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SAMHDL is a host restriction factor for human immunode-
ficiency virus 1 (HIV-1) in cultured human cells. SAMHD1
mutations cause autoimmune Aicardi-Goutieres syndrome
and are found in cancers including chronic lymphocytic
leukaemia. SAMHDI is a triphosphohydrolase that depletes
the cellular pool of deoxynucleoside triphosphates, thereby
preventing reverse transcription of retroviral genomes.
However, in vivo evidence for SAMHDI1’s antiviral activity
has been lacking. We generated Samhd1 null mice that do
not develop autoimmune disease despite displaying a type I
interferon signature in spleen, macrophages and fibro-
blasts. Samhdl /~ cells have elevated deoxynucleoside
triphosphate (ANTP) levels but, surprisingly, SAMHDI1 de-
ficiency did not lead to increased infection with VSV-G-
pseudotyped HIV-1 vectors. The lack of restriction is likely
attributable to the fact that dNTP concentrations in
SAMHD1-sufficient mouse cells are higher than the Ky, of
HIV-1 reverse transcriptase (RT). Consistent with this no-
tion, an HIV-1 vector mutant bearing an RT with lower
affinity for dNTPs was sensitive to SAMHDI1-dependent
restriction in cultured cells and in mice. This shows that
SAMHDI1 can restrict lentiviruses in vivo and that nucleo-
tide starvation is an evolutionarily conserved antiviral
mechanism.
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Introduction

Human dendritic cells (DCs) and other myeloid cells in
culture are largely refractory to infection with human im-
munodeficiency virus 1 (HIV-1) (Manel et al, 2010). The
closely related virus HIV-2 encodes the protein Vpx, which
can relieve restriction of HIV-1 in trans by targeting a host
factor for proteasomal degradation (Goujon et al, 2007;
Kaushik et al, 2009). Recent work has identified SAMHD1
as the cellular protein targeted by Vpx (Hrecka et al, 2011;
Laguette et al, 2011). SAMHD1 has an N-terminal sterile alpha
motif and a C-terminal HD domain that hydrolyses deoxynu-
cleoside triphosphates (dNTPs), generating nucleosides and
inorganic triphosphate (Goldstone et al, 2011; Powell et al,
2011). Experiments in vitro suggest that SAMHD1-mediated
reduction of cellular dNTP concentrations may block
HIV-1 reverse transcription and, consequently, restrict virus
infection (Kim et al, 2012; Lahouassa et al, 2012). Consistent
with that model, SAMHDI1 depletion by Vpx delivery or RNA
interference renders many human myeloid cells and resting
T cells more permissive to HIV-1 infection (Berger et al,
2011; Hrecka et al, 2011; Laguette et al, 2011; Baldauf
et al, 2012; Descours et al, 2012; Kim et al, 2012; Lahouassa
et al, 2012). Moreover, monocytes and resting T cells from
SAMHD1-deficient individuals more efficiently support HIV-1
replication (Berger et al, 2011; Baldauf et al, 2012; Descours
et al, 2012). Collectively, these in vitro observations define
SAMHDI1 as a host restriction factor for HIV-1 in cultured
human cells (Ayinde et al, 2012).

SAMHDI1 deficiency in humans results in Aicardi-Goutieres
syndrome (AGS), a hereditary autoimmune encephalopathy
that mimics congenital virus infection and is characterized by
type I interferon (IFN) production (Crow and Livingston,
2008; Rice et al, 2009). AGS can also be caused by
mutations in the TREXI, RNASEH2A-C or ADARI genes
(Crow and Livingston, 2008; Rice et al, 2012). TREXI-
deficient mice develop spontaneous and IFN-dependent
multi-organ autoimmunity, particularly of the heart (Morita
et al, 2004; Stetson et al, 2008; Gall et al, 2012). Interestingly,
TREX1-deficient cells display cytoplasmic accumulation of
DNA from endogenous retroviruses or after HIV-1 infection
(Stetson et al, 2008; Yan et al, 2010). This DNA then triggers
an STING-dependent innate antiviral pathway that culminates
in IRF3-dependent IFN induction (Stetson et al, 2008; Yan
et al, 2010; Gall et al, 2012). Disease in TREX1-deficient mice
can be ameliorated by administering reverse transcriptase
(RT) inhibitors (Beck-Engeser et al, 2011). As such, it
appears that a failure to control endogenous and exogenous

©2013 European Molecular Biology Organization


http://dx.doi.org/10.1038/emboj.2013.163
http://dx.doi.org/10.1038/emboj.2013.163
mailto:jan.rehwinkel@imm.ox.ac.uk
mailto:caetano@cancer.org.uk
http://www.embojournal.org

retroviruses and to degrade their nucleic acid products
underlies autoimmunity caused by TREX1 deficiency.
However, it is unclear whether SAMHD1 behaves similarly
and whether its loss-of-function precipitates disease by
permitting accumulation of retroviral nucleic acid products
that chronically trigger IFN induction pathways.

To further study the molecular basis of AGS and the in vivo
relevance of SAMHDI as an antiviral host factor, we generated
SAMHDI1-deficient mice. Here, we show that such mice do not
develop autoimmunity, even though they show evidence of
spontaneous IFN production in selected tissues and cells. The
levels of all four dNTPs were increased in Samhdl ~/~ cells,
but infection with VSV-G-pseudotyped HIV-1 vectors was
comparable in wild-type and Samhdl ~/~ DCs, macrophages
and other cells, as well as in SAMHDI1-deficient and control
mice. These data can be explained by the fact that baseline
dNTP concentrations in SAMHD1-sufficient mouse DCs were
10-fold higher than those reported for human cells and
exceeded the Ky of HIV-1 RT for dNTPs. Consistent with
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this notion, introduction of a point mutation into the viral
polymerase that lowers its affinity for ANTPs revealed potent
SAMHDI1-dependent restriction of the resulting attenuated
HIV-1 vector in cells and in vivo. Therefore, nucleotide
restriction is an evolutionarily conserved mechanism for
defense from retroviruses. Our data also suggest that HIV-1
has evolved a polymerase that is active at low dNTP concen-
trations, thereby partly circumventing some of the effect of
SAMHDI restriction.

Results

Samhd1~/~ mice are healthy, although they display an
IFN signature in some tissues and cells

We generated SAMHDI1-deficient mice in a mixed or a
pure C57BL/6 background (Supplementary Figure S1A-E).
Independent of background, Samhdl ~/~ animals were born
at Mendelian ratios (Figure 1A; Supplementary Figure S1F)
and developed normally. They were indistinguishable from
their wild-type or heterozygous littermates, were fertile and did
not show signs of disease even after ageing for over 24 months.
Unlike serum samples from AGS patients (Goutieres et al,
1998), sera from SAMHDI-deficient and littermate control
mice did not contain detectable IFN as measured by a
sensitive bioassay based on induction of the IFN-stimulated
gene (ISG), IFIT1 (Figure 1B). Transcript levels of the ISG IFIT2
or of the pro-inflammatory cytokine TNFo were also not
increased in lung, kidney and heart from Samhdl ~/~ mice
when compared to tissues from wild-type mice (Figure 1C).
However, in spleen, IFIT2 and TNFo. mRNA levels were upre-
gulated seven- and four-fold, respectively (Figure 1C). Next,
we analysed whether SamhdI ~/~ cells in culture produce IFN
spontaneously. mRNA levels for ISGs were two- to four-fold

Figure 1 Spontaneous IFN production by cells and mice lacking
SAMHDI1. (A) Numbers (N) and percentages (%) of Samhdl™’™",
Samhd1 ™/~ and Samhdl /"~ offspring of heterozygous Samhdl /'~
breedings. Data are pooled from 5D6 (pure B6 background) and 1F8
(mixed S6/B6 background) mice. See Supplementary Figure S1F for
further details. (B) Serum samples were obtained from SamhdI i
Samhdl ™/~ and Samhdl /"~ littermates by tail bleeding and were
analysed for the presence of IFN by bioassay. Samples were added to
NIH3T3 cells and induction of the IFN-stimulated mRNA IFITI was
assessed by RT Q-PCR. Data from samples of 5D6 and 1F8 mice were
pooled and the differences between SAMHD1-sufficient and SAMHD1-
deficient mice were not statistically significant. This was also the case
when 5D6 and 1F8 samples were analysed separately. IFN-A/D was
used as a positive control at the indicated concentrations; bars repre-
sent the mean of duplicate measurements and error bars show the
range. (C) Littermate animals of the indicated Samhd1 genotypes were
sacrificed at the age of 9 months and RNA was extracted from lung,
kidney, heart or spleen. IFIT2 and TNFo. mRNA levels were determined
by RT Q-PCR. Circles and squares correspond to individual animals
(duplicate measurement). (D) IFIT1, IFIT2 and IFI-44 mRNA levels in
BM-DMs of the indicated Samhd1 genotypes cultured for 12 days were
determined by RT Q-PCR. Bars represent the mean of four BM-DM
cultures from independent mice and error bars show the standard
deviation. *P<0.05 (unpaired t-test). (E) Primary MEFs of the indi-
cated Samhdl genotypes were obtained by crossing Samhdl "/~ and
Samhdl ~/~ animals. The expression levels of SAMHD]I (one primer in
exon 2) and I[FITI mRNAs were determined by RT Q-PCR. Bars
correspond to cell lines derived from individual embryos and show
the mean of triplicate measurements; error bars show the standard
deviation. The number in square brackets corresponds to the cell line
identification code. (B-E) Relative expression levels compared to
GAPDH mRNA are shown. (C-E) Data from 5D6 mice and cells
(pure B6 background) are shown.
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increased in SAMHD1-deficient bone marrow-derived macro-
phages (BM-DMs) (Figure 1D). Similarly, SAMHDI1-deficient
primary mouse embryonic fibroblasts (MEFs) showed a 10-fold
increase in IFIT1 mRNA levels when compared to control
Samhdl*/~ MEFs, which we found to express SAMHDI
mRNA and protein (Figure 1E; Supplementary Figure S1C).
In summary, although SAMHD1-deficient mice do not display
detectable amounts of circulating IFN or ISG upregulation in
most tissues, an IFN signature is evident in Samhdl /'~
spleens, macrophages and fibroblasts. Nevertheless, these
mice are healthy and do not develop autoimmune disease.

Nucleic acids and viruses induce normal IFN responses
in Samhd1~/~ cells and mice

Next, we induced IFN by treating SAMHD1-deficient cells and
mice with nucleic acids or by infecting them with viruses. IFN
induction in Samhdl ~/~ and control MEFs was similar in
response to transfection of in vitro-transcribed RNA, poly
dA:dT or E. coli DNA (Figure 2A). Similarly, SAMHD1-suffi-
cient and SAMHD1-deficient BM-DMs produced comparable
amounts of IFNo when stimulated with in vitro-transcribed
RNA or cyclic diguanylate monophosphate, an STING agonist
(Figure 2B). The induction of IFNB and IFITI transcripts
and of mRNAs for the pro-inflammatory factors IL-6, TNFa
and IL-1B was similar in SAMHDI-depleted and control
BM-derived DCs (BM-DCs) in response to transfected
E. coli DNA (Supplementary Figure S2). When assessed
in vivo, Samhdl /- mice produced normal levels of
IFNo after encephalomyocarditis virus (EMCV) infection
when compared to controls (Figure 2C). These data suggest
that SAMHDI1 is either redundant or not involved in
the pathways that trigger IFN in response to nucleic acids
or virus infection.

Infection of SAMHD1-deficient cells and mice with
retroviruses and retroviral vectors

Human SAMHDI restricts HIV-1 in vitro by degrading dNTPs
(Goldstone et al, 2011; Hrecka et al, 2011; Laguette et al, 2011;
Powell et al, 2011; Baldauf et al, 2012; Kim et al, 2012;
Lahouassa et al, 2012). Using a primer extension assay
(Diamond et al, 2004), we found increased concentrations
of all four dNTPs in Samhdl /~ BM-DCs (Figure 3A-D).
Similarly, dTTP levels were elevated in SAMHDI1-deficient
BM-DMs (Figure 3E). We independently confirmed these
observations using a different fluorescence-based assay
(Wilson et al, 2011) (Figure 3F and data not shown). These
data substantiate earlier biochemical findings with human
SAMHDI1 (Goldstone et al, 2011; Powell et al, 2011) and show
that ANTP hydrolysis is an evolutionarily conserved function
of the protein. To test whether SAMHD1 and dNTP hydrolysis
impacts infection with murine retroviruses, we infected
neonatal mice with the gamma-retrovirus Moloney murine
leukaemia virus (Mo-MLV) and determined viral titers in the
serum 2 weeks after infection. We were unable to detect
differences in viral load between Samhdl ~/~ animals and
heterozygous littermates (Figure 4). However, we cannot
exclude that SAMHDI1 controls viral titers at earlier or later
time points. SAMHD1 deficiency also had no impact on RNA
levels of the MusD, IAP, Mu-ERV-L and m-poly-MLV retro-
elements in BM-DCs and MEFs, or in lung and spleen tissue
(Figure SA and B). Similarly, we did not detect increased
staining of Samhdl ~/~ spleen cells with an antibody react-

2456 The EMBO Journal VOL 32 | NO 18| 2013

A 1047 LTI
- | +-[1]
E 1031 N I ¥/l 1
S 0 -—-[4
=4 0O —~18]
L
©
2 10? il B S i
'_
1o |- B 1. 111)- . N N
S I N B N ) N N N N N N
IVT-RNA poly dA:dT E. coli DNA
R C
[P 4000 - o
a--
3000 A ©
= E
£ 5
ST 1R IR iR T 2000 A
2 N [ TS
< ~ 1000 1 —Sgo—
.: le)
o e}
0 -
g X

Figure 2 Cells and mice lacking SAMHD1 produce normal levels of
IFN in response to nucleic acid or viral challenge. (A) Primary MEFs
(Figure 1E) were transfected with 2000, 400, 80 or 16 ng of in vitro-
transcribed RNA (IVT-RNA), poly dA:dT or E. coli DNA. After
overnight incubation, IFN in culture supernatants was quantified
by LL171 bioassay. *None detectable. (B) BM-DMs from 5D6 mice
of the indicated Samhdl genotypes were transfected with 1000 or
100ng of IVT-RNA or cyclic diguanylate monophosphate (c-di-
GMP). Six hours later, IFNa in culture supernatants was analysed
by ELISA. Error bars show the standard deviation of triplicate
measurements. (C) Mice of the indicated genotypes were infected
with EMCV by intraperitoneal injection. Serum IFNo was deter-
mined by ELISA 24 h later. Data from samples of 5D6 and 1F8 mice
were pooled and the differences between Samhd ™/~ and
Samhdl ~/~ mice were not statistically significant. This was also
the case when 5D6 and 1F8 samples were analysed separately.

ing with the envelope glycoproteins of many classes of
endogenous murine leukaemia viruses (Figure 5C). Thus,
SAMHDI1 appears to be dispensable or redundant for
in vivo control of replication of exogenous Mo-MLV and for
restricting RNA or protein expression from the endogenous
retroelements we tested. Nevertheless, it remains possible
that SAMHDI1 controls other retroelements and/or prevents
cDNA synthesis.

We extended the analysis to infection with single-round,
VSV-G-pseudotyped HIV-1 vectors encoding GFP (referred to
as HIV-1-GFP below). These minimal, replication-defective
lentivirus vectors transduce quiescent cells, which have
lower dNTP concentrations than the cycling cells targeted
by Mo-MLV (Baldauf et al, 2012; Lahouassa et al, 2012), and
have internal promoters driving the GFP reporter. We infected
BM-DCs or BM-DMs in vitro after their differentiation with
GM-CSF or M-CSF, respectively, at a time when the cells
are no longer cycling. Surprisingly, for both myeloid cell
types, the efficiency of transduction with HIV-1-GFP was

©2013 European Molecular Biology Organization
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Figure 3 SAMHDI1 degrades dNTPs. (A) dATP levels in cell extracts from one million BM-DCs of the indicated Samhdl genotypes were
assessed using a primer extension assay that incorporates a single dATP nucleotide. dATP was used as a positive control and water, dCTP, dGTP
and dTTP as negative controls. (B) As (A) for dCTP. (C) As (A) for cGTP. (D) As (A) for dTTP. (E) dTTP levels in cell extracts from BM-DMs
were determined as in A. (F) Cell extracts as in A were assessed for dTTP with a fluorescence-based assay. On the basis of a dTTP standard and
the cell volume of BM-DCs (2244 um?®, see Supplementary Materials and methods), dTTP concentrations were determined. Horizontal lines
indicate the average of four independent samples and error bars depict the standard deviation. (A-F) Cells were on the B6 background (5D6).

*P<0.05 (unpaired t-test).
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Figure 4 Infection of SAMHDI-deficient mice with Mo-MLV.
Neonatal mice from Samhdl*/~ x Samhdl /" matings were in-
fected with Mo-MLV by intraperitoneal injection. Fourteen days
later, animals were sacrificed. MLV serum titers are shown as focus
forming units (FFU) per ml. DNA extracted from tail samples was
used for genotyping. Data from two experiments with pure B6
background mice (5D6) were pooled. The differences between the
two groups are not statistically significant.

independent of SAMHDI1 (Figure 6A). Similarly, transduction
with a vector encoding the HIV-1 accessory proteins Vif, Vpr,
Vpu and Nef was unchanged in Samhdl /- BM-DCs
(Figure 6B). IFN was not induced to detectable levels upon
HIV-1-GFP infection in either wild-type or SAMHD1-deficient
BM-DCs (Supplementary Figure S3). Next, we infected

©2013 European Molecular Biology Organization

freshly isolated non-dividing splenocytes with HIV-1- and
MLV-based vectors and identified DCs in the mixture by
CD11c staining. Similar numbers of CD11c* cells were trans-
duced by both vectors independently of Samhdl genotype
(Supplementary Figure S4A). We also infected fresh bone
marrow and then cultured the transduced cells with GM-CSF
to promote DC differentiation. Transduction efficiencies
were identical between SAMHDI1-deficient and control DC
precursors (Supplementary Figure S4B) and were similarly
comparable in SAMHDI1-sufficient and SAMHDI1-deficient
immortalized MEFs (Supplementary Figure S4C). Collectively,
these data suggest that SAMHDI is largely ineffective at
restricting reverse transcription of HIV-1 in mouse cells.

SAMHDT1 can restrict an RT mutant HIV-1 in vitro and
in vivo

One possible explanation for the above results is that baseline
dNTP concentrations in mouse cells are high enough to
support HIV-1 reverse transcription, even in the presence of
SAMHDI1. Consistent with this idea, we found that wild-type
BM-DCs contained around 0.5uM dTTP (Figure 3F), while
the Ky of HIV-1 RT for dTTP is 0.07uM (Diamond et al,
2004). We therefore tested a modified HIV-1-GFP encoding a
mutant RT with lower affinity for dNTPs (V148I) (Diamond
et al, 2003; Lahouassa et al, 2012). Infection of differentiated
BM-DCs with HIV-1-GFPV'*®' resulted in about five-fold
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Figure 5 Loss of SAMHD1 does not result in increased RNA and
envelope glycoprotein expression of selected endogenous retro-
elements. (A) RNA from BM-DC cultures (left) or primary MEFs
(right) was analysed by RT Q-PCR for the expression of retro-
element transcripts. Some cells were treated overnight with
1000U/ml IFN-A/D as indicated (left). Each bar corresponds to
one DC culture or MEF cell line from an individual embryo;
numbers in square brackets refer to the cell line identifier (right).
Average relative expression levels compared to GAPDH mRNA from
two measurements are shown; error bars represent the range. (B)
Littermate animals of the indicated Samhd1 genotypes were sacri-
ficed at the age of 9 months and RNA was extracted from lung and
spleen. Retroelement transcripts were analysed as in A. Each bar
corresponds to samples from an individual animal. (C) Cultured
RAW264.7 cells and freshly isolated splenocytes of the indicated
Samhdl genotypes were stained with monoclonal antibody
83A25 and secondary PE-conjugated o-rat antibody and then ana-
lysed by flow cytometry. As a control, an aliquot of cells was
stained with PE-o-rat alone. 83A25 reacts with the envelope glyco-
proteins of endogenous murine leukaemia viruses expressed
in RAW264.7 cells. (A-C) Cells and mice were on the B6 back-
ground (5D6).
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increased transduction in Samhdl /~ cells compared to
SAMHDI1-sufficient control cells (Figure 6B; Supplementary
Figure S5). Similarly, HIV-1-GFPV'*®! transduction rates were
three- to five-fold higher in Samhdl /~ primary MEFs
(Figure 6C). To test whether the same is true in vivo, we
infected SAMHDI1-deficient and wild-type animals with the
different VSV-G-pseudotyped HIV-1-GFP vectors by intra-
venous injection. We analysed transduction of splenocytes
5-6 days after infection by flow cytometry. In mice infected
with wild-type RT HIV-1-GFP, transduction efficiency was
equivalent between control and SAMHDI1-deficient animals
and resulted in around 1% of all cells in the spleen expressing
GFP (Figure 7A and B; Supplementary Figure S6). Similarly,
when we infected mice with HIV-1-GFP derived from a
different construct that does not encode the accessory pro-
teins, transduction efficiencies of total splenocytes were not
significantly different between Samhdl */* and Samhdl ~/~
mice (Supplementary Figure S7). We then identified
individual cell populations in the spleen by cell surface
marker staining, including lymphoid cells (B cells
(B220", CDllc™), T cells (CD3", NKI.17), NK cells
(NK1.1", CD37)) and myeloid cells (DCs (CDIllc™,
MHCII "), plasmacytoid DCs (CD11c*, B220 "), macrophages
(F4/80", autofluorescence™), neutrophils (CD11bMs",
Gr1™&" and inflammatory monocytes (CD11b™, Gr1'™)) (gat-
ing strategies in Supplementary Figure S6). A percentage of
cells between 0.2% (neutrophils) and 36% (macrophages) of
these populations were transduced in both wild-type and
Samhdl ~/~ animals with no differences observable between
the genotypes (Figure 7C and D; Supplementary Figure S7). In
contrast, in vivo infection with HIV-1-GFPY!*®! resulted in an
eight-fold increase in transduction of Samhdl ~/~ splenocytes
compared to control mice (Figure 7A and B). Moreover,
transduction of all myeloid and lymphoid cell populations
that we analysed, as well as of non-haematopoietic cells
(CD45 ), was much greater in SAMHDI-deficient mice
(Figure 7C-F). These data show that SAMHDI1 can restrict
infection by some lentiviruses in a plethora of cell types
in vivo. Given that the V148I mutation lowers binding of the
viral RT to dNTPs and that SAMHDI1 deficiency results in
increased intracellular pools of dNTPs (Figure 3), our data
show that mouse SAMHDI1 mediates lentiviral restriction
in vivo and in vitro by controlling dNTP availability.

Discussion

The recent identification of SAMHDI1 as an AGS locus and
HIV-1 restriction factor in human myeloid cells has led to
marked interest in this hitherto obscure protein (Ayinde et al,
2012; Yan and Chen, 2012). Here, we generated SAMHDI1-
deficient mice and found evidence for spontaneous IFN
production in some cell types (e.g., BM-DMs and MEFs)
and tissues (e.g., spleen). However, this did not lead to the
development of patent autoimmune disease. We speculate
that exogenous insults including microbial infections and
other pro-inflammatory events may contribute to AGS
development in humans, and that the absence of these
triggers in mice housed in clean animal facilities prevents
overt phenotypes in Samhdl ~/~ mice. For example, both
environmental factors and the intestinal microbiota
contribute to the control of endogenous retroviruses (Young
et al, 2012). It will be interesting to determine whether

©2013 European Molecular Biology Organization
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Figure 6 SAMHDI inhibits pseudotyped HIV-1 in vitro. (A) BM-DMs and BM-DCs of the indicated Samhd1 genotypes were infected with VSV-
G-pseudotyped HIV-1-GFP (pCSGW/p8.91, MOI=1). Virus stocks were titrated in 293T cells and multiplicities of infection (MOIs) were
calculated using 293T infectious units. Twenty-four hours after infection, the fraction of GFP-expressing cells was determined by flow
cytometry. Averages from two different bone marrow donors are shown and error bars represent the range. (B) BM-DCs of the indicated
Samhd]1 genotypes were infected with VSV-G-pseudotyped HIV-1-GFP (pRRLsin.eGFP/pCMVAS8.2) and with a vector that has a single amino-
acid substitution in the RT (pRRLsin.eGFP/pCMVAS8.2 V148I). Twenty-four hours after infection, DCs were identified by CD11c staining and
percentages of GFP-expressing cells were determined by flow cytometry as further detailed in Supplementary Figure S5. Averages from three
DC cultures per group from independent mice are shown and error bars represent the standard deviation. (C) Primary MEFs of the indicated
Samhd]1 genotypes were infected with the viruses from B. Twenty-four hours after infection, GFP expression was analysed by flow cytometry.
Averages from three infections are shown and error bars represent the standard deviation. (A-C) Cells were on the B6 background (5D6).
*P<0.05 (unpaired t-test). The differences between the samples infected with wild-type RT HIV-1-GFP were not statistically significant.

experimental modulation of retroelements results in disease
in Samhdl =/~ mice.

Recent large-scale sequencing projects identified SAMHD1
mutations in several types of cancer, including in chronic
lymphocytic leukaemia (CLL), a B-cell malignancy with dis-
ease onset in older individuals (Schuh et al, 2012; Landau
et al, 2013), and in lung and colon carcinomas (Imielinski
et al, 2012; Liu et al, 2012; Muzny et al, 2012). The availability
of SAMHDI1-deficient mice will allow dissection of the
contribution of this protein in vivo to the development of
cancer. This is likely to occur in conjunction with additional
mutations (Schuh et al, 2012), a notion that is supported by
our observation that Samhdl ~/~ mice are healthy.

Cultured human resting T cells and several types of myeloid
cells are largely refractory to in vitro HIV-1 infection and this
inhibition can be relieved by SAMHD1 depletion using Vpx
delivery or RNA interference knockdowns (Hrecka et al, 2011;
Laguette et al, 2011; Baldauf et al, 2012; Descours et al,
2012). Surprisingly, HIV-1-GFP vectors were not sensitive to
restriction by mouse SAMHDI1. These experiments were
conducted with two HIV-1-GFP vectors, which encode or
lack the accessory proteins Vif, Vpr, Vpu and Nef, respecti-
vely, establishing that our results are not attributable to
antagonism of mouse SAMHDI1 by viral factors. Instead, we
found that the dTTP concentration in mouse BM-DCs (0.5 uM)
(Figure 3F) is about one order of magnitude greater than the
one determined for human monocyte-derived macrophages
(MDMs) (around 0.05uM) (Diamond et al, 2004; Kennedy
et al, 2010; Lahouassa et al, 2012). The Ky of HIV-1 RT for
dTTP has been estimated to be 0.07 uM (Diamond et al, 2004).
Therefore, in contrast to human MDMs, dNTP pools are not
limiting in mouse BM-DCs, likely explaining the lack of
SAMHD1-dependent restriction. Why mouse BM-DCs contain
more dNTPs than human MDMs remains an open question for
future work. Human and mouse SAMHDI1 proteins have
around 70% sequence identity (Supplementary Figure S8).
When the mouse protein was overexpressed in human U937
cells, it was equally efficient at reducing dNTP levels compared
to human SAMHD1 (Lahouassa et al, 2012). However, it is
possible that species differences in metabolic control and/or
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differences in the regulation of SAMHDI1 function impact on
actual ANTP pools. Two recent reports demonstrated that the
antiviral activity of human SAMHD1 is negatively regulated in
cycling cells by phosphorylation of threonine 592, while this
modification is absent in non-cycling cells (Cribier et al, 2013;
White et al, 2013). In the mouse, alternative splicing generates
two SAMHDI1 isoforms, both of which are deleted in our
knockout animals (Supplementary Figure S1D). These iso-
forms differ at the C-terminus, and the phosphorylation
motif is present only in isoform 1 (Supplementary Figure
S8). It is therefore conceivable that human and mouse
SAMHDI proteins are differentially regulated, and this com-
parison will be an interesting topic for future studies.

Using a sensitive bioassay, we did not find evidence for
induction of IFN in both SAMHDI1-deficient and SAMHDI1-
sufficient cells during infection with the replication-
defective lentiviral vectors used here (Supplementary Figure
S3). Similarly, human monocyte-derived DCs depleted of
SAMHDI1 by Vpx delivery failed to upregulate the ISG CD86
upon infection with such minimal lentiviral vectors (Manel
et al, 2010). However, infection of human cells lacking
SAMHD1 with replication-competent vectors or HIV-1
results in IFN and cytokine production (Manel et al, 2010;
Berger et al, 2011; Puigdomenech et al, 2013). The availability
of SAMHD1-deficient mice will allow further dissection of the
pathways that induce IFN in response to lentiviral infection.

Importantly, we found markedly increased sensitivity of
SAMHD1-deficient mice and cells to transduction with an
attenuated virus with decreased binding of RT to dNTPs.
This mutant polymerase reaches maximal activity in a
primer extension assay between 1 and 2.5uM dNTP
(Diamond et al, 2004). This nicely fits with our dNTP
quantification: Samhdl ~/~ BM-DCs contain around 2.5 uM
dTTP (Figure 3F) and, as such, are able to support replication
of the RT mutant virus, which is restricted in wild-type cells
containing only 0.5 uM dTTP.

Taken together, our data show for the first time that
SAMHDI can restrict viruses in vivo in a living animal. Of
note, the importance of dNTP hydrolysis to the antiviral
function of SAMHDI1 has been questioned recently (White
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Figure 7 SAMHDLI restricts pseudotyped HIV-1 in mice. C57BL/6 wild type and SAMHDI1-deficient (5D6) animals were injected intravenously
with HIV-1-GFP vectors (pRRLsin.eGFP/pCMVAS8.2 or pCMVAS8.2 V1481, 5x10° 293T infectious units). Six days later, transduction of
splenocytes was analysed by flow cytometry. (A) GFP expression in total splenocytes was analysed after pre-gating on DAPI and
autofluorescence-negative cells as shown in Supplementary Figure S6. Numbers represent percentages of GFP* cells. Representative examples
are shown. (B) Averages from A from three mice per group. (C) Leukocyte subsets were identified as shown in Supplementary Figure S6, and
GFP expression was analysed in these populations. Numbers represent percentages of GFP* cells. Representative examples are shown. T,
T cells; NK, NK cells; Mono, inflammatory monocytes; Neut, neutrophils; B, B cells; DC, dendritic cells; pDC, plasmacytoid dendritic cells;
Mph, macrophages. (D) Averages from three mice per group analysed as in C. (E) Transduction of non-haematopoietic splenocytes was
analysed by gating on CD45- and DAPI-negative cells. Representative FACS plots of CD45~ DAPI™ cells are shown. Numbers represent
percentages of GFP * cells. (F) Averages from E three mice per group. (B, D, F) Error bars represent the standard deviation. *P<0.05 (unpaired
t-test). The differences between the samples from mice infected with wild-type RT HIV-1-GFP were not statistically significant.

et al, 2013) and both nuclease activity of the protein and
nucleic acid binding have been reported (Goncalves et al,
2012; Beloglazova et al, 2013; Tungler et al, 2013). We do not
exclude the possibility that SAMHD1 may counteract infection
in multiple ways; however, our comparison of a wild-type RT
with a mutant RT with decreased binding affinity to dNTPs
shows that depletion in dNTP pools is key to the antiviral
function of SAMHD1 and, indeed, that ‘dNTP starvation’ is an
evolutionarily conserved host defense strategy.

Our results also suggest that HIV-1 may have been under
SAMHDI1 pressure to evolve an RT with high affinity for
dNTPs and that many virus laboratory strains isolated from
patients may therefore show a low sensitivity to SAMHD1-
mediated dNTP depletion in the mouse cells used here both
in vitro and in vivo. Consistent with the notion of selection,
when we analysed 2336 HIV-1 B-clade sequences deposited
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in the LANL database, we found that 1.33% had sequence
variations in RT at the 148 position. Furthermore, a V148C
mutation has been identified in the RT of a simian immuno-
deficiency virus infecting African green monkeys and this
polymerase has similar biochemical properties compared to
the V1481 enzyme (Skasko et al, 2009). It is interesting to
speculate that the V148I mutation may therefore resemble a
primordial HIV-1 before SAMHD1-mediated innate immune
selection in human patients.

HIV-1 and related lentiviruses replicate in species encoding
SAMHDI1 and SAMHDI1 and pathogenic viruses likely impose
selective pressure on each other (Laguette et al, 2012; Lim
et al, 2012; Zhang et al, 2012). Notably, Vpx activity is species
specific, and mouse SAMHD1and zebrafish SAMHD1 escape
Vpx-mediated degradation (Supplementary Figure S9; Ahn
et al, 2012; Lahouassa et al, 2012). Our data suggest that
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HIV-1’s strategy for partially overcoming restriction by
SAMHDI1 relates to its ability to replicate when nucleotide
levels are low rather than encoding a Vpx-like protein that
causes SAMHDI1 degradation, as is the case for HIV-2.
Consistent with this notion, in a primer extension assay,
HIV-1 RT was found to be more efficient at low dNTP
concentrations than HIV-2’s polymerase (Boyer et al, 2012).
As such, HIV-1 partially escapes SAMHDI restriction and in
many instances is able to infect a small proportion of human
myeloid cells (Duvall et al, 2007; Hrecka et al, 2011; Laguette
et al, 2011; Lahouassa et al, 2012). How this alternate evasion
mechanism impacts on HIV-1 transmission and pathogenesis
remains unclear, but it likely governs HIV-1 infection of DCs.
This is important because DC infection with HIV-1 in vitro, in
the presence of Vpx, leads to maturation and IFN production
(Manel et al, 2010). In vivo, DC infection would likely influence
the nature and potency of immune responses directed against
HIV-1, possibly leading to a more successful outcome for the
host. Thus, the relationship between SAMHD1 and lentiviruses
dictates the cell tropism of the virus and could have profound
influence on the nature of the antiviral immune response. The
study of these relationships will help us to understand the
differences between pathogenic and non-pathogenic lentiviral
infections and will likely inform vaccine design.

Materials and methods

Generation of SAMHD1-deficient mice

The targeting construct contained a Neo cassette flanked by FRT
sites and loxP sites flanking the second exon of the Samhd1 gene.
We generated SAMHD1-deficient mice using mixed or pure C57BL/6
background-targeted ES cells. Two crosses with transgenic lines
expressing Cre and FLP recombinases under ubiquitous promoters
created heterozygous Samhdl ™/~ animals. These were inter-
crossed to generate homozygous (— /—) knockout mice.

Cells and viruses

Cell lines, BM-DCs, BM-DMs and MEFs were grown using standard
protocols. VSV-G-pseudotyped retroviral vectors were produced by
plasmid transfection of 293T cells. Retroviral infections were per-
formed in the presence of polybrene, and bone marrow, spleen cells,
BM-DCs and BM-DMs were transduced by spin infection.
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In vivo infection models
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and serum IFN levels were determined 24 h later. Mo-MLV was
injected intraperitoneally into 1-day-old animals, and virus titers
were analysed after 2 weeks. HIV-1-GFP was injected intravenously
into adult animals, and transduction of splenocytes was analysed
5-6 days after infection.
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