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Abstract

Tetherin/BST-2 is a host restriction factor that could directly inhibit retroviral particle release by

tethering nascent virions to the plasma membrane. However, the immunological impact of

Tetherin during retrovirus infection remains unknown. We now show that Tetherin influences

antiretroviral cell-mediated immune responses. In contrast to the direct antiviral effects of

Tetherin, which are dependent on cell surface expression, the immunomodulatory effects are

linked to the endocytosis of the molecule. Mice encoding endocytosis-competent C57BL/6

Tetherin exhibited lower viremia and pathology at 7 days post-infection with Friend retrovirus

(FV) compared to mice encoding endocytosis-defective NZW/LacJ Tetherin. Notably,

antiretroviral protection correlated with stronger NK cell responses. In addition, FV infection

levels were significantly lower in wild-type C57BL/6 mice than in Tetherin knock-out mice at 2

weeks post-infection, and antiretroviral protection correlated with stronger NK cell and virus-

specific CD8+ T cell responses. The results demonstrate that Tetherin acts as a modulator of the

cell-mediated immune response against retrovirus infection in vivo.
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INTRODUCTION

The relationship between host proteins that directly inhibit viruses and the adaptive immune

response remains relatively unexplored. One of these ‘restriction factors’ is Tetherin (also

known as BST-2, CD317, HM1.24, and PDCA-1), which is antagonized by the Vpu protein

of pandemic HIV-1 strains. In the absence of Vpu, Tetherin blocks virion release by

tethering HIV-1 virions to the plasma membrane (1, 2). Due to its potential as a novel HIV-1

drug target, many molecular details governing the Tetherin:Vpu interaction have been

elucidated (3). However, despite these advances, it remains unknown whether Tetherin

influences the adaptive immune response to retroviruses.

Tetherin is a dimeric Type II membrane protein with an N-terminal cytoplasmic tail, a

transmembrane region and a C-terminal glycophosphatidyl inositol anchor (4). Within the

short cytoplasmic tail, Tetherin encodes a dual-tyrosine (YxY) motif that is critical for

clathrin-mediated endocytosis (5). Cell culture studies revealed that HIV-1 Gag co-localizes

with Tetherin in intracellular compartments, suggesting that internalization of Tetherin-

bound virions could lead to virion degradation through the endolysosomal pathway (6, 7). It

was speculated that virion internalization through Tetherin might have immunological

consequences (8), but answering this question is not currently possible using in vitro studies

and requires in vivo experiments not possible in humans. This was exemplified by in vitro

studies that showed that Tetherin could have both positive (9-11) and negative (1, 2, 12)

effects on retrovirus replication. As an approach to test the immunological impact of

Tetherin in vivo, we have done studies in mouse retrovirus infection models.

We previously reported that a single nucleotide polymorphism (SNP) in mouse Tetherin led

to an endocytosis defect, resulting in increased levels of cell surface expression (13). An

ATG (Methionine) to GTG (Valine) transition in the Tetherin start codon of NZW/LacJ

(NZW) mice caused the translation of Tetherin from a downstream start site, resulting in a

truncated Tetherin protein lacking the YxY motif. Interestingly, hybrid (B6 × NZW)F1

mice, with the genotype TetherinMet/Val, had significantly lower Tetherin cell surface

expression than NZW mice (TetherinVal/Val). This was likely due to the ability of B6:NZW

Tetherin heterodimers to be endocytosed with similar efficiency as B6 Tetherin dimers.

Thus, the cell surface expression phenotype of B6 Tetherin is dominant over NZW Tetherin

in vivo.

The identification of the NZW Tetherin variant provided a unique opportunity to study the

impact of Tetherin endocytosis on retroviral infection in vivo. We utilized the Friend

retrovirus (FV) complex, which causes erythroleukemia in adult immunocompetent mice

(14). It is a complex of two retroviruses, a replication-competent but nonpathogenic helper

virus called Friend Murine Leukemia Virus (F-MuLV) and a pathogenic, but replication-

defective virus called Spleen Focus Forming Virus (SFFV). Earlier FV stocks (until 2008)

also contained Lactate Dehydrogenase-elevating Virus (LDV), an endemic mouse RNA

virus that exacerbates FV infection (15). Over the last five decades, numerous genetic

factors that influence FV resistance and susceptibility have been identified (14). These genes

include Fv1, which mediates a capsid-dependent post-entry block (16); Fv2, a dominant

susceptibility gene that dictates splenomegaly induction (17); H-2, the murine MHC which
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controls adaptive immune responses (18, 19); and Apobec3/Rfv3, which influences recovery

from viremia by promoting a stronger neutralizing antibody response (20-22).

To evaluate the role of the Tetherin endocytosis SNP in vivo, we performed a test cross

between B6 and NZW mice (Fig. 1A). The test cross utilized [(B6 × NZW)F1 × NZW]B1

(or simply, B1) progeny mice with matched resistance genes and encoding either

TetherinVal/Val or TetherinMet/Val. Since the FV resistance genes used to classify the B1

progeny were based on classical genetic studies, we infected mice with LDV+ FV. Using

this experimental approach, we found that mice expressing TetherinVal/Val (high surface

expression, low endocytosis) exhibited lower levels of acute viremia and disease compared

with TetherinMet/Val mice (13). These findings suggested that endocytosis-defective NZW

Tetherin was more potent at restricting FV than endocytosis-competent B6 Tetherin in vivo.

However, this result was puzzling, because with the exception of felids and sheep (23, 24),

the YxY motif is evolutionarily conserved across mammalian Tetherins (25, 26), suggesting

a strong selective advantage to the host. Thus, the findings raised the issue of why

endocytosis-competent Tetherin with apparently weaker direct antiretroviral activity was

evolutionarily conserved.

Interestingly, Tetherin-mediated resistance was not observed in the context of Apobec3/Rfv3

resistance (13). H-2 genotypes also strongly affect adaptive immunity to FV but we were

previously only able to perform experiments in a single H-2 genotype, H-2z/z. Thus, it was

of interest to determine whether Tetherin impacted virus control in the context of a different

H-2 haplotype. In the first part of the current study, we repeated the B1 test cross to generate

sufficient numbers of mice with the H-2b/z genotype to analyze for MHC resistance effects.

Surprisingly, we found that the impact of the Tetherin endocytosis SNP on acute FV

infection and disease was quite different in the H-2b/z haplotype than it was in H-2z/z mice.

In the second part of the study, we infected B6 WT (H-2b/b) versus B6 Tetherin KO mice

with LDV-free FV to ascertain that Tetherin restriction was not solely due to the presence of

LDV. The data further highlighted a significant role for B6 Tetherin in inhibiting FV

replication, but this protective effect did not appear to be due to direct retrovirus restriction.

Rather, our results suggested that Tetherin functioned as a modulator of the antiretroviral

cell-mediated immune response.

MATERIALS AND METHODS

Mice

C57BL/6J (B6) and NZW/LacJ (NZW) mice were purchased from the Jackson Laboratory.

Tetherin KO mice were generated in the B6 genetic background (27). Mice used in this

study ranged from 8 to 12 weeks of age. All mice were handled in accordance with the

recommendations in the NIH Guide for the Care and Use of Laboratory Animals, and

approved by the University of Colorado IACUC Permit Number B-89709(10)1E. Mouse

infections were performed under isoflurane anesthesia, and all efforts were made to

minimize suffering.
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Genetic backcrossing approach

A genetic backcrossing approach (13) was used to generate B1 progeny mice expressing

either endocytosis-defective or endocytosis-competent Tetherin (Fig. 1A) after taking into

account 4 major FV resistance genes encoded in different chromosomes relative to Tetherin.

Fv1 restriction, which dictates N- versus B-tropism of the virus (16), was offset by infecting

B1 mice with a dual (NB)-tropic strain of FV. The Fv2 gene controls susceptibility to FV-

induced splenomegaly and the susceptibility allele is dominant (17). Thus, backcrossing to

NZW guaranteed that all progeny mice harbored the Fv2 susceptibility allele. Rfv3 is

encoded by Apobec3, restricts acute FV replication (20, 28), and promotes recovery from

viremia by influencing the neutralizing antibody response. To negate epistatic effects of the

resistant form of Apobec3 (13), only mice genotyped as Rfv3s/s were investigated. Lastly, B1

progeny were genotyped for H-2b/z and the Tetherin SNP by direct sequencing. H-2b/z mice

were grouped according to their Tetherin genotype (Fig. 1A).

H-2, Apobec3, and Tetherin genotyping

Mice were genotyped for H-2, Apobec3, and Tetherin as previously described (13). H-2 was

genotyped by direct sequencing of a 1.0 kb H2-Q1 PCR amplicon, and Apobec3/Rfv3 was

genotyped using a set of 3 primers flanking and positioned within a 530 bp Xenotropic

Murine Leukemia Virus (X-MLV) insertion in B6 mice (22). The Tetherin SNP was

genotyped by amplifying a 582 bp fragment spanning the start codon.

FV infection

B1 mice were infected with an FV stock containing NB-tropic F-MuLV, SFFV and LDV

(13). B6 WT and Tetherin KO mice were infected with B-tropic LDV-free FV (F-MuLV

and SFFV only) (15, 29). F-MuLV is critical for viral replication, and all the virological

assays described here were specific for F-MuLV. The NB-tropic FV stocks used in this

study were prepared in BALB/c mice and had equivalent Spleen Focus Forming Unit

(SFFU) titers in BALB/c and NZW mice (data not shown). B1 mice were infected

intravenously with 500 SFFU of LDV+ FV, whereas B6 WT and Tetherin KO mice were

infected intravenously with 104 SFFU of LDV-free FV.

Immunophenotyping

Splenocytes were stained with the F-MuLV Env gp70-specific MAb 720 (30) for 1 h, then

co-stained with: Ter119-FITC (clone TER-119), CD3-Alexa700 (17A2), (BD Biosciences);

either PDCA-1-PE (eBio927) or CD11b-PE (M1/70) (BD Biosciences), CD11c-PE-Cy7

(N418), (eBioscience); CD19-PerCP-Cy5.5 (6D5) (Biolegend) and anti-mouse

IgGAllophycocyanin (Columbia Biosciences) for 30 min. A separate aliquot of splenocytes

(4 × 106) were treated with RBC lysis buffer (eBioscience) then stimulated with PMA (25

ng/ml) and Ionomycin (0.7 μg/ml) (Sigma), and stained with CD107a-PE-Cy7 (1D4B, BD

Biosciences) for 5 h at 37°C and 5% CO2. The cells were treated with Golgi Plug (BD

Biosciences) for the final 4 h of incubation. The cells were then co-stained with CD4-PE-

CF594 (RM4-5), CD8α-FITC (53-6.7), and either CD49b-Allophycocyanin (DX5) or

NK-1.1-Allophycocyanin (PK136) (BD Biosciences) for 30 min. DX5 was used to identify

NK cells in B1 mice. Although NK1.1 is a more specific NK cell marker, the PK136 MAb
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only works for certain strains of mice such as B6. The cells were permeabilized in Perm/Fix

buffer, and stained with IFNγ-PE (XMG1.2) (BD Biosciences). An LSR-II flow cytometer

(BD Biosciences) was used to capture up to 250,000 events per sample, and Flowjo software

(Treestar) was used for data analysis. Isotype controls and were used for gating. To identify

FV-infected cells, MAb720 gates were set using splenocytes from an uninfected mouse.

FMO and isotype controls also gave similar results based on previous optimization

experiments.

Dextramer analysis

RBC-lysed splenocytes (4 × 106) were stained with DbGagL Dextramer (H-2Db/Abu-Abu-

L-Abu-LTVL-APC) (Immudex) for 10 min, then costained with CD8α-FITC (53-6.7, BD

Biosciences) for another 20 min at 4°C in the dark. The cells were washed 3×, fixed in 1%

paraformaldehyde, and analyzed in an LSR-II flow cytometer (BD Biosciences) within 2 h.

Uninfected splenocytes stained with the DbGagL Dextramer were used for gating.

Plasma viral load

F-MuLV RNA copy numbers in the plasma were measured by quantitative PCR (22, 31).

RNA extracted from 5 μl of plasma was added to 1× One-Step Taqman Reverse

Transcriptase-PCR reaction mixture (Applied Biosystems). T7-transcribed RNA standards

were used to calculate FV copy numbers.

FV-specific IgG titer

ELISAs were used to measure plasma FV-specific IgG titers (31). Briefly, 96-well plates

were coated with intact FV virions. Plasma samples from mice were heat inactivated (56°C

for 30 min) and incubated with the antigen. A biotin-conjugated goat anti-mouse antibody

and Streptavidin-HRP (Southern Biotech) were used to detect bound FV-specific IgG. The

plate was read in a Victor X5 plate reader (Perkin Elmer). Endpoint IgG titers were

calculated as the plasma dilution corresponding to 2× the PBS background using best-fit

nonlinear regression (GraphPad Prism 5.0).

Statistical analysis

Two-group comparisons were done using 2-tailed unpaired Student’s t test. For datasets with

skewed distribution based on the Kolmogorov-Smirnov normality test (p<0.05), a 2-tailed

Mann-Whitney U test was performed. Correlation analyses were done using Pearson’s r

(GraphPad Prism 5.0). P values less than 0.05 were considered statistically significant.

RESULTS

Lower Tetherin cell surface expression in TetherinMet/Val mice

To investigate the impact of the Tetherin endocytosis SNP in B1 mice, all the major genes

influencing FV infection, particularly Fv1, Fv2, Apobec3/Rfv3 and H-2 were controlled as

previously described (13) (Fig. 1A). We obtained Rfv3s/s H-2b/z B1 progeny mice that were

genotyped as either TetherinVal/Val (n=10) or TetherinMet/Val (n=9). To be consistent with
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the earlier study (13), spleens and plasma samples were harvested at 7 days post infection

(dpi) with FV.

We previously reported that TetherinMet/Val mice exhibited lower Tetherin cell surface

expression compared to TetherinVal/Val mice, likely due to the expression of endocytosis-

competent Tetherin dimers (13). To confirm these phenotypes in Rfv3s/s H-2b/z B1 mice,

Tetherin expression levels on total and FV-infected splenocytes were examined by flow

cytometry (Fig. 1B). FV-infected splenocytes were identified following staining with a

monoclonal antibody against the F-MuLV envelope protein, MAb 720 (30). Significantly

higher surface Tetherin+ cells were observed in TetherinVal/Val versus TetherinMet/Val total

(Fig. 1C) and MAb720+ (Fig. 1D) splenocytes. Similar results were observed using Tetherin

mean fluorescence intensity (MFI) values in FV-infected splenocytes, Ter119+

erythroblasts, CD11c+ DCs (Fig. 1E) and CD19+ B cells (data not shown). These data show

that in B1 mice of the H-2b/z haplotype, NZW Tetherin SNP homozygosity results in

significantly increased Tetherin cell surface expression.

Endocytosis-competent Tetherin inhibits acute FV replication and disease in the H-2b/z

genetic background

A hallmark of FV disease is splenomegaly due to FV-induced proliferation of Ter119+

erythroblasts (17, 32, 33). In contrast to previous studies with H-2z/z mice, H-2b/z mice

expressing TetherinVal/Val had more pathology than TetherinMet/Val mice at 7 dpi with FV,

with significantly larger spleens (Fig. 2A) and more absolute numbers of splenic Ter119+

erythroblasts (Fig. 2B). In addition, plasma viral loads as analyzed by quantitative PCR to

detect F-MuLV RNA (22, 31) were 10-fold higher in TetherinVal/Val than TetherinMet/Val

mice (Fig. 2C). The percentage of surface Tetherin+ splenocytes positively correlated with

splenomegaly (Fig. 2D), erythroblast numbers (Fig. 2E), and plasma viral load (Fig. 2F).

Thus, in sharp contrast to our previous results in the H-2z/z background (13), the endocytosis

competent form of Tetherin was protective in the H-2b/z haplotype.

Endocytosis-competent Tetherin is associated with a stronger NK cell response in the
H-2b/z genetic background

In co-transfection experiments, NZW Tetherin was more potent in inhibiting F-MuLV virion

release than B6 Tetherin in vitro (13). Since NZW Tetherin (TetherinVal/Val) was less

protective in the H-2b/z background in vivo, we hypothesized that the protective effect of the

TetherinMet/Val genotype might be due to mechanisms other than direct restriction. The H-2

locus encodes the MHC-I and MHC-II proteins that prime CD8+ and CD4+ T cell responses

(34) as well as non-classical MHC molecules that direct natural killer (NK) cell responses

(35). Thus, we next sought to determine whether the protective effect of endocytosis-

competent Tetherin in H-2b/z mice correlated with cell-mediated immune responses.

Splenocytes at 7 dpi were stimulated for 5 h ex vivo with PMA and Ionomycin and then

stained for T cell markers CD4 and CD8, a ‘pan-NK’ marker, DX5 (CD49b), surface

CD107a (a marker of degranulation) and intracellular IFNγ (Fig. 3A). Since some T cell

subsets express DX5 (36, 37), we classified NK cells as DX5+CD4-CD8-. Given the

significant difference in spleen mass between TetherinVal/Val and TetherinMet/Val mice (Fig.
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2A), we first checked the absolute numbers of NK, CD4+ T and CD8+ T cells, and found no

significant differences between the two cohorts (Supplementary Fig. 1A to 1C). Thus,

subsequent analyses of IFNγ and CD107a expression were normalized to similar numbers of

these immune cells. Surprisingly, antiviral protection correlated strongly with NK cell

responses. A significantly higher percentage of NK cells from the spleens of TetherinMet/Val

mice were IFNγ+ (Fig. 3B). However, no difference in the percentage of CD107a+ NK cells

was observed between TetherinVal/Val and TetherinMet/Val mice (p>0.05, data not shown).

The percentage of IFNγ+ NK cells had a strong inverse correlation with plasma viral load

(Fig. 3C). Importantly, the percentage of IFNγ+ NK cells inversely correlated with surface

Tetherin+ splenocytes (Fig. 3D). Similar results were observed using absolute cell numbers

(Supplementary Fig. 1D to 1F). These results suggested a link between Tetherin endocytosis

and NK cell IFNγ production that mediated protection against acute FV replication. We did

not observe a significant impact of the Tetherin SNP on CD4+ and CD8+ T cell responses at

7 dpi. CD4+ and CD8+ IFNγ production were similar between TetherinVal/Val and

TetherinMet/Val mice (Figs. 3E and 3F, respectively; Supplementary Fig. 1G and 1H).

Moreover, no difference in surface CD107a expression on CD8+ T cells or FV-reactive IgG

endpoint titers were observed (p>0.05, data not shown).

Tetherin expression is induced following FV infection independent of LDV co-infection

The results of the experiments with B1 mice indicated that endocytosis-competent Tetherin

influenced innate cellular immunity. As mentioned earlier, these experiments required LDV

+ FV. LDV could potently stimulate IFNα production (38), and removal of LDV in the

FV/LDV stocks reduced IFNα upregulation at 18 to 24 h post-infection (38, 39). Since Type

I IFNs could significantly induce Tetherin expression (27, 40), it is possible that LDV co-

infection may have primed the host to express unusually high levels of Tetherin (38, 39).

Due to lower levels of IFNα induction, it is possible that LDV-free FV infection may not

stimulate the expression of antiretroviral factors. However, we recently showed that

independent of LDV co-infection, FV infection of B6 WT mice significantly induced

Oligoadenylate Synthetase 1, a canonical type I IFN-inducible gene (41). We therefore

tested if LDV-free FV infection could upregulate Tetherin levels. B6 WT mice were

infected with FV with or without LDV and Tetherin expression levels were evaluated by

flow cytometry (Fig. 4A). As shown in Fig. 4B, FV infection alone significantly induced

Tetherin expression in the spleen and the bone marrow to nearly to the same levels as LDV+

FV infection. Thus, LDV was not required to significantly induce Tetherin expression in the

FV infection model.

Tetherin promotes the cell-mediated immune response against FV infection

Endocytosis-competent Tetherin did not influence T cell responses in the B1 cohort,

possibly because 7 dpi may be too early to detect potent T cell responses (42, 43). Since

LDV-free FV can significantly induce Tetherin expression, B6 WT (n=16) and B6 Tetherin

KO (n=15) mice were infected with 104 SFFU of LDV-free FV, and samples were harvested

at 14 dpi. Splenocytes were stimulated for 5 h with PMA and Ionomycin, then stained for

CD4 and CD8, the NK cell marker NK1.1, surface CD107a and intracellular IFNγ. Since B6

mice are Fv2-resistant, severe splenomegaly was not observed, and B6 WT and B6 Tetherin
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KO mice had no significant difference in spleen mass, as well as the absolute numbers of

Ter119+ erythroblasts, NK cells, CD4+ T cells and CD8+ T cells (Supplementary Fig. 2).

However, Tetherin KO mice exhibited significantly lower IFNγ production in NK cells,

CD8+ T cells and CD4+ T cells (Fig. 5A, 5B and 5C, respectively). Additionally, Tetherin

KO mice had significantly lower percentages of CD107a+ NK and CD8+ T cells (Fig. 5D

and 5E). Statistically-significant differences were also observed using absolute numbers

(data not shown). In contrast, FV-specific IgG titers were not significantly different between

WT and Tetherin KO mice (Fig. 5F).

To determine whether Tetherin promoted the virus-specific CD8+ T cell response, we

stained unstimulated splenocytes for CD8 and a dextramer presenting the immunodominant

H-2Db restricted FV epitope from the leader region of the alternatively transcribed Glyco-

Gag (GagL) protein (44, 45). DbGagL Dextramer+ cells were gated according to a stained,

uninfected sample (Fig. 6A). At 14 dpi, Tetherin KO mice had a significantly lower

percentage of DbGagL-specific CD8+ T cells compared with WT mice (Fig 6B). Altogether,

these data demonstrate that at 14 dpi, B6 Tetherin augments the NK cell, CD4+ T cell and

CD8+ T cell response against FV infection in vivo.

B6 Tetherin is associated with better immune control of FV replication

To determine if the differences in cell-mediated immune response were relevant in vivo, we

evaluated whether B6 Tetherin had an impact on FV infection. Cellular FV infection levels

were quantified in WT and Tetherin KO spleens at 14 dpi by flow cytometry. Splenocytes

from Tetherin KO mice had significantly higher FV infection (Fig. 7A), particularly in

CD19+ B cells (Fig. 7B). Interestingly, splenocyte infection levels inversely correlated with

CD107a expression in CD8+ T cells (Fig. 7C), and more specifically, DbGagL+ CD8+ T

cells (Fig. 7D). No correlation between splenocyte FV infection levels was observed for

IFNγ expression in NK cells, CD4+ T cells or CD8+ T cells (p>0.05; data not shown).

Plasma samples were evaluated for F-MuLV RNA copies by qPCR. These analyses revealed

that Tetherin KO mice had significantly higher plasma viral loads compared to WT mice

(Fig. 8A). Viral loads inversely correlated with IFNγ production and cytolytic activity by

NK cells (Fig. 8B and 8C) and with levels of virus-specific CD8+ T cells (DbGagL+) (Fig.

8D), but not with IFNγ expression by CD8+ or CD4+ T cells (p>0.05; data not shown).

Thus, viral inhibition by B6 Tetherin is associated with enhanced CD8+ T cell and NK cell

responses.

DISCUSSION

To address a critical knowledge gap on the immunological impact of Tetherin in retrovirus

infection, we utilized two in vivo approaches using the FV infection model. First, we probed

the role of a Tetherin SNP that resulted in an endocytosis defect in NZW but not B6 mice

through a classical genetic backcrossing approach (13). In a previous study, we found that in

H-2z/z mice, endocytosis-defective NZW Tetherin was more protective. This result was

consistent with in vitro co-transfection studies showing that NZW Tetherin more potently

inhibited F-MuLV virion release than B6 Tetherin (13). Thus, the results with H-2z/z mice

likely reflect the direct antiretroviral activity of Tetherin. Suprisingly, in H-2b/z mice, we
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obtained the opposite result: endocytosis-competent Tetherin was more protective.

Counterintuitively, low Tetherin cell surface expression correlated with higher protection

from FV infection and disease. Since the H-2b allele is associated with stronger CD4+ and

CD8+ T cell responses against FV infection (14, 46-48), we initially hypothesized a T cell

component. However, the strongest correlate of protection was the NK cell response. NK

cells can significantly protect mice during acute FV infection based on NK cell depletion

strategies (49-53). In follow-up work, similar depletion strategies should help determine the

relative contribution of NK cells (versus T cells) in B6 Tetherin-mediated antiviral

protection in B1 mice.

CD8+ and CD4+ T cell responses are critical for recovery from FV infection (33, 42, 43, 54,

55) and these T cell responses peak shortly after 7 dpi (56, 57). Thus, the relatively weak

association between Tetherin and T cell responses in the B1 experiments led us to perform a

second set of studies, this time with B6 WT and B6 Tetherin KO mice at 14 dpi. Since LDV

co-infection could alter adaptive immune responses to FV (15, 29, 38, 39, 58), and the

experimental design was not constrained by genetic parameters defined by classical FV

infection studies (in contrast to the B1 study), we utilized LDV-free FV stocks. Further

strengthening the role of Tetherin as an antiretroviral factor in vivo, we observed

significantly higher FV infection levels in Tetherin KO mice. Moreover, we observed

significantly lower NK cell, CD4+ T cell and CD8+ T cell responses but normal FV-specific

IgG titers in B6 Tetherin KO mice. Importantly, NK cell and virus-specific CD8+ T cell

responses inversely correlated with cellular FV infection levels and viremia, consistent with

a prominent role for these cellular immune responses in early acute infection. These findings

imply that improved retroviral control was not due to direct Tetherin-mediated restriction,

but was due to stronger cell-mediated immune responses.

The results of the B1 study link the ability of B6 Tetherin to enhance NK cell responses to

its endocytic function. NK cells are highly responsive to Type I IFN stimulation through

intrinsic IFNα receptor expression (51). Plasmacytoid DCs (pDCs), which produce the

highest levels of Type I IFNs on a per-cell basis in vivo, sense retroviruses through

endosomal Toll-like Receptor 7 (TLR7) (59), express Tetherin (60), and may regulate NK

cell responses in a virus-dependent manner (61). In fact, the other name for Tetherin is

Plasmacytoid Dendritic Cell Antigen-1 (60), a marker used to distinguish pDCs. Thus,

Tetherin-mediated endocytosis of virions in pDCs may augment endosomal TLR7

stimulation, resulting in increased Type I IFN production to stimulate NK cell activity.

Consistent with this notion, WT 129/SvJ pDCs produced higher levels of IFNα following

stimulation with Murine Cytomegalovirus (MCMV) than 129/SvJ Tetherin KO pDCs ex

vivo (62). We are in the process of backcrossing the NZW Tetherin SNP into the B6 genetic

background to allow for systematic comparisons of antiretroviral NK cell responses between

congenic mice expressing B6, NZW or null Tetherin.

An endocytosis-dependent model can also be invoked to explain how B6 Tetherin

influenced T cell responses. It has been suggested that peptide levels may be a limiting

factor in MHC-antigen presentation (63). We hypothesize that Tetherin-mediated re-uptake

of virions into endosomes may increase the viral peptide pool, resulting in higher density of

MHC-II-viral peptide complexes. The significant impact of B6 Tetherin on CD8+ T cell
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responses also suggests that Tetherin endocytosis may enhance cross-presentation of viral

peptides to MHC-I. Tracking the fate of virions and viral peptide-MHC complexes in

antigen-presenting cells expressing endocytosis-competent versus endocytosis-defective

Tetherin would be a powerful means to test this model in follow-up work. Interestingly,

129/SvJ Tetherin knock-out mice infected with vesicular stomatitis virus and influenza B

virus exhibited stronger CD8+ T cell responses in the lungs than 129/SvJ WT mice (62).

Thus, Tetherin appears to differentially modulate cell-mediated immunity against

retroviruses and negative-stranded RNA viruses in vivo. Further studies should determine if

Tetherin could promote cell-mediated immunity against other nonretroviral pathogens.

Recently, human Tetherin was shown to activate NF-κB (64-66), a central regulator of

adaptive immunity (67). The functional determinants mapped to the cytoplasmic tail, and the

YxY motif served as a critical interface for interaction with the adaptors TAK1 and TRAF6

(64-66). However, this signaling property appears to be specific to human Tetherin, since

mouse and monkey Tetherins did not exhibit NF-κB signaling activity (64). It remains to be

determined whether B6 Tetherin may have other signaling properties that map to its

cytoplasmic tail that may alternatively explain its impact on cell-mediated immunity.

In conclusion, our findings provide evidence that Tetherin does not just function as a

retrovirus restriction factor, but also functions to promote the antiretroviral cell-mediated

immune response. We ascribe this immunomodulatory role to Tetherin’s cytoplasmic tail

that encompass a highly conserved endocytosis motif, which influenced virus infection in an

H-2 dependent manner. These findings could have important implications for HIV-1

infection, since human Tetherin mRNA harbors a leaky Kozak sequence that results in the

translation of a full length (B6-like) and a truncated (NZW-like) Tetherin protein (66). Thus,

modulating the magnitude and balance between these two alternative forms of human

Tetherin in accordance with an individual’s MHC-resistance profile may have biomedical

implications. Finally, NK cell, CD4+ T cell and CD8+ T cell responses have the potential to

inhibit HIV-1 (68), but if the magnitude or breadth of the response is not strong enough, the

virus escapes. The findings presented here provide a strong rationale to investigate the

impact of human Tetherin and inhibitors of the Vpu:Tetherin interaction in strengthening

CD8+ T cell, CD4+ T cell and NK cell responses against HIV-1 infection.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lower Tetherin cell surface expression in TetherinMet/Val B1 mice
(A) Genetic backcrossing strategy. Rfv3s/s H-2b/z mice were genotyped as TetherinVal/Val

(endocytosis-defective, n=10) or TetherinMet/Val (endocytosis-competent, n=9). B1 mice

were infected with 500 SFFU of NB-tropic FV/LDV and samples were analyzed at 7 dpi.

(B) Gating strategy to quantify % Tetherin+ splenocytes. Tetherin+ cells were gated from an

isotype control set at <1%. Note that the Tetherin+ population is not a distinct population.

The MAb720+ population was also not a distinct population. The MAb720 gate were set

using splenocytes of an uninfected mouse set at <1%. (C-D) Comparison of Tetherin+

splenocytes in TetherinVal/Val versus TetherinMet/Val B1 mice. Tetherin expression were

quantified in (C) total splenocytes and (D) FV-infected cells using the F-MuLV Env-

specific MAb 720. (E) Tetherin mean fluorescence intensity levels, showing a histogram

plot for total splenocytes and analyses for Ter119+ erythroblasts and CD11c+ DCs. Lines

correspond to mean values and each dot corresponds to an individual mouse. Statistical

analyses were performed using a 2-tailed Student’s t test, with p<0.05 considered

significant. Data were combined from 2 independent experiments.
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Figure 2. Endocytosis-competent Tetherin is associated with better control of acute FV
replication and disease in H-2b/z B1 mice
FV disease outcomes at 7 dpi in H-2b/z B1 mice. (A) Spleen mass. (B) Absolute splenic

erythroblast numbers. %Ter119+ cells obtained by flow cytometry were multiplied by the

estimated total number of splenocytes based on the spleen mass, where 100 mg spleen was

set at 108 cells. (C) Plasma viral load, based on qPCR for FMuLV RNA copies. Statistical

analyses were performed using 2-tailed Student’s t test. For panels A-C, the lines correspond

to mean values. (D-F) Values from panels A to C were correlated against %Tetherin cell

surface expression in the spleen, respectively. Best-fit linear regression lines with R2 values

are shown together with p values following Pearson product moment correlation analyses.

For all panels, each dot corresponds to data from a single mouse. Data were combined from

2 independent experiments.
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Figure 3. Endocytosis-competent Tetherin promotes stronger NK cell responses in H-2b/z B1
mice
Splenocytes (7 dpi) were stimulated for 5 h with PMA/ionomycin prior to staining. (A)

Gating strategy for quantifying intracellular IFNγ expression in DX5+ NK cells. Since DX5

can be expressed in some T cell subsets, the analyses focused on DX5+CD4-CD8-

populations. (B) IFNγ+ + NK cells in the spleen. Correlation between IFNγ+ NK cells and

(C) plasma viral load, and (D) %Tetherin surface expression in the spleen. (E-F)

Comparison of 7 dpi intracellular IFNγ expression in splenic (E) CD8+ and (F) CD4+ T

cells. For panels B, E and F, solid lines correspond to median values and each dot

corresponds to data from a single mouse. Statistical analysis was performed using a 2-tailed

Mann-Whitney U test. For panels C and D, best-fit linear regression lines with R2 values are

shown together with p values following Pearson product moment correlation analyses. Data

were combined from 2 independent experiments.
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Figure 4. Tetherin cell surface expression is induced by FV independent of LDV co-infection
Spleen and bone marrow cells were harvested at 1 dpi following infection of B6 mice with

mock (RPMI), 104 SFFU FV/LDV and 104 SFFU LDV-free FV (n=3 mice each). (A)

Histogram plot from a live splenocyte gate showing Tetherin mean fluorescence intensity

(MFI) relative to an isotype control. (B) Tetherin MFI values at 1 dpi. Bars correspond to

mean values and error bars correspond standard deviations. Data were compared using a 2-

tailed unpaired Student’s t test. **, p<0.01; ***, p<0.001, NS, not significant (p>0.05).
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Figure 5. B6 Tetherin is associated with stronger cell-mediated immune responses to FV
Splenocytes harvested from B6 WT and B6 Tetherin KO mice at 14 dpi with 104 SFFU of

LDV-free FV were stimulated with PMA/ionomycin for 5 h prior to staining for flow

cytometry. (A-C) Intracellular IFNγ production in (A) NK1.1+ NK cells, (B) CD8+ T cells

and (C) CD4+ T cells. (D-E) %CD107a expression in (D) NK cells and (E) CD8+ T cells.

In panels A to E, B6 Tetherin KO mice had significantly lower cell-mediated immune

responses. (F) Plasma FV-specific IgG endpoint titers as determined by ELISA. Statistical

analyses were performed using a 2-tailed Student’s t test. For all panels, lines correspond to

mean values, and each dot corresponds to data from an individual mouse. Data were

combined from 3 independent experiments.
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Figure 6. B6 Tetherin is associated with a stronger FV-specific CD8+ T cell response
(A) Gating strategy. Splenocytes from mice at 14 dpi were stained with anti-CD8 and a

dextramer presenting the H-2Db-restricted immunodominant GagL epitope. Note that the

cells were not stimulated with PMA/Ionomycin. Gates were set against a stained uninfected

sample. (B) Dextramer+ CD8+ T cells in the spleen. Lines correspond to median values and

dots correspond to data from individual mice. Statistical analysis was performed using a 2-

tailed Mann-Whitney U test. Dixon’s Q test was used to confirm the statistical outlier in the

Tetherin KO group. *Removal of the outlier adjusts the p value to 0.0150. Data were

combined from 3 independent experiments.
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Figure 7. B6 Tetherin promotes immune control of cellular FV infection
Cellular FV infection levels in B6 WT and Tetherin KO mice at 14 dpi were quantified by

flow cytometry using the F-MuLV Env-specific MAb 720 and specific cell subset markers.

(A-B) Percentage of MAb 720+ in (A) total splenocytes and (B) splenic CD19+ B cells.

Lines correspond to mean values and dots correspond to data from individual mice.

Statistical analysis was performed using a 2-tailed Student’s t test. (C-D) Correlation

between MAb720+ splenocytes and (C) CD107a expression in CD8+ T cells and (D)

%DbGagL Dextramer+ CD8+ T cells. For panel D, the statistical outlier in the Tetherin KO

cohort (Fig. 6B) was not included in the analysis. Best-fit linear regression lines with R2

values are shown together with p values following Pearson product moment correlation

analyses. Data were combined from 3 independent experiments.
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Figure 8. B6 Tetherin promotes immune control of FV plasma viremia
(A) Plasma viral loads from FV-infected B6 WT and Tetherin KO mice at 14 dpi were

measured by qPCR and log-transformed prior to statistical analysis. Lines correspond to

mean values and statistical analysis was performed using a 2-tailed Student’s t test.

Correlation between plasma viral loads and (B) %IFNγ+ NK cells, (C) %CD107a+ CD8+ T

cells, and (D) %Dextramer+ CD8+ T cells. For panel D, the statistical outlier in the Tetherin

KO cohort (Fig. 6B) was not included in the analysis. Best-fit linear regression lines with R2

values are shown together with p values following Pearson product moment correlation

analyses. Data were combined from 3 independent experiments.
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