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Abstract

A first step towards the development of a human immunodeficiency virus (HIV) animal model has been the identification and

surmounting of species-specific barriers encountered by HIV along its replication cycle in cells from small animals. Serine

incorporator proteins 3 (SERINC3) and 5 (SERINC5) were recently identified as restriction factors that reduce HIV-1

infectivity. Here, we compared the antiviral activity of SERINC3 and SERINC5 among mice, rats and rabbits, and their

susceptibility to viral counteraction to their human counterparts. In the absence of viral antagonists, rodent and lagomorph

SERINC3 and SERINC5 displayed anti-HIV activity in a similar range to human controls. Vesicular stomatitis virus G protein

(VSV-G) pseudotyped virions were considerably less sensitive to restriction by all SERINC3/5 orthologs. Interestingly, HIV-1

Nef, murine leukemia virus (MLV) GlycoGag and equine infectious anemia virus (EIAV) S2 counteracted the antiviral activity of

all SERINC3/5 orthologs with similar efficiency. Our results demonstrate that the antiviral activity of SERINC3/5 proteins is

conserved in rodents and rabbits, and can be overcome by all three previously reported viral antagonists.

INTRODUCTION

The generation of immunocompetent human immunodefi-
ciency virus (HIV)-permissive animal models has been ham-
pered by the fact that HIV encounters replication barriers in
rodents and lagomorphs, most of which remain uncharacter-
ized or have not been overcome [1–5]. These barriers are, in
some instances, due to missing or incompatible cellular co-fac-
tors. This is especially the case for CD4, CCR5 and CXCR4.
Here, HIV entry is supported only by the human orthologs [2,
6, 7]. In addition, a single species-specific amino acid change
or variant (C261Y) in rodent CyclinT1 abrogates Tat-medi-
ated transcription elongation [8, 9]. Sherer et al. identified
motifs in human CRM1, which are unique to monkeys and
humans and important for Rev-regulated nuclear export of
unspliced and singly spliced viral mRNA [10]. The expression
of human CyclinT1 and/or human CRM1 enhanced HIV
gene expression in T cells and macrophages from transgenic

rats [4, 11], yet further undefined limitations exist in the late
phase of HIV replication in T cells from hCD4/hCCR5/hCy-
clin T1 transgenic rats [4].

On the other hand, HIV encounters barriers that are due to
the presence of intrinsic innate immunity factors, so-called
restriction factors. HIV has evolved accessory proteins that
counteract these factors to facilitate successful replication in
human cells. HIV reverse transcription is affected by lago-
morph TRIM5 proteins whose restriction can be evaded by
exchanging the first 149 amino acids of the HIV capsid by
the simian immunodeficiency virus (SIV) capsid [5, 12, 13].
Human SAMHD1 restricts HIV replication at the level of
reverse transcription by reducing intracellular dNTP pools
and is degraded by lentiviral Vpx proteins [14, 15], yet the
antiretroviral activity of murine SAMHD1 cannot be antag-
onized by Vpx [16]. Human CD317/BST-2/Tetherin tethers
mature virions at the plasma membrane, and its antiviral
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activity is counteracted by HIV-1 Vpu/HIV-2 Env [17, 18].
However, rodent CD317 proteins are resistant to all cur-
rently known antagonists [19, 20] and MLV appears to be
devoid of a murine CD317 antagonist [21]. Members of the
human APOBEC cytidine deaminase family are incorpo-
rated into budding virions and trigger G-to-A hypermuta-
tions during HIV reverse transcription in the next round of
infection. Virion inclusion is prevented by lentiviral Vif pro-
teins. However, rat APOBEC1, mouse APOBEC3 and rabbit
APOBEC1 are still incorporated in the presence of Vif [22–
24]. Thus, species-specific comparisons may not only add
valuable information to the mode of action and interacting
motifs, but also identify factors that are critical for building
HIV-permissive small animal models.

Here, we are interested in a species-specific comparison of
rodent and lagomorph orthologs of SERINC3/5, two newly
described antiviral factors. The antiviral phenotype of
hSERINC3/5 resembles in part the infectivity defect recently
reported in primary rabbit macrophages, which manifests
itself by 20-fold decreased HIV infectivity compared to
human macrophages [5].

Human SERINC3 and SERINC5 were recently found to
reduce virion infectivity [25, 26]. They have been pro-
posed to belong to a family of serine incorporators [27],
yet they are not involved in lipid biosynthesis [28].
SERINC3/5 are highly conserved in terms of amino acid
sequences among eukaryotes, and primate SERINC3/5
show no signatures of positive selection or difference in
their antiviral activity [29, 30]. Their exact mode of
action is still under debate, yet fusion to the next target
cell is impaired. Recently, Sood and colleagues demon-
strated that virion-associated hSERINC3/5 interfere with
HIV entry prior to small pore formation with the new
target cell [31]. Furthermore, hSERINC5 prevents the
delivery of the viral core into the cytoplasm [32]. These
steps are critical within the HIV entry process. First,
HIV envelope molecules attach to the cell membrane
and bind to its major receptor hCD4 and subsequently
to its co-receptors hCXCR4 or hCCR5. Second, co-
receptor binding induces exposure and insertion of the
gp41 fusion peptide into the host cell membrane. Small
pore formation is finally induced by gp41 pre-bundles,
which culminate in the formation of six-helix bundles
(reviewed in [33]). Those six-helix bundles most likely
stabilize and expand the opening pores (reviewed in
[33]).

Importantly, viruses have developed strategies to evade
the inhibitory effect of restriction factors. HIV/SIV Nef
proteins counteract human, primate, mouse, frog and
zebrafish SERINC3/5 and increase virus particle infectiv-
ity [25, 26, 29, 34–36]. MLV GlycoGag increases virion
infectivity of Nef-deficient HIV and GlycoGag-deficient
xenotropic MLV particles in the presence of human and
mouse SERINC3/5 [25, 26, 29, 37]. EIAV S2 proteins
antagonize human and equine SERINC3/5 and rescue
GlycoGag-deficient xenotropic MLV [37, 38].

The way in which this antagonism works remains unclear,
but it was suggested that both virion exclusion of cellular
SERINC5 and inactivation of virion-associated SERINC5 is
driven by HIV-1 Nef [39, 40]. An interplay of GlycoGag
and Envelope seems to be important in overcoming SER-
INC5 antiviral activity against MLV [37]. In addition,
equine SERINC5 also inhibits EIAV in an Env-dependent
manner and EIAV S2 uses similar motives to those of HIV
Nef in regard to counteraction [38]. Recent evidence also
points to HIV envelopes as determinants for SERINC5
restriction [31, 40–42].

In our current work, we find that SERINC3/5 antiviral
activity is highly conserved also among rat and rabbit ortho-
logs. Our results indicate that rodent and lagomorph SER-
INC3/5 most likely act prior to virion fusion. Interestingly,
we are the first to show that rodent and lagomorph SER-
INC3/5 are counteracted by all three antagonists, HIV-1
Nef, MLV GlycoGag and EIAV S2 proteins, and thus may
not cause any problems in regard to animal model
development.

METHODS

Evolutionary analysis

The sequences obtained from NCBI were aligned using
ClustalW [43] on BioEdit [44].

Cells and reagents

Human HEK293T and TZM-bl cells were cultivated as
recently reported [45]. Generation of HEK293T SERINC3/5
double-KO cells was, in principle, performed as recently
described [46, 47]. The following guideRNAs were used for
SERINC3 (5’GTTTGTTGTTGGCATGATAGGGG3‘) and
for SERINC5 (5’GTAGAGGGCGTACATGAAGCGGG 3’).
Briefly, HEK293T cells were transfected with
pRZ_BFP_T2A_Cas9 together with GFP-expressing
pLKO.1_gRNA plasmids using Lipofectamine 2000. Two
days later, BFP and GFP double-positive cells were FACS-
sorted and subcloned by limiting dilution. The genomic
locus surrounding the gRNA binding site was PCR-ampli-
fied (SERINC3 forward primer: 5¢ ACACTCTTTCCCTA-
CACGACGctcttccgatctCCTACCAGCATACCACAACC
TTG 3¢; SERINC3 reverse primer: 5¢ TGACTGGAG
TTCAGCGTGTGctcttccgatctGTACTGCTGGAGACAGAA
TGTCT 3¢; SERINC5 forward primer: 5¢ ACACTCTTTCCC
TACACGACGctcttccgatctTTTTCTAGCTGGCCTGCTGC
TGT; SERINC5 reverse primer: 5¢ TGACTGGAG
TTCAGCGTGTGctcttccgatctTCATGTTTTTCCCACA-
CACCCTC 3¢) and subjected to deep sequencing using a
MiSeq platform (Illumina) as previously described [47]. Pol-
yethylenimine 25K was purchased from Plysciences, Inc.

HIV-1 proviral constructs and expression plasmids

Proviral DNAs pHIV-1NL4-3DNef and pHIV-1NL4-3SF2Nef
[48], as well as human pcDNA3.1- and pBJ6-based expres-
sion plasmids for HA-tagged hSERINC5 and hSERINC3,
were recently described [25]. We generated pNL4-3/Envfs/
NefLAI by replacing the nucleotide sequence of pNL4-3/
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EnvFs [49], between the BsmBI and BspEI restriction sites
(the latter located in the 3’ LTR), with the homologous
sequence derived from nef of HIV-1LAI. The corresponding
pNL4-3/Envfs/Neffs carries a mutation at the unique XhoI
site in nef. For infectivity experiments, pNL4-3/Envfs/
NefLAI and pNL4-3/Envfs/Neffs were complemented by the
recently described HXB2 Env (pBJ5) [25]. The coding
sequences (CDS) for rabbit, rat and mouse SERINC5 and
SERINC3 were amplified from spleen cDNAs using the
Phusion Flash High-Fidelity PCR Master Mix according to
the manufacturer’s protocol (Thermo Fisher Scientific). The
PCR products were cloned in the pCMV-HA-C plasmid
(Clonetech) using the restriction sites EcoRI and KpnI or
EcoRI and SaII for SERINC5 and SERINC3, respectively.
SERINC5 and SERINC3 orthologs with the HA-tag at the
C-terminus were subsequently cloned in the pBJ6 plasmid
using EcoRI and NotI restriction sites. All constructs gener-
ated were validated by sequencing.

Expression plasmids for HXB2 Env (pBJ5-based), HA-
tagged GlycoGag (pBJ5-based) and HA-tagged S2 proteins
(pcDNA3.1-based) were described previously [25, 38, 50].
For pseudotyping and virion fusion assays, VSV-G (pMD2.
G) and BlaM-Vpr (pCMV4-based) expression plasmids
were used [45].

Virus production

For viral production, HEK293T cells were co-transfected
with 1.5 µg proviral DNA and 0.5 µg SERINC3/5 expression
plasmids using PEI (3 : 1 of total DNA). For S2 and Glyco-
Gag co-expression, 0.5 or 0.8 µg of plasmid DNA was
added, respectively. For experiments with LAINef (Nef
derived from HIVLAI strain [51]), 0.2 µg of HXB2 Env were
co-transfected. The supernatant was collected 48 h after
transfection and passed through 0.45 µm filters. The virus-
containing supernatant was stored for further usage at
�80

�

C. Only supernatants used for the fusion assay were
first purified through a sucrose cushion as previously
described [45].

The number of particles in the supernatant was measured
by quantification of virion-associated reverse transcriptase
(RT) activity (SG-PERT) [52]. The level of physical particles
in the supernatant and associated with the producer cells
was determined by p24CA ELISA [53].

HIV-1 infectivity assay

TZM-bl cells were infected with the same volume of HIV-
containing supernatant produced in the presence or absence
of SERINCs. Forty-eight hours after infection, cells were
lysed with cell culture lysis reagent (Promega) and Firefly
luciferase activity was measured with a TECAN infinite 200,
using the luciferase assay system from Promega according
to the manufacturer’s instructions. Relative infectivity per
unit RT activity was calculated by normalization of relative
light units (RLU) and RT units measured by SG-PERT for
each virus to HIV-1NL4-3DNef control.

Viral fusion assay

TZM-bl cells were infected with the same RT units of HIV
produced in the presence or absence of SERINC3/5. The
total of RT units (1011 RT units per 100 000 cells) used was
chosen to ensure that fusion would be detected by flow
cytometry for every virus produced in this assay. Four hours
after infection, cells were washed with CO2-independent
medium complemented with 10% FCS and loaded with
CCF2 dye as described previously [45]. After overnight
staining, the cells were detached, fixed with 4% PFA and
analyzed by flow cytometry using a BD FACSVERSE.

Flow cytometry

HEK293T cells used for virus production in the presence or
absence of SERINCs were detached and fixed with 4% PFA.
The cells were permeabilized using Perm Buffer II (BD Bio-
sciences) according to the manufacturer’s instructions and
stained using 1 : 40 HA-FITC (Miltenyi Biotec). The sam-
ples were analyzed by flow cytometry using a BD FACS-
VERSE (BD Biosciences).

Western blot analysis

HEK293T cells used for virus production in the presence or
absence of SERINC3/5 were detached and lysed for 5min at
4

�

C (100mM NaCl, 10mM HEPES, 1mM TCEP, 1%
DDM and 2� protease inhibitors). After centrifugation, the
supernatant was mixed with 2� Laemmli sample buffer
with 50mM TCEP. Samples were resolved using a Tricine-
SDS-PAGE system and blotted on nitrocellulose mem-
branes. SERINC expression was detected using mouse anti-
HA (1 : 2000; BioLegend) and Vinculin using a rabbit poly-
clonal antibody (1 : 1500; Abcam).

RESULTS

Rodent and rabbit SERINC3/5 orthologs are highly
conserved

To assess the breadth of amino acid sequence conservation,
we aligned mouse, rat, rabbit and human SERINC3/5 ortho-
logs using ClustalW [43]. SERINC3 (Fig. 1a) and SERINC5
(Fig. 1b) orthologs are highly conserved, sharing 78–93 and
81–91% amino acid identity, respectively. In addition, puta-
tive transmembrane domains, highlighted in grey, are well
preserved.

Rodent and rabbit SERINC3/5 orthologs interfere
with HIV infectivity in a dose-dependent manner

All experiments were performed as shown in Fig. 2a.
HEK293T cells were co-transfected with proviral DNA,
together with expression plasmids encoding for mouse, rat,
rabbit or human SERINC3/5 or a vector control. Two days
post transfection, supernatants were filtered and quantified
for RT activity and p24 capsid (CA) content of released viri-
ons. Infectivity was then quantified in a TZM-bl reporter
cell assay.

Based on the high level of amino acid conservation among
SERINC3/5 orthologs, we asked whether these would also
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be capable of reducing HIVDNef infectivity as recently pub-
lished for human SERINC3/5 and simian and mouse SER-
INC5 [25, 26, 29, 34, 35]. HEK293T cells were thus
transfected with increasing levels of pCMV-based SER-
INC3/5 expression plasmids, and analyses were performed
as described above. Luciferase counts were normalized to
the level of RT Units measured in the supernatant to quan-
tify particle infectivity. Nef-defective HIV-1 was inhibited
by SERINC3/5 orthologs in a dose-dependent manner
(Fig. 2b). The reduction imposed by SERINC5 ranged

between 14- and 232-fold, whereas SERINC3 was less
potent (1.4- to 4.9-fold). SERINC5 reduced virion infectivity
to a maximum of 0.43–0.85% and SERINC3 only to 20.32–
39.67%. The protein abundance of SERINC3/5 was deter-
mined in parallel by Western blotting (Fig. 2b) and flow
cytometry (Fig. S1, available in the online version of this
article). For both analyses and all orthologs, increasing lev-
els of HA-tagged SERINC3/5 were detected with increasing
levels of plasmid DNA. Nevertheless, as seen in Fig. 2b, HA-
tagged SERINC3 orthologs showed only one or two

Fig. 1. SERINC3 and SERINC5 are highly conserved. (a, b) Translation of the nucleotide sequences for Homo sapiens (NM_006811 and

NM_001174072), Oryctolagus cuniculus (XM_002721072 and XM_008261873), Rattus norvegicus (NM_001008312 and NM_133395) and

Mus musculus (NM_012032 and NM_172588) SERINC3 (a) and SERINC5 (b). Highlighted in grey are the transmembrane domains pre-

dicted using the web tool PredictProtein [65] and in accordance with [27]. The default setting of BioEdit colours amino acids sharing

similar properties as follows: turquoise (A, Y, F), ochre (G), dark brown (P), dark blue (S, T), red (D, E), light green (W), pink (H), navy

blue (K, R), dark green (I, L, M, V), light blue (N, Q), dark red (C). ‘-’ or ‘~’ indicate gaps, ‘.’ denotes identical amino acids as in the refer-

ence sequence, and ‘*’ denotes stop codons.
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Fig. 2. Rodent and rabbit SERINC3/5 orthologs interfere with HIV infectivity in a dose-dependent manner. (a) HEK293T cells were

transfected with proviral HIV-1NL4-3 plasmid DNA lacking Nef (HIV-1NL4-3DNef) and increasing amounts of expression plasmids encod-

ing for the various SERINC3/5 orthologs (0.1–1 µg). Supernatants were collected 48 h post-transfection and analyzed for RT activity of

released viral particles using SG-PERT. In parallel, TZM-bl cells were inoculated with harvested supernatants and Firefly luciferase

activity measured 48 h post inoculation. (b) Relative HIV-1 infectivity was calculated as a ratio of Firefly luciferase counts to RT units

and normalized to control (empty expression plasmid). Shown are arithmetic means±SEM of three independent experiments. (c)

HEK293T cells were transfected with proviral HIV-1NL4-3DNef plasmid DNA and expression plasmids for the various SERINC3/5 ortho-

logs (0.5 µg) in the presence or absence of a VSV-G expression plasmid. Supernatants were essentially harvested as described above

and relative infectivities calculated. Shown are arithmetic means±SEM of three independent experiments. (d) HIV-1 release was quanti-

fied as the percentage of total (cells plus supernatant) p24 capsid (p24CA) secreted as virion-associated p24CA. Shown are arithmetic
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prominent bands at the expected size of ~53 kDA. The
expression pattern for SERINC5, in contrast, is probably
due either to different levels of glycosylation [54] or transla-
tion initiation at internal start codons (AUGs) in an overex-
pression context [55, 56]. Even though SERINC3 expression
levels are lower than those for SERINC5 its antiviral activity
is still weaker, ranging from 5- to 55-fold when normalizing
for comparable expression levels of SERINC3 and SERINC5
from the same species (Fig. 2b). This finding is also in line
with the current literature [25, 26].

In concordance with previous reports, the impact of SER-
INC3/5 on HIV-1DNef infectivity was abolished when
virions were pseudotyped with VSV-G (Fig. 2c, grey
bars). Strikingly, VSV-G pseudotyped virions were 2.4- to
19-fold more infectious when rabbit, rat or mouse SER-
INC3/5 were co-transfected. In order to rule out the pos-
sibility that SERINC3/5 expression affects HIV-1 particle
release, we measured in parallel virus- and cell-associated
p24CA and calculated the percentages of released par-
ticles. As seen in Fig. 2(d), SERINC3/5 expression did not
have a negative impact on HIV-1DNef release and no sig-
nificant differences were found between control and SER-
INC-containing particles.

Thus, rodent and rabbit SERINC3/5 proteins reduce HIV-
1DNef infectivity in a dose-dependent manner.

Rodent and rabbit SERINC3/5 orthologs interfere
with HIV prior to virus entry

To determine the step in the HIV replication cycle where
SERINC3/5 orthologs act as restriction factors, we assessed
the fusion capacity of HIV-1DNef virions produced in the
presence or absence of individual SERINC proteins, by per-
forming a BlaM-Vpr fusion assay as established by Cavrois
et al. [57]. Identical RT Units were applied to TZM-bl cells,
and virion fusion was measured by flow cytometry [45].
Fig. 3(a) depicts representative dot plots of fusion events in
TZM-bl cells. Uninfected and fusion inhibitor T20 control-
treated, infected TZM-bl cells did not display infection lev-
els above background. Fusion of particles produced in the
presence of SERINC5 and SERINC3 in control viruses was
reduced from 78% to 0.2–3.6% and 6.4–27%, respectively
(Fig. 3a).

Over a range of multiple experiments, virus entry was sig-
nificantly reduced (from 3- to 257-fold) when HIV-1DNef
virions were produced in the presence of SERINC3/5 ortho-
logs (Fig. 3b). This major effect of SERINC3/5 on virion
fusion is in part due to marked overexpression of SERINC3/
5 using transient transfection of a CMV IE promoter con-
struct in virion producer cells, in contrast to the studies per-
formed by Rosa et al. and Usami et al., which employed
weaker promoters [25, 26].

We then performed similar experiments with VSV-G pseu-
dotyped HIV-1DNef BlaM-Vpr-incorporated virions. Here,
primary dot plots (Fig. S2a) and a bar chart (Fig. S2b)
revealed a less pronounced, but significant, decrease in
virion fusion (Fig. S2a,b) and infectivity (Fig. S2c) for viri-
ons with incorporated rodent SERINC3/5 and human
SERINC5.

Summarizing our findings, SERINC3/5 orthologs most
probably exert antiviral activity prior to virus entry, primar-
ily in an HIV envelope-dependent manner.

Rodent and rabbit SERINC3/5 orthologs are
counteracted by three different viral proteins

To assess whether SERINC3/5 orthologs can be antagonized
by all known viral counteractors of SERINC proteins, HIV-
1DNef and SF2Nef virions were produced in the presence or
absence of SERINC expressed from pBJ6-based plasmids.
Because SERINC5 has a relatively strong antiviral activity,
SF2Nef was chosen as being among the strongest SERINC5
antagonists of HIV-1 [25]. The expression of pBJ6-driven
plasmids is much weaker than that of CMV-driven ones
[25, 39], which further facilitates Nef antagonism studies.
For this reason, SERINC3/5 protein levels could not be
detected by Western blotting yet their expression was veri-
fied by measuring HA-tag levels using flow cytometry (Fig.
S3). First, we titrated the amount of pBJ6-driven SERINC3/
5 required to obtain the optimal dose showing maximal
inhibition of HIV-1DNef and best rescues by SF2Nef virions
(data not shown). We then repeated the experiment with
HIV-1DNef using a HEK293T SERINC3/5 double-knockout
clone and obtained similar results, indicating that low
endogenous SERINC3 and SERINC5 expression levels in
HEK239T cells had not altered our results (Fig. S4).

As expected, and in line with the literature, the impact of
pBJ6-driven SERINC3/5 on virion infectivity was less pro-
nounced than with CMV-driven expression plasmids. Nev-
ertheless, individual SERINC5 proteins reduced the
infectivity of HIV-1DNef virions by 2.8- to 9.2-fold whereas
SERINC3 had only a marginal effect (1.3- to 2.9-fold) effect
(Fig. 4a). As the effects of SERINC3 orthologs were found to
be rather modest, we investigated SERINC3 incorporation
into HIV-1 particles by Western blotting: pBJ6-driven SER-
INC3 expression levels were undetectable, even in cell
lysates (data not shown).

In the presence of SF2Nef, the antiviral activity of SER-
INC3/5 was antagonized. Specifically, SF2Nef significantly
increased the virion infectivity of SERINC5-containing par-
ticles from 2.6- to 9.2-fold. This effect was less pronounced
for SERINC3-containing particles (1.1- to 1.9-fold), and no
significant effect was detected for murine SERINC3.

means±SD of two experiments. No significant differences were found between control and SERINC-containing samples. Statistical anal-

yses were performed using unpaired two-tailed Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; ns, not significant.
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Because SF2Nef is virtually inactive in regard to inhibiting
SERINC3 incorporation into virions [26], we repeated the
foregoing experiments in the presence or absence of LAI-
Nef, which was previously shown to antagonize SERINC3
incorporation [26]. Here, SERINC5 and SERINC3 reduced
the virion infectivity of HIV-1DNef by 6.0- to 28.8-fold and
2.7- to 7.1-fold, respectively (Fig. 4b). In contrast to SF2Nef,
LAINef counteracted human SERINC5 by only twofold, as
expected [26]. LAINef-mediated antagonism to rabbit SER-
INC5 was within a similar range (2.8-fold). Unexpectedly,

rat and mouse SERINC5 were more sensitive to LAINef-
mediated antagonism, as virion infectivity increased by
13.8- and 18.1-fold, respectively. LAINef increased virion
infectivity in the presence of SERINC3 orthologs by 2.8- to
3.2-fold. However, considering the fold difference for HIV-
1 LAINef in the presence or absence of SERINC3/5, that for
SERINC3 orthologs was lower (1.2- to 3.7-fold), in contrast
to SERINC5 (1.7- to 5.3-fold). In addition, rabbit and mouse
SERINC3-containing particles were equally infectious as
control HIV-1 LAINef virions.

Fig. 3. Rodent and rabbit SERINC3/5 orthologs interfere with HIV prior to virus entry. (a) HEK293T cells were transfected with proviral

HIV-1NL4-3DNef plasmid DNA, a BlaM-Vpr expression plasmid, together with expression plasmids encoding for the SERINC3/5 orthologs

(0.5 µg). Viral particles were harvested 48 h post transfection and pelleted via sucrose cushion. Equal numbers of RT units (determined

by SG-PERT) were used to infect TZM-bl cells. Fusion was analyzed 4 h post infection via flow cytometry, measuring the change in fluo-

rescence caused by cleavage of CCF2 following cellular entry. T20 was used as fusion inhibitor. Shown are representative dot blots.

(b) Graphical representation summarizing the raw data presented in (a). Shown are arithmetic means±SEM of two independent experi-

ments. Statistical analyses were performed using unpaired two-tailed Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; ns,

not significant.
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In addition to HIV-1 Nef, MLV GlycoGag was shown to
antagonize SERINC5 [25, 26]. Thus, we produced HIV-
1DNef virions in the presence or absence of pBJ6-based
SERINC3/5 and MLV GlycoGag. Regardless of which SER-
INC3/5 orthologs were used during virus production, anti-
viral activity was antagonized by GlycoGag (Fig. 4c). Here,
GlycoGag significantly increased the virion infectivity of
SERINC5-containing particles, by 2.8- to 7-fold. As already
seen for SF2Nef, infectivity enhancement regarding SER-
INC3-containing particles was less pronounced (1.2- to 2.9-
fold), without being significant for rabbit SERINC3.

In a final approach, we produced HIV-1DNef virions in the

presence or absence of pBJ6-based SERINC3/5 and EIAV S2.

Here, we also detected no antiviral activity for SERINC3/5

when S2 was present during virion production (Fig. 4d).

More importantly, EIAV S2 significantly increased the virion

infectivity of SERINC5-containing particles, by 2.8- to 5.4-

fold, and the infectivity of SERINC3-containing particles was

enhanced by only 1.7- to 2.4-fold in the presence of EIAV S2,

without being significant for murine SERINC3.

In summary, the antiviral activity of rodent and rabbit SER-
INC3/5 orthologs is counteracted by all known antagonists
– HIV-1 Nef, MLV GlycoGag and EIAV S2.

DISCUSSION

Typical animal models used to study human diseases
include rodents and lagomorphs [58–60], although rodent
and lagomorph cells do not support HIV replication. To
create permissive small animal models, it is important to
study the antiviral activity of HIV restriction factor ortho-
logs and their counteraction. Here, we studied the ectopic
expression of rodent and lagomorph orthologs of SERINC3
and SERINC5 in permissive human cell lines, to delineate
whether SERINC3/5 pose a barrier to HIV animal model
development. Studies in SERINC3/5 knockout rodent and
lagomorph cell lines are unfortunately not possible due to
additional restrictions regarding HIV replication. Human,
rodent and lagomorph SERINC3 and SERINC5 orthologs
are conserved in regard to their amino acid sequences. Anal-
yses with simian orthologs showed that these genes do not
exert the typical signatures of ‘an arms race’ with pathogens

Fig. 4. Rodent and rabbit SERINC3/5 orthologs are counteracted by three different viral proteins. (a) HEK293T cells were transfected

with plasmids encoding for SERINCs (0.5 µg) and proviral HIV-1NL4-3DNef or HIV-1NL4-3SF2 Nef plasmid DNA. (b) Proviral NL4-3/Envfs/

NefLAI and NL4-3/Envfs/Neffs complemented with the HXB2 Env expression plasmid. (c) Proviral HIV-1NL4-3DNef plasmid DNA in the

presence or absence of a murine leukemia virus (MLV) GlycoGag expression plasmid. (d) Proviral HIV-1NL4-3DNef plasmid DNA in the

presence or absence of an equine infectious anemia virus (EIAV) S2 expression plasmid. Relative infectivity values were calculated as

described previously. Shown are arithmetic means±SEM of three independent experiments. Statistical analyses were performed using

unpaired two-tailed Student’s t-test. *P<0.05; **P<0.01; ***P<0.001; ns, not significant.
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[30]. Normally, as a consequence of ’an arms race’ between
host and virus and through continuous evolution, mutations
manifest themselves within the host and/or the virus as a
result of evolutionary pressure. This was recently shown for
human restriction factors including APOBEC3G and BST-
2, in contrast to human SERINC3 and SERINC5 [30].
Rodent and rabbit SERINC3 and SERINC5 orthologs have
not encountered HIV, yet other retro- or lentiviruses, such
as MLV or rabbit endogenous lentivirus K (RELIK) [61],
may have imposed pressure on those genes.

We observed that rodent and lagomorph SERINC3 and
SERINC5 are as active antivirally as human and simian
orthologs in the absence of viral antagonists [25, 26, 29].
Both act in a dose-dependent manner, whereas the magni-
tude of inhibition is less pronounced for SERINC3 ortho-
logs. The antiviral activity of SERINC3/5 orthologs was
bypassed when virions were pseudotyped with VSV-G [25,
26]. The reason for this finding may be either the different
entry route used by HIV and VSV or the number of glyco-
protein molecules displayed on the cell surface due to which
SERINC can no longer exert its antiviral activity [62, 63].

In the absence of a viral antagonist, SERINC3/5’s antiviral
activity is most likely displayed prior to virus entry, which is
consistent with other reports [25, 26, 39]. Because we mea-
sured the change in fluorescence emission following the
release of BlaM-Vpr proteins from incoming virions into
the cytoplasm, virion fusion assay cannot discriminate
whether virion attachment to, or virion fusion with, the
plasma membrane is primarily affected. Our data do not
indicate the additional post-entry defect induced by SER-
INC3/5 proposed by Rosa et al. [25], suggesting that this
may depend on the experimental system regarding whether
the antiviral activity of SERINC3/5 is evident prior to virus
entry only, or also afterwards. Moreover, a second post-
entry restriction imposed by SERINC3/5 would not be in
line with the model proposed by Sood et al. and Schulte
et al. [31, 32]. In addition, endogenous SERINC3/5 may
have only a minor effect on virus entry yet a greater impact
post-entry, as recently suggested [25, 26], which we cannot
exclude based on our experimental set-up.

Studying the cross-reactivity of restriction factors and
their viral counteracting elements is important in the
process of developing permissive small animal models
for HIV. This is the first study to analyze the antiviral
activity of all known viral antagonists using a species
comparison approach. To date, counteraction activities
have been demonstrated mainly for human SERINC3/5,
and only two viral proteins have been studied in con-
nection with mouse SERINC5 [25, 26, 29, 34–38]. Con-
trary to expectation, the three known antiviral factors –

HIV-1 Nef, MLV GlycoGag and EIAV S2 [25, 26, 38] –

were able to counteract all SERINC3 and SERINC5
orthologs used in the present study. Normally, although
HIV restriction factor orthologs are antivirally active, the
block induced by these factors cannot be surmounted by
the viral antagonists. Rodent CD317/BST-2/Tetherin

inhibits the release of HIV-1, HIV-2, SIV and MLV,
while viral antagonists including HIV-2ROD-10 Env, Ebola
GP, KSHV K5 and HIV-1 Vpu were unable to rescue
infection [19, 20]. Likewise, HIV-1 Vif did not prevent
the incorporation of murine APOBEC3G into budding
virions [22]. Furthermore, rodent and rabbit APOBEC1
also have antiviral activity against HIV, SIV and MLV,
with no counteraction by Vif proteins [24]. Thus, our
results show that the domains responsible for antiviral
activity are highly conserved among SERINC3/5 ortho-
logs. In addition, the interaction domains necessary for
counteraction have to be preserved to a very high
degree so that these can be counteracted by viral antag-
onists expressed by complex lentiviruses (HIV, EIAV)
and a simple gamma retrovirus (MLV). However, this
does not mean that all three viral proteins target similar
motives or antagonize via direct interaction. The possi-
bility of direct interactions, or those in the same com-
plex of SERINC3/5 orthologs and these counteracting
viral proteins, could be investigated by pull-down assay
in combination with mass spectrometric analyses or by
FRET/BRET-based assay. In a subsequent step, if techni-
cally accessible, structural studies of SERINC3/5 ortho-
logs, in complex with HIV-1 Nef, MLV GlycoGag or
EIAV S2, could be used to identify interacting amino
acids, possibly shedding light also on the inhibitory
mode of action. The proteins HIV-1 Nef, MLV Glygo-
Gag and EIAV S2 most likely evolved independently to
counteract SERINC3/5 proteins. The proteins HIV-1 Nef
and EIAV S2 share similar interacting motifs [25, 38]
and, together with MLV GlycoGag, localize to cellular
membranes. Schulte et al. recently identified two sepa-
rate domains in SERINC5 responsible for incorporation
and restriction, respectively [32]. Using SERINC2–SER-
INC5 chimeras, SERINC5 incorporation was mapped to
loop5 (L5), transmembrane domain 6 (TM6) and loop6
(L6) [32]. Within this region, human, rodent and rabbit
SERINC5 differ in only 5–10 amino acids (Fig. 1b). Fur-
thermore, the determinants to restrict HIV were found
in the TM7-L7 region [32]. Here, human, rodent and
rabbit SERINC5 differ only in 3–5 amino acids
(Fig. 1b). This indicates that regions important for both
SERINC5 incorporation and SERINC5-mediated restric-
tion are highly conserved among rodent and lagomorph
orthologus.

Furthermore, Dai et al. identified the intracellular loop 4 of
SERINC5, specifically amino acids 9–26, as being responsible
for confering sensitivity to Nef [35]. Within this stretch,
amino acid sequences among human, rodent and rabbit SER-
INC5 present between one to three amino acid differences
(Fig. 1b), in contrast to six to seven for frog and zebrafish SER-
INC5 [35]. Although this may explain the high conservation
of Nef antagonism, little is known about the key domains in
SERINC3/5 orthologs and those essential for counteraction by
the proteins MLVGlycoGag or EIAV S2. Thus, the underlying
interactions need to be determined. Future experiments
extending the strategies of Schulte et al. and Dai et al. could
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also identify key motifs for the proteins MLV GlycoGag and
EIAV S2 [32, 35]. Li et al. recently reported residues in MLV
GlycoGag that are important for re-localization and downre-
gulation of murine SERINC5 from the plasma membrane
[64].

Interestingly, LAINef was shown to be a more potent antag-
onist for human SERINC3 and relatively inactive against
the incorporation of human SERINC5 into virions [26].
However, our data show that the capacity of LAINef’s
capacity to counteract SERINC5 may be dependent on the
ortholog present, as rat and mouse SERINC5 were counter-
acted by up to 18.1-fold (Fig. 4b). This result indicates that
generalized statements about the potency of individual Nef
alleles to counteract SERINC3/5 cannot be made, and must
be evaluated in each experimental set-up.

In summary, rodent and lagomorph SERINC3/5 orthologs
restrict HIV infectivity and can be counteracted by the pro-
teins HIV-1 Nef, MLV GlycoGag and EIAV S2. Our key
conclusion is that rodent and lagomorph SERINC3/5 ortho-
logs, in contrast to other known restriction factors, do not
pose any barrier to HIV animal model development.
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