VIRUS-CELL INTERACTIONS

SOCIETY FOR

; ®
microsioocy | \/ rOlogy '.)

L] amean | Journal of

Check for
updates

SUN2 Silencing Impairs CD4 T Cell
Proliferation and Alters Sensitivity to
HIV-1 Infection Independently of
Cyclophilin A

Daniel A. Donahue,®® Francoise Porrot,>? Norbert Couespel,>P
Olivier Schwartzab-<

Institut Pasteur, Department of Virology, Virus and Immunity Unit, Paris, France?; CNRS URA 3015, Paris,
Franceb; Vaccine Research Institute, Creteil, France©
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IMPORTANCE Linker of nucleoskeleton and cytoskeleton (LINC) complexes connect
the nucleus to the cytoskeleton. We previously reported that the overexpression of
the LINC complex protein SUN2 inhibits HIV infection by targeting the viral capsid
and blocking infection before the virus enters the nucleus. A recent report showed
that the depletion of endogenous SUN2 in primary CD4 T cells results in decreased
HIV infection and that this involves cyclophilin A (CypA), a host protein that interacts
with the capsid of HIV to promote infection. We confirm that HIV infection is re-
duced in CD4 T cells lacking SUN2, but we find no role for CypA. Instead, SUN2 si-
lencing results in CD4 T cells with decreased viability and much lower proliferation
rates. Our results show that SUN2 is required for optimal CD4 T cell activation and
proliferation and explain the reduced level of HIV infection in the absence of SUN2.

KEYWORDS CD4 T cell, SUN2, human immunodeficiency virus

inker of nucleoskeleton and cytoskeleton (LINC) complexes connect the nucleus to
the cytoskeleton and are evolutionarily conserved in eukaryotes from budding and
fission yeasts and Caenorhabditis elegans to D. melanogaster, plants, and mammals (1).
The LINC complex is defined by the interaction of KASH domain proteins and SUN
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domain proteins in the perinuclear space. KASH domain proteins in mammals include
several Nesprins, which span the outer nuclear membrane and interact with actin
filaments, microfilaments, and microtubules. In mammalian cells, homotrimers of SUN1
or SUN2 interact with KASH domain proteins and with the nuclear lamina and chro-
matin. This physical connection allows the transmission of forces across the nuclear
envelope and plays important roles in numerous cellular processes, including the
control of nuclear size and morphology; anchoring and movement of nuclei during
syncytium formation, cell polarization, and muscle and neuronal development; cyto-
skeleton organization; chromosome tethering during mitosis and meiosis; regulation of
signaling, cell division, migration, and apoptosis; and DNA repair (1-3). SUN proteins
have been implicated in the pathology of certain laminopathies (4), and defects in LINC
complex components are responsible for several inheritable human diseases, including
Emery-Dreifuss muscular dystrophy, cerebellar ataxia, arthrogryposis, hearing loss, and
dilated cardiomyopathy (5, 6).

Little is known about how the LINC complex component SUN2 might act as a
cofactor or cellular defense during viral infection. An overexpression screen of putative
interferon-stimulated genes (ISGs) found that SUN2 inhibited HIV-1 infection of a T cell
line through unknown mechanisms (7). While we and others subsequently found that
SUN2 was not induced by interferon in human cells (8, 9), we reported that its
overexpression inhibits infection by HIV-1 and HIV-2 in multiple cell lines and in
monocyte-derived dendritic cells (MDDCs) (8). This inhibition occurred at the time of or
before viral nuclear import and could be circumvented by several naturally occurring
HIV strains or by a single point mutation in the viral capsid. We also demonstrated that
the host protein and HIV cofactor cyclophilin A (CypA), which modulates HIV infection
in many cell types (reviewed in references 10-12), was involved in the inhibition of HIV
infection by overexpressed SUN2 (8). In that same study, we found no role for
endogenous SUN2 during infection of several adherent cell lines (8). In contrast, Lahaye
and colleagues recently reported that endogenous SUN2 acts as a cofactor for HIV
infection of primary CD4 T cells and MDDCs (9). Silencing of SUN2 led to a modest
decrease in single-round HIV infection, while spreading infection was strongly im-
pacted. Through the use of CypA inhibitors, those authors obtained results suggesting
that SUN2 facilitates HIV infection by modulating the positive effects of CypA on the
virus. However, the positive effects of CypA on HIV infection have long been known to
alter levels of reverse transcripts, 2-long terminal repeat (LTR) circles, and integrated
DNA (13-18), whereas levels of viral DNA forms were unchanged in SUN2-depleted cells
despite reduced levels of productive infection (9). This raises the possibility that
alternative mechanisms might explain the decreased infection of cells depleted of
SUN2.

We sought to further understand the contribution of endogenous SUN2 to HIV
infection in primary CD4 T cells. While we also observe reduced HIV infection when
SUN2 is silenced, we find no evidence for an involvement of CypA. In contrast,
SUN2-silenced CD4 T cells exhibit a considerable defect in proliferative capacity and
display reduced levels of activation markers and decreased viability. Additionally,
SUN2-silenced T cells that become infected express lower levels of viral proteins. Our
results indicate that SUN2 is required for the optimal activation and proliferation of
primary CD4 T cells and that disruption of these processes likely explains the contri-
bution of endogenous SUN2 to HIV infection in primary lymphocytes.

RESULTS

SUN2 is required for optimal CD4 T cell proliferation. To address the role of
endogenous SUN2 during HIV infection of primary CD4 T cells, we first examined the
consequences of SUN2 silencing on CD4 T cell health. Freshly isolated CD4 T cells were
activated with anti-CD2/CD3/CD28 beads and were then transduced with lentiviral
particles encoding short hairpin RNA (shRNA) against two different regions of SUN2
(shSUN2#4 and shSUN2#5) or a control shRNA targeting LacZ (shLacZ), as reported
previously (9). SUN2 was routinely undetectable by 5 to 6 days postransduction
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FIG 1 SUN2 silencing impairs CD4 T cell proliferation, activation, and viability. (A) Representative histograms of SUN2 levels
in donor 4 at 5 days postransduction (left) and SUN2 levels (geometric MFI) in 14 donors at days 5 to 6 postransduction (right).
(B) Proliferation of control or shSUN2-transduced CD4 T cells for representative donor 11 (left) and for 12 donors (right) relative
to 1 million cells at the time of activation. (C) Percentage of cells expressing the proliferation marker Ki67 in representative
donor 14 at 8 days postactivation (left) and kinetics of Ki67 expression in 8 donors (right). (D) Viability of control or
shSUN2-transduced cells as measured by forward-scatter area (FSC-A) and side-scatter area (SSC-A) properties at day 5
postransduction or by using a fixable viability dye (Aqua Live/Dead) at day 6 postransduction in cells from representative
donor 6 (left) or from 14 donors (FSC versus SSC) and 8 donors (Aqua Live/Dead) (right). (E) Activation status of cells from 10
donors as measured by surface levels of the intermediate activation marker CD25 (left) or the late activation marker HLA-DR
(right). Note that subsequent experiments (Fig. 2 to 4) were performed using cells from the donors whose data are presented
in this figure. In panels B to E, statistical analyses were performed using repeated-measures one-way analysis of variance with
Dunnett’s posttest to compare each condition to those for shLacZ-transduced cells. n.s., not significant.

(Fig. 1A) using an antibody previously validated for the detection of endogenous SUN2
by flow cytometry (8). We observed a substantial decrease in the proliferation rate of
SUN2-silenced cells compared to nontransduced (NTD) or control transduced (shLacZ)
cells (Fig. 1B); whereas the number of control cells increased by ~5-fold within a week
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FIG 2 Spreading HIV infection in SUN2-silenced CD4 T cells is greatly reduced. (A) Cells were infected overnight with 0.3 ng
NL4-3 p24 per well, and the percentage of infected (Gag-positive [Gag*]) cells among the live-cell population was determined
on days 2 to 5 postinfection. Results depict representative donors 3 and 4 (left) and the combined results for 4 donors (right).
Statistical analysis was performed using repeated-measures one-way analysis of variance with Dunnett’s posttest to compare
each condition to those for shLacZ-transduced cells. n.s., not significant. (B) Infection of cells from donors 3 and 4, as described
above for panel A, using the CA P207S mutant, which is resistant to overexpressed SUN2. (C) Infection of cells from donors
9 and 10 using a range of virus inputs for three different strains (1, 3, or 9 ng p24 per well for NL4-3; 1, 3, 9, or 18 ng p24 per
well for CHO58; and 1, 3, 9, or 27 ng p24 per well for YU2). Infection levels were measured on day 3 postinfection.

and by 10- to 30-fold after 12 days, cells lacking SUN2 had only doubled after 1 week,
at which point their numbers often reached a plateau or began to decrease. The impact
of the loss of SUN2 was also observed when cells were stained for Ki67. Levels of this
proliferation marker rapidly increased under all conditions following activation and
transduction but were significantly decreased (Fig. 1C) starting at times when SUN2
levels were depleted (Fig. 1A).

Loss of SUN2 results in decreased cell viability and lower T cell activation
status. To determine whether decreased proliferation following SUN2 silencing might
be associated with a loss of viability, we first looked for changes in the cells’ forward-
and side-scatter properties. We observed a significant decrease in the percentage of
cells exhibiting a healthy phenotype when SUN2 was depleted (Fig. 1D). Cells were also
incubated with a viability dye to quantify the proportion of living cells, which addi-
tionally demonstrated a lower viability of SUN2-silenced cells than of controls (Fig. 1D).
While the proportion of living cells was slightly higher for nontransduced than for
control transduced cells by both measures of cell viability, this is not surprising given
that puromycin selection was used on transduced cells only. We then asked whether
SUN2 silencing alters the activation status of CD4 T cells. In the absence of SUN2, levels
of the intermediate activation marker CD25 were modestly although statistically sig-
nificantly reduced, while levels of the late activation marker HLA-DR were more strongly
reduced (Fig. 1E). Control transduction did not alter the level of either activation marker
compared to nontransduced cells. Together, our results demonstrate that SUN2 is
required for efficient proliferation, activation, and viability of primary CD4 T cells.

Spreading HIV infection is strongly reduced in the absence of SUN2. To deter-
mine the contribution of endogenous SUN2 to HIV infection, primary CD4 T cells were
transduced with control or SUN2 shRNA and subsequently infected with a low virus
inoculum. While transduction with control shRNA led to infection kinetics that were
almost identical to those of nontransduced cells, infection was severely compromised
when SUN2 was silenced (Fig. 2A). We previously identified a single-amino-acid change
in the viral capsid (P207S) that leads to resistance to overexpressed SUN2 (8) and thus
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FIG 3 Single-round HIV infection in SUN2-silenced CD4 T cells is modestly reduced independently of CypA. (A) Cells from donors 3,
4, and 11 to 14 were infected by spinoculation using a range of virus inputs. The percentage of infected (Gag*) cells was determined
at 48 h postinfection. (B) Combined results for the 6 donors from panel A. (C) Combined results from infection of cells from donors
11 to 14, as described above for panel A, in the presence of 0.02% DMSO or 2 uM CsA. Statistical analyses of data in panels B and
C were performed using repeated-measures one-way analysis of variance with Dunnett’s posttest to compare each condition to those
for shLacZ-transduced cells. n.s., not significant. (D) From the data shown in panel C, the effect of SUN2 was determined by calculating
the infection level under each condition relative to infection of shLacZ-transduced cells, for both DMSO and CsA treatments, where
a value of <1 indicates that infection was inhibited compared to infection of control cells. For each donor, infection levels were
calculated and averaged across all virus input levels. Statistical analyses were performed by unpaired two-tailed t tests. n.s., not
significant. (E) From the data shown in panel C, the effect of CypA was determined by calculating the ratio of the percentage of Gag™
cells following CsA treatment to the percentage of Gag* cells following DMSO treatment, where a value of <1 indicates that CsA
inhibited infection. For each donor, ratios were calculated and averaged across all virus input levels. Statistical analysis was performed
using one-way analysis of variance. n.s., not significant. In panels B, D, and E, error bars represent standard errors of the means.

asked whether a virus bearing this mutation would be less susceptible to the effects of
SUN2 silencing. Replication of this capsid mutant was affected to the same extent as
the wild-type virus following SUN2 depletion (Fig. 2B), suggesting that endogenous
SUN2 does not influence HIV in the same manner as when it is overexpressed. We also
tested the ability of the transmitted/founder virus strain CH058 (19) and of YU2, an
R5-tropic virus strain cloned directly from uncultured material (20), to replicate in the
absence of SUN2. As shown in Fig. 2C, these strains exhibited a replication defect similar
to that observed for NL4-3 infection of SUN2-depleted cells.

SUN2 has a modest impact on single-round HIV infection and acts indepen-
dently of cyclophilin A. To better understand the replication defect observed upon
infection of SUN2-silenced CD4 T cells, we used vesicular stomatitis virus envelope
glycoprotein (VSV-G)-pseudotyped NL4-3 that does not encode Env. Cells were infected
5 days after the transduction of shRNA-encoding lentiviral particles, when the knock-
down of SUN2 was near complete (Fig. 1A). Single-round infection was decreased by an
average of 2-fold in the absence of SUN2 (Fig. 3A and B), consistent with data reported
previously (9). We next asked whether CypA might be involved in this modest effect.
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Cyclosporine (CsA) acts as a competitive inhibitor of CypA binding to the viral capsid
and impacts single-round infection of primary activated CD4 T cells to an identical
extent as a nonimmunosuppressive CypA inhibitor (9). This does not exclude that
certain differences could result depending on the CypA inhibitor used. Regardless of
treatment with dimethyl sulfoxide (DMSO) or with CsA, single-round infection was
reduced in SUN2 knockdown cells compared to control cells (Fig. 3C [note the different
y axis scales for shSUN2 versus control cells]). To determine whether this effect was
equivalent under both treatment conditions, we calculated the level of infection for
each cell type relative to infection of shLacZ-transduced cells in the presence of DMSO
or in the presence of CsA (Fig. 3D). These data show that the depletion of SUN2 reduced
HIV infection equally regardless of CypA availability, demonstrating that CypA is not
required for inhibition of infection in SUN2-silenced cells.

While the analysis shown in Fig. 3D asked whether CypA is necessary for the effects
of SUN2 silencing on HIV infection, we also asked whether endogenous SUN2 is
required for the well-known positive effects of CypA during HIV infection. To address
the latter question, we calculated the fold infection in the presence of CsA (compared
to DMSO) for each cell type (Fig. 3E). This analysis shows that CsA treatment inhibited
infection ~2-fold whether or not endogenous SUN2 was present, indicating that SUN2
is not required for CypA to positively modulate HIV infection. In other words, if SUN2
was required for the positive activities of CypA during HIV infection, we would have
expected no reduction in infection following CsA treatment of SUN2-silenced cells.
Together, these data suggest that the decrease in infection observed upon SUN2
silencing is not dependent on CypA and that the ability of CypA to positively modulate
HIV infection does not require SUN2.

Reduced efficiency of viral gene expression in CD4 T cells lacking SUN2. Our
results demonstrate that the depletion of SUN2 in primary CD4 T cells results in
significantly lower proliferation as well as decreased cell viability and a lower activation
status (Fig. 1). Since it was previously shown that decreased HIV infection of SUN2-
depleted cells is not associated with altered levels of integrated DNA (9), we asked
whether SUN2 silencing might attenuate viral gene expression. To address this ques-
tion, we compared the levels of viral gene expression per infected cell (Gag geometric
mean fluorescence intensity [MFI]) following single-round infection in the presence and
absence of SUN2 under conditions of equal productive infection rates. We found that
cells depleted of SUN2 supported lower levels of Gag expression at both low (Fig. 4A)
and higher (Fig. 4B) infection rates. Overall, our results demonstrate that the HIV-1
replication defect in SUN2-silenced CD4 T cells is not mediated by CypA and suggest
that reduced infection is a likely consequence of the profound effects of SUN2 silencing
on the health of CD4 T cells.

DISCUSSION

Recently, a role for endogenous SUN2 during CypA-dependent steps of HIV infection
was proposed, whereby SUN2 silencing in primary CD4 T cells resulted in decreased
levels of HIV infection (9). Based on treatment with a CypA inhibitor, the authors of that
study proposed that SUN2 acts as a cofactor for HIV infection by modulating viral
replication steps that are promoted by CypA (9). However, it is unclear how SUN2 might
impact CypA-dependent steps of HIV replication, given that CypA modulates levels of
reverse transcripts, 2-LTR circles, and integrated DNA (13-18), but no differences in
levels of reverse transcripts or integrated DNA were observed in SUN2-silenced cells (9).
This result would appear to exclude a role for SUN2 in the effects mediated by CypA.
CypA has also been implicated in HIV integration site selection, although the disruption
of CypA by CsA treatment led to integration into chromosomal regions with higher
gene density and activity (21). Thus, if SUN2 impacted this activity of CypA, equal or
higher levels of infection might be expected upon SUN2 silencing rather than the
decrease observed by us and others (9). We report here that SUN2 silencing decreases
HIV infection regardless of treatment with a CypA inhibitor; in other words, the
effects of SUN2 silencing and CsA treatment on HIV infection are additive. Our
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FIG 4 SUN2-silenced CD4 T cells support reduced levels of viral gene expression. Shown is a comparison of the percentages
of infected cells and levels of gene expression (Gag geometric MFI) at lower (A) and higher (B) rates of productive infection
(nanograms of p24 per well used for single-round infection are indicated). Data for representative donor 4 are shown at the
left, and the combined results for 6 donors are shown at the right. Gag MFI comparisons are between cell populations with
equivalent percentages of infected cells. Statistical analyses were performed using repeated-measures one-way analysis of
variance. Where significant differences were identified, Dunnett’s posttest was used to compare each condition to those for
shLacZ-transduced cells. n.s., not significant.

results also show that loss of SUN2 does not alter the positive effects of CypA on
HIV infection, since CsA treatment reduces HIV infection equally whether SUN2 is
present or depleted. While the source of this discrepancy regarding a potential
contribution of SUN2 to the effects of CypA are unknown, one difference is that the
single-round infections performed previously used NL4-3AvifAvprAvpulAenvAnef
encoding green fluorescent protein (GFP) (9), while we used full-length NL4-3
containing a stop codon at the start of Env.

In the same study by Lahaye and colleagues, SUN2 was reported to modulate, in
a CypA-dependent manner, infection of murine but not human cells by lentiviral
vectors (lentivectors) with capsids that were engineered to have artificially en-
hanced CypA binding affinities (9). That is, in mouse bone marrow-derived dendritic
cells (BMDCs), infection by HIV-derived CA-mutated lentivectors was restricted
compared to that with wild-type vectors, but their infection was rescued by either
CsA treatment or SUN2 knockout. However, it is not clear whether this model
reflects the situation in human cells, since the authors of that study reported that
silencing of human SUN2 did not rescue infection by these same capsid mutant
lentivectors (9). Furthermore, infection of mouse BMDCs with wild-type HIV-based
lentivectors was not affected by treatment with CsA (9). Nonetheless, our results do
not exclude that SUN2 might play a role in the ability of CypA to modulate infection
of murine cells by HIV strains with engineered CypA binding affinities. Rather, our
data demonstrate that infection of primary human CD4 T cells by wild-type HIV is
not mediated in a CypA/SUN2-dependent fashion but that these proteins impact
HIV infection independently.

If SUN2 does not modulate HIV infection via CypA, what might be an alternative
mechanism? Productive infection of CD4 T cells, which represent the major target for
HIV-1, requires cellular activation (22-24). T cell activation provides a permissive state
for infection not only because of the inactivation of restriction factors such as SAMHD1
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(25, 26) but also due to the upregulation or activation of transcriptional initiation and
elongation factors critical for HIV replication, including NF-kB, AP-1, NFAT, and cyclin
T1/CDK9 (27-31). Thus, our finding of decreased activation, viability, and proliferation
of SUN2-silenced CD4 T cells provides insight into the reduction of HIV infection in
these cells. Consistent with this notion is our observation that SUN2-depleted cells that
become infected support lower levels of viral gene expression, which could be related
to the availability of critical transcription initiation and elongations factors. This might
contribute to the 2-fold decrease in single-round infection observed by us and others
(9) in SUN2-silenced CD4 T cells, by shifting otherwise Gag'*w cells below the
population-level detection limit. It is possible that additional steps of the viral replica-
tion cycle are also rendered less efficient due to the overall decreased health of
activated CD4 T cells that lack SUN2. Future work will determine whether SUN2 might
act directly on the virus in addition to the effects described here.

Our previous characterization of HIV-1 and HIV-2 infection in the presence of
overexpressed SUN2 demonstrated that the effect is specific for the viral capsid, that it
occurs between the steps of reverse transcription and nuclear entry, that it requires the
SUN2 nucleoplasmic domain, and that it involves CypA (8). However, we report here
that SUN2 silencing in primary CD4 T cells modulates HIV infection independently of
CypA. These data can be reconciled if the overexpression and depletion of SUN2 impact
HIV infection through different mechanisms. Indeed, this appears to be the case, since
SUN2 silencing in several cell lines had no effect on HIV infection, even when the
overexpression of SUN2 inhibited infection in the same cell types (8). In contrast, we
now show that the depletion of SUN2 affects the health of primary CD4 T cells,
suggesting alternate CypA-independent mechanisms that could account for the de-
creased HIV infection in these cells.

Overall, our results demonstrate that SUN2 is important for the proliferation, acti-
vation, and viability of primary CD4 T cells and suggest that SUN2 does not promote
CypA-dependent steps of HIV replication.

MATERIALS AND METHODS

Cells, viruses, and reagents. Blood from anonymous healthy donors was obtained from the
Etablissement Francais du Sang (EFS) (the national blood bank of France), from which peripheral blood
mononuclear cells (PBMCs) were isolated by Ficoll centrifugation. CD4* lymphocytes were isolated from
CD14-negative PBMCs by selection against CD14 followed by selection for CD4 (catalog numbers
130-050-201 and 130-045-101, respectively; Miltenyi Biotec). Inmediately after isolation, CD4 T cells were
activated with CD2/CD3/CD28 microbeads (catalog number 130-091-441; Miltenyi Biotec) in multiple
wells of 96-well U-bottom plates at 200,000 cells per well in 100 wl by using 1 microbead per 4 cells.
Activated CD4 T cells were maintained in RPMI containing 10% heat-inactivated fetal bovine serum (FBS)
and 1% penicillin-streptomycin (referred to as supplemented RPMI) plus 100 U/ml interleukin-2 (IL-2)
(R&D Systems). 293T cells were obtained from the American Type Culture Collection (ATCC) and were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FBS and 1%
penicillin-streptomycin. HIV-1 NL4-3, NL4-3AEnv, YU2, and CHO058 were produced by transfection of 293T
cells (in the presence of a VSV-G expression vector in the case of NL4-3AEnv). The CA P207S mutation was
introduced into pNL4-3 by site-directed mutagenesis. Nevirapine (NVP) was obtained from the NIH AIDS
Research and Reference Reagent Program and was used at 5 wM. CsA was obtained from Sigma (catalog
number 30024) and was used at 2 uM as reported previously (9). Protamine sulfate was obtained from
Sigma (catalog number P4020) and was used at 8 ug/ml.

Transduction of CD4 T cells. Silencing of SUN2 in primary CD4 T cells was based on a method
described previously (9), with several modifications. Lentiviral particles encoding shRNA targeting LacZ
or SUN2 and pseudotyped simultaneously with both HIV (X4-tropic) and VSV-G envelope proteins were
produced by calcium phosphate transfection of 293T cells in T-160 flasks. Plasmids for transfection were
used as follows: 32 ug for pLKO.1-puro-shLacZ, pLKO.1-puro-shSUN2#4 (TRCN0000143335), or pLKO.1-
puro-shSUN2#5 (TRCN0000143336); 20 ng for psPAX2; 4 ug for pHXB2-env; and 4 ug for pCMV-VSV-G.
All plasmids were a kind gift of X. Lahaye and N. Manel. Lentiviral particles were filtered through a
0.45-um-pore-size membrane, concentrated by ultracentrifugation, and assayed for p24 content by an
enzyme-linked immunosorbent assay (ELISA).

Twenty-four hours after the activation of CD4 T cells (see above), medium was replaced with a final
volume per well of 100 ul supplemented RPMI containing 100 U/ml IL-2, 8 ug/ml protamine, and 10 ng
p24 of shRNA lentiviral particles (wells contained 200,000 cells at the time of activation). Cells were
spinoculated for 2 h at 1,200 X g at 37°C and then left to rest in an incubator at 37°C for 1 h, and the
medium was then replaced with 200 ul supplemented RPMI containing 100 U/ml IL-2. Nontransduced
cells were subjected to an identical protocol in the absence of lentiviral particles. Two days following
spinoculation, 50 ul medium per well was replaced with 50 ul supplemented RPMI containing 100 U/ml
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IL-2 and 8 ug/ml puromycin (final puromycin concentration, 2 ug/ml), except for nontransduced cells, to
which puromycin was not added in this or subsequent steps. The following day (24 h post-puromycin
treatment and 3 days postspinoculation), cells were routinely pooled, counted, and returned to culture
at 100,000 cells per well.

Infections. For spreading infections in Fig. 2A and B, 100,000 cells per well (96-well U-bottom plate)
were infected on day 3 postransduction by the addition of 0.3 ng p24 per well of NL4-3 (or NL4-3 CA
P207S) in a final volume of 100 ul supplemented RPMI containing 100 U/ml IL-2, 8 ug/ml protamine
sulfate, and 2 ug/ml puromycin. After overnight incubation, virus-containing medium was removed, and
cells were washed with phosphate-buffered saline (PBS), split into three replicate wells, and resuspended
in supplemented RPMI containing 100 U/ml IL-2 and 2 ug/ml puromycin. Where used, NVP was present
at 5 uM during overnight infection and was maintained throughout the infection. Spreading infections
shown in Fig. 2C were performed identically, except that infection was performed on day 4 postrans-
duction by the addition of a range of virus inputs, as indicated in the figure legend, and cells were fixed
after 3 days. Infections were analyzed by flow cytometry.

For single-round infections, 100,000 cells per well (96-well U-bottom plate) were infected on day 5
postransduction by the addition of 10 ng, 33 ng, or 100 ng p24 VSV-G-pseudotyped NL4-3AEnv in a final
volume of 100 ul supplemented RPMI containing 100 U/ml IL-2, 8 ug/ml protamine sulfate, and 2 pg/ml
puromycin. Infection was done by spinoculation for 2 h at 1,200 X g at 37°C; cells were left to rest in an
incubator at 37°C for 1 h and were then washed with PBS and resuspended in 200 ul supplemented RPMI
containing 100 U/ml IL-2 and 2 png/ml puromycin. Where used, DMSO (0.02%), CsA (2 uM), or NVP (5 uM)
was present during spinoculation and was replenished after spinoculation. Cells were fixed after 48 h and
analyzed by flow cytometry.

Flow cytometry. We used antibodies against HIV-1 Gag (KC57-fluorescein isothiocyanate [FITC] or
KC57-Rd1; Beckman Coulter) (1/500 dilution), SUN2 (EPR6557; Abcam) (1/500 dilution), Ki67 (FITC
conjugated, catalog number 556026; BD Biosciences) (1/50 dilution), CD25 (phycoerythrin [PE] conju-
gated, catalog number 34011; BD Biosciences) (1/25 dilution), and HLA-DR (FITC conjugated, catalog
number IM0463U; [Otest) (1/25 dilution) and matched isotype controls. Secondary Cy5-conjugated goat
anti-rabbit antibody (catalog number A10523; Thermo Fisher) (1/500 dilution) was used for the detection
of SUN2. Living cells were stained for surface CD25 and HLA-DR and were subsequently fixed with 4%
paraformaldehyde (PFA) for 5 min. For intracellular staining, cells were fixed with 4% PFA for 5 min and
then permeabilized with saponin (Gag) or with Triton X-100 (0.9% for 7 min for SUN2 and Ki67). Viability
was quantified by incubation with Live/Dead fixable Aqua dye (catalog number L34957; Thermo Fisher)
(1/1,000 dilution). Samples were acquired on a FACSCanto Il instrument (BD Biosciences) and analyzed
using Flow Jo software.

Statistical analyses. All statistical analyses (identified in the figure legends) were performed with
GraphPad Prism 5.0.

Ethics statement. This study was carried out in accordance with guidelines established by the
Institut Pasteur. All primary human cells were derived from blood of anonymous healthy donors, which
was obtained from the EFS (the national blood bank of France). Donors provided written informed
consent to the EFS at the time of blood donation.
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