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SAMHDI1 Specifically Affects the Antiviral Potency of Thymidine
Analog HIV Reverse Transcriptase Inhibitors
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Sterile alpha motif and histidine-aspartic domain-containing protein 1 (SAMHD1) is a deoxynucleoside triphosphate (INTP)
triphosphohydrolase recently recognized as an antiviral factor that acts by depleting ANTP availability for viral reverse trans-
criptase (RT). SAMHDI restriction is counteracted by the human immunodeficiency virus type 2 (HIV-2) accessory protein Vpx,
which targets SAMHDI] for proteosomal degradation, resulting in an increased availability of INTPs and consequently enhanced
viral replication. Nucleoside reverse transcriptase inhibitors (NRTI), one of the most common agents used in antiretroviral ther-

apy, compete with intracellular dNTPs as the substrate for viral RT. Consequently, SAMHD] activity may be influencing NRTI
efficacy in inhibiting viral replication. Here, a panel of different RT inhibitors was analyzed for their different antiviral efficacy
depending on SAMHD1. Antiviral potency was measured for all the inhibitors in transformed cell lines and primary monocyte-
derived macrophages and CD4™ T cells infected with HIV-1 with or without Vpx. No changes in sensitivity to non-NRTI or the
integrase inhibitor raltegravir were observed, but for NRTI, sensitivity significantly changed only in the case of the thymidine
analogs (AZT and d4T). The addition of exogenous thymidine mimicked the change in viral sensitivity observed after Vpx-medi-
ated SAMHDI1 degradation, pointing toward a differential effect of SAMHD] activity on thymidine. Accordingly, sensitivity to
AZT was also reduced in CD4™ T cells infected with HIV-2 compared to infection with the HIV-2AVpx strain. In conclusion,
reduction of SAMHD1 levels significantly decreases HIV sensitivity to thymidine but not other nucleotide RT analog inhibitors

in both macrophages and lymphocytes.

Sterile alpha motif and histidine-aspartic domain-containing
protein 1 (SAMHDI1) is a recently identified human immuno-
deficiency virus type 1 (HIV-1) host restriction factor that limits
retroviral replication at the reverse transcription stage of the viral
life cycle (1-5). SAMHDI1 functions as a deoxynucleoside triphos-
phate (ANTP) triphosphohydrolase that regulates the intracellular
pool of ANTPs (6). It restricts HIV-1 infection in immune cells of
myeloid lineage and in quiescent CD4-positive T lymphocytes (1,
2, 4). SAMHDI reduces cellular ANTP levels to concentrations
below the threshold required for reverse transcription of the viral
RNA genome into DNA (4, 5). SAMHDI is counteracted by the
retroviral Vpx protein that is encoded by simian immunodefi-
ciency virus (SIV) and HIV-2, but this gene is lacking from the
HIV-1 and feline immunodeficiency virus (FIV) genomes (7).
However, and despite the lack of Vpx function, HIV-1 is still able
to replicate in noncycling myeloid cells, albeit at low levels (7).
Most current standard three-drug antiretroviral regimens in-
volve RT inhibitors combined with a protease inhibitor. Ap-
proved antiretroviral drugs targeting the DNA polymerase activity
of HIV RT can be classified into two major groups: nucleoside
analogue inhibitors (NRTL zidovudine [AZT], lamivudine
[3TC], stavudine [d4T], didanosine [ddI], zalcitabine [ddC], aba-
cavir [ABC], emtricitabine [FTC], and the acyclic nucleotide
phosphonate tenofovir [TFV]) and nonnucleoside analogue re-
verse transcriptase inhibitors (NNRTI; nevirapine [NVP], dela-
virdine, efavirenz [EFV], and etravirine). NRTI are phosphory-
lated to their triphosphate form to act as competitive inhibitors of
HIV RT. In contrast, NNRTI bind at a hydrophobic pocket adja-
cent to the polymerase active site (reviewed in references 8 and 9).
Consequently, NRTI but not NNRTI compete with intracellular
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dNTPs for incorporation into newly transcribed viral DNA during
the reverse transcription step.

NRTI may compete with intracellular ANTPs; therefore, SAMHD1
may be influencing HIV-1 sensitivity to NRTI. Here, we show that
SAMHDI did not affect viral sensitivity to all NRTT but exclusively
to thymidine analogs in both T cell lines and primary cells, sug-
gesting that SAMHD1 may have a differential effect over the dif-
ferent dNTPs.

MATERIALS AND METHODS

Cells. Peripheral blood mononuclear cells (PBMCs) were obtained from
blood of healthy donors using Ficoll-Paque density gradient centrifuga-
tion and monocytes, and CD4™ T lymphocytes were purified using neg-
ative-selection antibody cocktails (StemCell Technologies). Monocytes
were cultured in complete culture medium: RPMI 1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum (FBS; Gibco), pen-
icillin, and streptomycin (Gibco) and differentiated to monocyte-derived
macrophages (MDM) for 4 days in the presence of macrophage colony-
stimulating factor (M-CSF; Peprotech) at 100 ng/ml. CD4* T lympho-
cytes were activated in complete RPMI medium, with interleukin 2 (IL-2)
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(16 U/ml) and phytohemagglutinin (PHA; 4 pg/ml; Sigma-Aldrich), for 3
days. PBMCs from healthy donors were cultured in complete culture me-
dium and stimulated with a CD3-CD8-bispecific antibody (NIH AIDS
Reagents Program) in the presence of IL-2, as previously described, for 5
days (10).

The human cell lines Jurkat and MT-4 (AIDS Reagent Program, Na-
tional Institutes of Health, Bethesda, MD) were grown in complete RPMI
medium with 10% FBS, penicillin, and streptomycin. HEK293-T cells
(AIDS Reagent Program, National Institutes of Health, Bethesda, MD)
were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Madrid, Spain) supplemented with 10% heat-inactivated fetal calf serum
(FCS), 100 U/ml penicillin, and 100 pg/ml streptomycin.

Drugs. 3-Azido-3-deoxythymidine (zidovudine [AZT]) and AMD3100
were purchased from Sigma-Aldrich (Madrid, Spain). Stavudine (d4T),
lamivudine (3TC), zalcitabine (ddC), didanosine (ddI), tenofovir diso-
proxil fumarate (TFV), efavirenz (EFV), and nevirapine (NVP) were ob-
tained from the NIH AIDS Research and Reference Reagent Program.
Abacavir (ABC) was purchased from Selleckchem (Munich, Germany).
Raltegravir (RAL) was obtained from Merck.

Nucleotides (thymidine and 2'-deoxycytidine hydrochloride) were
purchased from Sigma-Aldrich. Thymidine was dissolved in RPMI (pH
4.1) and 2'-deoxycytidine hydrochloride in RPMI (pH 7.4).

RNA interference. Small interfering RNA (siRNA) were purchased
from Dharmacon (siGENOME SMARTpool; Dharmacon, Thermo-Sci-
entific). Monocytes were transfected with 50 pmol of the corresponding
siRNA using the monocyte Amaxa nucleofection kit (Lonza) as previously
described (11). Transfected monocytes were left untreated overnight and
then differentiated to macrophages as described above.

SAMHD1 mRNA quantification. For relative mRNA quantification,
RNA was extracted using the NucleoSpin RNA II kit (Magerey-Nagel), as
recommended by the manufacturer, including the DNase I treatment
step. Reverse transcriptase was performed using the high-capacity cDNA
reverse transcription kit (Life Technologies). mRNA relative levels of
SAMHD]I were measured by two-step quantitative RT-PCR and normal-
ized to GAPDH mRNA expression using the threshold cycle (AAC;)
method. Primers and DNA probes were purchased from Life Technolo-
gies (TagMan gene expression assays).

Virus. The envelope-deficient HIV-1 NL4-3 clone encoding internal
ribosome entry site (IRES)-green fluorescent protein (GFP) (NL4-3-
GFP) was pseudotyped with vesicular stomatitis virus G protein (VSV-G)
by cotransfection of HEK293T cells using polyethylenimine (Poly-
sciences) as previously described (11). NL4-3 virus modified to incorpo-
rate Vpx into HIV-1 virions (HIV-1*GFP) (1) was produced by transfec-
tion into HEK293T cells, together with pSIV3™ encoding Vpx (12), when
appropriate, as previously described (1). A plasmid encoding ROD9
HIV-2 GFP-expressing virus and the corresponding AVpx mutant were
used to transfect HEK293T cells to produce viral stocks as previously
described (1). For the production of viruslike particles carrying Vpx
(VLPy,,,), HEK293T cells were cotransfected with pSIV3™ and a VSV-G-
expressing plasmid. Three days after transfection, supernatants were har-
vested, filtered, and stored at —80°C. Viral stocks were concentrated using
Lenti-X concentrator (Clontech). Viruses were titrated by infection of
TZM cells followed by GFP quantification by flow cytometry.

Virus infections. MT-4 cells, Jurkat cells, and MDM were pretreated
with VLPy,, for 4 h before infection or left with fresh medium as a con-
trol. Cells were then infected with VSV-pseudotyped NL4-3-GFP, and
antiviral drugs and/or nucleotides were added immediately before infec-
tion. Activated CD4" T lymphocytes and CD3/CD8-stimulated PBMCs
were spinoculated in the presence of the corresponding virus (HIV-
1*GFP or HIV-2 for CD4* T lymphocytes and PBMCs, respectively) for
90 min at 1,200 X g. Viral replication was measured in all cases 2 days later
by flow cytometry. Measurement of cell cytotoxicity was performed by a
methyl tetrazolium-based colorimetric assay (MTT method) as described
before (13) or, in the case of lymphocytes, by relative quantification of the
gate of live cells by flow cytometry.
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The anti-HIV activity of the different compounds was determined by
infection of cells in the presence of different concentrations of the drug,
and 50% effective concentrations (ECs,) were calculated, as previously
described (14, 15).

Western blotting. Cells were rinsed in ice-cold phosphate-buffered
saline (PBS), and extracts were prepared in lysis buffer (50 mM Tris HCI
[pH 7.5], 1 mM EDTA, 1 mM EGTA, 1 mM Na;VO,, 10 mM Na B-glyc-
erophosphate, 50 mM NaF, 5 mM Na pyrophosphate, 270 mM sucrose,
and 1% Triton X-100) supplemented with protease inhibitor (Roche) and
1 mM phenylmethylsulfonyl fluoride. Lysates were subjected to SDS-
PAGE and transferred to a polyvinylidene difluoride (PVDF) membrane
(ImmunolonP; Thermo). The following antibodies were used for immu-
noblotting: anti-rabbit and anti-mouse horseradish peroxidase-conju-
gated secondary antibodies (1:5,000; Pierce), anti-human Hsp90 (BD Bio-
sciences; catalog no. 610418), and anti-SAMHD1 (1:2,500, ab67820;
Abcam).

Intracellular SAMHDI1 staining by flow cytometry. Cells were fixed
for 20 min with 4% fluorescent antibody (FA) followed by permeabiliza-
tion for 15 min with 0.5% Triton X-100 in PBS. After incubation for 1 hin
PBS containing 2% bovine serum albumin (BSA), cells were stained with
the rabbit polyclonal anti-SAMHD1 (1:100, catalog no. 12586-1-AP; Pro-
teintech) for 1 h followed by incubation for 20 min with the goat anti-
rabbit Alexa 633 antibody (1:1,000; Life Technologies), both diluted in the
blocking medium. Flow cytometry was performed in a FACS LSRII flow
cytometer (BD Biosciences). Data were analyzed using the FlowJo soft-
ware (BD Biosciences).

Determination of dNTP intracellular levels. MDM were rinsed and
lysed with trichloroacetic acid (TCA; 0.5 M). Cellular proteins were cleared
by centrifugation, and supernatant was neutralized with 0.5 M tri-n-oc-
tylamine in 1,1,2-trichlorotrifluoroethane, and after centrifugation, aque-
ous phase was recovered and dried in a SpeedVac. Pellets were resus-
pended in Tris-HCl buffer (40 mM, pH 7.4).

dNTP content was determined using a polymerase-based method (16)
with minor modifications. Briefly, 20 pl of reaction mixture contained 5
pl of ANTP extract in 40 mM Tris-HCI, pH 7.4, 10 mM MgCl,, 5 mM
dithiothreitol, 0.25 uM oligoprimer, 0.75 uM [8->H]dATP, 12 to 21 Ci/
mmol (or [methyl->H|dTTP for the dATP assay), and 1.7 units of Thermo
Sequenase DNA polymerase (GE Healthcare). Reaction mixtures with
aqueous dNTP standards were processed in parallel. After incubation at
48°C for 60 min, 18 pl of the mix was spotted on a Whatman DE81 paper
and left to dry. The filters were washed 3 times for 10 min with 5%
Na,HPO,, once with water, and once with absolute ethanol and left to dry
again. The retained radioactivity was determined by scintillation count-
ing, and ANTP amounts were calculated from interpolation on the cali-
bration curves. To ensure the reliability of the results, triplicates of 2
different dilutions of each ANTP extract (usually undiluted and 1:3 water-
diluted) were processed in each independent experiment.

Statistical methods. Data were analyzed with the PRISM statistical
package. If not stated otherwise, all data were normally distributed and
expressed as means * standard deviation (SD). P values were calculated
using an unpaired, two-tailed, Student ¢ test.

RESULTS

SAMHDI1 expression is required for maintaining AZT antiviral
potencyin T cell lines. SAMHD1 expression is variable in distinct
human cell lines and tissue types (6, 17), although high levels of
expression have been reported for HIV-1 target cells, such as mac-
rophages and CD4" T lymphocytes. mRNA and protein expres-
sion of SAMHD1 was assessed in two HIV-1 highly susceptible T
cell lines (MT-4 and Jurkat) and primary HIV-1 target cells
(MDM and activated CD4™ T cells), with the aim to identify cell
lines with different degrees of SAMHD1 expression (Fig. 1A and
B). Jurkat T cells expressed very low levels of SAMHDI1 mRNA
and protein expression was undetectable, as previously reported
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FIG 1 (A) SAMHD1 mRNA expression in T cell lines and primary cells. Relative mRNA expression of the SAMHDI gene showing the diverse expression levels
depending on cell type. (B) SAMHDI protein expression and degradation by VLPy,,, in T cell lines. Western blot of SAMHDI1 expression in MT-4 and Jurkat T
cell lines treated or not with VLPVpx for 24 h. Activated CD4™ T cells are included as a reference to illustrate the different degree of expression. SAMHD1 protein
was detected only in MT-4 cells and after optimizing band detection by enhanced chemiluminescence (ECL). (C) HIV-1 replication is not affected by Vpx in
MT-4 and Jurkat T cell lines. Percentage of infected cells after treatment with VLPy;,,.. Cells were transduced with VLP carrying HIV-2 Vpx or left untreated for
4 hand then infected with a VSV-pseudotyped HIV-1 GFP-expressing virus. After 48 h, infection was assessed by flow cytometry. (D and E) Absence of SAMHD1
affects AZT antiviral potency in T cell lines. Dose response of AZT and NVP in MT-4 (D) and Jurkat (E) T cell lines treated or not with VLPy,. In the absence
of SAMHDL1 expression, either by targeting its degradation with VLPy,,, (D; MT-4) or due to lack of expression (E; Jurkat), AZT antiviral activity is decreased.
Means * standard deviations (SD) from at least 2 independent experiments performed in duplicate are shown. MDM, monocyte-derived macrophages. *, P <
0.05; ***, P < 0.0005.

(17). On the contrary, MDM or activated CD4™" T cells expressed
high levels of both SAMHD1 mRNA and protein, whereas expres-
sion levels were intermediate in the MT-4 cell line.

Despite the observed differences in SAMHD]1 expression, both
MT-4 and Jurkat T cells were equally susceptible to HIV-1 infec-
tion (Fig. 1C, black bars), and infection was not enhanced by
degradation of SAMHD1 with VLPy,, in MT-4 cells (Fig. 1B, lines
1 and 2, and C, white bars), confirming that SAMHDI is not
restricting viral replication in transformed cell lines, where avail-
ability of dNTPs is presumably high. However, when antiviral
activity of the NRTI AZT and the NNRTI NVP were assessed, the
activity of AZT was significantly decreased in the absence of
SAMHDI, i.e., Jurkat cells (Fig. 1E, left) and MT-4 cells treated
with VLPy,, (Fig. 1D, left). Conversely, the antiviral effect of NVP
remained unaffected (Fig. 1D and E, right). These results suggest
that the limitation of intracellular dNTPs resulting from
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SAMHDI activity may be enhancing the efficacy of NRTI for in-
corporation into viral DNA. Moreover, it suggests that despite
undetectable viral restriction by SAMHDI, it remains active at
modulating ANTP availability.

SAMHD1 regulates viral sensitivity exclusively to NRTI thy-
midine analogs in MDM. To further investigate SAMHD1-medi-
ated regulation of NRTI viral sensitivity, antiviral activity of a
panel of NRTI and NNRTI were evaluated in MDM in the pres-
ence or not of HIV-2 Vpx. VLPy,, induced the degradation of
SAMHDI1 (Fig. 2A) and a 5-fold and significant (P < 0.0001)
enhancement of HIV-1 replication (Fig. 2B).

After incubation with VLPy;,,, macrophages were treated with
NRTI (AZT, d4T, 3TC, ddC, ABC, ddI, and TFV), NNRTI (EFV
and NVP), or the integrase inhibitor raltegravir as a control, at
different concentrations prior to infection with VSV-pseudotyped
HIV-GFP. As shown (Fig. 2C), macrophages transduced with
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FIG 2 (A) Degradation of SAMHDI1 by VLPy,,, in MDM. Western blot of SAMHD]1 expression in MDM treated or not with VLPy,,.. (B) Degradation of
SAMHD1 by Vpx enhances HIV-1 replication in MDM. MDM previously treated or not with VLPy,, were infected with a VSV-pseudotyped HIV-1 GFP virus
and replication was assessed 2 days later by measuring GFP expression. Fivefold change in HIV-1 replication was observed after Vpx-mediated SAMHD1
degradation. Means = SD from at least six independent donors performed in duplicate are shown. (C) Decreased sensitivity of thymidine analogs NRTT after
Vpx-mediated SAMHD1 degradation in MDM. Dose response of NRTI (AZT, d4T, 3TC, ddC, ABC, TFV, and ddI), NNRTI (NVP and EFV), and integrase
inhibitor raltegravir as a control. Inhibition of HIV infection was measured as the percentage of GFP™ cells relative to the no-drug condition. Means = SD from
at least three independent donors performed in duplicate are shown. (D) siRNA-mediated knockdown of SAMHD1 in MDM affects AZT antiviral potency.
Specific siRNA-mediated inhibition of SAMHDI1 mRNA (left) or protein expression (middle) led to an increase in HIV-1 replication (right) compared to
mock-transfected MDM or MDM transfected with a control siRNA (siNT). Absence of SAMHD1 correlated with a decreased sensitivity of AZT (1 wM), whereas
no changes in NVP sensitivity (5 uM) were observed. Values from a representative donor performed in duplicate are shown.

VLPy,,, showed a significantly reduced viral sensitivity to NRTI
thymidine analogs (AZT and d4T) compared to that of untreated
macrophages (P < 0.0001 and P = 0.03 at highest concentrations
tested for AZT and d4T, respectively; Fig. 2C, firsts two panels).
No differences were observed for the cytidine, guanosine, and
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adenosine analogs tested, NNRTTI or raltegravir. Calculation of
50% effective concentrations (ECs,) of macrophages expressing
or not Vpx showed a fold change of 26 and 7 for AZT and d4T,
respectively, whereas no change in EC5, was observed for any
other drug (Table 1). Importantly, knockdown of SAMHD1 ex-
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TABLE 1 Anti-HIV-1 activity of NRTI, NNRTI, or the integrase inhibitor”

Jurkat cells MT-4 cells MDM cells CD4™" T cells

ECso (kM) ECs, (nM) ECso (0M) ECso (1M)
Drug —Vpx +Vpx FC —Vpx +Vpx FC —Vpx +Vpx FC —Vpx +Vpx FC
AZT 0.023 0.034 1 0.017 0.082 5 0.015 0.389 26 0.068 4.607 67
d4T 5.000 4.300 1 0.962 2.376 2 0.300 2.009 7 1.245 1/>5° 1/>4°
3TC 0.164 0.156 1 0.816 0.758 1 0.081 0.022 1 0.524 0.372 1
ddC 0.052 0.059 1 0.292 0.308 1 0.113 0.042 1 0.115 0.081 1
ABC 0.053 0.059 1 0.001 0.001 1 0.003 0.003 1 0.015 0.009 1
TFV 11.598 10.858 1 2.877 2.162 1 6.114 5.599 1 1.949 6.822 3
ddI 2.045 2.572 1 1.470 2.692 2 1.805 2.251 1 0.402 0.481 1
NVP 0.090 0.095 1 0.237 0.295 1 0.274 0.361 1 1.017 1.256 1
EFV 0.038 0.072 2 0.047 0.055 1 0.071 0.071 1 0.068 0.091 1
RAL 0.003 0.007 3 0.005 0.004 1 0.022 0.031 1 0.017 0.015 1

@ NRTI are AZT, d4T, 3TC, ddC, TFV, ddI, and ABC; NNRTI are NVP and EFV; the integrase inhibitor is RAL. EC5, values were calculated in T cell lines negative or expressing low
levels of SAMHDI1 (Jurkat and MT4) and primary cells MDM and CD4™" T cells. EC,, effective concentration required to block HIV-1 replication by 50%; FC, fold change or ratio
of the EC,, with Vpx (+) and the EC5, without Vpx (—). Results are the means from at least two independent experiments done in triplicates.

Y ECsy > 5 pM in 2/5 donors, which resulted in a fold change of <4.

pression by RNA interference showed similar results, i.e., an in-
crease in viral replication consequence of SAMHD1 absence and
decreased sensitivity to AZT (Fig. 2D), discarding that the ob-
served effect is due to the presence of Vpx.

To further study the effect of Vpx-induced degradation of
SAMHDI in viral sensitivity to thymidine analogs, the intracellu-
lar ANTP pool availability for reverse transcription was measured.
As previously reported, treatment of macrophages with VLPy;,,
led to an increase of all intracellular ANTP (Fig. 3), suggesting that
the reduced efficacy of thymidine analogs observed upon degra-
dation of SAMHD1 may be the result of direct competition with
intracellular ANTPs.

Imbalance of the ANTP intracellular pool mimics SAMHD1-
mediated decrease in viral sensitivity to NRTI thymidine ana-
logs. Competition with the intracellular pool of ANTPs is the most
plausible hypothesis underlying the reduced efficacy of NRTT thy-
midine analogs. Therefore, the addition of exogenous thymidine
may mimic the effect observed by SAMHD1 degradation. Thymi-
dine (dThD; 1 mM) was added to macrophages together with
NRTI thymidine analogs AZT and d4T, as well as to cytosine an-
alog 3TC and adenosine analog TFV as controls, prior to HIV-1
infection (Fig. 4A). No differences in viral replication were ob-
served as a result of adding dThD. However, AZT and d4T com-
pletely lost their antiviral activity, therefore mimicking the effect

125 1 ™ odTTP
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FIG 3 Intracellular dNTP levels in MDM. MDM were transduced with
VLPy,,, for 24 h and intracellular INTPs were extracted, and dNTP content
was determined using a polymerase-based method. Means * SD from five
independent donors are shown.**, P < 0.005; ***, P < 0.0005.
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of SAMHDY1, arguing in favor of the competition with intracellu-
lar dNTPs as the mechanism underlying the loss of antiviral sen-
sitivity. No changes were observed in viral sensitivity to 3TC and
TFV. As expected, dTTP intracellular levels were significantly in-
creased compared to those of untreated macrophages (5-fold in-
crease, P < 0.0001; Fig. 4B), whereas no differences were observed
for any other ANTP. Similarly, exogenous addition of cytidine led
to the loss of antiviral activity of the NRTI cytidine analog 3TC
(Fig. 4C), a consequence of the increase in dCTP intracellular
levels (Fig. 4D). The addition of exogenous cytidine also partially
affects dTTP intracellular levels, which is also reflected in the in-
fection outcome where AZT and d4T partly lost their antiviral
potency (Fig. 4C and D). However, these effects were not observed
after degradation of SAMHDI, although intracellular concentra-
tions of both nucleotides were similarly affected after Vpx-medi-
ated SAMHD1 degradation, further supporting a preferential ef-
fect of SAMHDI activity on thymidines.

Effect of SAMHDI1 degradation on HIV-1 sensitivity to NRTI
thymidine analogs in activated CD4" T cells. Activated primary
CD4" T lymphocytes were infected with or without Vpx, using a
modified NL4-3 virus that incorporates HIV-2 Vpx (NL4-3*GFP
and NL4-3*GFP+Vpx, respectively). Infection with HIV-1 ex-
pressing Vpx was able to induce SAMHD1 degradation (from
96% SAMHD1-expressing cells in NL4-3*GFP-infected cells to
35% after infection with NL4-3*GFP+Vpx; Fig. 5A), although
HIV-1infection did not differ as a result of SAMHD1 degradation,
as previously reported for cycling cells (data not shown) (18).

To determine the effect of SAMHD1 on NRTI efficacy, acti-
vated CD4™ T lymphocytes were treated with NRTI (AZT, d4T,
3TC, ddC, ABC, ddI, and TFV), NNRTI (EFV and NVP), or ralte-
gravir as a control and then infected with NL4-3*GFP with and
without Vpx. Similar to macrophages, degradation of SAMHD1
by infection with NL4-3*GFP+Vpx reduced viral sensitivity to
AZT and d4T (Fig. 5B, first two panels). Results were more ho-
mogenous in the case of AZT than d4T, where a lack of antiviral
activity was observed in 2 donors in contrast to the more limited
effect shown in 3 others (see Fig. S1 in the supplemental material).
This observation highlights the existence of important interdonor
differences, putatively reflecting the lesser antiviral potency of d4T
than of AZT (50- to 200-fold reduction in the EC5, depending on

Antimicrobial Agents and Chemotherapy


http://aac.asm.org

SAMHD1 Alters Thymidine NRTI Analog Potency

A. . B. s
1907 i 125) O dTTP
4 CDrug =
125 = dThD o 100] — i
o 1007 R = CTP
& e 75
& 751 =
O\O - -
501 g 0
. 00 ! ]
ND AZT d4T 3TC TFV ND +dThD
m B M 02
Drug [uM]
C. 1757 . D. ., 3dTTP
1501 CDrug
5 D o
D_ (8]
L£1001 2
52 751 é
507 5
251

ND AZT d4T 3TC TRV
(M B [0 02

Drug [uM]

ND

+dCtD

FIG 4 (A) NRTI thymidine analog antiviral activity is inhibited by exogenous addition of thymidine in MDM. Thymidine (1 mM) was added to the culture
medium together with the corresponding drug 4 h prior to infection with VSV-pseudotyped HIV-1 GFP virus, and replication was assessed 2 days later. Means =
SD from two independent donors performed in duplicate are shown. (B) Intracellular ANTP levels in MDM treated with exogenous addition of dThD. dThD (1
mM) was added to the culture medium for 24 h before ANTPs were extracted and measured. Means * SD from three independent donors are shown. (C) NRTI
cytidine analog antiviral activity is inhibited by exogenous addition of cytidine in MDM. Cytidine (1 mM) was added to the culture medium together with the
corresponding drug 4 h prior to infection with VSV-pseudotyped HIV-1 GEP virus, and replication was assessed 2 days later. Means * SD from two independent
donors performed in duplicate are shown. (D) Intracellular ANTP levels in MDM treated with exogenous addition of dCtD. dCtD (1 mM) was added to the
culture medium for 24 h before dNTPs were extracted and measured. A representative experiment is shown. dThD, deoxythymidine; dCtd, deoxycytidine; ND,

no drug. *, P < 0.05; **, P < 0.005.

the cell type; Table 1), and that resulted in an apparently limited
effect. No differences were observed for the cytidine, guanosine,
and adenosine analogs tested, NNRTT or raltegravir. Vpx induced
a 67-fold change in EC,, for AZT; no change in EC,, was observed
for d4T, although a reduced sensitivity was observed at the highest
concentration used (Table 1 and Fig. 5B, second panel). No
change in EC,, was observed for any other drug (Table 1).

Decreased potency of AZT in HIV-2-infected PBMCs de-
pends on SAMHDI1. Although data from HIV-2-infected patients
treated with AZT and other NRTI are limited to small cohorts of
patients, differences in antiviral activity of AZT on HIV-2 infec-
tion has been previously reported (19), but the underlying mech-
anisms are still under debate. In contrast to HIV-1, HIV-2 encodes
Vpx protein and consequently it harbors the ability to overcome
the restriction imposed by SAMHD1. Therefore, Vpx-mediated
degradation of SAMHDI1 may play a role on the decreased AZT
viral sensitivity observed.

PBMC:s from healthy donors were activated with a CD3-CD8-
bispecific antibody for 5 days, prior to infection with wild-type
HIV-2 or HIV-2 defective for Vpx (HIV-2AVpx strain). Infection
with wild-type HIV-2 was able to partially induce SAMHDI1 deg-
radation (from 71% SAMHD1-expressing cells in the HIV-2AVpx
strain-infected cells to 45% after infection with HIV-2; Fig. 6A).
Viral replication was not significantly altered by Vpx (means of
4.6% and 3.1% GFP™ cells after infection with wild-type HIV-2
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and the HIV-2AVpx strain, respectively; Fig. 6B). Importantly,
and in accordance with previous results, a significant decrease of
AZT antiviral potency against HIV-2 was observed compared to
that against HIV-2AVpx infection (P < 0.0001; Fig. 6B). As ex-
pected, similar results regarding infection and limited AZT anti-
viral potency were obtained in parallel infections using HIV-1
virus modified to incorporate or not Vpx (Fig. 6C). In summary,
these results point to SAMHDI as a contributor to the limited
antiviral activity of AZT in HIV-2 infections.

DISCUSSION

While cell receptor and coreceptor recognition by retroviral enve-
lope proteins is a primary determinant of cell tropism, viruses
have evolved to overcome other cell type-specific metabolic blocks
to viral replication. Limitation of intracellular ANTP levels, the
substrates for DNA polymerization, represents one such meta-
bolic bottleneck (20). The HIV RT requires cellular dNTPs, and
thus the rate of proviral DNA synthesis is kinetically dependent on
the cellular ANTP concentrations. The steady-state level of cellular
dNTPs is tightly regulated primarily by the cell cycle and, indeed,
dNTP levels in nondividing cells are low compared to those of
dividing cells (21, 22). SAMHD1, a newly identified HIV-1 restric-
tion factor, modulates the concentration of intracellular ANTPs,
limiting its availability for the reverse transcription of incoming
virus (1-5, 23). Although differences in expression between cell
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FIG 5 (A) Degradation of SAMHDI1 by Vpx in lymphocytes. Flow cytometry histograms showing intracellular staining of SAMHD]1 in lymphocytes infected
with an NL4-3*GFP (left) or NL4-3*GFP with Vpx (right). Three days after infection, cells were fixed, permeabilized, and stained using a primary-specific
SAMHDI antibody followed by an allophycocyanin (APC)-conjugated secondary antibody (gray-line histogram, uninfected cells; black-line histogram, infected
cells). The secondary antibody alone was used as a control (shaded histogram). Representative histograms of one experiment are shown. The experiment was
performed in three independent donors. (B) Decreased sensitivity of thymidine NRTI in CD4™ T lymphocytes infected with HIV-1. Dose response of NRTI
(AZT, d4T, 3TC, ddC, ABC, TFV, and ddI), NNRTI (NVP and EFV), and integrase inhibitor raltegravir as a control. PHA-activated CD4" T lymphocytes were
infected with or without Vpx using a GFP-expressing NL4-3 virus, modified to incorporate HIV-2 Vpx (NL4-3*GFP). Inhibition of HIV infection was measured
as the percentage of GFP™ cells relative to the no-drug condition. Means = SD from at least three independent donors performed in duplicate are shown. *, P <

0.05; **, P < 0.005; ***, P < 0.0005.

lines and primary tissues exist, SAMHDI expression is similar
between HIV-1-resistant and -susceptible cells (6, 17). Posttran-
scriptional control by phosphorylation has been proposed as a
plausible hypothesis underlying differences in SAMHDI1 function
between resistant and susceptible cells, although it has not been
experimentally proved yet (24-26). Here, we evaluated SAMHD1
activity in SAMHD1-negative or low-expressing transformed cell
lines, as well as in primary cells, demonstrating that SAMHD1
activity is maintained in the absence of viral restriction and is
specifically influencing thymidine NRTI analog antiviral efficacy.

Intracellular ANTP levels are significantly higher in rapidly di-
viding cancer cells and transformed cell lines than in resting cells
(22, 27). In accordance, no differences in viral replication were
observed in the MT-4 cell line after SAMHD1 degradation (Fig.
1C). Similarly, a lack of enhanced replication after SAMHD1 deg-
radation was observed in stimulated CD4™ T cells and PBMCs
compared to macrophages (Fig. 5A and data not shown), likely
due to the kinetic parameters of RT (8). The dNTPs found in
macrophages are below the K, and dissociation constant (K,;) of
RT (20, 22), and therefore the increase in dNTP levels upon
SAMHDI1 degradation enhances viral replication (Fig. 2B and 3).
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Taking into account SAMHD1-mediated regulation of ANTP
intracellular levels, which compete with NRTT for incorporation
into viral DNA, it is intuitive to think that SAMHD1 function may
be influencing HIV-1 sensitivity to RT inhibitors. Similar to pre-
vious studies (18), SAMHD1 function did not affect viral sensitiv-
ity to NNRTIL. NNRTI bind to an allosteric site of the HIV-1 RT
and therefore, unlike NRTI, do not compete against cellular
dNTPs. However, we identified a SAMHD1-dependent difference
in viral sensitivity to thymidine but not other NRTI analogs in
both macrophages and CD4* T cells. Lack of antiviral potency for
NRTI has already been suggested after SAMHD]1 degradation
(18). In line with our results, SAMHD1 has been associated to a
differential efficacy of NRTI (28), although differences were found
in all analogs tested in macrophages but not in activated T cells
(18) or in the THP1 cell line (18, 28). In contrast, our work uses an
extended panel of NRTT as well as relevant controls such as
NNRTT and the integrase inhibitor raltegravir, which allow us to
better demonstrate the specificity of the effect. Moreover, we show
similar results in different cell types (MT-4, macrophages, and
lymphocytes). The discordance between studies using primary
cells might be explained by the method used for macrophage dif-
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FIG 6 (A) Degradation of SAMHD1 by Vpx in PBMCs by HIV-2. Flow cy-
tometry histograms showing intracellular staining of SAMHDI in lympho-
cytes infected with wild-type HIV-2 (left) or HIV-2 defective for Vpx protein
(right). Three days after infection, cells were fixed, permeabilized, and stained
using a primary-specific SAMHDI1 antibody followed by an APC-conjugated
secondary antibody. The secondary antibody alone was used as a control
(shaded histogram). Representative histograms of one experiment are shown.
The experiment was performed in three independent donors. (B) AZT antivi-
ral potency is decreased in HIV-2-infected PBMCs in vitro. CD3/CD8-acti-
vated PBMCs from donors (n = 12) were infected with wild-type GFP-ex-
pressing HIV-2 or HIV-2 defective for Vpx protein. Antiviral activity of AZT
(1 pg/ml) was assessed. (C) AZT antiviral potency is decreased in HIV-1-
infected PBMCs in vitro. CD3/CD8-activated PBMCs from the same donors as
in panel B (n = 12) were infected with NL4-3*GFP carrying or not Vpx pro-
tein. Antiviral activity of AZT (1 mg/ml) was assessed. ND, no drug. ***, P <
0.0005.

ferentiation in cell culture (e.g., macrophage colony-stimulating
factor [M-CSF] instead of granulocyte-macrophage colony-stim-
ulating factor [GM-CSF]), which affects macrophage susceptibil-
ity to HIV-1 infection (29) and also dNTP intracellular levels, both
parameters being higher in M-CSF-differentiated macrophages
(see Fig. S2 in the supplemental material) (data not shown).

Considering that SAMHDL1 is not able to efficiently hydrolyze
NRTT (18, 28) and the observation that exogenous addition of
nucleosides mimicked SAMHD1 activity, our results are in accor-
dance with the idea that reduced efficacy of thymidine analogs
observed upon degradation of SAMHD1 may be the result of di-
rect competition with increased intracellular ANTPs (Fig. 2 and 3)
(18) but not to the NRTI activation pathway (28).

Steady-state and pre-steady-state kinetic experiments charac-
terizing dNTP binding and incorporation during reverse tran-
scription have not identified significant differences between the
different dN'TPs, that is, similar binding K, in the low wM range
for all ANTPs (8). Conversely, SAMHD1 requires dGTP to assem-
ble into catalytically active tetramers (3, 30, 31), and recent evi-
dences suggest that it may have differential affinity for each of the
four dNTPs (32, 33). In line with this data, our results suggest that
SAMHDI1 degradation or loss of function may preferentially affect
dTTP availability and, therefore, significantly affect the antiviral
potency of thymidine analogs.

August 2014 Volume 58 Number 8

SAMHD1 Alters Thymidine NRTI Analog Potency

NRTI must undergo anabolic phosphorylation to an active 5'-
triphosphate moiety by enzymes in the target cells (reviewed in
reference 34). AZT and d4T require the activity of the thymidine
kinase 1 (TK1) that is specifically expressed during the S-phase of
the cell cycle. The dependence of AZT and d4T on TKI1 for acti-
vation results in markedly reduced anti-HIV activity in resting
cells but in a high antiviral potency upon PBMC stimulation (35).
Similarly, SAMHDI1 antiretroviral activity is modulated by cell
cycle-dependent posttranslational modifications. Phosphoryla-
tion of SAMHDI by cyclin-dependent kinases (CDK), whose ac-
tivation is tightly controlled depending on the moment of the cell
cycle (36), have been demonstrated as the regulatory mechanism
of SAMHD1-mediated viral restriction in cycling cells (24-26).
Our results do not point to a SAMHD1-dependent regulation of
TK1 function, as similar results were obtained in different cell
types, i.e., cycling cells (immortalized cell lines and activated lym-
phocytes) or differentiated cells (macrophages), expressing differ-
ent levels of SAMHDI1 (Fig. 1A and B). Despite the cell type, we
observed a similar reduced sensitivity to thymidine NRTT as a
consequence of SAMHD1 absence, suggesting that cell cycle phase
is not a strong influence and may indicate that TK1 activity is
preserved independent of the specific cell cycle phase and
SAMHDI expression. However, the coordinated regulation of nu-
cleotide metabolism throughout the cell cycle phases might be
rendering thymidine more susceptible to changes in the intracel-
lular nucleotide pool, and therefore a concerted action between
multiple enzymes affecting ANTP levels and particularly thymi-
dine availability may be strongly influencing the efficacy of thymi-
dine analogs as antiviral agents.

Like HIV-1, HIV-2 causes AIDS, and therefore persons in-
fected with HIV-2 may benefit from treatment with antiretroviral
drugs, including RT and protease inhibitors. However, informa-
tion on how HIV-2-infected persons should be best treated is lim-
ited because of the absence of randomized clinical trials and be-
cause most infections occur in developing countries where few
patients are treated. Although data from HIV-2-infected patients
treated with AZT and other NRTI are limited to small cohorts of
patients, several observations suggest differences in the antiviral
activity of AZT between HIV-2 and HIV-1 (19, 37, 38). Both
HIV-1 and HIV-2 RTs have similar abilities to incorporate AZT,
suggesting that the observed HIV-2 resistance to AZT is not me-
diated by an increased discrimination against this drug (19). The
Vpx-mediated degradation of SAMHD1 may be contributing to
the mechanism underlying AZT resistance by HIV-2.

Mutations in SAMHDI are associated with the autoimmune
disorder Aicardi-Goutieres syndrome (39, 40) and recently to re-
lapsed/refractory chronic lymphocytic leukemia (CLL) (41). Ele-
vated cellular ANTP level is considered a biochemical marker of
transformed/cancerous cells (42). Since nucleotide metabolism
plays a role in transformation and tumor progression, inhibition
of this pathway has long been considered a therapeutic strategy for
cancer. Nucleoside analogs are a class of cytotoxic drugs that have
played an important role in the treatment of hematological neo-
plasms, especially lymphoid and myeloid malignancies (43).
Therefore, the limited sensitivity to thymidine analogs due to
SAMHDI loss of function described here might also be relevant
for the treatment of certain tumors, where resistance to current
therapies based on nucleoside analogs is observed.

Inhibition or degradation of SAMHDI1 significantly decreases
HIV sensitivity to thymidine but not other nucleotide RT analog
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inhibitors in both macrophages and lymphocytes. Our results in-
dicate that sensitivity to AZT may serve as a marker of SAMHD1
function in proliferating cells where virus restriction cannot be
detected due to high ANTP levels. They further support the regu-
lation of dANTPs as the underlying mechanism of SAMHD1-me-
diated HIV-1 restriction.
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