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Lentiviral Nef suppresses iron uptake in a strain
specific manner through inhibition of Transferrin
endocytosis
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Abstract

Background: Increased cellular iron levels are associated with high mortality in HIV-1 infection. Moreover irpn is an
important cofactor for viral replication, raising the question whether highly divergent lentiviruses actively mqdulate
iron homeostasis. Here, we evaluated the effect on cellular iron uptake upon expression of the accessory grotein

Nef from different lentiviral strains.

Results:Surface Transferrin receptor (TfR) levels are unaffected by Nef proteins of HIV-1 and its simian prgcursors
but elevated in cells expressing Nefs from most other primate lentiviruses due to reduced TfR internalization. The
SIV Nef-mediated reduction of TfR endocytosis is dependent on an N-terminal AP2 binding motif tmatjignedt
for downmodulation of CD4, CD28, CD3 or MHCI. Importantly, SIV Nef-induced inhibition of TfR endumts/tosis le
the reduction of Transferrin uptake and intracellular iron concentration and is accompanied by attemtateal
replication in macrophages.

Conclusion:Inhibition of Transferrin and thereby iron uptake by SIV Nef might limit viral replication in myedoid gell
Furthermore, this new SIV Nef function could represent a virus-host adaptation that evolved iSh&aiofatted
monkeys.

Keywords:HIV, SIV, Nef, Iron homeostasis, AIDS, Lentiviral replication, Macrophages

Background of TfR internalization through HfE [1,2]. Iron export
Iron is an essential element in the human body and in- from cells is also controlled by two antagonizing mecha-
volved in cellular proliferation and immune response [1]. nisms. Ferroportin loads cellular iron on plasma Tf and
Since free iron generates harmful reactive oxygen speciethis process is suppressed by the hormone hepcidine [3].
iron homeostasis is tightly regulated. Dietary iron is re- All these mechanisms have the consequence that only
sorbed by the Divalent Metal Transporter into entero- trace amounts of iron, the so called labile iron pool
cytes. Loaded on Transferrin (Tf) iron enters the blood (LIP) [4], is redox-active. Long term storage of iron is
stream and is taken up by target cells via the Transferrinwithin Ferritin, mainly in hepatocytes [1,5].
Receptor | (TfR). Internalization of TfR can be antago- Dysregulation of iron homeostasis is a hallmark of
nized by the hemochromatis protein (HfE). Thus, cells many diseases including AIDS [1-3]. Elevated cellular
can regulate iron uptake by TfR expression or by the rateiron loads are associated with high HIV-1 titers and fas-
ter progression to AIDS and iron is important in various
* Correspondencenichael.schindler@helmholtz-muenchen.de steps of HIV-1 propagation [2,6-8]. Hence, viruses have
"Equal contributors evolved mechanisms to increase cellular iron [2]. The
1Institut_e of Virology, Helmholtz Zentrum Munich, German Research Centegy|\/-1 Nef protein was proposed to downregulate HfE,
for Environmental Health, Neuherberg, Germany . .
2Heinrich Pette Institute, Leibniz Institute for Experimental Virology, Ieadmg to enhanced Uptake of iron loaded Tf [9]
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HIV-1 Nef is considered as a pathogenicity factor con- Negative regulation of cellular iron stores by Nef in in-
tributing to AIDS progression [10]. It enhances viral rep- fected cells might be an additional strategy to achieve
lication and infectivity and mediates immune evasion by non-harmful and persistent virus-host coexistence.
multiple functions, including downmodulation of CD4
and MHCI. Nef is highly variable and not only present Results
in HIV-1, but also in simian immunodeficiency viruses SIV Nef increases the cell surface expression of TfR
(SIV) and HIV-2 [10]. HIV-1 causes AIDS in humans We assessed if modulation of receptors involved in cel-
and it was demonstrated that SIVcpz leads to immuno- lular iron uptake is a conserved feature of different lenti-
deficiency in chimpanzees [11]. HIV-2 is usually lessviral Nef variants. Macrophages regulate iron turnover
pathogenic than HIV-1 but causes AIDS post an extendedin vivo [1,15]. Therefore, we infected the myeloid cell line
chronical phase [12]. Within the natural simian hosts, THP-1 with HIV-1 coexpressing Nef and eGFP (HIV-
SIVs do not cause disease due to a well balanced virusNIG) [14] via an internal ribosomal entry site (IRES) and
host coevolution. Hallmarks of non-pathogenic SIV infec- measured cell surface expression of TfR and HfE by flow
tions are high viral loads in the absence of chronic andcytometry (Figure 1). Both remained largely unchanged
generalized immune activation [13]. Notably, Nef proteins upon expression of HIV-1 Nef (Figure 1A). In contrast,
derived from non-pathogenic infections prevent activation Nef from SIVmac239 or the distantly related SIVblu
of infected T cells by removal of the CD3 molecule from caused up to threefold increase in TfR levels without
the cell surface [14]. Thus, SIV Nef could be considered asnodifying HfE surface levels (Figure 1A).
a“persistencéfactor in contrast to its HIV-1 counterpart. Drakesmith and colleagues reported degradation of

We hypothesized that lentiviral Nefs may also differ in HfE by HIV-1 SF2 Nef in HeLa cells transfected to ex-
their ability to manipulate cellular iron uptake. Interest- press HfE [9]. Although HIV-1 NA7, NL4-3 and SF2 Nef
ingly, we found that Nef-mediated degradation of HfE is are highly similar, we considered the possibility that sub-
not a conserved feature of HIV-1 and other lentiviral tle alterations in Nef might be sufficient to allow HfE
Nefs. In contrast, we demonstrate inhibition of TfR intern- degradation. Consistent with the results from HIV-1 in-
alization by most SIV Nef proteins including the lentivi- fected THP-1 cells (Figure 1A), NL4-3, NA7 or 239 Nef
ruses which are non-pathogenic in their natural simian had no or only marginal effects on cell surface HfE upon
hosts. This phenotype results in reduced cellular iron cotransfection in 293 T cells with HfE cDNA (Figure 1B).
levels and attenuated lentiviral replication in macrophages293 T cells transfected with the HfE plasmid showed a
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Figure 1 Effects of Nef expression on cell surface levels of TfR and HfE. (RHP-1 cells were infected with HIV-1 coexpressing different Nef
proteins and GFP via an IRES. 48 hours post infection cells were surface stained with antibodies against TfR dyst#& laynfl@naytometry.
Depicted are mean values and standard deviation (SD) from three independent expe(B)288&T cells were transfected with pCG-IRES-GKP
plasmids expressing the indicated Nef and cotransfected with an HfEstxpigasmid. 36 hours later cells were harvested and cell surface levels
of HfE were assessed by antibody staining and flow cytometry. Mean values and SD are derived fratepganeieir experiments.
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strong increase in cell surface staining, demonstratingat the cell surface (2.45+0.18; n=18). Of note, the
the specificity of the HfE antibody and SF2 Nef down-only HIV-2 Nef that upregulated TfR is clone 60415 K
modulated approximately 40% of cell surface HfE under(2.56 +0.5, compare Additional file 1: Table S1) isolated
these experimental conditions (Figure 1B). In agreementfrom an apathogenic HIV-2 infection [17].

with its reported capacity to induce HfE degradation Given the critical role of macrophages in iron turnover
[16], expression of the HCMV US2 protein led to a dras- in vivo, we next examined the effects of Nef in THP-1
tic reduction of HfE surface levels (>90%) (Figure 1B)cells and MDMs. We found that allnef alleles that
Thus, modulation of HfE is not a conserved feature of modulated TfR surface levels in PBMCs were also ac-
lentiviral Nefs. Conversely, SIV Nef enhances cell surfacgive in THP-1 cells and MDMs (Figure 2B). Next, we

levels of TfR. tested in PBMCs whether Nef-induced upregulation
of TfR surface levels correlates with other Nef functions
Most SIV Nef proteins increase cell surface TfR (Figure 2C). Downmodulation of CD28 and MHCI by

To gain insights into the Nef-induced modulation of the Nef did not correlate with TfR surface levels. In con-
TIR, we compared 3Inef alleles from HIV-1 M, O and trast, TfR upregulation exhibited a positive correlation
N, SIVcpz, and the HIV-1 precursors SIVgsn/mus/mon with CD3 downmodulation and a negative one with CD4
(Group 1) as well as HIV-2, SIVsmm and divergent SIV downmodulation, although the Rvalues were fairly low
species (Group 2, see also Additional file 1: Table S1)(R*=0.370 for CD3 and R=0.222 for CD4; Figure 2C).
This collection faithfully represents a cross section of These observations are in line with two previously re-
phylogenetically clustered and evolutionary related lenti- ported observations: (i) CD3 is also modulated by Nef in a
viral nef alleles [10,14]. Isogenic HIV-1 NIG proviral lineage-dependent manner [18] and (ii) TfR and CD4 are
constructs only differing in their respectivenef ORF  both internalized through a mechanism involving the cla-
were used to generate virus stocks and infect PBMCthrin adaptor protein 2 (AP2) [19,20]. However, in both
MDM and THP-1 cells (Figure 2). HIV-1 and related Nefs cases we could also identify Nef proteins which were se-
(Group 1) modulated TfR only marginally (1.39+0.08; lectively defective in one of these functions or active in
n=13) in PBMCs (Figure 2A). In contrast, most other both. Thus, overlapping but distinct Nef regions seem to
Nefs (Group 2) caused a markedcrease in TfR expression be involved in modulation of TfR, CD3 and CD4.

Figure 2 Primate lentiviral Nef proteins differentially upregulate cell surface TfR. (APBMC were infected with HIV-1 variants coexpressjng

31 different primate lentiviral Nef proteins and GFP (compare Additional file 1: Table S1). TfR cell surface levels were measured by flg
48 hours post infection. Nef proteins were compared according to their phylogenetic relationship. Group 1 Nefs are derived from HIV-1
direct simian precursors whereas Group 2 Nefs represent all other lentiviruses including those which are non-pathogenic in their natur
hosts. Each symbol represents the mean activity of a respective Nef protein in the function tested (please find the mean values + SD i
file 1: Table S1(B) THP-1 and monocyte derived macrophages (MDM) were infected with a subset of HIV-1 variants to analyse cell surf
modulation similar to the experiment described ). The functional activity of the Nef proteins in upregulation of TfR in PBMC was corre
to the results from the THP-1 and MDM infection experiméBj$BMC infected with the 31 HIV-1 variants describgdl)iwere also analysed
for Nef-mediated downregulation of cell surface CD3, CD4, MHCI and CD28. The results were correlated to the functional activity of th
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