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Background: The cellular DNA repair machinery completes the 5�-end gap repair of HIV-1 integration.
Results:The 5�-endDNAgap repair of HIV-1 integration depends on dNTP availability inmacrophages,monocytes, andCD4�

T cells.
Conclusion: 5�-End DNA gap repair is a rate-limiting step in HIV-1 integration in macrophages and monocytes due to limited
cellular dNTPs.
Significance: Availability of cellular dNTP and polymerase controls HIV-1 integration kinetics.

HIV-1proviralDNA integration intohost chromosomalDNA
is only partially completed by the viral integrase, leaving two
single-stranded DNA gaps with 5�-end mismatched viral DNA
flaps. It has been inferred that these gaps are repaired by the
cellular DNA repair machinery. Here, we investigated the effi-
ciency of gap repair at integration sites in different HIV-1 target
cell types. First, we found that the general gap repair machinery
in macrophages was attenuated compared with that in dividing
CD4� T cells. In fact, the repair in macrophages was heavily
reliant upon host DNA polymerase � (Pol �). Second, we tested
whether the poor dNTP availability found in macrophages is
responsible for the delayed HIV-1 proviral DNA integration
in this cell type because the Km value of Pol � is much higher
than the dNTP concentrations found in macrophages.
Indeed, with the use of a modified quantitative AluI PCR
assay, we demonstrated that the elevation of cellular dNTP
concentrations accelerated DNA gap repair in macrophages
at HIV-1 proviral DNA integration sites. Finally, we found
that human monocytes, which are resistant to HIV-1 infec-
tion, exhibited severely restricted gap repair capacity due not
only to the very low levels of dNTPs detected but also to the
significantly reduced expression of Pol �. Taken together,
these results suggest that the low dNTP concentrations found
in macrophages and monocytes can restrict the repair steps
necessary for HIV-1 integration.

HIV-1 belongs to the Lentivirus genus in the family Retro-
viridae. Lentiviruses are unique in their ability to infect both
dividing and non-dividing cells (1), whereas many other retro-
viruses can exclusively infect dividing cells. AfterHIV-1 reverse

transcriptase (RT)2 completes reverse transcription, which
converts the viral ssRNA genome into proviral dsDNA in the
cytosol (2), the proviral dsDNA is transported into the nucleus
and integrated into host chromosomal DNA. The integration
process is catalyzed by a virally encoded integrase that carries
out two enzymatic reactions: 3�-end processing and strand
transfer (3). The 3�-end processing reaction of integrase results
in the cleavage of two nucleotides from both 3�-ends of the
proviral DNA to expose 3�-OH groups. The free 3�-OH groups
are then oriented through the mechanism of strand transfer to
allow nucleophilic attack on chromosomal DNA. This cova-
lently links only one of the two viral DNA strands to the host
DNA and creates a single-stranded gap between the two DNA
species, as well as 5�-end mismatched flaps of viral DNA (4).

It is thought that 5�-end joining is completed by cellular
enzymes specifically found in the base excision repair (BER)
and single-strand break repair pathways (5–7). BER involves
three sequential enzymatic reactions. First, host cell DNApoly-
merases, such as DNA polymerase � (Pol �) or �, use cellular
dNTPs to fill in the single-stranded gap. Next, the 5�-end mis-
matched flap is cleaved by host nucleases, such as FEN1 (flap
endonuclease 1). The resulting DNA fragments are then joined
together by one of the two host cell ligases, I or III (6). Previ-
ously, it was shown that recombinant BER proteins can repair a
synthetic viral/host DNA gapped substrate in vitro (6). Addi-
tionally, it has been demonstrated that cells with knocked down
Pol � have lower viral DNA integration efficiency (7).
Both reverse transcription and 5�-end DNA gap repair steps

require cellular dNTPs. However, this metabolite can vary
greatly between cell types (8). We reported previously that the
dNTP levels in terminally differentiated human primary
macrophages are extremely low, with concentrations ranging
from 20 to 60 nM (9). This concentration is �200 times lower
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CD4� T cells (5 �M) (8). In addition, our laboratory and others
have reported that cellular SAMHD1 (sterile alpha motif and
HD domain-containing protein 1), a dNTP triphosphohydro-
lase, contributes to the low dNTP levels found in macrophages
and other myeloid lineage cells (10, 11). Importantly, the dNTP
discrepancy betweenmacrophages and active CD4� T cells has
been extensively studied with regard to the effect that the cel-
lular concentration has on the efficiency of HIV-1 reverse tran-
scription (9, 12–15).
HIV-1 and other lentiviruses uniquely complete reverse

transcription at low dNTP concentrations, which are found in
non-dividing cell types. A number of factors promote this
unique ability of lentiviruses. First, HIV-1 RT has a very tight
binding affinity for dNTPs comparedwith other oncoretrovirus
RTs (16), allowing HIV-1 RT to complete reverse transcription
in environments with low substrate availability (8). In addition,
recent reports have shown that HIV-2 and several simian
immunodeficiency viruses can enhance reverse transcription
by elevating the cellular dNTP concentrations in macrophages.
This is accomplished through the action of Vpx (viral protein
X) which targets SAMHD1, a host protein, for proteasomal
degradation. This in turn leads to an increase in cellular dNTP
levels. We and several groups have reported that treatment of
macrophages, dendritic cells, and resting CD4� T cells with
virus-like particles expressing Vpx enhances HIV-1 infection
(10, 11, 17). However, although many of the recent SAMHD1
studies focused exclusively on how this increase in dNTPs
affects viral reverse transcription (8, 9, 12–14, 18, 19), we
hypothesized that cellular dNTP concentrations also influence
DNA gap repair during viral DNA integration into the host
genome.
Here, we demonstrate that HIV-1 DNA gap repair in mono-

cyte-derived macrophages (MDMs) was greatly reduced com-
pared with CD4� T cells and that this difference was due to the
reduced repair capability of enzymes expressed inmacrophages
and the low cellular dNTP concentration in this cell type.
Indeed, HIV-1 5�-end gap repair remained incomplete at inte-
gration sites in macrophages, but the amount of fully repaired
integration sites was increased when cellular dNTP levels were
elevated. This supports our hypothesis that cellular dNTPavail-
ability influences the process of HIV-1 integration in addition
to the process of reverse transcription.

EXPERIMENTAL PROCEDURES

Cells and HIV-1 Vector—Human monocytes were isolated
from buffy coats from multiple donors (New York Blood Cen-
ter) through density gradient centrifugation. Cells were further
column-purified using anti-CD14 microbeads (MACS, Milte-
nyi Biotec). Monocytes were differentiated to macrophages for
7 days and supplemented with 100 units/ml GM-CSF (R&D
Systems, Minneapolis, MN) at 37 °C in RPMI 1640 medium
(HyClone, Logan, UT) containing heat-inactivated 10% FBS
(Atlanta Biologicals, Lawrenceville, GA) and 1% penicillin/
streptomycin (Invitrogen). CD4� T cells were isolated from
buffy coats using anti-CD4 microbeads (MACS, Miltenyi Bio-
tec). CD4� T cells were activated with 6 �g/ml phytohemag-
glutinin (J-Oils Mills, Inc., Tokyo, Japan) (20) and 20 units/ml
IL-2 (Miltenyi Biotec).

The pD3HIV-GFP vector expresses enhanced GFP and all of
the HIV-1 NL4-3 proteins except for Nef and Env. The vector
was pseudotyped with vesicular stomatitis virus glycoprotein
as described previously (14). A viral vector was made by trans-
fection of 293FT cells (Invitrogen) with pD3HIV-GFP and
pVSV-G as described previously (19). Briefly, cells were washed
after 24 h, and the medium was collected at 72 h. The medium
containing the vector was treated with TURBO DNase
(Ambion, Austin, TX) for 30 min at 37 °C.
Preparations of Nuclear Extracts—Nuclear extracts from

monocytes, macrophages, naïve, and activated CD4� T cells
were prepared from multiple donors as described previously
(21). Briefly, cells were washed with Dulbecco’s PBS (Invitro-
gen) and then resuspended in hypotonic buffer before Dounce
homogenization. Lysed cells were centrifuged at 3300� g for 15
min. The pellet containing the cell nuclei was then mixed with
high salt buffer (1.6 M KCl) and incubated on ice. Extracts were
centrifuged at 22,065 � g for 30 min. The supernatant was
collected, dialyzed overnight, and saved as nuclear extracts at
�80 °C. Nuclear extracts were normalized to total protein con-
centration as measured by the Bradford assay (Bio-Rad).
In Vitro Gap Repair Assay—Oligonucleotides previously

published (6), primer Key35 (5�-ATTCGAGCTATCCTT-
GCGCG-3�), primer Key31 (5�-ACTGCTAGAGATTTTCC-
ACACTGACTA-3�), template Key36 (5�-TAGTCAGTGT-
GGAAAATCTCTAGCAGGCCCCGCGCAAGGATAGCTC-
GAAT-3�), and a new primer for 3�-end labeling (Key36�dC,
5�-CTAGTCAGTGTGGAAAATCTCTAGCAGGCCCCGC-
GCAAGGATAGCTCGAAT-3�) were ordered from Integrated
DNA Technologies (22). Key35 was 5�-end-labeled with �-32P
using T4 polynucleotide kinase for 30 min at 37 °C. Gapped
substrate i (see Fig. 1A) was constructed with primers at the
following concentrations: Key35, 800 nM; Key31, 2.4 �M; and
Key36, 1.6 �M (6). To 3�-end label Key31, the primer was first
annealed to Key36�dC, incubated with recombinant RT and
�-32P-labeled dC for 30 min at 37 °C, and then run on a Tris-
free Micro Bio-Spin P-30 column (Bio-Rad). The purified
primer-template was then annealed to Key35. The substrate
was constructed with 3�-end-labeled Key31 (2.4 �M),
Key36�dC (1.6 �M), and Key35 (800 nM).
Gap repair reactions (20 �l) contained 20 nM substrate i or ii

(see Fig. 1A) and 75 �M (dT)20, 2 mM ATP, dNTPs (60 nM, 2.5
�M, or 250 �M) and reaction buffer. Reactions were initiated by
the addition of 4 �l of diluted nuclear extract from multiple
donors at an initial concentration of 0.4 or 2 �g/�l and incu-
bated at 37 °C for 30, 60, 90, or 120 min. Reactions were termi-
nated using 40 mM EDTA (Invitrogen) and 99% formamide
and immediately denatured by incubation at 95 °C for 5 min.
Tomonitor for highermolecular weight repair products, 4 �l
of the 30-�l final reaction was separated by 14% urea-PAGE
(SequaGel, National Diagnostics). Data were captured by
PhosphorImager analysis (PerkinElmer Life Sciences) and
quantitated usingQuantityOne software. Importantly, the repair
activities analyzed by the quantitation of the final repair products
throughout this study were reproducibly linear to both the
amounts of the extracts (supplemental Fig. S1) used and the incu-
bation time (supplementalFig. 2) as illustrated in the legendsof the
supplemental figures.
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Pol � Depletion Assay—Nuclear extracts from MDMs and
CD4� T cells from two donors were depleted as described pre-
viously (21). Briefly, 30 �l of nuclear extract (normalized to 4
�g/�l) was added to 10 �l of Protein A/G Plus-agarose beads
(Santa Cruz Biotechnology) along with 3 �l of anti-Pol �
(Abcam) or anti-�-tubulin (Santa Cruz Biotechnology) anti-
body. Reactions were agitated overnight at 4 °C and then
centrifuged for 1 min at 10,000 � g. The supernatant was
collected and analyzed by Western blotting to monitor the
completeness of depletion prior to testing these extracts in
the repair reactions.
Western Blotting—Anti-�-actin (Santa Cruz Biotechnology),

anti-�-tubulin, and anti-Pol � antibodies were used for West-
ern blotting. Nuclear extracts were prepared from two donors
as described above and normalized by the Bradford assay for
total protein. Samples were mixed with SDS and incubated at
95 °C for 5 min to denature the proteins. The lysate was then
subjected to 12% SDS-PAGE and transferred to a Hybond ECL
membrane (Amersham Biosciences). Primary and secondary
antibodies were used at a 1:1000 dilution. Gels were visualized
by chemiluminescence (SuperSignal West Femto maximum
sensitivity substrate, Thermo Scientific) and imaged using a
Bio-Rad molecular imager.
In Vivo 5�-End Joining Assay—As shown in Fig. 6, macro-

phages from three donors were transduced with pD3HIV-GFP
for 24 h. The cells were washed, incubated for a consecutive
24 h, and then treatedwith 5�Mnevirapine and 1�Mraltegravir
for 6 h. After the 6-h treatments (“day 0”), 1 million macro-
phages were washed with Dulbecco’s PBS and scraped. Cells
were then centrifuged at low speed for 5 min and resuspended
in 200 �l of Dulbecco’s PBS. Cells were monitored for GFP
expression using a C6 flow cytometer (Accuri). The remaining
cells were pelleted and resuspended in 100 �l of lysis buffer
(Wizards SV genomic purification system, Promega). Follow-
ing this day 0 analysis, 1mMdeoxynucleosides (dNs) ormedium
was added to the cells, which were analyzed by flow cytometry
24, 48, 72 or 96 h after dN treatment. Themediumwas changed
at 48 h, and both inhibitors and the dNs were replaced. Percent
transduction was determined using FlowJo software (version
8.8.5, Tree Star Inc.). The remaining cells were pelleted and
resuspended in 100 �l of lysis buffer. The genomic extracts
were also monitored for integrated proviral DNA by AluI PCR as
described previously (23). Briefly, pHR-CMV-GFP was trans-
duced and stably integrated into 293FT cells, and genomic DNA
was extracted as described previously (23). 293FT genomic prep-
arations containing the integrated pHR-CMV-GFP genome
were diluted 1:2, 1:4, 1:8, 1:16, and 1:24 with genomic extract
from non-transduced 293FT cells. These extracts were then
assayed for the amount of late RT DNA products using the
following primers: late forward primer for the pHR vector,
5�-TGTGTGCCCGTCTGTTGTGT-3�; late RT reverse
primer, 5�-GAGTCCTGCGTCGAGAGAGC-3�; and late RT
probe, 5�-6-carboxyfluorescein-CAGTGGCGCCCGAACAG-
GGA-carboxytetramethylrhodamine-3�. The amount of sig-
nal from each dilution was compared with the signal from a
known amount of diluted pD3HIV-GFPwith the only variation
in primers used for D3 being the late RT reverse primer (5�-
GAGTCCTGCGTCGAGAGATC-3�). The diluted and quant-

ified 293FT extract was then used as a standard to measure the
amount of integrated proviral DNA using the following pri-
mers: AluI forward primer, 5�-AACTAGGGAACCCACTGC-
TTAAG-3�; AluI reverse primer, 5�-TGCTGGGATTACAGG-
CGTGAG-3�; and AluI probe, 5�-6-carboxyfluorescein-
ACACTACTTGAAGCACTCAAGGCAAGCTTT-carboxy-
tetramethylrhodamine-3�.

RESULTS

HIV-1 LTR 5�-End Gap Repair in Nuclear Extracts Prepared
fromMacrophages andActivatedCD4�TCells—We first com-
pared the DNA gap repair capability of human primary MDMs
and activated CD4� T cells by employing an in vitro assay that
can directly monitor the three enzymatic steps to complete
5�-end gap repair: DNA synthesis to fill the ssDNA gap, 5�-end
mismatch flap removal, and DNA ligation. This assay utilizes
nuclear extracts prepared from cells (24) and synthetic HIV-1
DNA gap repair substrates. As shown in Fig. 1A, the gap sub-
strate consists of two primers: a 20-mer upstream primer (blue)
and a 27-mer primer that encodes the 5�-end sequence of the
viral 5�-LTR (red) for substrate i. These two primers were
annealed to a 50-merDNA template, creating a four-nucleotide
single-stranded gap region with a 5�-end single nucleotide mis-
match flap (6). The 20-mer and 28-mer primers in substrate ii
were labeled with �-32P at the 5�-end of the upstream primer (Fig.
1A, *) (25). Gap filling by cellularDNApolymeraseswith substrate
i generated a four-nucleotide extension of the upstream primer
(Fig. 1A, gray). This was followed bymismatch flap removal and
ligation between the 24-mer extended upstreamprimer and the
processed 26-mer downstreamprimer, which in turn generated
a 50-mer repair product. To verify the absence of the strand
displacement activity in the assay, which can also generate the
same 50-mer product simply by extending the labeled upstream
primer, we constructed a similar gap substrate with a �-32P-3�-
end-labeled downstream primer by incorporating a single
radioactive dGTP to form the 51-mer template (substrate ii in
Fig. 1, A and D).
Next, we prepared nuclear extracts from human primary

macrophages and activated CD4� T cells and normalized each
extract to 2 �g/�l total protein. To compare the DNA gap
repair capability, we incubated each extract with substrate i for
30 min at 37 °C at saturating dNTP concentrations (250 �M).
The reactions were then quenched with 20 mM EDTA and
analyzed by 14% urea-PAGE to monitor the amount of
repair. As shown in Fig. 1B, nuclear extracts from both
macrophages (lane 2) and activated CD4� T cells (lane 3)
extended the 20-mer upstream primer (blue), generating
products with sizes between 21 and 24 nucleotides (gray
lines). The gap-filled product was then ligated to the down-
stream primer (Fig. 1B, red), generating the 50-mer repair
product. Next, to compare the gap repair capacity of each
cell type, we quantified the amount of 50-mer repair product
in reactions with extracts from multiple donors and normal-
ized for the amount of total protein in each reaction. As shown
in Fig. 1C, nuclear extracts from macrophages were 3.4-fold
lower in their ability to generate the 50-mer products compared
with nuclear extracts from activated CD4� T cells, indicating
that macrophages have reduced repair capability.
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As discussed previously, it is possible that the 50-mer prod-
uct observed in Fig. 1B could also be generated by the strand
displacement activity of host cellular polymerases and not by
ligation between the 24-mer extended upstream primer and
processed 26-mer downstream primer (26, 27). To rule out this
alternative mechanism, we incubated substrate ii with dNTPs
alone, nuclear extract from macrophages, or recombinant RT,
which is known to have strand displacement activity (28).With
this substrate, only the ligation between the two primers can
generate the radioactively labeled 51-mer product, whereas
upstream primer extension and strand displacement cannot
generate the radioactively labeled 51-mer product. As shown in
Fig. 1D, only nuclear extract from macrophages displayed the
51-mer repair product. These data validate that the 50-mer
products observed in Fig. 1Bwere in fact products of gap filling
and ligation between the extended upstream and processed
downstream primers and not strand displacement.
HIV-1 LTR DNA Gap Repair Is Dependent on Pol �—Previ-

ously, it was shown that proteins within the BER pathway are
important for HIV-1 infection (5, 6). More specifically, DNA
Pol � helps in HIV-1 DNA integration (7) and has also been
shown to be preferentially used in the BER pathway in termi-

nally differentiated non-dividing cells (29, 30). To determine
whether human primary CD4� T cells and macrophages
depend on this polymerase to complete HIV-1 LTR 5�-end gap
repair, we initially immunodepleted DNA Pol � from nuclear
extracts of macrophages and CD4� T cells using anti-DNA Pol
� antibody. We also treated the extracts with �-tubulin anti-
body as a control. Western blot analysis for DNA Pol � showed
the successful depletion of Pol � from the extracts (Fig. 2A,
lower panel, lanes 3, 5, 7, and 9), whereas anti-�-tubulin anti-
body did not affect the Pol � level (lanes 2, 4, 6, and 8). Next, we
tested the repair capabilities of each nuclear extract using
the assay described in Fig. 1B with 250 �M dNTPs to saturate
the assay. Note that the level of cellular actin protein in each
sample (Fig. 2A, lower panel) was used to normalize the total
extract amount. As shown in the �-tubulin control reactions in
Fig. 2A, nuclear extracts from two CD4� T cell donors (lanes 6
and 8) generated a greater amount of 50-mer repair products
compared with extracts from two macrophage donors (lanes 2
and 4). However, upon depletion of Pol � from the nuclear
extracts from both donors of macrophages (Fig. 2A, lanes 3 and
5) and CD4� T cells (lanes 7 and 9), the generation of the
50-mer repair product was greatly reduced for both cell types.

FIGURE 1. In vitro DNA gap repair activity of nuclear extracts from human primary activated CD4� T cells and MDMs. A, 32P-5�-end-labeled (substrate i)
or 32P-3�-end-labeled (substrate ii) gapped DNA substrate was used in this study as described previously (6). Substrate i consists of a 20-mer upstream primer
(blue) and a 27-mer downstream primer (red), which are annealed to a 50-mer template, creating a four-nucleotide gap (gray) with a 5�-end flap of the
downstream primer. B, nuclear extracts normalized to 2 �g/�l total protein from either macrophages (lane 2) or CD4� T cells (lane 3) from three donors (data
from one donor are shown) were incubated with the 5�-end gapped substrate for 30 min at 37 °C. Reactions were quenched with 40 mM EDTA and subjected
to 14% urea-PAGE. Gap filling generated a 24-mer product, followed by a fully repaired 50-mer product as indicated. A 10-mer ladder was run in lane 1. C, repair
capacity comparison of macrophages and activated CD4� T cells from three donors. The percent of the fully repaired 50-mer product in the total loading in
each lane was quantified by densitometry, and the -fold difference between CD4� T cells and macrophages was calculated. D, substrate ii containing the
3�-end-labeled 28-mer downstream primer was incubated with nuclear extracts normalized to 2 �g/�l total protein from macrophages in the presence (lane
2) or absence (lane 3) of 250 �M dNTPs for 30 min at 37 °C. Lane 1 is the control reaction without nuclear extract. Reactions were quenched with 40 mM EDTA and
subjected to 14% urea-PAGE. The unrepaired 28-mer downstream primer and the fully repaired 51-mer product are indicated. A 10-mer ladder (lane 4) and the
28-mer control downstream primer (lane 5) are also shown.
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The amount of 24-mer gap-filled product (Fig. 2B) and fully
repaired 50-mer product (Fig. 2C) in each sample were quanti-
fied and normalized to the level of actin in each extract. As
shown in Fig. 2 (B and C, see asterisks), there was a significant
reduction in both the 24-mer gap-filled product and 50-mer
ligated product. These data suggest that DNA Pol � is utilized
predominantly by both CD4� T cells and macrophages for
HIV-1 LTR 5�-end DNA gap repair. Additionally, due to the
variation in amount of repair observed between cell types, other
factors could contribute to the differences seen between cell
types, such as expression of repair enzymes.
HIV-1 LTR 5�-End DNA Gap Repair Is Dependent on dNTP

Concentrations—After confirming the role of Pol � in the
5�-end gap repair pathway in both CD4� T cells and macro-
phages, we next tested whether the efficiency of this repair
pathway is also influenced by the physiological dNTP concen-
trations found in both cell types. In fact, theKm andKd values of
Pol � for dNTPs are �5 and 2 �M, respectively. Both of these
values aremuch higher than the concentration of dNTPs found
in macrophages (20–60 nM), but they are close to the concen-
tration found in activated CD4� T cells (2–5 �M) and other
dividing cells (8, 31, 32). Therefore, it is possible that, inmacro-
phages, the dNTP incorporation/gap filling step by Pol � could
be a rate-limiting step during HIV-1 LTR 5�-end DNA gap
repair. We predicted that if the concentration of dNTPs corre-
lated with gap filling efficiency, then gap repair would be effi-
cient at saturating dNTP concentrations (250 �M compared
with concentrations below the Kd of Pol � (5 �M)). To explore
this possibility, we prepared nuclear extracts fromCD4�Tcells
and macrophages from multiple donors and assayed for the
efficiency of gap repair with substrate i at dNTP concentrations

found in macrophages (60 nM) and CD4� T cells (2.5 �M) and
also at saturating dNTP concentrations (250�M) (Fig. 3A,M,T,
and S, respectively). As shown in Fig. 3A, nuclear extracts from
both macrophages and CD4� T cells were able to efficiently
complete 5�-end gap repair at saturating dNTP concentrations
(50-mer band). The repair product was reduced in CD4� T cell
extracts at the dNTP concentration found in the T cells (2.5
�M). Furthermore, nuclear extracts from both macrophages
and CD4� T cells failed to execute the 5�-end gap repair at 60
nM dNTP concentrations. The repair by nuclear extracts from
macrophages was found to be 3.5-fold lower than that of
nuclear extracts from CD4� T cells when 250 �M dNTPs was
used, which was also observed in Fig. 1. However, the macro-
phage extracts displayed a 11.5-fold lower repair capability than
the CD4� T cell extracts when 2.5 �M dNTPs was used (Fig.
3B). Similar results were observed in reactions utilizing sub-
strate ii, which was labeled with RT, which unfortunately pro-
duced a doublet due to terminal transferase activity (Fig. 3C,
control (C)). This produced a doublet 51-mer/52-mer band in
the repair reactions; however, these results still confirmed that
the repair observed was due to the joining of both primers and
not strand displacement (Fig. 3C). Collectively, these data sup-
port a model in which HIV-1 LTR 5�-end DNA gap repair is
dependent on the cellular dNTP availability and cellular
enzymes, including Pol �. They also support that DNA gap
filling may be a rate-limiting step for HIV-1 proviral DNA inte-
gration into the genome of macrophages.
Nuclear Extracts from Macrophages Fail to Repair the

Gapped Substrate during Extended Incubation Times—Next,
we tested whether DNA gap repair can be detected at longer
incubation times using substrate i in the presence of nuclear

FIGURE 2. Roles of DNA Pol � in in vitro LTR DNA gap repair activity of nuclear extracts from human primary macrophages and activated CD4� T cells.
A, nuclear extracts from human macrophages and activated CD4� T cells from two donors (d1 and d2) were normalized to 4 �g/�l total protein and
immunodepleted (Im. Depl.) for Pol � or control anti-�-tubulin antibody. The depleted extracts were incubated with substrate i for 30 min with 250 �M dNTPs
(upper panel). The depleted extract was Western-blotted (WB) for the presence of either DNA Pol � or actin (lower panels). The lanes in the lower panels
correspond to the immunodepletion indicated in the upper panel. The 24-mer gap-filled product (B) and the fully repaired 50-mer product (C) in the reactions
with macrophages and T cells immunodepleted with DNA Pol � or anti-�-tubulin (Tub) antibody were quantitated against the total product. As shown in Fig.
2 (B and C, see single and double asterisks), there was a significant reduction in both the 24-mer gap-filled product and the 50-mer ligated product.
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extracts from macrophages from two donors. Although there
was variability displayed between donors, which is common,
gap repair with 60 nM dNTPs (Fig. 4A, M) was not restored
when the incubation time was extended to 60, 90, or 120 min.
Additionally, the 50-mer repair product level increased at T cell
and saturating dNTP concentrations. This was observed with
both donors and further confirms that the limited dNTP lev-
els contribute to the attenuated 5�-end gap repair observed
in macrophages.

Abundant ATP inMacrophages Supports Efficient Ligation of
the 5�-End Gap—Unlike cellular dNTP levels, ATP concentra-
tions range between�6 and�2mM for peripheral bloodmono-
nuclear cells and macrophages (9, 33, 34). ATP is a necessary
cofactor for DNA ligases. Therefore, we tested whether 5�-end
DNAgap repair is also dependent on the concentration of ATP.
We incubated nuclear extract from macrophages with sub-
strate ii at the saturating dNTP concentration (250 �M) with or
without 2 mM ATP. As shown in Fig. 4B, 5�-end gap repair was

FIGURE 3. DNA gap repair activity of nuclear extracts from human primary macrophages and activated CD4� T is dependent on dNTP concentrations.
A, nuclear extracts from macrophages and CD4� T cells were normalized to 2 �g/�l total protein. The normalized extracts were incubated with substrate i for
30 min at 37 °C with set dNTP concentrations of 60 nM (M), 2.5 �M (T), and 250 �M (S). The unrepaired gapped substrate produced a labeled 20-mer upstream
primer in the control (C), and the fully repaired substrate produced a 50-mer band. B, -fold differences between the repair capabilities of macrophage and T cell
extracts at different dNTP concentrations were calculated using the percent repair determined by densitometry of the repaired 50-mer product. C, substrate
ii containing the 3�-end-labeled 28-mer downstream primer was incubated with nuclear extracts from macrophages or activated CD4� T cells from two donors
(d1 and d2; 2 �g/�l total protein) for 30 min at 37 °C with three different dNTP concentrations (60 nM (M), 2.5 �M (T), and 250 �M (S)). The unrepaired 28-mer
downstream primer (C), the fully repaired 51-mer product, and the 10-mer ladder (L) are marked.

FIGURE 4. Nuclear extracts from human primary macrophages fail to repair substrate at physiological dNTP concentrations. Nuclear extracts from
macrophages from two donors (d1 and d2), which were normalized to 2 �g/�l total protein, were incubated with substrate i for 30, 60, 90, or 120 min at 60 nM

(M), 2.5 �M (T), or 250 �M (S) dNTP. The unrepaired 20-mer upstream primer and the fully repaired 50-mer product are indicated. B, nuclear extracts from
macrophages from two donors were incubated with substrate ii containing the 3�-end-labeled unligated downstream primer at 250 �M dNTP and with (�) or
without (�) 2 mM ATP. The 51-mer ligated product is indicated. C, control.
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minimally detected upon ATP deprivation. The amount of
repair detected under this condition could be due to the pres-
ence of ATPprebound toDNA ligases in the extracts. However,
upon addition of 2 mM ATP, an increase in ligated repair prod-
uct was observed. These data indicate that, unlike dNTPs, the
concentration of ATP in macrophages is sufficient to support
the ligation step in DNA gap repair.
Gap Repair in Human PrimaryMonocytes—Unlike activated

CD4� T cells and macrophages, monocytes are restrictive to
HIV-1 infection (35, 36). Additionally, it has been suggested
that primary restriction of HIV-1 infection in monocyte occurs
during a step after reverse transcription (37). Monocytes have
also been shown to display reducedDNA repair compared with
other cell types (38). Therefore, we examined the DNA gap
repair capacity and cellular dNTP concentrations of human
primary monocytes. First, we prepared nuclear extracts from
monocytes and macrophages of the same donors. Nuclear
extract fromeach cell type (2�g/�l protein)was incubatedwith
substrate i in the presence of 60 nM, 2.5 �M, or 250 �M dNTPs

(Fig. 5B,M, T, and S, respectively). As shown in Fig. 5B, macro-
phages displayed significant repair only at saturating dNTP
concentrations (250 �M). Notably, nuclear extract frommono-
cytes displayed reduced repair even at saturating dNTP con-
centrations compared with macrophage extract. When the
repair products from each extract were quantified (Fig. 5B),
monocytes had �16-fold less DNA gap repair product at 250
�M dNTP compared with macrophages. The same result was
observed in the reactions with substrate ii at 250 �M (data not
shown). These data demonstrate that monocytes have even
more attenuated DNA gap repair capacity than macrophages.
Next, we performedWestern blotting for Pol� using all nuclear
extracts. As shown in Fig. 5 (C and D), monocytes harbored
4.7-fold less DNA Pol � compared with macrophages. Finally,
wemeasured the dNTP concentrations ofmonocytes using our
primer extension-based dNTP assay using a 32P-5�-labeled
18-mer primer annealed to a 19-mer DNA template, leaving
only a one-nucleotide overhang in the template strand. This
allows for a single dNTP to be incorporated by DNA poly-

FIGURE 5. Comparison of in vitro HIV LTR gap repair activity of human primary monocytes and macrophages from the same donors. Nuclear extracts
were prepared from monocytes and macrophages from two donors (d1 and d2) and were normalized to 2 �g/�l total protein. A, the nuclear extracts were
incubated with substrate i for 30 min with 60 nM (M), 2.5 �M (T), or 250 �M (S) dNTPs. The unrepaired (Unrep.) 20-mer primer and the fully repaired 50-mer
product are indicated. B, the repair capabilities of macrophages and monocytes at 250 �M dNTP were compared. C, extracts from macrophages (lanes 1 and 2)
and monocytes (lanes 3 and 4) used in A were analyzed by Western blotting (WB) for both Pol � and actin. D, the Pol � levels normalized to the corresponding
actin levels in C were compared. E, dNTP assay with dNTP extracts from macrophages (M), monocytes (Mo), and activated CD4� T cells (T) from two donors.
dNTP extracts were applied to the HIV-1 RT-mediated single-nucleotide incorporation reaction using a 5�-end-labeled 18-mer (P) annealed to the 19-mer
template (template used for dATP incorporation). C, no dNTP reaction; PC, reaction with saturating 1 mM dNTPs, generating a 19-mer extended product (E).
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merases, such as HIV-1 RT. We methanol-extracted cellular
metabolites containing all four dNTPs from macrophages and
monocytes from two donors. These cellular metabolites were
then incubated with the described primer-template such that
RT would extend the primer with the complementary dNTP to
the template strand overhang. In this assay, the higher the
dNTP concentration is within the cell, the greater the extension
of the 18-mer primer to the 19-mer product (Fig. 5E, P and E,
respectively). As shown in Fig. 5E, no primer extension was
detected when the dNTP extract from monocytes (Mo) was
applied, whereas the macrophage dNTP extract (M) and the T
cell extract (T) generated detectable primer extension. This
confirms that monocytes have lower dNTP concentrations
comparedwithmacrophages, which, in addition to the reduced
levels of Pol �, may contribute to the block of 5�-end gap repair
in monocytes. Therefore, it can be speculated that incomplete
HIV-1 DNA integration in monocytes may be the primary
cause of the restrictive infection in this cell type.
AluI PCR-based Quantification of 5�-End Gap Repair at

Sites of Integration inMacrophages—Finally, we investigated
whether the cellular dNTP concentration directly affectsHIV-1
LTR 5�-end DNA gap repair in macrophages in cell culture
duringHIV-1 infection. To test this, we isolated andmonitored
the kinetics of the ssDNA gap repair step independently of
reverse transcription and integration. For this, we designed an
experimental protocol (Fig. 6A) that allows reverse transcrip-
tion and partial DNA integration into host chromosomes to
occur and then completely blocks both reverse transcription
and integration at later time points. This allowed us to monitor
only the gap repair kinetics of the partially integrated HIV-1
DNA. We transduced human primary MDMs with a vesicular
stomatitis virus glycoprotein-pseudotyped pD3HIV-GFP vec-

tor, which encodes the entireHIV-1 genome except env andnef,
whichwere replacedwith enhancedGFP. Because reverse tran-
scription in macrophages reaches completion between 24 and
72 h after initial infection (15, 39, 40), macrophages were ini-
tially transduced by HIV-1 vector for 48 h, and further reverse
transcription and integration were blocked by treating the cells
with 5 �M nevirapine (41) and 1 �M raltegravir, respectively
(Fig. 6A). Note that these drugs do not interfere with the 5�-end
gap repairmachinery (42). Next, the drug-treatedmacrophages
were cultured in the presence or absence of 1 mM dNs, which
elevate cellular dNTP concentrations by�15-fold (11). Macro-
phages were collected, and cellular genomic DNA was isolated
at 0, 24, 48, 72, and 96 h after dN treatment.We then employed
quantitative AluI PCR using two primers that flank the 5�-end
LTR DNA gap to measure the completion of HIV-1 LTR gap
repair. We hypothesized that the low dNTP concentration in
macrophageswould restrict DNAgap repair and lead to a lower
AluI PCR copy number compared with macrophages treated
with dNs. As shown in Fig. 6B, the macrophages treated with
dNs showed elevated AluI DNA copy numbers compared with
the untreatedmacrophages, the values of which would increase
if previous steps were not completely inhibited (43). This result
supports our hypothesis that the limited cellular dNTP concen-
trations found in macrophages delay HIV-1 LTR 5�-end DNA
gap repair during viral integration.

DISCUSSION

In this study, we have reported that there are two steps in the
HIV-1 life cycle that are affected by the availability of cellular
dNTPs. The first step, reverse transcription, has been studied
extensively with regard to the low dNTP concentration found
in terminally differentiated/non-dividing macrophages (9,

FIGURE 6. Effect of cellular dNTP on in vivo HIV-1 LTR 5�-end DNA gap repair in human primary macrophages. A, diagram for the experimental procedure.
Human primary macrophages from four donors were transduced with the pD3HIV-GFP vector for 2 days. The transduced macrophages were then washed and
treated with 1 �M raltegravir (Ralt.) and 5 �M nevirapine (Nev.) for 6 h. The treated macrophages were cultured for 96 h in the presence and absence of 1 mM dNs,
and the cells were collected at 0, 24, 48, 72, and 96 h. B, quantitative AluI PCR. Genomic DNAs were prepared from the collected macrophages and analyzed by
quantitative AluI PCR for monitoring the HIV gap DNA repair at the integration sites.
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12–15). Furthermore, the very lowdNTP levels inmacrophages
during viral reverse transcription have been reported to lead to
1) frequent incorporation of non-canonical nucleotides by
HIV-1 RT (9, 21), 2) an increase in strand transfer of HIV-1 RT
(18), and 3) an increased reliance on the central polypurine tract
for completion of proviral DNA synthesis (44, 45). These three
effects collectively lead to the attenuated production of virus in
macrophages compared with activated CD4� T cells (8).
Unlike reverse transcription, the effect of cellular dNTP con-

centrations on the 5�-end LTR DNA gap repair step of the viral
life cycle has yet to be studied in detail. 5�-End gap repair has
been shown to occur as quickly as 1 h after transduction with
oncoretroviruses, such as Moloney murine leukemia virus (7).
However, unlike HIV-1, oncoretroviruses exclusively infect
dividing cells, which have high cellular dNTP levels. Therefore,
the role of dNTPs in 5�-end LTR DNA gap repair would not be
limiting under these cellular conditions (1, 9, 19). It has previ-
ously been shown that many of the proteins involved in the
single-strand break repair and BER pathways have the ability to
repair this integration intermediate (24–26). Additionally, it
has been demonstrated that knocking down these proteinswith
siRNA can reduce integration and expression of viral genes (5,
7). Here, we have reported that 5�-end LTR DNA gap repair is
heavily reliant upon both the availability of cellular repair
machinery, such as DNA Pol �, and cellular dNTP abundance.
Additionally, we found that in vivo viral integration in macro-
phages can be enhanced through the addition of dNs, which
elevate the cellular dNTP concentration by �22-fold (11). Fur-
thermore, we also revealed that monocytes harbor reduced
5�-end LTR DNA gap repair enzymes and cellular dNTP levels
compared with macrophages. Our data support the hypothesis
that these two intrinsic cellular parameters may contribute to
the restrictive HIV-1 infection of monocytes.
A series of recent studies have revealed that SAMHD1, a

dNTP triphosphohydrolase, is expressed in myeloid cells,
including monocytes, macrophages, and dendritic cells, and
that SAMHD1contributes to regulating the lowdNTPpool (10,
11, 17). Moreover, Vpx, which is known to direct SAMHD1
degradation, is found in HIV-2 and several simian immunode-
ficiency virus strains (46). It is plausible that, unlike HIV-1, the
5�-end LTR DNA gap repair for cells infected with HIV-2 and
simian immunodeficiency virus strains may not be kinetically
delayed in macrophages because Vpx-mediated degradation of
SAMHD1 leads to significant increases in the cellular dNTP
concentration (11, 47, 48). Moreover, the efficiency of gap
repair may differ depending on the site of integration inmacro-
phages versus activatedCD4�T cells. These possibilities will be
further investigated in our future studies.
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