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Abstract

Macrophages play important roles in HIV-1 pathogenesis as targets for viral replication and mediators of chronic
inflammation. Similar to IFNy-priming, HIV-1 primes macrophages, resulting in hyperresponsiveness to sub-
sequent toll-like receptor (TLR) stimulation and increased inflammatory cytokine production. However, the
specific molecular mechanism of HIV-1 priming and whether cells must be productively infected or if uninfected
bystander cells also are primed by HIV-1 remains unclear. To explore these questions, human macrophages were
primed by IFNy or infected with HIV-1 before activation by TLR ligands. Transcriptome profiling by microarray
revealed a gene expression profile for IFNy-primed cells that was further modulated by the addition of lipopo-
lysaccharide (LPS). HIV-1 infection elicited a gene expression profile that correlated strongly with the profile
induced by IFNy (r=.679, p=.003). Similar to IFNy, HIV-1 enhanced TLR ligand-induced tumor necrosis factor
(TNF) protein expression and release. Increased TNF production was limited to productively infected cells.
Specific signal transducer and activator of transcription (STAT)1 and STAT3 inhibitors suppressed HIV-1-
mediated enhancement of TLR-induced TNF expression as well as HIV-1 replication. These findings indicate that
viral replication and inflammation are linked through a common IFNy-like, STAT-dependent pathway and that
HIV-1-induced STAT1 and STAT3 signaling are involved in both inflammation and HIV-1 replication. Systemic
innate immune activation is a hallmark of active HIV-1 replication. Our study shows that inflammation may
develop as a consequence of HIV-1 triggering STAT-IFN pathways to support viral replication.
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Introduction

THE UNDERLYING MECHANISMS of chronic monocyte/
macrophage activation, a major factor contributing to
the morbidity in individuals living with HIV-1 infection,'~
remain unclear. For example, microbial translocation of gut
microbial substances, such as lipopolysaccharide (LPS) into
the blood, is associated with systemic innate immune acti-
vation,"®™'” which in turn predicts non-AIDS mortality
among HIV-infected individuals.'' Macrophages are par-
tially activated by inflammatory substances, for example LPS
through binding to pattern recognition receptor toll-like re-

ceptor 4 (TLR4). However, complete classical (M1) macro-
phage activation requires both priming by IFNy and
activation through proinflammatory receptors, such as TLRs,
for expression of relatively high levels of inflammatory cy-
tokines (e.g., TNF) compared with partial macrophage acti-
vation with TLR ligands alone.'* Similarly, HIV-1 infection
leads to macrophage priming and subsequent enhancement of
proinflammatory responses that mimic M1 polarization.'*'*
Specific mechanisms involved in HIV-1-induced priming
remain unknown, but may be related to HIV-1-induced acti-
vation of signal transducer and activator of transcription
(STAT) signaling, a pathway also activated by IFNy. We
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previously showed that HIV-1 infection of macrophages leads
to the activation of STAT1 and STAT3'3 in a manner resem-
bling IFNy signaling primarily through STATI1 activation.
HIV-1 may modulate components of IFN and/or cytokine
signaling through STAT pathways to modify the cellular en-
vironment to favor viral replication and/or persistence.

HIV-1 priming of macrophages is dependent on the level
of infection,'* but it is not clear if the priming effect is re-
stricted to productively infected cells or if all cells in the
culture become primed. HIV-1 infection of macrophages
in vitro results in a heterogeneous mixture of productively
infected, nonproductively infected, or uninfected bystander
cell populations. Thus, phenotypic changes in macrophages
may be due to the direct effects of HIV-1 in productively
infected cells or the indirect effects on uninfected cells by
host (IFNs or cytokines) or viral (free viruses, viral proteins,
or viral nucleic acids) factors.'® Pathogen detection by innate
immune cells requires extracellular, cytosolic or endosomal
pattern recognition receptors, which for example bind viral
nucleic acids and trigger downstream signaling pathways.
For example, HIV-1 dsDNA resulting from reverse tran-
scription is detected by the cytosolic protein IFI16 triggering
expression of type I IFNs by CD4" T cells.'” In contrast, HIV-
1 infection of macrophages can directly induce the expression
of interferon-stimulated genes (ISGs) without de novo type 1
IEN synthesis.'® Whether the IFN-like priming phenotype in
macrophages is due to a direct effect of HIV-1-induced signal
transduction or the secondary production of type I IFNs re-
mains unclear.

In addition to integral roles in macrophage activation and
induction of antiviral responses, signaling through STAT and
interferon regulatory factor (IRF) pathways can directly
modulate HIV-1 replication through transactivation of the
interferon-stimulated regulatory element in the HIV-1 long
terminal repeat (LTR) by IRF-1 and IRF-2."°%! As IRF1 and
IRF2 typically mediate activation of ISGs downstream of
IFNy-induced STAT]1 signaling, the shared roles of IRF-
mediated host inflammatory gene expression and activity of
the HIV-1 LTR could explain why HIV-1 infection triggers
systemic inflammation as a collateral consequence of the
pathways required for full HIV-1 gene expression.

To identify the molecular mechanisms of HIV-1-induced
IFNy-like priming versus viral replication in the presence and
absence of secondary stimuli, global gene expression re-
sponses by human macrophages to different types of acti-
vation, including priming with IFNy, partial activation with
LPS, or classical M1 activation with IFNy priming plus LPS
were assessed. The approach allowed the assembly of a ref-
erence data set of gene expression profiles for different
activation states, which was then directly compared with
the effect of HIV-1 infection in the presence or absence of
LPS. Since productively infected and nonproductively in-
fected macrophages could not be isolated without potentially
modifying the transcriptome profile, the question regarding
whether or not HIV-1 priming of macrophages is due to direct
effects of HIV-1 in productively infected cells or also occurs
in nonproductively infected or bystander cells was addressed
separately by flow cytometry. Subsequently, the roles of
STAT1 or STAT3 signaling in immune activation and virus
replication were investigated in HIV-1-infected macrophages.
The results provide evidence that HIV-1-induced macro-
phage priming is molecularly similar to IFNy-induced prim-
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ing and that proinflammatory priming and viral replication are
linked. These findings support a model that systemic in-
flammation during chronic HIV-1 infection is a consequence
of the molecular changes required for HIV-1 gene expression
and replication.

Material and Methods
Differentiation of monocyte-derived macrophages

Peripheral blood monocytes were collected from healthy
donors by countercurrent centrifugal elutriation at the labo-
ratories of Dr. Howard Gendelman, University of Nebraska
or Dr. Mark Wallet, University of Florida with approval for
the use of human blood products granted by the institutional
review boards at each institution. Monocytes were cultured
for 7 days in DMEM containing 10% human type AB serum,
L-glutamine, gentamicin, ciprofloxacin, and 1 ng/ml human
macrophage colony-stimulating factor (PeproTech, Rocky
Hill, NJ), as described.*

Microarray

Monocyte-derived macrophages (MDM) were cultured for
18 h in medium alone or with 10ng/ml IFNy (PeproTech).
Some IFNy-treated or untreated MDM cultures were subse-
quently activated for 30 min or 2 h with 10 ng/ml Escherichia
coli LPS (strain O11:B4, Sigma-Aldrich, St. Louis, MO).
Cells were washed with ice-cold phosphate-buffered saline
(PBS) before preparing total RNA using the RNeasy Mini Kit
(Qiagen, Valencia, CA). Affymetrix U133 Plus 2.0 gene ar-
rays were used to assess human gene expression using the IVT
Express Kit for labeling (Affymetrix, Santa Clara, CA). Chips
were scanned using a GenePix 4400A microarray scanner.
Intensity data were transformed to log base 2, normalized, and
analyzed by a probe-by-probe comparison between each ex-
perimental and control probe group by a moderated -test based
on linear model for microarray data, which moderates standard
errors across probes using a simple Bayesian model* Gene
expression fold changes were computed based on the nor-
malized log-transformed signal intensity data.

HIV-1 infection

Stocks of the replication competent, macrophage-tropic,
CCRS5-using, molecular clones HIV-1 AD824 or HIV-1yn1.4.5.
BaL—HSA16 were prepared by transfection of 293T cells and
titered on TZM-bl cells as described previously.?>** MDM
were infected with 100-5,000 tissue culture infectious dose
50% (TCIDsq) for 24 h. Cells were then washed and fresh
medium added. HIV-1 Gag p24 in culture supernatants was
measured by ELISA (Sino Biological, Daxing, China). In
some experiments, MDM plated in UpCell culture dishes
(Thermo Scientific Nunc, Rochester, NY) were infected by
HIV-1n14-3-Bar-HsA, Which carries the gene for murine heat
stable antigen (HSA), or CD24, expressed from an internal
ribosome entry site.'® Following infection, MDM were re-
moved from culture dishes, rested in cold PBS (4°C) for
20 min, and labeled with anti-murine CD24-biotin (eBios-
ciences, San Diego, CA) for enrichment using anti-biotin
magnetic beads (StemCell Technologies, Vancouver, BC,
CA). In addition, an HIV-1 luciferase-tagged reporter virus
lacking Env (HIV-1 NL4-3.Luc.env-) was pseudotyped with
the JR-FL envelop to generate virus particles as described
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previously.”> MDM infected with single-cycle, luciferase
reporter HIV-1;rg;. were lysed on post-infection day (PID) 4
and luciferase activity was measured according to the man-
ufacturer’s protocol using the luciferase assay system (Pro-
mega, Madison, WI) and the microplate luminometer
Monolight 3096 (BD Biosciences, San Jose, CA).

STAT inhibitors

MDM were treated for 24 h with 100 nM STAT1 inhibitor
(Fludarabine, Sigma Aldrich, St. Louis, MO) diluted in wa-
ter, or 50nM STATS3 inhibitor (LLL12, EMD Chemicals,
Inc., Gibbstown, NJ) diluted in DMSO. On PID 1, cells were
washed with PBS and fresh medium alone (control for
STATI1 inhibitor), or medium with DMSO (control for
STATS3 inhibitor), or STAT1 or STAT3 inhibitors were ad-
ded. Additional treatments with the inhibitors or respective
controls were conducted on PID 4 and 7, concomitant with a
50% medium change.

Quantification of viral RNA and DNA

MDM were cultured in medium alone or infected with 500
TCIDsg HIV-1,4pg. On PID 6, some samples were treated
with 10ng/ml IFNy for 18 h. On PID 7, some samples were
activated with 10 ng/ml LPS for 2 h. Total RNA was collected
using an RNeasy Mini Kit (Qiagen, Germantown, MD) and
cDNA was prepared using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems/Life Technologies,
Grand Island, NY). Reverse transcriptase quantitative poly-
merase chain reaction (RT-qPCR) was performed using
SYBR Select Master Mix (Applied Biosystems) on the Ste-
pOnePlus Real-Time PCR System (Applied Biosystems).
Validated forward and reverse primers were purchased from
Invitrogen (GBP1, GBP2, GBP3, GBP4, GBP5, GBP6, IL29,
PTGS2, and TNF) or Qiagen (AKRIC3, DCLREIB, HHEX,
IL6, KITLG, MMP10, OLRI, P2RY14, and RGS3).

To measure intracellular HIV-1 DNA, MDM were pre-
treated with medium alone, DMSO, or respective STAT in-
hibitors for 24 h before infection with HIV-1 5pg. Total DNA
was extracted with the DNeasy Blood and Tissue Kit (Qia-
gen, Germantown, MD) and intracellular HIV-1 DNA was
measured by quantifying gag and ApoB copies using a gPCR
TaqMan assay as previously described.?’

Integrated HIV-1 DNA was measured using a nested
Alu-LTR gPCR assay previously published.”®** All primers
and probes were purchased from Integrated DNA Technol-
ogy. Primers for the first-round PCR were: HIV LTR 5"-ATG
CCA CGT AAG CGA AAC TCT GGG TCT CTC TDG TTA
GAC-3’, Alu 1 5-TCC CAG CTA CTG GGG AGG CTG
AGG -3, Alu 2 5'-GCC TCC CAA AGT GCT GGG ATT
ACA G-3', ApoB Out Fwd 5-AGG GAT CTG AAG GTG
GAG GAC A-3, and Apo Out Rev 5-TGG CAG TGA TGG
AAG CTG CGA —3’. The primers for the second-round qPCR
were: Lambda 5'-ATG CCA CGT AAG CGA AAC T-3,
UR2 5’-CTG AGG GAT CTC TAG TTA CC-3’, ApoB Inner
Fwd 5-TGA AGG TGG AGG ACA TTC CTC TA-3’, and
ApoB Inner Rev 5'-CTG GAA TTG CGA TTT CTG GTA A
—3’. Probes used in the second-round qPCR amplification
were: HIV-15-FAM/CAC TCA AGG CAA GCT TTATTG
AGG C/TAMRA-3 and ApoB 5’-Cy5/CGA GAA TCA CCC
TGC CAG ACT TCC GT/RQS-3".
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Flow cytometry

MDM differentiated in UpCell culture dishes were treated
with the medium alone, DMSO, STAT1, or STAT?3 inhibitor,
24 h preinfection and on PID 1, 4, and 7. On PID 10, cells
were treated with 3 ug/ml Brefeldin A (eBioscience, San
Diego, CA) and activated with 1 ug/ml CL097 for 4-6h.
Intracellular levels of HIV-1 Gag p24 and TNF were mea-
sured using an LSRII flow cytometer (BD Biosciences, San
Jose, CA) by permeabilizing the cells using the BD Cytofix/
Cytoperm kit according to the manufacturer’s instructions
(BD Biosciences), staining with anti-p24 PE (Beckman
Coulter, Indianapolis, IN) and anti-TNF APC (eBiosciences,
San Diego, CA) antibodies. All data were analyzed using
FlowJo (FlowJo, LLC, Ashland, OR).

MTS assay

Cell viability was evaluated using an MTS assay. MDM
treated with medium, DMSO, STAT1, or STAT3 inhibitors
24 h pre- and postinfection and on PID 4 and 7 were incu-
bated with CellTiter 96 AQueous One Solution (Promega) for
3h on PID 10 before absorbance was measured using a uni-
versal microplate reader (BioTek Instrument, Inc., Winooski,
VT). MDM treated with STAT1 or STAT3 inhibitor showed
no significant difference in metabolic activity with an aver-
age activity of 93.5% and 103.5% relative to their specific
control, respectively (data not shown).

Statistical analyses

Statistical analyses were performed using GraphPad Prism
software (La Jolla. CA). Gene set comparisons between two
groups were performed with Pearson correlation and simple
linear regression. Comparisons between two groups were
performed using unpaired T-test for normally distributed val-
ues and Mann—Whitney U-test for values that filed the Pearson
omnibus normality test. Parametric or nonparametric two-way
ANOVA was used based on the assessment of data distribution
as well as repeated one-way ANOVA with Newman—Keuls
correction to compare the effects of STAT inhibitors to re-
spective control. Paired T-test was used where indicated. Dif-
ferences were considered statistically significant when p <.05.

Results

Generation of macrophage activation
transcriptome profiles

Total RNA was isolated from human MDM that were
resting (medium only), partially activated (LPS only for
30min or 2h), primed with IFNy (for 18h) or classically
(M1) activated (IFNy for 18 h followed by LPS for either
30min or 2h) (Fig. 1A). Gene expression was assessed by
Affymetrix gene arrays to generate transcriptome profiles.
Genes that were significantly increased or decreased (=2-fold
increase or decrease with false discovery rate <.05) for
any condition were used to generate a heat map organized by
hierarchical clustering (Fig. 1B). Gene changes induced by
30 min LPS treatment alone or in combination with IFNy
revealed few qualitative differences from unstimulated or
IFNy only treated cells, respectively. In contrast, 2h LPS
treatment alone or in combination with IFNy produced pro-
files that were markedly different from unstimulated or IFNy
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only stimulated cells. Thus, only 2h LPS treatment were
considered for subsequent analyses. Overall, about 2,700
genes (1,446 upregulated and 1,263 downregulated) were
altered by at least a twofold with treatment by IFNy alone, 2h
LPS alone, or IFNy+2h LPS compared with untreated cells
(Fig. 1C). Unique gene sets for LPS (187 upregulated and 71
downregulated), IFNy (38 upregulated and 28 down-
regulated), and IFNy+2h LPS (363 upregulated and 729
downregulated) were used to assemble a panel of 17 signature
genes, ranging from —4.1 to 8.6-fold change, which distin-
guished LPS activation from IFNy priming or the classical
M1 activation of MDM (Fig. 1D).

Differentiation of MDM activation profiles
by the expression of signature genes

To compare transcriptome profiles of priming induced by
IFNy or by HIV-1, expression of the 17-gene panel was
measured by RT-qPCR from MDM cultures infected by HIV-
1 apg or stimulated with IFNy, alone or in combination with
LPS activation. Hierarchical clustering of relative gene ex-
pression revealed that HIV-1 or IFNy priming clustered to-

gether and was distinct from treatment conditions that
included LPS (Fig. 2A). Although the magnitude of the effect
by HIV-1 on the signature genes was reduced compared with
IFN7y, a direct comparison between treatment and HIV-1 in-
fection showed a significant correlation for the overall ex-
pression of the 17 genes (r=.679, p=.003) (Fig. 2B).

To evaluate the effects of IFNy or HIV-1 in combination
with LPS, gene expression changes were first compared be-
tween classical (IFNy/LPS) and LPS-activated macrophages
(Fig. 2C). While six genes showed no change, classical ac-
tivation enhanced mRNA levels of cytokines TNF, IL-6, and
IL-29 as well as 5 GBPs and P2RY 14, but suppressed levels
of LPS-induced oxidized low-density lipoprotein receptor 1
(OLRI). Overall, HIV-1/LPS activation shared key charac-
teristics with the IFNy/LPS profile, including enhanced
steady-state mRNA levels of TNF and the GBPs, and reduced
levels of OLRI expression (Fig. 2D). While the magnitude of
a number of gene changes induced by HIV-1 was generally
less than observed with IFNy stimulation, IFNy- or HIV-1-
induced priming each enhanced TNF responses, which pro-
vided a basis to monitor the primed phenotype through re-
leased or cell-associated TNF protein.
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FIG. 2.

IFNy- and HIV-1-induced macrophage-priming phenotype. (A) A panel of 17 macrophage activation genes was

measured by RT-qPCR and fold change over unactivated MDM (medium only) was used to perform hierarchical clustering between
the treatment groups. (B) Gene expression was compared between HIV-1-induced and IFNy-induced MDM priming. The solid line
represents the linear regression of all genes (r=.679, P=.003). Gene expression was compared between MDM (C) activated with
LPS alone (2 h) and MDM primed with IFNy and then activated with LPS (2 h) or (D) activated with LPS alone (2 h) and MDM
infected with 500 TCIDso HIV-1pg and then activated with LPS (2 h). The red circles indicate genes modified in a similar direction
(up or down) by both IFNy and HIV-1 compared with LPS alone. The blue circles indicate genes enhanced by IFNy, but suppressed
or unaffected (ND, no difference) by HIV-1 infection compared with LPS alone. The fold change for each gene in comparison with
LPS alone is indicated in parentheses. Experiment was conducted in three donors. RT-qPCR, reverse transcriptase quantitative
polymerase chain reaction; TCIDs, tissue culture infectious dose 50%. Color images available online at www.liebertpub.com/aid

HIV-1 infection directly primes macrophages
for hyperactivation in response to extracellular
inflammatory stimuli

MDM treated with IFNy alone showed no change in TNF
secretion relative to control (Fig. 3A). Treatment with LPS
alone increased the levels of secreted TNF by approximately
fivefold compared with control, whereas classic activation

(IFNy + LPS) significantly augmented TNF levels compared
with LPS stimulation alone (p<.05) (Fig. 3A). Likewise,
HIV-1 infection alone had no impact on TNF secretion,
whereas the combination of virus and LPS increased TNF
secretion (p <.05) (Fig. 3A).

To address whether HIV-1 priming requires direct infec-
tion of the MDM or if uninfected bystander cells are also
primed by HIV-1, intracellular TNF was measured by flow
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CL097. Bars in (C, D) represent the mean+SEM MFI of TNF; *p<.05, ***p<.001 using two-way ANOVA with
Bonferroni correction. MFI, mean fluorescence intensity; TLR, toll-like receptor; SEM, standard error of the mean.

cytometry in productively infected (p24-postive) or non-
productively infected (p24-negative) MDM in the same
culture. While unstimulated MDM from HIV-1-uninfected
cultures showed no TNF production, LPS stimulation in-
creased intracellular TNF protein expression as expected
(Fig. 3B, upper panels). In HIV-1-infected cultures, LPS
stimulation increased TNF expression in both p24-negative
and p24-positive MDM (Fig. 3B, lower panels). However,
mean fluorescence intensity (MFI) for TNF expression was
significantly higher in p24-positive compared with p24-
negative cells and uninfected MDM (Fig. 3C). HIV-1 prim-
ing significantly enhanced LPS-induced intracellular TNF
approximately 10-fold in p24-positive compared with p24-
negative cells, even at LPS concentrations as low as 0.1 ng/ml
(Supplementary Fig. S1; Supplementary Data are available
online at www .liebertpub.com/aid).

In a previous study, we show increased proinflammatory
cytokine production in HIV-1-infected cultures stimulated

with several TLR ligands.13 Thus, to confirm that the
phenotype observed in HIV-1 productively infected MDM
stimulated with LPS are not restricted to LPS and TLR4
stimulation, MDM were infected or stimulated with IFNy
and then activated with the TLR7/8 agonist, CL097.
CLO097-induced TNF levels, measured by ELISA, were
significantly enhanced (p <.05) in MDM cultures infected
with HIV-1 compared with uninfected cultures stimulated
with CL097 (data not shown). Flow cytometry analysis
showed similar enhanced intracellular TNF expression in
p24-positive cells upon challenge with CL097 as with LPS
stimulation (data not shown) and the MFI of intracellular
TNF was significantly greater (p<.001) in p24-positive
MDM compared with p24-negative cells from the same
culture or MDM from uninfected cultures treated with
CL097 (Fig. 3D).

To confirm that HIV-1l-induced priming was limited
to productively infected cells, MDM were infected with
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HIV-1n14.3.BaL-HsA and magnetically sorted based upon sur-
face expression of murine CD24 before LPS stimulation.
Independent of LPS stimulation, p24 was detected by
western blot only in CD24-positive cells confirming infec-
tion (Fig. 4A). Enhanced supernatant levels of TNF were
only seen in CD24-positive, LPS-treated MDM (Fig. 4B).
Thus, HIV-1-induced priming was limited to productively
infected cells, whereas uninfected cells in the same cultures
were not primed.

HIV-1-induced priming is mediated through STAT1
and STAT3 and is required for HIV-1
replication in macrophages

The STAT signaling pathways are involved in a variety of
immune and antiviral responses and different STAT path-
ways are induced by both type I and type I IFNs. While IFNy
signals primarily through STAT1, we previously showed that
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activation of both STAT1 and STAT3 occurs in response to
HIV-1 infection of macrophages.'> To investigate the role of
STAT1 and STAT3 in HIV-1 priming, MDM were treated
with STATI or STAT3-specific inhibitors 24 h before in-
fection with HIV-1,pg and on PID 1, 4, and 7. Ten days
postinfection, MDM were activated with CL097 and intra-
cellular TNF and p24 levels were measured by flow cytom-
etry. Although neither of the inhibitors had an effect on
CL097-induced TNF in unprimed (p24-negative) cells, in-
hibitor treatment partially suppressed TNF expression in
HIV-1-primed (p24-positive) cells (p<.01 and p<.05, re-
spectively) (Fig. 5A, B), indicating a role for both STAT1 and
STATS3 in HIV-1 priming of MDM.

Since a clear effect on HIV-1 priming was observed with
STAT1 and STAT?3 inhibitor treatment, we next looked at the
effect by the same treatment on HIV-1 infection itself. Again,
MDM were treated with STAT1 or STAT3 inhibitors 24 h
before infection and on PIDs 1, 4, and 7. Treatment with
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FIG. 5. STATI1 and STAT3 are involved in HIV-1-induced priming. MDM were treated with 100 nM Fludarabine
(STAT1 inhibitor) or 50 nM LLL12 (STAT?3 inhibitor) 24 h before infection and on PID 1, 4, and 7. Ten days postinfection,
cells were activated with 1 pg/mL CL097 for 6h. Intracellular p24 and TNF were measured by flow cytometry. Bars
represent mean+SEM MFI of TNF in uninfected cells and infected cells gated on either p24-negative or p24-positive
populations; *p <.05, **p <.01 using repeated one-way ANOVA with Newman—Keuls correction. At least three donors
were used in each experiment. STAT, signal transducer and activator of transcription.
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either STAT1 or STAT3 inhibitors resulted in significantly
reduced supernatant p24 levels over time (Fig. 6A, B) and
significantly (p<.001 and p <.01, respectively) reduced the
percentage of infected cells (Fig. 6C). With the frequency of
p24-positive cells in control populations sat to 100%, the
decrease in percentage of infected cells in the STAT1 and
STATS3 inhibitor-treated populations was 86.7% and 69.6%,
respectively.

To determine the mechanism(s) involved in the suppres-
sion of HIV-1 infection in MDM by STAT1 or STATS3 in-
hibitor treatment, we investigated several steps in the viral
life cycle. None of the inhibitors mediated a significant
modulation of CD4 or CCRS5 cell-surface expression (data
not shown) or on the number of total or integrated provi-
ral genomes detected 24h postinfection (p=.4121 and
p=.0859, respectively, Fig. 7A; and p=.5308 and p=.6633,
respectively, Fig. 7B). To establish a potential effect of the
inhibitors on viral gene expression, MDM were infected with
single-cycle, luciferase reporter HIV-1;zg .. Four days post-
infection, STAT1 or STAT?3 inhibitor-treated cells showed
significantly reduced luciferase activity compared with con-
trols (p<.01) (Fig. 7C). Thus, when macrophages were
treated with STAT1 or STAT3 inhibitor, HIV-1 replication
appears blocked at the viral gene expression level. Together
these data indicate a role for both STAT1 and STAT3 in HIV-
1 priming and replication.

Discussion

In this study we investigate the molecular mechanisms
causing the serious problem of persistent macrophage acti-
vation in HIV-1-infected individuals. Macrophages are pri-
marily located in tissue making it difficult to conduct in vivo
studies regarding HIV-1-induced macrophage activation.
However, monocytes from peripheral blood can be stimu-
lated to differentiate into macrophages and infected with
HIV-1 ex vivo. Using this model, we demonstrate that pro-
ductive HIV-1 infection of macrophages induces a hyperin-
flammatory state, where cells respond to inflammatory
stimuli (LPS or CL097) with enhanced TNF expression, a
phenotype that resembles classical macrophage activation
(IFNy and subsequent TLR stimulation). At the molecular
level, HIV-1l-induced priming resembles IFNy-induced
priming, raising the possibility that similar mechanisms are
involved. However, we observed one major difference in the
priming mechanism; whereas IFNy-mediated signals are
transduced primarily by STAT1, both STAT1 and STAT3 are
required for HIV-1-induced priming. In addition, we show
that STAT1 and STAT3 activation is involved in HIV-1
replication by regulating viral gene transcription. Thus, HIV-
1-mediated STAT1 and STAT3 activation is important for
HIV pathogenesis and plays a role in HIV-1-induced mac-
rophage activation. This identifies both STAT1 and STAT3
as potential anti-inflammatory and antiviral targets in HIV-1
infection.

Infection by HIV-1 in vitro is heterogeneous and asyn-
chronous, meaning that only some cells are infected and that
these infected cells are at different stages of the viral life
cycle due to the spreading nature of infection in culture. To
avoid the pitfall of trying to identify HIV-1-induced gene
changes in this complex population, we elected to first define
the key macrophage gene expression profiles using soluble
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FIG. 6. STATI or STATS3 inhibitors suppress HIV-1 in-
fection of MDM. MDM were pretreated with 100 nM Flu-
darabine (STATI1 inhibitor) or 50nM LLLI12 (STATS3
inhibitor) 24h before infection and on PID 1, 4, and 7.
ELISA was used to measure supernatant p24 on PID 4, 7,
and 10 in cultures treated with (A) Fludarabine and (B)
LLL12. Bars represent mean+SEM; *p<.05; **p<.01;
*#%p <.001 using two-way ANOVA with Bonferroni cor-
rection. (C) On PID 10, intracellular p24 was measured by
flow cytometry and the percentage of productively infected
MDM in Fludarabine- or LLL12-treated cultures was com-
pared with medium alone (Fludarabine control) or DMSO
(LLL12 control). Bars represent mean*SEM MFI;
*p<.01, ***p<.001 using paired T-test. At least three
donors were used in the experiment.
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FIG. 7. STATI and STATS3 are involved in HIV-1 repli-
cation. MDM were treated with 100nM Fludarabine
(STATT inhibitor) or 50 nM LLL12 (STAT3 inhibitor) 24 h
before infection and total DNA was extracted on PID 1.
Total (A) or integrated (B) HIV-1 proviral genomes were
measured using qPCR, normalized to ApoB, and compared
with medium alone (Fludarabine control) or DMSO (LLL12
control). Bars represent the mean = SEM. (C) MDM treated
with Fludarabine or LLL12, 24 h pre- and postinfection,
with single-cycle luciferase reporter HIV-1;grg; were lysed
on PID 4 and luciferase activity was measured. Bars rep-
resent mean* SEM relative light units (RLU); **p<.01
using paired T-test. At least three donors were used in the
experiment.

factors such as IFNy and LPS, alone or in combination. This
approach allowed us to identify the primary genes that dis-
tinguish various activation states (LPS alone, IFNy alone, or
IFNy/LPS) upon which to focus our HIV-1 studies. Using this
method, we were able to determine that HIV-1 infection in-

APPELBERG ET AL.

duces a gene expression profile that shares hallmark char-
acteristics with IFNy-induced macrophage priming. When
IFNy-treated or HIV-1-infected macrophages were then
treated with LPS, gene expression profiles emerged that were
highly concordant, but not identical. Consequently, HIV-1
infection shares key characteristics with IFNy, with differ-
ences in magnitude of gene expression and in the expression
of some genes (e.g., P2RY 14). Most likely, differences occur
because HIV-1 alone fails to induce IFN expression (type I or
type II) in macrophages,*®>? meaning that HIV-1 ISG ex-
pression is limited to genes that can be induced by alternate
signaling pathways, such as the TBK1-IRF-3 or STAT1 and
STAT3 pathways. In addition, the transcriptome profile
generated was based on all MDM in an HIV-1-infected cul-
ture, which include both productively and unproductively
infected cells. Based on the current study, only productively
infected MDM are primed and it is possible that a higher
magnitude of gene expression or a more distinct HIV-1
profile would be detected by enriching for p24-positive cells
before measuring gene expression.

Previous studies of HIV-1 interactions with macrophages
have conflicting results, with some reporting that HIV-1
promotes an IFN-like shift in the macrophage activation
phenotype.'*'*?* For example, using a comparable model,
Nottet et al. 1995 demonstrated that HIV-1 primes MDM in a
similar way as IFNy and that the priming is dependent on the
level of HIV-1 infection in the MDM culture.'* In contrast,
others describe an anti-inflammatory effect by HIV-1.%3°
One study even demonstrated that HIV-1 infection of MDM
before type I IFN treatment results in the reduced expression
of a subset of ISGs.>® Clearly, the relationship between IFNs
and HIV-1 is context-dependent, with highly divergent out-
comes when the IFN treatment of macrophages ex vivo oc-
curs before or after HIV-1 infection.*® Parsing the in vivo
effects of HIV-1 itself versus interferons is further compli-
cated by the fact that IFNs produced by dendritic cells®’ or
NK cells®® during HIV-1 infection could prime macrophages
for classical inflammatory activation. By using our ex vivo
model, we determined that HIV-1-induced, IFN-like priming
of macrophages is restricted to cells that are productively
infected (p24"). This novel finding extends our knowledge
regarding HIV-1 priming of MDM by showing that HIV-1
priming and subsequent response is intrinsic and can occur
independent of secreted IFNs or other cytokines that mod-
ify LPS-induced TNF secretion by bystander cells through
paracrine effects.

The result showing that HIV-1 priming only occurs in
infected cells based on intracellular p24 expression, which
can be measured as soon as 1 h postinfection,*® suggests that
priming occurs early in the viral life cycle. Early induction of
priming is also supported by our results showing involvement
of STAT1 and STAT3 activation in HIV-1 priming of MDM.
The first interaction between HIV-1 and MDM (binding of
gp120 to CD4 receptor) activates the STAT signaling path-
ways.'> Why HIV-1 would trigger STAT1/3 activation, an
outcome that might elicit antiviral immunity, likely reflects
that both STAT1 and STAT3 activation are essential for
HIV-1 replication. The HIV LTR contains an interferon-
stimulated response element targeted by IRF-1 and IRF-2,
downstream molecules of STAT activation.”’** This sup-
ports the notion of STAT1 and STAT3 involvement in viral
transcription. Additionally, STAT proteins associate with and
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enhance transcriptional activity of other cellular transcription
factors important for HIV-1 replication, such as NF-xB and
Spl Al Thus, blocking STAT1 or STAT3 interactions with,
and activation of, other transcription factors might decrease
and indirectly lead to suppressed HIV-1 replication.

STAT] activation mediates a proinflammatory response,
whereas STAT3 activation can induce a proinflammatory
or an anti-inflammatory response depending on the cellular
environment and activation signal.*>*® Gain-of-function
mutations in STAT1 leads to increased sensitivity to cyto-
kines, including IL-6, which normally activate STAT3.Y
Similar, IFNy priming of macrophages changes the way the
cells respond to subsequent signaling events. For exam-
ple, IL-10 stimulation, which normally activates STAT3 and
anti-inflammatory responses, activates STAT1 in IFNy-
primed macrophages leading to enhanced proinflammatory
response.'>** Our data showing that STAT3 is involved in
HIV-1 priming and augmentation of proinflammatory cyto-
kine production, suggests that HIV-1 priming of macro-
phages induces STATS3 to act as a proinflammatory mediator.
IFNy-primed cells have increased STAT1/3 heterodimers,
which correlate with decreased STAT3/3 homodimer activ-
ity.'? A similar shift in dimer formation may be responsi-
ble for the STAT3-dependent proinflammatory response in
HIV-1-primed cells.

Dysfunctional STAT1 and STAT3 activation modifies
the normal cytokine production and function. For exam-
ple, enhanced STATI activation impairs the development
of T helper 17 cells (Th17) important for maintaining the
epithelial barrier in the gastrointestinal tract.*”** Th17
cells are significantly decreased in HIV-1-infected indi-
viduals.* Thus, HIV-1-induced STAT activation could
contribute to the loss of Th17 cells, impairment of mu-
cosal immunity, and subsequent microbial translocation
leading to further activation of macrophages and HIV-1
pathogenesis.

From an antiviral perspective, HIV-1-mediated activation
of STAT1 and STAT3 seems paradoxical, since most path-
ogens have developed various ways of modifying or in-
hibiting the STAT signaling pathways to evade antiviral
cellular immunity. Several viruses, including human pap-
illoma virus, ebola, and paramyxoviruses encode viral
proteins, which in different ways prevent STAT1 activation
or signalin% leading to subsequent reduction in antiviral
responses.5 =54 In contrast, HIV-1 infection of macro-
phages directly activates STAT1 and STAT3'® and down-
regulates STAT-dependent antiviral proteins, such as OAS1
and OAS3.’® This indicates that HIV-1 has developed
mechanisms to evade STAT-induced antiviral cellular im-
munity, and instead uses the signaling pathway to support
viral replication.SS_57 Thus, HIV-1-associated inflamma-
tion and viral replication may be inextricably linked bio-
logical processes in macrophages.

In the current study, we used small inhibitory molecules to
target STAT1 or STAT3. This method was chosen to mi-
mic a pharmacological approach. With inhibitory mole-
cules there is a risk for off-target effects. However, the
STATI1 inhibitor, Fludarabine, interferes with STATI
protein and mRNA expression, but does not affect acti-
vation of other STAT proteins (including STAT3), Jakl,
Tyk2, or ERK1 at concentrations as high as 50 uM.>®
Concentrations as high as 10 uM of the STAT3 inhibitor,
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LLL12, have no apgarent adverse effects on STATI1 or
ERK1/2 activity.sg’6 Thus, at low concentrations of Flu-
darabine and LLL12 used in this study (100nM and
50nM, respectively), off-target effects are unlikely to
contribute to the results.

Together our data support that HIV-1 infection of mac-
rophages fundamentally alters the capacity of cells to re-
spond to inflammatory stimuli. Increased sensitivity to TLR
ligands could be a driving force behind chronic innate
immune activation and pathogenic inflammation associated
with morbidity and mortality. One intriguing possibility is
that HIV-1-primed macrophages become hyperresponsive
to endogenous TLR ligands as well as exogenous sub-
stances, such as bacterial LPS and CpG. For example, ce-
rebrospinal fluid contains the endogenous TLR2/4 ligand
hyaluronic acid (hyaluronan),®’*®? and we have shown that
IFNy primes human macrophages to exert a proin-
flammatory response to hyaluronic acid through TLR4.%?
HIV-1-induced priming of tissue macrophages, such as
brain perivascular macrophages or microglia that are ex-
posed to endogenous TLR-ligands, could contribute to
HIV-1 neuropathogenesis. This hypothesis is supported by
the study by Nottet et al. 1995 showing that HIV-1-primed
MDM subsequently stimulated with LPS produces en-
hanced levels of TNFu, eicosanoids, and platelet-activating
factor,'* molecules shown to contribute to neuronal
death.%*% Furthermore, Nottet et al. showed that interac-
tion between astrocytes and HIV-1-infected MDM sup-
pressed the production of proinflammatory molecules,
indicating that astrocytes can regulate HIV-1 priming of
brain MDM.'* Whether or not HIV-1 priming of MDM can
be suppressed or regulated by other cell types in the body is
currently unknown, although we showed previously that
even though antiretroviral therapy diminishes T cell acti-
vation, MDM activation persist over basal levels as long as
two years after initiation of antiretroviral treatment.’

Whether or not low-level viral replication or production
persists in macrophages during prolonged antiretroviral
therapy remains unknown, but episodic replication could
provide a source for elevated levels of innate immune bio-
markers that persist during suppressive therapy. The kinetics
of the HIV-1-induced priming phenotype and whether or not
priming persists when viral replication enters a quiescent or
latent state in the macrophage remain to be elucidated. The
current data show that macrophages must be productively
infected (p24-positive) to be primed, but the possibility exists
that the epigenetic reprogramming of HIV-1-infected mac-
rophages results in a permanently hyperresponsive pheno-
type. The clinical relevance of understanding HIV-1-induced
priming is based on the unmet need to identify cells and
mechanisms responsible for HIV-1-associated chronic in-
flammation.
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