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Abstract: Animal lentiviruses (LVs) have been proven to have the capacity to cross the species barrier,
to adapt in the new hosts, and to increase their pathogenesis, therefore leading to the emergence
of threatening diseases. However, their potential for widespread diffusion is limited by restrictive
cellular factors that block viral replication in the cells of many species. In previous studies, we
demonstrated that the restriction of CAEV infection of sheep choroid plexus cells was due to aberrant
post-translation cleavage of the CAEV Env gp170 precursor. Later, we showed that the lack of specific
receptor(s) for caprine encephalitis arthritis virus (CAEV) on the surface of human cells was the
only barrier to their infection. Here, we examined whether small ruminant (SR) cells can support
the replication of primate LVs. Three sheep and goat cell lines were inoculated with cell-free HIV-1
and SIVmac viral stocks or transfected with infectious molecular clone DNAs of these viruses. The
two recombinant lentiviral clones contained the green fluorescent protein (GFP) reporter sequence.
Infection was detected by GFP expression in target cells, and the infectious virus produced and
released in the culture medium of treated cells was detected using the indicator TZM-bl cell line.
Pseudotyped HIV-GFP and SIV-GFP with vesicular stomatitis virus G glycoprotein (VSV-G) allowed
the cell receptors to be overcome for virus entry to further evaluate the viral replication/restriction
in SR cells. As expected, neither HIV nor SIV viruses infected any of the SR cells. In contrast, the
transfection of plasmid DNAs of the infectious molecular clones of both viruses in SR cells produced
high titers of infectious viruses for human indicators, but not SR cell lines. Surprisingly, SR cells
inoculated with HIV-GFP/VSV-G, but not SIV-GFP/VSV-G, expressed the GFP and produced a virus
that efficiently infected the human indictor, but not the SR cells. Collectively, these data provide a
demonstration of the lack of replication of the SIVmac genome in SR cells, while, in contrast, there
was no restriction on the replication of the IV-1 genome in these cells. However, because of the lack
of functional receptors to SIVmac and HIV-1 at the surface of SR cells, there is specific lentiviral entry.

Keywords: HIV-1; SIVmac; small ruminant cells; restriction; replication

1. Introduction

Animal reservoirs are often the origin of pathogen spillovers that potentially lead to
the emergence or re-emergence of several infectious diseases in other hosts, including hu-
mans. This cross-species transmission was not only observed recently with the coronavirus
disease 2019 (COVID-19) pandemic [1], but LVs were shown to spillover between animal
species and zoonosis [2]. They were also the origin of the acquired immunodeficiency
syndrome (AIDS) pandemic that started four decades ago [1,3]. Indeed, humans are not the
natural hosts of human immunodeficiency virus type 1 (HIV-1); rather, these LVs resulted
from multiple zoonotic infections of simian immunodeficiency viruses (SIV) primarily
originating from African non-human primates [4,5]. Other instances of SIV jumping the
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species barrier have been documented between non-human primates (NHP) [6-8]. Simi-
larly, it is well accepted now that there is no natural barrier of goat and sheep lentiviruses
in small ruminants [9]. Goat lentiviruses were shown to naturally infect sheep [10] and vice
versa [11]. These viruses were also shown to cause infections in wild small ruminants [12].
Experimentally infected cows with CAEV do replicate the virus productively up to four
months post-infection and then fully clear the virus infection [13,14]. In contrast, moufflons
experimentally infected with the same virus remain persistently infected for over two
years [15]. Lentivirus transmission is achieved through close contact with blood, semen or
milk containing the infected cells [16,17]. However, there are several barriers established by
the host at various stages of the infection that need to be bypassed for the virus to replicate
effectively in a host; these barriers are referred to as restriction factors. An initial obstacle
is the lack of a suitable cell receptor and co-receptors for the virus to bind to, allowing
viral entry [18]. In addition, it has been observed that other factors are able to hinder
membrane fusion, viral replication, assembly and release. Some of the major restriction
factors that have been identified are the apolipoprotein B mRNA editing enzyme catalytic
polypeptide 3 (APOBECS3 or A3) family of proteins. These potent host antiviral proteins
are able to insert G-to-A hypermutations in the newly synthesized viral genome by their
cytidine deaminase activity, in addition to blocking reverse transcription [19,20]. While
the HIV-1 Vif accessory protein was found to inhibit APOBEC3G activity in human cells
to allow productive virus replication, it fails to counteract APOBEC3G in monkey cells
such as rhesus macaques and African monkeys [21]. A single amino acid change between
human and macaque APOBOEC3G was shown to be responsible for the inability of HIV-1
Vif to counteract macaque APOBEC3G [22-24]. Other studies have further shown that
TRIMb5e, a cellular protein belonging to the tripartite motif-containing (TRIM) family of
proteins, represses HIV-1 from infecting Old World monkey cells, in addition to other
retroviruses in multiple species, by destabilizing capsid uncoating. This protein recognizes
and degrades the capsid protein of retroviruses, thereby cancelling their replication in target
cells [25,26]. However, although a wide variety of species have evolved several restriction
factors as a part of their line of defense as innate immunity against viral infections, includ-
ing lentiviruses, these latter ones have adapted by using a variety of strategies to bypass
either one or many of these restriction factors. Indeed, the specific cell receptors can be
bypassed either by using an alternative receptor, or by using an entry mechanism that does
not depend on the presence of a receptor [18,27]. To counter APOBECS3, lentiviruses have
also developed, through their viral infectivity factor (Vif) accessory protein, the capacity to
degrade these APOBECS3 proteins [19,20]. Along with that, viral capsid mutations can help
escape the binding to TRIM proteins [28]. Some studies have also reported that tetherin
(BST-2) inhibits the release of mature viral particles from the cell surface; nonetheless, it is
antagonized by the viral protein U (Vpu) [29]. Nef and Env proteins were also reported
to antagonize tetherin [30,31]. The CD225 superfamily comprises the human interferon-
induced transmembrane (IFITMs) family of proteins that inhibit a broad range of viruses
by interfering with viral-to-cellular membrane fusion (reviewed in Bailey CC, Zhong G,
Huang I-C, Farzan M. 2014. IFITM-family proteins: the cell’s first line of antiviral defense.
Annu Rev Virol 1:261-283. https://doi.org/10.1146 /annurev-virology-031413-085537, ac-
cessed on 24 June 2022). IFITM1 was shown to downregulate HIV-1 p24 expression in
infected cells, resulting in a reduction in viral production. To circumvent IFITM1, a study
demonstrated that HIV-1 acquires mutations located in its Vpu and Env proteins promoting
viral propagation between cells, while IFITM2 and IFITM3 are believed to interfere with
endocytosis-mediated HIV-1 entry and trafficking [32,33]. Other examples of restriction
factors include cholesterol-25-hydroxylase (CH25H) and serine incorporator 5 (SERINC5)
that disrupt virus—cell fusion and y-IFN-inducible lysosomal thiolreductase (GILT) that
alters viral glycoprotein activation affecting viral entry as well. However, as for the other
host restriction factors, counteracting machinery was established by HIV-1 [34-36]. The
most recently identified restriction factor is SAMHD1, a deoxynucleoside triphosphate
triphosphohydrolase believed to hydrolyze most cellular dNTPs, thus inhibiting reverse
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transcription and viral complementary DNA (cDNA) synthesis [37]. In parallel, it was also
demonstrated that the Vpx proteins from some retroviruses render cells that are usually
retractive to HIV-1 (human dendritic, myeloid lineage and resting CD4+ T cells), permissive
to this latter infection through proteasomal degradation of SAMHDI1 [38,39].

We have demonstrated, in a previous study, that the lack of a specific receptor for
caprine encephalitis arthritis virus (CAEV) on the surface of human cells is the only barrier
that protects human cells from this lentivirus infection [40]. In another study, we showed
that although CAEV caused infection in ovine fibroblasts (sheep choroid plexus cells), the
virus life cycle was terminated prior to productive replication. This inability of CAEV to
replicate in these cells was found to correlate with aberrant proteolytic processing of the
Env glycoprotein, indicating the existence of another type of restriction [41]. One of the
main objectives of our lab is to better understand the mechanisms behind cross-species
infections, adaptation and the increase in the virulence of pathogens. In this context, an
observation made in Japan that reported attempted sexual interactions between Japanese
macaques and wild deer is one of the reasons that prompted us to conduct this study [41].
We explored whether SR cell lines are permissive to primate lentiviruses, SIVmac and
HIV-1, and if not, what level the restriction of infection is based.

2. Results
2.1. pSIV-GFP and pHIV-GFP DNA Plasmids Successfully Express Viral Genomes in All
Transfected SR Cell Lines

We first wanted to examine whether SIVmac and HIV-1 genomes are expressed in cell

lines originating from different species. These cell lines were transfected with pHIV-GFP or
pSIV-GFP plasmid DNAs (Figure 1), as described in the Materials and Methods section.
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Figure 1. Organization of pHIV-GFP and pSIV-GFP plasmid DNAs genomes.

An examination of cells by fluorescent microscopy at 24 h post-transfection revealed
GFP expression in all transfected cell lines with both pHIV-GFP and pSIV-GFP DNAs.
No GFP expression was detected in any of the non-transfected control cells (Figure 2A,B).
Indeed, green fluorescence was noted in HEK and CRFK cells transfected with pHIV-GFP
and pSIV-GFP DNAs (Figure 2A; c.1, ¢.2, d.1, d.2), as well as TIGEF, TYGSM and RMI cells
(Figure 2B; c.4—c.6, d.4-d.6). The proportions of GFP-expressing cells in each sample were
examined by flow cytometry and are reported in Supplementary Figure S1.
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Figure 2. Detection of GFP expression in pHIV-GFP and pSIV-GFP transfected cells. (A) HEK, CRFK
and TZM-bl cell lines. (B) TIGEF, TYGSM and RMI cell lines. Cell monolayers were transfected as
described in Materials and Methods. At 24 h post-transfection, the cell monolayers were observed

under a fluorescence microscope to assess the expression of GFP. (c.1-c.6) Cells transfected with
pHIV-GEFP. (d.1-d.6) Cells transfected with pSIV-GFP. (a.1-a.6) Non-transfected cells were used as a
negative control. (c.3) TZM-bl cells transfected with pHIV-GFP and (d.3) pSIV-GFP were used as a
positive control along with cells transfected with GFP plasmid (b.1-b.6). The images were acquired

as a merge of the green channel and the bright field. Acquisitions were performed with 488 nm

excitation and the emission was collected at 500-600 nm.
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2.2. SIV-GFP and HIV-GFP Viruses Cannot Directly Infect SR Cell Lines

To evaluate whether HIV-1 and SIVmac can enter and replicate in the studied cell lines,
infectious HIV-GFP and SIV-GFP particles were produced in HEK cells, harvested, and were
used to inoculate HEK, CRFK, TYGSM, TIGEF and RMI cells. As TZM-bl cells express the
receptors and co-receptors for HIV and SIV, and are permissive to these virus replications,
as mentioned before, they were used as a positive control for infection. Non-inoculated cells
of each cell line were used as negative controls. Five days after the viral inoculation, the
GFP expression was assessed in all the cell lines (Figure 3A,B). The results show that, except
TZM-bl cells (Figure 3A; b.3, c.3), none of the other cell lines (Figure 3A,B) were found to be
permissive to either HIV-GFP or SIV-GFP infectious particles, since no green fluorescence
was detected in any of the cell cultures. The proportions of GFP-expressing cells in each
sample were examined by flow cytometry and are reported in Supplementary Figure S2.
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Figure 3. Detection of SIV-GFP and HIV-GFP infection by fluorescence microscopy. (A) HEK, CRFK
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and TZM-bl human and feline cell lines. (B) TIGEF, TYGSM and RMI SR cell lines. Monolayers
of each of the cell lines were inoculated with HIV-1 and SIVmac viral stocks expressing GFP as
indicated in Materials and Methods. At 120 h post-infection, the monolayers were observed under a
fluorescence microscope to assess the expression of GFP. (b.1-b.3) Cells inoculated with HIV-GFP.
(c.1-c.3) Cells inoculated with SIV-GFP. (a.1-a.3) Non-inoculated cell lines were used as a negative
control. (b.3) TZM-bl cells inoculated with SIV-GFP and (c.3) HIV-GFP were used as positive controls.
The images are a merge of the green channel and the bright field. They were acquired with 488 nm
excitation and the emission was collected at 500-600 nm.

2.3. SR Cells Are Permissive to HIV-GFP, but Not SIV-GFP, Pseudotyped with VSV-G

To further investigate the productive/restrictive viral replication of HIV-1 and SIVmac
in the studied cell lines, the latter were inoculated with VSV-G pseudotyped HIV-GFP
and SIV-GFP. VSV-G pseudotyped virions will have the ability to bypass cell membrane
receptors whose absence or non-functionality usually constitutes the first restriction factor
to viral replication. The results reported in Figure 4 show that 120 h post-inoculation, GFP-
positive cells were observed in HEK-293T and CRFK monolayers, demonstrating that these
cells were permissible to both VSV-G pseudotyped HIV-GFP and SIV-GFP (Figure 4A; b.1,
b.2, c.1, c.2). However, although no green florescence was observed in any of the SR cell lines
inoculated with SIV-GFP/VSV-G (Figure 4B; c.4—c.6), GFP-positive cells were observed in
all SR cell lines inoculated with HIV-GFP/VSV-G, demonstrating their productive infection
(Figure 4B; b.4-b.6).

Negative control Infected with HIV-GFP/VSV-G Infected with SIV-GFP/VSV-G

HEK

CRFK

TZM-bl

20 pm 20 pm
—

2

SR
20 gm ; : 20 pm

Figure 4. Cont.
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Negative control Infected with HIV-GFP/VSV-G Infected with SIV-GFP/VSV-G

TIGEF

TYGSM

RMI

20 pm’ g 20 um ; 20 um

20 pm ” 20 pm 20 pm

20 pm 20 um

Figure 4. Detection of HIV-GFP/VSV-G and SIV-GFP/VSV-G infection by fluorescence microscopy.
(A) HEK, CRFK and TZM-bl cell lines. (B) TIGEF, TYGSM and RMI cell lines. The cell lines were
inoculated with SIV-GFP and HIV-GFP pseudotyped with VSV-G. At 120 h post-inoculation, the cell
lines were observed under a fluorescence microscope to assess GFP expression in the monolayers.
(b.1-b.6) Cells inoculated with HIV-GFP/VSV-G. (c.1-c.6) Cells inoculated with SIV-GFP/VSV-G.
(a.1-a.6) Non-transfected cell lines were used as a negative control. TZM-bl cells inoculated with (b.3)
HIV-GFP/VSV-G and (c.3) SIV-GFP/VSV-G were used as a positive control, respectively. The images
are a merge of the green channel and the bright field. They were acquired with 488 nm excitation and
the emission was collected at 500-600 nm.

To evaluate the proportions of GFP-positive cells in each of the cell lines inoculated
with HIV-GFP/VSV-G and SIV-GFP/VSV-G, samples were analyzed by flow cytometry.
As shown in Figure 5, all cell lines inoculated with HIV-GFP/VSV-G have 1-38% of GFP-
expressing cells. In contrast, no GFP-positive cell was detected in SR cell lines inoculated
with SIV-GFP/VSV-G, while the proportion of GFP-positive human and feline cell lines
was 1-14% (Figure 5).
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Figure 5. Flow cytometry analyses of cells inoculated with VSV-G pseudotyped HIV-GFP and SIV-
GFP. Cells were acquired in a FACSCantoll and displayed according to FSC/GFP characteristics.
Cells were analyzed using FlowJo software. Non-inoculated cells were used as negative controls.
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3. Discussion

In the present study, our objective was to examine whether HIV-1 and SIVmac are
restricted or have the potential to replicate in non-primate cells. Our data showed that small
ruminant (TYGSM, TIGEE RMI), feline (CRFK) and human (HEK) cells lacking the appro-
priate receptors and co-receptors are, as expected, not susceptible to HIV-1 and SIVmac
infections. Nonetheless, all of these cell lines productively expressed HIV-1 and SIVmac
genomes, together with the GFP transgene marker, when the infectious molecular clone
DNAs were introduced into these cells by transfection. These results clearly demonstrated
the absence of any restriction factor capable of blocking the late stages of expression of
HIV-1 and SIVmac in SR cells, HEK cells and feline cells.

Following bypassing HIV-1- and SIVmac-specific receptors on the surface of target
cells by means of VSV-G pseudotyping the virions, intriguing results were obtained. SIV-
GFP/VSV-G productively infected CRFK and HEK cells, thereby showing no post-entry
restriction of virus replication. In contrast, SIV-GFP/VSV-G failed to show any sign of
infection in all three inoculated SR cell lines; no GFP-expressing cells were observed. As
for the cells infected with HIV-GFP/VSV-G, although we obtained the same profile in
CRFK and HEK cells, interestingly, GFP-positive cells were observed in all three SR cell
lines inoculated with HIV-GFP/VSV-G. This demonstrated the absence of any post-entry
restriction of HIV-1 replication in all the studied SR cell lines after countering the entry
receptors/co-receptors in these cells. This unexpected observation contrasts previous
studies in other species, demonstrating that the replication of HIV-1 is strongly restricted
in mouse cells, but also in primate macaque cells, independently of receptor/coreceptor
usage [42,43]. Indeed, a number of host factors restrictive for HIV-1 have been identified in
murine cells. Among these, the absence of a functional receptor/co-receptor for HIV-1 on
the surface of murine cells [44], the lack of functional cyclin T1 for post-entry early HIV-1
gene expression [45], and the restriction of HIV-1 replication by mouse APOBEC3G [46]. In
contrast, in addition to the lack of a functional receptor for SIVmac on the surface of SR
cells, there was post-entry restriction. This restriction occurred in the early stages, since
it does not prevent the replication of infectious DNA after transfection. Taken together,
these results clearly indicate that the replication of SIVmac, but not HIV-1, is restricted
in SR cells in the post-entry compartment. However, although studying host—pathogen
interactions in cell culture models is a quick, efficient and economic practice, it does come
with some limitations. Modeling complex processes, such as viral infections, in single-
lineage monocultures evidently does not reflect all events taking place in vivo. Replicating
all the biological networks relevant to this study in an animal model would result in more
complex and high-cost experimental designs. Nevertheless, further studies would be
interesting to identify, with certainty, the restriction mechanisms of SIVmac in SR cells.
These would bring insights into evaluating the risks of bypassing this type of restriction
and the emergence of new lentiviruses. Indeed, a detailed understanding of how a virus
jumps species boundaries to infect another host will help in the prevention of future
zoonotic events.

4. Material and Methods
4.1. Plasmids

The HIV-1 pNL4-3 IRES-eGFP (pHIV-GFP) and pSIVmac-eGFP (pSIV-GFP) vector
plasmids containing a cytomegalovirus (CMV)-driven enhancer and co-expressing the
green fluorescent protein (eGFP) that was inserted downstream of the nef gene were kindly
provided by Frank Kirchhoff [47]. The pCS-H2B-eGFP plasmid encodes the eGFP gene un-
der the CMV promoter/enhancer. The pCMV-VSV-G plasmid expresses the G glycoprotein
of vesicular stomatitis virus (VSV) under the CMV promoter/enhancer. These two recombi-
nant plasmids were purchased from Addgene Europe, Teddington, UK. JM109 competent
bacteria (Promega, Charbonniére, France) were transformed with the various plasmids and
were amplified using the classical culture conditions. Plasmids were then extracted and
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purified using a plasmid extraction and purification kit Macherey-Nagel ™(MACHEREY-
NAGEL SAS, Hoerdt, France) according to the manufacturer’s instructions.

4.2. Cell Culture

Human embryonic kidney 293 cells (HEK 293T), TZM-bl (HeLa cell derivative en-
gineered to express CD4, CCR5 and CXCR4 on their surface, and to contain integrated
reporter genes for firefly Luc and E. coli 3-galactosidase under the control of an HIV-1 long
terminal repeat) [48] were obtained from the NIH AIDS reagent repository. Together with
Crandell-Rees Feline Kidney (CRFK) cells, they were grown and maintained in Dulbecco’s
modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum (FBS),
1% glutamine and 1% penicillin—streptomycin (Eurobio, Les Ulis, France). Goat synovial
membrane (TYGSM), goat embryo fibroblasts (TIGEF) and sheep fetal kidney (RMI) are cell
lines that were previously immortalized in our laboratory [49,50]. They were cultured in
Eagle’s minimum essential medium (MEM) supplemented with 10% FBS, 1% of glutamine
and 1% penicillin—streptomycin. All the cell cultures were maintained in a tissue culture
incubator at 37 °C, 5% CO, under saturating humidity.

4.3. Cell Transfection

The cell lines were seeded into 6-well cell culture plates at a density of 1 x 10° cells/well
in 2 ml of medium and were maintained for 24 h at 37 °C, 5% CO, under saturating humidity
to achieve > 80% confluency before inoculation with a mixture of plasmid DNA (2.5 ug) and
TransIT-LT1 reagent (MIR2300, Euromedex France, Souffelwyersheim, France), according
to the manufacturer’s recommendations. Non-transfected cells and cells transfected with a
plasmid expressing pCS-H2B-eGFP were used as negative and positive controls, respectively.
After incubation at 37 °C, 5% CO, and under saturated humidity for 24 h, cell monolayers
were rinsed twice with 1 x PBS and then 2 mL of fresh cell medium was added. Cells
expressing GFP were then observed under a fluorescent microscope to assess the efficiency
of the transfection and examine the expression of HIV-GFP and SIV-GFP genomes. DNA
transfection experiments and observations were reproduced at least three times.

4.4. Production of Viral Stocks

To generate SIV-GFP/VSV-G and HIV-GFP/VSV-G virus stocks, monolayers of HEK
cells were co-transfected with pCMV-VSV-G with either pSIV-GFP or pHIV-GFP plasmids
in a ratio 2:1. After incubation at 37 °C, 5% CO; and under saturated humidity for 18 h,
the transfection medium was discarded, and cell monolayers were rinsed twice with
1 x PBS and then 2 mL of fresh cell medium was added. HIV-GFP and SIV-GFP stocks
were produced similarly, except without co-transfection with the VSV-G plasmid. At 48 h
post-transfection, supernatants were harvested, cleared by filtration through 0.45 um filters
and stored at —80 °C as aliquot fractions until use. The titers of VSV-G pseudotyped virus
stock were determined by inoculating HEK-293T and TYGSM cells with serial dilutions
and scoring GFP-expressing cells under a fluorescence microscope. Virus productions were
reproduced three times.

4.5. Infection of Cell Lines

To examine the susceptibility of the studied cell lines to virus infections, HEK-293T,
TYGSM, TIGEF, RMI, CRFK monolayer cells seeded into 12-well plates were inoculated
at MOI = 0.1 with 10* GFP forming units of SIV-GFP and HIV-GFP or the pseudotyped
SIV-GFP/VSV-G and HIV-GFP/VSV-G virus stocks. The TZM-bl cell line was used as a
positive control. Cells inoculated with supernatant collected from non-transfected cells
were used as a negative control. After 18 h incubation at 37 °C, 5% CO, and under saturated
humidity, cell monolayers were rinsed twice with 1 x PBS and replenished with 2 mL of
fresh cell medium. Transduction efficiency was examined at 5 days post-inoculation under
fluorescent microscope. This experiment was repeated at least three times.
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4.6. Flow Cytometry Analysis

Cell samples were detached following trypsin treatment and fixed with paraformalde-
hyde 4%. Cells were acquired using BD FACSCanto II, according to the SSC/FSC. GFP
fluorescence was detected following excitation with an argon ion laser source at 488 nm.
The percentage of GFP-positive cells was determined in comparison to the negative control.
The data analysis was performed using FlowJo v10 software (BD Biosciences, Le Pont de
Claix, France). For each sample, a minimum of 10,000 events were collected.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pathogens11070799/s1, Figure S1. Flow cytometry analyses of
cells transfected with pHIV-GFP and pSIV-GFP. Cells were acquired in a FACSCantoll and displayed
according to FSC/GFP characteristics. Cells were analyzed using a Flow]Jo software. Non inoculated
cells were used as negative controls. Figure S2. Flow cytometry analyses of cells inoculated with
HIV-GFP and SIV-GFP. Cells were acquired in a FACSCantoll and displayed according to FSC/GFP
characteristics. Cells were analyzed using a FlowJo software. Non inoculated cells were used as
negative controls.

Author Contributions: Conceptualization, Y.C.; methodology, H.E.C., TI, D.N. and C.C.; formal
analysis, Y.C., HE.C., D.N. and C.C.; writing—original draft preparation, H.E.C. and J.G.; writing—
review and editing, Y.C. and J.G. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work is supported by the INRAE SA Department and UGA. We are thankful
to NIH AIDS repository for providing listed cells and plasmids. We thank Tuan-Anh Dinh and Sean
Thierry, graduate students for their participation in the work and conducting part of the experiments
during their internships. We do thank C. Loeuillet and M. Maizi for Cytometer accessibility.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Andersen, K.G.; Rambaut, A.; Lipkin, W.I.; Holmes, E.C.; Garry, R.F. The proximal origin of SARS-CoV-2. Nat. Med. 2020, 26,
450-452. [CrossRef] [PubMed]

2. Johnson, C.K.; Hitchens, P; Evans, T.S.; Goldstein, T.; Thomas, K.; Clements, A.; Joly, D.O.; Wolfe, N.D.; Daszak, P.; Karesh,
W.; et al. Spillover and pandemic properties of zoonotic viruses with high host plasticity. Sci. Rep. 2015, 5, 14830. [CrossRef]
[PubMed]

3.  Sharp, P; Hahn, B.H. Origins of HIV and the AIDS Pandemic. Cold Spring Harb. Perspect. Med. 2011, 1, a006841. [CrossRef]
[PubMed]

4. Hahn, B.H.; Shaw, G.M.; De Cock, K.M.; Sharp, PM. AIDS as a Zoonosis: Scientific and Public Health Implications. Science 2000,
287, 607-614. [CrossRef] [PubMed]

5. Gao, E; Bailes, E.; Robertson, D.L.; Chen, Y.; Rodenburg, C.M.; Michael, S.F.; Cummins, L.B.; Arthur, L.O.; Peeters, M.; Shaw,
G.M,; et al. Origin of HIV-1 in the chimpanzee Pan troglodytes troglodytes. Nature 1999, 397, 436—441. [CrossRef]

6. Hirsch, V.M.; Olmsted, R.A.; Murphey-Corb, M.; Purcell, R H.; Johnson, PR. An African primate lentivirus (SIVsmclosely related
to HIV-2. Nature 1989, 339, 389-392. [CrossRef]

7. Bibollet-Ruche, F.; Galat-Luong, A.; Cuny, G.; Sarni-Manchado, P.; Galat, G.; Durand, ]J.P.; Pourrut, X.; Veas, F. Simian Im-
munodeficiency Virus Infection in a Patas Monkey (Erythrocebus Patas): Evidence for Cross-Species Transmission from African
Green Monkeys (Cercopithecus Aethiops Sabaeus) in the Wild. J. Gen. Virol. 1996, 77, 773-781. [CrossRef]

8.  Baliles, E.; Gao, E; Bibollet-Ruche, F.; Courgnaud, V.; Peeters, M.; Marx, P.A.; Hahn, B.H.; Sharp, PM. Hybrid Origin of SIV in
Chimpanzees. Science 2003, 300, 1713. [CrossRef]

9. Caroline, L.; Minardi, C.J.; Jean-Francois, M. SRLVs: A Genetic Continuum of Lentiviral Species in Sheep and Goats with
Cumulative Evidence of Cross Species Transmission. Curr. HIV Res. 2010, 8, 94-100. [CrossRef]

10. Karr, B.M.; Chebloune, Y.; Leung, K.; Narayan, O. Genetic Characterization of Two Phenotypically Distinct North American

Ovine Lentiviruses and Their Possible Origin from Caprine Arthritis-Encephalitis Virus. Virology 1996, 225, 1-10. [CrossRef]


https://www.mdpi.com/article/10.3390/pathogens11070799/s1
https://www.mdpi.com/article/10.3390/pathogens11070799/s1
http://doi.org/10.1038/s41591-020-0820-9
http://www.ncbi.nlm.nih.gov/pubmed/32284615
http://doi.org/10.1038/srep14830
http://www.ncbi.nlm.nih.gov/pubmed/26445169
http://doi.org/10.1101/cshperspect.a006841
http://www.ncbi.nlm.nih.gov/pubmed/22229120
http://doi.org/10.1126/science.287.5453.607
http://www.ncbi.nlm.nih.gov/pubmed/10649986
http://doi.org/10.1038/17130
http://doi.org/10.1038/339389a0
http://doi.org/10.1099/0022-1317-77-4-773
http://doi.org/10.1126/science.1080657
http://doi.org/10.2174/157016210790416415
http://doi.org/10.1006/viro.1996.0569

Pathogens 2022, 11, 799 12 of 13

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Rolland, M.; Mooney, J.; Valas, S.; Perrin, G.; Mamoun, R.Z. Characterisation of an Irish caprine lentivirus strain—SRLV phylogeny
revisited. Virus Res. 2002, 85, 29-39. [CrossRef]

Olech, M.; Osiriski, Z.; Kuzmalk, J. Seroprevalence of small ruminant lentivirus (SRLV) infection in wild cervids in Poland. Prev.
Veter. Med. 2020, 176, 104905. [CrossRef] [PubMed]

Morin, T.; Guiguen, E; Bouzar, B.A ; Villet, S.; Greenland, T.; Grezel, D.; Gounel, F; Gallay, K.; Garnier, C.; Durand, J.; et al.
Clearance of a Productive Lentivirus Infection in Calves Experimentally Inoculated with Caprine Arthritis-Encephalitis Virus. J.
Virol. 2003, 77, 6430-6437. [CrossRef] [PubMed]

Mselli-Lakhal, L.; Guiguen, E; Greenland, T.; Mornex, ].-E; Chebloune, Y. In vitro cross-species infections using a caprine arthritis
encephalitis lentivirus carrying the GFP marker gene. J. Virol. Methods 2007, 143, 11-15. [CrossRef] [PubMed]

Guiguen, F.; Mselli-Lakhal, L.; Durand, ]J.; Du, J.; Favier, C.; Fornazero, C.; Grezel, D.; Balleydier, S.; Hausmann, E.; Chebloune, Y.
Experimental infection of Mouflon-domestic sheep hybrids with caprine arthritis-encephalitis virus. Am. |. Veter. Res. 2000, 61,
456-461. [CrossRef]

Shaw, G.M.; Hunter, E. HIV Transmission. Cold Spring Harb. Perspect. Med. 2012, 2, a006965. [CrossRef]

Lakhal, L.M.; Guiguen, E; Fornazero, C.; Du, J.; Favier, C.; Durand, J.; Grézel, D.; Balleydier, S.; Mornex, J.F.; Chebloune, Y. Goat
Milk Epithelial Cells Are Highly Permissive to CAEV Infection in Vitro. Virology 1999, 259, 67-73. [CrossRef]

Reeves, ].D.; Hibbitts, S.; Simmons, G.; McKnight, A.; Azevedo-Pereira, ]. M.; Moniz-Pereira, ].; Clapham, P.R. Primary Human
Immunodeficiency Virus Type 2 (HIV-2) Isolates Infect CD4-Negative Cells via CCR5 and CXCR4: Comparison with HIV-1 and
Simian Immunodeficiency Virus and Relevance to Cell Tropism In Vivo. J. Virol. 1999, 73, 7795-7804. [CrossRef]

Etienne, L.; Bibollet-Ruche, F.; Sudmant, P.; Wu, L.I; Hahn, B.; Emerman, M. The Role of the Antiviral APOBEC3 Gene Family in
Protecting Chimpanzees against Lentiviruses from Monkeys. PLoS Pathog. 2015, 11, €1005149. [CrossRef]

Nakano, Y.; Aso, H.; Soper, A.; Yamada, E.; Moriwaki, M.; Juarez-Fernandez, G.; Koyanagi, Y.; Sato, K. A conflict of interest: The
evolutionary arms race between mammalian APOBEC3 and lentiviral Vif. Retrovirology 2017, 14, 1-12. [CrossRef]

Mariani, R.; Chen, D.; Schrofelbauer, B.; Navarro, F.; Kénig, R.; Bollman, B.; Miink, C.; Nymark-McMahon, H.; Landau, N.R.
Species-Specific Exclusion of APOBEC3G from HIV-1 Virions by Vif. Cell 2003, 114, 21-31. [CrossRef]

Bogerd, H.P; Doehle, B.P,; Wiegand, H.L.; Cullen, B.R. A single amino acid difference in the host APOBEC3G protein controls the
primate species specificity of HIV type 1 virion infectivity factor. Proc. Natl. Acad. Sci. USA 2004, 101, 3770-3774. [CrossRef]
[PubMed]

Kaiser, S.M.; Emerman, M. Controlling lentiviruses: Single amino acid changes can determine specificity. Proc. Natl. Acad. Sci.
USA 2004, 101, 3725-3726. [CrossRef]

Zhang, . Rapid evolution of primate antiviral enzyme APOBEC3G. Hum. Mol. Genet. 2004, 13, 1785-1791. [CrossRef] [PubMed]
Stremlau, M.; Owens, C.M.; Perron, M.].; Kiessling, M.; Autissier, P.; Sodroski, J. The cytoplasmic body component TRIM5a
restricts HIV-1 infection in Old World monkeys. Nature 2004, 427, 848-853. [CrossRef]

Hatziioannou, T.; Perez-Caballero, D.; Yang, A.; Cowan, S.; Bieniasz, P.D. Retrovirus resistance factors Refl and Lv1 are
species-specific variants of TRIM5«. Proc. Natl. Acad. Sci. USA 2004, 101, 10774-10779. [CrossRef] [PubMed]

Willey, S.J.; Reeves, J.D.; Hudson, R.; Miyake, K.; Dejucq, N.; Schols, D.; De Clercq, E.; Bell, J.; McKnight, A.; Clapham, P.R.
Identification of a Subset of Human Immunodeficiency Virus Type 1 (HIV-1), HIV-2, and Simian Immunodeficiency Virus Strains
Able To Exploit an Alternative Coreceptor on Untransformed Human Brain and Lymphoid Cells. J. Virol. 2003, 77, 6138-6152.
[CrossRef]

Thippeshappa, R.; Ruan, H.; Kimata, ].T. Breaking Barriers to an AIDS Model with Macaque-Tropic HIV-1 Derivatives. Biology
2012, 1, 134-164. [CrossRef]

Van Damme, N.; Goff, D.; Katsura, C.; Jorgenson, R.L.; Mitchell, R.; Johnson, M.C.; Stephens, E.B.; Guatelli, J. The Interferon-
Induced Protein BST-2 Restricts HIV-1 Release and Is Downregulated from the Cell Surface by the Viral Vpu Protein. Cell Host
Microbe 2008, 3, 245-252. [CrossRef]

Jia, B.; Serra-Moreno, R.; Neidermyer, M., Jr.;, Rahmberg, A.; Mackey, J.; Ben Fofana, I.; Johnson, W.E.; Westmoreland, S.; Evans,
D.T. Species-Specific Activity of SIV Nef and HIV-1 Vpu in Overcoming Restriction by Tetherin/BST2. PLoS Pathog. 2009,
5, €1000429. [CrossRef]

le Tortorec, A.; Neil, S.J.D. Antagonism to and Intracellular Sequestration of Human Tetherin by the Human Immunodefi-ciency
Virus Type 2 Envelope Glycoprotein. J. Virol. 2009, 83, 11966-11978. [CrossRef] [PubMed]

Lu, J,; Pan, Q.; Rong, L,; Liu, S.-L.; Liang, C. The IFITM Proteins Inhibit HIV-1 Infection. J. Virol. 2011, 85, 2126-2137. [CrossRef]
[PubMed]

Ding, S.; Pan, Q.; Liu, S.-L.; Liang, C. HIV-1 mutates to evade IFITM1 restriction. Virology 2014, 454-455, 11-24. [CrossRef]
[PubMed]

Liu, S.-Y.; Aliyari, R.; Chikere, K.; Li, G.; Marsden, M.D.; Smith, ]J.K.; Pernet, O.; Guo, H.; Nusbaum, R.; Zack, J.A.; et al.
Interferon-Inducible Cholesterol-25-Hydroxylase Broadly Inhibits Viral Entry by Production of 25-Hydroxycholesterol. Immunity
2012, 38, 92-105. [CrossRef]

Kubo, Y.; Izumida, M.; Yashima, Y.; Yoshii-Kamiyama, H.; Tanaka, Y.; Yasui, K.; Hayashi, H.; Matsuyama, T. Gamma-interferon-
inducible, lysosome/endosome-localized thiolreductase, GILT, has anti-retroviral activity and its expression is counteracted by
HIV-1. Oncotarget 2016, 7, 71255-71273. [CrossRef] [PubMed]


http://doi.org/10.1016/S0168-1702(02)00015-1
http://doi.org/10.1016/j.prevetmed.2020.104905
http://www.ncbi.nlm.nih.gov/pubmed/32004826
http://doi.org/10.1128/JVI.77.11.6430-6437.2003
http://www.ncbi.nlm.nih.gov/pubmed/12743300
http://doi.org/10.1016/j.jviromet.2007.01.035
http://www.ncbi.nlm.nih.gov/pubmed/17386948
http://doi.org/10.2460/ajvr.2000.61.456
http://doi.org/10.1101/cshperspect.a006965
http://doi.org/10.1006/viro.1999.9752
http://doi.org/10.1128/JVI.73.9.7795-7804.1999
http://doi.org/10.1371/journal.ppat.1005149
http://doi.org/10.1186/s12977-017-0355-4
http://doi.org/10.1016/S0092-8674(03)00515-4
http://doi.org/10.1073/pnas.0307713101
http://www.ncbi.nlm.nih.gov/pubmed/14999100
http://doi.org/10.1073/pnas.0400929101
http://doi.org/10.1093/hmg/ddh183
http://www.ncbi.nlm.nih.gov/pubmed/15198990
http://doi.org/10.1038/nature02343
http://doi.org/10.1073/pnas.0402361101
http://www.ncbi.nlm.nih.gov/pubmed/15249685
http://doi.org/10.1128/JVI.77.11.6138-6152.2003
http://doi.org/10.3390/biology1020134
http://doi.org/10.1016/j.chom.2008.03.001
http://doi.org/10.1371/journal.ppat.1000429
http://doi.org/10.1128/JVI.01515-09
http://www.ncbi.nlm.nih.gov/pubmed/19740980
http://doi.org/10.1128/JVI.01531-10
http://www.ncbi.nlm.nih.gov/pubmed/21177806
http://doi.org/10.1016/j.virol.2014.01.020
http://www.ncbi.nlm.nih.gov/pubmed/24725927
http://doi.org/10.1016/j.immuni.2012.11.005
http://doi.org/10.18632/oncotarget.12104
http://www.ncbi.nlm.nih.gov/pubmed/27655726

Pathogens 2022, 11, 799 13 of 13

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Usami, Y.; Wu, Y.; Gottlinger, H.G. SERINC3 and SERINCS restrict HIV-1 infectivity and are counteracted by Nef. Nature 2015,
526,218-223. [CrossRef]

Goldstone, D.C.; Ennis-Adeniran, V.; Hedden, J.J.; Groom, H.C.T; Rice, G.I; Christodoulou, E.; Walker, P.A.; Kelly, G.; Haire, L.E;
Yap, M.W.; et al. HIV-1 restriction factor SAMHDI1 is a deoxynucleoside triphosphate triphosphohydrolase. Nature 2011, 480,
379-382. [CrossRef]

Laguette, N.; Sobhian, B.; Casartelli, N.; Ringeard, M.; Chable-Bessia, C.; Ségéral, E.; Yatim, A.; Emiliani, S.; Schwartz, O.;
Benkirane, M. SAMHD]1 is the dendritic- and myeloid-cell-specific HIV-1 restriction factor counteracted by Vpx. Nature 2011, 474,
654-657. [CrossRef]

Baldauf, H.-M.; Pan, X.; Erikson, E.; Schmidt, S.; Daddacha, W.; Burggraf, M.; Schenkova, K.; Ambiel, I.; Wabnitz, G.H.; Gramberg,
T.; et al. SAMHDI1 restricts HIV-1 infection in resting CD4+ T cells. Nat. Med. 2012, 18, 1682-1688. [CrossRef]

Mselli-Lakhal, L.; Favier, C.; Leung, K.; Guiguen, F,; Grezel, D.; Miossec, P.; Mornex, J.-F.O.; Narayan, O.; Querat, G.; Chebloune,
Y. Lack of Functional Receptors Is the Only Barrier That Prevents Caprine Arthritis-Encephalitis Virus from In-fecting Human
Cells. J. Virol. 2000, 74, 8343-8348. [CrossRef]

Chebloune, Y.; Sheffer, D.; Karr, B.M.; Stephens, E.; Narayan, O. Restrictive Type of Replication of Ovine/Caprine Lentiviruses in
Ovine Fibroblast Cell Cultures. Virology 1996, 222, 21-30. [CrossRef] [PubMed]

Besnier, C.; Takeuchi, Y.; Towers, G. Restriction of lentivirus in monkeys. Proc. Natl. Acad. Sci. USA 2002, 99, 11920-11925.
[CrossRef] [PubMed]

Weiner, D.B.; Huebner, K.; Williams, W.V.; Greene, M.I. Human Genes Other than CD4 Facilitate HIV-1 Infection of Murine Cells.
Pathobiology 1991, 59, 361-371. [CrossRef]

Browning, J.; Horner, ].W.; Pettoello-Mantovani, M.; Raker, C.; Yurasov, S.; DePinho, R.A.; Goldstein, H. Mice transgenic for
human CD4 and CCRS5 are susceptible to HIV infection. Proc. Natl. Acad. Sci. USA 1997, 94, 14637-14641. [CrossRef] [PubMed]

Garber, M.E.; Wei, P.; KewalRamani, V.N.; Mayall, T.P.; Herrmann, C.H.; Rice, A.P.; Littman, D.R; Jones, K.A. The interaction
between HIV-1 Tat and human cyclin T1 requires zinc and a critical cysteine residue that is not conserved in the murine CycT1
protein. Genes Dev. 1998, 12, 3512-3527. [CrossRef] [PubMed]

Krisko, J.F.; Martinez-Torres, E.; Foster, ].L.; Garcia, J.V. HIV Restriction by APOBEC3 in Humanized Mice. PLoS Pathog. 2013,
9, €1003242. [CrossRef] [PubMed]

Munch, J.; Rajan, D.; Schindler, M.; Specht, A.; Rucker, E.; Novembre, E]J.; Nerrienet, E.; Muller-Trutwin, M.C.; Peeters, M.; Hahn,
B.H.; et al. Nef-Mediated Enhancement of Virion Infectivity and Stimulation of Viral Replication Are Fundamental Properties of
Primate Lentiviruses. J. Virol. 2007, 81, 13852-13864. [CrossRef] [PubMed]

Platt, E.J.; Wehrly, K.; Kuhmann, S.E.; Chesebro, B.; Kabat, D. Effects of CCR5 and CD4 Cell Surface Concentrations on Infections
by Macrophagetropic Isolates of Human Immunodeficiency Virus Type 1. J. Virol. 1998, 72, 2855-2864. [CrossRef]

Seridi, N.; Hamidouche, M.; Belmessabih, N.; El Kennani, S.; Gagnon, J.; Martinez, G.; Coutton, C.; Marchal, T.; Chebloune, Y.
Immortalization of primary sheep embryo kidney cells. Cell Dev. Biol. Anim. 2021, 57, 76-85. [CrossRef]

Teixeira, M.ED.S.; Lambert, V.; Mselli-Lakahl, L.; Chettab, A.; Chebloune, Y.; Mornex, ].F. Immortalization of caprine fibroblasts
permissive for replication of small ruminant lentiviruses. Am. J. Vet. Res. 1997, 58, 579-584.


http://doi.org/10.1038/nature15400
http://doi.org/10.1038/nature10623
http://doi.org/10.1038/nature10117
http://doi.org/10.1038/nm.2964
http://doi.org/10.1128/JVI.74.18.8343-8348.2000
http://doi.org/10.1006/viro.1996.0394
http://www.ncbi.nlm.nih.gov/pubmed/8806484
http://doi.org/10.1073/pnas.172384599
http://www.ncbi.nlm.nih.gov/pubmed/12154231
http://doi.org/10.1159/000163679
http://doi.org/10.1073/pnas.94.26.14637
http://www.ncbi.nlm.nih.gov/pubmed/9405665
http://doi.org/10.1101/gad.12.22.3512
http://www.ncbi.nlm.nih.gov/pubmed/9832504
http://doi.org/10.1371/journal.ppat.1003242
http://www.ncbi.nlm.nih.gov/pubmed/23555255
http://doi.org/10.1128/JVI.00904-07
http://www.ncbi.nlm.nih.gov/pubmed/17928336
http://doi.org/10.1128/JVI.72.4.2855-2864.1998
http://doi.org/10.1007/s11626-020-00520-y

	Introduction 
	Results 
	pSIV-GFP and pHIV-GFP DNA Plasmids Successfully Express Viral Genomes in All Transfected SR Cell Lines 
	SIV-GFP and HIV-GFP Viruses Cannot Directly Infect SR Cell Lines 
	SR Cells Are Permissive to HIV-GFP, but Not SIV-GFP, Pseudotyped with VSV-G 

	Discussion 
	Material and Methods 
	Plasmids 
	Cell Culture 
	Cell Transfection 
	Production of Viral Stocks 
	Infection of Cell Lines 
	Flow Cytometry Analysis 

	References

