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Abstract

2-cys peroxiredoxins (Prx), a group of anti-oxidative enzyme proteins, act directly on virally-
infected cells to inhibit HIV-1 replication, and indirectly through destruction of HIV infected cells
by stimulation of Natural Killer (NK) cell-mediated immune responses. We assayed for antibody-
dependent NK cell mediated viral inhibition (ADCVI) using plasma from SIV-infected rhesus
macaques. We found that Prx-1 strongly increased ADCVI in a dose-dependent manner,
suggesting augmentation of NK cell killing. We also investigated the effect of Prx-1 on NK cell-
independent HIV-1 and HIV-2 inhibition. We found that primary HIV isolates were potently
inhibited at nM concentrations, regardless of viral clade, receptor usage or anti-retroviral drug
resistance. During NK cell independent inhibition, we found that Prx-1 reversed the HIV-1
induced gene expression of Heat shock protein 90 kDa alpha (cystolic), class A member 2,
(HSP90), a protein of the stress pathway. Prx-1 highly activated Cyclin-dependent kinase inhibitor
2B (CDKN2B), a gene of the TGF-p pathway, and Baculoviral AP repeat-containing 2 (Birc-2),
an anti-apoptotic gene of the NF-kB pathway. We identified gene-expression networks highly
dependent on the NFKB and ERK1/2 pathways. Our findings demonstrate that Prx-1 inhibits HIV
replication through NK cell-dependent and NK cell-independent mechanisms.
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I . I NTRODUCTION

The mammalian peroxiredoxin (Prx) family made up of six proteins, Prx-1 — 6, is widely
expressed in several subcellular compartments, including peroxisomes and mitrochodria. Prx
possess thioredoxin- (Trx) or gluthione peroxidase- and chaperone-like activities and
thereby protect cells from oxidative stress (reviewed [1]). Recent studies reveal additional
functions of Prx in modulating gene-expression and inflammation-related biological
reactions such as tissue repair, parasite infection and tumor progression (reviewed [1]). In
addition, Prx proteins protect cells as part of the Trx system against apoptotic stimuli [2, 3].
Prx proteins operate in conjunction with Trx proteins to scavenge hydrogen peroxide, a
product of inflammatory processes. Prx also governs cell cycle arrest and recovery from cell
arrest [4]. The Prx family have specific effects on immune function: Prx-1 interacts with or
influences the expression of toll-like receptor 4 and B-cell activating factor (reviewed [1],
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[5]); Prx plays a role in redox-based regulation of signal transduction [6-8]; deletion of Prx
results in activation of T lymphocytes and dendritic cells [9]; Prx-1 and Prx-2 augment
cytotoxic Natural Killer (NK) cell activity [10].

Several Prx and Trx proteins have shown anti-HIV activity /in vitro and expression of these
proteins is associated with improved HIV outcomes (reviewed [11]): (1) Prx proteins are
part of an innate anti-HIV host-resistance network that is activated during the acute phase
response in repeatedly HIV-1-exposed, uninfected individuals [12]. (2) Prx-1 and Prx-2
which have two reactive cysteines (2-cys) are highly transcribed in CD8* T cells of HIV
Long-term Non-progressors (LNPS), individuals who have contained HIV infection for
more than 10 years without drug treatment. (3) Furthermore, Prx-1 and Prx-2 protein levels
are elevated in the serum of LNPS in contrast to levels found in asymptomatic or
symptomatic HIV patients [13]. (4) Finally, Prx-1, Prx-2 and Prx-4 were found to inhibit
HIV-1 replication /n vitro [13, 14].

More studies are needed to investigate the possible different mechanisms of action of Prx
during HIV-1 infection. In this study we further investigate Prx-1 mediated NK cell-
dependent and independent inhibition of HIV. We will also investigate the transcriptional
networks that may be involved in Prx-mediated NK cell-independent HIV inhibition.

Ethics statement

For the whole blood collection, the study was reviewed and approved by the Human
Research Ethics Committee of the Beth Israel Deaconess Medical Center (BIDMC) and
Harvard Medical School (IRB 2006-P-000004). Written consent was waived since no
personal data were collected.

Rhesus macaques were infected as previously described with SIVmac251 or SIVSmE660
[15, 16]. All animals were cared for in accordance with the American Association for
Accreditation of Laboratory Animal Care guidelines and with approval of the Institutional
Animal Care and Use Committee of Harvard Medical School.

Protein production and purification

The human Prx-1 gene was cloned into E. coli DH10Bac vector and subcloned between the
EcoRI and Not I restriction site into the pFastBacHTA vector (GenScript Corporation,
Piscataway, NJ). Sf9 cells were transfected using Cellfectin (Invitrogen, Cat. No. 10362010)
according to the manufacturer’s instructions. Cells were incubated in HyQ SFX-insect liquid
medium (Hyclone, Logan, UT) for 5-7 days at 27 °C. Supernatant with recombinant virus
was collected. High Five cells were infected with virus at a multiplicity of infection [17] of 5
and Prx-1 was produced in the insect cells. Cells were lysed and purified to more than 95%
homogeneity as described earlier [18].

Acute HIV infection assay using primary isolates

For the infection assays, human peripheral blood mononuclear cells (PBMC) from HIV-1-
seronegative donors were obtained by Ficoll-Hypaque gradient centrifugation of heparinized
whole blood from a commercial vendor (Research Blood Components, Brighton, MA).
After 3 days of mitogen stimulation (6.25 pg/mL concanavalin A), PBMC were resuspended
at a concentration of 1 x 10° cells/ml in RPMI 1640 culture medium (Sigma-Aldrich, St
Louis, MO) supplemented with 10% fetal calf serum (Sigma-Aldrich), penicillin (50 U/ml),
streptomycin (50 pg/ml), L-glutamine (2 mM), HEPES buffer (10 mM), and 50 U/ml
interleukin-2 in 24-well tissue culture plates (Becton Dickinson, San Jose, Ca). An HIV-1
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inoculum of 1,000 50% tissue culture infective doses (TCID)/10° cells was added to the
PBMC for 2 h at 37 °C and cells were washed extensively. Different concentrations of Prx
(in 5-fold increases) were added in serial dilutions at day 0 and day 4. Fifty percent of
medium was replaced at day 4. Each condition was tested in triplicate. To determine viral
inhibition, cell-free culture supernatants were harvested and analyzed by an enzyme-linked
immunosorbent assay (ZeptoMetrix Corporation, Buffalo, NY) for p24 antigen or p27
antigen on day 7 of culture and compared against a vehicle control. Different drug
concentrations were used in a virus-specific cell-based assay to measure inhibition. From
these data, the IC50, was calculated using the MacSynergy 1l Software [19]. Controls for
inhibition experiments included vehicle buffer, bovine serum albumin (up to 30 pM) and
control insect cell protein homogenate. Controls never reached more than 25 % inhibition
compared to untreated controls. The new integrase inhibitor 118-D-24, belonging to the
family of azido-containing diketo acid derivates, was used as a control as an anti-HIV drug
with a known IC50 between 2 and 10 uM [20]. Cell viability was assessed using Neutral
Red staining and Tryphan Blue exclusion staining.

ADCVI assay

ADCVI was measured as the ability of human NK cells to inhibit viral replication in Simian
immunodeficiency virus-infected human CD4* T cells in the presence of plasma from a
SIV-infected rhesus monkey. The SIVmac251 or SIVSmE660 used in ADCVI assays was
derived from the same quasispecies originally used to infect the animals from which plasma
was derived for this study. The ADCVI assay and the animals from which plasma was
obtained have previously been described [22, 23]. Plasma from four chronically-infected
SIVmac251-infected monkeys was pooled for experiments assaying for ADCVI against
SIVmac251; and plasma from four SIVSmE660-infected animals was pooled for
experiments assaying ADCVI against SIVsmE660. For the ADCV1 assay, whole blood from
healthy human donors was obtained from a commercial vendor (Research Blood
Components). NK cells were isolated using the RosetteSep human NK cell enrichment
cocktail (StemCell Technologies, Vancouver, BC, Canada) and maintained in RPMI
supplemented with 10% fetal calf serum and 20 1U/ml interleukin-2 (IL-2). By flow
cytometry 50 to 70% of purified cells expressed CD16 after purification, compared to less
than 5% prior to purification. Furthermore, after purification, all cells were CD3 receptor
negative. In parallel, PBMCs were isolated from the same donor by Ficoll-Hypaque gradient
centrifugation and stimulated with 6.25 pg/ml concanavalin A and 20 1U/ml of IL-2. After 1
day of stimulation, CD4" T cells were isolated from total PBMCs using the EasySep human
CD4* T cell enrichment kit (StemCell Technologies). We confirmed by flow cytometry that
between 90 and 95% of cells expressed CD4 and CD3 receptor after purification. Purified
CD4* T cells were then infected with SIVmac251 or SIVSmEG60 at a multiplicity of
infection of 0.01. Three days after isolation from whole blood and 2 days after infection of
CD4* T cells, NK cells and infected CD4* T cells were washed extensively and resuspended
in 96-well plates at 5 x 104 CD4* T cells and 1 x 10° NK cells per well (2:1 ratio of NK
cells to CD4" target cells). Pooled heat-inactivated rhesus monkey plasma was added at a
final dilution of 1:100 or 1:250. Prx-1 was added to the cells at this time. Control wells
lacking plasma but containing NK cells (effector control) and viral replication control wells
lacking both plasma and NK cells were included on every 96-well plate. Prx vehicle was
added to control wells. Supernatants were collected on day 4 for quantification of virus.
Viral titers in the supernatant were quantified by p27 ELISA (ZeptoMetrix Corporation,
Buffalo, NY). Relative viral inhibition was calculated as the normalized difference between
viral titers in control wells compared to the treated sample: % inhibition = 100 % * ((Viral
titer control — Viral titer sample)/ viral titer control)). ADCVI independent plasma and Prx
inhibition was measured without the addition of NK cells (Prx alone). Experiments were
repeated with representative results demonstrated.
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Signal transduction pathway profiling

PBMC were infected with the HIV-1 89.6 primary isolate. Cells were harvested after 48 h of
Prx-1 treatment and total RNA was recovered using the RNeasy Kit (Qiagen, Valencia, CA)
with an on-column DNAse digest (Qiagen) according to the manufacturer’s protocol.
Approximately 100 ng RNA was used for cONA synthesis using the SuperArray RT?2 First
Strand Kit (SABiosciences, Frederick, MD, cat. no. C-03). cDNA was used for the RT?2
Profiler PCR Array Human Signal Transduction PathwayFinder (SABiosciences, Valencia
CA, cat. no. PAHS-014A). The genes and their symbols that were investigated can be found
at http://www.sabiosciences.com/rt_pcr_product/HTML/PAHS-014A.html. Three arrays of
three independent experiments were performed for each treatment condition. Relative levels
of transcription were determined by using the AC; values for each gene obtained by
subtracting the mean threshold cycle [24] of the GAPDH housekeeping gene from the C;
value of the gene of interest. The average AC; value for 3 experiments was calculated, for
each gene of interest, and the average normalized transcription was calculated as follows:
2(-averageACt)~L. Fold increases of gene transcription, before and after treatment was
calculated by dividing the average normalized transcription of each gene in the test sample
by the corresponding control. Statistical significance in up- or down-regulation of
transcription was determined by Student t test (2-sample, equal variance, 2-tailed
distribution), comparing the AAC; (AAC; = AC; treated - AAC; control). Significant
differences were identified when P was less than 0.05.

Analysis of protein interactive networks and statistical analysis

Functional analysis of interacting proteins was determined using a commercial System
Biology package, Ingenuity Pathways Analysis (IPA 8.5) (www.ingenuity.com) following
the application protocols.

Statistical analysis

| | | . RESULTS

The statistical significance of differences between groups was determined using the program
GraphPad Prism (San Diego, CA). A Pvalue of <0.05 was considered statistically
significant. Statistical analysis was performed using one table T-test or the unpaired T-test.
Error bars represent standard error of the mean (S. E.).

Direct HIV inhibition by Prx

Prior investigation of the antiviral activity of Prx in immortalized cell lines demonstrated
that Prx-1 or Prx-2 had 1C50s of approximately 130 nM for inhibiting replication of lab-
adapted T-cell tropic or macrophage tropic HIV-1 [13]. No previous experiments have
demonstrated antiviral activity of Prx against primary HIV-1 isolates or against HIV-2
strains, or using primary cells as targets. We therefore tested the anti-HIV activity of Prx-1
against an array of primary HIV-1 and HIV-2 isolates from different clades, with various
receptor usages and differing drug resistance profiles. After infection of PBMC with the
various HIV isolates, we then added Prx-1 at the indicated concentrations (at day 1 and 4 of
infection), and quantified viral replication by p24 or p27-antigen ELISA after 7 days. We
then used the resulting dose-response curves through day 7 to calculate IC50 values. As
controls for Prx-1 treatment, we used whole uninfected insect cell protein. We found that
Prx-1 exhibited potent anti-HIV-1 and anti-HIV-2 activity that was independent of viral
resistance to antiretrovirals, virus clade or co-receptor usage. Importantly, we found that the
anti-viral activity of Prx-1 was observed at therapeutically favorable doses, with IC50 values
ranging from 145-450 nM (Table 1).
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HIV-1 induced changes in cellular gene expression without drug treatment

We sought to elucidate the mechanism of action of Prx underlying viral inhibition using
gene expression profiling of well-characterized cellular signal transduction pathways. We
screened for alterations in gene expression in 18 different signal transduction pathways
(totaling 84 independent genes) using a RT-PCR-based gene array. We first investigated the
effect of HIV-1 infection alone to establish a baseline of transcriptional profiles that were
associated with early viral replication. Compared to vehicle treated PBMC, we found that
within 48 h of infection, HIV significantly altered the regulation of 8 genes from 5 signal
transduction pathways (Fig. 1A). The stress pathway was prominently altered, with HSP90
expression increased to more than 500-fold over basal levels (P= 0.02). Interestingly, the
expression levels of 2 genes from the NF-kB pathway were also altered; TRAF family
member-associated NF-kB activator [25] was increased 50-fold, whereas the expression of
the anti-apoptotic BIRC2 diminished approximately 10-fold (P = 0.04). We also found that
genes Fibronectin 1 (FN1) (£=0.03) and Myelocytomatoxis viral oncogene homolog (Myc)
(P=0.03) of the Phosphoinositide-3 (P13) kinase/AKT pathway were down regulated 10-
fold (Fig. 1A). Moreover, expression levels of the two Cyclin-dependent kinase inhibitors,
CDKN2A and CDKN2B, of the Transforming growth factor- (TGF) pathway were up to 10-
fold decreased with P of 0.02 and 0.03, respectively. Finally, we found an up to 5-fold (P=
0.002) down-regulation of the expression of the tumor suppressor and DNA repair gene
Breast cancer type 1 susceptibility protein (BRCAL), an element of the estrogen pathway
(Fig. 1A).

Prx-induced alterations in gene expression in HIV-1 infected PBMC

We evaluated the effect of Prx-1 on gene expression in selected signal transduction
pathways in HIV-1-infected PBMC. We investigated genes whose expression were affected
by treatment with Prx-1 at concentrations of 45 and 217 nM, during HIV infection,
concentrations at which significant viral inhibition was observed. We compared alterations
in gene expression in HIV-1-infected PBMC treated with the vehicle to those treated with
Prx, to determine if Prx treatment affects the same transcriptional pathways as HIV-1.

We found that Prx appeared to have the opposite effect on the expression of several genes as
HIV-1 infection. In particular, regulation of 3 genes appeared to be most profoundly altered
by Prx exposure at 45 and 217 nM. Expression of the HSP90 molecule, a gene of the stress
pathway, which increased almost 600-fold in PBMC infected by HIV-1 and not treated with
Prx, compared to uninfected control. This was reversed almost completely by a 500-fold
decrease after treatment with 45 nM Prx-1 (P= 0.03). This was even more profound with
217 nM Prx which led to a 3000-fold decrease of HSP90 gene expression (Fig. 1B).
Expression of both, CDKN1B, a gene of the TGF- pathway, and BIRC2, a gene of the NF-
KB pathway, increased up to 90- and 30-fold, respectively, after Prx treatment (Fig. 1C).

A functional grouping of the 84 genes in this analysis allowed identification of potential
gene pathways affected by Prx treatment. We found that Prx treatment affected several
pathways which are known to be activated by HIV-1 infection. The most prominent gene
grouping affected by Prx-1 treatment belonged to the hedgehog pathway. Significant
changes in the expression of Bone morphogenetic protein 2 (BMP2), BMP4, Engrailed
homeobox 1 (EN1), Wingless-type MMTV integration site family, member 1 (WNT1),
WNT2 were observed, with P-values of 0.01, 0.01, 0.001, 0.0004, at 45 nM, respectively.

Network analysis of HIV-induced interactomes in PBMC

To gain more insight into the transcriptional networks affected by HIV-1 replication, we
performed a biologic network analysis. This analysis method complements data generated
from our gene arrays by facilitating the recognition of hierarchical gene clusters. Using this

Int Trends Immun. Author manuscript; available in PMC 2013 November 13.
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method, we initially analyzed the effect of HIV-1 infection on PBMC in the absence of Prx
treatment. We found the NF-kB node of proteins scored significantly during HIV-1
infection, underscoring the well-described role of these proteins in HIV-1 RNA
transcription. We identified 6 genes intersecting with the NF-kB node that were significantly
altered during HIV-1 infection; Birc2, Myc, FN1, CDKN2A, CDKN2B and BRAC1 (Fig.
2). Network analysis indicated that HSP90 is dependent on the ERK node (Fig. 2).

Network analysis of Prx-induced interactomes during HIV-1 replication

We subsequently examined whether Prx treatment affected the interactome profile in HIV
infected cells. Limiting analysis to genes whose expression was changed by at least 2-fold
during the 48 h Prx treatment, we identified two potential networks (orange and gray, Fig. 3)
affected for Prx treatment. When we synthesized information from both networks, we were
able to identify the most significant interactome node. We found that most genes whose
expression was influenced by Prx are connected through the NF-kB node (Fig. 3). ERK1/2,
Cyclin D1 (CCND1) and CDKN1B nodes also appeared important. Additionally, we found
some dependency on the PTGS2 gene (Fig. 3).

Chemokine/cytokine gene expression after Prx treatment in HIV infected cells

HIV replication is affected by chemokine/cytokine levels. In order to evaluate if induction of
chemokine expression by Prx may elicit the antiviral effect, we measured expression of
chemokine (C-C motif) ligand 2 (CCL2), chemokine (C-C motif) ligand 20 (CCL20) and
chemokine (C-X-X motif) ligand 9 (CXCL9). We also measured expression of cytokines:
colony stimulating factor 2 (CSF-2), interleukin 1, alpha (IL-1a), IL-2, IL-4, IL-8 and tumor
necrosis factor (TNF, member 2). We indirectly measured the expression of interferons by
investigating activation of the interferon regulatory factor 1 (IRF1). We found that the effect
of Prx on chemokine/cytokine expression at 45 nM (when significant inhibition occurred)
was only limited: the only significantly (£ < 0.05) affected genes in these classes were IL-1a
(4.8 up-regulated, P=0.37), IL-2 (6.0-fold down-regulated, Z=0.0001) and IL-4 (5.1-fold
down-regulated, 2= 0.0005).

Effect of Prx on ADCVI

Augmentation of antibody-independent NK cell killing by Prx has been demonstrated
previously [26]. We now investigated the ability of Prx to augment NK cell mediated
ADCVI in which antibodies bound to viral peptides presented on the cell surface are
recognized by NK cells. This mode of NK cell recognition of infected cells might be
important for controlling progression of chronic viral disease and may also be one
contributor to vaccine efficacy.

We studied the effect of Prx on ADCVI by measuring the ability of human NK cells to
inhibit SIV replication in human CD4* T cells in the presence of plasma from SIV-infected
rhesus monkeys. We utilized SIV for these experiments to permit the study of virus strain-
specific antibody responses, since we have access to the identical viral strains which have
infected animals and to which antibody responses have been generated. The SIV strains used
in these ADCVI assays originated from the same viral stocks originally used to infect the
animals from which plasma was derived for this study. A similar experiment is complicated
and technically challenging with HIV as standard laboratory strains of HIV are genetically
significantly different from circulating patient strains, and /n vitro activity of patient plasma
against laboratory strains may not accurately represent activity against the patient’s infecting
strain of virus.

We have previously used human PBMCs and NK cells to study ADCVI directed against
SIV in plasma from SIV-infected rhesus and have demonstrated robust, reproducible, SIV-
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strain specific ADCVI of human effector cells against human target cells [22, 23]. Similar
results have been obtained by others demonstrating the utility of human effector and target
cells along with SIV and rhesus plasma in studying ADVCI [27].

We infected purified human CD4* T cells with SIVmac251. Two days later, we washed the
infected cells and co-incubated them simultaneously with pooled plasma from SIV infected
rhesus macaques and human NK cells, at an effector to target ratio of 2:1. Plasma was heat-
inactivated and added at dilutions of 1:100 and 1:250; similar results were observed at either
dilution. These plasma dilutions were previously shown to optimally distinguish between
ADCVI and NK-independent antibody inhibition of virus; and these E:T ratios optimally
distinguished between ADCVI and antibody-independent NK killing [22]. Prx-1 was added
at the indicated concentrations (Fig. 4) at the time of effector:target cell mixing. Viral
replication was quantified four days later using p27 ELISA, and viral inhibition was
quantified in comparison to viral replication controls containing no Prx and no plasma.
Control wells for Prx assays included NK cells as well were termed effector controls; other
control wells did not include NK cells and did not include effectors.

In the absence of NK cells or Prx and the presence of plasma, there was negligible inhibition
of viral replication compared to control wells without added plasma, suggesting that at this
dilution, plasma alone has no inhibitory effect on replication. Furthermore, the addition of
Prx to SIV-infected CD4* cells with plasma from SIV-infected rhesus did very modestly
inhibit viral replication; we found that after a one-time treatment, inhibition was between 19
— 38 % (Fig. 4, dark squares). This suggests a modest NK-independent inhibition of viral
replication, when Prx was added only once compared to the above experiments when Prx
was added twice. However, we found that viral inhibition greatly augmented in a dose
dependent manner in the presence of NK cells. We observed a 85.3 + 2.2% increase of
SIVmac251 inhibition at 174 nM (P=0.007) and 89.5% + 0.8 (P < 0.0001) increase of
SIVmac251 inhibition at 348 nM when compared to controls with the same dilutions of
plasma and ratio of NK cells, but without Prx (Fig. 4, light triangles). This suggests that Prx
substantially enhances ADCVI. We found similar results when experiments were repeated
with SIVsSmEG60 infected cells.

IV. DISCUSSION

The Prx family of proteins plays a role in the innate and adaptive immune response. The
direct effect of Prx on NK cell cytotoxicity has previously been demonstrated [10, 26]. We
extended these studies to investigate whether Prx might also have an effect on ADCVI, a
mechanism of viral inhibition targeted by anti-viral antibodies and effected by NK cells that
might augment the adaptive immune response to chronic infection and conversely provide
an anamnestic property to the rapid early innate immune response [22]. We observed that
Prx enhanced ADCVI activity /n vitro by more than 3-fold suggesting that Prx might
modulate ADCVI during natural viral infection. In particular, this observation might have
implications for the role of Prx in either containing HIV replication through ADCVI during
late infection, or for blocking acquisition of infection in the presence of pre-existing anti-
HIV antibodies and a very early innate immune response. Supporting these hypotheses, Prx
has previously been shown to participate in an innate anti-HIV-1 host-resistance network in
HIV-1 exposed but uninfected individuals [12]. In addition, Prx levels were increased in the
plasma and in CD8" T-cells of HIV LTNP compared to progressors [13]. It has been
presumed that Prx binds to TLR4, inducing activation of NK cells through production of
chemokines and IFN-y. It is also possible that Prx binds to macrophage migration inhibitory
factor [28], inhibiting MIF; subsequent release of MIF into the plasma is restricted resulting
in down-regulation of NKG2D expression, a receptor important for the perforin-mediated
cytolytic response of NK cells (reviewed [1]).

Int Trends Immun. Author manuscript; available in PMC 2013 November 13.
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In addition to influencing the innate immune response, as part of the thioredoxin system Prx
might also have additional effects on retroviral infection (reviewed [11]), [29]. Over-
expression of Prx was shown to induce resistance to HIV infection in T-cell lines exposed to
lab-adapted HIV-1 [13]. Furthermore, reduced levels of Prx in T-cell lines correlated with
higher levels of HIV-1 replication [14]. Prx was shown to inhibit HIV transcription through
inactivation of the HIV-1 long terminal repeat (LTR) [14]. In this study, we extended these
prior findings, demonstrating that Prx was able to inhibit replication of primary isolates of
HIV-1, that it is able to inhibit HIV-2, and that this inhibition is relevant in primary T-cells,
not just cell lines.

We further explored the transcriptional networks by which Prx might directly inhibit HIV
replication. We found that Prx down-regulated the stress pathway protein HSP90, which was
conversely highly up-regulated after HIV-1 infection. The up-regulation of HSP90 by HIV
is well described as is the down-regulation of HSPs through Prx [1], and the inhibition of
HIV by HSP90 inhibitors [30-32]. Our data also indicate that HIV inhibition by Prx is not
mediated by effects on cytokines/chemokines because of the comparable lack of effects of
Prx on expression of these classes of genes. Furthermore, our network analysis describing
gene expression relationships in HIV infected cells before and after Prx treatment, exposed
transcriptional nodes that may be involved in Prx-mediated virus inhibition. Our data
indicate that viral inhibition by Prx is achieved through down-regulation of NF-kB
(reviewed [33]) and ERK1/2 pathways, pathways which have previously been demonstrated
to be instrumental in HIV-1 inhibition [34, 35]. Similarly, we observed that Prx down-
regulated PTGS2 another modulator of viral replication [34].

In summary, our data describe multiple mechanisms by which Prx may be able to inhibit
HIV replication. We confirm previous findings that Prx appears to have a direct anti-viral
effect, and then extend this finding to elaborate the transcriptional pathways which underlie
this inhibition of HIV. Beyond a direct anti-viral effect, however, we provide evidence that
Prx may augment the innate immune system by several mechanisms to enhance killing of
HIV infected cells. Interestingly, we show that Prx may play a role in NK function through
ADCVI. The pleiotropic effects of Prx on HIV-1 replication and the host response raise the
possibility of harnessing this pathway in future HIV therapeutics.
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Figure. 1. The effect of exogenous Prx-1 on cellular signal transduction in HIV infected PBMC.
(A) Expression profiling of PBMC infected with HIV-1, without Prx-1 treatment; (B) genes
down-regulated after 45 nM Prx-1 treatment of HIV-1 infected PBMC compared to infected
untreated control; (C) genes up-regulated after Prx-1 treatment of HIV-1 infected PBMC
compared to infected untreated control. For signal transduction gene analysis, 10° human
PBMC were infected with a 1000 TCIDsgq dose of primary isolate HIV-1 89.6 2 hrs at 37 °C.
Cells were washed and treated with 45 and 217 nM Prx-1 for 48 h. RNA was purified. A
RT-PCR expression array was used to analyze the expression of 84 key genes from 20
different signal transduction pathways (SA Biosciences, Frederick, MD). Genes with
significant changes in gene expression (P< 0.05, n = 3) compared to controls, as calculated
using the AAC; method, are shown. For Prx-1 treatment only genes with more than 30-fold
changes are shown.
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Figure 2. Interactive network analysis of HIV-1 infected PBM C in the absence of Prx treatment.
Effect of HIV-infection on gene expression in PBMC without Prx treatment. Pathway
analysis of significant (P < 0.05) up-regulated (red) and down-regulated (green) genes in
HIV-1 infected PBMC using Ingenuity Pathways Analysis Software. Significance was
calculated using the AAC; method for three independent experiments.
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Figure. 3. Interactive network analysis of HIV-1 infected PBM C with Prx treatment.

We performed a pathway analysis of significant (£ < 0.05) up-regulated (red) and down-
regulated (green) genes in PBMC acutely infected with HIV-1 using Ingenuity Pathways
Analysis Software. We then combined the two highest scored networks (orange and gray)
activated by Prx in HIV-1 infected PBMC to determine the most important nodes.
Significance was calculated using the AAC; method for three independent experiments.
Genes more than 10-fold altered are shown.
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Figure. 4. Prx augmentation of ADCVI dependent and independent HIV inhibition.

Purified human CD4* T cells were infected with SIVmac251 at a multiplicity of infection of
0.01. Human NK cells were simultaneously purified from the same donor and cultured
separately. Two days after infection, CD4" T cells and purified NK cells were washed
extensively and resuspended in 96-well plates at 5 x 10* CD4* T cells and 1 x 10° NK cells
per well. Pooled heat-inactivated plasma from 4 rhesus monkeys chronically-infected with
SIVmac251 was added at a final dilution of 1:100 or 1:250. Prx was added at the indicated
concentrations. Four days later, viral titers in culture supernatants were quantified by p27
ELISA. Inhibition was calculated from controls wells lacking Prx. ADCVI independent
inhibition was measured without the addition of NK cells (Prx alone). Experiments were
repeated multiple times in separate donors with representative results from a 1:250 dilution
of plasma demonstrated. Error bars represent standard error of the mean (S. E.). Some are
too small to show.
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Table |
IC50 of Prx-1 for HIV-1 and HIV-2
HIV isolate Co-receptor 1C50 (nM)
HIV-1 10076-4, Nevirapine resistant [36] R5, X4 430
HIV-1G691-6, AZT resistant, post-drug [37] R5, X4 180
HIV-2 7312A [38] R4, R5, X4, BOP 150
HIV-2 7924A R2b, R3, R5, X4, BONZO, BOP 145
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