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HIV-1 Is Restricted prior to Integration of Viral DNA in Primary

Cord-Derived Human CD34™ Cells
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Certain cells have the ability to block retroviral infection at specific stages of the viral cycle by the activities of well-characterized
factors and transcriptional silencing machinery. Infection of murine stem cells (MSCs) by the murine leukemia viruses (MLVs)
is profoundly blocked postintegration by transcriptional silencing. Here, we show that a dominant point of restriction of HIV-1
in human CD34™ cells is prior to integration of viral DNA and that HIV-1 restriction by human CD34™ cells is fundamentally

different from MLV restriction by mouse cells.

here is currently significant controversy regarding whether

human hematopoietic stem cells (HSCs) can become infected
with HIV-1; some but not all investigators have detected HIV-1in
human HSCs of infected patients (1, 2). Lentiviruses do success-
fully infect nondividing cells, but HIV-1 infection of human HSCs
in culture is inefficient compared to that in activated T cells (3-5).
A significant body of work has identified postintegration silencing
as a major mechanism employed by murine stem cells (MSCs) to
restrict retroviruses, but human HSCs may be different. The point
in the retroviral replication cycle at which retroviruses are blocked
in human HSCs remains unknown, and whether this involves a
preintegration block or is due to transcriptional silencing of inte-
grated proviruses has not been studied in detail (6-10).

This investigation evaluated infection of primary cord-de-
rived human CD347 cells, a mixed population composed of
true human HSCs (Lin~ 34" 387 90" 45RAY™) as well as sev-
eral hematopoietic progenitor cell (HPC) types. We identified
a block occurring prior to viral DNA integration as a major
factor in the nonpermissiveness of cord-derived primary
CD34™ cells for HIV-1 infection.

Transduction of primary cord-derived CD34™ cells by lenti-
viral vectors is inefficient at low MOIs. Primary human cord-
derived CD34 " cells were used to study the efficiency of lentiviral
transduction under various conditions. Each experimental repli-
cate was performed independently with primary human CD34*
cells from different donors. CD34 % cells were isolated with mag-
netic beads from cord blood samples obtained from the Long
Island Blood Service or obtained preisolated from AllCells (11,
12). CD34™ cells were put into culture in serum-free VIVO-X 20
medium. These cells were either cultured in the absence of cyto-
kines or prestimulated for 24 h with various cytokines, singly or in
combination, prior to exposure to preparations of pseudotyped
lentiviral vectors. Vesicular stomatitis virus G (VSV-G)-pseu-
dotyped virus with a modified pNL4.3 HIV-1-based core was pre-
pared by cotransfecting 293T cells with a pNL4.3.mCherry.R™.E~
HIV-1-based plasmid lacking env and vpr genes and having an
mCherry open reading frame (ORF) instead of the nef gene, to-
gether with a VSV-G expression plasmid (13). We used a VSV-G
envelope to bypass cell entry limitations and to look specifically at
postentry events. Multiplicities of infection (MOIs) were calculated
based on viral titers of mCherry transduction units, determined by
infection of the permissive 293T cell line with serial dilutions of the

8096 jvi.asm.org

Journal of Virology

virus preparation. The cells were preincubated for 24 h with no cyto-
kines, Flt3 ligand (FLT3L) at 100 ng/ml, stem cell factor (SCF) at 100
ng/ml, thrombopoietin (TPO) at 100 ng/ml, or all three cytokines at
100 ng/ml. These cells were then exposed to pseudotyped virus by
spinoculation at 37°C and 2,000 rpm for 60 min. Cells were then left
in culture for 72 h at 37°C and evaluated using flow cytometry and
PCR. All experiments were performed in triplicate, and controls were
all done using nevirapine at 50 pg/ml when specified.

When CD347 cells were incubated in the absence of cytokines
and exposed to pseudotyped virus at an MOI of 1, only 0.2% *
0.1% (mean * standard error of the mean [SEM]) cells expressed
mCherry (Fig. 1). When the cells were incubated with FLT3L,
SCF, or TPO individually, less than 1% of the cells scored positive
for mCherry; when cells were incubated with FLT3L, SCF, and
TPO together, still only 1.4% = 0.3% cells expressed mCherry. In
contrast, the permissive 293T cells were efficiently transduced un-
der these conditions, with more than 40% expressing mCherry
(Fig. 1). These findings indicate a major block to transduction in
primary cord-derived stem cells with or without cytokine stimu-
lation.

Transduction of primary cord-derived CD34™* cells by lenti-
viral vectors is modestly increased by infection at high MOI.
Primary CD34™ cells were then exposed to pseudotyped virus
at a calculated MOI of 10. At these very high concentrations of
virus, we actually observed a decrease in the transduction effi-
ciency of 293T cells relative to the experiments using an MOI of
1, with 11.1% * 0.2% of cells expressing mCherry (Fig. 1). We
consistently saw this decrease with 293T as well as HeLa cells.
The basis of the reduction in percentage of 293T cells express-
ing mCherry is not clear, but it may reflect toxicity of the high
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FIG 1 Variable percentages of CD34™ cells express mCherry after exposure to pseudotyped HIV-1 vector at a relative MOI of 1 in the absence of and with
incubation with cytokines. Primary human CD34 ™ cells were incubated with no cytokines (no cyt), Flt3 ligand (flt3), stem cell factor (scf), thrombopoietin (tpo),
all three cytokines (FST) or virus with nevirapine (NVP). 293T cells were similarly incubated with virus (293T+V) or virus plus NVP. (A) Cells were evaluated
by flow cytometry for expression of mCherry after 72 h, and a representative example for each condition is shown for a viral MOI of 1. (B) Percent cells expressing
mCherry. Values are means and error bars indicate SEM (n = 3) for samples incubated with a viral MOI of 1. (C) A representative example for CD34 " cells
incubated under each condition is shown for a viral MOI of 10. (D) Percent cells expressing mCherry. Values are means and error bars indicate SEM (n = 3) for

samples incubated with a viral MOI of 10.

concentration of the VSV-G glycoprotein being applied to the
cells or a competition by defective virus particles with infec-
tious virus at any limiting step of infection. It should be noted
that a nominal MOI of 10, based on titer of virus in permissive
cells, likely corresponds to the application of hundreds or
thousands of physical virion particles per cell, due to the high
particle-to-PFU ratio typical of retroviruses. Inspection of the
cells at the time of scoring suggested some visible changes in
morphology. We note that in spite of this small drop in effi-
ciency, a very high portion of the 293T cells were successfully
transduced in this setting.

Under these conditions of high multiplicity, we observed a
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significant increase in the transduction efficiency of CD34™ cells.
Without cytokines, 1.2% * 0.35% (mean * SEM) cells expressed
mCherry after 72 h. Addition of various cytokines led to signifi-
cant increases in transduction above the MOI of 1 case (5- to
10-fold). Incubation with FLT3L led to 2.7% = 1.2% cells being
mCherry positive, incubation with SCF led to 3.9% = 1.7% cells
being mCherry positive, and incubation with TPO led to 3.4% =
1.9% cells being mCherry positive (Fig. 1). Thus, exposure of the
cells to high concentrations of virus could result in modest effi-
ciencies of transduction when augmented by cytokine stimula-
tion, particularly in the presence of a cytokine cocktail, as is typi-
cally done in gene therapy protocols.

jviasm.org 8097


http://jvi.asm.org

Griffin and Goff

>

Total DNA B

40 6:4]
o 0.015
1
L
0N 30
<ZE 0.010
I~ 20
(@]

L1 0.005
&
0.000
12hrs 24hrs 48hrs 12hrs
|
D Total DNA E

40 33
QI- 0.015 -
L 30
(0))]
<ZE 0.010

2
v 0
S 10 0.005
O
o 0.000

12hrs 24hrs 48hrs

-

2-

LTR C Alu-LTR
: . 53] i &

0.02

0.01

0.00

24hrs 48hrs 24hrs 48hrs

MOI-10 |

F

LTR Alu-LTR

. 33 L 3
0.02
0.01
12hrs 24hrs 48hrs 0.00 24hrs 48hrs
B nocyt | scf BFsT
M fit3 tpo W 293T

FIG 2 Kinetics of production of total viral DNA, 2-LTR circles, and integrated DNAs in CD34 " cells after exposure to pseudotyped HIV-1 vector at MOIs of 1
and 10. Primary human CD34" cells were incubated with no cytokines (no cyt), Flt3 ligand (flt3), stem cell factor (scf), thrombopoietin (tpo), or all three
cytokines (FST). Cells were lysed at 12 h, 24 h, or 48 h, and DNA was extracted and analyzed by TagMan PCR analysis for products relative to RNase P (n = 3
per condition and per time point). (A to C) DNA levels relative to RNase P. Values are means, and error bars indicate SEM. (D to F) Cells were analyzed at 12 h,
24 h, and 48 h after infection at an MOI of 10. Results are shown relative to RNase P; bars represent means, and error bars indicate SEM.

Intracellular lentiviral DNA forms are profoundly reduced
in primary cord-derived CD34" cells exposed to pseudotyped
virus at MOI of 1. We evaluated the efficiency of various steps in
the course of infection of cord-derived CD34 ™ cells relative to the
efficiency in permissive 293T cells using established primer se-
quences and using the chromosomal RNase P gene as our refer-
ence (14). We looked specifically at the levels of total viral DNA,
2-long-terminal-repeat (LTR) circular DNA, and integrated DNA
present at 12 h, 24 h, and 48 h (Fig. 2). The DNA copy numbers
were calculated relative to the copy number of the RNase P gene.
Without or with cytokines, infection of the CD34™" cells atan MOI
of 1 produced 1 to 3 copies of total viral DNA relative to the
single-copy gene. Infection of the permissive 293T cells under
these conditions yielded 10 to 20 copies of total viral DNA per
single-copy gene (Fig. 2A). Thus, while there was some reduction

8098 jvi.asm.org

Journal of Virology

in efficiency of total viral DNA synthesis in CD34 ™" cells, the de-
crease was only to a level 3- to 10-fold below that in permissive
cells. Tests of infections carried out in the presence of the reverse
transcriptase (RT) inhibitor nevirapine (NVP) revealed only
background levels of viral DNA, confirming that the DNA de-
tected was due to true infection and was not attributable to con-
taminating plasmid DNA present in the virus preparations.
Analysis of circular viral DNAs containing the 2-LTR junction
sequence revealed only very low levels of DNA in the CD34™ cells
(Fig. 2). Without cytokines, or with Flt3 alone, the levels were in
the range of 2 X 10™*to 3 X 10~* DNA copies compared to the
single-copy standard. Incubation with stem cell factor, TPO, or
the cocktail of three cytokines increased the copy numbers of
2-LTR circles to 3 X 107> to 6 X 107> copies—a significant in-
crease, but still far below the levels in permissive cells. The levels in
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the permissive 293T cells were dramatically higher, in the range of
0.1 to 0.2 copy per single-copy standard. Thus, across the various
conditions, there was a reduction of 2-LTR circular DNAs in the
range of 30- to 100-fold compared to the permissive cells. This
indicates a strong block in infection of CD34™ cells, likely at the
stage of nuclear entry.

Analysis of the copy numbers of the integrated proviral DNA in
the CD34 " cells revealed an even more profound reduction. We
assessed integration using a TagMan-based assay, scoring for link-
age between host Alu repeats and the vector LTR sequences (re-
ferred to as Alu-LTR levels). We could not detect any amplified
products in the CD34* cells after 50 cycles of PCR. The permissive
cells yielded approximately 0.1 to 0.2 DNA copies relative to the
single-copy gene standard at 24 h and 48 h postinfection. Thus,
although some viral DNA was synthesized in the CD34 ™ cells, very
little entered the nucleus to form proviral DNAs.

Intracellular lentiviral DNA forms are also profoundly re-
duced in primary cord-derived CD34% cells exposed to pseu-
dotyped virus at an MOI of 10. CD34™ cells and control permis-
sive 293T cells were exposed to pseudotyped virus at an MOI of 10,
with and without cytokines, and DNA was extracted at various
times postinfection and analyzed by PCR as before. Infection at
these high MOIs resulted in substantial increases in the level of
total viral DNA over that seen at lower MOIs. The DNA copy
number of total viral DNA was in the range of 10 to 30 copies
relative to the chromosomal single-copy standard and was com-
parable or even higher than that in the permissive 293T cells (Fig.
2D). These high levels of viral DNA were seen without cytokines
and were not significantly or consistently increased by the addi-
tion of Flt3, SCF, TPO, or all three together. The levels were high-
estat 12 h postinfection and fell gradually at 24 h and 48 h, more
rapidly than was seen in the 293T cells, suggesting that the viral
DNA was less stable in CD34 ™" cells. At an MOI of 1, these levels
peaked at 24 h, suggesting differences in stability and production
at different MOIs (Fig. 2D).

Assays of the infected CD34% cells for 2-LTR circular DNA
revealed a major decrease relative to that seen in the permissive
293T cells (Fig. 2E). While the copy number for total DNA relative
to the single-copy standard was approximately 20 for both CD34™"
cells and permissive 293T cells, the copy number for 2-LTR circu-
lar DNA was only 0.01 copy relative to the single-copy standard in
CD34™ cells, as contrasted with the copy number near 0.1 in the
permissive cells. Thus, CD34 " cells’ circular DNA levels (2-LTR)
were 2,000 times lower than linear total viral DNA levels, while in
permissive 293T cells, circular DNA levels (2-LTR) were 200 times
lower than linear total viral DNA levels. Therefore, there was a
10-fold decrease in formation of circular DNA seen in the CD34 "
cells compared with permissive cells. The levels were not signifi-
cantly increased by the addition of cytokines. The levels did not
seem to fall over time, perhaps reflecting continuing synthesis and
movement of DNA into the circular pool over the time course of
the experiment. Given the high levels of total DNA and very low
levels of circles formed in these infections, the data suggest a major
block at the step of nuclear entry.

PCR assays for integrated proviral DNA confirmed and ex-
tended these findings. Here, only very low, barely detectable levels
of Alu-LTR DNA products were detected in the CD34™" cells:
roughly 0.001 copy relative to the single-copy standard at 24 h and
0.03 to 0.015 copy at 48 h postinfection. The levels of integrated
DNA did seem to consistently increase with time, suggesting that
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integration may occur more slowly than in permissive cells. There
was no consistent increase with cytokines. These numbers are in
contrast to the levels in permissive cells: roughly 0.1 to 0.2 copy
relative to the standard. Thus, the levels of integrated DNAs in
CD34" cells are about 10-fold lower than in permissive cells. This
decrease is comparable to that seen in the circular DNA pool,
suggesting that there is no specific block to integration once the
DNAs have entered the nucleus; the major block is probably at
nuclear entry, and the small amount that is able to enter the nu-
cleus can continue to integrate.

The rare successfully transduced cord-derived primary
CD34" cells do contain integrated proviral DNAs. To test the
notion that there is truly a correlation between integration and
expression, primary cord-derived CD34% cells were incubated
with Flt3 ligand (FLT3L), stem cell factor (SCF), and thrombopoi-
etin (TPO) for 24 h prior to and during exposure to mCherry
pseudotyped virus at an MOI of 10, as described above. On day 5,
cells were sorted into those expressing and those not expressing
mCherry by fluorescence-activated cell sorting (FACS). DNA was
extracted from each population and then evaluated for integrated
viral DNA copy number using Alu-LTR TaqMan assays, with re-
sults calculated relative to RNase P as before. CD34™ cells that
expressed mCherry had an Alu-LTR DNA copy number of 0.4 =
0.07 relative to the single-copy standard, while the CD34™ pool
that was negative for expression of mCherry had 20-fold less Alu-
LTR DNA, at 0.02 = 0.01 copies (P < 0.009), showing a correla-
tion between integration and expression.

In conclusion, these findings demonstrate that primary cord-
derived human CD34™" cells, when exposed to lentivirus vector
pseudotypes with or without cytokine stimulation, demonstrate
significant restriction of retroviral infection. When we increased
the multiplicity of infection, we still saw that only a minority of
cells, in the range of 3 to 6%, expressed the mCherry reporter. The
analysis of viral DNAs suggests that human CD34 " cell restriction
occurs prior to integration.

Infection of primary human CD34™ cells at an MOI of 1 re-
sulted in lower levels of total viral DNA products than that seen in
293T cells, but the decrease was only in the range of 3- to 10-fold.
There was a much larger reduction in the levels of circular and
integrated DNAs. Increasing the viral MOI to 10 resulted in a
major increase in the levels of total viral DNA products, up to
levels equal to or even above those seen in 293T cells (Fig. 2).
However, the production of 2-LTR circles and integrated DNA
was consistently found to be profoundly reduced in CD34™ cells,
to levels below 1% of those seen in permissive 293T cells. Thus,
even at high MOIs, formation of circles and proviral DNAs was
very lowin CD34™ cells. The differences between the modest 3- to
10-fold change in viral DNA products relative to 293T cells and
the much larger reduction in production of 2-LTR circles and
integrated DNA suggest that HIV-1 is restricted prior to integra-
tion in primary cord CD34 " cells.

A close examination of our data supports the idea that there
may be multiple points of preintegration restriction. There is a
significant block in viral DNA synthesis at low MOls, and this may
be due to low levels of deoxynucleoside triphosphate s (ANTPs) in
the CD34 ™ cells. Restriction factors such as Trex1, which degrades
RT products, SAMHDI1, which depletes NTPs and may degrade
viral RNA, and APOBEC3G, which deaminates cytidines and may
block reverse transcription, could all contribute to this restriction.
This block seems to be substantially overcome at high MOlIs. This
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is a surprising finding, and it is not clear how this is achieved; one
possibility is that the large amount of incoming virus saturates out
arestriction factor, much as a high MOI can overcome the block to
infection of mouse cells imposed by the Fv1 gene (15, 16). A more
significant point of restriction occurs after viral DNA synthesis at
the time of nuclear entry of the DNA, as evidenced by the low
levels of 2-LTR circles relative to permissive 293T cells. There may
be an additional minor restriction at the time of integration,
though the proviral DNA levels are not always significantly re-
duced below that of the 2-LTR circles.

Ultimately, knowledge regarding how cells are able to restrict
HIV-1 is fundamental to a better understanding of the role of
human HSCs as a reservoir of HIV-1 and essential in progress
toward a cure. Understanding the mechanism behind HSCs’ abil-
ity to block HIV-1 may potentially be exploited in protecting hu-
man HSCs, HPCs, and other cells from HIV-1 infection.
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