/10.4049/jimmunol.181.1.557
https://doi.org/10.1038/nm.1972
https://doi.org/10.1101/2021.02.26.432955
https://doi.org/10.1172/JCI85996
https://doi.org/10.1186/s12974-019-1565-6
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	The Effect of JAK1/2 Inhibitors on HIV Reservoir Using Primary Lymphoid Cell Model of HIV Latency
	Introduction
	Methods
	Specimen Collection
	Virus Production
	In Vitro Infection With HIVGKO
	Flow Cytometry Acquisition and Sorting
	Single Cell 3’ Whole Transcriptome Amplification by BD Precise Assay
	RT-PCR for IL32 Expression
	Cell Sorting and HIV Reactivation Assay
	Statistical Analysis
	Study Approval

	Results
	Latency Is Established Early Following HIVGKO Infection of Tonsil-Derived CD4+ T Cells
	CD4+ T Cells With Latent Infection Can Exhibit Similar Activation Profiles as Productive Infected Cells
	Using Single-Cell RNASeq to Discover Potential Biomarkers of Latency
	Gene Profiles in Latent Infected Lymphoid CD4+ T Cells
	Reactivation of Latency in HIVGKO Infected Cells and Therapeutic Intervention With JAK1/2 Inhibitors

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


