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Tetherin/BST-2 promotes dendritic 
cell activation and function during 
acute retrovirus infection
Sam X. Li1,2, Bradley S. Barrett1, Kejun Guo1, George Kassiotis3, Kim J. Hasenkrug4, 
Ulf Dittmer5, Kathrin Gibbert5 & Mario L. Santiago1,2

Tetherin/BST-2 is a host restriction factor that inhibits retrovirus release from infected cells in vitro by 
tethering nascent virions to the plasma membrane. However, contradictory data exists on whether 
Tetherin inhibits acute retrovirus infection in vivo. Previously, we reported that Tetherin-mediated 
inhibition of Friend retrovirus (FV) replication at 2 weeks post-infection correlated with stronger 
natural killer, CD4+ T and CD8+ T cell responses. Here, we further investigated the role of Tetherin in 
counteracting retrovirus replication in vivo. FV infection levels were similar between wild-type (WT)  
and Tetherin KO mice at 3 to 7 days post-infection despite removal of a potent restriction factor, 
Apobec3/Rfv3. However, during this phase of acute infection, Tetherin enhanced myeloid dendritic 
cell (DC) function. DCs from infected, but not uninfected, WT mice expressed significantly higher MHC 
class II and the co-stimulatory molecule CD80 compared to Tetherin KO DCs. Tetherin-associated DC 
activation during acute FV infection correlated with stronger NK cell responses. Furthermore, Tetherin+ 
DCs from FV-infected mice more strongly stimulated FV-specific CD4+ T cells ex vivo compared to 
Tetherin KO DCs. The results link the antiretroviral and immunomodulatory activity of Tetherin in vivo to 
improved DC activation and MHC class II antigen presentation.

Restriction factors are host-encoded type I interferon-stimulated genes (ISG) that directly inhibit virus replication1.  
Their importance was emphasized by the existence of viral antagonists, as exemplified by pandemic HIV-1 strains 
encoding Vpu to counteract the restriction factor Tetherin (also known as BST-2, CD317, HM1.24, and PDCA-
1)2,3. Tetherin is a type II membrane protein that can inhibit retrovirus release and spread in vitro. It consists of 
an N-terminal cytoplasmic tail, a transmembrane region, an extracellular domain containing cysteines necessary 
for dimerization, and a C-terminal glycophosphatidyl inositol anchor4. Tetherin’s unique molecular structure 
allows it to physically ‘tether’ the viral membrane to the host cell membrane, thereby retaining the virus on the cell 
surface. While Tetherin’s antiviral function was based on this tethering mechanism, the impact of virus particle 
retention on retroviral replication is controversial. While some in vitro studies reported that Tetherin restricted 
retroviruses2,3,5, others showed that Tetherin enhanced cell-to-cell spread6–9. Conflicting conclusions regarding 
Tetherin’s impact on retrovirus replication in vitro prompted the need to study Tetherin biology in vivo. Murine 
retrovirus infection models involving Friend retrovirus (FV), ‘murine AIDS’ (LP-BM5), mouse mammary tumor 
virus (MMTV) and moloney murine leukemia virus (Mo-MuLV) were particularly attractive as these models 
allowed for performing direct causation studies using Tetherin knockout (KO) mice.

Previous studies comparing retrovirus infection levels in wild-type (WT) versus Tetherin KO mice revealed 
contradictory results. Two studies found that WT and Tetherin KO mice had no significant difference in acute 
LP-BM5 and/or Mo-MuLV replication10,11, while another study found that Tetherin KO mice had higher acute 
MMTV replication levels12. Interestingly, Liberatore and Bieniasz found that even though WT and Tetherin KO 
mice had similar acute LP-BM5 replication levels, Tetherin KO mice had higher infection levels during later 
time points, when adaptive immune responses operate10,13. These data raised the possibility that Tetherin may be 
modulating the adaptive immune response. The notion that an innate restriction factor can modulate adaptive 
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immunity is not unprecedented, as the restriction factor mouse Apobec3 (or mA3) has been shown to augment 
FV-specific neutralizing antibody responses14,15.

We recently provided evidence that Tetherin could promote innate and adaptive cell-mediated immune 
responses against FV infection16. FV is a complex of a replication-competent but non-pathogenic helper Friend 
MuLV (F-MuLV), and a replication-defective but pathogenic spleen focus forming virus (SFFV). FV infects adult 
immunocompetent mice and causes splenomegaly and erythroleukemia17. Classical restriction genes such as Fv2 
and mA3/Rfv3 strongly influence the susceptibility of mice to FV disease17. C57BL/6 (B6) mice encode resist-
ant forms of Fv2 and mA3/Rfv3, which significantly inhibit splenomegaly induction18 and promote neutralizing 
antibody responses14,15, respectively. However, B6 mice remain susceptible to infection and erythroleukemia espe-
cially at high FV inoculum dose, older age19 and compromised CD8+  T cell responses20. In addition to CD8+  
T cell responses, NK cell and CD4+  T cell responses are also required for effective control of FV infection in B6 
mice21–26.

During peak T cell responses to FV, Tetherin KO mice had weaker IFNγ  expression in NK cells, CD4+  T cells, 
and CD8+  T cells, and weaker cytotoxic responses in NK and CD8+  T cells16. In addition, Tetherin KO mice 
had reduced numbers of virus-specific CD8+  T cells. These cell-mediated immune responses correlated with 
lower plasma viral loads and cellular infection levels. These results demonstrated a role for Tetherin in promot-
ing the cell-mediated immune response to retroviral infection. However, it remained unclear whether Tetherin 
had a direct effect on acute FV replication. Higher FV replication in Tetherin KO versus WT mice during early 
stages of the infection may result in weaker cell-mediated immune responses in Tetherin KO mice due to higher 
FV-induced immune dysfunction.

Dendritic cells (DCs) play key roles in priming both NK and T cell responses27,28 and are susceptible to FV 
infection in vivo29. Thus, an effect of Tetherin on DC function may govern its ability to stimulate cell-mediated 
immune responses. In the current study, we explored Tetherin’s role in early retroviral infection, when DCs were 
at the crucial stage of priming cell-mediated immune responses. Utilizing B6 WT and Tetherin KO mice, we 
show that Tetherin had no effect on early retrovirus replication, but promoted DC function. Our results highlight 
Tetherin-mediated DC activation as a critical mechanism for how Tetherin influenced retrovirus cell-mediated 
immune responses that subsequently inhibited retrovirus replication in vivo.

Results
Tetherin does not influence acute FV infection levels.  Innate restriction factors are expected to coun-
teract virus infection prior to the onset of adaptive immune responses. Tetherin is widely considered as an innate 
restriction factor and its expression is significantly induced in bone marrow and spleen 24 h after FV infection16. 
We therefore determined if Tetherin could inhibit acute FV infection levels in vivo. B6 WT and Tetherin KO mice 
were infected with FV and analyzed at 7 days post infection (dpi). Splenocytes from these mice were stained for 
surface expression levels of F-MuLV env and analyzed by flow cytometry. F-MuLV env+  cells were quantified 
using gates set with a stained uninfected sample as < 1% as previously described30. The percentage of F-MuLV 
env+  splenocytes was not significantly different between WT and Tetherin KO mice (Fig. 1a). Viral RNA copies 

Figure 1.  Tetherin does not inhibit acute FV infection. WT and Tetherin KO mice were infected with 104 
SFFU of FV. At 7 dpi, splenocytes were stained with the F-MuLV env-specific mAb 720 for flow cytometry. 
(a) Comparison of % F-MuLV env+  splenocytes from WT and Tetherin KO mice. (b) Plasma viral load 
comparison between WT and Tetherin KO mice. Plasma samples at 7 dpi were evaluated for F-MuLV RNA 
copies by qPCR. Absolute viral copies were determined using an F-MuLV RNA standard. Log-transformed 
values are shown. In both panels, lines represent means, with each dot representing data from an individual 
mouse. Statistical analyses were performed using a 2-tailed Student’s t test. Data for each group were combined 
from 2 independent experiments. *p <  0.05; ns, not significant (p >  0.05).
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in plasma were also found to be similar between WT and Tetherin KO mice (Fig. 1b). Thus, Tetherin did not 
significantly influence acute FV infection levels.

Tetherin does not activate NF-κB in mouse NIH3T3 cells.  We previously showed that Tetherin inhib-
ited FV replication at 14 dpi16. Since Tetherin had no effect on FV infection levels at 7 dpi (Fig. 1), the effect of 
Tetherin at a later time point may not be due to its direct restriction properties. Notably, Tetherin-mediated inhi-
bition of virus replication at 14 dpi correlated with stronger NK cell and virus-specific CD8+  T cell responses16. 
The underlying mechanism for how Tetherin influenced cell-mediated immunity remains unclear. Recently, 
human Tetherin was found to activate NF-κ B, which controls many immunity-related genes31–34. Mouse Tetherin 
could not activate NF-κ B, but the assays were performed in human cells31. We therefore tested if mouse Tetherin 
could activate NF-κ B in murine NIH3T3 cells. Similar to findings in human 293T cells, human Tetherin induced 
NF-κ B in murine NIH3T3 cells, but mouse Tetherin did not (Supplementary Fig. 1 online).

Tetherin does not alter DC phenotypes in the absence of infection.  Conventional myeloid DCs 
(referred simply as DCs in this study) could modulate both NK and T cell responses27. Thus, we next tested 
whether Tetherin could influence the activity of DCs. We initially determined if Tetherin had an intrinsic effect 
on DC activation in the absence of infection. Splenocytes from naïve WT and Tetherin KO mice were stained for 
DC markers and surface proteins indicative of DC maturation. Major histocompatibility complex II (MHC-II) 
binds antigenic peptide for presentation to CD4+  T cells and its expression on DCs usually increase following 
infection35,36. DC activation also results in the induction of costimulatory molecules CD80 and CD86, which 
work in conjunction with peptide-bound MHC to prime T cell responses37. Splenocytes were analyzed by flow 
cytometry and DCs (CD11c+ CD11b+ CD19-F4/80-) were evaluated for MHC-II, CD80, and CD86 expression 
based on median fluorescence intensity (MFI) (Fig. 2a). Expression of MHC-II, CD80, and CD86 were not signif-
icantly different between DCs from WT and Tetherin KO mice (Fig. 2b).

Although Tetherin did not affect MHC-II, CD80, and CD86 expression in DCs in uninfected mice, Tetherin 
may still influence DC function. Thus, splenic DCs from uninfected mice were enriched by negative magnetic 
selection, pulsed with F-MuLV env122-141 peptide and cocultured with H5, an FV env122−141-specific CD4+  T cell 
hybridoma derived from infected B6 mice38. IL2 levels in the supernatant after 2 d of DC:H5 co-culture were 
determined by ELISA. Naïve, peptide-loaded WT and Tetherin KO DCs did not differ in their ability to stimulate 
IL2 production by the H5 CD4+  T cells (Fig. 2c). Thus, Tetherin did not impact the ability of naïve DCs to stim-
ulate virus-specific CD4+  T cells.

Tetherin promotes DC activation during acute FV infection.  Since Tetherin had no effect on DC 
activation in the absence of infection, we next tested if Tetherin influenced DC activation following FV infection. 
Splenocytes were collected from FV-infected mice at 5 dpi and gated DCs were analyzed for MHC-II, CD80, and 
CD86 MFI levels. DCs from infected WT mice showed significantly higher expression of MHC-II and CD80 
compared with DCs from infected Tetherin KO mice (Fig. 3a). CD86 expression in DCs was higher in WT versus 
Tetherin KO mice, but this difference did not quite reach statistical significance (p =  0.06). By contrast, MHC-II 
expression in B cells, which could also serve as antigen presenting cells39 were not significantly different between 
WT and Tetherin KO mice (Fig. 3b). Thus, Tetherin promoted the expression of select proteins involved in anti-
gen presentation in DCs but not in B cells during acute FV infection.

Early Tetherin-mediated DC activation correlates with NK cell activity .  We previously showed 
that Tetherin improved NK cell responses to FV at 14 dpi16. However, NK cell responses should already be 
induced by 1 week post-FV infection25. We therefore determined if Tetherin influenced NK cell responses at an 
earlier time point (5 dpi). Splenocytes from FV-infected mice were stimulated with PMA and ionomycin, stained 
for NK cell markers (CD3-NK1.1+ DX5+ ), and then analyzed by flow cytometry for expression of IFNγ  and 
CD107a, a marker of NK cell degranulation. A significantly higher percentage of splenic IFNγ +  NK cells were 
found in WT mice compared to Tetherin KO mice (Fig. 4a). The percentage of IFNγ +  NK cells correlated with 
DC MHC-II, CD80 and CD86 expression (Fig. 4b). WT mice exhibited higher percentage of CD107a+  cells com-
pared to Tetherin KO mice, but this did not quite reach statistical significance (Fig. 4c; p =  0.058). Nevertheless, 
the percentage of CD107a+  NK cells correlated with DC MHC-II, CD80 and CD86 MFI (Fig. 4d). These data 
revealed that Tetherin influenced NK cell responses at an early time point following FV infection that correlated 
with 3 markers of DC activation.

Tetherin promotes BM IL15 expression.  One mechanism by which DCs stimulate NK cells is the pro-
duction of IL1540. IL15 is particularly critical for NK cell development in the BM41. We therefore analyzed the 
levels of IL15 transcripts in BM cells from FV-infected mice by qPCR. IL15 mRNA was expressed at higher levels 
in the BM of WT mice than in Tetherin KO mice at 3 dpi (Fig. 5), but this difference was lost by 5 dpi (p >  0.05). 
Thus, Tetherin transiently enhanced BM IL15 mRNA expression during early retroviral infection.

Stimulation of FV-specific CD4+ T cells by Tetherin+ versus Tetherin KO DCs.  Tetherin influ-
enced CD4+  T cell responses at 14 dpi16. Our results above demonstrated that Tetherin influenced DC activation 
and function. Thus, we hypothesized that the impact of Tetherin on CD4+  T cell responses may be preceded by 
enhanced antigen presentation qualities of Tetherin+  DCs obtained at an earlier time point. WT and Tetherin KO 
mice were infected with 104 SFFU of FV and at 3 dpi, untouched splenic DCs were isolated by negative selection 
using magnetic beads. Enriched DCs were cocultured with H5 cells as in Fig. 2d. IL2 release in the DC:H5 cell 
coculture supernatants were determined by ELISA after 2 days. Isolated DCs from 3 dpi infected WT mice did not 
stimulate detectable IL2 release from the H5 CD4+  T cells. We therefore pulsed DCs with the F-MuLV env122-141  
peptide prior to co-culture with H5 cells (Fig. 6a, left panel). Notably, WT DCs stimulated IL2 production by H5 
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Figure 2.  Normal DC phenotypes in Tetherin KO mice. Splenocytes were collected from uninfected WT 
and Tetherin KO mice and stained for DC activation markers. (a) DC gating strategy. CD11c+ CD11b+  
cells were gated from live CD19- splenocytes and defined as DCs. F4/80 was used to exclude inflammatory 
monocytes and macrophages. (b) Comparison of activation marker expression in DCs from uninfected mice. 
Median fluorescence intensities of MHC-II, CD80 and CD86 were quantified for WT and Tetherin KO DCs. 
Lines represent mean values, and each dot corresponds to an individual mouse combined from 2 independent 
experiments. (c) CD4+  T cell stimulation by isolated DCs. Splenocyte DCs enriched by negative magnetic 
selection were pulsed with 0, 10, 20 or 50 μ g/ml of F-MuLV env peptide and cocultured with F-MuLV env-
specific CD4+  T cells. IL2 levels in the supernatant were evaluated by ELISA after 2 d. Dots represent mean 
values and SEM bars from triplicate experiments. Statistical analyses were performed using a 2-tailed Student’s t 
test; ns, not significant at p >  0.05.
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cells to a greater degree than Tetherin KO DCs (Fig. 6a, right panel). To confirm that the DCs isolated in the mice 
were exposed to similar amounts of virus, F-MuLV proviral DNA loads in the isolated DCs were quantified. As 
expected, Tetherin+  and Tetherin KO DCs had similar proviral F-MuLV DNA loads (Fig. 6b). Altogether, the 
data demonstrate that Tetherin enhanced the antigen presentation capability of DCs to virus-specific CD4+  T 
cells independent of FV infection levels.

Tetherin promotes DC activation and function in an Apobec3 KO background.  The resistance 
genes that influence FV infection may exhibit epistasis, such that the presence of one resistance gene may mask 
the impact of another. In a previous B1 test cross of Fv2-susceptible mice, we found that a Tetherin SNP influenced 
acute FV infection in mice in the mA3/Rfv3 susceptible but not the mA3/Rfv3 resistant background30. Thus, 
Tetherin may have an impact on acute FV replication in an mA3-null background. To test this hypothesis, B6 
mA3 KO mice were crossed with Tetherin KO mice to generate mA3/Tetherin double KO (dKO) mice. We then 
compared FV infection levels, DC activation and antigen presentation capability between B6 mA3 KO (which 
express Tetherin) and mA3/Tetherin dKO mice.

We first compared FV infection levels between mA3 KO and mA3/Tetherin dKO mice at early time points by 
flow cytometry. As shown in Fig. 7a, both strains of mice had similar FV infection levels at 5 and 7 dpi. At 5 dpi, 
DCs of mA3 KO mice expressed higher MHC-II and CD80 MFI levels compared to mA3/Tetherin dKO mice 
(Fig. 7b). Interestingly, BM cells from mA3 KO mice exhibited higher IL15 expression at 5 dpi compared to mA3/
Tetherin dKO mice (Supplementary Fig. 2), in contrast to B6 mice which transiently induced BM IL15 at 3 dpi 
(Fig. 5). Isolated DCs from 3 dpi mA3 KO mice also more efficiently stimulated IL2 release from virus-specific 
CD4+  T cells compared to DCs from mA3/Tetherin KO mice (Fig. 7c), despite similar proviral FV DNA loads 
(Fig. 7d). In contrast to Fig. 6a, a prior peptide pulse was not required to reveal the differences in IL2 release, 
possibly because of higher FV infection levels in mA3 KO compared to WT mice42,43. Thus, we confirmed in a 
second genetic background lacking mA3/Rfv3 that Tetherin significantly promoted DC activation and function 
during acute retrovirus infection.

Figure 3.  Tetherin promotes DC activation during acute FV infection. WT and Tetherin KO mice were 
infected with 104 SFFU of FV and at 5 dpi, splenocytes were stained for DC and B cell activation markers. DCs 
were defined as live CD19-CD11c+ CD11b+  cells, B cells as live CD19+  cells. (a–c) Splenic DC expression 
at 5 dpi. Comparison of median fluorescence intensity values for (a) MHC-II, (b) CD80, and (c) CD86 on 
DCs. Representative histogram plots are shown for MHC-II and CD80 between WT (red) and Tetherin KO 
(blue) mice. Isotype controls are shown in green. (d) MHC-II expression in B cells at 5 dpi. For all panels, 
lines represent mean values, and each dot corresponds to an individual mouse combined from 2 independent 
experiments. Differences were evaluated using a 2-tailed unpaired Student’s t test; ns, not significant (p >  0.05). 
Exact p values were shown if significant.
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Discussion
Tetherin is a potent retrovirus restriction factor in vitro but its impact in vivo is still being determined. Using the 
FV infection model, we previously provided evidence that Tetherin promoted NK cell, CD4+  T cell and CD8+  T 
cell responses16. These stronger cell-mediated immune responses correlated with lower infection levels suggesting 
that Tetherin-mediated retrovirus control operated by modulating adaptive immunity. Direct inhibition of FV by 
Tetherin at earlier time points could explain Tetherin’s subsequent immunological effects. Therefore, in the cur-
rent study, we examined FV infection levels in WT and Tetherin KO mice at earlier acute infection time points. 
Tetherin had no effect on FV infection levels in the spleen, plasma or isolated DCs from 3 to 7 dpi. Removal of 
mA3 resulted in increased FV infection, but FV infection levels were still not different between mice with and 
without Tetherin in this mA3-null background. Our results concur with previous findings using the Mo-MuLV 
and LP-BM5 infection models that Tetherin did not restrict acute retroviral infection in vivo10,11. Thus, the impact 
of Tetherin on retrovirus replication was not immediate, as would be expected for an innate restriction factor.

Tetherin’s effects on different arms of cell-mediated immunity, which rely on antigen presenting cells for acti-
vation, led us to investigate the possible role of DCs, which serve as critical bridges between innate and adaptive 
immunity. After confirming that Tetherin did not alter DC phenotypes in uninfected mice, we evaluated DC 
activation and function during acute FV infection. The antigen presenting function of DCs is dependent on their 
activation, which is characterized by the upregulation of MHC-II molecules and costimulatory molecules such as 
CD80 and CD86. Here, we found that DCs from FV+  Tetherin WT mice displayed higher expression of MHC-II 
and CD80 than DCs from FV+  KO mice. Tetherin+  DCs also more potently stimulated virus-specific CD4+  T 
cells compared to Tetherin KO DCs ex vivo despite similar virus infection levels. The enhanced MHC-II antigen 
presentation capability of Tetherin+  DCs could explain why WT mice had stronger CD4+  T cell responses com-
pared to Tetherin KO mice16. CD4+  T cells play critical roles in the maturation, expansion and function of CD8+  
T cells44,45. Thus, improved MHC-II antigen presentation due to Tetherin activity could indirectly impact CD8+  
T cell responses by enhancing CD4+  T cell help. Moreover, NK cells could regulate CD8+  T cell responses 
against pathogens46,47. Tetherin influenced NK cell responses as early as 5 dpi, and this phenomenon could also 
contribute to enhanced CD8+  T cell responses by 14 dpi.

Figure 4.  Correlation between Tetherin-dependent DC activation and NK cell activity. Mice were infected 
with 104 SFFU of FV and at 5 dpi, splenocytes were collected, activated with PMA and ionomycin, then 
evaluated by flow cytometry. NK cells were gated as CD3-NK1.1+ DX5+  cells, and intracellular IFNγ  and 
surface CD107a levels were quantified from these gated NK cells. (a) IFNγ +  NK cells in WT versus Tetherin 
KO spleens. Lines correspond to means and each dot corresponds to individual mice combined from 2 
independent experiments. Statistical analyses were performed using a 2-tailed unpaired Student’s t test. Note 
that one outlier Tetherin KO mouse was excluded due to unusually high levels of NK IFNγ +  cells (51%; 2-sided 
Dixon Q-test p <  0.05). (b) Correlation between NK IFNγ +  cell and DC phenotypes. (Left) MHC-II MFI 
versus IFNγ +  NK cells; (Middle) CD80 MFI versus IFNγ +  NK cells. (c) CD107a+  NK cells in WT versus 
Tetherin KO mice were correlated with (d) MHC-II and CD80 MFI values. Correlations were evaluated by 
Pearson r statistics with the best-fit linear regression curves shown in gray lines. Exact p values were noted.
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Tetherin-mediated virion aggregation on the cell surface was recently proposed as a mechanism to augment 
NK cell mediated killing48–50. This current model stems from in vitro studies showing that cells infected with 
HIV-1Δ Vpu, which could not counteract Tetherin and whose virions aggregate at higher densities on the cell 
surface, were more susceptible to NK cell mediated antibody-dependent cellular cytotoxicity (ADCC). However, 
our results from a test cross to evaluate a unique Tetherin single nucleotide polymorphism (SNP) in mice suggest 
otherwise16. Relative to B6 mice, NZW/LacJ (NZW) mice harbor a Tetherin SNP that results in a truncation of 
the cytoplasmic tail that encodes the endocytosis motif. Endocytosis-defective NZW Tetherin more strongly 
restricted FV release in vitro, consistent with higher retention of virions on the cell surface30. Thus, if the virion 
retention/ADCC model was true, then mice encoding NZW Tetherin should have better NK cell responses than 
those encoding B6 Tetherin. Surprisingly, we observed the opposite result: mice encoding endocytosis-competent 
B6 Tetherin demonstrated stronger NK cell-associated immune control of FV in vivo16. Thus, endocytosis 
appeared to be critical for Tetherin’s impact on cell-mediated immunity. Interestingly, transfection studies linked 
Tetherin with HIV-1 Gag accumulation in intracellular compartments2,51,52. Internalization of tethered virions 
could promote viral sensing by endosomal sensors, resulting in the upregulation of cytokines required for NK 
cell function such as IL15. Consistent with this theory, we observed higher BM IL15 mRNA levels in WT versus 
Tetherin KO mice. A recent study found an association between the endosomal sensor TLR3 and cytotoxic NK 
and CD8+  T cell responses against FV infection53. BM-derived DCs from FV+  TLR3 KO mice were less able 
to stimulate proliferation of CD8+  T cells in culture, whereas splenic DCs from FV+  TLR3 KO mice had lower 
expression of activation markers. Thus, we hypothesize that Tetherin-mediated virion endocytosis may enhance 
TLR3 sensing in DCs to promote NK cell responses.

Tetherin-mediated endocytosis of virions could explain the connection between Tetherin and MHC-II anti-
gen presentation found in the current study. First, endosomal recycling of virions could promote sensing to 
induce MHC-II and co-stimulatory molecule expression. Second, endosomal reuptake may significantly pro-
mote the presentation of virion-derived peptides to MHC-II. In contrast to soluble protein antigens that could 
readily be cleaved by endosomal proteases, virions have macromolecular structures that may render them more 
protease-resistant54. A mechanism that would retain virions in MHC-II antigen-processing compartments, 
which resemble multivesicular bodies55, could therefore increase the amount of viral peptides loaded to MHC-II. 
Notably, at least 9 H-2b-restricted F-MuLV CD4+  T cell epitopes were identified in infected B6 mice56. It remains 
to be determined if this broad epitope diversity could be linked Tetherin. Overall, the results of the current study 
justify further investigations on Tetherin as a modulator of viral antigen presentation to MHC-II.

Initial models proposed that virus tethering functioned to prevent the release of viruses from infected cells57. 
However, viral tethering may serve a different purpose than just restricting virus release. Tetherin induced NF-κ B 
when tethering HIV-131–34, suggesting that Tetherin could act as a viral sensor. As mouse Tetherin could not 
activate NF-κ B, additional immunological phenotypes may be altered by human Tetherin in vivo. In this study, 
we found that human Tetherin activated NF-κ B in mouse cells, suggesting that transgenic mice encoding human 
Tetherin may be useful for probing these additional immunological effects in vivo. Interestingly, mouse Tetherin 
enhanced type I IFN production by a specialized subset of cells known as plasmacytoid dendritic cells (pDC), 

Figure 5.  Tetherin promotes BM IL15 expression during acute FV infection. Mice were infected with 104 
SFFU of FV and at 3 dpi, RNA from BM cells were extracted for IL15 qPCR. Data were normalized to actin RNA 
levels, and expressed as fold induction from the BM of an uninfected mouse. Lines correspond to means and 
each dot corresponds to an individual mouse, and data were combined from 2 independent experiments. Data 
were analyzed using a 2-tailed unpaired Student’s t-test.
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Figure 6.  Tetherin promotes DC-mediated antigen presentation to CD4+ T cells. (a) DCs were isolated 
from splenocytes of mice infected with 104 SFFU of FV at 3 dpi by negative magnetic selection. The DCs were 
co-cultured with an FV-specific CD4+  T cell hybridoma line, H5, and after 2 d, IL2 in the supernatant was 
quantified by ELISA. DCs from WT and Tetherin KO mice were pulsed with 5 μ g/ml F-MuLV env peptide prior 
to H5 coculture. One Tetherin KO mouse had unusually high splenomegaly (2-sided Grubb’s test, p <  0.05) and 
was excluded. Lines correspond to means, and differences were evaluated using a 2-tailed Mann-Whitney U 
test. (b) Viral infection of DCs. Proviral DNA was quantified from the isolated 3 dpi DCs by qPCR, normalizing 
to the number of cell equivalents. The lines correspond to geometric means. The dots correspond to individual 
mice combined from 2 independent experiments. Statistical analyses were performed using a 2-tailed Student’s t 
test; ns, not significant (p >  0.05).

Figure 7.  Tetherin promotes DC function in an mA3-null background. mA3 KO (which express Tetherin) 
and mA3/Tetherin dKO mice were infected with 104 SFFU of FV complex and analyzed at the indicated 
time points. (a) Spleen FV infection levels at 5 and 7 dpi. FV+  cells were determined using a monoclonal 
antibody against the F-MuLV Env protein. (b) DC activation markers. The MHC-II and CD80 MFI values were 
determined on gated DCs (CD19− CD11b+ CD11c+ F4/80− ) at 5 dpi. (c) DC:H5 cocultures. DCs isolated at 
3 dpi were coincubated with H5 cells and after 2 days, IL2 release in the supernatant was evaluated by ELISA. 
(d) Proviral DNA load in isolated 3 dpi DCs were determined by qPCR, normalizing to the number of cell 
equivalents. For all panels, the lines correspond to means and dots correspond to individual mice combined 
from 2 independent cohorts. The data were analyzed using a 2-tailed unpaired Student’s t test. P values >  0.05 
were considered not significant (ns). Exact P values are shown for significant differences.
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when stimulated with virus in vitro11. This appears to contradict data revealing that the interaction between 
human Tetherin and ILT7 lowers pDC activation58. However, a recent report revealed that HIV-1 Vpu may facil-
itate Tetherin-mediated suppression of pDC activation by targeting Tetherin outside viral assembly sites to inter-
act with ILT759. Studies are now underway to determine if Tetherin influences pDC function and type I IFN 
production during retrovirus infection in vivo.

In conclusion, we provide evidence that enhanced myeloid DC activation and function underlie the observed 
connection between Tetherin and retrovirus cell-mediated immune responses. Furthermore, the data raise the 
possibility that Tetherin’s primary role during retrovirus infection may be immunological, as Tetherin-mediated 
inhibition of acute FV infection was not observed. Data from the current study and previous work on an 
endocytosis-defective Tetherin allele16,30 support a model whereby viral tethering triggers the endocytic recycling 
of tethered virus for enhanced TLR sensing and antigen presentation. Specific molecular details of this proposed 
pathway remain to be unraveled. Answering these emerging mechanistic questions on Tetherin immunobiology 
could have important implications in boosting cell-mediated immune responses against pathogenic retrovirus 
infections including HIV-1.

Methods
Mice.  B6 mice (Fv1b/b Fv2r/r H-2b/b mA3/Rfv3r/r) were purchased from The Jackson Laboratory. mA3 KO mice 
were generated from the XN450 gene-trap embryonic stem cell line (BayGenomics) and backcrossed for nine 
generations into B660. Tetherin KO mice were directly generated in the B6 genetic background10. mA3 KO mice 
were crossed with Tetherin KO mice and resulting F1 progeny were crossed to each other to generate mA3/
Tetherin double KO (dKO) mice. Mice used in this study ranged from 8 to 12 weeks of age. Mice were handled 
in accordance with the regulations of the National Institutes of Health Guide for the Care and Use of Laboratory 
Animals. The procedures include tail clipping at < 3 weeks of age for genotyping, breeding, infections with FV via 
the intravenous route and terminal euthanasia involving carbon dioxide inhalation followed by cervical disloca-
tion. Infections were performed under isoflurane anesthesia with regular monitoring and all efforts were made to 
minimize suffering of the animals. This study was approved by the University of Colorado Institutional Animal 
Care and Use Committee Permit Number B-89712(08)1E.

Cell culture.  H5, a CD4+  T cell hybridoma line specific to the F-MuLV env122−141 peptide38, was cultured in 
Iscove’s Modified Dulbecco’s Medium (IMDM) (Life Technologies) containing 5% Fetal Bovine Serum (Gemini) 
and penicillin/streptomycin/glutamine (Mediatech).

NF-κB activation assay.  Mouse NIH3T3 cells were transfected with 500 ng of an NF-kB firefly lucif-
erase reporter plasmid31, 200 ng of a Renilla luciferase expression plasmid, and 500 ng of either  vector control 
(p3xFLAG; Sigma), mouse Tetherin30 or human Tetherin31 expression plasmid (generously provided by Drs. Rui 
Galao and Stuart Neil), using the TransIT-LT1 transfection reagent (Mirus Bio). After 48 h, cells were lysed, and 
lysates were treated with luciferase substrate reagents from a Dual-Luciferase Reporter Assay Kit (Promega). 
Bioluminescence from firefly and Renilla luciferase activity were detected sequentially using a VictorX5 plate 
reader (Perkin Elmer). The firefly luciferase signal was normalized to the Renilla luciferase signal to control for 
transfection efficiency.

FV infection.  Mice were infected intravenously with 10,000 spleen focus-forming units (SFFU) of FV, 
a complex composed of B-tropic F-MuLV and spleen focus-forming virus, SFFV. The virus stock lacks 
lactate-dehydrogenase elevating virus61,62. All virological assays used in this study were specific for the F-MuLV 
helper virus, which is critical for FV replication. The virus stock was prepared and titered in BALB/c mice63.

Plasma Viral Load analysis.  Plasma viral load was measured by quantitative real-time PCR (qPCR)64. 
RNA was extracted from 50 μ l plasma using the Qiagen RNAeasy kit and eluted in 100 μ l water. RNA (10 μ l) 
was added to 1 ×  1-step TaqMan Reverse Transcriptase PCR reaction mix (Applied Biosystems) along 
with 10 pmol of the following primers and probe: F-MuLV sense, 5′ -GGACAGAAACTACCGCCCTG-3′ ; 
F-MuLV ant i s ens e ,  5 ′  -ACAA- C CTCAGACAAC GAAGTAAGA-3 ′  ;  and  F-MuLV prob e , 
FAM-TCGCCACCCAGCAGTTTCAGCAGC-TAMRA. Real-time PCR was performed in a Bio-Rad CFX96 
cycler using these thermocycling conditions: 48 °C for 15 min, 95 °C for 10 min, 40 cycles of 95 °C for 15 s, 60 °C 
for 1 min. T7-transcribed F-MuLV RNA standards were used to interpolate absolute F-MuLV RNA copy numbers 
in the plasma.

Immunophenotyping.  Splenocytes were disaggregated through a 100 μ m nylon filter to generate a sin-
gle cell suspension. Bone marrow cells were collected from at least 2 femurs. Splenocytes and BM cells from 
naïve and infected mice were stained with the F-MuLV Env gp70-specific mAb 720 for 1 h, then co-stained with: 
CD11b-V500 (M1/70) (BD Biosciences), CD11c-PE-Cy7 (N418) (eBioscience); CD19-allophycocyanin-H7 
(6D5) (Biolegend); F4/80-PerCP-Cy5.5 (eBioscience); MHC class II (I-A/I-E)-Alexa Fluor 700 (M5/114.15.2) 
(eBioscience); CD80-FITC (16-10A1) (eBioscience); CD86-Brilliant Violet 421 (GL-1) (Biolegend); and 
anti-mouse IgG-allophycocyanin (Columbia Biosciences) for 30 min. Conventional dendritic cells (DCs) were 
classified as CD19-CD11b+ CD11c+ F4/80-. MHC class II (MHC-II) was not used to gate DCs as MHC-II is 
downregulated during FV infection29 and some mouse splenic DC subsets do not express MHC-II65. Since CD11c 
can be expressed by B cells66 and inflammatory monocytes67, the CD19 and F4/80 markers were used to exclude 
these cell subpopulations, respectively.

A separate aliquot of splenocytes (4 ×  106) were treated with RBC lysis buffer (eBioscience), stimulated with 
PMA (25 ng/ml) and Ionomycin (0.7 ug/ml) (Sigma-Aldrich), 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 
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of incubation. The cells were then co-stained with either NK-1.1-allophycocyanin (PK136), CD49b-FITC (DX5), 
and CD3-AlexaFluor700 (17A2) (BD Bioscience), or with CD8α -FITC (53–6.7) and CD4-PE-CF594 (RM4-5) 
(BD Biosciences) for 30 min. The cells were permeabilized in Perm/Fix buffer (BD Biosciences), and stained 
with IFNγ -PE (XMG1.2) (BD Biosciences). All cells were fixed in 1% paraformaldehyde before analysis with an 
LSR-II flow cytometer (BD Biosciences). Up to 500,000 events per sample was captured for DC analysis and up to 
250,000 events per sample was captured for NK cell and T cell anlaysis. FlowJo software (Treestar) was used for 
data analysis. Isotype controls were used for gating. Spleen and bone marrow cells from uninfected mice stained 
with mAb720 were used to establish gates for FV-infected cells.

DC and CD4+ T cell coculture.  Splenocytes were collected from uninfected or FV-infected mice at 
3 dpi and passed through a 100 μ m nylon filter. Cells were then treated with RBC lysis buffer (eBioscience). A 
pan-dendritic cell negative selection kit (Miltenyi 130-100-875) was used for Magnetic-Activated Cell Sorting 
(MACS) of DCs from the splenocytes. MACS separation was performed according to the manufacturer’s instruc-
tions. 105 DCs from each mouse were aliquoted into wells of a 96-well tissue culture plate. DCs were pulsed with 
0, 5, 10, 20, or 50 μ g/ml of F-MuLV env122−141 peptide (DEPLTSLTPRCNTAWNRLKL) (Genscript) diluted in 
water for 1 h. Excess peptide was washed from the cells. 4 ×  105 H5 cells38 were added to each DC culture for a 
final volume of 200 μ l. After 2 d of coculture at 37 °C and 5% CO2, supernatants were collected and used for IL2 
ELISA.

IL2 ELISA.  IL2 in supernatants collected from coculture experiments were quantified using an IL2 ELISA kit 
(eBioscience 88-7024-22). Experiments were performed according to the manufacturers’ instructions.

IL15 expression.  RNA was isolated from BM using the Qiagen RNAeasy kit. cDNA synthesis was per-
formed using the QuantiTect Reverse Transcription Kit (Qiagen) and the product was diluted 1:10 in water 
for a final volume of 200 μ l. Diluted cDNA (10 μ l) was added to 1×  QuantiTect SYBR Green PCR mas-
ter mix (Qiagen) and 5 pmol of the following primers: IL15.for, CATTTTGGGCTGTGTCAGTG; IL15.rev, 
CATTTTGGGCTGTGTCAGTG. The following thermocycling conditions were used: 95 °C for 10 min, 40 
cycles of 95 °C for 15 s, 60 °C for 1 min. Melt curve analysis and gel electrophoresis were used to verify the purity 
of the amplicon. Fold inductions were normalized to β -actin and calculated using the formula: Fold induc-
tion =  2^(− Δ Δ Ct), where Δ Δ Ct =  [CtIL15(Infected) −  Ctactin(Infected)] −  [CtIL15(Naïve) −  Ctactin(Naïve)].

FV proviral load.  FV proviral loads in enriched DCs were determined by qPCR68. DNA was extracted from  
enriched DCs from the spleen using the Qiagen DNAeasy Blood and Tissue kit, and 100 ng DNA was added to 1×   
Taqman Gene Expression Master Mix (Qiagen) along with 10 pmol F-MuLV-specific primers and probe 
described above. Absolute F-MuLV DNA copy numbers were interpolated using F-MuLV DNA standards.  
FV DNA copies per cell was determined by also measuring mA3 DNA copies, with 2 mA3 cop-
ies =  1 cell. 10 pmol of the following primers and probe were added to the same master mix for duplex  
PCR: mA3.sense, 5′ -ATCCTCTTCCTTGATAAGATTCGGTCCATG-3′ ; mA3.antisense, 5′ -GATCCC 
TGATTGCCACAGAGAACAC-3′ ; mA3.probe, HEX-ATC TACACCTCCCGCCTGTATTTCCACT- 
TAMRA. mA3 DNA standards were used to interpolate absolute mA3 DNA copy numbers. The reaction was 
performed under these thermocycling conditions: 95 °C for 10 min, 40 cycles of 95 °C for 15 s, 60 °C for 1 min.

Statistical analysis.  Statistical analyses were performed using Prism 5.0 (Graphpad). Two-tailed Student’s t 
test was used for 2-group comparisons. For datasets with skewed distribution based on the Kolmogorov-Smirnov 
normality test (p <  0.05), a nonparametric 2-tailed Mann-Whitney U test was performed. Correlations were com-
puted using Pearson’s r. P values < 0.05 were considered statistically significant.
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