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1. Abstract

The available antiretroviral compounds can effectively suppress the replication
of HIV-1 and block the disease progression. However it is impossible to eradicate the
virus from the organism as the HIV-1 integrated in the genome is not affected by the
existing anti-HIV-1 drugs. Therefore, new latency reversing agents are being actively
developed as part of “shock and kill” therapy to reactivate the provirus and clear the
reservoir. Normosang (heme arginate; HA) is a human hemin-containing compound
used to treat acute porphyria. Heme is physiologically catabolised by heme
oxygenases to form iron (Fe®"), carbon monoxide (CO) and biliverdin that is further
converted to bilirubin by biliverdin reductase.

In this study, we have demonstrated that HA inhibited HIV-1 replication during
the acute infection, which was accompanied by the inhibition of reverse transcription.
On the other hand, HA synergised with phorbol myristyl acetate (PMA) and
reactivated the HIV-1 provirus in ACH-2 cells and the HIV-1 “mini-virus” in Jurkat cell
clones A2 and H12. HIV-1 “mini-virus” was reactivated also by HA-alone. Further, we
have studied the effects of heme degradation products on latent HIV-1 reactivation
when added individually. We employed addition of ascorbate to generate Fe?*
resulting in an increased expression of both HIV-1 provirus and “mini-virus”. The
other two heme degradation products, CO or bilirubin, decreased the provirus
expression. Antioxidant N-acetyl cysteine as well as iron chelator desferrioxamine
inhibited the reactivation of HIV-1 provirus stimulated by PMA alone and in
combination with either HA or ascorbate, suggesting that the effects of HA were
mediated by heme- and iron-induced redox stress. Additionally, the -effective
concentrations of HA did neither affect activation of a T-cell line with PMA nor induce
activation of the unstimulated cells. Finally, we demonstrated the synergistic effects
of HA and PMA on HIV-1 expression in peripheral blood mononuclear cells of HIV-
infected patients effectively controlled by antiretrovirals cultured ex vivo. These
results may point towards a new direction in the latent HIV-1 reactivation and
therapy.

Key words: HIV-1, latency, reactivation, heme arginate, iron, CO, bilirubin, ascorbate,
redox stress, latency reversal, therapeutic reactivation.



Abstrakt

V soucasnosti dostupna antiretrovirotika efektivné potlacuji replikaci HIV-1 a
blokuji progresi onemocnéni. Virus vS8ak neni mozné eliminovat z organismu, nebot
HIV-1 integrovany do genomu neni existujicimi antiretrovirotiky ovlivhovan. Aktivhé
se proto vyvijeji nové latky schopné reaktivovat provirus a zlikvidovat latentni
rezervoar, tzv. terapie “shock and kill’. Normosang (hem arginat; HA) je preparat
obsahujici lidsky hemin vyuzivany k |écbé akutni porfyrie. Hem je fyziologicky
degradovan hem oxygenasami na Zelezo (Fe®"), oxid uhelnaty (CO) a biliverdin, ktery
je dale pfeménovan biliverdin reduktasou na bilirubin.

V této praci jsme prokazali, Ze HA inhibuje replikaci HIV-1 pfi akutni infekci,
coz bylo doprovazeno inhibici reversni transkripce. Naproti tomu HA pusobil
synergicky s forbol myristyl acetatem (PMA) a reaktivoval HIV-1 provirus v bufikach
ACH-2 a HIV-1 ,minivirus® v klonech bunék Jurkat A2 a H12. HIV-1 ,minivirus® byl
reaktivovan i samotnym HA. Dale jsme studovali efekty degradacnich produktd hemu
na reaktivaci latentniho HIV-1 pfidanych jednotlivé. K tvorb& Fe®* jsme vyuZili
askorbat, jehoz pfidani zvySovalo expresi HIV-1 proviru i ,miniviru“. DalSi dva
degradacni produkty hemu, CO a bilirubin, expresi proviru inhibovaly. Antioxidans N-
acetylcystein stejné jako chelator Zeleza desferrioxamin inhibovaly reaktivaci HIV-1
proviru stimulovanou samotnym PMA nebo jeho kombinaci s HA €i askorbatem, coz
naznacCuje, ze efekty HA byly zprostfedkovany redoxnim stresem indukovanym
hemem C¢i Zelezem. Navic efektivni koncentrace HA neovlivnily aktivaci T-bunééné
linie pomoci PMA ani neindukovaly aktivaci nestimulovanych bunék. Synergické
pusobeni HA a PMA na expresi HIV-1 se nam podafilo prokazat i v perifernich
mononuklearech HIV-infikovanych pacientl s antiretrovirovou terapii pfi kultivaci ex
vivo. Tyto vysledky naznacuji novy smér v reaktivaci latentniho proviru a v terapii HIV
infekce.

Klicova slova: HIV-1, latence, reaktivace, hem arginat, Zelezo, CO, bilirubin,
askorbat, redoxni stres, reaktivace latentni infekce, terapeuticka reaktivace.



2. Introduction
2.1. HIV-1 structure and genome

Human immunodeficiency virus (HIV-1), the aetiological agent of AIDS, is a
lentivirus of retroviridae family. It is a spherical, enveloped virus of about 120 nm
diameter. The two single-stranded positive sense RNAs constituting the genome and
functional enzymes of HIV-1 are packed inside a conical capsid protein, which in turn
is covered by a matrix protein. The outer bilayer lipid envelope is studded with
glycoprotein trimer cap molecules (gp120) and transmembrane glycoprotein trimers
(gp41) that connect gpl20 with the lipid envelope. The genome of HIV-1 is
approximately 9.8kb in length. Both the 5’ and 3’ ends are flanked by long terminal
repeats (LTR). Between the 5" and 3’ LTR, the HIV-1 genes are coded in three open
reading frames. Gag gene encodes the structural proteins like matrix, capsid and
nucleocapsid proteins. Pol gene codes for the functional proteins like the protease,
reverse transcriptase and integrase enzymes. Env gene encodes the envelope
glycoproteins gpl120 and gp41. Apart from these three major gene segments, the
HIV-1 genome codes for other regulatory proteins like transactivator of viral
transcription (Tat), regulator of RNA transport (Rev), and accessory proteins such as
viral infectivity factor (Vif), viral protein R (Vpr) viral protein U (Vpu), negative factor
(Nef). 5 and 3’ LTRs are necessary for the integration of HIV-1 into the host genome
and 5’ LTR acts as a promoter region.

2.2. HIV-1 life cycle and latency

The HIV-1 replication cycle begins with binding of HIV-1 gp120 to its receptor
CD4 and co-receptors on target cells, CXCR4 (on T helper cells) or CCR5 (on
Macrophages). Following the entry of HIV-1 into target cell, viral RNA is reverse-
transcribed to DNA and gets incorporated into host genome. The integrated viral
DNA (known as provirus) can either enter into a transcriptionally silent latent stage or
continue to be actively transcribed. The transcribed viral genes are translated to
produce viral proteins that are assembled to form immature viruses, and finally
matured, new HIV-1 particles are released by budding (Freed, 2015).

Among the target cells of the HIV-1, resting CD4+ T cells are considered to be
the most important reservoirs of latent HIV-1 in the body, because, mean half-life of
resting CD4+ T cells can reach 44 months. It has been estimated that it would require
over 60 years of combined antiretroviral therapy (CART) to eradicate the latent
reservoirs from the body (Siliciano et al., 2003). When a small portion of infected
active CD4+ T cells returns to a quiescent state, it results in a stable latent state
(Chun et al., 1995). However, a recent study has shown that latency can be
established directly and early in both resting and activated primary T cells (Chavez et
al., 2015). Many epigenetic mechanisms like histone protein modifications (eg.
acetylation, methylation, phosphorylation, ubiquitination and sumoylation), DNA
methylation, chromatin remodelling, or RNA interference are importnat factors
determining the transcriptional silencing of the provirus. (Lewinski et al., 2005;
Friedman, 2011; Trejbalova et al., 2016; Williams et al., 2006; Wang et al., 2015).



Although the 5'LTR of HIV-1 genome contains binding sites for several viral
and cellular transcription factors, the transcription initiation of provirus is inhibited
since the important cellular transcription factors, such as NF-kB, NFAT and positive
transcription elongation factor (PTEFb) that play a key role in successful HIV-1 gene
expression, are sequestered in the cytoplasm and inactive in the resting memory
CDA4+T cells (Colin and Van Lint, 2009).

2.3. Latency reversing agents

Combined antiretroviral therapy (cART) can successfully suppress the
viraemia to undetectable levels. Nevertheless, it cannot completely cure the infection,
due to therapy-resistant reservoirs of latent HIV-1 (Richman et al., 2009). Therefore,
the elimination of viral reservoirs is essential for a sterilizing cure. Reactivation of the
latent virus by stimulating the resting CD4+T cells, followed by a purge of the
activated reservoir cells as a result of induced viral cytopathic effects, immune
clearance by cytolytic T lymphocytes (CTL) or cell death is termed as “shock and Kill*
strategy (Deeks et al, 2012). The compounds that can reactivate the latent virus are
termed as “latency reversing agents” (LRA). Blocking or activating factors involved in
the establishment of latency, maintenance of transcriptional silence, reactivation,
initiation and elongation of provirus transcription are the targets of LRA. Histone
deacetylase inhibotrs (HDACI), histone methyltransferase inhibitor (HMTI), DNA
methyltransferase inhibitors (DNMTI), protein kinase C (PKC) activators and other
unclassified small molecules are being tested and developed as LRAs (Huber et al.,
2011; Tripathy et al, 2015; Kauder et al., 2009; Gulakowski, 1997; Elliott et al., 2014,
Wang et al., 2015).

2.4. Heme arginate and heme degradation products

Heme arginate (HA) is a product containing human hemin complexed with the
amino acid L-arginine (Tenhunen et al., 1987). It is more stable and has lesser side
effects on homeostasis than hematin (Volin et al., 1988). Heme is used in the
treatment of acute hepatic porphyrias and it has also been shown to have many
positive effects. Heme is degraded by heme oxygenases (HO-1, 2), leading to
formation of equimolar amounts of biliverdin, free iron (Fe**) and carbon monoxide.
The formed biliverdin is rapidly reduced to bilirubin by biliverdin reductase (Tenhunen
et al., 1968). HO-1 is inducible by heme and also by a variety of stresses, while HO-2
is constitutively expressed. Free iron (Fe**) produced from heme degradation is pro-
oxidative and was shown to generate ROS. Iron and ROS are recognized as
initiators and mediators of cell death in a variety of pathological situations (Dixon and
Stockwell, 2014). Iron metabolism plays a central role in HIV-1 replication. Anemia or
iron deficiency (ID) is common in chronic HIV-1 infection (Redig and Berliner, 2013).
Increased hepcidin (a hormone that regulates systemic iron homeostasis) and
decreased plasma iron levels have been observed in HIV-1 acute infection, while
hepcidin remained elevated in untreated or CART-treated persons with chronic HIV-1
infection (Armitage et al., 2014). Carbon monoxide is another product of heme
catabolism. It is an odorless, colorless, tasteless gas. The major source of



endogenous CO in animals is heme degradation by HO-1, 2 (Abraham et al., 1983).
CO is an antioxidant and several CO-releasing molecules (CORM) are being
evaluated for their therapeutic potential for cardiovascular disease, inflammatory
disorders and organ transplantation (Motterlini, 2007; Motterlini and Otterbein, 2010).
Biliverdin, the third product of heme catabolism by HO-1,2 is rapidly reduced to
bilirubin by biliverdin reductase (BVR). Bilirubin is a major physiologic antioxidant and
cytoprotectant (Baranano et al., 2002). Biliverdin and bilirubin have been shown to
inhibit HIV-1, HIV-2 and SIV protease (McPhee, 1996). Biliverdin has been shown to
induce tolerance to cardiac allograft by inhibiting the activation of ROS-sensitive
transcription factors NFAT and NF-kB (Yamashita et al., 2004; Gibbs and Maines,
2007).

2.5. HIV infection and oxidative stress

Oxidative stress may contribute to several aspects of HIV disease
pathogenesis, including viral replication, inflammatory response, decreased immune
cell proliferation, loss of immune function, apoptosis, chronic weight loss, and
increased sensitivity to drug toxicities (Pace and Leaf, 1995). HIV-1 increases
oxidative stress in the infected patients by disturbing the cellular antioxidant defense
system and progressively depleting the antioxidant system (Pasupathi et al., 2009).
Low CD4+ T cell count in HIV-positive patients is also attributed to the HIV-1 induced
oxidative stress. The ROS produced in the cell due to HIV-1 replication triggers
apoptosis that leads to cell death (Patki et al., 1997; Aires et al., 1995). HIV-1 Tat has
been shown to induce enterocyte apoptosis through a redox-mediated mechanism
(Buccigrossi et al., 2011). Oxidative stress affects the intracellular redox status that
results in the activation of protein kinases, including a series of receptor and non-
receptor tyrosine kinases, protein kinase C and the MAP kinase cascade (Chen et al,
2016; Son et al., 2011; Serras, 2016), leading to the induction of various cellular
responses. NF-kB, an important transcription factor that regulates the expression of
hundreds of genes that are involved in regulating most functions at all stages of the
cell growth as well as in HIV-1 transcription, is affected by the inhibitory/stimulatory
effects of ROS. A high concentration of ROS may lead to tissue damage or cell
death, while a low concentration of ROS would lead to a cytoprotective response
such as activating the Nrf2-antioxidant response element signalling pathway (Ma,
2013).

3. Aims of the study

The overall aim of the thesis has been to evaluate heme arginate as a possible
HIV-1 latency reversing agent. The specifics objectives were:
1. To assess the effect of heme arginate on HIV-1 acute infection.
2. To study the effect of heme arginate on HIV-1 latency reversal.
3. To find the effect of heme degradation compounds on HIV-1 latency reversal.
4. To evaluate the effect of heme arginate on PBMCs of HIV-1-infected cART
treated patients.



4. Methodology
4.1. Cells and latency models

Human T-cell lines A3.01 and Jurkat (a clone with high expression of CD4)
were used to study the effects of heme arginate on HIV-1 acute infection and to
assess the cytoxicity of HA. ACH-2 cells harboring an integrated HIV-1 provirus, and
A2 and H12 clones of Jurkat cells containing a latent “mini-virus” comprising the HIV-
1 LTR-Tat-IRES-EGFP-LTR (Jordan et al., 2001) were used as HIV-1 latency models
to study the effects of HA and heme degradation products on reactivation of provirus.
Also, PBMCs isolated from HIV-1-infected cART-treated patients were used in ex
vivo cell culture to study the effect of HA in latency reversal.

4.2. HIV-1 virus and acute infection

The stock of HIV-1 was prepared using a transient transfection of Jurkat cells
with pNL4-3 (Adachi et al., 1986). The culture supernatant was collected at day 7
after transfection and used for infections in A3.01 and Jurkat cells.

4.3. Flow cytometry analysis

EGFP fluorescence of A2 and H12 cells was characterized by a flow cytometry
analysis in FL1 (detecting at 515-545 nm). Detection of CD69 expression was
performed using a mouse monoclonal antibody against human CD69 labelled with
Alexa Fluor-700 and analysed in FL7 (detecting at 700—720 nm).

4.4. Cytotoxicity assays and determination of CCsg

Cytotoxicity of heme arginate was characterized by determination of induction
of apoptosis using flow cytometry based on cell size and granulosity (FSC-A x SSC-
A) and by the effects on cell viability and growth by MTT assay using a protocol
adapted according to TOX-1 kit (Sigma Co., St. Louis, MO).

4.5. Western blot analysis

Determination of proteins such as HIV-1 p24, HO-1, EGFP, and B-Actin
expressed as a result of treatment with different compounds was performed by
western blotting and chemiluminescence detection. Specific primary antibodies
against each protein and a peroxidase-conjugated secondary antibody were used to
determine the proteins.

4.6. ELISA

HIV-1 p24 antigen level in the culture supernatant was quantified by using
RETRO-TEK HIV-1 p24 Antigen ELISA kit (ZeptoMetrix Corp. Buffalo, NY) according
to the manufacturer’s protocol.



4.7. PCR detection of HIV-1 reverse transcripts

Genomic DNA isolated from the cells was used to determine HIV-1 reverse
transcripts by PCR using primers specific for LTR/gag (Schmidtmayerova et al.,
1998) and for GAPDH.

4.8. Quantification of HIV-1 RNA expression

Total RNA was isolated from cells and treated with DNase. Quantification of
HIV-1 Gag mRNA and house-keeping gene human GAPDH were quantified either by
1-step RT-ddPCR (QX-100, droplet digital PCR system, Bio-Rad) or semi-nested 2-
step RT-qPCR with specific primer and probes adapted from (Kiselinova et al., 2014;
Pasternak et al., 2008).

4.9. Statistical analysis

Results are presented as means = SD (standard deviation) or SEM (standard
error of mean). The data were analysed and graphically represented using GraphPad
Prism 5.04 software. Statistical differences between each group and control or
between two groups were determined using a two-sample two-tailed Student’s t-test
for either equal or unequal variances. Equality of variances was tested with F-test.

5. Results
5.1 Heme arginate inhibited HIV-1 acute infection

In a time course experiment, T-cell lines A3.01 and Jurkat were acutely
infected with HIV-1 or mock infected in the presence of HA. Aliquots of culture
supernatant were collected at three days interval (days 4, 7, 10 and 13 p.i.), to
determine the HIV-1 p24 by ELISA. Throughout the incubation period, HA strongly
inhibited the growth of HIV-1 in both cell lines and the levels of the p24 antigen in the
culture supernatants were significantly decreased when compared to levels of the
untreated controls in both cell lines (Fig.1).
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Fig. 1. Heme arginate inhibits HIV-1 acute infection. A3.01 and Jurkat cells were infected
with HIV-1 and treated with HA 1.25 and 2.5 pl/ml. HIV-1 p24 levels in the culture
supernatant were quantified by ELISA at indicated days after infection (p.i.). Graph
represents the results of two independent experiments performed in duplicates.
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In a parallel time course experiment with the same setup as above, the cells
collected at different times p.i. were fixed with 1% paraformaldehyde and analysed by
flow cytometry to determine the viability. The apoptotic and live cells were
determined based on the size and granulosity of the cells as analysed by FSC-A x
SSC-A. Viability of the HIV-infected, untreated cells sharply decreased during the
incubation period. In contrast, viability of both HA-treated infected and mock-infected
cells were comparable to untreated mock-infected cells up to the 13 days p.i. (Fig. 2).
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Fig. 2. Effect of HA on T cell viability. (A) Viability of HIV-1-infected, untreated and HA-
treated A3.01 and Jurkat cells as characterized by flow cytometry. Graphs represent the
results of two independent experiments performed in duplicate.

The CCso of HA in A3.01 and Jurkat cells was determined by both flow
cytometry and MTT assay. Based on flow cytometry assays, CC50 was determined
as 42 and 17 pl/ml of HA (1612 and 636 pM hemin) in A3.01 and Jurkat cells,
respectively, while it was 10.7 and 6.4 pl/ml of HA (412 and 244 uM hemin) in A3.01
and Jurkat cells, respectively, based on MTT test.

5.2. Heme arginate inhibited reverse transcription of HIV-1

To test the effects of HA on HIV-1 reverse transcription in A3.01 and Jurkat
cells, the cells were infected with DNase-treated inocula of HIV-1 or mock-infected
and treated with HA 2.5 pl/ml. Treatment with a nucleoside analogue inhibitor of
reverse transcriptase, azidothymidine (AZT), was included as a control for RT
inhibition. After 48 h incubation, cellular DNA was isolated and PCR was performed
using primers specific for HIV LTR/gag (Fig. 3). The results showed a decrease in
HIV-1 DNA, demonstrating the inhibitory effects of HA on levels of reverse transcripts
that were comparable to those of AZT. On the other hand, levels of a house-keeping
gene GAPDH were found comparable in all samples.
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Fig. 3. HA inhibits reverse transcription of HIV-1. HIV-1 LTR/Gag specific PCR in DNA
isolated from HIV-1 infected, HA2.5 pl/ml treated A3.01 and Jurkat cells demonstrated the
inhibitory activity of heme arginate on HIV-1 RT. Representative results of two independent
experiments performed in triplicates.

5.3. Effect of HA on reactivation of HIV-1 provirus

Reactivation of the latent HIV-1 is a hot topic in HIV therapy research. The
effects of heme or hemin on reactivation of the HIV-1 provirus has not been
previously studied. Therefore, we decided to study the effect of HA treatment in HIV-
1 latency reversal. ACH-2 cells, harboring an integrated HIV-1 provirus, were pre-
treated with different concentration of HA (2.5, 5.0 and 7.5 pl/ml) for 24 h and
stimulated with PMA. The cells and culture supernatants were collected 24 h after
PMA stimulation and analyzed for HIV-1 p24 antigen determined by western blot
analysis and ELISA, respectively. Interestingly, the results showed that HA dose-
dependently increased reactivation of the provirus in PMA-stimulated ACH-2 cells.
The levels of the p24 antigen and its precursor p55 were found increased both in
cells (Fig. 4A), and culture supernatants (Fig. 4B). It was clear from the quantitative
ELISA results that the basal induction of HIV-1 reactivation by PMA was strongly
potentiated by HA and as a result p24 production was increased by several hundred-
folds. These results indicated that HA dose-dependently reactivated HIV-1 provirus in
PMA-stimulated ACH-2 cells. On the other hand, HA alone was not found to
stimulate reactivation of the HIV-1 provirus at any concentration tested (data not
shown).
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Fig. 4. Effects of HA on reactivation of the latent HIV-1 provirus in ACH-2 cells. ACH-2
cells were pretreated with increasing concentrations of HA for 24 h, and then stimulated with
(PMA,; final concentration 0.5 ng/ml) for 24 h. (A) Western blot analysis of p24 antigen in the
cells. Representative results of two independent experiments. (B) p24 antigen in culture
supernatants. Levels of p24 antigen were determined by ELISA. Graphs represent mean of
two independent experiments performed in duplicates + SD.
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5.4. Effect of HA on reactivation of the latent HIV-1 “mini-virus”

To study and confirm further the effect of HA on reactivation of the latent
provirus, we treated these Jurkat clones with increasing concentrations of HA either
for 48 h or pretreated the cells with HA for 24 h and stimulated them with PMA for
another 24 h. The cells were collected after the incubation and the EGFP expression
was analyzed by western blotting and flow cytometry. HA induced the PMA-
stimulated reactivation of latent HIV-1 mini-virus and EGFP expression in A2 and
H12 Jurkat cells (Fig. 5) and the result was in agreement with the results obtained in
ACH-2 cells. Interestingly, EGFP expression was stimulated also by HA alone, but
the effect was weaker than that in combination with PMA (Fig. 5). H12 cells revealed
a higher background expression of EGFP than A2 cells, while EGFP expression
upon treatment with HA alone or with PMA was somewhat higher in A2 cells than
H12 cells. The stimulatory effects of HA-alone and in combination with PMA on the
reactivation of HIV-1 mini-virus were comparable in western blot (data not included
here) and flow cytometry analysis.
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Fig. 5. Effect of HA on reactivation of the latent HIV-1 “mini-virus”. Pretreatment with
increasing concentrations of HA alone or in combination with PMA (final concentration 0.5
ng/ml) reactivated latent HIV-1 “mini-virus”. FACS analysis of EGFP from 0.1x10%200 pl cells
cultured. The graphs show a quantification of EGFP expression calculated as the arithmetic
mean of green fluorescence of green cell population x percentage of all EGFP-positive cells.
*Increase in EGFP expression is statistically significant when compared to HA 0 in each
treatment (p < 0.05). x, Increase in EGFP expression in the presence of PMA is statistically
significant when compared to the same concentration of HA without PMA (p < 0.05).

5.5. Antioxidant N-Acetyl cysteine and iron chelator desferrioxamine decreased
PMA- and ascorbate-stimulated HIV-1 provirus reactivation

ACH-2 cells were treated for 24 h with ferric nitrate (Fe(NO3)s;; 10 uM),
ascorbate (0.25 mM) and PMA (0.5 ng/ml) either alone or in combinations. Fe*" is
unstable and readily oxidized to Fe*" in aqueous environment. Ferric nitrate used in
the experiments served as a source of Fe*" and the ascorbate was added to reduce
Fe®* to Fe?* (Hermes-Lima et al., 2000; Zhang et al., 2008). Reactivation of HIV-1
provirus and p24 expression was analyzed by western blotting and
chemiluminescence, recorded and analyzed digitally by the ChemiDoc system.
Without PMA stimulation, none of the treatments, namely Fe** alone, ascorbate
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alone or Fe*" and ascorbate together, revealed any effect on p24 expression in ACH-
2 cells (data not shown). Interestingly, the low levels of p24 expression induced by
PMA stimulation were increased by ascorbate by several folds. Unexpectedly, Fe**
decreased both the PMA-alone stimulated and PMA and ascorbate together
stimulated reactivation of HIV-1 and p24 expression (Fig. 6A and B).

To determine the involvement of iron and ROS in PMA and ascorbate
stimulated reactivation of latent HIV-1, ACH-2 cells were pretreated with either
antioxidant N-Acetyl cysteine (NAC; 5 mM) or with iron chelator, desferrioxamine
(DFO; 125 or 62.5 uM ) for 4 h and then treated with ferric nitrate (10 uM), ascorbate
(0.25 mM) and PMA (0.5 ng/ml) either alone or in combinations for 24 h, as above.
Western blot analysis of p24 in cell lysates demonstrated the stimulatory effects of
PMA alone or with ascorbate in reactivation, while the expression of latent HIV-1 was
decreased by both NAC and DFO (Fig. 6A and B), suggesting the involvement of iron
and/or free radicals in the reactivation of the latent HIV-1 by these compounds. Fe3'
reduced the HIV-1 reactivation characterized by p24 expression by PMA-alone or
with ascorbate in a way similar to NAC pointing that Fe** could act as an antioxidant
in this system.
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Fe - - + - + - - + - +
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Fig. 6. NAC and iron chelator DFO decreased PMA and ascorbate stimulated HIV-1
provirus reactivation. ACH-2 cells pre-treated with either NAC (5 mM) or DFO (125 or 62.5
puM) for 4 h and treated with ferric nitrate (Fe; 10 uM), ascorbate (Asc; 0.25mM) and PMA
either alone or in combination for 24 h. (A) HIV-1 p24 expression analyzed by western blot.
Representative result of two independent experiments performed in duplicates (B)
Densitometric analysis of samples presented in panel (A). Graph presented as mean of the
values of two experiments performed in duplicates £ SEM.

5.6. Effect of CO and bilirubin on PMA-stimulated reactivation of the latent
HIV-1

Biliverdin formed as a result of heme degradation is unstable and is
immediately reduced to bilirubin by biliverdin reductase. Both bilirubin and the carbon
monoxide released from heme degradation are act as anti-oxidants. To elucidate the
role of CO and bilirubin in latent HIV-1 reactivation stimulated by PMA, ACH-2 cells
were treated with increasing concentrations of either a CO-donor CORM-A1 (2, 10
and 50 uM) for 5 minutes or with bilirubin (0.01, 0.1 and 1 uM) for 6 h, and treated
with 0.5 ng/ml PMA for 24 h. Additionally, the effect of CORM-A1 was tested in PMA-
stimulated ACH-2 cells treated with ferric nitrate (Fe; 10 uM) and ascorbate (0.25 pM)
for 24 h. HIV-1 p24 expression was analyzed by western blotting and digital
guantification was performed with ImagelLab software (BioRad). The results revealed
that CO (CORM-A1) dose dependently inhibited the reactivation of latent HIV-1 as
indicated by the decreased levels of p24 in PMA-stimulated ACH-2 cells (Fig. 7A and
B) as well as in PMA-stimulated ACH-2 cells treated with iron and ascorbate (Fig. 7C
and D). Biliverdin also showed the same pattern of dose-dependent decrease in p24
levels in PMA-treated ACH-2 cells (Fig. 7E and F). The effects of biliverdin in PMA-
stimulated p24 expression in ACH-2 was tested, but it did not reveal any appreciable
effects (data not included).
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Fig. 7. Effect of CO and bilirubin on PMA-stimulated reactivation of the latent HIV-1.
ACH-2 cells pre-treated with CORM-A1 (2, 10 and 50 pM) for 5 min or with bilirubin (0.01, 0.1
and 1 pM) for 6 h, and treated with 0.5 ng/ml PMA for 24 h. (ferric nitrate (Fe; 10 uM) and
ascorbate (0.25 pM) were added extra, only to experiments with CORM-A1 treated cells) (A,
C, E) Western blot detection of HIV-1 p24 expression. Representative results of two
independent experiments performed in duplicates. (B, D, F) Quantification of the western
blots presented in panel (A, C, E) respectively. The graphs represents densitometric analysis

of 4 western blots + S.E.M.
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5.7. Role of iron in HA-mediated and PMA-stimulated reactivation of the latent
HIV-1

In order to confirm the role of iron also in the HA-mediated, PMA-induced
reactivation of HIV-1 provirus, the ACH-2 cells were pretreated with DFO (125 and
62.5 uM) for 4 h and treated with HA (2.5 pl) for 24 h, followed by additional 24 h
treatment with PMA (0.5 ng/ml). HIV-1 p24 expression in cell lysates was detected by
western blot analysis and HIV-1 Gag mRNA expression was quantified by 1-step RT-
ddPCR. Both p24 protein levels (Fig. 8A and B) and Gag mRNA expression levels
(Fig. 8C) are dose-dependently decreased by DFO in HA- and PMA-stimulated HIV-1
provirus reactivation in ACH-2 cells. The results confirmed the role of iron in HA-
mediated PMA stimulated latent HIV-1 reactivation. Of note, DFO decreased also the
levels of control B-actin in the absence of HA in these experiments.
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Fig. 8. Role of iron in HA-mediated and PMA-stimulated reactivation of the latent HIV-1.
ACH-2 cells pre-treated with 125 and 62.5 uM DFO for 4 h, and treated with 2.5 ul of heme
arginate/ml for 24 h and additional 24 h with PMA (0.5 ng/ml) (A) Western blot analysis of
HIV-1 p24 antigen. Representative results of two independent experiments performed in
duplicates. (b) Quantification of the western blots presented in panel (A). The graph
represents densitometric analysis of 4 western blots £+ S.E.M. (C) Analysis of HIV-1 Gag
RNA using 1-step RT-ddPCR. The Gag mRNA quantified was standardised to human
GAPDH mRNA. The graph represents mean of two independent experiments performed in
duplicates.
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5.8. HA stimulates HIV-1 expression in human HIV+ PBMC’s ex vivo

Demonstrating the stimulatory effects of HA and PMA on latent HIV-1
reactivation directly in primary cell cultures is more appropriate in reflecting the real
situation in vivo, as the latency models used in previous experiments are known to
reveal different mutations and clonal bias. For example, ACH-2 cells possess a
mutation in TAR region, affecting Tat-mediated transactivation of latent HIV-1
provirus transcription (Venkatachari et al., 2015). Also in the Jurkat clones, the HIV
“mini-virus” genome integration site and differential methylation pattern influences the
rate of transactivation (Jordan et al., 2001, Blazkova et al., 2009). Thus, in order to
validate the effects of HA and PMA on reactivation of the latent HIV-1, PBMCs
isolated from four HIV-1 infected patients on cART were treated with HA (2.5 ul) and
PMA (0.5 or 2.5 ng/ml) for 18 h. The HIV-1 Gag mRNA was detected in the total RNA
isolated from the PBMCs cultured ex vivo by two step semi-nested qPCR. Gag
MRNA quantified was standardized to human GAPDH mRNA. As shown in Fig. 9,
the cell-associated HIV-1 Gag RNA detected in all the samples at the time of
isolation, went down during the 18 h-incubation ex vivo (based on relative
quantification to GAPDH). PMA alone and HA alone increased the levels of HIV-1
RNA compared to untreated samples. On the other hand, HA synergized with PMA to
induce a 2-12-fold increase in HIV-1 Gag RNA expression when compared to
untreated samples. HIV-1 RNA levels were quantified relatively to human GAPDH.
Additionally in a different series of experiments testing 10 house-keeping genes, we
found GAPDH and -2 microglobulin genes to be affected the least by individual
treatments. Nevertheless, PMA treatment increased their expression also, affecting
the relative changes in HIV-1 RNA levels.
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Fig. 9. Heme arginate stimulates HIV-1 expression in human HIV+ PBMC’s ex vivo. 5 x
10%ml of human PBMC’s were treated with HA 2.5 pl/ml with or without addition of 0.5 or 2.5
ng/ml PMA for 18 h. HIV-1 Gag RNA was analysed using semi-nested 2-step RT-qgPCR and
standardized to GAPDH mRNA. Results of 4 different HIV+ patients on cART are presented
as fold-increase (A, B, C, D). TO — time 0, 0 — no treatment, HA — heme arginate 2.5 pl/ml,
PMA 0.5 or 2.5 ng/ml, NP — not performed. The experiments were performed with a kind help
of Zora Melkova.
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5.9. HA neither stimulated nor interfered with activation of T cell

CD69 is expressed on the activated T cells, and thus it is used as a surface
marker for the identification of T cell activation. To determine whether HA-alone
activates the T cells or whether it might interfere with PMA-stimulated T cell
activation, the A3.01 cells were stimulated with PMA (0.5 ng/ml) with or without HA
(1.25 and 2.5 pl/ml) for 24 h. Expression of CD69 on the cell surface was determined
by using anti-CD69 antibody labelled with AlexaFluor 700 and flow cytometry. The
results revealed that HA did not exhibit any effects on T-cell activation characterized
by this activation marker at any concentration of PMA tested (1 and 10 ng/ml; data
not shown), especially not even at the lowest concentration used throughout the
experiments (0.5 ng/ml; Fig. 10). Importantly, HA alone did not activate the T cells
when used alone.

100

Count

CD69

Fig. 10. HA neither stimulated nor interfered with activation of T cells. A3.01 cells were
treated with increasing concentrations of HA in the presence or absence of PMA (final
concentration 0.5 ng/ml) for 24 h. Flow cytometry detection of T cell activation marker CD69.
Representative results of two independent experiments performed in duplicates.

6. Discussion

The introduction of combined antiretroviral therapy (CART) has significantly
improved the clinical outcome and life expectancy of HIV-infected patients. Despite
the clinical benefits of the drug therapy, CART alone is not able to eradicate the virus,
which persists in reservoirs that are thought to be the source for viral re-emergence
after treatment interruption (Chun et al.,, 2010 and Chun et al., 1997). Therefore,
developing novel therapeutics targeting the reservoirs becomes crucial. Latently
infected CD4" T cells constitute one reservoir of replication-competent HIV that
needs to be eliminated to completely purge virus from antiretroviral drug-treated
patients. Since increased redox stress plays an important role in HIV-1 replication
(Pace and Leaf, 1995) our aim was to harness the effects of redox stress through
redox modulators and to reactivate the latent HIV-1.
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Heme arginate is a compound containg human hemin and one of its
degradation products is ferrous iron (Fe?*). Heme- and iron-mediated Fenton reaction
generates reactive oxygen species (ROS) and creates an oxidative stress. Also
heme arginate is more stable and has lower or no side effects on homeostasis (Volin
et al., 1988) when compared to its equivalent hematin. Heme has been previously
shown to inhibit replication of HIV-1 (Levere et al., 1991), specifically reverse
transcriptase (Argyris et al., 2001). Further, heme derivative hemin has been
demonstrated to inhibit HIV-1 growth in human PBMC-reconstituted NOD-SCID mice
and to induce a dose-dependent inhibition of HIV-1 replication in tissue culture during
a 7-day long infection (Devadas and Dhawan, 2006). Though the RT inhibition by
heme or hematin has been demonstrated by different groups as stated above, there
is a gap in the research exploring the effect of heme or hematin in HIV-1 latency
reversal and there are no reports available in the literature about this. Hence, we
sought to explore and evaluate the effect of heme arginate on HIV-1 replication and
reactivation from latency.

In accordance with previous publications, our results showed the inhibitory
effects of HA on HIV-1 replication and reverse transcription in acutely infected cells,
characterized by levels of p24 and reverse transcripts, respectively. In the time-
course experiments (Fig. 1), HA inhibited HIV-1 replication characterized by levels of
p24 Ag. In similar time-course experiments (Fig. 2), viability of the mock-infected and
infected cells in the presence of HA was found comparable to the untreated mock-
infected cells, while untreated infected cells succumbed to apoptosis. A long-term
culture of the cells in the presence of HA in concentrations that inhibited HIV-1
replication did not therefore negatively affect cell growth and viability; on the contrary,
HA protected the infected cells from dying. We cannot, though, exclude a possibility
that a selection of HA-resistant cells could take place.

In contrast to the acutely infected cells, HA revealed stimulatory effects on
HIV-1 provirus and “mini-virus” reactivation in ACH-2 and A2, H12 cells, respectively.
In A2 and H12 cells, HA stimulated “mini-virus” reactivation even by itself, but its
effects were much weaker than the effects of PMA-alone or in combination with HA.
H12 cells revealed a higher background fluorescence of untreated cells than A2 cells,
similarly to the published data (Blazkova et al., 2009), but in general, they responded
to the different inducers (data not included) with a smaller fold-increase than A2 cells.
Perhaps, the lower responsiveness of H12 cells might be due to a somewhat higher
CpG methylation of the 5' LTR region compared to A2 cells (Blazkova et al., 2009).
The observed effects of PMA on the HIV-1 provirus reactivation in ACH-2 cells were
biphasic, possibly due to a low concentration of PMA used. During a 24 h-treatment,
PMA stimulated the provirus reactivation only weakly, while a 48 h-treatment induced
a 10-fold increase in the levels of p24 compared to a 24 h-treatment.

Apparently, PMA was inducing the provirus reactivation indirectly. It seems to
induce expression and/or activity of certain factors that in turn mediate reactivation of
the provirus. Phorbol esters mimic the action of diacyl glycerols (DAG), activators of
protein kinase C family proteins (PKC) and of several non-PKC targets. In addition to
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DAG or phorbolester, the full activation of PKC’s requires also Ca2+ and acidic
phospholipids, leading to a synergistic activation of two different ligand binding
domains and to the appropriate membrane targeting (Brose and Rosenmund, 2002;
Goel et al., 2007). PKC was also found to mediate expression of HO-1 stimulated by
PMA or LPS (Devadas et al.,, 2010; Naidu et al., 2008). Also, PMA is known to
generate ROS (primarily superoxides) (Swindle et al., 2002).The effects of PMA in
ACH-2 cells could be greatly potentiated with HA during a 24 h-treatment (Figs. 4A
and B). Possibly, HA could synergize with PMA by changing levels of cytoplasmic
Ca?*, membrane targeting of PKC'’s or by increasing the redox stress and changing
the properties of zinc-finger-like repeats in C1 domain involved in PMA binding to its
targets. Heme and PMA were independently shown to affect also other signal
transduction pathways, e.g. Ras and MAPK, increasing chances for their synergistic
action (Mense and Zhang, 2006; Sacks, 2006). The exact mechanism of stimulation
of HIV-1 reactivation by HA remains to be established, but a mechanism involving
induction and/or activity of HO-1 along with release of Fe2+, increased redox stress
and activation of the redox-sensitive transcription factor NF-kB can be suggested
(Devadas and Dhawan, 2006; Morse et al., 2009; Pantano et al., 2006). Therefore,
we propose a model in which heme arginate induces a redox stress leading to
chromatin remodeling, binding of specific transcription factors to HIV-LTR and
potentiation of HIV-1 expression induced by a PKC inducer.

With these findings on the effect of heme arginate on HIV-1 provirus
reactivation, we then stepped further to decipher the role of individual heme
degradation products- iron, carbon monoxide and bilirubin (reduced from biliverdin
by biliverdin reductase) on HIV-1 latency reversal. Previously published results
indicated that a longer pre-treatment with ascorbate suppressed the induction of HIV
reactivation in latently infected T-cell lines (Harakeh et al., 1990). However, in our
experiments, ascorbate added shortly before PMA stimulated latent HIV-1
reactivation in both ACH-2 and H12 cells; these effects could be attributed to the
double faced character of ascorbate that can act as an anti- or pro-oxidant,
depending on its high or low concentrations (Atanassova and Tzatchev, 2008). Pro-
oxidant character of ascorbate has been observed in a recent study where ascorbate
induced necrosis of Hep2 cells via ROS generation and PKC induction, while the
antioxidant NAC inhibited the effects of ascorbate (Beak et al., 2016). Methylation of
DNA at the 5-position of cytosine (5mC) is an important epigenetic modification that
repress gene transcription. In contrast, demethylation makes DNA accessible for
active gene transcription. Interestingly, Fe(ll) and ascorbate function as co-factors for
enzymes that are involved in demethylation (Ponnaluri et al., 2013; Minor et al.,
2013; Dickson et al., 2013). Ascorbate mediated increase in latent HIV-1 gene
expression could also be explain in this light.

Addition of anti-oxidant N-acetyl cysteine (NAC) decreased the reactivation of
provirus by HA-and PMA-stimulated and also PMA- and ascorbate-stimulated ACH-2
and Jurkat clones, suggesting generation of ROS by these treatments. Further, the
stimulatory effects of ascorbate but also those of PMA were inhibited by DFO,
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suggesting involvement of iron in these processes. In addition to direct effects of
DFO on iron chelation, this inhibition might be explained also by previously described
inhibitory effects of DFO on activation of NF-kB, the redox-sensitive transcription
factor involved in both PMA signaling and HIV-1 reactivation (Sappey et al., 1995).
On the other hand, addition of Fe®*, similarly to NAC, was inhibitory to PMA- and
ascorbate-stimulated latent HIV-1 reactivation; Fe®*" alone thus appears to reveal final
antioxidant effects in this system, possibly due to its complex with EDTA. Evidently,
the final outcome of chemical reactions and annihilations of individual compounds
and free radicals, respectively, depends on many variables and can dynamically
change in a biological system. Importantly, the concentrations of heme-degradation
products used in our experiments were comparable or lower than effective
concentrations of heme arginate.

Pretreatment with a CO-donor or bilirubin dose-dependently decreased p24
levels in ACH-2 cells, while the CO donor increased EGFP expression and bilirubin
was ineffective in H12 cells (data not shown). These differences may be attributable
to a different intracellular redox milieu, possibly affected by a constitutive expression
of heme oxygenase-1 (Shankaran et al., 2011). In addition to its anti-oxidant
property, bilirubin is also a PKC inhibitor (Sano et al., 1985), and thus can directly
inhibit HIV-1 transcription stimulated by PMA (a PKC inducer). These results also
suggest that the contribution of the individual heme-degradation products may vary in
different cell types in vivo. In the first approach, we intentionally used PBMC’s to
verify the stimulatory effects of heme arginate as they are closer to the situation in
vivo. Nevertheless, additional experiments on individual cell types, namely on
isolated total and resting CD4+ cells, will better assess the magnitude of HA-
stimulatory effects and help to delineate the underlying mechanisms.

HIV/AIDS, similarly to other chronic infections, has been reported to lead to
immune-mediated anemia of chronic disease, iron deficiency anemia or their
combination (Minchella et al., 2015). The concentrations of HA used throughout this
research work are thus very close to the levels achieved in clinics. Since HA has
been approved for human use, it can be suggested that HA could be tested as a
supplement of HAART in selected cases. For example its administration could be
suggested as an additional measure in early stages of HIV/AIDS disease to release
the virus from the existing latent pool, while inhibiting its dissemination to the new
viral reservoirs.

The ability of cells to become activated remained unaffected by HA as
demonstrated by expression of the early activation marker CD69, characterized by
flow cytometry. Since the activation of T cells constitutes an essential component of
immune responses to the virus itself as well as to other infections, we consider the
finding that HA does not seem to generally decrease the activation of T cells as
important. Moreover, HA did not induce any global activation of T-cells either; this
finding is significant as well, since a nonspecific T-cell activation and release of
proinflammatory cytokines should be avoided.
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In addition to the experiments studying a role of HA and heme degradation
products in HIV-1 latency reversal, we selected additional three compounds and
assessed their potency to reactivate HIV-1 provirus from ACH-2 cells either alone or
in combination with three different inducers. None of the selected compounds alone
could induce the latent HIV-1 expression, while they all stimulated the reactivation of
HIV-1 provirus induced by the three inducers and increased p24 expression several
folds. Thus, they could be rather called sensitizers. The final effect of the combination
of the two agents is higher than the sum of the effects of the two agents used
individually (“1+1 > 27); therefore, it can be classified as a potentiation.
Understandably, different concentrations of compounds and their combination with
different inducers resulted in varying levels of reactivation of latent HIV-1. The best
working compound-inducer combinations we found in our experiments were filed for
Czech and International patent protection. In fact, very recently an approach towards
using a combination of compounds to reactivate HIV-1 provirus and reservoir
clearance has been also eagerly explored. For example, the combination of
romidepsin (HDAC inhibitor) and bryostatin-1 (PKC agonist) has been shown to be
very effective in latency reversal in primary CD4+ T cells. Our HA+PMA-stimulation
and compounds combinations also follow this new approach of HIV-1 therapeutic
reactivation and reservoir clearance.

To our knowledge, this is the first work demonstrating the stimulatory effect of
heme on reactivation of the latent provirus. HA seems to possess a combination of
two unique properties: it can help to reactivate the provirus from latent pools, and
simultaneously prevent HIV-1 dissemination into new cells and/or expansion of the
latent pool. On the whole, these results suggest a possibility of an alternative
approach to the management of HIV/AIDS disease.

7. Conclusions

Despite the successful suppression of viraemia by cART, the transcriptionally
silent provirus and the inaccessible reservoirs of latent virus are the main hurdles to
eradicate the HIV-1 infection. “Shock and kill” strategy aiming to reactivate the latent
virus and wipe out the latent reservoirs, is currently a hot topic in HIV-1 therapy
research. Our work aimed at exploring the effect of heme arginate on HIV-1 acute
infection and reactivation of latent virus. The key findings of our research could be
summarise and concluded as follows:

1. Heme arginate (HA) inhibited HIV-1 replication in acute infection.

2. The effective concentrations of HA (2.5 pl/ml and 1.25 pl/ml) that inhibited the
HIV-1 acute infection did not reveal any significant cytotoxicity.

3. HA synergized with PMA in reactivating latent HIV-1 in ACH-2 cells and HIV-1
“mini-virus” in Jurkat clones A2 and H12.

4. HA alone reactivated HIV-1 “mini-virus” in Jurkat clones A2 and H12.
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5. HO-1 enzyme expression was induced by HA in PMA-stimulated ACH-2 cells,
but not in A2 and H12 clones, in which the enzyme was found expressed
constitutively even in untreated cells.

6. Ascorbate added to generate Fe®', one of heme degradation products,
increased the reactivation of HIV-1 provirus in PMA-stimulated ACH-2 and
H12 cells. In contrast, Fe** revealed a final anti-oxidant effect and decreased
HIV-1 reactivation stimulated by PMA alone and in combination with
ascorbate.

7. Carbon monooxide and bilirubin, other two heme degradation products,
inhibited HIV-1 reactivation stimulated by PMA alone and in combination with
ascorbate.

8. Anti-oxidant N-acetyl cysteine inhibited the reactivation of latent HIV-1 by PMA
alone and in combination with HA or ascorbate, suggesting that the
stimulatory effects ware mediated by reactive oxygen species.

9. Iron chelator desferrioxamine (DFO) prevented latent HIV-1 reactivation by
PMA alone or in combination with HA or ascorbate, indicating a causal role of
iron.

10.HA and PMA stimulated HIV-1 expression also in primary PBMCs of HIV-1
infected cART-treated patients during ex vivo culture.

11.HA did not activate nor inhibit activation of T cells.

12.0ur results suggest that HA could be used as a safe HIV-1 latency reversing
agent in vivo.

8. References

Abraham, N.G., M.L. Friedland, and R.D. Levere. 1983. Heme metabolism in hepatic and erythroid
cells. Grune and Stratton, New York.

Aires, S.P., B. Schaaf, C. Muller, K. Dalhoff, and R.H. Dennin. 1995. Fas (CD95) expression on CD4+
T cells from HIV-infected patients increases with disease progression. J Mol Med. 73:591-593.

Argyris, E.G., J.M. Vanderkooi, and Y. Paterson. 2001. Mutagenesis of key residues identifies the
connection subdomain of HIV-1 reverse transcriptase as the site of inhibition by heme. Eur J
Biochem. 268:925-931.

Armitage, A.E., A.R. Stacey, E. Giannoulatou, E. Marshall, P. Sturges, K. Chatha, N.M. Smith, X.
Huang, X. Xu, S.R. Pasricha, N. Li, H. Wu, C. Webster, A.M. Prentice, P. Pellegrino, I.
Williams, P.J. Norris, H. Drakesmith, and P. Borrow. 2014. Distinct patterns of hepcidin and
iron regulation during HIV-1, HBV, and HCV infections. Proceedings of the National Academy
of Sciences of the United States of America. 111:12187-12192.

Atanassova, B.D., and K.N. Tzatchev. 2008. Ascorbic acid--important for iron metabolism. Folia Med
(Plovdiv). 50:11-16.

Baranano, D.E., M. Rao, C.D. Ferris, and S.H. Snyder. 2002. Biliverdin reductase: a major physiologic
cytoprotectant. Proceedings of the National Academy of Sciences of the United States of
America. 99:16093-16098.

Blazkova, J., K. Trejbalova, F. Gondois-Rey, P. Halfon, P. Philibert, A. Guiguen, E. Verdin, D. Olive,
C. Van Lint, J. Hejnar, and |. Hirsch. 2009. CpG methylation controls reactivation of HIV from

24



latency. PLoS pathogens. 5:€1000554.

Brose, N., and C. Rosenmund. 2002. Move over protein kinase C, you've got company: alternative
cellular effectors of diacylglycerol and phorbol esters. J Cell Sci. 115:4399-4411.

Buccigrossi, V., G. Laudiero, E. Nicastro, E. Miele, F. Esposito, and A. Guarino. 2011. The HIV-1
transactivator factor (Tat) induces enterocyte apoptosis through a redox-mediated
mechanism. PloS one. 6:€29436.

Chavez, L., V. Calvanese, and E. Verdin. 2015. HIV Latency Is Established Directly and Early in Both
Resting and Activated Primary CD4 T Cells. PLoS pathogens. 11:e1004955.

Chen, H.M., C.M. Yang, J.F. Chang, C.S. Wu, K.C. Sia, and W.N. Lin. 2016. AdipoR-increased
intracellular ROS promoted cPLA2 and COX-2 expression via activation of PKC and p300 in
adiponectin-stimulated human alveolar type 1l cells. Am J Physiol Lung Cell Mol
Physiol:ajplung 00218 02015.

Chun, T.W., D. Finzi, J. Margolick, K. Chadwick, D. Schwartz, and R.F. Siliciano. 1995. In vivo fate of
HIV-1-infected T cells: quantitative analysis of the transition to stable latency. Nature
medicine. 1:1284-1290.

Chun, T.W., J.S. Justement, D. Murray, C.W. Hallahan, J. Maenza, A.C. Collier, P.M. Sheth, R. Kaul,
M. Ostrowski, S. Moir, C. Kovacs, and A.S. Fauci. 2010. Rebound of plasma viremia following
cessation of antiretroviral therapy despite profoundly low levels of HIV reservoir: implications
for eradication. Aids. 24:2803-2808.

Chun, T.W., L. Stuyver, S.B. Mizell, L.A. Ehler, J.A. Mican, M. Baseler, A.L. Lloyd, M.A. Nowak, and
A.S. Fauci. 1997. Presence of an inducible HIV-1 latent reservoir during highly active
antiretroviral therapy. Proceedings of the National Academy of Sciences of the United States
of America. 94:13193-13197.

Colin, L., and C. Van Lint. 2009. Molecular control of HIV-1 postintegration latency: implications for the
development of new therapeutic strategies. Retrovirology. 6:111.

Deeks, S.G., B. Autran, B. Berkhout, M. Benkirane, S. Cairns, N. Chomont, T.W. Chun, M. Churchill,
M. Di Mascio, C. Katlama, A. Lafeuillade, A. Landay, M. Lederman, S.R. Lewin, F. Maldarelli,
D. Margolis, M. Markowitz, J. Martinez-Picado, J.I. Mullins, J. Mellors, S. Moreno, U.
O'Doherty, S. Palmer, M.C. Penicaud, M. Peterlin, G. Poli, J.P. Routy, C. Rouzioux, G.
Silvestri, M. Stevenson, A. Telenti, C. Van Lint, E. Verdin, A. Woolfrey, J. Zaia, and F. Barre-
Sinoussi. 2012. Towards an HIV cure: a global scientific strategy. Nat Rev Immunol. 12:607-
614.

Devadas, K., and S. Dhawan. 2006. Hemin activation ameliorates HIV-1 infection via heme
oxygenase-1 induction. Journal of immunology. 176:4252-4257.

Devadas, K., I.K. Hewlett, and S. Dhawan. 2010. Lipopolysaccharide suppresses HIV-1 replication in
human monocytes by protein kinase C-dependent heme oxygenase-1 induction. Journal of
leukocyte biology. 87:915-924.

Dickson, K.M., C.B. Gustafson, J.I. Young, S. Zuchner, and G. Wang. 2013. Ascorbate-induced
generation of 5-hydroxymethylcytosine is unaffected by varying levels of iron and 2-
oxoglutarate. Biochemical and biophysical research communications. 439:522-527.

Dixon, S.J., and B.R. Stockwell. 2014. The role of iron and reactive oxygen species in cell death.
Nature chemical biology. 10:9-17.

Elliott, J.H., J.H. McMahon, C.C. Chang, S.A. Lee, W. Hartogensis, N. Bumpus, R. Savic, J. Roney, R.
Hoh, A. Solomon, M. Piatak, R.J. Gorelick, J. Lifson, P. Bacchetti, S.G. Deeks, and S.R.
Lewin. 2015. Short-term administration of disulfiram for reversal of latent HIV infection: a
phase 2 dose-escalation study. The lancet. HIV. 2:€520-529.

Freed, E.O. 2015. HIV-1 assembly, release and maturation. Nat Rev Microbiol. 13:484-496.

Friedman, J., W.K. Cho, C.K. Chu, K.S. Keedy, N.M. Archin, D.M. Margolis, and J. Karn. 2011.
Epigenetic silencing of HIV-1 by the histone H3 lysine 27 methyltransferase enhancer of Zeste
2. Journal of virology. 85:9078-9089.

Gibbs, P.E., and M.D. Maines. 2007. Biliverdin inhibits activation of NF-kappaB: reversal of inhibition
by human biliverdin reductase. Int J Cancer. 121:2567-2574.

Goel, G., H.P. Makkar, G. Francis, and K. Becker. 2007. Phorbol esters: structure, biological activity,
and toxicity in animals. Int J Toxicol. 26:279-288.

Gulakowski, R.J., J.B. McMahon, R.W. Buckheit, Jr., K.R. Gustafson, and M.R. Boyd. 1997.
Antireplicative and anticytopathic activities of prostratin, a non-tumor-promoting phorbol ester,
against human immunodeficiency virus (HIV). Antiviral research. 33:87-97.

Harakeh, S., R.J. Jariwalla, and L. Pauling. 1990. Suppression of human immunodeficiency virus
replication by ascorbate in chronically and acutely infected cells. Proceedings of the National
Academy of Sciences of the United States of America. 87:7245-7249.

25



Hermes-Lima, M., P. Ponka, and H.M. Schulman. 2000. The iron chelator pyridoxal isonicotinoyl
hydrazone (PIH) and its analogues prevent damage to 2-deoxyribose mediated by ferric iron
plus ascorbate. Biochim Biophys Acta. 1523:154-160.

Huber, K., G. Doyon, J. Plaks, E. Fyne, J.W. Mellors, and N. Sluis-Cremer. 2011. Inhibitors of histone
deacetylases: correlation between isoform specificity and reactivation of HIV type 1 (HIV-1)
from latently infected cells. The Journal of biological chemistry. 286:22211-22218.

Jordan, A., P. Defechereux, and E. Verdin. 2001. The site of HIV-1 integration in the human genome
determines basal transcriptional activity and response to Tat transactivation. The EMBO
journal. 20:1726-1738.

Kauder, S.E., A. Bosque, A. Lindqgvist, V. Planelles, and E. Verdin. 2009. Epigenetic regulation of HIV-
1 latency by cytosine methylation. PLoS pathogens. 5:e1000495.

Kiselinova, M., A.O. Pasternak, W. De Spiegelaere, D. Vogelaers, B. Berkhout, and L.
Vandekerckhove. 2014. Comparison of droplet digital PCR and seminested real-time PCR for
quantification of cell-associated HIV-1 RNA. PloS one. 9:e85999.

Levere, R.D., Y.F. Gong, A. Kappas, D.J. Bucher, G.P. Wormser, and N.G. Abraham. 1991. Heme
inhibits human immunodeficiency virus 1 replication in cell cultures and enhances the antiviral
effect of zidovudine. Proceedings of the National Academy of Sciences of the United States of
America. 88:1756-1759.

Lewinski, M.K., D. Bisgrove, P. Shinn, H. Chen, C. Hoffmann, S. Hannenhalli, E. Verdin, C.C. Berry,
J.R. Ecker, and F.D. Bushman. 2005. Genome-wide analysis of chromosomal features
repressing human immunodeficiency virus transcription. Journal of virology. 79:6610-6619.

Ma, Q. 2013. Role of nrf2 in oxidative stress and toxicity. Annu Rev Pharmacol Toxicol. 53:401-426.

McPhee, F., P.S. Caldera, G.W. Bemis, A.F. McDonagh, I.D. Kuntz, and C.S. Craik. 1996 Bile
pigments as HIV-1 protease inhibitors and their effects on HIV-1 viral maturation and infectivity
in vitro. Biochem J. 1:681-686.

Minchella, P.A., A.E. Armitage, B. Darboe, M.W. Jallow, H. Drakesmith, A. Jaye, A.M. Prentice, and
J.M. McDermid. 2015. Elevated Hepcidin Is Part of a Complex Relation That Links Mortality
with Iron Homeostasis and Anemia in Men and Women with HIV Infection. J Nutr. 145:1194-
1201.

Minor, E.A., B.L. Court, J.I. Young, and G. Wang. 2013. Ascorbate induces ten-eleven translocation
(Tet) methylcytosine dioxygenase-mediated generation of 5-hydroxymethylcytosine. The
Journal of biological chemistry. 288:13669-13674.

Morse, D., L. Lin, A.M. Choi, and S.W. Ryter. 2009. Heme oxygenase-1, a critical arbitrator of cell
death pathways in lung injury and disease. Free Radic Biol Med. 47:1-12.

Motterlini, R. 2007. Carbon monoxide-releasing molecules (CO-RMs): vasodilatory, anti-ischaemic
and anti-inflammatory activities. Biochem Soc Trans. 35:1142-1146.

Motterlini, R., and L.E. Otterbein. 2010. The therapeutic potential of carbon monoxide. Nat Rev Drug
Discov. 9:728-743.

Naidu, S., N. Wijayanti, S. Santoso, T. Kietzmann, and S. Immenschuh. 2008. An atypical NF-kappa
B-regulated pathway mediates phorbol ester-dependent heme oxygenase-1 gene activation in
monocytes. Journal of immunology. 181:4113-4123.

Pace, G.W., and C.D. Leaf. 1995. The role of oxidative stress in HIV disease. Free Radic Biol Med.
19:523-528.

Pantano, C., N.L. Reynaert, A. van der Vliet, and Y.M. Janssen-Heininger. 2006. Redox-sensitive
kinases of the nuclear factor-kappaB signaling pathway. Antioxid Redox Signal. 8:1791-1806.

Pasternak, A.O., KW. Adema, M. Bakker, S. Jurriaans, B. Berkhout, M. Cornelissen, and V.V.
Lukashov. 2008. Highly sensitive methods based on seminested real-time reverse
transcription-PCR for quantitation of human immunodeficiency virus type 1 unspliced and
multiply spliced RNA and proviral DNA. J Clin Microbiol. 46:2206-2211.

Pasupathi, P., T. Ramchandran, P.J. Sindhu, G. Saranavan, and G. Bakthavathsalam. 2009.
Enhanced oxidative stress markers and antioxidant imbalance in HIV infection and AIDS
patients. J Sci Res. 1:370-380.

Patki, A.H., D.L. Georges, and M.M. Lederman. 1997. CD4+-T-cell counts, spontaneous apoptosis,
and Fas expression in peripheral blood mononuclear cells obtained from human
immunodeficiency virus type 1-infected subjects. Clin Diagn Lab Immunol. 4:736-741.

Ponnaluri, V.K., J.P. Maciejewski, and M. Mukherji. 2013. A mechanistic overview of TET-mediated 5-
methylcytosine oxidation. Biochemical and biophysical research communications. 436:115-
120.

Redig, A.J., and N. Berliner. 2013. Pathogenesis and clinical implications of HIV-related anemia in
2013. Hematology Am Soc Hematol Educ Program. 2013:377-381.

26



Richman, D.D., D.M. Margolis, M. Delaney, W.C. Greene, D. Hazuda, and R.J. Pomerantz. 2009. The
challenge of finding a cure for HIV infection. Science. 323:1304-1307.

Sacks, D.B. 2006. The role of scaffold proteins in MEK/ERK signalling. Biochem. Soc.

Sano, K., H. Nakamura, and T. Matsuo. 1985. Mode of inhibitory action of bilirubin on protein kinase
C. Pediatr Res. 19:587-590.

Sappey, C., J.R. Boelaert, S. Legrand-Poels, C. Forceille, A. Favier, and J. Piette. 1995. Iron chelation
decreases NF-kappa B and HIV type 1 activation due to oxidative stress. AIDS research and
human retroviruses. 11:1049-1061.

Schmidtmayerova, H., M. Alfano, G. Nuovo, and M. Bukrinsky. 1998. Human immunodeficiency virus
type 1 T-lymphotropic strains enter macrophages via a CD4- and CXCR4-mediated pathway:
replication is restricted at a postentry level. Journal of virology. 72:4633-4642.

Serras, F. 2016. The benefits of oxidative stress for tissue repair and regeneration. Fly (Austin):1-6.

Shankaran, P., L. Vlkova, J. Liskova, and Z. Melkova. 2011. Heme arginate potentiates latent HIV-1
reactivation while inhibiting the acute infection. Antiviral research. 92:434-446.

Siliciano, J.D., J. Kajdas, D. Finzi, T.C. Quinn, K. Chadwick, J.B. Margolick, C. Kovacs, S.J. Gange,
and R.F. Siliciano. 2003. Long-term follow-up studies confirm the stability of the latent
reservoir for HIV-1 in resting CD4+ T cells. Nature medicine. 9:727-728.

Son, Y., Y.K. Cheong, N.H. Kim, H.T. Chung, D.G. Kang, and H.O. Pae. 2011. Mitogen-Activated
Protein Kinases and Reactive Oxygen Species: How Can ROS Activate MAPK Pathways? J
Signal Transduct. 2011:792639.

Swindle, E.J., J.A. Hunt, and J.W. Coleman. 2002. A comparison of reactive oxygen species
generation by rat peritoneal macrophages and mast cells using the highly sensitive real-time
chemiluminescent probe pholasin: inhibition of antigen-induced mast cell degranulation by
macrophage-derived hydrogen peroxide. Journal of immunology. 169:5866-5873.

Tenhunen, R., H.S. Marver, and R. Schmid. 1968. The enzymatic conversion of heme to bilirubin by
microsomal heme oxygenase. Proceedings of the National Academy of Sciences of the United
States of America. 61:748-755.

Tenhunen, R., O. Tokola, and I.B. Linden. 1987. Haem arginate: a new stable haem compound. J
Pharm Pharmacol. 39:780-786.

Trans. 34:833-836.

Trejbalova, K., D. Kovarova, J. Blazkova, L. Machala, D. Jilich, J. Weber, D. Kucerova, O. Vencalek, I.
Hirsch, and J. Hejnar. 2016. Development of 5' LTR DNA methylation of latent HIV-1 provirus
in cell line models and in long-term-infected individuals. Clinical epigenetics. 8:19.

Tripathy, M.K., M.E. McManamy, B.D. Burch, N.M. Archin, and D.M. Margolis. 2015. H3K27
Demethylation at the Proviral Promoter Sensitizes Latent HIV to the Effects of Vorinostat in Ex
Vivo Cultures of Resting CD4+ T Cells. Journal of virology. 89:8392-8405.

Venkatachari, N.J., J.M. Zerbato, S. Jain, A.E. Mancini, A. Chattopadhyay, N. Sluis-Cremer, Z. Bar-
Joseph, and V. Ayyavoo. 2015. Temporal transcriptional response to latency reversing agents
identifies specific factors regulating HIV-1 viral transcriptional switch. Retrovirology. 12:85.

Volin, L., V. Rasi, E. Vahtera, and R. Tenhunen. 1988. Heme arginate: effects on hemostasis. Blood.
71:625-628.

Wang, X., P. Wang, Z. Fu, H. Ji, X. Qu, H. Zeng, X. Zhu, J. Deng, P. Lu, S. Zha, Z. Song, and H. Zhu.
2015. Designed transcription activator-like effector proteins efficiently induced the expression
of latent HIV-1 in latently infected cells. AIDS research and human retroviruses. 31:98-106.

Williams, S.A., L.F. Chen, H. Kwon, C.M. Ruiz-Jarabo, E. Verdin, and W.C. Greene. 2006. NF-kappaB
p50 promotes HIV latency through HDAC recruitment and repression of transcriptional
initiation. The EMBO journal. 25:139-149.

Yamashita, K., J. McDaid, R. Ollinger, T.Y. Tsui, P.O. Berberat, A. Usheva, E. Csizmadia, R.N. Smith,
M.P. Soares, and F.H. Bach. 2004. Biliverdin, a natural product of heme catabolism, induces
tolerance to cardiac allografts. FASEB J. 18:765-767.

Zhang, A.S., F. Canonne-Hergaux, S. Gruenheid, P. Gros, and P. Ponka. 2008. Use of Nramp2-
transfected Chinese hamster ovary cells and reticulocytes from mk/mk mice to study iron
transport mechanisms. Exp Hematol 36:1227-1235.

27



9. Publications

The results obtained during the work on this doctoral dissertation were summarized
in two research and one review articles in peer-reviewed international journals with
impact factor and resulted in submission of a Czech and international patent
applications.

Research articles

Shankaran P., Vlkova L., Liskova J., and Melkova Z. 2011. Heme arginate
potentiates latent HIV-1 reactivation while inhibiting the acute infection. Antiviral
Research. 92(3):434-446. IF (2011): 4.301

Shankaran P., Madlenakova M., Hajkova V., Jilich D., Svobodova I., Horinek A.,
Fujikura Y., and Melkova Z. Effects of heme degradation products on reactivation of
latent HIV-1. Acta Virologica. Submitted.

Review article

Melkova Z, Shankaran P, Madlenakova M and Bodor J. Current views on HIV-1
latency, persistence, and cure. Folia Microbiologica. Accepted. IF (2015): 1.335

Patent applications

Shankaran P and Melkova Z. 2013. Kombinovany pfipravek a jeho pouZiti pro
reaktivaci latentniho HIV. Narodni Pfihlaska Vynalezu, PV 2013 - 474. (Application
retracted and under revision)

Melkova Z and Shankaran P. 2014. Combination preparation and use thereof for
Latent HIV reactivation. International patent application, PCT/CZ2014/000070
(Application retracted and under revision)

28



