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Macrophages are susceptible to human immunodeﬁciency virus type 1
(HIV-1) infection despite abundant expression of antiviral proteins. Perhaps the most
important antiviral protein is the restriction factor sterile alpha motif domain and
histidine/aspartic acid domain-containing protein 1 (SAMHD1). We investigated the
role of SAMHD1 and its phospho-dependent regulation in the context of HIV-1 infection in primary human monocyte-derived macrophages and the ability of various interferons (IFNs) and pharmacologic agents to modulate SAMHD1. Here we show that
stimulation by type I, type II, and to a lesser degree, type III interferons share activation of SAMHD1 via dephosphorylation at threonine-592 as a consequence of signaling. Cyclin-dependent kinase 1 (CDK1), a known effector kinase for SAMHD1, was
downregulated at the protein level by all IFN types tested. Pharmacologic inhibition
or small interfering RNA (siRNA)-mediated knockdown of CDK1 phenocopied the effects of IFN on SAMHD1. A panel of FDA-approved tyrosine kinase inhibitors potently induced activation of SAMHD1 and subsequent HIV-1 inhibition. The viral restriction imposed via IFNs or dasatinib could be overcome through depletion of
SAMHD1, indicating that their effects are exerted primarily through this pathway.
Our results demonstrate that SAMHD1 activation, but not transcriptional upregulation or protein induction, is the predominant mechanism of HIV-1 restriction induced by type I, type II, and type III IFN signaling in macrophages. Furthermore,
SAMHD1 activation presents a pharmacologically actionable target through which
HIV-1 infection can be subverted.

ABSTRACT

Our experimental results demonstrate that SAMHD1 dephosphorylation at threonine-592 represents a central mechanism of HIV-1 restriction that is
common to the three known families of IFNs. While IFN types I and II were potent
inhibitors of HIV-1, type III IFN showed modest to undetectable activity. Regulation
of SAMHD1 by IFNs involved changes in phosphorylation status but not in protein
levels. Phosphorylation of SAMHD1 in macrophages occurred at least in part via
CDK1. Tyrosine kinase inhibitors similarly induced SAMHD1 dephosphorylation, which
protects macrophages from HIV-1 in a SAMHD1-dependent manner. SAMHD1 is a critical
restriction factor regulating HIV-1 infection of macrophages.
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acrophages are major targets of human immunodeﬁciency virus type 1 (HIV-1),
and their importance in infection establishment, progression, and persistence has
been studied at length (1, 2). They are thought to contribute importantly to virus
ampliﬁcation and dissemination during primary infection, and in the central nervous
system (CNS), HIV-1-infected macrophages and microglia precipitate a spectrum of
neurological impairments that can persist in the setting of antiretroviral therapy (ART)
(3–5). It is known that macrophages exhibit low permissiveness to infection, in part due
to the constitutive expression of the antiviral restriction factor sterile alpha motif (SAM)
domain- and histidine/aspartic acid (HD) domain-containing protein 1 (SAMHD1), a
deoxynucleoside triphosphate (dNTP) triphosphohydrolase that restricts HIV-1 by maintaining dNTP concentrations below the threshold required for efﬁcient reverse transcription (6–9).
Interferons (IFNs) play an important role in preventing viral infection through
multiple effector mechanisms. Numerous studies have pointed to enhanced expression
of various restriction factors that act at multiple stages of HIV-1 infection, including
MX2, GBP5, APOBEC3A, and others, to explain the potent antiviral effects of IFNs
(10–14). In this context, activation of the interferon regulatory factor (IRF) family of
transcription factors, nuclear translocation, and recognition of a conserved DNA sequence known as an IFN-stimulated response element (ISRE) present in the promoterenhancer regions of a number of genes direct these antiviral programs (15, 16). Though
alpha interferon (IFN-␣) and IFN-␤ are perhaps the most well-studied type I IFNs,
numerous others exist in humans including IFN-, whose relevance in HIV-1 restriction
has been demonstrated recently in macrophages (17). The sole member of the type II
IFN family, IFN-␥, is widely recognized for its role in macrophage activation, and it was
recently shown to induce a potent, Env-dependent block to HIV-1 infection in CD4⫹ T
cells that was distinct from that induced by type I IFN (18). The type III IFNs, which
include IFN-1, -2, and -3, have been shown to exhibit anti-HIV-1 activity, and may
be relevant in speciﬁc tissue sites such as the vaginal mucosa (19). Macrophages are
highly responsive to the modulating effects of many diverse interferons and interferonlike molecules; however, the mechanisms underlying the potent anti-HIV-1 capacities of
diverse IFNs remain incompletely deﬁned (20). SAMHD1 is regulated at the level of
phosphorylation by type I interferon, but to what extent type II and III IFNs affect
SAMHD1 phosphorylation and whether SAMHD1 is required for their activity remain
unknown (21).
In this study, we examined the abilities of divergent IFN families to inhibit HIV-1
infection in primary human monocyte-derived macrophages (MDM) and provide mechanistic insight into the major effector function of type I, type II, and type III IFNs. We
extended the study to explore the HIV-1 restriction potential of a panel of FDAapproved tyrosine kinase inhibitors (TKI) in an effort to deﬁne SAMHD1 as a potential
pharmacologic target for anti-HIV-1 efforts. These studies show that SAMHD1 serves as
the key regulator of HIV-1 infectivity in MDM whose activity is rapidly induced at the
level of protein dephosphorylation.
RESULTS
Type I, type II, and type III IFNs induce SAMHD1-T592 dephosphorylation,
resulting in enhanced restriction of HIV-1 infection in MDM. We sought to determine whether IFNs from various families could differentially modulate SAMHD1 protein
levels or activity and whether these changes would in turn affect HIV-1 infection in
macrophages. CD14⫹ monocytes were isolated from peripheral blood mononuclear
cells (PBMC) from healthy donors and MDM were generated following 7-day differentiation. MDM were exposed for 24 h to 50-ng/ml concentrations of IFN-␣, IFN-, IFN-␥,
or IFN-. Macrophages were infected with a replication-competent R5-tropic recombinant virus (HIV-1-BAL-HSA; see Fig. S1A in the supplemental material) (22) and analyzed
for CD24 (mHSA, mouse heat-stable antigen) expression by ﬂow cytometry 48 h later
(Fig. 1A). Without IFN treatment, infection levels ranged between 1 and 16% among
donors. Because of the high degree of variability in infectivity among donors, we set
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FIG 1 Diverse IFNs restrict HIV-1 in MDM and induce SAMHD1 dephosphorylation. (A and B) Flow cytometric analysis of MDM
infected with replication-competent HIV-1-BAL-HAS (A) and HIV-1ΔEnv-GFP/VSVG (B). The numbers in each graph in the top panel
indicate the percentage of events falling within the CD24-positive gate. FSC, forward scatter; APC, allophycocyanin. Data from
multiple donors are summarized in the corresponding graph in the bottom panel, with each symbol representing the value for a
single donor and mean values from multiple donors provided as a percentage above each condition. Values that are signiﬁcantly
different are indicated by bars and asterisks as follows: **, P ⱕ 0.01; ***, P ⱕ 0.001; ****, P ⱕ 0.0001. Independent one-sample t tests
were used to determine signiﬁcance between each IFN treatment condition to the no-IFN control. (C) Lysates (10 g) from MDM
from representative donors (A031 and A049) were analyzed by Western blotting for pSAMHD1-T592, total SAMHD1, and ␤-actin.
Values below each lane indicate the ratio of pSAMHD1 to total SAMHD1 as determined by densitometry. (D) Correlation between
pSAMHD1-T592 and percent GFP-positive or (E) total SAMHD1 and percent GFP-positive MDM for donor A031 (circles) and donor
A049 (squares). Each symbol represents the mean percentage of infection from triplicate wells as measured by ﬂow cytometry
plotted against the ratios determined by Western blotting densitometry, as calculated in Fig. 1C.
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infection levels in the absence of IFN to 100% for each individual donor and then
normalized infection in the presence of IFN to that value (Fig. 1A). In each case, IFN
treatment restricted infection, albeit to different degrees: IFN-␣, IFN-, and IFN-␥
potently suppressed infectivity. In contrast, IFN- reduced infectivity modestly and in a
highly variable manner, a degree of protection that could not be enhanced by
increasing concentrations of IFN- (Fig. S2A).
To determine whether the effects of IFN are speciﬁc to the nature of the envelope
glycoprotein, we utilized a replication-defective virus pseudotyped with vesicular stomatitis virus glycoprotein (VSVG) (HIV-1ΔEnv-GFP/VSVG [GFP stands for green ﬂuorescent protein]; Fig. S1B). VSVG binds to the low-density lipoprotein receptor (LDL-R) for
entry and shunts the virus toward the endocytic pathway, bypassing membrane fusion
resulting from gp160 interaction with chemokine (C-C motif) receptor 5 (CCR5) (23).
HIV-1ΔEnv-GFP/VSVG was sensitive to each IFN tested, with IFN- exhibiting the least
potency and highest donor-to-donor variability. Therefore, we conclude that the observed IFN-stimulated protection was induced against two viruses using distinct envelope glycoproteins (HIV-1 gp160 versus VSVG) that recognize the corresponding receptors (CD4 and CCR5 versus LDL-R) (Fig. 1B).
To examine the potential role of SAMHD1 in restriction by the various IFN types, we
generated cell lysates from MDM treated with IFN for 24 h and probed for total
SAMHD1 and pSAMHD1-T592 (phosphorylated SAMHD1 [T592 phosphorylated])
(Fig. 1C; two representative donors shown). Addition of recombinant IFN-␣, IFN-␥, or
IFN- led to a reduction in SAMHD1 phosphorylation that correlated directly with
reduced infectivity by HIV-1ΔEnv-GFP/VSVG (Fig. 1D). The levels of total SAMHD1
protein were not dramatically affected by any of the IFNs tested, and there was no
correlation between total SAMHD1 protein and infectivity after IFN stimulation (Fig. 1E).
SAMHD1 activation through T592 dephosphorylation is thus a conserved effector
mechanism resulting from stimulation of MDM by different IFN types.
SAMHD1 is active at baseline and controls MDM resistance to HIV-1. We
hypothesized that highly permissive MDM would exhibit a higher degree of SAMHD1
phosphorylation relative to the levels of total SAMHD1 protein. We derived MDM from
six healthy donors and exposed them to HIV-1ΔEnv-GFP/VSVG. In the absence of
stimulation, MDM from these donors exhibited vastly different levels of SAMHD1
phosphorylation (Fig. 2A) at baseline, which correlated directly with the levels of
infectivity (P ⫽ 0.045; R2 ⫽ 0.6748; Fig. 2B). Infectivity did not correlate with the levels
of total SAMHD1 protein (Fig. 2C). Although a modest correlation between CCR5 cell
surface expression and infectivity was observed, differences in infectivity at baseline
cannot be attributed to variations in CD4 or CCR5 because the virus used in these
experiments was pseudotyped with VSVG (Fig. S2B and C). The ﬁnding that MDM from
healthy donors exhibit diverse phosphorylation levels of SAMHD1 that correlate directly
with infectivity supports our model in which infectivity in MDM depends on SAMHD1
activity and not expression.
SAMHD1 phosphorylation status is sufﬁcient to explain IFN-induced HIV-1
restriction in primary MDM. To evaluate whether SAMHD1 is the relevant antiviral
effector responsible for the HIV-1 restriction induced by IFNs, we delivered the simian
immunodeﬁciency virus SIVmac accessory protein Vpx to ectopically induce SAMHD1
degradation (6–8, 24–26). To this end, we generated VSVG-pseudotyped virus-like
particles (VLP) containing the SIVmac accessory protein Vpx [Vpx(⫹)VLP] and, as a
control, VLP lacking Vpx [Vpx(⫺)VLP] (8, 24).
Cells were exposed to Vpx(⫹)VLP or Vpx(⫺)VLP for 6 h and treated for 18 h with
IFN. Cells were then infected with HIV-1ΔEnv-GFP/VSVG. SAMHD1 degradation by
Vpx(⫹)VLP and Vpx(⫺)VLP was evaluated by Western blotting 24 h after VLP addition,
and infection levels were evaluated by ﬂow cytometry 48 h postinfection. Vpx(⫹)VLP
led to efﬁcient SAMHD1 degradation and reversed the block to infection with HIV1ΔEnv-GFP/VSVG, while Vpx(⫺)VLP failed to do so (Fig. 3A and B, one representative
donor; additional donors shown in Fig. 3D). Importantly, reversal of the IFN-induced
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FIG 2 Macrophages exhibit diverse pSAMHD1-T592 signatures at baseline that correlate with infectivity. (A) Lysates of MDM from six
donors were analyzed by Western blotting for pSAMHD1-T592, total SAMHD1, and actin. Numbers indicate the proportion of pSAMHD1T592 to total SAMHD1 as calculated by Western blotting densitometry. Lanes were cut following development of a single membrane to
remove alternating lanes. (B) Correlation between pSAMHD1-T592 and the percentage of GFP-positive macrophages as analyzed by ﬂow
cytometry. (C) Correlation between total SAMHD1 and the percentage of GFP-positive MDM. Linear regression analyses were performed
to study the relationships between infectivity, total SAMHD1 levels, and pSAMHD1 levels.

restriction in the presence of Vpx(⫹)VLP was independent of the amount of virus
utilized (Fig. S3A). Dephosphorylation of SAMHD1 for one representative donor from
this experiment is shown in Fig. 3C. Cells in the absence of IFN also demonstrated
increased infectivity when treated with Vpx(⫹)VLP. These results are consistent with
previous reports showing that Vpx can overcome the restriction imposed by SAMHD1
at baseline and in the absence of exogenous IFN stimulation, supporting the notion
that SAMHD1 is at least partially active under unstimulated conditions (Fig. 3D) (24).
To determine whether SAMHD1 activation results in a state of HIV-1 restriction that
stems from limiting dNTP levels, we exposed cells to high concentrations of deoxynucleosides (dNs) in the culture medium prior to infection. We predicted that exogenous dN administration would phenocopy the effect of Vpx(⫹)VLP and reverse the
IFN-induced antiviral activity. Deoxyribonucleosides are cell membrane permeable
and are converted to dNTPs once inside the cell (6). Addition of dNs to the medium
enhanced infection in the absence of IFN and efﬁciently relieved the IFN-induced
restriction in IFN-treated cells (Fig. 3E [two representative donors shown]). These
results, together with those in Fig. 3A to D, establish SAMHD1 dephosphorylation as the
principal effector mechanism against HIV-1 in the response of MDM to type I, II, and III
IFN, which results in dNTP depletion and impaired HIV-1 reverse transcription.
Canonical HIV-1 restriction factors, but not SAMHD1, are transcriptionally
induced by type I, type II, and type III IFN stimulation. To further explore and
compare the cellular responses to type I, II, and III IFN, we performed high-throughput
RNA sequencing (RNA-seq) with MDM stimulated with IFN-␣, IFN-, IFN-␥, or IFN-.
mRNA was isolated 18 h after stimulation and subjected to RNA-seq. Figure 4 shows the
log2 fold change (sequence reads in IFN treatment over those without IFN) in mRNA for
SAMHD1 along with a small subset of known interferon-stimulated genes (ISGs) (ISG15,
ABOBEC3A, SIGLEC-1, MX1, MX2, and OAS1), cell cycle regulators known to act on
SAMHD1 (cyclin-dependent kinase 1 [CDK1], -2, -4, and -6) and immune-related genes
(CD4, CCR5, chemokine [C-X-C motif] receptor 1 [CXCR1], and CD180). SAMHD1 mRNA
May/June 2018 Volume 9 Issue 3 e00819-18
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FIG 3 SAMHD1 is the major downstream effector of diverse IFN types. (A) Representative Western blot analysis of MDM extracts not treated with
VLP or treated with Vpx(⫺)VLP and Vpx(⫹)VLP and probed for pSAMHD1-T592, total SAMHD1, and ␤-actin. (B) Representative ﬂow cytometric
analysis of viable MDM infected with a replication-incompetent HIV-1ΔEnv-GFP/VSVG in the presence or absence of 50 ng/ml IFN-␣, IFN-, IFN-␥,
or IFN- (rows) and treated with the Vpx VLP indicated (columns). Numbers in the graphs indicate the percentage of events falling within the
GFP-positive gate as established with mock-infected MDM. (C) Western blot analysis of pSAMHD1-T592, total SAMHD1, and actin for macrophages
from donor A051. (D) Bar graphs showing macrophages from three additional, independent donors with each condition conducted in triplicate. (E)
Macrophages from donors A006 and A026 were treated with IFN, exposed to 10 mM dN (⫹), and then infected with HIV-1ΔEnv-GFP/VSVG. Bars
indicate the percent GFP-positive cells within the viable population as measured by ﬂow cytometry.
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FIG 4 SAMHD1 is not a canonical ISG in MDM. (A to D). Gene expression signatures of select genes represented as log2
fold change relative to the untreated condition (no IFN) for IFN-␣, IFN-, IFN-␥, and IFN-.

levels were not dramatically affected by any of the IFN treatments (1.08-fold [IFN-␣],
⫺1.24-fold [IFN-], 1.27-fold [IFN-␥], and 1.21-fold [IFN-]), in agreement with previous
reports in CD4⫹ T cells and dendritic cells (27). In contrast, many ISGs were strongly
induced by each of the IFNs, exhibiting expression levels that ranged between
5-fold (ISG15 by IFN-␥) and 750-fold (APOBEC3A by IFN-␣) over the no-IFN condition
(Fig. 4A to D).
Among the cyclin-dependent kinases examined in our RNA-seq experiment, CDK1
mRNA was decreased 5.7-fold, 3.9-fold, and 20.8-fold after IFN-␣, IFN-, and IFN-␥,
respectively (Fig. 4A to C). CDK1 transcripts were modestly upregulated by IFN-
(1.4-fold), the only IFN with modest to undetected HIV-1 restriction in our studies.
Therefore, we speculated that downregulation of CDK1 by IFN-␣, IFN-, and IFN-␥ is
part of the mechanism by which these IFNs induce dephosphorylation of SAMHD1. To
verify this prediction, we tested the CDK1/CDK2 inhibitor BMS-265246 for its ability to
restrict HIV-1ΔEnv-GFP/VSVG infection. BMS-265246 restricted HIV-1 infection in MDM,
whereas GW2580, a tyrosine kinase inhibitor (TKI) that targets colony-stimulating factor
1 receptor (CSF-1R) among other receptor tyrosine kinases (RTK), had no effect on viral
infectivity (Fig. 5A) (28).
We next used a small interfering RNA (siRNA) to CDK1 to verify its role in SAMHD1
phosphorylation and HIV-1 restriction. Knockdown of CDK1 resulted in a signiﬁcant
reduction in SAMHD1 phosphorylation, concomitant with a reduction in MDM susceptibility to HIV-1, while the use of a siRNA targeting SAMHD1 led to an enhanced
susceptibility of MDM to HIV-1 (Fig. 5B and C). In agreement with our ﬁndings with
Vpx(⫹)VLP, siRNA-mediated knockdown of SAMHD1 similarly reversed the IFN-induced
restriction to HIV-1, suggesting that the majority of the antiviral effect is exerted
through SAMHD1 activation (Fig. 5D).
SAMHD1 activity can be regulated pharmacologically. Because activation of
SAMHD1 imposes a potent blockade against HIV-1, it would be ideal if the activity
of SAMHD1 could be controlled pharmacologically. Recently, it was shown that this can
May/June 2018 Volume 9 Issue 3 e00819-18
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FIG 5 siRNA to CDK1 and SAMHD1 reveal central roles in IFN-induced HIV-1 restriction. (A) The effect of CDK1/2 inhibition on infection with HIV-1ΔEnv-GFP/
VSVG was determined by ﬂow cytometry, with infection in untreated cells set at 100%. Data on cells from three representative donors are shown. (B) Western
blot analysis of siRNA-treated MDM from donor A069. (C) Representative siRNA ﬂow cytometry plots from two donors, donors A069 and A070. (D)
Representative ﬂow cytometry plots from IFN-treated MDM with and without SAMHD1 knockdown.

be accomplished in CD4⫹ T cells with the use of dasatinib, a Bcr-Abl-speciﬁc TKI that
has been approved for use in chronic myelogenous leukemia (CML) and Philadelphia
chromosome-positive acute lymphoblastic leukemia (Ph⫹ AML) by the FDA (29, 30). We
tested a panel of tyrosine kinase inhibitors to determine whether they possess antiHIV-1 activity and whether that activity stems from SAMHD1 dephosphorylation.
Among the TKIs tested were dasatinib, bosutinib, crenolanib, palbociclib, and ponatinib.
May/June 2018 Volume 9 Issue 3 e00819-18
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FIG 6 SAMHD1 is required for TKI-induced restriction. (A) Summary ﬂow cytometric analysis of HIV-1 infection in four separate donors
treated with various TKIs. The TKIs were dasatinib (DAS), crenolanib (CRE), bosutinib (BOS), palbociclib (PAL), and ponatinib (PON). Values
indicate the percent GFP-positive cells within the viable population of cells infected with HIV-1ΔEnv-GFP/VSVG. The viability of TKI-treated
cells is between 90 and 100% that of untreated cells (No Tx). (B) Western blot analysis of lysates of MDM from two representative donors
treated with the indicated concentration of dasatinib. (C) Correlation between relative pSAMHD1-T592 and infectivity for macrophages
from six donors treated with 0 nM, 50 nM, and 100 nM dasatinib. (D) MDM treated with 500 nM dasatinib and treated with the Vpx VLP
indicated. Numbers represent the percentage of live cells within the GFP-positive gate as established with mock-infected MDM. Linear
regression analysis was performed to study the relationship between infectivity and pSAMHD1 levels during dasatinib treatment.

These compounds exhibit low cytotoxicity, are FDA approved, and target a variety of
cellular pathways, including Abl kinase, Src family kinases, type III RTK, as well as CDK4
and CDK6 (31). Each inhibitor led to HIV-1 restriction, with dasatinib providing the most
potent HIV-1 blockade (Fig. 6A). HIV-1ΔEnv-GFP/VSVG infectivity was inversely correlated with the proportion of SAMHD1 present in its activated, dephosphorylated state
as manipulated by the TKIs (Fig. 6B and C). We focused on dasatinib to test whether
SAMHD1 phosphorylation and infectivity exhibited a dose-dependent relationship and
observed overt changes in pSAMHD1-T592 that corresponded to increasing concentrations of the inhibitor (Fig. 6B and C). The dephosphorylation of SAMHD1 was
concomitant with and inversely proportional to the infectivity by HIV-1ΔEnv-GFP/VSVG
(Fig. 6C).
TKIs, including dasatinib, target diverse cellular pathways at high nanomolar concentrations (32). If SAMHD1 is indeed responsible for the effects of the TKIs tested, then
incubation with Vpx(⫹)VLP following treatment should induce degradation of SAMHD1
and overcome the TKI-imposed restriction. Incubation with dasatinib rendered cells
highly resistant to infection (0.5%) compared with untreated cells (6.0%), representing
a 92% protection (Fig. 6D). Addition of Vpx(⫹)VLP to untreated cells enhanced infection
8.8-fold (6.0% to 53.0%), while addition of Vpx(⫹)VLP in the context of dasatinib
enhanced infection 76-fold (0.5% to 38%), representing a reversal of the dasatinibinduced antiviral state. Taken together, our experiments establish a causal link between
SAMHD1 activation and protection from HIV-1 infectivity in MDM and provide evidence
supporting a dynamic regulatory role for SAMHD1 in MDM. Furthermore, we demonstrate that SAMHD1 activity can be manipulated pharmacologically to render macrophages refractory to HIV-1 infection.
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DISCUSSION
Our experiments demonstrate that SAMHD1 dephosphorylation at threonine-592
represents a central mechanism of HIV-1 restriction that is common to the three known
families of IFNs, though with vastly different efﬁciencies, as evidenced by the limited
potency of IFN-. Enhanced dNTPase activity appears to be the functional outcome of
SAMHD1 activation, supported by several lines of evidence, including complete reversal
of the IFN-induced restriction by the addition of exogenous dNs and degradation of
SAMHD1 by the SIV protein Vpx (8, 24). The ﬁnding that diverse IFNs are functional to
the degree to which they modulate SAMHD1 phosphorylation and activation without
effecting changes in total protein is an important step in understanding innate immune
responses in macrophages. We also clarify that the previously reported antiviral activity
of IFN- is associated with dephosphorylation of SAMHD1 similar to what has been
described for other type I IFNs (17). Finally, we show that HIV-1 inhibition by various
FDA-approved TKIs is dependent on the activation of SAMHD1, providing important
mechanistic understanding as to how these compounds act and can be directed
toward HIV-1 cure efforts.
Macrophages are important targets of HIV-1 infection in vivo and are key players in
infection establishment and viral persistence (33, 34). It has been speculated that
macrophages can support HIV-1 infection and harbor virus over prolonged periods of
time independent of T cells, even in the setting of ART, a hypothesis that has recently
been strengthened by experiments conducted in humanized myeloid-only mice (1, 35).
Therefore, strategies that aim to prevent virus spread to tissue macrophages, either
independently or in the context of latency reversal, will be important components of
ongoing HIV-1 cure efforts.
SAMHD1 was ﬁrst identiﬁed as the human homolog of a previously described mouse
IFN-␥-inducible GTP-binding protein known as MG11 (36, 37). Recently, SAMHD1 has
been shown to be induced by stimulation with type I and type II IFNs via downregulation of miR-181 and miR-30a in human monocytes (38). A similar phenomenon was
observed in astrocytes and microglia and was also dependent on miR181a (39). In
hepatocytes, it has been shown that type I and type II IFN can induce SAMHD1
transcription, inducing an antiviral state that restricts hepatitis B virus (HBV) infection
(40). Additionally, it has been shown that in mature dendritic cells (DCs), coculture with
lymphocytes can lead to downregulation of SAMHD1 and enhance DC permissiveness
to HIV-1 (41). In the present study, we show that the type I, II, and III IFN-induced HIV-1
restriction in MDM is not derived from changes in SAMHD1 protein or mRNA levels and
that the antiviral state hinges upon changes in SAMHD1 activity as determined by T592
phosphorylation.
The activity of SAMHD1 in lymphocytes is regulated by cyclin/cyclin-dependent
kinase (CDK)-mediated threonine-592 phosphorylation in a cell cycle-dependent manner (21). However, SAMHD1 phosphorylation can also be regulated independent of cell
division (42). The speciﬁc CDKs responsible for SAMHD1 kinase activity depend on cell
type, with CDK1, CDK2, CDK4, and CDK6 all demonstrating a regulatory effect on
SAMHD1 in different contexts (21, 42–44). Phosphorylation of residue T592 impairs
SAMHD1 tetramerization resulting in diminished capacity for dNTP hydrolysis and
impaired anti-HIV-1 activity (45, 46). Our results suggest that IFN-induced activation of
SAMHD1 is effected via downregulation of CDK1 mRNA and indicate that in the
absence of stimulation, CDK1 maintains SAMHD1 phosphorylated and, to a large
extent, inactive. However, CDK1 cannot be the sole regulator of SAMHD1 in MDM, as
we also observed a modest downregulation of CDK1 protein by IFN-, which was not
accompanied by signiﬁcant protection from viral infection. Therefore, additional factors, such as phosphorylation of CDK1, or the action of an IFN-regulated phosphatase,
need to be identiﬁed.
The ﬁnding that diverse IFNs converge on SAMHD1 activation reveals a common
denominator in IFN signaling, despite differences in expression of numerous other
documented antiviral genes in response to IFN stimulation (10–13). Whether restriction
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factors other than SAMHD1 were at play in our studies is unclear, though plausible. In
fact, a recent study showed that SIV Vpx of red-capped mangabeys and mandrills
(SIVrcm/mnd-2) enhances HIV-1 infection speciﬁcally in resting CD4⫹ T cells in a
SAMHD1- and dNTP pool-independent manner and led the authors to suggest the
existence of an unknown restriction factor (47).
Importantly, the present study utilized two major virus clones, both of which are
derived from the lab-adapted, NL4-3 infectious clone (48). It is known that viruses
present during the acute phase of infection, termed transmitted-founder (T/F) viruses,
exhibit enhanced resistance to type I IFN than those present during chronic infection
(chronic carrier [C/C]) (49, 50). HIV-1-BAL-HSA, a hybrid virus composed of HIV-1-BAL
envelope expressed on a lab-adapted NL4-3 background, showed a trend in IFN
susceptibility similar to those observed with our NL4-3-derived HIV-1ΔEnv-GFP/VSVG
construct (22). Future studies aimed at delineating the requirement of SAMHD1 activation for diverse IFN function in the setting of T/F and C/C HIV-1 strains will be
important in further understanding the biology of infection of macrophages with HIV-1,
speciﬁcally with respect to those IFNs expressed in mucosal sites of transmission
(51, 52).
SAMHD1 has recently been proposed as a potential tumor suppressor, and in
fact, many FDA-approved anti-cancer TKIs have potent effects on SAMHD1 activation in vitro and in vivo (29, 30, 44). In cancer, SAMHD1 is thought to play a role in
controlling cell cycle of tumor cells, where its activity as a triphosphohydrolase can
restrain uncontrolled cellular proliferation by blunting cellular DNA synthesis (53,
54). Expanding our study beyond the natural biology of HIV-1 infection, we show
that SAMHD1 activity can be targeted by several FDA-approved anti-cancer TKIs.
TKIs exerted their anti-HIV-1 activity through threonine (T592) dephosphorylation,
which is unusual. We speculate that TKIs inhibit a signaling cascade initiated by TK
culminating in the regulation of Ser/Thr kinases, including CDK1. Future studies
aimed at delineating these pathways will be important in understanding how
SAMHD1 activity is controlled at steady state and can be manipulated therapeutically. Targeting the relevant pathways may prove useful in anti-HIV-1 efforts or in
preventing end organ damage observed in patients on ART, including HIV-1associated neurologic dysfunction.
MATERIALS AND METHODS
Isolation of healthy donor PBMC. Healthy donors 18 years old and older were recruited for this
study under the University of Utah Institutional Review Board (IRB) protocol 67637. Written informed
consent was obtained from all donors. Whole blood was obtained by peripheral phlebotomy, and
peripheral blood mononuclear cells (PBMC) were isolated using a Lymphoprep density gradient (Stemcell
Technologies).
Generation and infection of MDM. CD14⫹ monocytes were isolated via positive selection with
magnetic beads (Miltenyi Biotec). Cells were allowed to adhere in serum-free medium for 2 h, which was
then removed and replaced with RPMI 1640 medium supplemented with 10% pooled human serum
(Innovative Research). The medium was changed at day 5, and cells were cultured for a total of 7 days
to allow differentiation to MDM prior to experimentation as previously described. MDM were infected
with 250 ng of either HIV-1-BAL-HSA or HIV-1ΔEnv-GFP/VSVG as determined by p24 enzyme-linked
immunosorbent assay (ELISA) for 6 h. Cells were washed twice with fresh medium to remove unbound
virus. Infection was quantiﬁed via ﬂow cytometry at 48 h postinfection.
Generation of viruses. Replication-defective virus (HIV-1ΔEnv-GFP/VSVG) was generated using
calcium phosphate-mediated transfection of HEK293T cells. Brieﬂy, HIV-1ΔEnv-GFP and VSVG plasmids
were cotransfected for 6 h. The transfection medium was removed, and cells were cultured over 2 days,
with virus-containing supernatants removed at 24 and 48 h posttransfection. These viruses contain a
frameshift mutation in envelope and are capable of only a single-round infection when Env is provided
in trans as previously described (55). Replication-competent virus (HIV-1-BAL-HSA) was generated
through a similar transfection protocol using a single plasmid (pNL-43-BAL-IRES-HSA) courtesy of Michel
Tremblay (Centre Hospitalier de l’Université Laval). All viruses were quantiﬁed using p24 ELISA (Zeptometrix) and stored at ⫺80 °C until further use.
RNA-seq analysis for ISGs. MDM were generated as described and stimulated with 25 ng/ml of the
indicated IFNs. Total RNA was isolated 18 h following stimulation using RNeasy minikit (Qiagen). Intact
poly(A) RNA was puriﬁed from total RNA samples (100 to 500 ng) with oligo(dT) magnetic beads, and
stranded mRNA sequencing libraries were prepared as described using the Illumina TruSeq Stranded
mRNA Library Preparation kit (catalog no. RS-122-2101 and RS-122-2102). Puriﬁed libraries were qualiﬁed
on an Agilent Technologies 2200 TapeStation using a D1000 ScreenTape assay (catalog no. 5067-5582
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and 5067-5583). The molarity of adapter-modiﬁed molecules was deﬁned by quantitative PCR using the
Kapa Biosystems Kapa Library Quant kit (catalog no. KK4824). Individual libraries were normalized to
10 nM, and equal volumes were pooled in preparation for Illumina sequence analysis. Sequencing
libraries (25 pM) were chemically denatured and applied to an Illumina HiSeq v4 single-read ﬂow cell
using an Illumina cBot system. Hybridized molecules were clonally ampliﬁed and annealed to sequencing
primers with reagents from an Illumina HiSeq SR cluster kit v4-cBot (catalog no. GD-401-4001). Following
transfer of the ﬂow cell to an Illumina HiSeq 2500 instrument (HCSv2.2.38 and RTA v1.18.61), a 50-cycle
single-read sequence run was performed using HiSeq SBS kit v4 sequencing reagents (catalog no.
FC-401-4002).
Inhibitors and IFNs. Recombinant human IFN-␣ (PBL Assay Science), IFN- (EnQuire Bio), IFN-␥
(PeproTech), and IFN- (PeproTech) were purchased from suppliers, resuspended at 50 ng/l, and added
to cell culture at 50 ng/ml, the optimal concentration for HIV-1 restriction determined empirically in our
cell culture system. The following units of each IFN tested were used: 7,850 U/test for IFN-␣, 500 U/test
for IFN-␥, and 125 U/test for IFN-. IFN- speciﬁc activity was untested by the manufacturer and thus
utilized at a mass concentration identical to IFN-␣, IFN-␥, and IFN-. Inhibitors were purchased from
suppliers and resuspended at a concentration of 1 mM and added to culture at a concentration
of 1 M.
siRNA knockdown of CDK1 and SAMHD1. MDM were transfected twice (24 h apart) with either
control siRNA or siRNAs against SAMHD1 or CDK1 at a ﬁnal concentration of 111 nM using Lipofectamine
RNAiMAX (Thermo Fisher) according to the manufacturer’s protocol. At 6 h posttransfection, cells were
supplemented with 1 volume of RPMI 1640 medium supplemented with 10% pooled human serum.
Twenty-four hours after the second transfection, the cells were either mock infected or infected with
HIV-1ΔEnv-GFP/VSVG. Forty-eight hours later, MDM were analyzed for green ﬂuorescent protein (GFP)
expression via ﬂow cytometry or lysed and analyzed via Western blotting and probed for SAMHD1,
pSAMHD1, and CDK1 expression.
Quantiﬁcation of cellular deoxynucleoside triphosphates (dNTPs). Samples were extracted by
adding 90 l of an ice-cold 60% solution of methanol (aqueous) which contained 0.1 g/ml of 13C10-15N5
ATP (Sigma-Aldrich) as an internal standard. Each sample was vortexed for 10 s and chilled at ⫺20°C prior
to being centrifuged for 10 min at 20,000 relative centrifugal force (RCF) at 4°C. The supernatant was
removed to a fresh tube and dried overnight en vacuo. Immediately prior to liquid chromatography-mass
spectrometry (LC-MS) analysis, the samples were reconstituted in 50 l water containing 10 mM
ammonium carbonate.
Mass spectral analysis was performed using an Agilent 6490 ultraperformance liquid chromatography
(UPLC) triple-quadrupole (QQQ) MS system (Santa Clara, CA). A SeQuant ZIC hydrophilic interaction liquid
chromatographic (HILIC) column (Millipore Sigma, Burlington, MA) was used for fractionation using a
linear gradient of 10:90 acetonitrile (ACN)–10 mM ammonium acetate buffer to 20:80 ACN–10 mM
ammonium acetate buffer over 20 min at a ﬂow rate of 0.2 ml/min. Mass spectrometry was performed
in the positive mode with an Agilent jet stream (AJS) electrospray ionization (ESI) source using tandem
mass spectrometry (MS/MS) fragmentation. The deoxynucleotides were positively identiﬁed by both
chromatographic retention time, and the ion ratios were identiﬁed by at least two selected reaction
monitoring (SRM) transitions. Quantitative data analysis was conducted using Agilent MassHunter Quant
software for dCTP using the internal standard to normalize signal between samples.
Statistical analysis. All statistical analyses were performed using GraphPad Prism 5.0 (GraphPad
Software, San Diego, CA).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.00819-18.
FIG S1, TIF ﬁle, 0.1 MB.
FIG S2, TIF ﬁle, 5.9 MB.
FIG S3, TIF ﬁle, 23.5 MB.
ACKNOWLEDGMENTS
We express our sincere gratitude to the study volunteers for their continued
participation in this work and ongoing translational research.
This work was supported in part by NIH grants R21 AI122377-01 (V.P.), R01 HL126547
(A.M.S.), 5T32DK007115-40 (M.A.S.), and 1S10OD016232-01 (J.E.C.). A.M.S. is funded by a
Doris Duke Charitable Foundation Clinical Scientist Development award, CSDA201612. V.P.
is funded by NIH UM1-AI126620 (BEAT-HIV Delaney Collaboratory, cofunded by NIAID,
NIMH, NINDS, and NIDA) and R01 AI124843.
M.A.S. and V.P. designed the study. M.A.S., V.P., and J.E.C. developed the methodology. M.A.S. and J.E.C. conducted experiments. M.A.S. and V.P. wrote the original draft.
M.A.S, V.P., A.M.S., T.H., E.S.C.P.W., and A.B. reviewed and edited the draft. M.A.S. and V.P.
acquired funds. M.J.T. contributed resources. V.P., A.M.S., and A.B. supervised the study.
May/June 2018 Volume 9 Issue 3 e00819-18

mbio.asm.org 12

Downloaded from mbio.asm.org on May 31, 2018 - Published by mbio.asm.org

Szaniawski et al.

REFERENCES
1. Honeycutt JB, Wahl A, Baker C, Spagnuolo RA, Foster J, Zakharova O,
Wietgrefe S, Caro-Vegas C, Madden V, Sharpe G, Haase AT, Eron JJ, Garcia
JV. 2016. Macrophages sustain HIV replication in vivo independently of
T cells. J Clin Invest 126:1353–1366. https://doi.org/10.1172/JCI84456.
2. Gama L, Abreu CM, Shirk EN, Price SL, Li M, Laird GM, Pate KA, Wietgrefe
SW, O’Connor SL, Pianowski L, Haase AT, Van Lint C, Siliciano RF,
Clements JE, LRA-SIV Study Group. 2017. Reactivation of simian immunodeﬁciency virus reservoirs in the brain of virally suppressed macaques.
AIDS 31:5–14. https://doi.org/10.1097/QAD.0000000000001267.
3. Saylor D, Dickens AM, Sacktor N, Haughey N, Slusher B, Pletnikov M,
Mankowski JL, Brown A, Volsky DJ, McArthur JC. 2016. HIV-associated
neurocognitive disorder—pathogenesis and prospects for treatment.
Nat Rev Neurol 12:234 –248. https://doi.org/10.1038/nrneurol.2016.27.
4. Sattentau QJ, Stevenson M. 2016. Macrophages and HIV-1: an unhealthy
constellation. Cell Host Microbe 19:304 –310. https://doi.org/10.1016/j
.chom.2016.02.013.
5. Koppensteiner H, Brack-Werner R, Schindler M. 2012. Macrophages and
their relevance in human immunodeﬁciency virus type I infection. Retrovirology 9:82. https://doi.org/10.1186/1742-4690-9-82.
6. Lahouassa H, Daddacha W, Hofmann H, Ayinde D, Logue EC, Dragin L,
Bloch N, Maudet C, Bertrand M, Gramberg T, Pancino G, Priet S, Canard
B, Laguette N, Benkirane M, Transy C, Landau NR, Kim B, MargottinGoguet F. 2012. SAMHD1 restricts the replication of human immunodeﬁciency virus type 1 by depleting the intracellular pool of deoxynucleoside triphosphates. Nat Immunol 13:223–228. https://doi.org/10.1038/ni
.2236.
7. Laguette N, Sobhian B, Casartelli N, Ringeard M, Chable-Bessia C, Ségéral
E, Yatim A, Emiliani S, Schwartz O, Benkirane M. 2011. SAMHD1 is the
dendritic- and myeloid-cell-speciﬁc HIV-1 restriction factor counteracted
by Vpx. Nature 474:654 – 657. https://doi.org/10.1038/nature10117.
8. Hrecka K, Hao C, Gierszewska M, Swanson SK, Kesik-Brodacka M, Srivastava S, Florens L, Washburn MP, Skowronski J. 2011. Vpx relieves inhibition of HIV-1 infection of macrophages mediated by the SAMHD1
protein. Nature 474:658 – 661. https://doi.org/10.1038/nature10195.
9. Antonucci JM, St Gelais C, Wu L. 2017. The dynamic interplay between
HIV-1, SAMHD1, and the innate antiviral response. Front Immunol
8:1541. https://doi.org/10.3389/ﬁmmu.2017.01541.
10. Krapp C, Hotter D, Gawanbacht A, McLaren PJ, Kluge SF, Stürzel CM,
Mack K, Reith E, Engelhart S, Ciufﬁ A, Hornung V, Sauter D, Telenti A,
Kirchhoff F. 2016. Guanylate binding protein (GBP) 5 is an interferoninducible inhibitor of HIV-1 infectivity. Cell Host Microbe 19:504 –514.
https://doi.org/10.1016/j.chom.2016.02.019.
11. Peng G, Lei KJ, Jin W, Greenwell-Wild T, Wahl SM. 2006. Induction of
APOBEC3 family proteins, a defensive maneuver underlying interferoninduced anti-HIV-1 activity. J Exp Med 203:41– 46. https://doi.org/10
.1084/jem.20051512.
12. Kane M, Yadav SS, Bitzegeio J, Kutluay SB, Zang T, Wilson SJ, Schoggins
JW, Rice CM, Yamashita M, Hatziioannou T, Bieniasz PD. 2013. MX2 is
an interferon-induced inhibitor of HIV-1 infection. Nature 502:563–566.
https://doi.org/10.1038/nature12653.
13. Goujon C, Moncorgé O, Bauby H, Doyle T, Ward CC, Schaller T, Hué S,
Barclay WS, Schulz R, Malim MH. 2013. Human MX2 is an interferoninduced post-entry inhibitor of HIV-1 infection. Nature 502:559 –562.
https://doi.org/10.1038/nature12542.
14. Thielen BK, McNevin JP, McElrath MJ, Hunt BV, Klein KC, Lingappa JR.
2010. Innate immune signaling induces high levels of TC-speciﬁc deaminase activity in primary monocyte-derived cells through expression of
APOBEC3A isoforms. J Biol Chem 285:27753–27766. https://doi.org/10
.1074/jbc.M110.102822.
15. Kane M, Zang TM, Rihn SJ, Zhang F, Kueck T, Alim M, Schoggins J, Rice
CM, Wilson SJ, Bieniasz PD. 2016. Identiﬁcation of interferon-stimulated
genes with antiretroviral activity. Cell Host Microbe 20:392– 405. https://
doi.org/10.1016/j.chom.2016.08.005.
16. Hubbard JJ, Greenwell-Wild T, Barrett L, Yang J, Lempicki RA, Wahl SM,
Asmuth DM, Murphy RL, Pollard RB, Kottilil S. 2012. Host gene expression
changes correlating with anti-HIV-1 effects in human subjects after treatment with peginterferon alfa-2a. J Infect Dis 205:1443–1447. https://doi.org/
10.1093/infdis/jis211.
17. Tasker C, Subbian S, Gao P, Couret J, Levine C, Ghanny S, Soteropoulos
P, Zhao X, Landau N, Lu W, Chang TL. 2016. IFN-epsilon protects primary
May/June 2018 Volume 9 Issue 3 e00819-18

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

macrophages against HIV infection. JCI Insight 1:e88255. https://doi.org/
10.1172/jci.insight.88255.
Rihn SJ, Foster TL, Busnadiego I, Aziz MA, Hughes J, Neil SJ, Wilson SJ.
2017. The envelope gene of transmitted HIV-1 resists a late interferon
gamma-induced block. J Virol 91:e02254-16. https://doi.org/10.1128/JVI
.02254-16.
Hou W, Wang X, Ye L, Zhou L, Yang ZQ, Riedel E, Ho WZ. 2009. Lambda
interferon inhibits human immunodeﬁciency virus type 1 infection
of macrophages. J Virol 83:3834 –3842. https://doi.org/10.1128/JVI
.01773-08.
Ivashkiv LB, Donlin LT. 2014. Regulation of type I interferon responses.
Nat Rev Immunol 14:36 – 49. https://doi.org/10.1038/nri3581.
Cribier A, Descours B, Valadão AL, Laguette N, Benkirane M. 2013.
Phosphorylation of SAMHD1 by cyclin A2/CDK1 regulates its restriction
activity toward HIV-1. Cell Rep 3:1036 –1043. https://doi.org/10.1016/j
.celrep.2013.03.017.
Imbeault M, Lodge R, Ouellet M, Tremblay MJ. 2009. Efﬁcient magnetic
bead-based separation of HIV-1-infected cells using an improved reporter virus system reveals that p53 up-regulation occurs exclusively in
the virus-expressing cell population. Virology 393:160 –167. https://doi
.org/10.1016/j.virol.2009.07.009.
Finkelshtein D, Werman A, Novick D, Barak S, Rubinstein M. 2013. LDL
receptor and its family members serve as the cellular receptors for
vesicular stomatitis virus. Proc Natl Acad Sci U S A 110:7306 –7311.
https://doi.org/10.1073/pnas.1214441110.
Goujon C, Jarrosson-Wuillème L, Bernaud J, Rigal D, Darlix JL, Cimarelli A.
2006. With a little help from a friend: increasing HIV transduction of
monocyte-derived dendritic cells with virion-like particles of SIV(MAC).
Gene Ther 13:991–994. https://doi.org/10.1038/sj.gt.3302753.
Berger G, Goujon C, Darlix JL, Cimarelli A. 2009. SIVMAC Vpx improves
the transduction of dendritic cells with nonintegrative HIV-1-derived
vectors. Gene Ther 16:159 –163. https://doi.org/10.1038/gt.2008.128.
Ahn J, Hao C, Yan J, DeLucia M, Mehrens J, Wang C, Gronenborn AM,
Skowronski J. 2012. HIV/simian immunodeﬁciency virus (SIV) accessory
virulence factor Vpx loads the host cell restriction factor SAMHD1 onto the
E3 ubiquitin ligase complex CRL4DCAF1. J Biol Chem 287:12550–12558.
https://doi.org/10.1074/jbc.M112.340711.
St Gelais C, de Silva S, Amie SM, Coleman CM, Hoy H, Hollenbaugh JA,
Kim B, Wu L. 2012. SAMHD1 restricts HIV-1 infection in dendritic cells
(DCs) by dNTP depletion, but its expression in DCs and primary CD4⫹
T-lymphocytes cannot be upregulated by interferons. Retrovirology
9:105. https://doi.org/10.1186/1742-4690-9-105.
Conway JG, McDonald B, Parham J, Keith B, Rusnak DW, Shaw E, Jansen
M, Lin P, Payne A, Crosby RM, Johnson JH, Frick L, Lin MH, Depee S,
Tadepalli S, Votta B, James I, Fuller K, Chambers TJ, Kull FC, Chamberlain
SD, Hutchins JT. 2005. Inhibition of colony-stimulating-factor-1 signaling
in vivo with the orally bioavailable cFMS kinase inhibitor GW2580. Proc
Natl Acad Sci U S A 102:16078 –16083. https://doi.org/10.1073/pnas
.0502000102.
Bermejo M, López-Huertas MR, García-Pérez J, Climent N, Descours B,
Ambrosioni J, Mateos E, Rodríguez-Mora S, Rus-Bercial L, Benkirane M,
Miró JM, Plana M, Alcamí J, Coiras M. 2016. Dasatinib inhibits HIV-1
replication through the interference of SAMHD1 phosphorylation in
CD4⫹ T cells. Biochem Pharmacol 106:30 – 45. https://doi.org/10.1016/j
.bcp.2016.02.002.
Coiras M, Bermejo M, Descours B, Mateos E, García-Pérez J, LópezHuertas MR, Lederman MM, Benkirane M, Alcamí J. 2016. IL-7 induces
SAMHD1 phosphorylation in CD4⫹ T lymphocytes, improving early
steps of HIV-1 life cycle. Cell Rep 14:2100 –2107. https://doi.org/10.1016/
j.celrep.2016.02.022.
Wu P, Nielsen TE, Clausen MH. 2015. FDA-approved small-molecule
kinase inhibitors. Trends Pharmacol Sci 36:422– 439. https://doi.org/10
.1016/j.tips.2015.04.005.
Shi H, Zhang CJ, Chen GY, Yao SQ. 2012. Cell-based proteome proﬁling
of potential dasatinib targets by use of afﬁnity-based probes. J Am Chem
Soc 134:3001–3014. https://doi.org/10.1021/ja208518u.
Coleman CM, Wu L. 2009. HIV interactions with monocytes and dendritic
cells: viral latency and reservoirs. Retrovirology 6:51. https://doi.org/10
.1186/1742-4690-6-51.
Haase AT. 2010. Targeting early infection to prevent HIV-1 mucosal
transmission. Nature 464:217–223. https://doi.org/10.1038/nature08757.
mbio.asm.org 13

Downloaded from mbio.asm.org on May 31, 2018 - Published by mbio.asm.org

®

SAMHD1 Regulation in Macrophages

35. Honeycutt JB, Thayer WO, Baker CE, Ribeiro RM, Lada SM, Cao Y, Cleary
RA, Hudgens MG, Richman DD, Garcia JV. 2017. HIV persistence in tissue
macrophages of humanized myeloid-only mice during antiretroviral
therapy. Nat Med 23:638 – 643. https://doi.org/10.1038/nm.4319.
36. Lafuse WP, Brown D, Castle L, Zwilling BS. 1995. Cloning and characterization of a novel cDNA that is IFN-gamma-induced in mouse peritoneal
macrophages and encodes a putative GTP-binding protein. J Leukoc Biol
57:477– 483. https://doi.org/10.1002/jlb.57.3.477.
37. Li N, Zhang W, Cao X. 2000. Identiﬁcation of human homologue of
mouse IFN-gamma induced protein from human dendritic cells. Immunol Lett 74:221–224. https://doi.org/10.1016/S0165-2478(00)00276-5.
38. Riess M, Fuchs NV, Idica A, Hamdorf M, Flory E, Pedersen IM, König R.
2017. Interferons induce expression of SAMHD1 in monocytes through
down-regulation of miR-181a and miR-30a. J Biol Chem 292:264 –277.
https://doi.org/10.1074/jbc.M116.752584.
39. Jin C, Peng X, Liu F, Cheng L, Xie T, Lu X, Wu H, Wu N. 2016. Interferoninduced sterile alpha motif and histidine/aspartic acid domaincontaining protein 1 expression in astrocytes and microglia is mediated
by microRNA-181a. AIDS 30:2053–2064. https://doi.org/10.1097/QAD
.0000000000001166.
40. Sommer AF, Rivière L, Qu B, Schott K, Riess M, Ni Y, Shepard C, Schnellbächer E, Finkernagel M, Himmelsbach K, Welzel K, Kettern N, Donnerhak C, Münk C, Flory E, Liese J, Kim B, Urban S, König R. 2016. Restrictive
inﬂuence of SAMHD1 on hepatitis B virus life cycle. Sci Rep 6:26616.
https://doi.org/10.1038/srep26616.
41. Su B, Biedma ME, Lederle A, Peressin M, Lambotin M, Proust A, Decoville
T, Schmidt S, Laumond G, Moog C. 2014. Dendritic cell-lymphocyte cross
talk downregulates host restriction factor SAMHD1 and stimulates HIV-1
replication in dendritic cells. J Virol 88:5109 –5121. https://doi.org/10
.1128/JVI.03057-13.
42. Badia R, Pujantell M, Riveira-Muñoz E, Puig T, Torres-Torronteras J, Martí
R, Clotet B, Ampudia RM, Vives-Pi M, Esté JA, Ballana E. 2016. The G1/S
speciﬁc cyclin D2 is a regulator of HIV-1 restriction in non-proliferating
cells. PLoS Pathog 12:e1005829. https://doi.org/10.1371/journal.ppat
.1005829.
43. Pauls E, Ruiz A, Badia R, Permanyer M, Gubern A, Riveira-Muñoz E, TorresTorronteras J, Alvarez M, Mothe B, Brander C, Crespo M, Menéndez-Arias L,
Clotet B, Keppler OT, Martí R, Posas F, Ballana E, Esté JA. 2014. Cell cycle
control and HIV-1 susceptibility are linked by CDK6-dependent CDK2 phosphorylation of SAMHD1 in myeloid and lymphoid cells. J Immunol 193:
1988–1997. https://doi.org/10.4049/jimmunol.1400873.
44. Pauls E, Badia R, Torres-Torronteras J, Ruiz A, Permanyer M, RiveiraMuñoz E, Clotet B, Marti R, Ballana E, Esté JA. 2014. Palbociclib, a
selective inhibitor of cyclin-dependent kinase4/6, blocks HIV-1 reverse
transcription through the control of sterile alpha motif and HD domaincontaining protein-1 (SAMHD1) activity. AIDS 28:2213–2222. https://doi
.org/10.1097/QAD.0000000000000399.

May/June 2018 Volume 9 Issue 3 e00819-18

45. Tang C, Ji X, Wu L, Xiong Y. 2015. Impaired dNTPase activity of SAMHD1
by phosphomimetic mutation of Thr-592. J Biol Chem 290:26352–26359.
https://doi.org/10.1074/jbc.M115.677435.
46. Jang S, Zhou X, Ahn J. 2016. Substrate speciﬁcity of SAMHD1 triphosphohydrolase activity is controlled by deoxyribonucleoside triphosphates and phosphorylation at Thr592. Biochemistry 55:5635–5646.
https://doi.org/10.1021/acs.biochem.6b00627.
47. Baldauf HM, Stegmann L, Schwarz SM, Ambiel I, Trotard M, Martin M,
Burggraf M, Lenzi GM, Lejk H, Pan X, Fregoso OI, Lim ES, Abraham L,
Nguyen LA, Rutsch F, Konig R, Kim B, Emerman M, Fackler OT, Keppler
OT. 2017. Vpx overcomes a SAMHD1-independent block to HIV reverse
transcription that is speciﬁc to resting CD4 T cells. Proc Natl Acad Sci
U S A 114:2729 –2734. https://doi.org/10.1073/pnas.1613635114.
48. Adachi A, Gendelman HE, Koenig S, Folks T, Willey R, Rabson A, Martin
MA. 1986. Production of acquired immunodeﬁciency syndromeassociated retrovirus in human and nonhuman cells transfected with an
infectious molecular clone. J Virol 59:284 –291.
49. Fenton-May AE, Dibben O, Emmerich T, Ding H, Pfafferott K, AasaChapman MM, Pellegrino P, Williams I, Cohen MS, Gao F, Shaw GM, Hahn
BH, Ochsenbauer C, Kappes JC, Borrow P. 2013. Relative resistance of
HIV-1 founder viruses to control by interferon-alpha. Retrovirology 10:
146. https://doi.org/10.1186/1742-4690-10-146.
50. Ochsenbauer C, Edmonds TG, Ding H, Keele BF, Decker J, Salazar MG,
Salazar-Gonzalez JF, Shattock R, Haynes BF, Shaw GM, Hahn BH, Kappes
JC. 2012. Generation of transmitted/founder HIV-1 infectious molecular
clones and characterization of their replication capacity in CD4 T lymphocytes and monocyte-derived macrophages. J Virol 86:2715–2728.
https://doi.org/10.1128/JVI.06157-11.
51. Xi Y, Day SL, Jackson RJ, Ranasinghe C. 2012. Role of novel type I
interferon epsilon in viral infection and mucosal immunity. Mucosal
Immunol 5:610 – 622. https://doi.org/10.1038/mi.2012.35.
52. Ank N, West H, Bartholdy C, Eriksson K, Thomsen AR, Paludan SR. 2006.
Lambda interferon (IFN-lambda), a type III IFN, is induced by viruses and
IFNs and displays potent antiviral activity against select virus infections
in vivo. J Virol 80:4501– 4509. https://doi.org/10.1128/JVI.80.9.4501-4509
.2006.
53. Ballana E, Esté JA. 2015. SAMHD1: at the crossroads of cell proliferation,
immune responses, and virus restriction. Trends Microbiol 23:680 – 692.
https://doi.org/10.1016/j.tim.2015.08.002.
54. Kohnken R, Kodigepalli KM, Wu L. 2015. Regulation of deoxynucleotide
metabolism in cancer: novel mechanisms and therapeutic implications.
Mol Cancer 14:176. https://doi.org/10.1186/s12943-015-0446-6.
55. Bosque A, Planelles V. 2009. Induction of HIV-1 latency and reactivation
in primary memory CD4⫹ T cells. Blood 113:58 – 65. https://doi.org/10
.1182/blood-2008-07-168393.

mbio.asm.org 14

Downloaded from mbio.asm.org on May 31, 2018 - Published by mbio.asm.org

®

Szaniawski et al.

