Virus Genes (2020) 56:182-193
https://doi.org/10.1007/5s11262-020-01731-x

ORIGINAL PAPER q

Check for
updates

Human immunodeficiency virus type-1 Tat protein induces secretory
leukocyte protease inhibitor expression in African green monkey
but not human cells

Selcuk Ozdemir'2 - Burcu Sengez' - Alper Arslanoglu’

Received: 25 September 2019 / Accepted: 4 January 2020 / Published online: 10 January 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

African monkeys are resistant to HIV-1 infection due to intrinsic restriction mechanisms found in their cells. However,
although they can be infected by monkey-adapted modified HIV-1 particles that are designed to overcome known restric-
tion factors, virus numbers drop to undetectable levels in immunocompetent animals. These results indicate the possibility
of the presence of yet unidentified factor(s) that restrict HIV-1 in old-world monkey (OWM) cells after integration of the
viral genome into the host cell chromosome. In the light of these findings, we hypothesized that OWMs might have evolved
resistance mechanism(s) against HIV-1 by switching specific gene(s) on in response to the synthesis of viral proteins in
infected cells. In an attempt to mimic post-infection status, we expressed HIV-1 Tat gene in African green monkey cells and
compared the whole proteome with normal cells and identified secretory leukocyte protease inhibitor (SLPI), a protein with
known extracellular anti-HIV-1 activity, as an over-expressed protein in the presence of HIV-1 Tat protein by 2D-PAGE
and mass spectrometry analysis. We also showed that overexpression of SLPI in the presence of HIV-1 Tat was specific to
monkey cells. Our results also suggest that SLPI had a previously undiscovered intracellular anti-HIV activity in addition
to its extracellular activity.
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Introduction

Human immunodeficiency virus type-1 (HIV-1), the cause
of AIDS in humans, is derived from a clade of lentiviruses
known as simian immunodeficiency viruses (SIVs), found
naturally in species of old-world monkeys (OWMSs) in
Africa. It is estimated that OWMSs were infected by SIVs
as far back as 16 million years ago [1]. During this period,
OWMs evolved mechanism(s) that protect them from
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developing SIV related diseases [2]. Thus, while OWMs can
be efficiently infected by their species-specific SIVs without
any apparent symptoms, HIV-1 infections are pathogenic
in humans, since human populations acquired HIV-1 only
around 100 years ago [3].

Although OWMs can be infected by their species-spe-
cific SIVs, they are resistant to infection by HIV-1. This
is perhaps due to exposure of OWMs to past infections by
HIV-1-like viruses that led to the emergence of restriction
mechanism(s) against HIV-1. HIV-1 can effectively enter
the cells of humans and OWMs including African Green
Monkey (AGM) and macaques. However, it is inefficient in
replicating and inducing pathogenesis in monkeys due to the
restriction of the virus in cells by several cellular proteins
which operate before the integration of the viral genome into
the host chromosome [4—6]. Characterization of HIV-1 host
restriction factors led to the construction of modified viruses
designed to overcome known restriction factors in an attempt
to develop animal models of AIDS in macaques. However,
although these monkey-adapted viruses initially efficiently
replicated in animals, virus numbers dropped to undetectable
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levels unless the animals were immunocompromised by CDS8
cell depletion during and after experimental infections [7,
8]. These results indicate the possibility of the presence of
yet unidentified factor(s) that restrict HIV-1 in OWM cells
after integration of the viral genome into the host cell chro-
mosome. In the light of these findings, we hypothesized that
OWMs might have evolved resistance mechanism(s) against
HIV-1 by switching specific gene(s) on or off in response to
the synthesis of viral proteins in infected cells. This strategy
would not only help the cellular economy but could also
protect the cells from the potential side effects of anti-viral
genes unless the cells were infected with the virus.

HIV-1 Tat is among the first viral proteins to be syn-
thesized in the infected cells and it regulates HIV-1 gene
expression. Specifically, Tat is a transcription activator of
the viral LTR promoter, and it is also known to affect the
expression of several host genes in the infected cells [9],
making it a strong candidate for the activation of potential
host resistance genes. To test our hypothesis, we aimed to
identify over-expressed proteins in HIV-1 far-expressing
AGM cells by two-dimensional polyacrylamide gel electro-
phoresis and mass spectrometry and investigate their poten-
tial anti-HIV-1 effects. Here we report the overexpression of
secretory leukocyte protease inhibitor (SLPI), a protein with
known extracellular anti-HIV-1 activity [10-12], in AGM
but not in human cells in the presence of HIV-1 Tat protein.
We also showed that overexpression of SLPI in both human
and AGM cells led to lower production of HIV-1 in single-
round infection delineating a previously unknown intracel-
lular effect of SLPI.

Material and methods
Plasmids and antibodies

Mammalian expression vector pBud-CE4.1 and luciferase
expression plasmid pNL3.2.NF-kappaB-RE were purchased
from Thermo Fisher Scientific and Promega, respectively.
Plasmids pCV1, pHIVlacZ, which drives the expression
of the LacZ gene from HIV-1 LTR promoter and pNL4.3
(a molecular clone of HIV-1) were obtained from the NIH
AIDS reagent program (www.aidsreagent.org). pHIV-luc
plasmid, which drives the expression of nano luciferase
gene from the HIV-1 LTR promoter, was constructed as fol-
lows: Nanoluciferase gene, amplified by PCR using primers
Luc_F (5'-AAGCTTGCCACCATGGTCTTCACACTC-3"),
and Luc_R (5'-GAATTCCCCAATACGCAAACGGAT
CC-3") from plasmid pNL3.2.NF-kappaB-RE was restric-
tion digested with HindIIl and Munl enzymes and cloned in
place of the LacZ gene in pHIVLacZ plasmid digested with
enzymes HindIII and EcoRI. HIV-1 Tat expression plasmid
pBud-Tat was constructed as follows: PCR amplified Tat

cDNA from plasmid pCV1 using primers Tat_F (5'-GCG
GCCGCACCATGGAGCCAGTAGATC-3') and Tat_R (5'-
AGATCTATTCCTTCGGGCC-3') that contained Notl and
BglII restriction enzyme sequences (underlined), respec-
tively, was digested with NotI and BglII and cloned down-
stream the EF-1a promoter in pBud-CE4.1 vector linearized
with the same enzymes. The functionality of the cloned
HIV-1 Tat protein was confirmed by luciferase assay on the
extracts of 293T cells co-transfected with pHIV-luc plasmid
and either with empty vector pBud-CE4.1 or Tat-expressing
plasmid pBud-Tat (Fig. 1). Luciferase expression in plasmid
pHIV-luc is driven by the HIV-1 LTR promoter which is
induced by Tat protein. Luciferase activity was about 15
times higher in cells transfected with Tat expression plasmid
compared with cells that contained empty vector, confirming
the functionality of the cloned HIV-1 Tat.

Plasmid pBud-SLPL,,,, which expresses SLPI gene from
AGM was constructed as follows: AGM SLPI (SLPI,,,)
cDNAs were amplified by reverse transcriptase PCR from
total RNA extracts of CV-1 cells using the primer pair
SLPI_F: 5'-CTGCAGCACCATGAAGTCCAGYGGCC-3'
and SLPI_R: 5'-TCTAGATCAAGCTTTCACAGGGGA
AACG-3', which contained restriction enzyme sites Pstl and
Xbal (underlined), respectively. Restriction enzyme digested
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Fig. 1 Luciferase activity of 293T cell extracts transfected with indi-
cated plasmids, relative to pHIV-luc transfected cells. LacZ: pHIV-
luc; empty: pBud-CE4.1; Tat: pBud-CE4.1-Tat. (*p<0.005). The
experiments were repeated three times in duplicates, and the data
shown are the mean of the data from three experiments
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cDNAs were then cloned downstream the CMV promoter
in pBud-CE4.1 vector linearized by the same restriction
enzymes to generate plasmid pBud-SLPI,, ..

Rabbit polyclonal antibodies against human SLPI (also
reacts with mouse SLPI) (PA5-20385), human GAPDH
(PA1-987) and HRP-linked anti-rabbit/mouse IgG (31464)
were purchased from Thermo Fisher Scientific. Rabbit
polyclonal antibodies against HIV-1 Tat (705) and GST-Tat
fusion protein (2367) were obtained from NIH AIDS Rea-
gent Program.

Cell culture and transfection

CV-1 (Chlorosebus tantalus kidney) [13, 14], COS7 (a
derivative of CV-1 that expresses SV40 large T antigen),
Vero (Chlorocebus sabaeus kidney) [15], HeLa (human
epithelial cervical carcinoma) and 293T (human embryonic
kidney cell line that expresses both adenovirus E1A/E1B
and SV40 T antigen) [16] cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (FBS) and 2 mM L-glutamic acid. All cells
were incubated in 5% CO, and 90-100% relative humidity
at 37 °C. Confluent cultures were passaged at a ratio of 1:4
or 1:6 every 2-3 days with the use of trypsin-EDTA (0.25%
and 0.02%, respectively). High-quality plasmid DNAs suit-
able for transfection were purified using PureLink HiPure
plasmid midiprep kit (Thermo Fisher Scientific). One day
after seeding of 2 103 cells into 24-well plates, all cells
were transfected with 250 ng of each plasmid using Turbo-
Fect™ in vitro transfection reagent (Thermo Fisher Scien-
tific). Transfected cells were analyzed 48 h post-transfection.
Transfection efficiencies of cell lines were determined and
shown to be similar by qRT-PCR analysis with specific
primers for the zeocin resistance gene present in the plas-
mids (data not shown).

Luciferase activity assay

Luciferase reporter assay was performed in an ARVO X
plate reader (PerkinElmer), using Nano-Glo® Luciferase
Assay System, according to the manufacturer’s instructions
(Promega). Data were measured as the ratio of luminescence
from the experimental reporter to the luminescence from the
control reporter and normalized to control wells.

Protein extraction from cultured cells

Proteins were extracted from cultured cells lysed with Pro-
teoJET™ Mammalian Cell Lysis Reagent containing Halt™
protease inhibitor cocktail (Thermo Fisher Scientific), by
cell centrifugation at 12,000xg at 4 °C for 10 min. The
supernatants were collected as the whole cell extracts and
stored at — 80 °C for further use. Protein concentration was
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determined by using the Bradford protein assay kit (Thermo
Fisher Scientific).

Separation of proteins by two-dimensional
polyacrylamide gel electrophoresis (2D-PAGE)

Two hundred and fifty micrograms of protein extracts from
cultured cells were loaded onto IPG strip (Bio-Rad Labo-
ratories) and subjected to isoelectric focusing using PRO-
TEAN IEF CELL (Bio-Rad Laboratories) at 20 ‘C. The IEF
program was as follows: 50 V, 2 h; 300 V, 2 h; 500 V, 1 h;
1000 V, 2 h and then 8000 V for 1 h with the maximum cur-
rent limit of 50 pA. Following IEF, strips were equilibrated
two times for 20 min, first in 20 ml of 50 mM Tris—HCl (pH
8.8), containing 6 M urea, 20% glycerol, 2% SDS (sodium
dodecylsulfate) and 2% w/v DTT (dithiothreitol), and then
in same buffer containing 2.5% w/v IAA (iodoacetamide)
instead of DTT. Strips were then subjected to second dimen-
sion gel electrophoresis on a 12% SDS-PAGE gel (1 mm gel
thickness) using a vertical electrophoresis unit (Protean II
xi 2-D Cell, Bio-Rad Laboratories) at a constant voltage of
90 V until the dye front reached 0.5 cm above the bottom of
the gel. The gels were fixed in a mixture of 40% v/v ethanol
and 10% v/v glacial acetic acid for 12 h with continuous
shaking and then the proteins were visualized by Coomassie
blue staining. Differentially expressed protein spots were
determined visually and excised from the gel for mass spec-
trometry analysis.

Protein identification by mass spectrometry

Protein spots excised from the 2D-PAGE gel of CV1 cell
proteome in the pl range of 3—10 were taken separately into
a microcentrifuge tube and rinsed with wash solution (50%
methanol, 5% acetic acid) in room temperature by several
changes of the solution until the dye was removed from the
gel. Following dehydration of the gels with acetonitrile and
drying under vacuum, proteins in the gel spots were first
reduced with a solution containing 100 mM ammonium
bicarbonate and 10 mM DTT and then alkylated with a
solution containing 100 mM iodoacetamide and 100 mM
ammonium bicarbonate. In-gel digestion of the proteins
was carried out overnight at 37 °C using 20 pg/ml trypsin
solution prepared in 50 mM ammonium bicarbonate. Then,
peptides were extracted from each gel piece separately and
desalted with C18-ZipTip (Millipore) before analysis. Mass
spectrometry analysis of the peptides was carried out with
the Autoflex IIT smart beam MALDI TOF/TOF MS (Bruker
Daltonics, Germany) instrument. Two-layer matrix prepara-
tion method was used and alpha-cyano-4-hydroxycinnamic
acid (CHCA) was prepared as a matrix solution. The mass
spectra were recorded in reflectron positive ion mode and
each peptide peak was selected for MS/MS analysis using
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argon as the collision gas. The data obtained from MS/MS
analysis were searched against the SwissProt database (ver-
sion 2015_06) (https://www.uniprot.org/) using probabil-
ity-based search engine Mascot (version 2.5) (https://www.
matrixscience.com) for identification of the corresponding
proteins.

Total RNA extraction and real-time quantitative
reverse transcriptase PCR (qRT-PCR)

Total RNAs from cells were isolated by using GeneJet RNA
Purification Kit (Thermo Fisher Scientific), and residual
traces of genomic DNAs were removed from RNA sam-
ples using RNase free DNase I (Thermo Fisher Scientific)
according to manufacturer’s protocol. Complementary
DNAs (cDNAs) were synthesized from 500 ng of total RNA
by using the RevertAid™ H Minus First Strand cDNA Syn-
thesis Kit (Thermo Fisher Scientific) with oligo(dT) primer
according to manufacturer’s protocol. qRT-PCR was car-
ried out in Lightcycler 480 instrument (Roche Life Sciences)
with gene-specific primers using Maxima™ SYBR Green
gPCR Master Mix (Thermo Fisher Scientific). The PCR con-
dition was as follows: 1 cycle at 50 °C for 2 min, 1 cycle at
95 °C for 10 min, 40 cycles at 95 °C for 15 s, 62 °C for 30 s,
and 72 °C for 30 s. One-tenth of the products were analyzed
on 2% agarose gel. mRNA levels of the amplified genes
were calculated using the 2(-Delta Delta C(T)) (2;4%)
method [17]. Primers used for the amplification of target
genes were as follows: SLPI, 5'-GCATCAAATGCCTGG
ATCCT-3’ (forward for both human and monkey), 5'-GCA
TCAAACATTGGCCATAAGTC-3’ (reverse for human)
and 5'-GCATCATACATTGGCCGTAAGCC-3' (reverse
for monkey); GAPDH, 5'-AGAAGGCTGGGGCTCATT
TG-3' (forward for both human and monkey) and 5'-AGG
GGCCATCCACAGTCTTC-3' (reverse for both human and
monkey); Zeocin resistance gene, 5'-TGATGAACAGGG
TCACGTCGT-3' (forward) and 5'-"AAGTTGACCAGTGCC
GTTCCG-3' (reverse); HIV-1 gag, 5'-AGTRGGGGGACA
YCARGCAGCHATGCARAT-3' (forward) and 5-TACTAG
TAGTTCCTGCTATRTCACTTCC-3' (reverse) [18]; HIV-1
tat, 5'-AGATCTAGACTAGAGCCCTGGAA-3' (forward)
and 5'-CAAACTTGGCAATGAAAGCAACAC-3' (reverse).

Genomic DNA purification
Genomic DNA from cells were isolated by using GenelJet

genomic DNA Purification Kit (Thermo Fisher Scientific),
according to manufacturer’s protocol.

SDS-PAGE and Western blot analysis

Twenty-five micrograms of total proteins extracted from
cultured cells were separated on 10% SDS polyacrylamide

gel and then transferred onto nitrocellulose membranes
(Thermo Fisher Scientific). The membranes were blocked
in PBST (phosphate-buffered saline with 0.1% Tween-20)
containing 5% nonfat milk for 2 h at room temperature and
then probed with primary antibodies. After overnight incu-
bation, the membranes were washed with PBST and further
incubated with the corresponding secondary antibodies con-
jugated with horseradish peroxidase followed by extensive
washing with PBST. Immunoreactivity was visualized by
using SuperSignal West Pico Chemiluminescent Substrate
(Thermo Fisher Scientific) according to the manufacturer’s
protocol and the results were recorded by VersaDoc Molecu-
lar Imager (Bio-RAD).

Results

Identification of SLPI as a differentially expressed
protein in CV-1 cells transfected with HIV-1 Tat
expression vector

In order to find possible over-expressed host genes in the
presence of HIV-1 Tat protein, we performed a comparative
analysis of total proteins extracted from AGM CV-1 cells
transfected with either tat-expressing or empty vector plas-
mids after separation by two-dimensional polyacrylamide
gel electrophoresis (2D-PAGE). Proteins spots that were
distinctly over-expressed only in Tat-expressing cells were
isolated from the 2D gel (Fig. 2) and identified by MALDI-
TOF-MS-MS, based on peptide mass matching (Table 1).
One of the spots numbered 15 in Fig. 2b was identified as
the secretory leukocyte protease inhibitor (SLPI) with high
MOWSE score by MASCOT. SLPI is a small acidic pro-
tein secreted by many cell types including epithelial and
dendritic cells [19]. The position of the spot 15 on 2D gel
matched the expected isoelectric point (pI) and molecu-
lar weight of the SLPI protein, which were 9 and 14 kD,
respectively. SLPI caught our attention since it was previ-
ously identified as a secreted protein with diverse functions
including anti-inflammatory and anti-HIV-1 activities [20].
Therefore, we focused our attention on SLPI as a possible
anti-HIV-1 factor that is induced by the presence of HIV-1
Tat protein in AGM cells.

SLPI expression is induced by HIV-1 Tat protein
in monkey cells but not human cells

To confirm the induction of SLPI expression by Tat pro-
tein, we performed real-time quantitative reverse tran-
scriptase PCR (qQRT-PCR) using gene-specific primers on
total RNA extracted from pBud-Tat transfected and empty
vector transfected monkey and human cell lines. To exam-
ine whether the effect of Tat on SLPI expression in AGM
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(a) CV1
pH: 3

» pH: 10

(c)

CV1-Tat CVI GST-Tat

Fig.2 2D-Page analysis and comparison of the total proteome from;
a CV-1 cells transfected with the empty expression vector pBud-
CE4.1, and b CV-1 cells transfected with the HIV-1 Tat-expressing
plasmid pBud-CE4.1-Tat. Proteins overexpressed in CV-1-Tat cells
are encircled and numbered. Protein spot 15 was identified as SLPI. ¢

cells is unique to the CV-1 cell line, we compared SLPI
expression levels of this cell line with two additional cell
lines derived from AGMs, (COS-7, a derivative of CV-1
cells and belong to same species, Chlorocebus tantalus
and Vero cells, derived from the same tissue (kidney) but
from a separate AGM species, Chlorocebus sabaeus) and
two human cell lines (HeLa and 293T) (Fig. 3). In each of
the AGM cell lines (CV-1, COS7 and vero), SLPI mRNA’s
were increased between 10-100 fold in the presence of
HIV-1 Tat protein, indicating that the effect of Tat on SLPI
expression was conserved in these AGM species, whereas
no change was observed in human (HeLa and 293T) cell
lines, indicating a species-specific response by AGM cells
to HIV-1 Tat protein, hinting to a possible evolutionary
adaptation against HIV-1 infection.

@ Springer

(b) CV1-Tat
pH: 3

» pH: 10

Confirmation of HIV-1 Tat protein production in CV1-Tat cells. Same
protein extracts used in a and b were subjected to Western blot analy-
sis using antibodies against Tat. GST-Tat fusion protein was used as
positive control

We further analyzed SLPI expression by western blot,
using anti-SLPI polyclonal antibodies on total proteome
extracted from pBud-Tat or empty vector transfected AGM
and human cell lines (Fig. 4). In each of the AGM cell lines
(CV-1, COS7, and vero), SLPI protein levels were consider-
ably increased in the presence of HIV-1 Tat protein, whereas
no change was observed in human (HeLa and 293T) cells,
validating our qRT-PCR data.

HIV-1 infection leads to a higher induction of SLPI
mRNA expression in CV-1 cells compared to 293T
cells

Since Tat protein is produced in HIV-1 infected cells, we inves-
tigated the expression of SLPI mRNA in HIV-1 infected CV1
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Table 1 Over-expressed proteins in CV-1-Tat cells identified by MALDI TOF/TOF MS and Mascot software
Spot* Matched protein Accession number® Mascot score  pl Molecular  Peptide matches
. 4 mass (kD)
Theoretical® Gel
1 Glial fibrillary acidic protein Q53H98 54 542 4 50 LALDIEIATYR
(Homo sapiens)
2 No significant hits - 0 - - - -
3 Heat shock cognate protein QOH3R6 49 5.37 5 71 TVTNAVVTVPAYFNDSQR
(Homo sapiens)
4 No significant hits - 0 - - - -
5 No significant hits - 0 - - - -
6 Pyruvate kinase (Homo sapiens) Q53GK4 72 7.96 9 58 DPVQEAWAEDVDLR
7 Phosphoglycerate kinase 1 Q5J7W1 100 8.30 9.2 45 LGDVYVNDAFGTAHR
(Homo sapiens) IVWNGPVGVFEWEAFAR
No significant hits - 0 - - - -
9 Glyceraldehyde-3-phosphate Q53X65 47 8.57 9.5 36 LISWYDNEFGYSNR
dehydrogenase (Homo sapi-
ens)
10 Malate dehydrogenase, mito- P40926 282 8.92 95 35 GCDVVVIPAGVPR
chondrial (Homo sapiens) IFGVTTLDIVR
VDFPQDQLTALTGR
11 Glyceraldehyde-3-phosphate Q53X65 56 8.57 9.5 36 LISWYDNEFGYSNR
dehydrogenase (Homo sapi-
ens)
12 No significant hits - 0 - - - -
13 No significant hits - 0 - - - -
14 Endonuclease 8-like 2 Q5RAJ7 38 6.41 55 37 FHHLVSPFVGQQV VK-
(Pongo ebelii) TGGSSK
FDPDEEMGPPGSSPPPEP-
PQKEAQK
LTWWCPQCQPQL-
SEEPEQRQFS
15 Secretory leukocyte protease P03973 41 9.11 95 14 CCPDTCGIK
(Homo sapiens) CCMGMCGK
16 No significant hits - 0 - - - -
17 No significant hits - 0 - - - -
18 No significant hits - 0 - - - -

2Spot numbers were assigned by visual inspection of the 2D-PAGE image (Fig. 2)

bAccession number from SwissProt database
“Calculated by Mascot Database
d0bserved on the 2D-PAGE image (Fig. 2)

and 293T cells. Both cell types are unsusceptible for HIV-1
infection due to the absence of the CD4 receptor required for
HIV-1 binding to susceptible cells [21, 22]. Furthermore, CV1
cells are normally resistant to HIV-1 infection due to prema-
ture uncoating of virus particles and prevention of reverse tran-
scription, mediated by the species-specific restriction factor
Trim5alpha [23]. To overcome these obstacles, we transfected
both CV1 and 293T cells with pNL4-3, a molecular clone
of HIV-1, in order to achieve efficient infection [24]. Then,
we performed qRT-PCR using SLPI-specific primers on total
RNA extracted from pNL4-3 and mock-transfected CV-1 and
293T cells (Fig. 5a). SLPI mRNA expression was induced
five-fold in CV-1 cells transfected with pNL4-3 compared

to mock-transfected CV-1 cells. However, contrary to our
expectations, there was a two and a half-fold increase in SLPI
mRNA levels in pNL4-3 transfected 293T cells compared to
mock-transfected 293T cells. These results indicate that, unlike
in Tat-expressing 293T cells, SLPI expression is induced in
HIV-1 infected 293T cells, albeit to a lesser extent compared
to HIV-1 infected CV-1 cells.
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Fig.3 HIV-1 Tat protein induces the expression of SLPI in AGM
(a) but not human cells (b). Cells, transfected with pBud-Tat (tat) or
with empty vector (mock), were cultured for 48 h and subjected to
reverse transcriptase qPCR analysis with specific primers for SLPI,
and GAPDH. The expressions of SLPI mRNAs in each cell line was
normalized to GAPDH expression in the corresponding cells and is
shown in graphs as mean=+s.d. Even transformation of cells with the
plasmids was confirmed by analyzing the expression of zeocin resist-
ance gene which was present in both the empty and Tat-expressing
plasmids. Zeocin resistance gene expression levels in all transfected
cells were similar (data not shown). The experiments were repeated
three times in duplicates, and the data shown are the mean of the data
from three experiments

AGM SLPI (SLPI,,,,) overexpression leads

to decreased expression of HIV-1 gag in CV-1
and 293T cells transfected with HIV-1 molecular
clone pNL4-3

It was shown that human SLPI protein prevented HIV-1
infection of susceptible human cells by its ability to modu-
late the interaction of the CD4 receptor with scramblases
[11, 12]. The known anti-HIV-1 effect of SLPI is thus
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extracellular. There is no information regarding any intra-
cellular effects of SLPI on HIV-1 infection and production.
Overexpression of SLPI in AGM cells in the presence of
HIV-1 Tat, suggests that SLPI may have previously unknown
anti-HIV-1 effects in infected cells. We, therefore, exam-
ined whether AGM SLPI protein had any effect on HIV-1
production in both human and AGM cells transfected with
the molecular clone of HIV-1 (pNL4-3). To evaluate the
effect of SLPI protein on HIV-1 production, we transfected
the cells with pNL4-3 and compared the expression of the
HIV-1 gag gene in SLPI,,,,, over-expressed cells with normal
cells. We found that gag-specific mRNAs in SLPL,,, overex-
pressed AGM (CV-1) and human (293T) cells were reduced
three- and six-fold, respectively, compared with the normal
cells (Fig. 6a). This result showed that SLPI,,,,, was effective
on HIV-1 transduced cells of both human and AGM origin
in leading to a reduction in gag expression and hence virus
production. SLPI and Tat specific mRNA productions were
also measured in order to monitor and confirm the expres-
sion of the SLPI and Tat in transfected cells (Fig. 6b, c).

Discussion

HIV-1 variants constructed to overcome restriction factors
known to exist in OWMs were able to replicate in mon-
keys but could not establish persistent infection unless the
animals were immunocompromised [7, 8, 25, 26] tipping
the immune balance in favor of the virus. This outcome
suggests the presence of yet unidentified immune mecha-
nisms in OWMs and prompted us to investigate whether
AGM cells produced any intrinsic factor(s) with anti-HIV-1
activity in response to HIV-1 Tat protein that would mimic
HIV-1 infection. We chose Tat since it is among the first
viral proteins produced in infected cells and has the ability
to modulate both viral and cellular gene expression [27].
Our results showed clearly the overexpression of SLPI in
different AGM cells expressing HIV-1 Tat protein or infected
by an HIV-1 molecular clone. However, there were big dif-
ferences in the amount of the induction of SLPI mRNA
expression in different AGM cell lines (Fig. 3). Induction
was 120-fold in CV1 cells, 35-fold in Vero cells and 13-fold
in Cos7 cells. Since Cos7 cells are a derivative of the CV1
cells that express SV40 large T antigen it was possible that
SLPI induction was somehow affected by the large T anti-
gen. It was shown that SV40 large T expression resulted in
the induction of interferon stimulated genes (ISG)s [28], and
ISGs are known to cause the inhibition of protein synthesis
in the cells [29]. On the other hand, Vero and CV1 cells
belong to different species of the AGMs and the differences
in SLPI mRNA induction in those cells could simply be due
to this fact. The difference of SLPI induction in AGM cell
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Fig.4 SLPI production is increased in AGM cells in the presence
of HIV-1 Tat. a Western blot analysis of SLPI protein in AGM and
human cells transfected with either pBud-Tat (4) or empty vec-
tor (—). Total protein was isolated from cells 48 h after transfection
and subjected to Western blot analysis using antibodies against SLPI.
Membranes were re-probed with anti-GAPDH antibodies to ensure,
if any, the effect of HIV-1 Tat expression and even protein loading in
each lane. The doubling of the SLPI protein band could be the result
of alternative splicing of the SLPI mRNA or post-translational pro-

lines was also evident at the protein level and correlated with
the mRNA levels (Fig. 4).

Although it is very well established that in human cells,
Tat can regulate the expression of many cellular genes by
several mechanisms [27], whether the overexpression of
SLPI was mediated directly by Tat or indirectly by other Tat-
responsive factors remains to be determined. However, the
involvement of interferons is unlikely since interferons are
generally produced in response to viral structural proteins.
Whichever the mechanism, our results suggest that AGMs
are evolved to express SLPI in response to HIV-1 Tat pro-
tein, at least in the cell types we tested. Tat responsiveness of
other AGM cell types, particularly T-cells and macrophages
in terms of SLPI expression remains to be determined.

Cos7 Cos7

HeLa HeLa
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e
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0.05

Normalized SLPI protein level \GAPDH)

e
o
=)
1
-

HeLa HeLa 293T 293T

cessing of SLPI protein in AGM cells. b Statistical analysis of west-
ern blot data (n=3 of each) was performed using SPSS (Version16.0
Inc, USA). One-way ANOVA was used to analyze the protein levels
of SLPI between Tat and empty vector transfected cell lines, fol-
lowed by Tukey’s post-hoc test using the Graph pad prism software
Inc., (Version 7.0, California, USA). Western Blot results were
expressed as mean+SEM (standart error of mean). Statistically dif-
ferences were considered to be significant at *p <0.05, *¥p <0.01 and
*#%p <0.001

Although there was no change in the expression of SLPI
in Tat-expressing human cells we tested, there was a two
and a half-fold increase in SLPI in human cells infected with
the molecular clone of HIV-1 (Figs. 3 and 5). This increase
which was very low compared with the five-fold increase
seen in AGM cells could be explained by the findings of
Jana et al. [30]. In their study, HIV-1 virus particles incu-
bated with human oral epithelial cells was shown to increase
SLPI expression independent of infection as a result of the
interaction of the gp120 protein in the virus envelope with
the cell surface. The interaction was shown to be completely
extracellular and could also be mediated by inactivated virus
particles. Therefore, the increase in SLPI expression we
observed in human cells was likely due to virus particles
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Fig.5 HIV-1 infection induces SLPI mRNA expression in CV-1 and » (a) 0.04
293T cells. pNL4-3 (pNL) or mock-transfected cells were cultured
for 24 h. Total RNA and DNA were purified from cell lysates and
analyzed by RT qPCR for SLPI, Tat and GAPDH from RNA tem-
plate and by qPCR for HIV-1 Tat and GAPDH from DNA template.
a Relative SLPI mRNA levels in mock and pNL4-3 transfected cells.
b Confirmation of efficient and even infection of cells by HIV-1 fol-
lowing transfection with pNL4-3 was performed by analyzing DNA
levels for HIV-1 tat gene. ¢ Confirmation of HIV-1 Tat expression in
pNLA4-3 transfected cells. The expression of SLPI and Tat mRNAs,
and the amount of far DNA in each cell line was normalized to
GAPDH mRNA and DNA, respectively in the corresponding cells
and was shown as mean=+s.d. The experiments were repeated three
times in duplicates, and the data shown are the mean of the data from
three experiments. Statistically differences were considered to be sig-
nificant at *p <0.05, **p <0.01 and ***p <0.001 0.00

0.03

0.02

0.01

Relative TAT DNA amount

CV1-pNL 293T-pNL
(b)

produced by HIV-1 transduced human cells but not due to

Tat protein.

We showed that the amount of HIV-1 Gag-specific
mRNA (Fig. 6a) produced in SLPI overexpressed mon-
key and human cells transduced with HIV-1 molecular
clone pNL4-3 was three- and six-fold lower, respectively,
compared to those in which SLPI was not over-expressed
(Fig. 6a). Reduction of Gag mRNA expression in the pres-
ence of SLPIin CV1 cells was lower compared to 293T cells
due to the already low levels of Gag mRNA in CV1 cells
transduced with pNL4-3 plasmid. This could be explained
due to increased overexpression of SLPI in the presence of
HIV-1 Tat protein produced in pNL4-3 transduced CV1 cells
(Fig. 6b) and confirms our earlier findings (Fig. 5). These
results hint to an intracellular inhibitory effect of SLPI on
HIV-1 replication, which could not be due to the known
extracellular activity of SLPI, since we infected cells with
an HIV-1 molecular clone by transfection rather than using 0.00
infectious viral particles, bypassing virus attachment and
entry steps. Also, since the infections of CV-1 and 293T
cells were single-round due to the lack of cellular receptor,

CD4, for HIV-1 [31] in these cells [21, 22], the possibility

of SLPI’s extracellular inhibitory effect on virus entry [11, (c)

12] to initiate new infections, especially in culture medium 0.020
of 293T cells was excluded.

Since our findings hint to an intracellular anti-HIV-1
activity of SLPI in addition to its previously known extra-
cellular anti-HIV-1 activity, we speculate that, in cases
where HIV-1 particles escape from restriction factors and
manage to infect monkey cells, induction of SLPI by Tat
can lead to lower virus production in infected cells. We
also speculate that since HIV-1 Tat protein secreted by
infected cells is known to diffuse into neighboring cells
[32], it may induce an anti-HIV-1 state in uninfected cells 0.000
by inducing SLPI production and secretion and thus pro-
tecting neighboring cells from HIV-1 infection through
SLPI’s extracellular anti-HIV-1 activity [11, 12]. Thus,
overexpression of SLPI in HIV-1 infected cells could

0.12 otk

0.08

0.04

relative SLPI mRNA expression

0.015

0.010
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Relative TAT mRNA...
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Fig.6 The effect of overexpression of SLPL,, protein on HIV-1 gag »

gene expression in pNL4-3 transfected cells. Cells (CV1 and 293T),
transfected with pNL4-3 (pNL) or pNL4-3 and pBud-SLPI (SLPI) or
with empty vector, were cultured for 48 h and subjected to reverse
transcriptase qPCR analysis with specific primers for GAG, SLPI,
Tat and GAPDH. The expressions of GAG, SLPI and Tat mRNAs
in each cell line was normalized to GAPDH expression in the cor-
responding cells and is shown in graphs (a), (b) and (c), respectively
as mean=+s.d. SLPI expression (b) was analyzed to confirm the over-
expression of SLPI in pBUD-SLPI transfected cells, and Tat specific
mRNAs (c¢) were analyzed to confirm the expression of tat gene in
pNL4-3 transduced cells. The experiments were repeated three times
in duplicates, and the data shown are the mean of the data from three
experiments. Statistically differences were considered to be signifi-
cant at *p <0.05, *¥p <0.01 and ***p <0.001

potentially tip the balance in favor of the host immune
system in a fight against HIV-1 infection and lead to the
elimination of the virus from the host.

SLPI is also known to have anti-inflammatory effects
through its prevention of the activation of nuclear factor kB
(NF-kB), a transcription factor that increases the synthesis
of several pro-inflammatory mediators [20, 33, 34]. Thus,
it may have an extra role in protecting an HIV-1 infected
host against progression into AIDS. In many studies, it has
been shown that persistent activation of the immune sys-
tem (chronic inflammation) during HIV-1 infection is the
most important cause of T cell reduction and progression
to AIDS [35-38]. In a study performed in AGMs, it was
determined that the anti-inflammatory profile developed in
SIV infected monkeys protected them against AIDS [39].
Anti-inflammatory profile in SIV infected monkeys was due
to an excessive increase in anti-inflammatory cytokine IL-10
levels and stable levels of pro-inflammatory cytokines. In a
different study, it was shown that SLPI caused overproduc-
tion of IL-10 in human macrophage cells [40], suggesting
a potential role of SLPI in the development of anti-inflam-
matory profile in humans and contribution to delay in AIDS
progression through IL-10. These data suggest that in addi-
tion to reducing HIV-1 production in infected cells, SLPI
may also have a preventive role in progression to AIDS in
infected individuals. A study in Colombia, on elite control-
lers of HIV-1 infection, showed that PBMC cells in those
patients produced significantly higher amounts of SLPI
compared to non-controller patients [41]. Also, the immune
system activation in elite controllers remained low compared
to non-controllers, supporting our argument.

Our results suggest the presence of a previously undiscov-
ered anti-HIV-1 mechanism mediated by SLPI in monkey
cells. In addition, the increase of SLPI production by AGM
cells in the presence of HIV-1 Tat protein indicates that these
cells evolved to detect and respond to HIV-1 infection. We
believe that the investigation of the subject in different AGM
and other OWM cells known to be resistant to HIV-1 is
essential to reinforce our notion and to lead to future clinical

(@)

(b)

(©

0.09

©
o
<2}

Relative GAG mRNA expression
©
o
w

0.5

© o o
N w i

Relative SLPI mRNA expression

o©
i

0.0

g
o
<

°
o
s

g
o
G

°
o
s

0.03

0.02

0.01

Relative TAT mRNA expression

0.00

* %k

* %

* % I

@ Springer



192

Virus Genes (2020) 56:182-193

studies using SLPI for the control of HIV-1 infection and
AIDS progression in patients infected with HIV-1.
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