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HIV Downregulates Interferon-Stimulated Genes
in Primary Macrophages
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HIV is able to outpace the innate immune response, including that mediated by interferon (IFN), to establish a
productive infection. Primary macrophages, however, may be protected from HIV infection by treatment with
type I IFN before virus exposure. The ability of HIV to modulate the type I IFN-mediated innate immune
response when it encounters a cell that has already been exposed to IFN remains poorly defined. The optimal
pretreatment time (12 h) and the most potent HIV-inhibitors (e.g., IFN-a2 and -o) were identified to investigate
the ability of HIV to modulate an established type I IFN response. Gene expression at the level of the entire
transcriptome was then compared between primary macrophages treated with type I IFNs, as opposed to treated
with IFNs and then infected with HIV. Although HIV was not able to establish a robust infection, the virus was
able to downregulate a number of IFN-stimulated genes (ISGs) with a fold change greater than 1.5 (i.e., AXL,
IFI27, IFI44, IFI44L, ISG15, OAS1, OAS3, and XAF1). The downregulation of OAS1 by the presence of HIV was
confirmed by real-time quantitative polymerase chain reaction. In conclusion, even though HIV replication is
significantly inhibited by IFN pretreatment, the virus is able to downregulate the transcription of known anti-
viral ISGs (e.g., IFI44, ISG15, and OAS1).

Interferon (IFN) signaling leads to the induction of IFN-
stimulated genes (ISGs), which provide an early innate

immune response to counter invading pathogens (Stark and
others 1998). Seven classes of Type I IFN have been identified
in the genomes of placental mammals: IFN-a, -b, -d, -E, -k, -t,
and -o (Pestka and others 2004). In the human genome, Type
I IFNs are represented by a single functional gene for IFN-b,
-E, -k, and -o, whereas IFN-a consists of a 13-member gene
family (Woelk and others 2007). Type I IFNs signal through
the Jak-Stat pathway to induce hundreds of ISGs whose
protein products are capable of producing an antiviral state
(Goodbourn and others 2000; Waddell and others 2010).
With respect to HIV, a series of studies starting in the latter
half of the 1980’s demonstrated that Type I IFNs (i.e., IFN-a2
or -b) inhibit virus replication in cell lines and primary cells
(Hartshorn and others 1987; Yamada and others 1988;
Kornbluth and others 1989; Poli and others 1989; Gendelman
and others 1990; Shirazi and Pitha 1992). HIV inhibition was
more pronounced in cells of macrophage compared to T-cell

origin (Yamada and others 1988; Gendelman and others
1990; Meylan and others 1993), and treatments before HIV
infection were more effective than post-treatments (Shirazi
and Pitha 1992; Meylan and others 1993). These in vitro
studies prompted clinical trials with IFN-a2 (Emilie and
others 2001; Hatzakis and others 2001; Nieto and others 2001;
Schugt and others 2003) that demonstrated reductions in
viral load in the absence of antiretroviral therapy (Schugt
and others 2003) and more rapid control of HIV replication
in its presence (Emilie and others 2001).

A small number of ISGs whose protein products contrib-
ute to the inhibition of HIV replication have been identified
and include apolipoprotein B mRNA editing enzyme, cata-
lytic polypeptide-like 3G (APOBEC3G) (Peng and others
2006), bone marrow stromal cell antigen 2 (BST2) (Van
Damme and others 2008), 2¢-5¢-oligoadenylate synthetase 1
(OAS1) (Schroder and others 1990), eukaryotic translation
initiation factor 2-alpha kinase 2 (EIF2AK2, also known as
PKR) (Muto and others 1999), and interferon-stimulated
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6Multimeric Biotherapeutics, Inc., La Jolla, California.
7Department of Pathology, University of California San Diego, La Jolla, California.

JOURNAL OF INTERFERON & CYTOKINE RESEARCH
Volume 33, Number 2, 2013
ª Mary Ann Liebert, Inc.
DOI: 10.1089/jir.2012.0052

90



gene 15 (ISG15) (Kunzi and others 1995). APOBEC3G can
inactivate HIV by deamination of viral cDNA, but this en-
zyme is targeted for proteosomal degradation by the HIV Vif
protein (Sheehy and others 2003; Yu and others 2003). Si-
milarly, BST2 restricts virion release from the surface of HIV-
infected cells, but is counteracted by the Vpu protein of HIV
(Van Damme and others 2008). EIF2AK2 inhibits HIV repli-
cation by inactivating the eukaryotic translation initiation
factor 2A (eIF2A), which leads to broad-spectrum inhibition
of protein synthesis, while genes of the OAS family activate
RNaseL to cleave viral ssRNA (Stark and others 1998). Fi-
nally, ISG15 leads to the retention of HIV unspliced tran-
scripts in the nucleus preventing their migration to the
cytoplasm and subsequent translation (Kunzi and others
1995).

After HIV infection, viral replication outpaces the poten-
tially protective innate immune responses mediated by IFN
(Woelk and others 2004). What is less clear is what happens
when HIV encounters a cell that has already been exposed to
IFN. We hypothesized that in addition to countermeasures at
the protein level against antiviral ISGs (e.g., Vif/APOBEC3G
and Vpu/BST2), HIV may also circumvent innate immune
responses by downregulating ISG expression at the tran-
scriptional level. To address this hypothesis, microarray gene
expression analysis was performed in primary monocyte-
derived macrophages (MDMs) that were treated with IFN
for comparison to MDMs treated with IFN, and then infected
with HIV. Our previous work using this experimental design
along an acute time course demonstrated that TNF receptor-
associated factor 6 (TRAF6) was upregulated 8 h after an 18-h
treatment of IFN-a2, but then downregulated when HIV was
present (Sirois and others 2011). TRAF6 is a known mediator
of toll-like receptor signaling and activates interferon regu-
latory factor 7 (IRF7), and nuclear factor kappa-B (NF-kB)
(Konno and others 2009). To assess the effects of HIV on
downstream ISGs regulated by IFN signaling, the current
work focused on a later time course following infection
(Days 1, 4, and 8) and was expanded to evaluate the HIV
inhibitory properties of 6 IFN species from 4 different classes
(IFN-a1, -a2, -a7, -b, -t4, and -o).

MDMs were selected for analysis because they represent a
persistent viral reservoir (Wahl and others 2003) and dem-
onstrate a robust phenotype of HIV inhibition following IFN
pretreatment (Yamada and others 1988; Gendelman and
others 1990; Meylan and others 1993). MDMs were obtained
from 3 different donors as previously described (Woelk and
others 2004). Briefly, monocytes were isolated by adherence
from the peripheral blood mononuclear cells (PBMCs) of
healthy donors and cultured over 5 days in 48-well plates in
the presence of macrophage colony-stimulating factor
(50 ng/mL) at a density that gave rise to 2 · 105 MDMs per
well. Multiple wells were seeded per condition to provide
replicates for statistical assessment. Type I IFNs were ob-
tained from PBL Laboratories (Piscataway, NJ) and used in
single pretreatments of MDMs at concentrations of 186 pM,
which is equivalent to 1,000 IU of IFN-a2. Infection of MDMs
with HIV was performed using the BaL strain at a multi-
plicity of infection (MOI) of 0.3 and unabsorbed virus was
removed after 2 h by washing. HIV replication was assessed
using an enzyme-linked immunosorbent assay (ELISA) for
p24 core antigen (PerkinElmer, Waltham, MA). MDMs were
lysed in 1 mL TRIzol (Invitrogen Life Technologies, Carlsbad,
CA) for total RNA extraction to perform analyses of gene

expression. Microarray analysis of the entire transcriptome
was performed as previously described (Woelk and others
2010) using the HumanWG-6 v3 BeadChip from Illumina
(San Diego, CA). Briefly, raw gene expression data were
subjected to quantile normalization following log2 transfor-
mation, and quality control analysis indicated that there
were no outlier arrays. Microarray gene expression data
were deposited in the Gene Expression Omnibus (http://
ncbi.nlm.nih.gov/geo/) under accession number GSE41731.
The expression of OAS1 was validated using real-time
quantitative polymerase chain reaction (RT-qPCR) as previ-
ously described (Woelk and others 2004). Briefly, the Taq-
Man Gene Expression Assay for OAS1 (Hs00242943_ml) was
used in conjunction with the PRISM 7700 Sequence Detection
System from Applied Biosystems (Foster City, CA). The
normalizer used was GAPDH and fold modulations were
calculated using the 2 -DDCT method as previously described
(Livak and Schmittgen 2001; Chana and others 2009).

To determine the optimal pretreatment time required to
protect MDMs from HIV infection, MDMs were treated with
186 pM of IFN-a2 for 0, 2, 6, 12, and 18 h, and then infected
with HIV (MOI of 0.3). HIV replication was assessed using
an ELISA for p24 at days 1, 4, and 8 following infection
(Supplementary Fig. S1; Supplementary Data are available
online at www.liebertpub.com/jir). At Day 8, pretreatments
of 12 and 18 h were significantly better than shorter periods
of treatment for inhibiting HIV replication (P < 0.005, one-
way analysis of variance with a Tukey post hoc test, data not
shown). There was no significant difference in HIV inhibition
between 12 and 18 h of pretreatment (P = 0.907), and thus
12-h pretreatments were selected for all subsequent experi-
ments. To assess the inhibitory properties of different species
of IFN, MDMs were pretreated for 12 h with 186 pM of IFN-

FIG. 1. Different species of Type I interferon (IFN) vary in
their ability to inhibit HIV replication. Monocyte-derived
macrophages (MDMs) from a single donor (Donor 1) were
pretreated for 12 h with 6 different species (4 different clas-
ses) of Type I IFN (186 pM), and then infected with HIV BaL
[multiplicity of infection (MOI) = 0.3] for 2 h. HIV replication
was measured by an enzyme-linked immunosorbent assay
(ELISA) for p24 antigen on day 8 after HIV infection. Each
data point represents an average p24 measurement derived
from 6 replicate wells. Statistical comparisons were per-
formed using a one-way analysis of variance with a Tukey
post hoc test. Error bars reflect the standard deviation of the
mean.
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a1, -a2, -a7, -b, -t4, or -o, and then infected with HIV
(MOI = 0.3). All species of IFN resulted in significant inhibi-
tion of HIV replication as determined using an ELISA for p24
at day-8 postinfection (Fig. 1). Furthermore, 4 species of IFN
(i.e., IFN-a2, -a7, -b, and -o) inhibited HIV to a significantly
greater extent than IFN-a1 and -t4, of which IFN-a2 and -o
were selected for microarray gene expression analysis.

To investigate the presence of HIV on an established IFN
response, MDMs were subjected to 4 different conditions: (1)
IFN-treated only, (2) IFN-treated followed by HIV infection,
(3) HIV-infected only, and (4) a mock-treated and mock-in-
fected control. Microarray gene expression analysis was
performed on a total of 24 samples derived from the 4 con-
ditions assessed at 3 time points (1, 4, and 8 days following
treatment/infection) for both IFN-a2 or -o. Microarray data
were subjected to unsupervised clustering, which clusters
samples based on the expression of genes in each sample,
revealing the underlying biological structure in the data. This
analysis revealed that all samples at day 1 clustered together,
but samples from days 4 and 8 were intermingled based on
experimental conditions (Supplementary Fig. S2). This sug-
gests that experimental conditions were not exerting notice-
able effects on gene expression at Day 1. Therefore, the gene
expression data at Days 4 and 8 were interrogated further to
determine the effects of HIV on an established IFN response.
Fold change ratios were calculated for each gene by com-
paring each condition to the control, and then passed
through a series of filters. Initially, ISGs were identified as
those that were upregulated greater than 2-fold by IFN alone
(condition 1) at both Days 4 and 8. Then, the IFN-treated
condition was compared to the IFN-treated followed by the
HIV infection condition to identify those ISGs that were
downregulated at least 1.5-fold by the presence of HIV at
both days. Assuming that it would be counterproductive for
HIV infection by itself to induce the expression of ISGs with
putative anti-HIV effects, those ISGs that were upregulated
greater than 2-fold in the HIV control were removed. Finally,
ISGs that passed these filters and were concordant with both
IFN-treatments (IFN-a2 and -o) were identified and corre-
sponded to the following 8 ISGs: AXL receptor tyrosine ki-
nase (AXL), interferon alpha-inducible protein 27 (IFI27),
interferon-induced protein 44 (IFI44), interferon-induced
protein 44-like (IFI44L), ISG15, OAS1, OAS3, and XIAP-as-
sociated factor 1 (XAF1) (Fig. 2). No genes were found to be
downregulated by IFN-treatment and subsequently upre-
gulated by the presence of HIV.

The expression of OAS1 was validated by RT-qPCR for all
time points (1, 4, and 8 days) for each of the 4 conditions for
the experiment with IFN-a2, confirming our microarray gene
expression findings. Fold changes were normalized to the
expression of OAS1 in the MDM nontreated and noninfected
control at day 1 and revealed that this gene was indeed
considerably upregulated by IFN-a2, downregulated by the
presence HIV, but not upregulated by HIV infection alone
(Fig. 3A). Furthermore, an ELISA for p24 antigen was per-
formed at day 1, 4, and 8 postinfection and confirmed that
the downregulation of OAS1 by HIV following IFN treat-
ment occurred despite the fact that viral replication was
significantly inhibited (Fig. 3B).

These studies demonstrated that a 12-h treatment of MDMs
with IFN-a2 was the minimal time required to induce maxi-
mal protection from HIV replication and that IFN-a2, -a7, -b,
and -o were more potent inhibitors than IFN-a1 and -t4. In

support of this ranking of the inhibitory effects of different
species of IFN, Sperber and others (1992) calculated the IFN
concentration necessary for 50% protection of MT-2 cells from
HIV-induced cytopathic effect (EC50) and demonstrated that
IFN-a2 and -a7 were more protective than IFN-a1. Of note,

FIG. 2. IFN stimulated genes downregulated by HIV. A
heatmap depicting the 8 genes that were upregulated by
IFN, downregulated by the presence of HIV and not upre-
gulated by the virus itself, consistently across time points
(Day 4 and 8) and IFN treatments (IFN-a2 and -o). MDMs
from a single donor (Donor 2) were subjected to 4 experi-
mental conditions: (1) IFN-treatment (IFNA2 or IFNW), (2)
IFN-treatment followed by HIV-infection (IFNA2 + HIV or
IFNW + HIV), (3) HIV-infection only (HIV), and (4) mock-
treatment and mock-infection (MDM control). IFN pretreat-
ments were for 12 h at a concentration of 186 pM, and HIV
BaL infections were for 2 h at an MOI of 0.3. Fold changes
were calculated between the experimental conditions and the
MDM control, and then log2 transformed. For visualization
purposes, log2 fold changes across conditions were median
centered for each gene as reflected in the scale bar at the
bottom left corner of the heatmap. Hierarchical clustering of
genes was performed by calculating distances using the
Pearson correlation metric, which were then clustered using
the average linkage method.
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the weaker antiviral nature of IFN-a1 coupled with its low
affinity for the human IFN receptor (Uze and others 1985) and
ability to bind the type I IFN receptor homolog (i.e., the sol-
uble B18R protein) expressed by vaccinia virus (Liptakova
and others 1997), led Mogensen and others (1999) to postulate
that IFN-a1 is expressed to negate the effects of such virus-
encoded type I IFN receptor decoy molecules. This would
facilitate the escape from virus inhibition of other Type I IFNs
with greater antiviral activity, which could then signal
through the cellular receptor to induce ISGs contributing to

innate immunity. Several other studies have simultaneously
examined the inhibitory effects of IFN-a2 and -b on HIV
replication in primary macrophages (Kornbluth and others
1989; Meylan and others 1993; Cheney and McKnight 2010).
Two out of three of these studies (Kornbluth and others 1989;
Meylan and others 1993) validate our findings in suggesting
that there is little difference between the inhibitory effects of
IFN-a2 compared to IFN-b at the concentrations analyzed in
our study (1,000 IU). In contrast, Cheney and McKnight (2010)
suggested that IFN-a2 was a stronger inhibitor than IFN-b.
However, a direct comparison between our studies is difficult
because of several differences in the study design of Cheney
and McKnight (2010): (1) lower concentrations of IFN, (2)
longer periods of IFN-treatment and HIV infection, and (3)
assessment of viral replication using a focus forming unit as-
say. Finally, it has been demonstrated that IFN-o was capable
of inhibiting laboratory and primary isolates of HIV to a
similar extent as IFN-a2, although this analysis was per-
formed in PBMCs (Kunzi and Pitha 1996). In sum, these
studies lend confidence to our ranking of the inhibitory effect
of different species of Type I IFN (Fig. 1) despite the fact that
this analysis was performed using MDMs isolated from a
single donor.

The major finding of the current study was that the mere
presence of HIV in culture was sufficient to downregulate
ISGs in MDMs resistant to virus replication through previous
exposure to IFN. Since IFN treatment is thought to inhibit
HIV replication before proviral integration (Kornbluth and
others 1990; Shirazi and Pitha 1992; Meylan and others 1993;
Cheney and McKnight 2010), it is plausible that early events
in the viral lifecycle (i.e., signaling from the cell surface) may
be responsible for the downregulation of ISGs. This has
broad implications for HIV infection in vivo, where the virus
may have evolved mechanisms to downregulate innate im-
mune responses in target cells already exposed to the Type I
IFNs previously released in massive amounts by plasmacy-
toid dendritic cells following virus detection (Fonteneau and
others 2004; Liu 2005). Of particular note, ISG15 and OAS1
are ISGs with known anti-HIV activity (Kunzi and others
1995; Stark and others 1998) and were found to be down-
regulated by HIV following induction with IFN in this study.
Furthermore, OAS (1, 2, and 3) levels appear to be inversely
correlated with viral load in HIV-infected individuals treated
with IFN-a2a (Asmuth and others 2010). Finally, it was
recently shown that short hairpin RNA knockdown of IFI44
following induction by IFN-a2 in SupT1 cells alleviates in-
hibition of HIV replication (Lu and others 2011).

Determining the selectivity of ISG downregulation by HIV
awaits further experimentation with biological replication
using MDMs isolated from multiple donors, but probably
reflects a general dampening of the IFN-mediated innate
immune response or possibly a signaling arm of this re-
sponse. In summary, the current working hypothesis is that
when IFN triggers an antiviral response in macrophages
before HIV infection, then the cells are protected from viral
replication, but if HIV arrives first, then viral replication
rapidly outpaces the innate immune response triggered by
IFN (Woelk and others 2004). The avoidance mechanisms
that HIV employs while outpacing the IFN response during
the natural course of infection are still active against a mac-
rophage cell that has been pretreated with IFN, but appear
less effectual and not sufficient enough to facilitate HIV
replication.

FIG. 3. Real-time quantitative polymerase chain reaction
(RT-qPCR) validation of OAS1 downregulation by HIV.
OAS1 gene expression was assessed by RT-qPCR at all time
points (Day 1, 4, and 8) across the experimental conditions
described (A). Fold changes were calculated with reference
to OAS1 expression in the MDM control at Day 1 using the
2 -DDCT method with GAPDH as the normalizer. At the same
time points, HIV replication was measured by an ELISA for
p24 antigen, where each data point represents an average
p24 measurement derived from at least 4 replicate wells (B).
Error bars reflect the standard deviation of the mean. HIV
replication was significantly inhibited at Day 4 (P < 0.01) and
8 (P < 0.005), but not Day 1 (P = 0.709) as assessed using a t-
test (data not shown).
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