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School of Medicine, Atlanta, USAc

ABSTRACT HIV-1 infection of noncycling cells, such as dendritic cells (DCs), is im-
paired due to limited availability of deoxynucleoside triphosphates (dNTPs), which
are needed for HIV-1 reverse transcription. The levels of dNTPs are tightly regulated
during the cell cycle and depend on the balance between dNTP biosynthesis and
degradation. SAMHD1 potently blocks HIV-1 replication in DCs, although the under-
lying mechanism is still unclear. SAMHD1 has been reported to be able to degrade
dNTPs and viral nucleic acids, which may both hamper HIV-1 reverse transcription.
The relative contribution of these activities may differ in cycling and noncycling
cells. Here, we show that inhibition of HIV-1 replication in monocyte-derived DCs
(MDDCs) is associated with an increased expression of p21cip1/waf, a cell cycle reg-
ulator that is involved in the differentiation and maturation of DCs. Induction of p21
in MDDCs decreases the pool of dNTPs and increases the antiviral active isoform of
SAMHD1. Although both processes are complementary in inhibiting HIV-1 replica-
tion, the antiviral activity of SAMHD1 in our primary cell model appears to be, at
least partially, independent of its dNTPase activity. The reduction in the pool of
dNTPs in MDDCs appears rather mostly due to a p21-mediated suppression of sev-
eral enzymes involved in dNTP synthesis (i.e., RNR2, TYMS, and TK-1). These results
are important to better understand the interplay between HIV-1 and DCs and may
inform the design of new therapeutic approaches to decrease viral dissemination
and improve immune responses against HIV-1.

IMPORTANCE DCs play a key role in the induction of immune responses against
HIV. However, HIV has evolved ways to exploit these cells, facilitating immune
evasion and virus dissemination. We have found that the expression of p21, a
cyclin-dependent kinase inhibitor involved in cell cycle regulation and monocyte
differentiation and maturation, potentially can contribute to the inhibition of HIV-1
replication in monocyte-derived DCs through multiple mechanisms. p21 decreased
the size of the intracellular dNTP pool. In parallel, p21 prevented SAMHD1 phos-
phorylation and promoted SAMHD1 dNTPase-independent antiviral activity. Thus, in-
duction of p21 resulted in conditions that allowed the effective inhibition of HIV-1
replication through complementary mechanisms. Overall, p21 appears to be a key
regulator of HIV infection in myeloid cells.

KEYWORDS cellular factors, HIV replication, HIV-1, SAMHD1, dNTPs, dendritic
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Myeloid dendritic cells (mDCs) play a critical role in the pathogenesis of HIV-1
infection (1). On one hand, mDCs are professional antigen-presenting cells that

orchestrate innate and adaptive immune responses against human immunodeficiency
virus type 1 (HIV-1). On the other hand, mDCs can capture and retain infectious viral
particles and transmit them to CD4� T cells over extended periods of time, undoubt-
edly contributing to HIV-1 dissemination (2–5). Moreover, mDCs are directly susceptible
to HIV-1 infection (6), which alters their function and impairs their maturation (1, 5, 7).
However, HIV-1 replication in mDCs is less efficient than that in CD4� T cells. In
particular, similar to the case in macrophages, HIV-1 reverse transcription is much
slower in mDCs than in activated CD4� T cells (5, 8). In addition, although HIV-1 can
replicate in immature monocyte-derived DCs (MDDCs), HIV-1 replication is strongly
inhibited in mature MDDCs (9). The mechanisms underlying this inhibition are not
completely clear. Some reasons that could explain the overall modest HIV infection of
dendritic cells include low expression levels of the HIV receptor and coreceptors, rapid
and extensive degradation of incoming HIV-1 particles in the intracellular compart-
ments of DCs, and the expression of host factors that block HIV replication (5).

SAMHD1 (sterile alpha motif and histidine-aspartate-domain-containing protein 1)
has been shown to strongly block HIV-1 reverse transcription in dendritic cells, mac-
rophages, and resting T cells (10–18). SAMHD1 potentially can block HIV replication
through two distinct enzymatic functions. SAMHD1 can degrade viral nucleic acids
through its exonuclease activity (19, 20) and deplete the intracellular deoxynucleoside
triphosphate (dNTP) pool through its dNTP triphosphatase activity (17). The relative
contribution of each activity to the inhibition of HIV replication is the subject of intense
debate (21, 22). Phosphorylation of threonine 592 has been shown to reduce SAMHD1
antiviral activity while not affecting its dNTPase activity (23). On the other hand,
degradation of SAMHD1 by the HIV-2/simian immunodeficiency virus (SIV) Vpx protein
is accompanied by a sharp increase in the intracellular pool of dNTPs, which reach the
levels necessary for efficient reverse transcription (17, 24).

The cellular dNTP pool is a critical limiting factor for HIV-1 replication (25, 26) that
is sustained by various cellular pathways (27): the salvage pathway recovers nucleotide
intermediates from extracellular media and intracellular DNA degradation, and the
de novo pathway synthetizes new dNTP molecules. The expression of the cellular
factors involved in both pathways is strongly regulated by the cell cycle (28, 29).
Consequently, dividing cells have much higher dNTP levels than nondividing cells (24).
Our team has previously shown that the induction of p21Waf1/Cip1 (referred to here as
p21), a cyclin-dependent kinase (CDK) inhibitor that mediates cell cycle arrest, potently
blocks HIV-1 replication in macrophages (30, 31). p21 blocks dNTP biosynthesis in
macrophages by downregulating the expression of the RNR2 subunit of ribonucleotide
reductase (30), an enzyme essential for the reduction of ribonucleotides to dNTP. On
the other hand, the capacity of p21 to inhibit cyclin/CDK activity could regulate
SAMHD1 antiviral activity by impairing the CDK-mediated phosphorylation of SAMHD1
Thr592 (23, 32–34). In line with these findings, p21 has been shown to regulate
SAMHD1 phosphorylation in human macrophages (35, 36).

As a cell cycle inhibitor, p21 plays a critical role in not only the control of cell growth
but also monocyte differentiation and survival (37–39). p21 has been shown to partic-
ipate in dendritic cell differentiation and maturation, and expression of p21 in mature
mDCs has been associated with improved function of these cells (40). Therefore, we
used the model of dendritic cells and the greater capacity of mature dendritic cells to
block HIV-1 infection in order to explore the role of p21-mediated HIV-1 inhibition.
These studies can shed light on the intermingled antiviral activities of p21 and SAMHD1
and their impact on the intracellular dNTP pool.

RESULTS
Strong inhibition of HIV-1 reverse transcription in mature MDDCs. We imple-

mented an MDDC model to study HIV replication and the strong decrease in HIV
susceptibility that has been reported to occur upon maturation of these cells (9).
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MDDCs were obtained from purified CD14� cells from blood donors and cultured for
24 h in the absence or presence of gamma interferon (IFN-�) and CD40L to induce
MDDC maturation. Maturation was evidenced by morphological changes and strong
upregulation of CD40, CD80, and CD86 (data not shown), as previously described (41,
42). We challenged immature and mature MDDCs with replicative HIV-1 BaL, and we
monitored the p24 levels in the culture supernatants for 14 days. As expected, viral
replication was strongly impaired in mature MDDCs compared with that in immature
MDDCs from the earliest time points after infection, reaching 2.8 logs of inhibition in
the supernatants of mature MDDCs at day 11 (P � 0.001; n � 3) (Fig. 1A). To identify
the stage of the viral cycle at which the impairment occurred, we used single-cycle
HIV-1 NL4.3Δenv particles carrying a luciferase (Luc) (Fig. 1B) or GFP (Fig. 1C) reporter
gene and pseudotyped with the pantropic vesicular stomatitis virus G (VSV-G) protein.
Our results showed a strong reduction in the luciferase activity (57� [fold] [11.5 to
397�] decrease in luciferase activity; P � 0.0001, n � 16) and the proportion of
GFP-expressing cells (16.5� [6.4 to 27.5�] decrease in the percentage of GFP� cells;
P � 0.003, n � 6) in mature MDDCs 72 h postinfection. Reverse transcription-
quantitative PCR (RT-qPCR) analysis of HIV replication intermediates at that time
revealed a substantial decrease in the number of integrated proviruses (4.9� [2.3 to
4.9�] decrease in the number of HIV-1 DNA copies/106 cells; P � 0.012; n � 3) and
U5-gag reverse transcripts (2.9� [1.8 to 3.1�]; P � 0.013 n � 3) in mature MDDCs (Fig.
1D and E). Overall, our results showed a strong impairment of HIV-1 replication in
mature MDDCs, with reverse transcription being one of the steps affected.

Induction of p21 in mature MDDCs. We have previously shown that the cellular
factor p21 blocks HIV-1 reverse transcription in human macrophages (30). We won-
dered whether p21 was involved in the inhibition observed in mature MDDCs. The
maturation of MDDCs promoted strong induction of p21 mRNA (6.25 � [2.9 to 21�]
increase in p21 mRNA levels in mature MDDCs over immature cells; P � 0.0002; n � 13)
(Fig. 2A). The increase in p21 mRNA levels in mature MDDCs was accompanied by an
increase in p21 protein levels, as shown by Western blotting (1.6� [1.5 to 2�] increase
in p21 protein levels; P � 0.031; n � 5) (Fig. 2B). A significant negative correlation was
found between the relative induction of p21 mRNA upon MDDC maturation and the
relative reduction of HIV-1 replication in the matured cells compared to immature
MDDCs (Spearman, �0.77; P � 0.0006; n � 14 independent donors) (Fig. 2C). These
results showed that p21 was induced upon the maturation of MDDCs and revealed an
association between p21 and the inhibition of viral replication in MDDCs.

Restoration of HIV-1 replication in MDDCs after p21 silencing. We examined
whether p21 downregulation could modulate HIV-1 replication in MDDCs. We treated
MDDCs with p21-specific small interfering RNA (siRNA) and achieved a consistent and
significant reduction in p21 mRNA levels in immature (2.3� [2.1 to 2.7�] decrease in
p21 mRNA levels; P � 0.008; n � 8) and mature (2.2� [1.6 to 2.8�]; P � 0.0078; n �

8) MDDCs (Fig. 3A). Similar reductions were observed at the protein level by Western
blot analyses in immature (2.2� [1.6 to 2.8�] decrease in p21 protein levels; n � 4) and
mature (2.5 � [1.8 to 3�]; P � 0.02, n � 4) MDDCs (P � 0.0001) (Fig. 3B). Importantly,
the downregulation of p21 expression did not affect the maturation of MDDCs (Fig. 3C).
In contrast, the downregulation of p21 in mature MDDCs resulted in a substantial
increase in viral replication (17� [9 to 51�] increase in luciferase activity; n � 8) (Fig.
3D). A significant, although more modest, increase in viral replication (1.8� [1.2 to 2�];
n � 8) was also observed after the downregulation of p21 in immature MDDCs (Fig. 3D).
Overall, these results confirmed a link between p21 expression and the inhibition of
viral replication in MDDCs.

dNTP levels in MDDCs are affected by changes in p21 expression. We then
searched for the mechanisms by which p21 inhibited HIV-1 replication in MDDCs.
Because we have already shown that the induction of p21 in macrophages reduces the
intracellular pool of dNTPs (30), we explored whether differences could be observed in
the dNTP levels in immature and mature MDDCs. The absolute concentrations of dATP,
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dGTP, dCTP, and dTTP were determined in MDDCs from 5 blood donors by a highly
sensitive single-nucleotide incorporation assay (25). As previously reported (24, 43, 44),
dNTP levels in immature MDDCs were very weak, close to the limit of detection of the
technique. Despite these low levels, a further decrease in dNTPs was observed upon
maturation of the MDDCs (in 5/5 experiments for dGTP and dTTP and 4/5 experiments
for dATP and dCTP) (Fig. 4A). Treatment of MDDCs with p21-siRNA increased the levels
of all dNTPs until the levels were equal in immature and mature cells (n � 4) (Fig. 4B).

FIG 1 Mature MDDCs have low susceptibility to HIV-1 infection, which is blocked at the reverse transcrip-
tion level. (A) p24 measured in culture supernatants after the infection of immature MDDCs (iMDDCs; blue)
and mature MDDCs (mMDDCs; red) with HIV-1 BaL in 3 independent experiments. The means and standard
deviations for three replicates are shown at each time point. (B and C) Luciferase activity (B) or percentage
of GFP� cells (C) in mature MDDCs compared with that in immature MDDCs after infection with single-cycle
HIV-1 NL4.3Δenv VSV-G particles carrying luciferase (n � 16) or GFP (n � 6) reporter genes. Each symbol
represents results with cells from different donors. The median and IQR values are shown. (Right) One
representative example of GFP production in immature and mature MDDCs is shown. (D and E) Relative
number of integrated Alu-long terminal repeat (LTR) copies (D) or U5-Gag copies (E) quantified by RT-qPCR
in mature MDDCs compared with that in immature MDDCs 72 h after infection with single-cycle HIV-1
NL4.3ΔenvLuc VSV-G particles. Viral cDNAs were normalized to the albumin gene content in each sample.
Experiments with cells from three different donors are shown. Bars represent the means from 2 replicates.
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Thus, p21 seemed to negatively regulate the intracellular concentrations of the dNTP
pools in MDDCs.

p21 participates in the regulation of enzymes involved in the synthesis of
dNTPs. We analyzed the expression of RNR2, a key enzyme in the de novo synthesis of
dADP, dGDP, and dCDP, whose expression levels are influenced by p21 and whose
downregulation affects HIV-1 replication (30). RNR2 mRNA levels strongly decreased
after MDDC maturation (32� [20.5 to 50�] decrease in RNR2 mRNA levels; n � 7) (Fig.
5A). This decrease corresponded to a drop in RNR2 protein levels in mature MDDCs
(2.5� [2.2 to 3.5�]; n � 4) (Fig. 3B and 5B). Downregulation of p21 led to a significant
increase in RNR2 mRNA in both immature and mature MDDCs (2.6� [1.9 to 4.9�] and
17.3� [13 to 57�] increase in RNR2 mRNA upon p21 silencing in immature and mature
MDDCs, respectively; n � 7). An increase in RNR2 protein levels was also observed (1.9�

[1.2 to 2.1�] and 1.5� [1.2 to 2�] in immature and mature MDDCs, respectively; n �

4) (Fig. 3B and 5A and B).
The synthesis of dTTPs, which was systematically reduced in mature MDDCs in our

experiments (Fig. 4), follows different pathways from those of the other dNTPs. Thus,
we evaluated the expression of thymidylate synthase (TYMS) and thymidine kinase 1
(TK1), key enzymes in the de novo and salvage pathways of dTTP synthesis. The
maturation of MDDCs significantly decreased the mRNA expression of TYMS (18.4�

[12.2 to 25.9�] decrease in TYMS mRNA levels; n � 7) (Fig. 5C) and TK1 (9� [5.8 to
13�]; n � 7) (Fig. 5D). Downregulation of p21 expression led to a significant recovery
of the mRNA levels of both enzymes in mature MDDCs (8� [4.5 to 26.2�] and 2.4� [2
to 7.7�] increases in TYMS and TK-1 mRNA, respectively, upon the silencing of p21; n �

FIG 2 p21 induction in mature MDDCs correlates with viral replication levels. (A) p21 mRNA expression
was quantified by qRT-PCR in immature (blue) and mature (red) MDDCs. The data are expressed as the
fold change in the number of p21 copies in mature MDDCs compared to that in immature MDDCs. Each
symbol represents the results obtained with cells from one donor (n � 13). The median and IQR values
are shown. (B) Analysis of protein expression in immature and mature MDDCs by Western blotting (WB).
(Left) p21 protein expression quantification are expressed as the relative change in p21 protein
expression in mature MDDCs compared with that in immature MDDCs in the same experiments. The
median and IQR values of independent experiments (n � 5 donors) are depicted. An example of p21
protein analyzed by Western blotting is shown. (C) Correlation between relative changes in the number
of p21 mRNA copies and relative changes in luciferase activity after infection with HIV-1 NL4.3ΔenvLuc
VSV-G in mature MDDCs compared with those in immature MDDCs from 14 different donors.
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7). No significant changes for TK1 and only a modest increase for TYMS (1.6� [1 to
3.5�]) were observed upon p21 silencing in immature MDDCs (Fig. 5C and D). No
differences were observed in the levels of the control, CTPS1, an enzyme involved in the
synthesis of CTP and whose expression level may unbalance dTTP synthesis (45), either

FIG 3 Downregulation of p21 expression levels by siRNA in mature MDDCs restores viral replication. (A and B) The relative number of copies of p21
mRNA (A) and the relative p21 protein levels (B) in immature and mature MDDCs after transfection with siRNA targeting p21 (siRNA p21) or a pool of
nontargeting siRNA (siRNA NT). The data are expressed in relation to the number of mRNA copies or protein levels in immature MDDCs transfected with
nontargeting siRNA. Symbols represent experiments with cells from different donors (n � 8 for mRNA and n � 4 for protein). The median and IQR values
are shown. An example of Western blot analysis of the different proteins studied is shown on the right. (C) Level of expression of CD86, CD80, and CD40
on the surface of MDDCs transfected with siRNA NT or siRNA p21 and cultured in the absence or presence of CD40L and IFN-�. (D) Changes in luciferase
activity in immature and mature MDDCs transfected with siRNA NT or siRNA p21 after infection with HIV-1 NL4.3ΔenvLuc VSV-G. The results are shown
as the fold change relative to the luciferase activity in immature MDDCs transfected with siRNA NT. Symbols represent independent experiments (n �
8 donors). The median and IQR values are shown. One representative experiment is shown on the left (means and standard deviations from three
replicates). P values of ANOVA are shown. Pairwise significant differences (P � 0.05) in post hoc analyses are identified by horizontal lines.
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between immature and mature MDDCs or after p21 silencing (Fig. 5E). Inhibition of
TYMS activity with 5-fluoro-2=-deoxyuridine in immature MDDCs induced strong, dose-
dependent inhibition of HIV-1 replication (up to 3 logs of inhibition), confirming the
importance of this enzyme for the HIV-1 cycle (Fig. 5F). The inhibition of TYMS by
5-fluoro-2=-deoxyuridine was accompanied by a decrease in the levels of dNTPs (n � 3
independent experiments) (Fig. 5G), which is in agreement with the existence of several
cellular feedback mechanisms to contain the imbalance of individual dNTPs (46).
Overall, our results show that induction of p21 was accompanied by decreased expres-
sion of several enzymes playing a key role in dNTP biosynthesis. The inhibition of one
of these enzymes was sufficient to decrease intracellular dNTP levels and block HIV-1
infection of iMDDCs.

We next explored whether the replenishment of intracellular dNTP levels affected
HIV-1 infection. The addition of exogenous dNTPs to the culture media during single-
cycle HIV-1 infection strongly increased HIV-1 replication in mature MDDCs in a
dose-dependent manner (82 � [21 to 228�] increase in viral replication in mature
MDDCs cultured in the presence of 0.625 nM dNTPs, n � 4), while the effect was
modest at best in immature MDDCs (Fig. 5H). Of note, the viral replication level in
mature MDDCs did not quite reach the levels observed in immature MDDCs, even at the
highest concentrations of exogenous dNTPs (Fig. 5H). Overall, these results support that
the p21-related downregulation of enzymes involved in dNTP synthesis and the

FIG 4 Maturation of MDDCs decreases the size of the intracellular dNTP pools, but the pool sizes recover upon p21
knockdown. (A) Intracellular levels of dATP, dCTP, dGTP, and dTTP quantified by single-nucleotide primer extension gel
analysis in immature and mature MDDCs. Independent experiments with cells from 5 donors are shown. (B) Changes in
the dNTP levels in immature and mature MDDCs transfected with siRNA NT or siRNA p21. The results are shown as fold
change relative to each dNTP level in immature MDDCs transfected with siRNA NT. The median and IQR values of the
results obtained with cells from 4 different donors are shown (n � 4 donors). P values of ANOVA are shown. Significant
differences (P � 0.05) between conditions in post hoc analyses are identified by horizontal lines.
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FIG 5 p21 regulates the de novo and salvage dNTP synthesis pathways. (A to E) Relative levels of RNR2 mRNA (A), relative RNR2 protein levels
(B), relative levels of thymidylate synthase (TYMS) mRNA (C), relative levels of thymidine kinase 1 (TK-1) mRNA (D), and relative levels of CTP synthase 1 (CTPS1)
mRNA (E) in immature and mature MDDCs after transfection with siRNA p21 or siRNA NT. The data are expressed relative to the number of mRNA copies or
protein levels in immature MDDCs transfected with nontargeting siRNA. Symbols represent independent experiments (n � 7 donors for mRNA and n � 4 donors
for RNR2 protein). (F) Changes in luciferase activity after infection with HIV-1 NL4.3ΔenvLuc VSV-G in immature MDDCs cultured in the presence of increasing
amounts of 5-fluoro-2=-deoxyuridine. The results with cells from five donors are shown. (G) Changes in intracellular levels of dATP and dGTP quantified by
single-nucleotide primer extension gel analysis in immature MDDCs after treatment with 50 nM 5-fluoro-2=-deoxyuridine. Independent experiments with cells
from 3 donors are shown. (H) Changes in luciferase activity after infection with HIV-1 NL4.3ΔenvLuc VSV-G in immature and mature MDDCs cultured in the
presence of increasing amounts of exogenous dNTPs. The results are shown as fold change relative to the luciferase activity in immature MDDCs cultured in
the absence of exogenous dNTPs. The symbols represent independent experiments (n � 5 donors). The median and IQR values are shown. P values of ANOVA
are shown. Significant differences (P � 0.05) between conditions in post hoc analyses are identified by horizontal lines.
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consequent decrease in the size of the dNTP pools contribute to the restriction of HIV-1
replication in mature MDDCs but that additional mechanisms might also be involved.

Induction of p21 in mature MDDCs alters the balance between active antiviral
and inactive forms of SAMHD1. p21, through its cyclin-dependent kinase inhibitory

activity, might control the kinases involved in the phosphorylation of SAMHD1 (30, 32,
36). Maturation of MDDCs did not have any impact on the expression of SAMHD1
mRNA (P � 0.59, n � 9) (Fig. 6A) or on total protein levels (P � 0.8, n � 4) (Fig. 3B and
6B). In contrast, a strong decrease in the phosphorylated form of SAMHD1 (pSAMHD1)
was observed after MDDC maturation (13� [9 to 31�] decrease in pSAMHD1 levels)
(Fig. 3B and 6C). Downregulation of p21 by siRNA was associated with an increase
in the levels of pSAMHD1, particularly in the mature MDDCs (7� [3 to 26�]) (Fig.
3B and 6C), whereas the mRNA and total protein levels remained unchanged (Fig.
3B and 6A and B).

Because dephosphorylation has been shown to increase the antiviral activity of
SAMHD1 (23), the p21-dependent shift in the balance between the phosphorylated and
dephosphorylated forms of SAMHD1 upon MDDC maturation suggested that SAMHD1
plays a role in the HIV-1 block observed in mature MDDCs. MDDCs were transduced
with virus-like particles containing VPX to degrade SAMHD1 without affecting p21
expression (data not shown). SAMHD1 degradation had a strong impact on HIV-1
replication, increasing it 4� (3 to 7�) and 56� (16 to 577�) in immature and mature
MDDCs, respectively (P � 0.0001, n � 9) (Fig. 6D). These results were evidence of the
involvement of SAMHD1 in the impairment of HIV-1 replication in mature MDDCs, likely
due to upstream regulation of its antiviral activity by p21. Intriguingly, degradation of
SAMHD1 in immature and mature MDDCs appeared to have a milder effect on dNTP
levels than silencing of p21 (Fig. 6E), which is in agreement with p21 regulating dNTP
levels through the additional mechanisms discussed above.

p21 can regulate distinct and synergistic anti-HIV mechanisms in MDDCs. Our

results showed that p21 could block HIV-1 replication in MDDCs by reducing the
synthesis of dNTPs to below the levels needed for reverse transcription and by shifting
the balance between the phosphorylated and nonphosphorylated forms of SAMHD1.
However, it was unclear whether these activities were independent or whether they
might act complementarily to block HIV-1. To evaluate this, we infected immature and
mature MDDCs with HIV-1 after the degradation of SAMHD1 with virus-like particles
(VLPs) carrying VPX in the presence or absence of exogenous dNTPs. Although some
variation was observed in the magnitude of the effects of the treatments on cells from
different individuals, the effects were very consistent in all experiments performed. As
in the previous experiments, SAMHD1 degradation or exogenous dNTPs strongly
increased HIV-1 replication, but the presence of exogenous dNTPs in cultures of
VPX-treated cells had an additional and significant enhancing effect in both immature
and mature MDDCs (Fig. 7). On the other hand, the concomitant silencing of p21 and
the degradation of SAMHD1 in immature and mature MDDCs consistently led to higher
viral replication than the degradation of SAMHD1 alone (Fig. 7). Similarly strong
enhancement (median 100� increase compared to control conditions) of HIV replica-
tion in mature MDDCs was achieved when any combination of two conditions among
p21 silencing, VLP-VPX, or exogenous dNTPs were used in the cultures (Fig. 7). It should
be noticed that the effect of VLP-VPX or exogenous dNTPs on sip21-treated
immature and mature MDDCs was significantly diminished compared to their effect
on cells in which p21 had not been silenced (data not shown), suggesting that
partial p21 silencing was sufficient to recapitulate much of the effect caused by
either VPX or dNTPs. Finally, a further increment of HIV replication (median 2.5�

increase compared to cultures combining two culture conditions) was observed
when all three conditions were combined together, which suggests that p21,
besides regulation of SAMHD1 activity and dNTP pool levels, controls additional
mechanisms to block HIV-1 infection.
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DISCUSSION

Here, we show that expression of p21 was associated with a potent block of HIV-1
replication in MDDCs, potentially through several complementary mechanisms. Among
them are (i) p21 suppression of the expression of several enzymes involved in the de
novo (RNR2 and TYMS) and salvage (TK-1) routes of dNTP biosynthesis and (ii) p21-

FIG 6 p21 expression modulates SAMHD1 phosphorylation levels in MDDCs. (A to C) Relative copies of
SAMHD1 mRNA (A), total SAMHD1 protein levels (B), and pSAMHD1 protein levels (C) in immature and
mature MDDC after transfection with siRNA p21 or siRNA NT. The data are expressed relative to the number
of mRNA copies or protein levels in immature MDDCs transfected with nontargeting siRNA. The symbols
represent independent experiments (n � 9 donors for mRNA and n � 4 donors for proteins). (D) Changes
in luciferase activity after infection with HIV-1 NL4.3ΔenvLuc VSV-G in immature and mature MDDCs
cultured in the presence of virus-like particles with or without the SIV VPX protein. The results are shown
as the fold change relative to the luciferase activity in immature MDDCs cultured with VLPs not carrying
VPX. The symbols represent independent experiments (n � 9). The median and IQR values are shown. P
values of ANOVA are shown. Significant differences (P � 0.05) between conditions in post hoc analyses are
identified by horizontal lines. (E) Changes in the dNTP levels in immature and mature MDDCs transfected
with siRNA p21 or treated with VLP-VPX particles. The results are shown as fold change in dNTP levels
relative to those of control nontreated immature or mature MDDCs, respectively.

Valle-Casuso et al. Journal of Virology

December 2017 Volume 91 Issue 23 e01324-17 jvi.asm.org 10

http://jvi.asm.org


impaired SAMHD1 phosphorylation, which enhances its antiviral activity. Of note, under
our conditions SAMHD1 antiviral activity appeared to be, at least partially, independent
of its dNTPase activity, as it was still observed in the presence of saturating levels of
dNTPs. Both mechanisms of p21-mediated HIV-1 restriction were observed in immature
MDDCs, but the effects were exacerbated in mature cells.

HIV-1 replication was indeed strongly inhibited in mature MDDCs in our experi-
ments. In parallel, p21 was strongly induced upon MDDC maturation. This result is in
agreement with previous reports showing that p21 induction is involved in monocyte
differentiation and DC development and maturation (38, 40, 47). Moreover, DC matu-
ration is governed by cell cycle-associated processes (48–50). The magnitude of p21
induction in mature MDDCs compared to immature MDDCs correlated tightly with the
extent of relative HIV-1 restriction in mature MDDCs. The pivotal role of p21 in the

FIG 7 p21 controls the HIV-1 inhibition in mature MDDCs through two synergistic mechanisms. Changes in luciferase activity
after infection with HIV-1 NL4.3ΔenvLuc VSV-G in immature (top) or mature (bottom) MDDCs transfected with siRNA p21 or
siRNA NT, pretreated with VLPs with or without VPX, and cultured in the absence or presence of exogenous dNTPs (0.625 nM).
The data are expressed as the fold change in luciferase activity relative to the control condition for immature or mature
MDDCs. The median and IQR values of independent experiments with cells from 4 different donors are shown. Each donor is
identified with a different symbol. Panels on the right summarize the following comparisons between the different conditions:
statistically significant differences in post hoc analyses are identified by dark green circles, and big circles indicate consistent
differences between the conditions tested in all 4 experiments.
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impairment of HIV-1 replication in MDDCs was comforted by p21 knockdown experi-
ments that strongly increased viral replication in mature MDDCs (and more modestly in
immature MDDCs), even though only partial silencing of p21 was achieved.

We have previously shown that p21 induction also potently blocked HIV-1 replica-
tion in human macrophages (30, 31). This blockage was associated with p21-mediated
inhibition of dNTP biosynthesis through the suppression of the RNR2 subunit of the
ribonucleotide reductase. Here, we further explored the role of p21 in the dNTP
biosynthesis pathways and the relationship between these pathways and HIV-1 infec-
tion. We found that the RNR2 and dNTP levels, already low in immature MDDCs, were
further reduced in mature MDDCs. However, these levels recovered and matched those
observed in immature MDDCs when p21 was silenced. Among the dNTPs, the dTTP
levels showed the most consistent changes under the different conditions assayed.
dTTP is synthesized by the methylation of dUMP by thymidylate synthase in the de novo
pathway or after thymidine phosphorylation by thymidine kinase 1 in the salvage
pathway (29). The expression of both enzymes was strongly reduced upon MDDC
maturation, and their levels increased sharply in p21-silenced cells. Overall, our results
showed that p21 expression in MDDCs was accompanied by suppression of several key
enzymes involved in dNTP synthesis.

We have shown before that specific downmodulation of RNR2 inhibits HIV-1 repli-
cation in macrophages (30). We show here that chemical inhibition of thymidylate
synthase function in immature MDDCs decreases dNTP levels and efficiently blocks
HIV-1 replication to an extent similar to that seen in mature MDDCs. Thus, the
suppression of one of the enzymes involved in dNTP synthesis, whose expression is
regulated by p21, appeared sufficient to block HIV-1 infection in myeloid cells. Because
equilibrium among nucleotide levels is critical for cell survival and function (27), it is
likely that changes in the level of one dNTP would lead to changes in that of the others.
For instance, dTTP mediates allosteric regulation of RNR, and variations in dTTP levels
may affect de novo synthesis of the other dNTPs (46, 51). Supplementation of cells with
exogenous dNTPs increased viral replication slightly in immature MDDCs and much
more decisively in mature MDDCs, confirming that dNTP availability is a critical deter-
minant of HIV-1 inhibition in mature MDDC.

The dNTP pool is regulated by the cell cycle and, in particular, through the control
of enzymes involved in dNTP biosynthesis (27). Whether changes in RNR2, TYMS, and
TK-1 expression levels are directly regulated by p21 or are the indirect consequence of
cellular changes provoked by p21 expression remains to be determined. It is worth
noting that expression of CTPS1, an enzyme critical for dCTP synthesis, was not affected
by either MDDC maturation or p21 expression, which suggests that p21 induction was
accompanied by specific regulation of some genes rather than a general alteration of
dNTP metabolic pathways. We have previously shown that p21 inhibits RNR2 transcrip-
tion in macrophages by suppressing its transcriptional activator, E2F1 (30). E2F1 is a key
transcription factor in the retinoblastoma/CDK pathway regulating cell proliferation
and differentiation (52, 53). Moreover, E2F1 is a suppressor of DC maturation, and its
downregulation promotes the activation and maturation of these cells in the absence
of additional stimulation (48). Although we did not address this question here, a
previous study has reported that TYMS and TK1 correlate tightly with E2F1 (54).

The size of the dNTP pool is also regulated by nucleotide degradation. SAMHD1,
which has been shown to block HIV-1 replication in quiescent CD4� T cells, macro-
phages, and dendritic cells (12, 15, 17, 44, 55), possess nucleoside triphosphatase
activity and can mediate the depletion of dNTP pools. Although SAMHD1 is expressed
in both cycling and noncycling cells, its antiviral activity only occurs in the latter (10, 12,
14, 16, 23, 56). This difference was explained when two different teams reported that
SAMHD1 antiviral activity was regulated by the phosphorylation state of threonine 592
(23, 33). CDK1, CDK2, and CDK6 all have been proposed to mediate SAMHD1 phos-
phorylation. Because p21 is a promiscuous CDK inhibitor (57), it was possible that
induction of p21 in MDDCs affected the balance between the active antiviral and
inactive forms of SAMHD1. We found that SAMHD1 mRNA and total protein levels were

Valle-Casuso et al. Journal of Virology

December 2017 Volume 91 Issue 23 e01324-17 jvi.asm.org 12

http://jvi.asm.org


not altered by MDDC maturation. In contrast, maturation of MDDCs caused a strong
decrease in phosphorylated (inactive) SAMHD1 levels. Silencing of p21 reversed this
effect, confirming the capacity of p21 to regulate SAMHD1 phosphorylation (35, 36).
The degradation of SAMHD1 in the presence of virus-like particles containing SIV VPX
rescued HIV-1 replication in mature MDDCs. Therefore, these results suggest that HIV-1
inhibition in mature MDDCs also could be associated with an increased antiviral
potential of SAMHD1 linked to p21 induction.

Thus, p21 might regulate at least two different mechanisms that could interfere with
HIV-1 replication in MDDCs: (i) downregulation of key enzymes involved in dNTP
synthesis and (ii) countering the phosphorylation (inactivation) of SAMHD1. We further
explored whether these mechanisms are intertwined. Both supplementation with
exogenous dNTPs and degradation of SAMHD1 independently increased HIV-1 repli-
cation in MDDCs, especially in mature MDDCs. The simultaneous treatment of imma-
ture or mature dendritic cells with VPX and exogenous dNTP enhanced infection to
levels above those obtained with either of the two treatments alone. Therefore,
endogenous dNTP levels present in the absence of SAMHD1 did not allow optimal viral
replication, which suggests that low dTNP levels in MDDCs were not due to SAMHD1
dNTP catabolic activity only. Conversely, SAMHD1 still imposed a limit to HIV replication
in the presence of saturating amounts of dNTPs, suggesting that SAMHD1 action was
not due solely to dNTP degradation.

It has been suggested that, in addition to its dNTP triphosphohydrolase activity,
SAMHD1 exerts its antiviral function by degrading HIV-1 RNA from incoming particles
or single-stranded HIV-1 DNA through exonuclease activity (22). Along these lines,
SAMHD1 phosphorylation appears to eliminate its antiviral activity without affecting its
dNTPase activity (22, 23). However, the relative contribution of each of these two
alternative mechanisms in SAMHD1 antiviral activity is controversial (21, 58, 59). While
the ability of SAMHD1 to regulate the size of the dNTP pool is well established in
cycling cells, this role is much less clear in noncycling cells, where dNTPs levels are very
low. Recent reports have shown that the dNTPase activity but not the RNase activity of
SAMHD1 depends on its tetramerization (60, 61). SAMHD1 oligomerization is alloster-
ically regulated by a combined action of GTP and dNTP levels (60, 62). The levels of
dNTPs necessary to trigger SAMHD1 tetramerization and activation of its dNTPase
activity are similar to those found in cycling cells (63), which implies that in noncycling
cells, such as dendritic cells, SAMHD1 would preferentially exist in monomeric form and
that its antiviral activity would not be preferentially mediated by its dNTPase activity.
In contrast, p21-associated downregulation of the enzymes involved in dNTP biosyn-
thesis might decisively contribute to the low levels of the dNTP pools in mMDDC. Of
note, a recent study has shown that while SAMHD1 did not have an antiviral effect in
transduced HeLa cells, treatment of these cells with hydroxyurea, which, as with p21,
interferes with RNR2 activity and inhibits dNTP synthesis (64), triggered SAMHD1-
dependent antiviral activity (65).

p21 silencing strongly increased HIV-1 replication even when SAMHD1 was de-
graded, which supports the hypothesis that the inhibition caused by p21 induction was
not limited to the modulation of SAMHD1 activity. Induction of p21 therefore might
provide the optimal conditions for SAMHD1 antiviral activity by decreasing the syn-
thesis of dNTPs and inhibiting the CDKs responsible for SAMHD1 phosphorylation (Fig.
8). This would reconcile the apparently conflicting results about the role of p21 in HIV-1
inhibition in macrophages (35, 36). Our experiments suggest that these activities
accounted for most of the p21-induced HIV-1 block in mature MDDCs. However,
silencing p21 upon degradation of SAMHD1 and in the presence of exogenous dNTPs
further increased levels of infection, suggesting that additional effects mediated by
p21, independent of SAMHD1 or dNTP regulation, contribute to inhibit HIV-1 infection
in MDDC. Although we have focused here on mechanisms that could interfere with
reverse transcription and, more particularly, with the regulation of intracellular dNTP
levels, it has been reported that p21 also directly interferes with HIV-1 reverse trans-
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criptase and affects postintegration steps of viral replication by impairing HIV tran-
scription in CD4� T cells through inhibition of CDK2 and CDK9 (66, 67).

Overall, our results suggest that p21 is a key regulator of HIV-1 replication in primary
myeloid cells. p21 does not appear to exert a direct antiviral effect but rather would be
able to control HIV-1 replication indirectly through processes that are related to the role
of p21 in governing cell fate. Because of the complexity of p21 interactions and the
indirect nature of its antiviral activity, the establishment of definitive mechanistic links
between p21 expression and HIV replication will require further experiments, possibly
in simpler cellular models. The relative contribution to the block of HIV-1 infection of
the different mechanisms potentially regulated by p21 is unclear, but it is likely that this
will be heterogeneous and vary in function of individual factors or the context of the
target cell. Although we did not have the opportunity to analyze p21 expression in
MDDCs from HIV controllers in this study, it is interesting that enhanced expression of
p21 has been found in CD4� T cells and macrophages from these patients (66, 68). The
potential role of the mechanisms described here in the establishment and maintenance
of natural control of HIV-1 infection deserves further exploration.

MATERIALS AND METHODS
Production of immature and mature monocyte-derived dendritic cells. Buffy coats were ob-

tained from the French blood bank (Etablissement Français du Sang) through a collaboration agreement
with the Institut Pasteur and in accordance with French law. CD14� cells were purified (�90%) from
freshly isolated peripheral blood mononuclear cells (PBMCs) by positive selection with antibody-coated
magnetic beads in a Robosep instrument (Stemcell Technologies, Canada). Monocytes were differenti-
ated into monocyte-derived dendritic cells (MDDCs) by culturing them in the presence of interleukin-4
(IL-4; 1,450 IU/ml) and granulocyte-macrophage colony-stimulating factor (GM-CSF; 750 UI/ml) (all from
R&D Systems, USA) for 5 to 6 days. At this time, 96% of the cells expressed CD11c and HLA-DR. MDDCs
were cultured in the absence (immature) or the presence (mature) of IFN-� (1,000 U/ml) (R&D Systems,
USA), CD40L with a His tag (1 �g/ml), and His6� (10 �g/ml) for 24 h (69). MDDC maturation was
controlled by the enhanced expression of CD40, CD80, and CD86. MDDCs were harvested and suspended
in RPMI medium with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS) and 1% (vol/vol) antibiotics.
MDDCs were seeded at 106 cells/ml of media.

Flow cytometry. For MDDC phenotyping, the following antibodies were used: CD11c-V450 (B-ly6),
CD40-phycoerythrin (PE)-Cy5 (RUO), CD80-PE (MAB104), CD86-allophycocyanin (FUN-1), and HLA-DR-
ECD (Immu-357), from BD Biosciences. Cells were incubated with the antibodies for 15 min, washed with
phosphate-buffered saline (PBS) with 1% FBS, and fixed in 1% paraformaldehyde for flow cytometry with
an LSRII device (BD Biosciences). The data were analyzed with Kaluza software (Beckman Coulter).
Infected cells expressing GFP were incubated with a Live/Dead stain (Invitrogen), and then they were
washed in PBS with 1% FBS and fixed in 1% paraformaldehyde for flow cytometry with an LSRII device
(BD Biosciences).

Infection with replication-competent viruses. MDDCs were infected with HIV-1 BaL (R5). Viral
stocks were amplified in phytohemagglutinin-activated human primary CD4� T cells. MDDCs (7.5 � 105)

FIG 8 Proposed model for p21-mediated HIV-1 restriction in MDDCs. The expression of p21 is induced
during MDDC maturation (step 1). The increase in p21 expression leads to the downregulation of several
enzymes (RNR2, TYMS, and TK1) involved in dNTP biosynthesis (step 2), which would decrease the dNTP
pool size (step 3), impairing HIV-1 reverse transcription (step 4). In parallel, p21 induction could increase
the active isoform of SAMHD1 (step 5), which would further block viral replication through the
degradation of dNTPs (step 6) or exonuclease activity (step 7). Low levels of dNTP synthesis as a
consequence of p21 induction might further facilitate the exonuclease activity of SAMHD1 (step 8).
Although not explored here, induction of p21 might also directly block reverse transcriptase activity and
impair HIV transcription, as has been shown in CD4� T cells (step 9) (66, 67).
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were infected in triplicate in 96-well plates with 1 ng of p24 from HIV-1 BaL using a spinoculation
protocol (1 h, 1,200 � g at room temperature) (68, 70). Culture supernatants were harvested at days 4,
7, 10, and 14 after infection, and p24 was measured by enzyme-linked immunosorbent assay (ELISA)
(Zeptometrix).

Single-round infections. Single-round infections were performed with NL4.3Δenv-Luc HIV-1 and
NL4.3Δenv-GFP HIV-1 (kind gifts from Nathaniel Landau) (71, 72), pseudotyped with the VSV-G enve-
lope protein as previously described (31, 73). MDDCs were infected in triplicate (2 � 105 cells per
well) with 3 to 4 ng/1 � 106 cells of HIV-1.luc/VSV-G or 35 ng/1 � 106 HIV-1.GFP/VSV-G with
spinoculation (1,200 � g at room temperature for 1 h), followed by incubation for 1 h at 37°C. The cells
were then washed with PBS and incubated at 37°C in fresh medium supplemented with 10% FBS. After
72 to 96 h, HIV-1 replication was estimated as a function of the percentage of GFP-expressing cells by
either flow cytometry or luciferase activity in cell lysates (Luciferase reporter 1000 assay system [Promega,
Charbonnieres, France] and a Veritas microplate luminometer [Turner BioSystems, Sunnyvale, CA]) as
described previously (74).

Treatment of MDDCs with dNTPs and virus-like particles. MDDCs were cultured in the presence
of dNTPs and/or virus-like particles (VLPs) with or without the SIV VPX protein. A mix of the deoxy-
nucleosides dATP (NTATP100), dCTP (NTCTP100), dGTP (NTGTP100), and dTTP (NTTTP100) (all from MP
Biomedicals) was added to the cell cultures at a final concentration of 0.325, 0.650, or 1.25 mM (for each
dNTP) for 4 h before infection and maintained for the duration of the experiments. VLPs with or without
the SIV-VPX protein and pseudotyped with the VSV-G protein were produced as described previously
(56). VLPs were added to cell cultures for 4 h before infection and maintained for the duration of the
experiments.

Quantification of HIV-1 DNA intermediates. HIV-1 late reverse transcripts (U5-Gag) and integrated
DNA were quantified by real-time PCR with an Applied Biosystems 7500 real-time PCR system 72 h after
infection of the MDDCs with VSV-G-pseudotyped HIV-1 NL4.3-Luc particles. MDDCs were washed in PBS,
and total DNA was extracted with the DNeasy tissue kit (Qiagen). The U5-Gag PCR and Alu-Gag-nested
PCR were conducted as described elsewhere (73). Amplification of the albumin gene was quantified
relative to control human genomic DNA (Roche) and used to control for DNA loading. U5-Gag copies
were quantified relative to a standard curve of serial dilutions of 8E5 cells containing one integrated copy
of HIV-1 per cell (75) and integrated copies relative to a standard of DNA from HIV-1 R7Neo-infected HeLa
cells (31).

Quantification of mRNA gene expression. Total RNA from 5 � 105 MDDCs was extracted with the
NucleoSpin RNA kit (Macherey-Nagel) according to the manufacturer’s instructions. RNA was reverse
transcribed with SuperScript II RT (Invitrogen) using a Gene Amp PCR system 9700. PCR amplification
of cDNAs was carried out as previously described (30) on a 7500 real-time PCR system using the
TaqMan gene expression premade mix (Applied Biosystems) to amplify the following genes: RRM2
(Hs00357247_g1), TYMS (Hs00426586_m1), SAMHD1 (Hs00210019_m1), CTPS1 (Hs01041858_m1), TK1
(Hs01062125_m1), CDKN1A (Hs00355782_m1), and GAPDH (Hs02758991_g1). The data were analyzed by
the cycle threshold (CT) method, and the amount of target mRNA in each sample was normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as an endogenous reference.

Western blot and antibodies. MDDCs (1 � 106 to 2 � 106) were lysed in 100 to 200 �l of lysis buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100) containing an EDTA-free
protease inhibitor (Roche). A phosphatase inhibitor mixture (PhosSTOP; 04906837001; Roche) and
phosphatase inhibitor cocktail 3 (P5726; Sigma) also were added for pSAMHD1 analysis. Cell extracts (30
to 50 �g) were run on 4 to 12% Mini-PROTEAN TGX stain-free precast gels (Bio-Rad) and transferred into
polyvinylidene difluoride (PVDF) Hybond 0.45-�m membranes (Amersham). The membranes then were
hybridized with primary antibodies anti-�-actin (A5316; Sigma) and anti-RNR2 (Sc10844; Santa Cruz) and
used at a 1:200 dilution in 1% skimmed milk in PBS– 0.05% Tween; anti-p21 (CP74-05-655; Millipore) used
at a 1:1,000 dilution in 1% skimmed milk in PBS– 0.05% Tween, SAMHD1 (ab 67820; Abcam), used at
1:1,000 dilution in 1% skimmed milk in PBS– 0.05% Tween), followed by secondary horseradish peroxi-
dase anti-goat, anti-rabbit (Sigma), and anti-mouse antibodies (Cell Signaling). Proteins were visualized
on Hyperfilms (Amersham) using the SuperSignal West Pico chemiluminescent substrate (Pierce), and
films were digitalized with a scanner.

For pSAMHD1 analysis, the proteins were blotted onto PVDF-Immobilon-FL 0.45-�m fluorescence
membranes, and then the membranes were blocked with 5 to 10% milk for 30 min and 1% bovine serum
albumin (BSA) for 30 min; the membranes then were washed three times with 1� PBS for 10 min each.
For immunodetection of pSAMHD1, a pSAMHD1 rabbit monoclonal antibody generated in-house was
used (33). A fluorescent secondary anti-rabbit IgG antibody labeled with Dylight 680 (Thermo Fisher) was
used, and protein expression was revealed by infrared laser scan for fluorescent antibodies in a LI-COR
Odyssey system.

All Western blot films or digital images were analyzed with the Image studio lite software (LI-COR
Technologies) for band semiquantification.

siRNA transfection. All small interfering RNAs (siRNAs) were obtained from Dharmacon (ON-
TARGETplus). To knock down p21, a prevalidated combination of two siRNAs (sip21) was used (31): p21
target sequence 9, 5= CGA CUG UGA UGC GCU AAU G 3=, and p21 target sequence 12, 5= AGA CCA GCA
UGA CAG AUU U 3=. Control siRNAs were a pool of four nontargeting siRNAs (D-001810-04-20). siRNAp21
or nontargeting siRNAs were diluted (final concentration of 50 nM) in 1 ml of Opti-MEM (30) with 20 �l
of INTERFERin (Polyplus Transfection). The transfection mix was left at room temperature for 10 min.
Immature MDDCs then were incubated with the transfection mix at 37°C for 8 h. The medium was
replaced with fresh medium supplemented with 10% FBS, and the cells were kept in the incubator for
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16 h. A second siRNA transfection then was performed using the same conditions. Forty-eight hours after
the first siRNA transfection, the medium was replaced with fresh medium supplemented with 10% FBS
(immature MDDCs) or with maturation medium (mature MDDCs) for 24 h before infection. The efficacy
of p21 downregulation was evaluated at the time of infection by Western blotting to measure protein
levels and by RT-qPCR to measure mRNA.

dNTP quantification. For each experiment, 2 � 106 MDDCs were collected, washed with cold PBS,
and lysed in 2 ml of 60% (vol/vol) aqueous methanol. Lysates were heated at 95°C for 7 min, clarified by
centrifugation at 16,000 � g for 15 min at 4°C, and dried under vacuum. Extracted dNTPs then were
resuspended and quantified using a primer extension assay, as previously described (25). The linear
range of the dNTP assay is between 2% and 32% of the primer extension. The calculation of intracellular
dNTP concentrations (picomolars) was based on the reported number of MDDCs.

Statistical analysis. Values are presented in the text as medians and interquartile ranges (IQR).
Differences among culture conditions were analyzed with a nonparametric paired analysis of variance
(ANOVA). P values from these analyses are indicated in the figures. When a significant difference was
detected, post hoc multiple comparisons were performed with the Student-Newman-Keuls method.
Significant differences in these pairwise analyses are identified by horizontal bars in the figures. For
correlations, the Spearman’s rank coefficient was calculated. The data were analyzed with SigmaPlot 12.5
(Systat Software, Inc.).
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