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IFN-ε is a unique type I IFN that is not induced by pattern recognition response elements. IFN-ε is constitutively
expressed in mucosal tissues, including the female genital mucosa. Although the direct antiviral activity of IFN-ε was
thought to be weak compared with IFN-α, IFN-ε controls Chlamydia muridarum and herpes simplex virus 2 in mice,
possibly through modulation of immune response. We show here that IFN-ε induces an antiviral state in human
macrophages that blocks HIV-1 replication. IFN-ε had little or no protective effect in activated CD4+ T cells or transformed
cell lines unless activated CD4+ T cells were infected with replication-competent HIV-1 at a low MOI. The block to HIV
infection of macrophages was maximal after 24 hours of treatment and was reversible. IFN-ε acted on early stages of the
HIV life cycle, including viral entry, reverse transcription, and nuclear import. The protection did not appear to operate
through known type I IFN-induced HIV host restriction factors, such as APOBEC3A and SAMHD1. IFN-ε–stimulated
immune mediators and pathways had the signature of type I IFNs but were distinct from IFN-α in macrophages. IFN-ε
induced significant phagocytosis and ROS, which contributed to the block to HIV replication. These findings indicate that
IFN-ε induces an antiviral state in macrophages that is mediated by different factors than those induced by IFN-α.
Understanding the mechanism […]
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Introduction
Type I IFNs play a key role in immune responses and control of  cell growth (1). In humans, 13 IFN-α sub-
types and one each of  IFN-β, IFN-ε, IFN-κ, and IFN-ω comprise the type I IFNs (2). IFN-α/β have been 
studied extensively, but the functions of  other members are less understood. Basal levels of  IFN-α/β are 
low or undetectable, but their expression can be induced rapidly and significantly in response to infection 
(1, 3). IFN-α/β are important for controlling viral replication and priming adaptive responses during acute 
infection (4–9). However, unregulated type I IFN responses have been associated with progression of  viral 
infections, including HIV (10–15). A complex role of  type I IFNs in HIV infection has been well document-
ed (15–20). A recent study in rhesus macaques with SIV infection showed that blocking IFN-I receptor 
function resulted in an increase in viral load during acute infection and disease progression; paradoxically, 
administration of  IFN-α2 produced a similar outcome, resulting in greater CD4+ T cell depletion and faster 
disease progression, despite initial control of  the viral infection (11).

Human IFN-ε is encoded on chromosome 9p21 (chromosome 4 in mice), along with the other type I 
IFNs. In mice, IFN-ε induces IFN-regulated genes, including Irf-7 and 2’5’oas, through Ifnar1 or Ifnar2 (21, 
22). IFN-ε shares 30% amino acid homology with a consensus IFN-α and IFN-β sequence (22); however, 
IFN-ε displays distinct functions compared with IFN-α (22, 23). Unlike IFN-α, IFN-ε gene expression is 
not induced in response to activation of  pattern recognition receptor pathways, such as TLRs 2, 3, 4, 7/8, 
and 9 (21). Forced expression of  IRF3, IRF5, or IRF7 induces the promoter activity of  IFN-α/β but not of  
IFN-ε (21). Unlike IFN-α/β, expression of  IFN-ε is not induced in response to infection by viruses, includ-
ing Semliki Forest virus, herpes simplex virus 2, mengovirus, and SIV, or by bacteria, such Chlamydia, in 
vitro or in mice (21, 24, 25). Although the antiviral activity of  IFN-ε is much weaker than that of  IFN-α 
(26, 27), IFN-ε–null mice are more susceptible to herpes simplex virus 2 infection (21). Forced expression 
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of  IFN-ε (via a vaccinia vector) induces rapid viral clearance in the lung (23). The antiviral activity was 
associated with recruitment of  increased numbers of  lymphocytes and elevated cytotoxic T cell subsets in 
lung (23). The nonsense nucleotide polymorphism in IFN-ε has been associated with increased risks to 
develop vitiligo or intracerebral hemorrhage (28, 29), possibly through immune dysregulation, suggesting 
its role in immune-associated diseases in humans.

In contrast to IFN-α/β, IFN-ε is constitutively expressed in various mucosal tissues, including lung, 
small intestine, and reproductive tissues (21, 22). IFN-ε is highly expressed in the female reproductive tract 
and appears to be induced by estrogen in mice (21). Additionally, TNF-α induces IFN-ε but not IFN-α/β in 
HeLa cells (30). IFN-ε induction has been reported in cervical tissues in response to seminal plasma (31). 
Interestingly, HIV-negative sex workers with frequent exposure to semen have an increased level of  IFN-ε 
gene expression in the cervical epithelium (32). Taken together, IFN-ε plays a role distinct from type I IFNs 
in mucosal immunity against pathogens.

Here, we examined effects and underlying mechanisms of  IFN-ε in HIV infection of  monocyte-derived 
macrophages (MDMs). We found that IFN-ε blocked HIV replication in macrophages. It acted on early 
stages of  the HIV life cycle, including entry, reverse transcription, and nuclear import. It did not appear 
to operate through known IFN-induced HIV host restriction factors. IFN-ε induced immune responses in 
primary macrophages distinct from those induced by IFN-α. Importantly, we discovered a protective effect 
of  IFN-ε in primary macrophages against HIV by surging ROS.

Results
IFN-ε blocks HIV-1 infection of  primary macrophages. We first determined the effect of  IFN-ε on HIV-1 infec-
tion of  primary macrophages, activated CD4+ T cells, and cell lines that are susceptible to HIV infection. 
MDMs were treated with different concentrations of  IFN-ε for 24 hours before exposure to HIV-1 primary 
isolates (Figure 1A). These included early transmitted/founder (T/F) viruses isolated during acute infec-
tion that have distinct features from those isolated in chronic infection (33). In addition, a single-cycle HIV-
1 luciferase reporter virus pseudotyped with CCR5 using (R5) HIV envelope JR-FL, HIV-luc (JR-FL), was 
used (Figure 1B). After removal of  unbound virus, infected cells were cultured in the absence of  IFN-ε, and 
HIV infection was determined by measuring HIV p24 in the media (Figure 1A) or luciferase activity (Fig-
ure 1B). Treatment of  MDMs with IFN-ε for 24 hours blocked replication of  R5, X4, and dual-tropic X4R5 
primary isolates (Figure 1A). IFN-ε also protected macrophages from infection by T/F viruses (Figure 1A). 
IFN-ε reduced the single-cycle infection of  MDMs from multiple donors by 70%–98% (Figure 1B).

IFN-ε protected MDMs against HIV infection regardless of  the source of  IFN-ε, including yeast, mam-
malian cells (Expi293F), or bacteria, although bacteria-expressed IFN-ε was somewhat less potent (Figure 
1C). Human IFN-ε has three Cys residues. Linearization of  IFN-ε by reduction/alkylation abrogated its 
anti-HIV activity (Figure 1C). MDMs are highly sensitive to the inhibition of  HIV infection by LPS. LPS 
was not detected in the IFN-ε stock; however, to rule out the possibility that the inhibitory effect was caused 
by trace LPS contamination, we added polymyxin B (PmB) to the cultures and found that PmB abolished 
LPS-mediated HIV inhibition but not the effect of  IFN-ε (Supplemental Figure 1A; supplemental materi-
al available online with this article; doi:10.1172/jci.insight.88255DS1). Additionally, anti-HIV activity of  
IFN-ε was not due to cytotoxicity (Supplemental Figure 1B).

We next tested the effect of  IFN-ε on HIV infection of  PHA-activated CD4+ T cells, HeLa-CD4-CCR5 
cells, or PMA-treated THP-1 cells (macrophage phenotype). We found that IFN-ε did not protect activated 
CD4+ T cells (Figure 1D) or HeLa-CD4-CCR5 cells (Supplemental Figure 2) in a single-cycle infection 
assay. IFN-ε strongly reduced viral replication of  CD4+ T cells infected by HIV-1BaL at a low MOI (0.01) 
but not at a higher MOI (0.05), the titer for infecting MDMs (Figure 1D). Unlike IFN-ε, IFN-α (IFNα 2 
subtype) blocked HIV replication in CD4+ T cells at both MOIs (Figure 1D). We then determined anti-
HIV activity of  IFN-ε using two THP-1 cell lines (line 1 and line 2) originally obtained from ATCC but 
maintained in two different laboratories. IFN-ε had a slight ability to either promote (line 1) or inhibit (line 
2) HIV infection of  PMA-treated THP-1 cells, whereas IFN-α efficiently blocked infection (Figure 1E), 
suggesting that pathways involved in the inhibitory activity of  these two IFNs are not identical. SAMHD1 
is a myeloid cell restriction factor that is induced in specific cell types by type I IFNs (34, 35). To determine 
whether SAMHD1 plays a role in the IFN-ε antiviral activity, we assessed the effect of  IFN-ε on HIV infec-
tion of  THP-1 with an shRNA stable knockdown of  SAMHD1 (36). Consistent with previous reports, the 
degree of  HIV infection increased in the SAMHD1 knockdown cells. IFN-α blocked HIV infection in the 
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absence of  SAMHD1, whereas IFN-ε exhibited moderate anti-HIV activity in the absence of  SAMDH1 
(Figure 1F). The degree of  HIV inhibition was greater in SAMHD1 knockdown cells compared to THP-1 
cells with a control vector (Figure 1F).

Pretreatment with IFN-ε protects macrophages against HIV-1. Pretreatment of  MDMs with IFN-ε at 10 ng/
ml for 24 hours blocked HIV infection by 70%–98%, depending on donors (Figure 1B and Figure 2A). 
When MDMs were pretreated with IFN-ε for 2 or 6 hours, the degree of  antiviral activity was reduced in 
MDMs from most donors. In one donor, pretreatment with IFN-ε at 10 ng/ml for 2 hours did not protect 
cells against HIV infection (donor 2; Figure 2A). IFN-ε at 1 ng/ml for 24 hours blocked HIV infection 
by 72.5% (average of  3 donors), but the extent of  protection varied among different donors. Pretreatment 
with IFN-ε at 10 ng/ml for 24 hours before HIV infection for 2 hours, followed by adding back IFN-ε at 
10 ng/ml, provided nearly complete protection against HIV infection, whereas pretreatment with IFN-ε at 
1 ng/ml for 24 hours, followed by adding back IFN-ε at 1 ng/ml provided partial protection (Figure 2B). 
To determine whether IFN-ε could suppress HIV infection after viral entry, HIV-1–infected MDMs were 
treated with IFN-ε at 2 hours or 24 hours after virus exposure. IFN-ε at 10 ng/ml blocked HIV infection 
when infected cells were treated at 2 hours after infection, although the degree of  anti-HIV activity was 

Figure 1. IFN-ε protects primary macrophages from HIV infection. (A) IFN-ε inhibits HIV replication. MDMs were treated with IFN-ε for 24 hours and then 
exposed to HIV-1 primary isolates. The cells were cultured without IFN-ε, during which time the supernatants were collected for HIV p24 measurement. 
The tropisms of the virus isolates are indicated, and viral genotypes are shown in parentheses. (B) IFN-ε inhibits single-cycle HIV-luciferase reporter virus. 
MDMs were treated with IFN-ε (10 ng/ml) for 24 hours and then exposed to pseudotyped HIV-luc (JR-FL). Luciferase activity (RLUs) was normalized to 
untreated controls. (C) HIV inhibition by IFN-ε (10 ng/ml) from different sources. MDMs were pretreated with IFN-ε from yeast, Expi293F cells, and E. coli 
for 24 hours and then infected with HIV-luc (JR-FL). Reduced and alkylated bacteria-expressed IFN-ε was included for comparison. (D) Effect of IFN-ε on 
HIV infection of CD4+ T cells. PHA-activated CD4+ T cells were treated with different amounts of IFN-ε for 24 hours and then infected with HIV-luc (JR-FL) 
or HIV-1BaL at different MOIs. IFN-α was included as a comparison. (E) Effect of IFN-ε on PMA-differentiated THP-1 cells. PMA-differentiated THP-1 cells 
were treated with different amounts of IFN-ε or IFN-α for 24 hours and then infected with pseudotyped HIV-luc (VSV-G) in a single-cycle infection assay. 
(F) Effect of IFN-ε on SAMHD1 knockdown THP-1 cells. Cell lines with or without SAMHD1 knockdown were treated with IFN-ε or IFN-α for 24 hours and 
then infected with pseudotyped HIV-luc (VSV-G). Data in A, E, and F are mean ± SD of triplicate samples and are representative of 3 independent exper-
iments. Actual data points are shown. Dots in B (median, IQR), C (mean ± SD), and D (mean ± SD) represent data from individual donors of 3–12 experi-
ments. *P < 0.05, IFN-ε–treated cells vs. untreated controls by independent-samples t test.
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not as potent as that after pretreatment with HIV-1 for 24 hours (Figure 2C). When cells were treated at 
24 hours after HIV exposure, IFN-ε did not block infection of  MDMs from 3 of  4 donors, suggesting that 
IFN-ε blocks early events in HIV infection.

To determine whether the protective effect of  IFN-ε was sustained after removal of  the cytokine, MDMs 
were pretreated with IFN-ε for 24 hours, washed with PBS, and then cultured in medium without IFN-ε for 
0, 24, 48, or 72 hours before HIV infection. The antiviral activity waned in a time-dependent manner after the 
removal of  IFN-ε and was extinguished by 72 hours (Figure 2D). Taken together, these results indicate that 
24-hour treatment is required for maximal anti-HIV activity of  IFN-ε and the protective effect is reversible.

IFN-ε pretreatment downregulates CCR5 and blocks reverse transcription and nuclear import. The kinetics of  
HIV inhibition by IFN-ε (Figure 2) suggested that IFN-ε acted at an early stage of  the HIV life cycle. There-
fore, we determined whether IFN-ε pretreatment affected receptors required for HIV entry. MDMs from 
different donors were treated with IFN-ε for 24 hours, and cell surface levels of  CD4, CXCR4, and CCR5 
were measured by flow cytometry. The results indicated that IFN-ε did not affect CD4 or CXCR4 surface 
expression but had a significant effect on CCR5 (Figure 3A).

As IFN-ε downregulated CCR5, it would affect the analysis of  subsequent steps after viral entry in R5 
virus-infected cells in response to IFN-ε. Thus, we determined whether IFN-ε inhibited infection by HIV 
receptor–independent VSV-G pseudotyped virus. We found that IFN-ε did not affect the attachment of  
HIV-luc (VSV-G) (Figure 3B) but successfully blocked HIV-luc (VSV-G) infection (Figure 3C), suggesting 
that IFN-ε also blocked infection after viral entry.

To assess the effect of  IFN-ε on HIV reverse transcription, we determined the kinetics of  HIV early and 
late reverse-transcribed (RT) products in MDMs with or without IFN-ε treatment. Results of  quantitative 
real-time PCR analysis showed that the synthesis of  both early and late RT products was suppressed in 
IFN-ε–treated MDMs infected with R5 HIV-1BaL (Figure 3D). However, in MDMs infected with core-
ceptor-independent HIV-luc (VSV-G), we found that synthesis of  late RT but not early RT products was 
blocked in IFN-ε–treated MDMs (Figure 3E). The reduction of  early RT products in R5 virus-infected 

Figure 2. Pretreatment with IFN-ε protects macrophages against HIV-1. (A) Effect of pretreatment with IFN-ε on HIV infection. MDMs were treated with 
IFN-ε for 2, 6, or 24 hours and then infected with HIV. (B) Effect before and after treatment with IFN-ε on HIV infection. MDMs were pretreated with IFN-ε 
for 24 hours and then infected with HIV. IFN-ε (at the pretreatment concentration) was added back during HIV infection. (C) Effect of IFN-ε on HIV-infected 
cells. MDMs were infected with HIV for 2 hours and then treated with IFN-ε immediately or 24 hours after viral infection. (D) IFN-ε–mediated HIV pro-
tection is reversible. MDMs were treated with IFN-ε for 24 hours, washed, and then cultured in complete medium without IFN-ε for 0, 24, 48, or 72 hours 
before HIV infection. HIV-luc (JR-FL) was used in all experiments. The absolute value of RLUs in the 0 ng/ml samples ranged from 105 to 107. Results from 
different donors are shown in A–C. The experiment in D was repeated in MDMs from another donor. Data are mean ± SD of triplicate samples. *P < 0.05, 
IFN-ε–treated cells vs. untreated controls by independent-samples t test.
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MDMs may be due to IFN-ε–mediated downregulation of  CCR5. To determine whether IFN-ε affected 
HIV nuclear import, the step after reverse transcription and before integration, we analyzed the level of  
closed 2-long terminal repeat (c2LTR) circles, a marker of  nuclear import, and found significant reduction 
of  c2LTR circles in IFN-ε–treated MDMs from two donors (Figure 3F).

IFN-ε induces type I IFN signaling pathways in primary macrophages. IFN-ε is a type I IFN but only 
shares 30% homology with IFN-α and IFN-β. The involvement of  IFN-ε in the type I IFN signaling path-
way has been characterized using bone marrow–derived macrophages from IFN-α receptor knockout 
mice (Ifnar1–/– and Ifnar2–/–) (21); however, the IFN signaling pathway in response to IFN-ε has not been 
elucidated in human macrophages. We found that IFN-ε, similar to IFN-α, induced type I IFN-stimu-
lated genes, including infβ, oas1, mx1, g1p2, and ifit1, within 6 hours, and expression levels of  these genes 
(except ifit1) were further increased at 24 hours (Figure 4A). IFN-ε induced STAT1 phosphorylation (at 
Tyr701) in multiple cell types, including MDMs, PHA-activated CD4+ T cells, and PMA-differentiated 
SAMHD1 knockdown THP1 cell lines (Figure 4B). In MDMs, the extent of  STAT1 phosphorylation 

Figure 3. IFN-ε downregulates CCR5 and blocks reverse transcription and nuclear import. (A) Effect of IFN-ε on expression of cell surface receptors for 
HIV entry. MDMs from different donors were treated with IFN-ε for 24 hours, and cell surface expression of CD4, CXCR4, and CCR5 was determined by 
flow cytometry as percentage of positive cells or MFI. (B) Effect of IFN-ε on viral attachment. MDMs were treated with IFN-ε for 24 hours before exposure 
to HIV-luc (VSV-G) for 2 hours at 4°C. Cells were washed extensively with PBS and then lysed with 1% Triton-X. HIV attachment was determined by mea-
suring cell-associated HIV p24. (C) IFN-ε protects MDMs from infection by HIV-luc (VSV-G). MDMs were treated with IFN-ε for 24 hours and then infected 
with HIV-luc (VSV-G). (D and E) Effect of IFN-ε on HIV reverse transcription. MDMs were treated with IFN-ε for 24 hours and then infected with HIV-1BaL 
or HIV-luc (VSV-G). HIV-1 early and late reverse-transcribed (RT) DNA products were measured by quantitative real-time PCR. (F) Effect of IFN-ε on HIV 
nuclear import. MDMs were treated with IFN-ε for 24 hours before infection with HIV-luc (VSV-G). The levels of c2LTR circles at 48 hours after infection 
were determined by quantitative real-time PCR. *P < 0.5, #P > 0.05, IFN-ε treated cells vs. untreated controls by independent-samples t test. Dots in A 
(median, IQR) represent data from individual donors. Data in B–E are mean ± SD of triplicate samples and represent 3 independent experiments using 
MDMs from different donors.
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induced by IFN-α was much greater than that by IFN-ε (Figure 4B). Finally, IFN-α but not IFN-ε phos-
phorylated STAT1 in PMA-differentiated THP-1 cells (Figure 4B).

Involvement of  HIV host restriction factors in IFN-ε–mediated HIV inhibition. The HIV restriction factors 
APOBEC3G, APOBEC3F, and SAMHD1 are induced by type I IFNs (37–39). To determine whether 
IFN-ε induced a host restriction factor(s) in MDMs that led to HIV inhibition, expression of  these HIV 
restriction factors was assessed by real-time RT-PCR in MDMs with or without IFN-ε treatment. As 
expected, MDMs expressed these HIV host restriction factors (Supplemental Figure 3A). IFN-ε did not 
induce expression of  SAMHD1 (Figure 4C), whereas IFN-α induced SAMHD1 gene expression in 2 of  
3 donors (Supplemental Figure 3B). Together with the result in Figure 1F, indicating anti-HIV activity of  

Figure 4. IFN-ε induces type I IFN signaling pathways and host restriction factor APOBEC3A. (A) IFN-ε induces type I IFN-stimulated genes (ISGs). MDMs 
were treated with IFN-ε or IFN-α, and gene expression of ISGs was measured by real-time RT-PCR. Induction of each gene (as fold change relative to 
control) was calculated using the ΔΔCT method, as described in the Methods. The dashed line indicates the level of gene expression of untreated control 
cells. (B) IFN-ε activates STAT1. STAT1 activation was determined by Western blot using Tyr701 phopho-STAT1 antibody. The blot was stripped and then 
probed with anti-STAT1 antibody for the loading control. (C) Induction of HIV restriction factors by IFN-ε. MDMs were treated with IFN-ε for 24 hours, and 
the expression of HIV restriction factors was determined by real-time RT-PCR. Each bar represents the fold change between untreated control and IFN-ε–
treated MDMs from different donors. The dashed line indicates the level of gene expression of untreated control cells. (D) Effect of APOBEC3A knockdown 
on induction of APOBEC3A by IFN-ε. MDMs were transfected with 10 nM control siRNA or siRNA targeting APOBEC3A (A3A) for 24 hours before incubation 
with IFN-ε for an additional 24 hours. Expression of A3A was determined by quantitative real-time RT-PCR. *P < 0.5, control siRNA vs. A3A siRNA by 
independent-samples t test. (E) Effect of IFN-ε on HIV infection of APOBEC3A knockdown MDMs. MDMs were incubated with the transfection reagent 
alone (no siRNA) or the transfection reagent with control siRNA or A3A siRNA for 24 hours. Cells were then treated with IFN-ε for an additional 24 hours 
followed by HIV-luc (JR-FL) infection. *P < 0.05, #P > 0.05, IFN-ε–treated vs. untreated controls PMA-differentiated PMA-differentiated by indepen-
dent-samples t test. Data are mean ± SD of triplicate samples and represent 3 independent experiments.
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IFN-ε in PMA-differentiated SAMHD1 knockdown THP-1 cells, these results show that SAMHD1 alone 
is unlikely to play a major role in IFN-ε–mediated HIV inhibition.

IFN-α strongly induced all APOBEC3 genes, particularly APOBEC3A (by 100- to 500-fold) (Supple-
mental Figure 3B). However, IFN-ε induced some expression, though it was not strong, of  these APO-
BEC3 genes in MDMs from all donors (except APOBEC3G and 3F in donor 2). APOBEC3G and APO-
BEC3F were moderately induced in 2–3 of  4 donors. However, APOBEC3A was consistently induced 
to a greater extent among different donors than were APOBEC3G or APOBEC3F (Figure 4C). In light 
of  proposed antiviral activity of  APOBEC3A, we tested whether APOBEC3A contributed to IFN-ε–
mediated HIV inhibition. Transfection of  MDMs with APOBEC3A siRNA knocked down APOBEC3A 
and blocked the IFN-ε–mediated induction of  APOBEC3A (Figure 4D). In APOBEC3A knockdown 

Figure 5. Differential profiles of immune mediators in response to IFN-ε and IFN-α. (A) Induction of immune mediators by IFN-ε or IFN-α. MDMs were 
treated with IFN-ε or IFN-α (both 10 ng/ml) for 6 hours. Levels of cytokines/chemokines in the media were determined by a multiplex assay. Triangles 
of different colors designate differential regulation between IFN-ε and IFN-α: red triangles denote immune mediators that are induced by IFN-ε but not 
IFN-α; blue triangles denote immune mediators that are upregulated by IFN-ε to a greater extent than IFN-α; black triangles denote immune mediators 
that are induced by IFN-α to a greater extent than to IFN-ε; and white triangles denote immune mediators that are similarly responsive to IFN-ε and 
IFN-α. Mann-Whitney U test was used for the statistical analysis. (B) Induction of IFN, IL-6, and TNF-α signaling networks by IFN-ε and IFN-α. Intensity 
maps for expression patterns of genes associated with type I IFN, IL-6, and TNF-α networks in IFN-α– or IFN-ε–stimulated MDMs from 4 donors at 6 or 24 
hours. Red color denotes upregulation, blue color denotes downregulation, and yellow color indicates no significant change or absence of expression; color 
intensity correlates with expression level. The scale bar ranges from +3 (red) to –3 (blue). The complete list of genes in these networks and their expression 
levels are shown in Supplemental Table 1. (C) Effect of IL-6 and TNF-α on HIV infection. MDMs were treated with IL-6 or TNF-α for 24 hours and then infect-
ed with HIV-luc (JR-FL). Cytokines were not present during the infection. *P < 0.05, #P > 0.05, treated vs. untreated controls by independent-samples t 
test. Dots in A represent data from individual donors (median, IQR). Data in C are mean ± SD of triplicate samples.
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MDMs, IFN-ε at 1 ng/ml was less potent in blocking HIV infection, but the concentration of  10 ng/ml 
remained effective (Figure 4E), suggesting some involvement but not a requirement for APOBEC3A in 
IFN-ε–mediated HIV inhibition.

MX2 but not MX1 contributes to anti-HIV activity of  IFN-α by blocking HIV replication at the step of  
nuclear import and integration (40). Although IFN-ε induced gene expression of  both MX1 and MX2 in 
MDMs from different donors and MX2 siRNA knockdown slightly increased the degree of  HIV infection, 
MX1 and MX2 siRNA knockdown did not abolish anti-HIV activity of  IFN-ε (Supplemental Figure 4).

Differential profiles of  immune mediators in response to IFN-ε and IFN-α. To determine whether IFN-ε 
induced production of  a similar set of  cytokines/chemokines as IFN-α, MDMs were stimulated with 
IFN-ε or IFN-α for 6 hours, and soluble immune mediators were determined in the culture medium by 
multiplex assay (Figure 5A). IFN-ε but not IFN-α significantly induced GM-CSF, TNF-α, IL-2, IL-6, IL-8, 
IL-12 (p40), and IL-13 (Figure 5A, red triangles). IFN-ε induced more pronounced expression of  EGF, 
eotaxin, MIP-1α, MIP-1β, IL-7, IL-10, and IL-12 (p70) than did IFN-α2 (Figure 5A, blue triangles). IFN-ε 
and IFN-α induced similar levels of  IL-1α, IL-1RA, IL-4, VEFG, and GCSF (Figure 5A, white triangles). 
IFN-α induced more pronounced expression of  IP-10 and MCP-1 than IFN-ε (Figure 5A, black triangles). 
Induction of  IFN-γ by IFN-ε or IFN-α appeared to be donor dependent. IFN-ε also induced low levels of  
IFN-α in MDMs. Note that MIP-1α and MIP-1β induced by IFN-ε may contribute to downregulation of  
CCR5 (Figure 3A).

To delineate the signaling pathways regulated by IFN-ε, we determined the global transcriptomes by 
microarray analysis. IFN-α was included as a comparison. As expected, genes associated with type I IFN 
signaling were upregulated in MDMs in response to IFN-α or IFN-ε (Figure 5B and Supplemental Table 1). 
Of  the 125 significantly differentially expressed genes (SDEG) in this network, IFN-α upregulated 76 and 
downregulated 36 genes assessed after 6 hours stimulation; after 24 hours, 51 genes remained upregulated 
and 26 remained downregulated (Figure 5B). IFN-ε upregulated 59 genes and downregulated 20 genes 
at 6 hours; after 24 hours, 30 genes remained upregulated and 17 remained downregulated (Figure 5B). 
Among genes differentially regulated by both IFN-α and IFN-ε at the 6-hour time point, all except TAP1, 
UBQLN1, EIF3c, and BCL10 were regulated in the same direction (up or down). IFN-ε upregulated a sub-
set of  genes at the 6-hour time point that were not regulated by IFN-α at 6 hours; these included TNFRSF4, 
IFNL1, CD40, IL18RAP, REL, BCL3, HEXB, IL18, STAT4, and IL1B. Expression of  the majority genes 
induced by IFN-ε had returned to basal levels at the 24-hour time point (Figure 5B).

Because IFN-ε induced expression of  IL-6 and TNF-α (Figure 5A), we assessed expression of  genes 
associated with these cytokine networks. Of  the 111 SDEG in the IL-6 network, at the 6-hour time point 
IFN-ε regulated expression of  74 genes (41 upregulated and 33 downregulated), whereas IFN-α regulated 
the expression of  79 genes (44 upregulated; 35 downregulated). At the 24-hour time point, the numbers 
of  genes upregulated or downregulated by IFN-α or IFN-ε were reduced by 30% (Figure 5B and Supple-
mental Table 1). IFN-ε uniquely regulated a subset of  cytokines/chemokine genes, including IL-6, CCL1, 
MMP10, IL-19, IL-36RN, TNFSF9, and IL27-RA (Supplemental Table 1).

With respect to the TNF-α network, at the 6-hour time point, IFN-ε regulated more genes than IFN-α: 
IFN-ε regulated 142 genes (104 upregulated and 38 downregulated), whereas IFN-α regulated 116 genes 
(66 upregulated and 50 downregulated) (Figure 5B and Supplemental Table 1). Of  possible importance, 
IFN-ε but not IFN-α upregulated expression of  genes coding for proinflammatory molecules, including 
TNF-α, IL-23A, IL-12B, CXCL1, CXCL2, CXCL3, IL-1A, IL-2RA, CCL19, MMP1, HIF1, and SOD2. 
At the 24-hour time point, the numbers of  genes regulated by either IFN-ε or IFN-α were significantly 
reduced. Of  relevance to the role of  IFN-ε in HIV infection, IL-6 exhibited anti-HIV activity in MDMs 
from two different donors and TNF-α exhibited activity in one of  the donors (Figure 5C), indicating that 
both cytokines have some effects in some donors and that induction of  IL-6 or TNF-α does not entirely 
contribute to anti-HIV activity of  IFN-ε.

IFN-ε induces ROS that protects macrophages against infection. Immune activation has been shown to 
enhance phagocytosis and induce production of  ROS, which play an important role in control of  infec-
tion (41–47). Transcriptome analysis indicated that IFN-ε but not IFN-α induced the expression of  genes 
involved in phagocytosis and ROS production (Figure 6A). Among the 54 SDEG associated with phago-
cytosis, at the 6-hour time point, IFN-α upregulated 14 genes and IFN-ε upregulated 37 genes. The number 
of  downregulated genes was comparable between the two groups (IFN-α downregulated 14 genes and 
IFN-ε downregulated 17 genes) (Figure 6A and Supplemental Table 2). IFN-ε upregulated genes encoding 
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cell membrane receptors involved in phagocytosis, including TNFRSF9, MSR1, PTGER4, and CCR7. At 
the 24-hour time point, among IFN-α–induced, phagocytosis-related genes, 11 remained upregulated, and 
among IFN-ε–induced genes, 19 remained upregulated. Similar numbers of  SDEG (8 genes) were down-
regulated in response to either stimulus.

Analysis of  56 SDEG associated with ROS generation indicated that 68% (38 genes) were upregulated 
by IFN-ε and about 30% (17 genes) were upregulated by IFN-α after 6 hours stimulation (Figure 6A and 
Supplemental Table 2). Nearly 50% of  genes in this pathway were not significantly affected by IFN-α. 
IFN-ε upregulated genes that code for cellular enzymes associated with ROS production, including CYBA, 
ELANE, GPX1, PTPN1, RRM2, SDHC, and SOD2. At the 24-hour time point, among IFN-ε–induced 
genes, 21 remained upregulated, and among IFN-α–induced genes, 14 remained upregulated.

Consistent with the transcriptome results, the ability of  IFN-ε to induce phagocytosis and ROS produc-
tion was also shown by flow cytometry (Figure 6B). ROS play an important role in modulating innate immu-
nity (48). To determine the effect of  ROS on HIV inhibition, MDMs were treated with noncytotoxic concen-

Figure 6. IFN-ε induces ROS that protects macrophages against HIV infection. (A) Effect of IFN-α and IFN-ε on genes involved in phagocytosis and ROS 
production. Intensity maps for expression pattern of genes associated with phagocytosis and ROS generation networks in MDMs in response to IFN-α or 
IFN-ε for 6 or 24 hours. Red color denotes upregulation, blue color denotes downregulation, and yellow color denotes no significant change or absence of 
expression; color intensity correlates with expression level. The scale bar ranges from +3 (red) to –3 (blue). The complete list of genes in these networks 
and their expression levels are shown in Supplemental Table 2. (B) Effect of IFN-ε on phagocytosis and ROS induction. IFN-ε–treated or untreated MDMs 
were incubated with Texas Red fluorescent E. coli BioParticles, and phagocytic activity was determined by flow cytometry. MDMs with or without IFN-ε 
treatment for 24 hours were stained with carboxy-H2DCFDA, and the ROS level was determined by flow cytometry. The gate for percentage of positive 
cells was based on unstained control cells. Results (median, IQR) from different donors are shown. (C) Effect of ROS induction on HIV infection. MDMs 
were treated with ROS inducers paraquat or plumbagin for 24 hours before infection with HIV-luc (JR-FL). ROS inducers were not added back during infec-
tion. *P < 0.05, #P > 0.05, untreated controls vs. treated MDMs. (D) Effect of a ROS inducer on HIV late RT synthesis. MDMs were treated with paraquat 
or IFN-ε for 24 hours and infected with HIV-luc (VSV-G). The levels of HIV RT DNA products were determined at 24 hours after infection by quantitative 
real-time PCR. *P < 0.05, treated vs. untreated control. (E) Effect of ROS inhibition on IFN-ε–mediated HIV inhibition. MDMs were treated with or without 
IFN-ε for 4 hours and were then treated with NAC in the presence of IFN-ε for 2 hours before infection with HIV-luc (JR-FL). IFN-ε and NAC were not added 
back during the infection. *P < 0.05 IFN-ε–treated MDMs in the presence or absence of NAC. Data in C–E are mean ± SD of triplicate samples. Results in D 
and E represent 3 independent experiments by by independent-samples t test.
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trations of  the ROS inducers paraquat or plumbagin (Supplemental Figure 5). Both paraquat and plumbagin 
blocked HIV infection of  MDMs (Figure 6C), suggesting a negative effect of  ROS on HIV infection. Similar 
to IFN-ε, paraquat reduced the levels of  late RT products (Figure 6D), indicating that ROS induction inhib-
ited reverse transcription. To assess the role of  ROS in IFN-ε–mediated HIV inhibition, an ROS scaven-
ger, N-acetyl-L-cysteine (NAC), was used. In agreement with previous reports using replication-competent 
viruses (49, 50), we found that short-term treatment with NAC at high concentration (10 mM) blocked 
single-cycle HIV infection, but NAC at concentrations of  100 μM or lower did not exhibit anti-HIV activity 
(Supplemental Figure 6). We found that NAC at low concentrations (10–30 μM) diminished IFN-ε–mediat-
ed HIV inhibition in a dose-dependent manner (Figure 6E). The incomplete block of  IFN-ε–mediated HIV 
inhibition may be a consequence of  pleiotropic effects of  NAC on HIV and immune functions.

Discussion
IFN-ε is expressed in the female genital tract (21), and its levels are modulated by estrogen (21), TNF-α (30), 
and seminal plasma (31), suggesting a role in HIV transmission. We found that IFN-ε protected primary 
macrophages but not transformed cell lines. It had little or no effect in primary activated CD4+ T cells, 
unless a low MOI was used. IFN-ε pretreatment for 2 hours was sufficient to protect MDMs against HIV 
in 2 of  3 donors. Treatment for 24 hours was required to achieve the maximal protective effect, suggesting 
that the anti-HIV activity induced by IFN-ε requires activation of  cellular response such as ROS induction. 
IFN-ε pretreatment also suppressed HIV infection in 3 of  4 donors when added 2 hours after viral exposure 
but was not effective when infected cells were treated 24 hours after infection. IFN-ε pretreatment downreg-
ulated CCR5 in all donors, but downregulation of  CD4 and CXCR4 was donor dependent. Taken together, 
our results indicate that IFN-ε protects macrophages from HIV infection by induction of  CC-chemokines, 
downregulation of  CCR5, and inhibition of  reverse transcription and nuclear import.

Distinct functions between IFN-ε and other type I IFNs, such as IFN-α/β, have been documented in 
other systems, although not in primary macrophages. For example, IFN-ε is constitutively expressed in 
mucosal epithelium, whereas expression of  IFN-α/β is low but is induced in response to pattern recogni-
tion receptor activation (21). The in vitro antiviral activity of  IFN-ε against VSV-infected WISH cells is 
relatively weak compared with IFN-α (26). In our study, IFN-α exhibited more potent anti-HIV activity 
than IFN-ε, completely blocking HIV infection in PMA-differentiated THP-1 cells at 10 ng/ml, at which 
concentration IFN-ε had no effect. In SAMHD knockdown cell lines, which exhibit hyper IFN responsive-
ness (51, 52), treatment with IFN-α at 10 ng/ml completely suppressed HIV infection, whereas IFN-ε at 
10 or 50 ng/ml blocked HIV infection by 48% or 68%, respectively. Interestingly, IFN-ε induced STAT1 
phosphorylation in SAMHD knockdown cells but not THP-1 cells, despite weak signals. The signal of  
STAT1 phosphorylation was stronger in THP-1 or SAMHD1 knockdown cells in response to IFN-α than 
IFN-ε. Coincidentally, the degree of  STAT1 phosphorylation appeared to associated with anti-HIV activity 
of  IFNs in THP-1 cell lines. The role of  STAT1 activation in IFN-ε–mediated HIV inhibition remains to be 
determined. With respect to anti-HIV activity, IFN-ε exhibited a similar cellular preference as IFN-α, both 
exhibiting more pronounced effects in MDMs than CD4+ T cells (53–55).

In addition to exhibiting different levels of  anti-HIV activity, IFN-α and IFN-ε induced partially over-
lapping sets of  cytokines/chemokines and signaling pathways. In comparison with IFN-α, IFN-ε signifi-
cantly induced higher levels of  cytokines and chemokines that modulate HIV transmission (10, 56, 57), 
suggesting an important role in innate immune regulation at the mucosa. The immune-modulatory func-
tion of  IFN-ε has been investigated with respect to NK cell function. IFN-ε potently promotes NK cell 
cytotoxicity (26), which may play a role in protection against chlamydial infection of  the female genital 
tract (58). Similarly, IFN-ε induced more robust phagocytosis and ROS production in 6 hours than IFN-α, 
suggesting a role in the initial innate immune response. It is possible that IFN-ε is involved in the first line 
of  immune surveillance.

Differential induction of  immune mediators by IFN-α and IFN-ε was also supported by transcrip-
tome analysis. We found that the numbers of  genes induced or the levels of  induction of  type I IFN, 
IL-6, and TNF pathways in response to IFN-α and IFN-ε were not identical, despite some overlap. 
Analysis of  selected networks showed that IFN-α regulated more genes and more upregulated genes 
than IFN-ε in the type I IFN signaling network; whereas IFN-ε regulated more genes in the TNF-α 
pathway, phagocyte activation, and ROS generation. Although both IFNs induced genes associated 
with IL-6 pathways, the repertoires of  genes were different. There was an early immune activation (6 
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hour) in both IFN-α and IFN-ε–stimulated MDMs that waned by 24 hours. Many of  the molecular 
correlates of  this immune activation were sustained to a greater extent by IFN-α than IFN-ε at 24 hours. 
Despite conservation of  core gene sets and conservation of  their expression patterns between IFN-α 
and IFN-ε stimulation, unique sets of  genes associated with immune activation networks were differen-
tially regulated by these two cytokines. The distinct kinetics of  immune pathways and gene sets suggest 
that IFN-α and IFN-ε participate in specific, distinct immune response pathways in addition to their 
overlapping, compensatory immune functions.

Consistent with previous findings on HIV restriction of  SAMHD1 (51, 59), the degree of  HIV infec-
tion was significantly higher in PMA-differentiated, SAMHD1 knockdown THP1 cells than cells with 
SAMHD1. SAMHD1 gene expression was not induced by IFN-ε in primary macrophages. IFN-ε exhibited 
anti-HIV activity in SAMHD1 knockdown THP-1 macrophages, suggesting that SAMHD1 is not required 
for IFN-ε–mediated HIV inhibition. Another HIV host restriction factor regulated by IFN-α, APOBEC3A, 
has been shown to block the early phase of  HIV infection of  myeloid cells, including macrophages (39, 
60). Although we did not observe an increase in HIV infection in APOBEC3A knockdown MDMs, as in 
a previous report (39), suppression of  APOBEC3A expression led to a partial reversal of  HIV inhibition 
by low-concentration IFN-ε, suggesting the involvement of  APOBEC3A in anti-HIV activity of  IFN-ε. 
APOBEC3A knockdown had no effect on HIV inhibition by higher concentrations of  IFN-ε, suggesting 
that multiple host factors, rather than APOBEC3A alone, contributed to IFN-ε–mediated HIV inhibition. 
IFN-inducible antiviral factor MX2 is known to block the step of  nuclear import and integration during 
HIV infection (40). Both IFN-ε and IFN-α induced MX1 and MX2 (Supplemental Figure 4A). Although 
we observed a slight increase in HIV infection in MX2 knockdown MDMs (Supplemental Figure 4B). 
MX2 siRNA did not effect the anti-HIV activity of  IFN-ε (Supplemental Figure 4B), suggesting that MX2 
alone does not contribute to IFN-ε–mediated HIV inhibition.

One possible mechanism by which IFN-ε protected MDMs against HIV was by increasing phagocytic 
activities and ROS production. Genes involved in phagocytosis and ROS production were strongly induced 
in response to IFN-ε. Additionally, IFN-ε increased ROS production in MDMs, which suppressed HIV 
infection and blocked HIV late RT synthesis. The mechanism of  ROS-mediated inhibition of  HIV RT syn-
thesis requires further thorough investigation. ROS may reduce RT products by sheering nucleic acids via 
the hydroxyl radical (61) or by blocking enzymes or metabolites through oxidation (41, 62). Induction of  
ROS by IFN-ε leads to oxidization of  reverse transcriptase, which would reduce the enzyme’s processivity, 
affecting synthesis of  late RT products more than the early RT products, as seen in HIV-luc (VSV-G)infect-
ed MDMs with IFN-ε treatment.

NAC at 5–20 mM has been shown to block HIV infection, particularly at the step of  transcription 
(49, 50, 63, 64). Lower concentrations of  NAC (10–30 μM) did not have an effect on HIV infection but 
reduced IFN-ε–mediated HIV inhibition. NAC suppressed production of  TNF-α but not of  IL-6 or IL-1α in 
LPS-treated mice (65). It is possible that IFN-ε induces multiple cytokines that stimulate ROS production, 
and perhaps NAC can only block the actions of  some of  these cytokines, which may explain the partial 
reversal of  IFN-ε–mediated HIV inhibition. Additionally, regulation of  ROS levels can be complex depend-
ing on specific ROS species, the sources of  ROS, free amino acids, and expression of  genes associated with 
redox signaling pathways in response to IFN-ε and cytokines induced by IFN-ε.

The role of  IFN-ε in HIV transmission and pathogenesis in vivo has not been defined. Frequent semen 
exposure in HIV-negative sex workers is associated with an increase in IFN-ε gene expression in the cervi-
cal epithelium (32). In contrast to IFN-α induced by viral infection, IFN-ε expression is not altered in the 
gut mucosa of  rhesus macaques in response to SIV infection (24). Both blocking IFN-I receptor function 
and administration of  IFN-α2 result in greater CD4+ T cell depletion and faster disease progression in 
SIV-infected macaques (11). It remains to be determined whether functions of  IFN-ε distinct from IFN-α 
contribute to this paradoxical result. Since IFN-ε expression can be regulated by hormones and proinflam-
matory cytokines such as TNF-α, further investigation of  the association between IFN-ε and parameters 
important for HIV susceptibility, immune activation, and disease progression will offer a better understand-
ing of  the function of  type I IFNs in HIV infection.

In summary, we describe the anti-HIV activity of  IFN-ε and its mechanism in primary macro-
phages. We also present several immune functions of  IFN-ε distinct from IFN-α. In concert with its 
properties at the mucosa, our findings indicate that IFN-ε may play a role in HIV transmission and 
immune-related diseases.
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Methods
Reagents. Histopaque-1077, FBS, human serum AB, RPMI-1640, DMEM, PBS, PHA, PMA, PmB, NAC, 
and lipopolysaccharides from E. coli 055:B5 (LPS) were from Sigma-Aldrich. Human IFN-α2a was pur-
chased from PBL Assay Science. Human IL-2, IL-6, and TNF-α were from R&D Systems. PerCP-con-
jugated mouse IgG1κ anti-human CD4 antibody (clone RPA-T4), PerCP mouse IgG1κ isotype control 
antibody, and APC mouse IgG2a κ isotype control antibody were from BioLegend. APC-conjugated mouse 
IgG2a κ anti-human CD184 antibody (CXCR4, clone 12G5) and APC-conjugated mouse IgG2a κ anti-hu-
man CD195 (CCR5, clone 3A9) were from BD Biosciences. Recombinant human IFN-ε expressed in yeast 
(Pichia Pastoris) was custom-made by MyBioSource and was further purified using Pierce High-Capacity 
Endotoxin Removal Spin Columns (Thermo Fisher Scientific). The endotoxin level in the IFN-ε stock 
was below 0.01 ng/ml, as determined by using the Pierce LAL Chromogenic Endotoxin Quantitation Kit 
(Thermo Fisher Scientific). The identity of  IFN-ε was confirmed by Western blot and mass spectrometry.

Expression of  recombinant IFN-ε from E. coli and human cell lines. The DNA constructs to express recombi-
nant human IFN-ε in E. coli and in human cells were synthesized and verified by Genescript. For bacterial 
expression, a codon-optimized IFN-ε cDNA was cloned into pET28. Inclusion bodies of  IFN-ε expressed 
in E. coli BL21 were dissolved in 8 M GuHCl in the presence of  DTT, purified by reversed-phase HPLC, 
and lyophilized. For oxidative folding, reduced IFN-ε was dissolved at 0.2 mg/ml in 8 M GuHCl, followed 
by an 8-fold dilution with 50 mM Tris/HCl buffer containing 3 mM reduced glutathione and 0.3 mM oxi-
dized glutathione, pH 8.3. After 1.5 hours, the folding solution was purified on a Waters XBridge C4 col-
umn, and folded IFN-ε protein with one disulfide bond formed was verified by electrospray ionization mass 
spectrometry. To prepare linear alkylated IFN-ε, reduced IFN-ε was dissolved at 1 mg/ml in 8 M GuHCl, 
followed by an 8-fold dilution with 50 mM Tris/HCl buffer containing the nonthiol-reducing agent TCEP 
and Cys-reactive iodoacetamide (the weight ratio of  IFN-ε, TCEP, and iodoacetamide = 1:1:1), and, after 
30 minutes, HPLC purification to homogeneity was performed. Mass spectrometric analysis indicated 
addition of  3 iodoacetamide molecules to the 3 Cys residues of  IFN-ε.

The construct used to express IFN-ε proteins in cell lines was modified by replacing the native signal 
peptide (MIIKHFFGTVLVLLASTTIFS) with an artificial signal peptide (MGWSCIILFLVATAGVHS) 
to overcome the reported block of  secretion by fibroblasts and cell lines (25). Constructs in pcDNA3 vec-
tor with a C-terminal His Tag were generated. For expression, an Expi293 Expression System Kit (Life 
Technologies) was used according to the manufacturer’s instructions. IFN-ε proteins in supernatants were 
obtained at day 3 after transfection and enriched using Ni-NTA beads (Qiagen). Imidazole-eluted proteins 
were concentrated and washed using an Amicon Ultra-15 Centrifugal Filter Unit with a 10-KDa cutoff  
(EMD Millipore). IFN-ε proteins were verified by Western blot analysis with anti-IFN-ε (Atlas) and anti-
His tag antibodies. IFN-ε from yeast was used in most experiments and verified using proteins from other 
sources. The yeast version was used because the large quantities available allowed us to repeat experiments 
in MDMs from various donors.

Cell isolation and culture. PBMCs were isolated from the blood of  healthy human donors obtained 
from the New York Blood Center by Histopaque-1077 gradient centrifugation. MDMs were prepared as 
described previously (66). CD4+ T cells were negatively selected from PBMCs by depletion of  magnetically 
labeled non-CD4+ T cells using the CD4+ T cell Isolation Kit II from Miltenyi Biotec. Purified CD4+ T cells 
were activated with PHA (5 μg/ml) and IL-2 (50 IU/ml) for 3 days in RPMI-1640 with 10% FBS. Activated 
cells were washed with PBS and cultured in the presence of  IL-2. THP-1 cell lines were differentiated in 
RPMI containing PMA (33 ng/ml) for 24 hours before use. THP-1 cell lines were from ATCC and were 
maintained in the Chang and Landau’s laboratories. THP-1 SAMHD knockdown cell lines were generated 
by Nathaniel Landau at New York University School of  Medicine. HEK-293T and HeLa-CD4-CCR5 cells 
(provided by David Kabat at Oregon Health & Science University, Portland, Oregon) were maintained in 
DMEM with 10% FBS.

HIV-1 infection. Replication-defective pseudotyped luciferase-expressing reporter viruses, HIV-luc 
(JR-FL) or HIV-luc (VSV-G), used in single-cycle infection assays were produced in HEK293T cells by 
cotransfection of  a plasmid encoding the envelope-deficient HIV NL4-3 virus and luciferase reporter gene 
(pNL-Luc-R+E-) along with a plasmid encoding HIV-1JR-FL Env gp160 or VSV-G as described previously 
(67, 68).

Replication-competent HIV-1 T/F viruses were generated through Lipofectamine 2000 transfection 
of  HEK-293T cells with a plasmid containing the full-length HIV-1 virus (plasmids obtained from John 
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Kappes, NIH AIDS Reagent Program, Division of  AIDS, National Institute of  Allergy and Infectious 
Diseases [NIAID], Panel of  Infectious Molecular Clones [catalog 11919]). Viruses were propagated in 
PHA-activated PBMCs. HIV-1BaL virus was from Advanced Biotechnologies Inc. HIV-1 primary isolates 
were obtained from the UNAIDS Network for HIV Isolation and Characterization (Division of  AIDS, 
NIAID) and were propagated in PHA-activated CD4+ T cells.

For single-cycle infection assays, CD4+ T cells at 1 × 106 per sample or MDMs at 7 × 104 per sample 
were infected with pseudotyped luciferase reporter viruses (~10 ng HIV p24 per sample) for 2 hours at 
37°C. After washing off  unbound virus, cells were cultured for 3 days before lysis in passive lysis buffer 
(Promega). Luciferase activity (in RLUs) was measured on a 2300 EnSpire Multilabel Plate Reader (Perki-
nElmer). To summarize the results from multiple donors, the average percentage of  control was calculated 
using the following formula: (RLUs of  treated cells/RLUs of  untreated cells) × 100.

For multiple-round infection assays, cells were exposed to replication-competent viruses at a MOI of  
0.05 for 2 hours at 37°C. After washing off  unbound virus, cells were cultured, and HIV-1 p24 levels in cell 
culture supernatant were measured at different time points after viral infection by the AlphaLISA HIV p24 
kit (PerkinElmer).

To determine the effect of  IFN-ε on HIV attachment, MDMs were treated with IFN-ε for 24 hours 
before exposure to HIV-luc (VSV-G) for 1.5 hours at 4°C, washed 6 times with PBS, and then lysed with 1% 
Triton-X before measuring cell-associated HIV p24.

Cytotoxicity assay. MDMs were plated in 96-well plates at 25,000 cells per well and then treated with 
various concentrations of  IFN-ε for 24 hours. After 24 hours, IFN-ε was removed, and cells were cultured 
for an additional 3 days. Cell viability was analyzed using the CytoTox-Glo Cyotoxicity assay (Promega), 
and the percentage of  viable cells was calculated using the following formula: percentage viable cells = 
(total luminescence – dead cell luminescence)/total luminescence × 100.

Flow cytometry. To determine cell surface expression of  CD4 and HIV coreceptors, MDMs were collect-
ed by incubation at 4°C in PBS for 30 minutes using cell scrapers. Cells were blocked in wash buffer (PBS, 
2% FBS, 1% human serum AB) on ice for 20 minutes and then stained with fluorochrome-conjugated spe-
cific antibodies against CD4, CXCR4, or CCR5 and with appropriate isotype controls in wash buffer for 20 
minutes. Cells were washed, fixed with 2% paraformaldehyde in PBS, and analyzed using a BD Accuri C6 
flow cytometer (BD Biosciences). Results were analyzed with FlowJo (Tree Star Inc.).

To determine the level of  ROS, MDMs with or without treatment were incubated in 10 μM car-
boxy-H2DCFDA (Life Technologies) in PBS for 40 minutes at 37°C. Cells were washed once and immedi-
ately analyzed by flow cytometry. The phagocytosis assay was performed by incubating MDMs with Texas 
Red fluorescent E. coli BioParticles (Molecular Probes) for 30 minutes at 37°C. Cells were washed, fixed, 
and analyzed by flow cytometry.

Real-time RT-PCR. Total RNA was isolated using TRIzol (Life Technologies). First-strand cDNA was 
synthesized by incubating 1,000 ng total RNA with oligo(dT)12–18 (25 μg/ml) and dNTP (0.5 mM) at 65°C 
for 5 minutes followed by quick chilling on ice. Reverse transcription was performed at 42°C for 50 minutes 
and 70°C for 15 minutes using SuperScript III Reverse Transcriptase. The PCR reaction contained cDNA 
equivalent to 30 ng of  RNA input, 200 nM of  primer sets, and SYBR Green Master Mix (QIAGEN) and 
was run in a StepOnePlus real-time PCR system (Life Technologies). PCR conditions included 95°C dena-
turation for 10 minutes, 40 cycles of  95°C for 15 seconds, and 60°C for 60 seconds. PCR products were 
quantified and normalized relative to the amount of  GAPDH cDNA products. Relative quantification of  
gene expression was calculated using the ΔΔCt (Ct, threshold cycle of  real-time PCR) method according 
to the following formulas: ΔCT = CtGAPDH rRNA – Cttarget, ΔΔCt = ΔCtcontrol – ΔCtIFN-ε, ratio = 2–ΔΔCt. Primer 
sequences were as follows: GAPDH forward (5′-TGAAGGTCGGAGTCAACGGATTTGG-3′), GAPDH 
reverse (5′-CATGTGGGCCATGAGGTCCACCAC-3′); APOBEC3A forward (5′-TGGCATTGGAAGG-
CATAAGAC-3′), APOBEC3A reverse (5′-TTAGCCTGGTTGTGTAGAAAGC-3′); APOBEC3F forward 
(5′-TACGCAAAGCCTATGGTCGG-3′), APOBEC3F reverse (5′-GCTCCAAGATGTGTACCAGG-3′); 
APOBEC3G forward (5′-GGCTCCACATAAACACGGTTTC-3′), APOBEC3G reverse (5′-AAGG-
GAATCACGTCCAGGAA-3′); SAMHD1 forward (5′-CCAAGCGTCCCCGTTGCGAT-3′), and SAM-
HD1 reverse (5′-TCAAAGCCACCGCGCCTGAG-3′). The IFNr qRT-primer set (InvivoGen) was used to 
characterize IFN-induced genes in MDMs treated with IFN-α or IFN-ε.

Quantitative PCR analysis of  HIV-1 DNA. Total DNA was purified from HIV-1BaL- or HIV-luc 
(VSV-G)–infected MDMs using the QIAamp DNA Blood Mini Kit (Qiagen). The levels of  HIV DNA 
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products were quantified by real-time PCR using total DNA (100 ng or 200–300 ng for RT DNA 
products or c2LTR circles, respectively), 200 nM primers, and SYBR Green Master Mix. The prim-
er sequences for HIV-1 early RT products were M667 (5′-GGCTAACTAGGGAACCCACTG-3′) and 
AA55 (5′-CTGCTAGAGATTTTCCACACTGAC-3′); the primers for HIV-1 late RT products were 
M667 (shown above) and M661 (5′-CCTGCCTCGAGAGAGCTCCACACTGAC-3′) (69). The prim-
er sequences for HIV-1 c2-LTR circles were 515 (5′-GTGTGTAGTTCTGCTAATCAGGGAA-3′) and 
9600 (5′-GCTTAAGCCTCAATAAAGCTTGCCT-3′) (70). Standard curves for early or late RT prod-
ucts were generated with 10-fold serial dilutions of  pNL4-3.Luc.R-E- ranging from 101 to 108 copies. 
Standard curve for c2-LTR circles was generated with 10-fold serial dilutions of  pTA2LTR plasmid 
ranging from 101 to 105 copies. PCR cycling conditions were 95°C for 10 minutes, followed by 40 cycles 
of  95°C for 15 seconds and 60°C for 60 seconds.

Multiplex cytokine/chemokine assay. Cytokines and chemokines in conditioned media from MDMs with 
or without IFN treatment were analyzed using a MAGPIX multiplexing instrument (EMD Millipore) and 
a Milliplex Map human cytokine/chemokine magnetic bead panel kit (EMD Millipore, catalog HCYT-
MAG-60K-PX29) according to the manufacturer’s instructions. Results were analyzed using Millipore 
Analyst software.

Western blot. One million cells were lysed on ice for 10 minutes in cell lysis buffer (Cell Signaling) 
containing 1× Halt Protease inhibitor (Thermo Scientific), 1 mM PMSF, and 10 mM sodium fluoride. 
Proteins were resolved in NuPAGE Novex 4%–12% Bis-Tris Protein Gels (Life Technologies) followed 
by Western blot analysis using pY701 STAT-1 antibody (BD Biosciences) or STAT-1 antibody (Cell 
Signaling) at a 1:1,000 dilution overnight at 4°C. Peroxidase-labeled anti-mouse or anti-rabbit anti-
body (KPL) at a 1:10,000 dilution was used for detection with the Amersham ECL Western Blotting 
Detection Kit.

siRNA. MDMs were incubated with Viromer Blue transfection reagent (Lipocalyx) alone or in the 
presence of  10 nM AllStars negative control siRNA (Qiagen) or Hs_APOBEC3A_1 FlexiTube siRNA 
(Qiagen) for 24 hours. Following transfection, cells were treated with IFN-ε for 24 hours and then exposed 
to HIV-luc (JR-FL) for 2 hours. HIV infection was determined by measuring luciferase activity at day 3 
after infection.

Microarray analysis. Gene expression profiling was performed using the Affymetrix GeneChip Human 
Gene 1.0 ST Array (Affymetrix Inc.). Total RNA was isolated using the miRNeasy Mini Kit (Qiagen) 
and was converted to cDNA following the GeneChip WT Plus Reagent Kit protocol. Briefly, total RNA 
(300 ng) was used for first- and second-strand cDNA synthesis. cRNA was obtained by an in vitro tran-
scription reaction and was then used as the template for generating first-strand cDNA. The cDNA was 
fragmented and end-labeled with biotin. The biotin-labeled cDNA was hybridized to the array for 16 
hours at 45°C using the GeneChip Hybridization Oven 640. Washing and staining with streptavidin-phy-
coerythrin was performed using the GeneChip Hybridization, Wash, and Stain Kit, and the GeneChip 
Fluidics Station 450. Images were acquired using the GeneChip Scanner 3000 7G and the GeneChip 
Command Console Software. Normalized and background-corrected, raw probe intensity values were 
uploaded to Partek Genomics Suite version 6.5 (PARTEK Inc.) for further analysis as described previ-
ously (71). Briefly, the log2-transformed expression intensity data from IFN-treated samples (n = 4 per 
group per time point) were compared with the pooled data from the untreated samples (n = 4). One-way 
ANOVA was applied to determine differentially expressed genes in IFN-treated samples relative to the 
untreated samples at 6 or 24 hours after treatment. A false discovery rate of  5% was set as the cutoff  to 
SDEG. Microarray data have been submitted to GEO (accession GSE83716).

Pathway/network analysis. To identify the pathways/networks and biological functions perturbed in 
MDMs, the list of  SDEG from MDMs treated with IFN for 6 or 24 hours, relative to the untreated MDMs, 
was analyzed using Ingenuity Pathway Analysis (INGENUITY, Qiagen) as described previously (71). Fish-
er’s exact test was used to calculate P values used to rank networks of  SDEG. P < 0.05 was considered 
statistically significant.

Statistics. Statistical comparisons were performed using 2-tailed independent-samples t test or Mann 
Whitney U test as indicated. IBM SPSS Statistics (version 22) was used. P < 0.05 was considered significant.

Study approval. The buffy coat was purchased from the New York Blood Center. Purchased blood sam-
ples were exempt from approval because they were distributed without identifiers. The Institutional Review 
Board approval for the use of  human blood was obtained from Rutgers New Jersey Medical School.
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