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SERINC5 Is an Unconventional HIV 
Restriction Factor That Is Upregulated 
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Abstract
Classical antiviral restriction factors promote cellular immu-
nity by their ability to interfere with virus replication and in-
duction of their expression by proinflammatory cytokines 
such as interferons. The serine incorporator proteins SERINC3 
and SERINC5 potently reduce the infectivity of HIV-1 particles 
when overexpressed, and RNA interference or knockout ap-
proaches in T cells have indicated antiviral activity also of the 
endogenous proteins. Due to lack of reagents for detection 
of endogenous SERINC proteins, it is still unclear whether 
SERINC3/5 are expressed to functionally relevant levels in dif-
ferent primary target cells of HIV infection and how the ex-
pression levels of these innate immunity factors are regulat-
ed. In the current study, analysis of SERINC3/5 mRNA steady-
state levels in primary lymphoid and monocyte-derived cells 

revealed selective induction of their expression upon differ-
entiation of myeloid cells. Contrary to classical antiviral re-
striction factors, various antiviral α-interferon subtypes and 
proinflammatory interleukins had no effect on SERINC levels, 
which were also not dysregulated in CD4+ T cells and mono-
cytes isolated from patients with chronic HIV-1 infection. No-
tably, HIV-1 particles produced by terminally differentiated 
monocyte-derived macrophages with high SERINC5 expres-
sion, but not by low-expressing monocytes, showed a Nef-
dependent infectivity defect. Overall, these findings suggest 
endogenous expression of SERINC5 to antivirally active levels 
in macrophages. Our results classify SERINC5 as an uncon-
ventional HIV-1 restriction factor whose expression is specif-
ically induced upon differentiation of cells towards the my-
eloid lineage. © 2020 The Author(s)
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Introduction

The serine incorporator proteins SERINC1 to 
SERINC5 display no sequence homology to other pro-
teins, but are conserved from yeast to mammals and share 
> 30% amino acid identity among themselves. They be-
long to a family of transmembrane carrier proteins that 
have been initially anticipated to be responsible for the 
incorporation of the amino acid serine into lipid mem-
branes. Furthermore, it is believed that they comprise a 
molecular scaffold for the binding of 3-phosphoglycerate 
dehydrogenase facilitating also the synthesis of phospha-
tidylserine and sphingolipids [1]. However, recent studies 
could neither show an effect of SERINC1 and SERINC5 
on cellular lipid composition [2, 3] nor on cell function 
(SERINC1 [3]) or lipid composition of viral particles 
(SERINC5 [2]), thus questioning previously accepted 
functions of SERINC proteins.

In 2015, SERINC3 and SERINC5, but not SERINC1, 
SERINC2, and SERINC4, were identified as cell-associ-
ated innate immunity factors which can potently sup-
press the particle infectivity of HIV upon overexpression. 
Thereby, SERINC3/5 become incorporated into newly 
generated particles and compromise their fusion with 
new target cells. The antiviral activity of SERINC3/5 has 
been shown to be counteracted by the Nef proteins en-
coded by HIV-1, HIV-2, and SIV [4, 5]. Analysis revealed 
that in the presence of Nef, the amount of SERINC3/5 was 
markedly reduced in newly produced virus particles, and 
Nef expression caused redistribution of SERINC into a 
Rab7-positive cellular compartment [4, 5]. These find-
ings were supported by a surface proteome study of HIV-
1 infected CD4+ T cells, which revealed reduction of sev-
eral plasma membrane-bound proteins upon Nef expres-
sion – among them SERINC3/5 [6]. Interestingly, and 
contrary to SERINC3 and SERINC5, Nef increased the 
surface abundance of SERINC1 [6], revealing a so far un-
appreciated level of selectivity of the Nef-SERINC inter-
action. Notably, downregulation of SERINC5 from the 
cell surface seems not to be sufficient for enhancement of 
viral infectivity [7].

While a context-dependent requirement for Nef for 
HIV-1 particle infectivity is well established and this phe-
notype correlates well with SERINC5 mRNA levels [4, 5], 
detection of endogenous SERINC proteins in cells has 
been precluded so far by the lack of suitable antibodies. 
Whether SERINC3/5 proteins are expressed to function-
ally relevant levels in primary target cells of productive 
HIV infection and how their expression levels are regu-
lated has remained largely elusive.

Here, we analyzed SERINC3/5 mRNA steady-state lev-
els in lymphoid and monocyte-derived cells from healthy 
donors. Our findings disclose significant variances of 
SERINC3/5 abundance in these cells and reveal a selec-
tive induction of SERINC gene expression upon differ-
entiation of myeloid cells. We further assessed the im-
mune modulatory effect of several α-interferons (IFNs) 
and proinflammatory interleukins (ILs) on SERINC3/5 
mRNA levels and analyzed possible differences in HIV 
target cells, i.e., CD4+ T cells and monocytes, isolated 
from a cohort of chronically HIV-1-infected patients and 
healthy controls. Surprisingly, neither stimulation with 
various IFNs/ILs nor HIV-1 infection had a measurable 
effect on SERINC mRNA expression levels. Finally, the 
impact on HIV-1 particle infectivity was studied and 
demonstrated in the context of the observed differentia-
tion-dependent mRNA induction of SERINC5 in cells of 
the myeloid lineage. Overall, our results corroborate the 
physiological relevance of the antiviral function of 
SERINC5, but question its categorization as a classical in-
nate restriction factor.

Materials and Methods

Blood Cell Isolation and Differentiation
Blood cones (Terumo BCT leukocyte reduction system) con-

taining red blood cells and enriched leukocytes were received from 
the Hospital of the University of Munich, Department of Immu-
nohematology, infection screening and blood bank (ATMZH). 
Blood cells were derived exclusively from anonymized healthy do-
nors in the age range of 20–55 years. Blood cells were diluted with 
PBS (Gibco) and different cell types were isolated via the Easy-
SepTM Rosette Human CD4+ T Cell (“resting” CD4+ T cells), Hu-
man CD8+ T Cell (CD8+ T cells), Human NK Cell (NK cells), and 
Human B Cell (B cells) enrichment kits (STEMCELL Technolo-
gies, Canada) according to the manufacturer’s protocols. Mono-
cytes were isolated via the Human Monocyte Isolation Kit II and 
the autoMACS® Pro Separator (Miltenyi Biotech, Germany) ac-
cording to the manufacturer’s instructions. Monocytes were fur-
ther differentiated into monocyte-derived macrophages (MDMs) 
by growing cells in surface-repellent plates (Greiner Bio-One, Aus-
tria) at 37  ° C and 5% CO2 for 7–9 days in DMEM Glutamax me-
dium (Gibco) supplemented with 10% heat-inactivated FCS (Sig-
ma Aldrich), antibiotics (100 U/mL penicillin, 100 mg/mL strep-
tomycin [Merck KGaA]), and 10% human AB serum (Sigma 
Aldrich). Differentiation was confirmed by microscopy and at-
taching behavior of the cells. Subsequently, cells were detached by 
incubation with ice-cold detach buffer (5 mM EDTA/PBS). For 
differentiation into dendritic cells, monocytes were cultivated at 
37  ° C and 5% CO2 for 7 days in RPMI Glutamax medium (Gibco) 
containing 10% heat-inactivated FCS (Sigma Aldrich), antibiotics 
(100 U/mL penicillin, 100 mg/mL streptomycin [Merck KGaA]), 
together with IL-4 (580 U/mL; R&D Systems, Wiesbaden, Ger-
many) and GM-CSF (10 ng/mL; R&D Systems). Subsequently, 
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cells were either directly used for further experiments (immature 
monocyte-derived dendritic cells [imMDDCs]) or treated with  
10 ng/mL lipopolysaccharide (Sigma Aldrich) for another 2 days 
to obtain mature monocyte-derived dendritic cells (mMDDCs). 
Resting CD4+ T cells were either directly used or further activated 
using one of two strategies: For activation procedure I, cells were 
grown at 37  ° C and 5% CO2 for 4 days in RPMI Glutamax medium 
(Gibco) containing 10% heat-inactivated FCS (Sigma Aldrich), an-
tibiotics (100 U/mL penicillin, 100 mg/mL streptomycin [Merck 
KGaA]), IL-2 (100 U/mL; Biomol, Germany), and phytohemag-
glutinin-P (PHA) (5 µg/mL; Sigma Aldrich). Subsequently, me-
dium was exchanged to RPMI Glutamax medium (Gibco) con-
taining 10% heat-inactivated FCS (Sigma Aldrich), antibiotics 
(100 U/mL penicillin, 100 mg/mL streptomycin [Merck KGaA]), 
and IL-2 (100 U/mL; Biomol), and cells were cultivated for an-
other 1–4 days. Activation II was achieved by using Human T-
Activator CD3/CD28 DynabeadsTM (Gibco) according to the man-
ufacturer’s protocol.

The identity and purity of cell types were validated by flow cy-
tometry using cell type-specific fluorophore-coupled antibodies 
(see also online suppl. Fig. S1; for all online suppl. material, see 
www.karger.com/doi/10.1159/000504888). 293T cells, which were 
used as reference for mRNA normalization, and HT-1080 cells 
were cultivated at 37  ° C and 5% CO2 in DMEM Glutamax medium 
(Gibco) supplemented with 10% heat-inactivated FCS (Sigma Al-
drich) and antibiotics (100 U/mL penicillin, 100 mg/mL strepto-
mycin [Merck KGaA]). Jurkat-TAg cells were cultivated at 37  ° C 
and 5% CO2 in RPMI Glutamax medium (Gibco) supplemented 
with 10% heat-inactivated FCS (Sigma Aldrich) and antibiotics 
(100 U/mL penicillin, 100 mg/mL streptomycin [Merck KGaA]).

Lineage Marker Validation and Purity of Isolated Cell Types
Cells were stained with cell type-specific fluorophore-coupled 

antibodies and analyzed on a FACSverseTM flow cytometer (BD 
Biosciences). The following antibodies were used: B cells (CD19 
FITC [Biolegend], CD20 APC [Biolegend]), monocytes (CD14 PE 
[BD Biosciences], CD3 APC [BD Biosciences]), NK cells (CD56 
PE [BD Biosciences], CD3 APC [BD Biosciences]), CD8+ T cells 
(CD8 PE [BD Biosciences], CD3 APC [BD Biosciences]), CD4+ T 
cells (CD3 APC [BD Biosciences], CD4 PerCP-Cy5.5 [BD Biosci-
ences]), MDMs (CD14 APC [BD Biosciences], CD1a PE [Bioleg-
end]), MDDCs (CD86 APC [Biolegend], CD1a PE [Biolegend]), 
and activated CD4+ T cells (CD25 PE [BD Biosciences], CD69 PE 
[BD Biosciences]). The purity and/or activation state were deter-
mined based on the flow cytometric data. All data sets were pro-
cessed with the FlowJo software package (FlowJo LLC, USA).

Fluorescence-Activated Cell Sorting of Samples from  
HIV-Infected Donors
PBMC samples were separated from EDTA blood by Ficoll 

density gradient centrifugation (Biocoll Separation Solution; Bio-
chrom, Germany) from healthy donors (Healthy) or from chroni-
cally HIV-1-infected patients either without antiretroviral therapy 
(ART) (Chronic) or under suppressive ART (see also Fig.  3b). 
Study participants were recruited from the outpatient clinic at the 
Department of Infectious Diseases of the University Hospital Mu-
nich. Cells were stained for CD3 (FITC; BD Biosciences), CD4 
(PerCP; BD Biosciences), CD8 (BV510; Biolegend), CD14 (PE; BD 
Biosciences), CD16 (BV421; Biolegend), CD56 (PE-Cy7; Bioleg-
end), and HLA-DR (APC; BD Biosciences) and subsequently sort-

ed using a Beckman Coulter MoFlo Astrios fluorescence-activated 
cell sorting (FACS) sorter. Sorted cells were immediately trans-
ferred into TRI reagent (Sigma Aldrich) and stored at –80  ° C until 
further use.

Cytokine Treatment
For cytokine treatment, MDMs or activated CD4+ T cells were 

cultured at 37  ° C and 5% CO2 for 4 or 24 h in RPMI Glutamax me-
dium (Gibco) containing 10% heat-inactivated FCS (Sigma Al-
drich) and antibiotics (100 U/mL penicillin, 100 mg/mL strepto-
mycin [Merck KGaA]) supplemented with the respective cyto-
kine(s) at the indicated low or high concentration. The following 
cytokines were used (brackets indicate low and high dose and sup-
plier): IFN-α1 (100 U/mL; 1,000 U/mL; provided by U.D. and 
K.S.), IFN-α2 (100 U/mL; 1,000 U/mL; Miltenyi Biotech), IFN- 
α6 (100 U/mL; 1,000 U/mL; provided by U.D. and K.S.), IFN-α7 
(100 U/mL; 1,000 U/mL; provided by U.D. and K.S.), IFN-α14  
(100 U/mL; 1,000 U/mL; provided by U.D. and K.S.), IFN-γ  
(100 U/mL; 1,000 U/mL; Miltenyi Biotech), TNF-α (100 U/mL; 
1,000 U/mL; Miltenyi Biotech), IL-1β (100 U/mL; 1,000 U/mL; 
PeproTech, Germany), IL-4 (100 U/mL; 1,000 U/mL; PeproTech), 
IL-6 (100 U/mL; 1,000 U/mL; Miltenyi Biotech), IL-10 (10 ng/mL; 
100 ng/mL; PeproTech), IL-12 (10 ng/mL; 100 ng/mL; Pepro-
Tech), IL-18 (10 ng/mL; 100 ng/mL; InvivoGen, USA), and IL-27 
(10 ng/mL; 100 ng/mL; PeproTech).

RNA Preparation
Cells were washed with PBS and lysed in TRI reagent (Sigma 

Aldrich). The lysate was cleared from debris by centrifugation 
(12,000 g for 10 min at 4  ° C), and subsequently the supernatant was 
transferred to a fresh reaction tube, mixed with chloroform (1× 
CHCl3: 5× lysate) and vortexed vigorously for 15 s. Samples were 
incubated for 15 min at room temperature and the resulting mix-
ture was centrifuged at 12,000 g for 15 min at 4  ° C. The upper, 
RNA-containing phase was transferred to fresh reaction tubes and 
0.5 mL 2-propanol per mL TRI reagent used during sample prepa-
ration were added. Samples were incubated for 5–10 min at room 
temperature and afterwards centrifuged at 12,000 g at 4  ° C. Pre-
cipitated RNA was washed with 75% ethanol, air-dried and dis-
solved in RNase-free water. For preparation of RNA from cyto-
kine-treated cells, either the TRI-based method (as described 
above) or the NucleoSpin® 96 RNA Core Kit (Macherey-Nagel, 
Germany) in combination with the NucleoVac 96 Vacuum Mani-
fold (Macherey-Nagel) was used. The concentration of purified 
RNA was determined with a Nanodrop One© spectrometer (Ther-
mo Fisher Scientific) and RNA was stored at –80  ° C.

Quantitative RT-PCR
RNA was reverse transcribed into cDNA using the High Ca-

pacity RNA-to-cDNA Kit (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. RNA without enzyme mix served 
as an internal control for RT-PCR. The subsequent qPCR reaction 
was performed using TaqMan probes and kits (Thermo Fisher Sci-
entific). The following TaqMan probes (Thermo Fisher Scientific) 
were used: SERINC3 (01566572_m1), SERINC5 (Hs00968169_
m1), HsCCL8 (Hs04187715_m1), CXCL10 (Hs00171042_m1), 
IFI16 (Hs00986757_m1), BST2 (Hs00171632_m1), and TaqMan 
RNase P Control Reagent Kit. RNase P mRNA served as an internal 
control and reference for the normalization of all samples. For 
overall normalization, the 2–ΔΔCt method [8] was employed using 
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either 293T cells, untreated controls, or timepoint 0 h as calibrator. 
Samples were analyzed in 384-well plates using a 7900HT real-
time cycler (Applied Biosystems) or in 96-well plates using a 
Quantstudio 3 real-time cycler (Thermo Fisher Scientific).

Production of VSV-G Pseudotyped HIV-1
293T cells were seeded at a density of 5 × 106 cells/15-cm  

dish and cultivated at 37   ° C and 5% CO2 in DMEM Glutamax 
 medium (Gibco) supplemented with 10% heat-inactivated FCS 
(Invitrogen) and antibiotics (100 U/mL penicillin, 100 mg/mL 
streptomycin [Invitrogen]). After 24 h, cells were cotransfected 
with 25 µg/15-cm dish pHIV-1 NL4-3 WT (SF2 Nef wt) and  
pHIV-1NL4-3 Nef stop (ΔNef), respectively, and 2.8 µg pVSV-G/ 
15-cm dish using PEI (Sigma-Aldrich) (3 µL of a 1 µg/µL stock so-
lution/µg of DNA) in 2 mL OptiMEM (Gibco). After 48 h, the su-
pernatant was harvested and virus was purified via sucrose cushion 
centrifugation. The relative infectious titer was determined for 
concentrated virus stocks as reported [9].

HIV-1 Infection Assay
Monocytes were isolated from healthy donors and differenti-

ated into MDMs as described before. Monocytes were infected 
with VSV-G pseudotyped HIV-1 Nef wt or HIV-1 ΔNef at a mul-
tiplicity of infection of 1 using spinoculation (300 rpm, 90 min, 
RT). MDMs from the same donor were infected by direct addition 
of virus-containing medium. Four hours after inoculation, cells 
were washed and fresh medium was added. Five days after inocu-
lation, virus-containing supernatants were harvested and analyzed 
for reverse transcriptase activity using the SG-PERT assay [10] and 
for infectious titer using the TZM-bl luciferase assay [11]. Relative 
infectivity data for each donor were calculated as the arbitrary ratio 
of infectivity values and units of reverse transcriptase activity. Un-
infected cells were used as mock control.

Data Analysis and Figure Preparation
FACS data were processed with the FlowJo software package. 

Real-time PCR data analysis was performed using the ABI 7900HT 

and Quantstudio 3 real-time PCR software. Data were further pro-
cessed and statistically analyzed using GraphPad Prism version 7. 
For tissue level comparison, data were taken from the EMBL-EBI 
expression atlas/The Human Protein Atlas (www.ebi.ac.uk/gxa/
experiments/E-MTAB-2836/Results) and processed graphically 
via GraphPad Prism version 7. Figures were created in Adobe Il-
lustrator CS6.

Results

Taking into account the lack of appropriate antibodies 
for the detection of endogenous SERINC proteins, we 
made use of real-time quantitative PCR to systematically 
investigate abundance levels of SERINC3 and SERINC5 
mRNA in PBMC-derived primary cell populations, cov-
ering the major immune cells relevant for HIV-1 biology 
in vivo (Fig. 1a; online suppl. Fig. S1). The investigated 
cell types included B cells, NK cells, resting CD4+ T cells, 
CD8+ T cells, and monocytes. Furthermore, we analyzed 
MDMs, imMDDCs and mMDDCs, as well as activated 
CD4+ T cells, the latter having been activated either by 
stimulation with mitogen (activation method I: PHA/IL-
2) or through the T cell receptor (activation method II: 
α-CD3/CD28 monoclonal antibodies/IL-2). All analyzed 
SERINC mRNAs were normalized to the mRNA of the 
ubiquitous single-copy gene RNase P and compared to 
those from Jurkat-TAg and HT-1080 cells, which were 
reported to display high and low levels of SERINC5 
mRNA as well as corresponding restriction capabilities 
on HIV infectivity, respectively [4] (Fig. 1b). To allow for 
a direct comparison between the different cell lines and 

Fig. 1. Quantification of endogenous SERINC3 and SERINC5 
mRNA levels in human hematopoietic cells. a Schematic represen-
tation of isolation and differentiation of cell types used in this 
study. B cells, monocytes, NK cells, CD8+ T cells, and resting 
CD4+ T cells were directly isolated by MACS or immunodensity 
cell isolation. MDMs or MDDCs were differentiated from mono-
cytes using either human serum or GM-CSF together with IL-4, 
respectively. Maturation from imMDDCs to mMDDCs was in-
duced by lipopolysaccharide treatment. CD4+ T cells were acti-
vated either by PHA/IL-2 (activation method I) or α-CD3/CD28 
mAbs/IL-2 (activation method II). For validation of cell purity see 
also online supplementary Figure S1. b Relative mRNA levels of 
SERINC3 and SERINC5 normalized to 293T cells in either HT-
1080 cells (known for low SERINC5 levels; upper left panel), Jur-
kat-TAg cells (known for high SERINC5 levels; lower left panel), 
or different primary cell populations (right panels). CD4+ T cell 
activation method I is based on PHA/IL-2 stimulation, activation 
II is based on α-CD3/CD28 mAbs/IL-2 stimulation (see also a). 
Box plots represent the relative mRNA levels of SERINC3/5 as de-
termined by qPCR. RNase P mRNA levels in each cell type and in 

293T cells (n = 29) were used for normalization. Relative levels in 
293T cells served as an overall experimental calibrator and values 
in these cells were set to 1. c Time-resolved analysis of relative 
mRNA expression levels of SERINC5 during differentiation and 
activation, respectively. Left panel: mRNA levels of SERINC5 dur-
ing MDM differentiation. Middle and right panel: mRNA levels of 
SERINC5 during CD4+ T cell activation by method I (middle pan-
el) or method II (right panel). Box plots show the relative mRNA 
levels normalized to levels in undifferentiated cells (monocytes) or 
resting CD4+ T cells, respectively, values for which were set to 1. 
Box plot elements: centerline, median; box limits, 25th to 75th per-
centiles; whiskers from minimum to maximum. Relevant statis-
tical information based on unpaired t test analysis is provided 
where applicable (p values). HuAB, human AB; IL, interleukin; 
imMDDCs, immature monocyte-derived dendritic cells; mAbs, 
monoclonal antibodies; MDDCs, monocyte-derived dendritic 
cells; MDMs, monocyte-derived macrophages; mMDDCs, mature 
monocyte-derived dendritic cells; n, number of donors tested; 
PHA, phytohemagglutinin-P.

(For figure see next page.)
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primary cell sets, we first depicted relative quantifications 
in Figure 1b by normalizing all datasets to the relative 
mRNA expression levels of SERINC in 293T cells, which 
do not exert a significant restriction of HIV-1 particle in-
fectivity and endogenously express very low and interme-
diate levels of SERINC5 and SERINC3 mRNA, respective-
ly [4]. While none of the primary cell types analyzed 
showed marked differences in relative SERINC3 mRNA 
expression levels compared to 293T cells (Fig. 1b), sig-
nificantly higher SERINC5 mRNA levels were found in 
MDMs, mMDDCs, CD8+ T cells, and CD4+ T cells. Lev-
els of elevation of SERINC5 in these cell types relative to 
293T cells ranged from 1.7- to 3.5-fold and were charac-
terized by a high donor-dependent variance (Fig. 1b). Re-
markably, we observed a strong increase in SERINC5 
mRNA expression within the myeloid lineage during ter-
minal differentiation (monocytes to MDMs [p < 0.0001] 
or to mMDDCs [p < 0.0001]) as well as activation 
 (imMDDCs to mMDDCs [p < 0.0001]). In contrast, 
SERINC5 mRNA levels in primary CD4+ T cells were not 
significantly affected by mitogen (activation method I) or 
T cell receptor (activation method II) stimulation and cell 

proliferation (Fig. 1b, c). Notably, time-resolved analysis 
of SERINC5 levels during differentiation of monocytes 
into MDMs revealed a time- and differentiation-depen-
dent modulation of mRNA expression (Fig. 1c, left panel).

To also allow a direct comparison of cell type-intrinsic 
differences in SERINC mRNA levels, the SERINC3 and 
SERINC5 expression levels were depicted normalized to 
RNase P mRNA (Fig.  2a, left panel) or as a ratio of 
SERINC3/SERINC5 (Fig.  2a, right panel). Highest 
SERINC3/5 mRNA ratios were found for primary 
CD19+CD20+ B cells and CD56+CD3– NK cells (which 
were comparable to the ratios in 293T cells), displaying 
more than 10 times higher levels of SERINC3 than 
SERINC5 (Fig. 2a). For all other cell types the SERINC3/5 
ratios ranged from 1.1 (resting CD4+ T cells) to 4.4 
 (imMDDCs) (Fig.  2a, right panel). Overall, mRNA of 
SERINC3 was generally more prevalent in hematopoietic 
cells than that of SERINC5. This observation is further 
supported by extended data mining of RNA-seq analyses 
from 32 different tissues from 122 individuals showing 
higher levels of SERINC3 compared to SERINC5 mRNA 
across all tissues with highest abundancies in the cerebral 
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Fig. 2. SERINC3 and SERINC5 mRNA expression profiles in pri-
mary hematopoietic cells and body tissues. a The left panel shows 
mRNA levels of SERINC3 and SERINC5 normalized to RNase P. 
Levels in 293T cells are displayed as an informative reference. The 
right panel depicts the resulting mRNA ratios of SERINC3 and 
SERINC5. The arithmetic means and standard errors of the mean 
are shown. b RNA-seq data of coding RNA of 122 human individ-

uals. The heatmap represents the mRNA expression levels of 
SERINC3 and SERINC5 in 32 different tissues. Data are given in 
transcripts per million (TPM) and are taken from the EMBL-EBI 
expression atlas/The Human Protein Atlas (www.ebi.ac.uk/gxa/
experiments/E-MTAB-2836/Results). imMDDCs, immature mono- 
cyte-derived dendritic cells; MDMs, monocyte-derived macro-
phages; mMDDCs, mature monocyte-derived dendritic cells.
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cortex and placenta and lowest levels in pancreas and 
skeletal muscle cells (EMBL-EBI expression atlas/The 
Human Protein Atlas (E-MTAB-2836) [12–15]) (Fig. 2b).

Innate immunity factors can directly or indirectly 
mediate resistance to retroviral infection. A defining 

feature of these factors is their induced expression by 
IFNs [16, 17]. The mRNA levels in primary target cells 
under steady-state conditions might therefore not re-
flect SERINC3/5 abundancies in the context of antiviral 
immune reactions in vivo. We therefore explored the 
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Fig. 3. SERINC3 and SERINC5 mRNAs are not modulated by ma-
jor proinflammatory cytokines or by chronic HIV-1 infection.  
a Effect of the indicated cytokines on SERINC3/5 mRNA expres-
sion in MDMs and PHA/IL-2-activated CD4+ T cells. Cells were 
treated with two different concentrations – low dose (100 U/mL or 
10 ng/µL, indicated by L) or high dose (1,000 U/mL or 100 ng/µL; 
indicated by H] (see also Materials and Methods) – of the indi-
cated cytokines for either 4 or 24 h. Subsequently, relative 
SERINC3/5 mRNA levels were determined by real-time PCR. The 
activity of certain cytokines was confirmed by mRNA analysis of 
established marker genes (CCL8, CXCL10, BST2, or IFI16) after  
24 h of treatment (right panel). All mRNA levels were normalized 
to the respective untreated sample at the indicated time points, 
which were set to 1. The heatmap represents the arithmetic mean 

of at least three independent measurements. For further informa-
tion see also online supplementary Figures S2–S5. b SERINC3/5 
mRNA levels in CD4+ T cells and monocytes were not affected by 
chronic HIV-1 infection. Monocytes and CD4+ T cells were iso-
lated via FACS from HIV-negative donors (Healthy) and chroni-
cally infected patients, either with viremia (Chronic) or under ef-
fective antiretroviral therapy (ART). Box plots show relative 
SERINC3 or SERINC5 mRNA levels normalized to RNase P. Rela-
tive mRNA levels in healthy donor samples were used as calibrator 
and were set to 1. Box plot elements: centerline, median; box limits, 
25th to 75th percentiles; whiskers, from minimum to maximum. 
FACS, fluorescence-activated cell sorting; IL, interleukin; MDMs, 
monocyte-derived macrophages; n, number of donors tested; n.d., 
not detectable; PHA, phytohemagglutinin-P.



Zutz et al.J Innate Immun 2020;12:399–409406
DOI: 10.1159/000504888

regulation of SERINC3/5 mRNA in the two major HIV 
target cell populations (activated CD4+ T cells and 
MDMs) isolated or differentiated from PBMCs of 
healthy, HIV-negative donors upon exposure to a panel 
of cytokines, which exert antiviral activity or are upreg-
ulated within the course of HIV-1 infection [18–23] 
(Fig. 3a; online suppl. Fig. S2, S3). Cytokines included a 
set of IFN subtypes with known anti-HIV activity [18]. 
The strong induction of mRNAs from CCL8, CXCL10, 
BST2 (Tetherin, CD317), or IFI16 by various IFNs 
served as positive controls (Fig. 3a, right panel; online 
suppl. Fig. S4, S5) [24–26]. While in MDMs most cyto-
kine stimuli resulted in a modest reduction of SERINC3 
and SERINC5 mRNA levels compared to untreated con-
trol cells, SERINC3/5 expression was slightly induced  
24 h after cytokine stimulation in activated CD4+ T 
cells. For example, exposure to IFNα-14, IFN-γ, or IL-4 

resulted in a 1.5-, 1.7-, or 2.1-fold upregulation of 
SERINC5 mRNA levels, respectively) (Fig.  3a; online 
suppl. Fig. S3). However, compared to classical cyto-
kine-regulated innate immunity factors, e.g., CXCL10 or 
CCL8, with inductions of > 100-fold in MDMs (Fig. 3a; 
online suppl. Fig. S4) and nearly 5-fold in CD4+ T cells 
(Fig. 3a; online suppl. Fig. S5), the SERINC changes ob-
served were rather modest or absent and did not support 
a strong transcriptional modulation of SERINC3/5 by 
IFNs and ILs. To exclude transient inductions, we also 
quantified SERINC3/5 levels following exposure to se-
lected cytokines, i.e., TNF-α, IFN-γ, and IFN-α14, dur-
ing the first 4 h of stimulation (online suppl. Fig. S6A, B, 
S7, S8). Also here, no relevant SERINC mRNA changes 
were observed, while for instance in MDMs CCL8 and/
or CXCL10 responded strongly (online suppl. Fig. 6C, 
D, S8). Thus, overall our data do not indicate a modula-
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Fig. 4. Evidence that MDMs physiologically express SERINC5 pro-
tein to biologically relevant levels that can be antagonized by Nef. 
a Schematic representation of the experimental setup for infectiv-
ity assessment of HIV-1 particles derived from either monocytes 
or MDMs. Both cell types were infected with an identical multi-
plicity of infection of VSV-G pseudotyped HIV-1 wt or ΔNef virus. 
Four days later, supernatants containing newly produced HIV-1 
wt or ΔNef particles equipped with HIV-1 Env were quantified  
for reverse transcriptase units by SG-PERT assay (see also online 

suppl. Fig. S9) and infectivity by TZM-bl luciferase assay (infectiv-
ity readout), respectively. b Relative infectivity (infectivity per re-
verse transcriptase units) of HIV-1 wt and HIV-1 ΔNef particles 
released from either monocytes (left panel) or MDMs (right panel) 
from 8 different donors (individual symbols), respectively. Values 
for HIV-1 wt were set to 100%. Center lines indicate the mean of 
each group. Paired t test was used for statistical analyses and the 
respective p value is given on top of the graph. MDMs, monocyte-
derived macrophages; ns, not significant; RT, reverse transcriptase.
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tion of SERINC3/5 levels by cytokines in primary cells 
relevant for replication of HIV.

Next, we explored whether mRNA levels of SERINC3/5 
might be altered during chronic HIV-1 infection and/or 
by the patient’s treatment status. To this end, CD4+ T 
cells and monocytes were isolated by FACS from untreat-
ed, chronically HIV-infected patients with viremia 
(“chronic,” n = 12; see also online suppl. Table S1) or with 
long-term ART-mediated suppression of viremia (“ART,” 
n = 12), or from HIV-negative controls (n = 6) and ana-
lyzed by real-time PCR. Remarkably, mRNA levels of 
SERINC3 and SERINC5 were found to be indistinguish-
able between the three patient groups (Fig. 3b).

Based on our analysis of SERINC3 and SERINC5 abun-
dancies in various PBMC-derived cell subpopulations, we 
surmised that increased levels of SERINC5 protein in 
MDMs may negatively affect the infectivity of Nef-defi-
cient viral particles produced in these cells compared to 
monocytes. The latter harbor only low levels of SERINC5, 
on average more than 10-fold less compared to MDMs 
(Fig. 1b, c). To address this hypothesis, we investigated 
whether a Nef-dependent impact on the relative infectiv-
ity of HIV-1 particles released from MDMs compared to 
monocytes could be observed. Therefore, both cell types 
were infected with an identical multiplicity of infection of 
HIV-1 wt or ΔNef virus, which had been pseudotyped for 
a single round with VSV-G. Newly produced HIV-1 par-
ticles were harvested 4 days after infection and culture 
supernatants analyzed by measuring reverse transcrip-
tase units (SG-PERT assay) as well as reporter cell infec-
tion (TZM-bl luciferase assay), respectively (Fig. 4a). Us-
ing this experimental approach, the amount of released 
particles from either monocytes or MDMs, determined 
by the activity of reverse transcriptase in supernatants, 
was comparable for HIV-1 wt and ΔNef viruses within 
and between the two cell types (online suppl. Fig. S9).

Nef did not significantly enhance the relative infectiv-
ity of particles released from monocytes and even ap-
peared to impair HIV-1 infectivity in some donors 
(Fig. 4b, left panel). In contrast to monocyte-derived vi-
ral particles, HIV-1 produced in MDMs showed signifi-
cantly less infectivity when produced in the absence of 
Nef (p = 0.037) (Fig. 4b, right panel). Also here, a high 
donor variability was noted, with some donors showing 
no Nef-dependent effect while others showed a complete 
loss of the infectivity of Nef-deficient HIV-1 particles. 
Together, these results support the notion that HIV-sus-
ceptible MDMs physiologically express SERINC5 pro-
tein to biologically relevant levels that can be antago-
nized by Nef.

Discussion and Conclusion

The recent discovery of antiviral activities of SERINC3 
and SERINC5 has fueled research into this unique pro-
tein family, but has also raised questions regarding the 
physiological relevance of SERINC in the context of HIV 
infection. Here, we systematically analyzed the abun-
dance levels of SERINC3/5 mRNA in primary immune 
cells of the lymphoid and myeloid lineage. SERINC3/5 
abundance or dynamics during differentiation only for 
the myeloid lineage mirrored the natural increase in HIV 
susceptibility from monocytes to macrophages that would 
be expected for an innate immunity factor. In contrast, 
the transition of largely nonsusceptible quiescent to acti-
vated proliferating CD4+ T cells did not go along with a 
boost in SERINC3/5 mRNA expression. Of note, our ob-
servation of increased SERINC5 mRNA levels in macro-
phages was made in human AB serum-differentiated 
MDMs. Since macrophages are known to be significant 
drivers of HIV pathogenesis in vivo [27], it cannot be ex-
cluded that certain subsets of macrophages harbor lower 
amounts of SERINC3 and 5 and thus are more likely to 
release infectious HIV-1. Preliminary observations in 
cells from two donors indicate that M2 macrophages may 
express higher levels of SERINC5 mRNA than M1 mac-
rophages (data not shown). Together, our current find-
ings and the established role of tissue-resident macro-
phages for HIV production in vivo [27] warrant future 
studies in this direction.

As the physiological expression levels of SERINC pro-
teins under steady-state conditions might not reflect their 
abundancies during inflammation or viral encounter, we 
exposed major target cells of HIV-1, namely macrophages 
and activated CD4+ T cells, to different cytokines and 
IFNs, which have been described to be relevant within the 
course of HIV infection. As reported previously for IFN-β 
and lipopolysaccharide by Rosa et al. [4] and expanded in 
the current study to a larger and more diverse set of stim-
uli, the mRNA expression of SERINC5 and SERINC3 dis-
played no marked modulation by TNF-α, IFNs, or proin-
flammatory ILs, whereas classical HIV innate immunity 
factors like Tetherin (BST2, CD317) or IFI16 were upregu-
lated. While the absent or modest mRNA changes ob-
served for SERINC by multiple cytokine stimuli call their 
biological relevance into question, one cannot exclude that 
also a two-fold upregulation, e.g., as observed for SERINC5 
mRNA in CD4+ T cells upon IL-4 treatment, could in prin-
ciple affect the infectivity of Nef-deficient virions released 
from this cell type. Overall, this may not be likely, since the 
> 10-fold upregulation of SERINC5 mRNA in MDMs rela-
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tive to monocytes resulted in an only two-fold, Nef-depen-
dent impairment of HIV infectivity (Fig. 4). Moreover, no 
significant changes in SERINC3/5 mRNA expression were 
observed in cells during chronic HIV-1 infection com-
pared to healthy controls, thus apparently not reflecting a 
common anti-HIV response by the infected host.

Nevertheless, the analyzed SERINC5 mRNA levels up-
regulated during monocyte to MDM differentiation go in 
line with the observed Nef-sensitive defect in particle in-
fectivity. Similarly, no positive effect of Nef on HIV infec-
tivity was observed in SERINC5 mRNA-low-expressing 
monocytes. Since monocytes, in contrast to terminally 
differentiated macrophages, are largely refractory to pro-
ductive HIV-1 infection in vivo [28], the expression of 
antiviral factors that act late in the replication cycle may 
be dispensable for the host’s intrinsic defense in this un-
differentiated cell type. However, it cannot be excluded 
that during myeloid differentiation also other, yet to be 
identified Nef-sensitive antiviral factors might be upregu-
lated, as recently suggested for T cells [29].

Overall, our data allow us to classify SERINC proteins 
as unconventional innate HIV-1 restriction factors. This 
notion is supported by a recent bioinformatics study, 
which indicated that the evolution of SERINC3 and 
SERINC5 proteins in primates did not follow character-
istics of an arms race between hosts and lentiviruses doc-
umented for other antiviral restriction factors, including 
APOBEC3 F/G, Trim5α, SAMHD1, and Tetherin [30]. 
Nevertheless, based on previous SERINC3/5 overexpres-
sion studies in cell lines, which demonstrated a strong, 
Nef-dependent impact on HIV particle infectivity, and 
our current results with a more moderate, yet significant 
Nef-dependent phenotype in primary macrophages, it 
seems justified to conclude that these SERINC family 
members are capable of impeding HIV infection in the 
human host. Future studies will need to address at which 
stage and to what degree SERINC proteins shape the dy-
namics of HIV transmission and infection in vivo.

Acknowledgement

The authors thank Lars Kaderali for statistical guidance, and 
Matthias Schiemann and Immanuel Andrä for FACS sorting at 
CyTUM.

Statement of Ethics

Usage of blood cones was approved by the ethics committee of 
the LMU München, Munich, Germany (project No. 17-202-UE). 
HIV-1-infected individuals were recruited from the outpatient 
clinic at the Department of Infectious Diseases of the University 
Hospital Munich. The study was approved by the Institutional Re-
view Board of the LMU München, Munich, Germany (project No. 
274-03). All participating donors provided written informed con-
sent.

Disclosure Statement

The authors have no conflicts of interest to declare.

Funding Sources

This work was supported by grants from SPP1923 to U. Ditt-
mer, O.T. Fackler, and O.T. Keppler, a DZIF clinical leave stipend 
to M. Münchhoff, as well as DFG grants FA378/13-1 to O.T. Fack-
ler and KE 742/5-1 to O.T. Keppler. C. Schölz was supported by an 
Else Kröner-Fresenius-Stiftung research grant (2016-A134).

Author Contributions

A. Zutz, C. Schölz, S. Schneider, M. Münchhoff, V. Pierini, O.T. 
Fackler, and O.T. Keppler designed the study and/or performed 
experiments. K. Sutter and U. Dittmer provided IFN-α subtypes, 
R. Draenert and J.R. Bogner provided PBMCs from HIV patients, 
and G. Wittmann provided blood cones. A. Zutz, C. Schölz, and 
V. Pierini performed statistical analyses. A. Zutz, C. Schölz, O.T. 
Fackler, and O.T. Keppler wrote the manuscript. All authors re-
viewed the manuscript.

References

 1 Inuzuka M, Hayakawa M, Ingi T. Serinc, an 
activity-regulated protein family, incorpo-
rates serine into membrane lipid synthesis. J 
Biol Chem. 2005 Oct; 280(42): 35776–83.

 2 Trautz B, Wiedemann H, Lüchtenborg C, 
Pierini V, Kranich J, Glass B, et al. The host-
cell restriction factor SERINC5 restricts HIV-
1 infectivity without altering the lipid compo-
sition and organization of viral particles. J 
Biol Chem. 2017 Aug; 292(33): 13702–13.

 3 Chu EP, Elso CM, Pollock AH, Alsayb MA, 
Mackin L, Thomas HE, et al. Disruption of 
Serinc1, which facilitates serine-derived lipid 
synthesis, fails to alter macrophage function, 
lymphocyte proliferation or autoimmune dis-
ease susceptibility. Mol Immunol. 2017 Feb; 

82: 19–33.
 4 Rosa A, Chande A, Ziglio S, De Sanctis V, Ber-

torelli R, Goh SL, et al. HIV-1 Nef promotes 
infection by excluding SERINC5 from virion 
incorporation. Nature. 2015 Oct; 526(7572): 

212–7.

 5 Usami Y, Wu Y, Göttlinger HG. SERINC3 
and SERINC5 restrict HIV-1 infectivity and 
are counteracted by Nef. Nature. 2015 Oct; 

526(7572): 218–23.
 6 Matheson NJ, Sumner J, Wals K, Rapiteanu R, 

Weekes MP, Vigan R, et al. Cell Surface Pro-
teomic Map of HIV Infection Reveals Antag-
onism of Amino Acid Metabolism by Vpu 
and Nef. Cell Host Microbe. 2015 Oct; 18(4): 

409–23.

https://www.karger.com/Article/FullText/504888?ref=1#ref1
https://www.karger.com/Article/FullText/504888?ref=1#ref1
https://www.karger.com/Article/FullText/504888?ref=2#ref2
https://www.karger.com/Article/FullText/504888?ref=2#ref2
https://www.karger.com/Article/FullText/504888?ref=3#ref3
https://www.karger.com/Article/FullText/504888?ref=4#ref4
https://www.karger.com/Article/FullText/504888?ref=5#ref5
https://www.karger.com/Article/FullText/504888?ref=6#ref6


SERINC5 Is Upregulated during Myeloid 
Cell Differentiation

409J Innate Immun 2020;12:399–409
DOI: 10.1159/000504888

 7 Trautz B, Pierini V, Wombacher R, Stolp B, 
Chase AJ, Pizzato M, et al. The Antagonism of 
HIV-1 Nef to SERINC5 Particle Infectivity 
Restriction Involves the Counteraction of Vi-
rion-Associated Pools of the Restriction Fac-
tor. J Virol. 2016 Nov; 90(23): 10915–27.

 8 Livak KJ, Schmittgen TD. Analysis of relative 
gene expression data using real-time quanti-
tative PCR and the 2(–ΔΔC(T)) Method. 
Methods. 2001 Dec; 25(4): 402–8.

 9 Keppler OT, Allespach I, Schüller L, Fenard 
D, Greene WC, Fackler OT. Rodent cells sup-
port key functions of the human immunode-
ficiency virus type 1 pathogenicity factor Nef. 
J Virol. 2005 Feb; 79(3): 1655–65.

10 Pizzato M, Erlwein O, Bonsall D, Kaye S, Muir 
D, McClure MO. A one-step SYBR Green I-
based product-enhanced reverse transcrip-
tase assay for the quantitation of retroviruses 
in cell culture supernatants. J Virol Methods. 
2009 Mar; 156(1–2): 1–7.

11 Montefiori DC. Measuring HIV neutraliza-
tion in a luciferase reporter gene assay. Meth-
ods Mol Biol. 2009; 485: 395–405.

12 Habuka M, Fagerberg L, Hallström BM, Pon-
tén F, Yamamoto T, Uhlen M. The urinary 
bladder transcriptome and proteome defined 
by transcriptomics and antibody-based pro-
filing. PLoS One. 2015 Dec; 10(12):e0145301.

13 Djureinovic D, Hallström BM, Horie M, 
Mattsson JS, La Fleur L, Fagerberg L, et al. 
Profiling cancer testis antigens in non-small-
cell lung cancer. JCI Insight. 2016 Jul; 

1(10):e86837.
14 Uhlén M, Fagerberg L, Hallström BM, Lind-

skog C, Oksvold P, Mardinoglu A, et al. Pro-
teomics. Tissue-based map of the human pro-
teome. Science. 2015 Jan; 347(6220): 1260419.

15 Petryszak R, Keays M, Tang YA, Fonseca NA, 
Barrera E, Burdett T, et al. Expression Atlas 
update – an integrated database of gene and 
protein expression in humans, animals and 
plants. Nucleic Acids Res. 2016 Jan; 44(D1): 
D746–52.

16 Liu SY, Sanchez DJ, Aliyari R, Lu S, Cheng G. 
Systematic identification of type I and type II 
interferon-induced antiviral factors. Proc 
Natl Acad Sci USA. 2012 Mar; 109(11): 4239–
44.

17 Schneider WM, Chevillotte MD, Rice CM. 
Interferon-stimulated genes: a complex web 
of host defenses. Annu Rev Immunol. 2014; 

32(1): 513–45.
18 Lavender KJ, Gibbert K, Peterson KE, Van 

Dis E, Francois S, Woods T, et al. Interferon 
Alpha Subtype-Specific Suppression of HIV-
1 Infection In Vivo. J Virol. 2016 Jun; 90(13): 

6001–13.
19 Roff SR, Noon-Song EN, Yamamoto JK. The 

significance of interferon-γ in HIV-1 patho-
genesis, therapy, and prophylaxis. Front Im-
munol. 2014 Jan; 4: 498.

20 Mogensen TH, Paludan SR. Molecular path-
ways in virus-induced cytokine production. 
Microbiol Mol Biol Rev. 2001 Mar; 65(1): 131–
50.

21 Fakruddin JM, Lempicki RA, Gorelick RJ, 
Yang J, Adelsberger JW, Garcia-Pineres AJ, et 
al. Noninfectious papilloma virus-like parti-
cles inhibit HIV-1 replication: implications 
for immune control of HIV-1 infection by IL-
27. Blood. 2007 Mar; 109(5): 1841–9.

22 Imamichi T, Yang J, Huang DW, Brann TW, 
Fullmer BA, Adelsberger JW, et al. IL-27, a 
novel anti-HIV cytokine, activates multiple 
interferon-inducible genes in macrophages. 
AIDS. 2008 Jan; 22(1): 39–45.

23 Foli A, Saville MW, Baseler MW, Yarchoan R. 
Effects of the Th1 and Th2 stimulatory cyto-
kines interleukin-12 and interleukin-4 on hu-
man immunodeficiency virus replication. 
Blood. 1995 Apr; 85(8): 2114–23.

24 Moll HP, Maier T, Zommer A, Lavoie T, 
Brostjan C. The differential activity of inter-
feron-α subtypes is consistent among distinct 
target genes and cell types. Cytokine. 2011 
Jan; 53(1): 52–9.

25 Yoo H, Park SH, Ye SK, Kim M. IFN-γ-
induced BST2 mediates monocyte adhesion 
to human endothelial cells. Cell Immunol. 
2011; 267(1): 23–9.

26 Thompson MR, Sharma S, Atianand M, Jen-
sen SB, Carpenter S, Knipe DM, et al. Inter-
feron γ-inducible protein (IFI) 16 transcrip-
tionally regulates type I interferons and other 
interferon-stimulated genes and controls the 
interferon response to both DNA and RNA 
viruses. J Biol Chem. 2014 Aug; 289(34): 

23568–81.
27 Koppensteiner H, Brack-Werner R, Schindler 

M. Macrophages and their relevance in Hu-
man Immunodeficiency Virus Type I infec-
tion. Retrovirology. 2012 Oct; 9(1): 82.

28 Bergamaschi A, Pancino G. Host hindrance to 
HIV-1 replication in monocytes and macro-
phages. Retrovirology. 2010 Apr; 7(1): 31.

29 Wu Y, Olety B, Weiss ER, Popova E, Yamana-
ka H, Göttlinger H. Potent enhancement of 
HIV-1 replication by Nef in the absence of 
SERINC3 and SERINC5. MBio. 2019 Jun; 

10(3):e01071-19.
30 Murrell B, Vollbrecht T, Guatelli J, Wertheim 

JO. The Evolutionary Histories of Antiretro-
viral Proteins SERINC3 and SERINC5 Do 
Not Support an Evolutionary Arms Race in 
Primates. J Virol. 2016 Aug; 90(18): 8085–9.

https://www.karger.com/Article/FullText/504888?ref=7#ref7
https://www.karger.com/Article/FullText/504888?ref=8#ref8
https://www.karger.com/Article/FullText/504888?ref=9#ref9
https://www.karger.com/Article/FullText/504888?ref=10#ref10
https://www.karger.com/Article/FullText/504888?ref=11#ref11
https://www.karger.com/Article/FullText/504888?ref=11#ref11
https://www.karger.com/Article/FullText/504888?ref=12#ref12
https://www.karger.com/Article/FullText/504888?ref=13#ref13
https://www.karger.com/Article/FullText/504888?ref=14#ref14
https://www.karger.com/Article/FullText/504888?ref=15#ref15
https://www.karger.com/Article/FullText/504888?ref=16#ref16
https://www.karger.com/Article/FullText/504888?ref=16#ref16
https://www.karger.com/Article/FullText/504888?ref=17#ref17
https://www.karger.com/Article/FullText/504888?ref=18#ref18
https://www.karger.com/Article/FullText/504888?ref=19#ref19
https://www.karger.com/Article/FullText/504888?ref=19#ref19
https://www.karger.com/Article/FullText/504888?ref=20#ref20
https://www.karger.com/Article/FullText/504888?ref=21#ref21
https://www.karger.com/Article/FullText/504888?ref=22#ref22
https://www.karger.com/Article/FullText/504888?ref=23#ref23
https://www.karger.com/Article/FullText/504888?ref=24#ref24
https://www.karger.com/Article/FullText/504888?ref=25#ref25
https://www.karger.com/Article/FullText/504888?ref=26#ref26
https://www.karger.com/Article/FullText/504888?ref=27#ref27
https://www.karger.com/Article/FullText/504888?ref=28#ref28
https://www.karger.com/Article/FullText/504888?ref=29#ref29
https://www.karger.com/Article/FullText/504888?ref=30#ref30

