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Numerous viruses, including HIV-1, exploit the microtubule net-
work to traffic toward the nucleus during infection. Although
numerous studies have observed a role for the minus-end
microtubule motor dynein in HIV-1 infection, the mechanism by
which the viral core containing the viral genome associates with
dynein and induces its perinuclear trafficking has remained un-
clear. Here, we report that the dynein adapter protein bicaudal D2
(BICD2) is able to interact with HIV-1 viral cores in target cells. We
also observe that BICD2 can bind in vitro-assembled capsid tubes
through its CC3 domain. We observe that BICD2 facilitates in-
fection by promoting the trafficking of viral cores to the nucleus,
thereby promoting nuclear entry of the viral genome and in-
fection. Finally, we observe that depletion of BICD2 in the mono-
cytic cell line THP-1 results in an induction of IFN-stimulated genes
in these cells. Collectively, these results identify a microtubule
adapter protein critical for trafficking of HIV-1 in the cytoplasm
of target cells and evasion of innate sensing mechanisms in
macrophages.
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Following envelope-mediated fusion many viruses rely on mi-
crotubule transport to traffic their genome toward the nu-
cleus during infection (1-3). This transport is necessitated by the
density of the cytoplasmic environment, which precludes dif-
fusion of protein complexes the size of most viral ribonucleo-
protein complexes (RNPs) (4). Cytoplasmic dynein along with
the dynactin complex is involved in the retrograde transport of
a range of cellular cargoes toward the microtubule organizing
center, which resides next to the nucleus. Numerous members
of the retroviridae family have been shown to utilize microtu-
bules and microtubular motor dynein for retrograde trafficking
(reviewed in ref. 5) In the case of HIV-1, the minus-end motor
dynein has been implicated in the retrograde trafficking of viral
RNPs (6, 7). Additionally, we and others have observed that
inhibiting dynein pharmacologically or genetically perturbs the
normal uncoating process, which is defined as the process by
which the viral capsid core, which houses the viral genome,
disassembles during infection (6, 8). Although a number of
reports have identified viral proteins, including Vpr and inte-
grase, capable of undergoing dynein-mediated trafficking (9-
12), it remains unclear how the viral capsid core, which houses
the viral genome during infection, engages the microtubule
machinery to induce the trafficking of the core and genome
toward the nucleus.

Numerous studies have revealed a range of adaptor proteins
that interact with various dynein subunits to regulate dynein
function and enable cargo binding onto the dynein—dynactin
motor complex (13-15). One such adapter, bicaudal D2 (BICD2),
was identified in a genome-wide screen for host factors essential
for HIV-1 replication (16), although it was not identified in two
similar genome-wide screens (17, 18). BICD2 is a highly conserved
and well-studied dynein motor adaptor consisting of three coiled-
coil segments separated by highly flexible regions (14). The
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N-terminal CC1 region of BICD2 has been shown to bind
to the dynein-dynactin complex, thus improving dynein pro-
cessivity along microtubules (19, 20). The C-terminal CC3 region
acts as the cargo-binding domain of BICD2 and has been shown
to directly interact with various dynein cargoes (21, 22). Binding
of BICD?2 to the dynein—-dynactin complex activates dynein pro-
cessivity (23-25). As such, BICD2 acts to couple cargo binding
and dynein activation to coordinate trafficking of cellular cargoes.

In this study we examined the function of BICD2 during HIV-
1 infection. We utilized cells depleted of BICD2 using CRISPR-
Cas9, which confirmed a previous finding that BICD2 is an es-
sential host factor required for infection. Our study further shows
that BICD?2 interacts with incoming viral particles. Depletion of
BICD?2 reduces cytoplasmic trafficking of fused viral particles and
prevents the nuclear import of the viral genome, as measured
by 2-LTR formation. We also demonstrate that BICD2 binds to
the in vitro-assembled viral capsid—nucleocapsid (CA-NC) cores
through its CC3 domain. Finally, we show that BICD2 depletion
in monocytic cells leads to an increased expression of IFN-
stimulated genes. This suggests that HIV-1 utilizes this microtu-
bule adaptor protein for trafficking in the cytoplasm of target cell
and to evade host innate sensing machinery.

Results

HIV-1 Infection Requires BICD2. BICD2 was previously identified in a
genome-wide screen for host cell dependency factors required for
optimal HIV-1 infection (16). To confirm and extend this obser-
vation, we generated THP1 and HelLa TZM-bl cell lines in which
the BICD2 gene was disrupted using CRSIPR/Cas9 technology.
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THP1 cells are a monocytic cell line which can be terminally dif-
ferentiated into a macrophage-like cell upon phorbol myristate
acetate (PMA) treatment, and HeLa TZM-bl cells are HeLa cells
which express high levels of CD4 and coreceptors, similar in nature
to the cells in which BICD2 was originally identified as a host factor
supporting HIV-1 replication (16). Two guide RNAs (gRNAs)
were designed targeting either exon 1 or exon 3 of BICD2 and
cloned into a LentiCRISPR plasmid allowing for selection of cells
depleted of BICD2. Both gRNAs were able to deplete BICD2 in
THP1 cells, whereas only one of the gRNAs (BICD2/gRNA2) was
successful in HeLLa TZM-bl cells (Fig. 14). Next, we looked at the
level of viral infections in these knockout cells by infecting with
HIV-1 pseudotyped with CCRS5 tropic (JRFL) or CXCR4 tropic
(HXB2) HIV-1 glycoproteins. BICD2 depletion resulted in a sig-

nificant reduction in HIV-1 infectivity in both the cell types tested
(Fig. 1 B and C). To understand if these results were specific to
entry mediated by the HIV-1 envelope, we next infected cells with
HIV-1 pseudotyped with the pH-dependent envelope protein from
vesicular stomatitis virus (VSV-g) or the pH-independent ampho-
tropic murine leukemia virus envelope protein (A-MLV). As seen
in Fig. S1E, BICD2-deficient THP1 cells showed reduced viral in-
fectivity when infected with VSV-g pseudotyped HIV-1, while
HeLa TZM-bl cells displayed no change in viral infectivity in the
BICD2-depleted cells (Fig. S1C). In contrast, infection with A-
MLYV pseudotyped HIV-1 resulted in similar infectivity defects in
TZM-bl and THP-1 cell lines depleted of BICD2 (Fig. S1 C and E).
Next, we asked whether BICD2 is important for infection in T cells.
We used Jurkat T cells depleted of BICD2 by CRISPR technology
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Fig. 1. BICD2 is required for productive HIV-1 infection. HeLa TZM-bl and THP1 cells depleted of BICD2 by using CRISPR-Cas9 genome editing. (A) Protein
expression in the depleted cells confirmed by Western blotting. (B) Differentiated THP1 cells lacking BICD2 were infected with R7AEnvGFP virus pseudotyped
with CCR5 tropic JRFL or the CXCR4 tropic HXB2 envelope glycoproteins. Cells were harvested 48 h after infection and GFP expression was measured by flow
cytometry. Data from single independent experiments (Left) and normalized and average data (+SD) from three or more independent experiments (Right)
are shown. (C) Similar infectivity experiments as in B in HeLa TZM-bl cells. (D) Protein expression in Jurkats and CEM BICD2-depleted cells confirmed by
Western blotting. (E and F) Infectivity experiments in BICD2-depleted Jurkats and CEM cells. (G) Protein expression in BICD2-depleted HelLa TZM-bl cells
transduced with either CRISPR-resistant full-length BICD2 or a mutant (BICD2 A/V). Control and BICD2-depleted TZM-bl cells stably expressing BICD2 or BICD2
AN were infected with R7AEnvGFP virus pseudotyped with JRFL envelope glycoproteins. Infectivity measured 48 h after infection. ***P < 0.001, **P < 0.01,
*P < 0.05; ns, not significant.
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and CEM cells where BICD?2 depletion was achieved by siRNA as
we were unable to select stable CRISPR-depleted CEM cells (Fig.
1D). Depletion of BICD2 in both the T-cell lines resulted in a
significant reduction in virus infection (Fig. 1 E and F). Since
BICD2 is well-studied as a dynein adaptor, we tested whether
knockdown of other known dynein adaptors influenced HIV-1 in-
fection. As seen in Fig. S1 4 and B, knockdown of two dynein
adaptors, Hook3 (26) and ZW10 (27, 28), had no effect on HIV-1
infection. To rule out off-target effects resulting from BICD2 de-
pletion we transduced the depleted TZM-bl cells with a CRISPR-
resistant full-length BICD2 construct (Fig. 1G) and infected these
cells with a JRFL pseudotyped virus. As seen in Fig. 1G, com-
plementing the depleted cells with full-length BICD2 restores viral
infection to levels similar to those in control cells. Then, we asked
whether the interaction between dynein and BICD2 is important
for HIV-1 infection. To address this, we transduced the control and
knockout TZM-bl cells with a CRISPR-resistant full-length BICD2
construct harboring mutations at the N terminus at amino acid
positions 43 and 44 (Fig. 1G, BICD2 A/V). These mutations, as
described before, resulted in a weaker interaction between BICD2
and dynein (23). Upon infection, a modest but significant reduction
in viral infectivity was still observed in the depleted cells transduced
with BICD2 A/V construct (Fig. 1G). This suggests that the in-
teraction between BICD2 and dynein is key in establishing a pro-
ductive infection. To test whether the requirement of BICD2 was
specific for HIV-1 infection we also infected the depleted TZM-bl
cells with a B tropic murine leukemia virus (B-MLV) pseudotyped
with A-MLV or VSV envelope proteins. As seen in Fig. S1D, no
defect in B-MLYV infection was observed. Taken together, these
results show that BICD?2 is required for efficient HIV-1 infection
but not for MLV infection.

BICD2 Depletion Does Not Affect Viral Fusion or Reverse Transcription
but Reduces HIV-1 Nuclear Import. To determine at what step
during the viral life cycle that BICD2 exerts its effect we mea-
sured individual steps during the early phase of virus infection in
BICD2-depleted cells. We first measured fusion using a Vpr-
B-lactamase fusion assay, which measures the cleavage of cellular
substrate by the p-lactamase enzyme loaded into virions by fusion
to Vpr (29). Infection with JRFL-R7 showed no significant dif-
ferences in viral fusion in the knockout cells compared with
control TZM (Fig. S2). We next measured viral reverse tran-
scription and nuclear import (as measured by 2-LTR formation)
in the BICD2-depleted cells using quantitative PCR. As seen in
Fig. 24, we observed no change in the amount of late reverse
transcription products in either Jurkats, THP1 differentiated
macrophages, or TZM-bl cells lacking BICD2. Next, we assessed
nuclear import of the virus by measuring the amount of 2-LTR
formation in cells. Depletion of BICD2 showed a significant re-
duction in 2-LTR formation in all cell lines tested, indicating a
strong defect in viral nuclear entry (Fig. 2B). Collectively, these
data demonstrate that BICD2 facilitates a step in HIV-1 infection
between fusion and the nuclear import of the viral genome.

BICD2 Depletion Perturbs HIV-1 Uncoating. We and others have
observed that microtubule motor dynein is required for HIV-1
uncoating (6, 8). To determine if the dynein adaptor BICD2 is
required for HIV-1 uncoating we performed an in situ uncoating
assay (6) in control and BICD2-depleted TZM-bl cells. This
assay measures the amount of CA which remains associated with
individual viral particles during infection. For this assay, we la-
beled HIV-1 virions with a Gag-integrase GFP construct (GIG)
(30). We also labeled viral particles with the S15-mCherry pro-
tein (S15mCh). This protein contains the 15 N-terminal residues
of the Src protein, which facilitates membrane association and
incorporation into HIV-1 virions through a myristoylation se-
quence present in these residues (31). This label becomes lost
from viral particles upon fusion, allowing particles that have
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Fig. 2. BICD2 depletion prevents HIV-1 nuclear import. Control and BICD2-
depleted Jurkats, THP1 differentiated macrophages, and HeLa TZM-bl cells
were subjected to synchronized infection with R7AEnvGFP virus pseudo-
typed with envelope proteins from either the JRFL (MOI 0.2), HXB2 strain
(MOI 0.2), or VSV (MOI 0.4). Cells were collected 24 h postinfection and qPCR
was performed using specific primers to quantify Late RT (A) and 2-LTR cir-
cles (B). Error bar represents SD of samples run in triplicate. The data shown
here are representative of three or more experiments. ***P < 0.001, **P <
0.01; ns, not significant.

productively entered the cytoplasm via fusion to be distinguished
from particles that have not. Double-labeled virus pseudotyped
with JRFL envelope was used to synchronously infect TZM-bL
cells and fixed at various times postinfection. The amount of
p24 associated with individual virions that have productively en-
tered the cells (S15-negative) was determined by staining p24 with
a monoclonal antibody and measuring p24 intensity using wide-
field deconvolution microscopy. We observed that depletion of
BICD2 delayed uncoating, as measured by p24 staining of indi-
vidual GIG puncta (Fig. 3 4 and B). This delay in uncoating was
not due to a defect in viral fusion, as a similar percentage of vi-
rions had lost their S15 membrane label at the time points ex-
amined (Fig. 3D), supporting our previous observations using the
Vpr-p-lactamase assay (Fig. S2). Also in these imaging experi-
ments we observed a higher number of fused GIG particles in the
cytoplasm of BICD2-depleted cells compared with control cells
(Fig. 3C). This accumulation of viral particles in BICD2-depleted
cells is also consistent with the hypothesis that BICD2 depletion
delays the normal uncoating of HIV-1.

BICD2 Interacts with Viral Capsid in Vivo and Binds to in Vitro-
Assembled HIV-1 CA-NC Complexes Through the CC3 Domain. We
next sought to determine if BICD2 could interact with deter-
minants present in the mature capsid core of HIV-1 in vivo and
in vitro. First, we examined the ability of BICD?2 to associate with
HIV-1 cores during infection by employing the proximity ligation
assay (PLA). This assay detects close proximity between two
antibodies (<30-40 nm) as bright fluorescent puncta, thereby
measuring protein—protein interaction with high specificity and
sensitivity (32). In a PLA using primary antibodies to CA and
BICD2, PLA puncta were readily detected in the cytoplasm of
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Fig. 3. BICD2 depletion delays HIV-1 uncoating as measured using an in situ uncoating assay. Control and BICD2-depleted HeLa TZM-bl cells were syn-
chronously infected with S15-mCherry/GIG JRFLg-HIV-1. (A) Cells were fixed at the indicated time points, and the p24 intensities associated with individual
virions lacking the S15 membrane label (1-3 h postinfection) or all virions (0-h point) are shown. Red line represents average p24 intensity measured for all
fused viruses at the indicated time points; 20-25 cells were imaged at each time point. Error bar represents SEM. (B) Data from three independent experi-
ments, as shown in A, were normalized to the mean p24 intensity observed in control cells and averaged. (C) Fused GIG particles in control and BICD2-
depleted cells from three independent experiments. Normalized to the number of cells observed in control cells at the indicated time points. (D) Percent
fusion was calculated from the experiment described in A. Data are representative of three independent experiments. ***P < 0.001, **P < 0.01, *P < 0.05; ns,

not significant.

TZM-bl cells upon infection with JRFL pseudotyped virus (Fig.
44). The number of puncta quantified following infection
showed a significant fold increase compared with uninfected
control cells (Fig. 4B). The BICD2 knockout cells failed to in-
duce PLA puncta, demonstrating the specificity of the assay (Fig.
4 A and B). This implies a specific association between HIV-
1 viral cores and BICD2 in the cytoplasm of target cells. Next, we
measured the ability of BICD2 to bind in vitro-assembled CA-
NC tubes (33); 293T cells were transfected with a construct
expressing HA-BICD?2 or a mutant in which the dynein-binding
domain of the protein was disrupted (HA-BICD2 A/V) (23) and
these lysates were incubated with CA-NC tubes. CA-NC tubes
were then pelleted by ultracentrifugation and BICD2 binding
was measured using an anti-HA antibody. We observed that
BICD2 binds to in vitro-assembled capsid in a similar fashion
compared with the HIV-1 capsid-interacting protein TRIM-Cyp.
This interaction was present in the pelleted material following
incubation with CA-NC tubes but not in the material pelleted in
the absence of assembled CA-NC tubes (Fig. 4C). The BICD2
mutant (A/V), which is unable to bind dynein, also pelleted in
the presence of CA-NC but did not pellet in the absence of CA-
NC tubes (Fig. 4C). To further define the region of BICD2

E10710 | www.pnas.org/cgi/doi/10.1073/pnas.1712033114

capable of binding CA-NC we examined the ability of the CC2
and CC3 domain to bind CA-NC tubes in tandem and individ-
ually. As seen in Fig. 4D, a construct containing both the CC2
and CC3 domains pelleted with CA-NC tubes. Analysis of indi-
vidual domains revealed that the CC3 domain, but not the CC2
domain, was able to pellet with CA-NC tubes (Fig. 4 E and F).
These results show that BICD2 through the CC3 domain can
bind CA-NC, in a manner that is not dependent on dynein,
suggesting that BICD2 is the adapter protein which tethers dy-
nein to the viral capsid during infection.

BICD2 Depletion Perturbs the Cytoplasmic Trafficking of HIV-1 During
Infection. The defect in nuclear import observed in BICD2-
depleted cells and the ability of BICD2 to associate and traffic
with incoming viral particles is consistent with the hypothesis that
BICD2 mediates the cytoplasmic trafficking of HIV-1 toward the
nucleus. To determine if BICD2 depletion affected viral traf-
ficking we generated HIV-1 pseudotyped with the JRFL enve-
lope and labeled with S15mCh and GIG. Double-labeled virus
was used to synchronously infect TZM-bl cells, as these cells
allowed for efficient fusion mediated by the JRFL envelope,
owing to the overexpression of CD4 and CCRS5 on these cells.
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Fig. 4. BICD2 interacts with HIV-1 capsid in vivo and in vitro. (A) Control and BICD2 knockout HeLa TZM-bl cells were synchronously infected with JRFLg
pseudotyped HIV-1 reporter virus (MOl of 0.4). Cells fixed 1 h post infection and PLA assay performed with antibodies to BICD2 and HIV-1 capsid protein p24.
(B) Quantification of average fold increase in PLA puncta; 20 or more cells were analyzed in each experiment. Error bar represent the SEM (**P < 0.01). (C) The
293T cells were transfected with HA-tagged WT BICD2 and mutant (BICD2A/V). Cells were lysed 48 h posttransfection and the lysates incubated at room
temperature for 1 h with in vitro-assembled HIV-1 CA-NC complexes. Samples were taken either before (INPUT) or after sedimentation through a sucrose
cushion (BOUND) and analyzed by WB using anti-HA and anti-p24 antibodies. (D) Binding of BICD2 CC2-CC3 domain. (E) Binding of BICD2 CC2 domain. (F)

Binding of BICD2 CC3 domain. A representative experiment is shown.

Live-cell movies were acquired with cells imaged at 10-s intervals
for 1 h immediately following infection. We employed particle
tracking to map the trajectories of unfused (S15+) and cyto-
plasmic (S15-) viral populations and analyzed the behavior of
each population of virions in both control and BICD2-depleted
cells. Tracks of individual particles revealed that cytoplasmic
particles (S15mCh-negative) typically exhibited greater dis-
placement during the acquisition period in control cells com-
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pared with BICD2-depleted cells (Fig. 5 4, B, and E). This was
evident when the trajectories of individual particles were exam-
ined (Fig. 5 4 and B) and when viewed as a population (Fig. 5E).
Similarly, peak particle speed was lower in BICD2-depleted cells
compared with control cells (Fig. 5 B and F). In contrast, no
difference in displacement and particle speed was observed in
the unfused (S15mCh-positive) viral particles (Fig. 5 E and F).
Mean square displacement (MSD) analysis was then employed
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to characterize the motion of the S15-/GIG-labeled viral parti-
cles. MSD analysis determines three types of particle motion:
normal diffusion, confined diffusion, and directed motion. Ac-
tive transport along microtubules is directed motion which can
be described by a quadratic dependence of MSD on time interval
AT. The MSD analysis shows almost 70% of the viral particles in

>

HIV-1/Gag-Integrase-GFP/S15-

the control cells and the one depicted in Fig. 54 can be fitted
into a quadratic curve (Fig. 5 C and D), reflecting directed
motion, whereas in the BICD2-deficient cells ~91% of the par-
ticles analyzed showed a linear dependence or asymptotic be-
havior in the MSD AT plots (Fig. 5 C and D), consistent with
normal and confined motion, respectively. These data collectively
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Fig. 5.

BICD2 is required for efficient cytoplasmic trafficking of HIV-1 virions. Control and BICD2 knockout HeLa TZM-bl cells infected with S15-mCherry and GIG

labeled HIV-1 virions pseudotyped with JRFL glycoproteins. Live-cell imaging was performed immediately following a synchronized infection. (A) Snapshots of
consecutive frames for an S15-negative virus particle in the control and BICD2 knockout cells. (B) Displacement from the starting position for the virus particles in
A and speed of the virus particles in A over time. (C) The MSD of the virus particle (4) in the control cells and BICD2-depleted cells plotted against time interval
(AT). (D) Proportion of viral particles with directed motion or diffusion in the control and BICD2 knockout cells. (E) Displacement of S15+ and S15- virus particles
in the control and BICD2 knockout cells. Representative of three independent experiments (dot blot) and mean displacement (+ SEM) of results from three
independent experiments (bar graph) are shown. (F) Similar to blot in £ showing speed of S15+ and S15- virus particles. ***P < 0.001; ns, not significant.
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demonstrate that HIV-1 microtubule trafficking is dependent
on BICD2.

These data suggest that HIV-1 utilizes BICD2 to achieve
dynein-dependent trafficking toward the nucleus during in-
fection. To further validate this hypothesis, we determined the
ability of HIV-1 to induce the cytoplasmic relocalization of
NUP358 during infection in BICD2-depleted cells. We have
previously shown that WT CA induces the kinesin-1-dependent
removal of Nup358 from nuclear pore complexes (34). As we
have previously demonstrated, infection with HIV-1 induced
substantial relocalization of NUP358 into the cytoplasm of these
cells (Fig. S3 A and B). This relocalization was largely abrogated
in BICD2-depleted cells (Fig. S3 A and B). Similarly, the asso-
ciation of NUP358 and HIV-1 capsids in the cytoplasm was re-
duced in BICD2, as measured by colocalization and PLA using
antibodies to HIV-1 CA and Nup358 (Fig. S3 C-E).

BICD2 Depletion Increases Innate Sensing of HIV-1 Infection. Given
that BICD2 depletion does not affect the formation of RT
products but reduces the ability of the viral genome to enter the
nucleus, we reasoned that accumulation of viral particles in the
cell cytoplasm might trigger innate immune activation by sensors
that recognize cytoplasmic DNA or other viral pathogen-
associated molecular patterns. To test this hypothesis, we mea-
sured the expression of genes which are induced following innate
sensing of HIV-1 (35-37). Control and BICD2-depleted THP-1
cells were infected with HIV-1 pseudotyped with HIV or VSV-g
envelope and the mRNA levels of several IFN-stimulated genes
(ISGs) were measured by qRT-PCR. As seen in Fig. 6, expression
of antiviral genes was significantly increased in BICD2-depleted
cells compared with control cells. These results demonstrate that
depletion of BICD2 sensitizes the virus to detection by innate
sensing in THP1 differentiated macrophages.

Discussion

In this study we found that the microtubule adapter protein
BICD2 mediates the dynein-dependent trafficking of HIV-
1 particles toward the nucleus during infection (Fig. 7). We ob-
served that BICD2 depletion inhibits HIV-1 infection in two
T-cell lines, differentiated THP-1 cells as well as HeLLa TZM-bl
cells (Fig. 1). We show that this inhibition of infection is man-
ifested at a postfusion stage of the viral life cycle, as fusion and
reverse transcription are not perturbed by BICD2 depletion (Fig.
2A4 and Fig. S2). However, viral uncoating and nuclear import of
the viral genome is reduced in BICD2-depleted cells (Figs. 2B
and 3), consistent with the hypothesis that BICD?2 facilitates the
cytoplasmic trafficking of the viral core toward the nucleus
during infection. This was further supported by the observation
that BICD2 interacts with incoming viral particles as measured
using a PLA (Fig. 4). We also observe that in vitro-assembled CA
can bind BICD2 present in target cell lysates (Fig. 4). This in-
teraction was mapped to the CC3 domain in BICD2 (Fig. 4F),
which is thought to function as a cargo binding domain. Future
studies are required to determine if this interaction is direct or
dependent on other host-cell factors. However, the defects in
trafficking and infection observed following BICD2 knockout
demonstrate BICD2 as a critical mediator of viral trafficking.
In addition, cytoplasmic HIV-1 virions exhibit altered traf-
ficking in the cytoplasm in cells depleted of BICD2, as evidenced
by the reduced average speed and displacement of viral particles
in BICD2-depleted cells compared with control (Fig. 5). This
defect was specific for virions which had productively entered the
target cell (S15-), as a similar defect in trafficking speed and
displacement was not observed in virions which retained their
S15mCh membrane label (Fig. 5 E and F). The MSD AT plots
(Fig. 5 C and D) support previous findings that HIV-1 undergoes
directed motion along microtubules consistent with dynein-
mediated retrograde trafficking. This type of directed motion
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Fig. 6. Increased antiviral gene expression in response to HIV-1 infection in
BICD2 knockout cells. Control and BICD2 knockout THP1 differentiated
macrophages infected with R7AEnvGFP pseudotyped with either JRFL, HXB2,
or VSV glycoproteins. Cells were harvested 24 h postinfection and expression
of IFIT1, IFI27, IP10, and STAT1 was measured using qRT-PCR with gene
specific primers. Fold increase in mRNA expression compared with un-
infected control. Error bar represents SD of samples run in triplicate. The
data shown here are representative of three or more experiments.

was absent in BICD2-deficient cells (Fig. 5 C and D), high-
lighting the importance of BICD2 for HIV-1 trafficking toward
the nucleus.

A number of studies have demonstrated that innate immune
sensors can recognize the viral genome, especially in cases where
interactions with host factors that facilitate infection are per-
turbed (35, 38, 39). In keeping with this finding, we observe that
BICD2 knockout sensitizes the virus to innate immune sensors,
leading to the up-regulation of IFN-stimulated genes following
HIV-1 infection (Fig. 6). The potential for IFN induction to
influence viral replication is supported by studies finding that
IFN treatment can influence viral rebound in patients following
antiretroviral therapy cessation (40), prevent infection in a sim-
ian immunodeficiency virus model of infection in macaques (41)
and viral replication in culture (35, 42, 43). Although the ability
of IFN to induce sustained control of HIV-1 replication is un-
certain (44, 45), our observation that depletion of BICD2 ex-
poses HIV-1 to innate sensing that induces the expression of
ISGs reveals this interaction as a potential target that might be
utilized to increase the innate immune response to HIV-1 in-
fection. Future studies are necessary to identify the mechanism
by which HIV-1 is sensed in the context of BICD2 depletion and
how this sensing may influence viral replication in vivo.

Materials and Methods

Cell Lines and Constructs. HeLa TZM-bl cells stably expressing CD4 and
CCR5 were obtained through the NIH AIDS Reagent Program, Division of
AIDS, National Institute of Allergy and Infectious Diseases (NIAID), NIH (TZM-
bl from John C. Kappes, Xiaoyun Wu, and Tranzyme Inc.); 293T and THP1 cells
were obtained from ATCC. HeLa TZM-bl and 293T cells were cultured in
DMEM and THP1 cells in RPMI medium (Cellgrow) supplemented with 10%
characterized FBS, 1,000 U/mL penicillin, 1,000 U/mL streptomycin, and 10 pg/mL
ciprofloxacin hydrochloride. THP1 cells were differentiated by treating
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Fig. 7. Model of BICD2-mediated HIV-1 trafficking toward the nucleus. HIV-1
infection initiates upon binding of the viral envelope with CD4 and cor-
eceptors on the cell surface. (A) Viral fusion occurs and viral capsid core
released into the cytoplasm. (B) Viral core recruits the dynein adaptor pro-
tein BICD2 present in the cytoplasm, which in turn enables dynein re-
cruitment to the viral capsid. (C) BICD2-mediated dynein recruitment
enables the viral capsid to traffic along microtubules toward the nuclear
import sites for delivery of the viral genome to the nucleus.

the cells with 100 ng/mL PMA for 48 h. HA-tagged BICD2 constructs (23)
were kind gift from Casper C. Hoogenraad, Erasmus Medical Center, Rot-
terdam. Plasmids encoding BICD2 coiled-coil (CC) domains were generated
by PCR-based strategy using the HA-BICD2 construct. The CC2 (amino acids
340-539), CC2-CC3 (amino acids 340-804) and CC3 (amino acids 662-804)
domain were subcloned into Flag-HA-pcDNA3.1, a gift from Adam Antebi,
Max Planck Institute for Biology of Ageing, Cologne, Germany (Addgene
plasmid no. 52535).

Virus Production and Synchronized Infection. To generate HIV-1 particles
harboring HXB2 or JRFL envelope proteins, 293T cells seeded in a 10-cm dish
at 70% confluency were transfected with 7 pg pCMV-HXB2g or pCMV-JRFLg
and 3 pg of R7AEnvGFP using polyethylenimine (PEI) (molecular weight
25,000; Polysciences). HIV-1 particles pseudotyped with VSVg or AMLVg
were generated by transfecting 293T cells in 10 cm with 7 pg of R7ZAEnvGFP
and 3 pg of pCMV-VSVg or AMLVg. B tropic MLV (B-MLV) particles were
generated by transfecting 293T in 10 cm with 5 pg of GFP reporter vector,
3 pg of pCigB, and 2 pg of pCMV-VSVg or AMLVg. Fluorescently labeled HIV-
1 particles were generated by transfecting 293T in a 10-cm dish with 4.5 ug
pCMV-JRFLg, 3.5 pg R7AEnvGFP, and 2 pg Gag-integrase-Ruby. S15-labeled
HIV-1 particles were generated by transfecting 293T cells in a 10-cm dish
with 4 pg pCMV-JRFLg, 3 pg R7AEnVGFP, 1.2 pg GIG, and 1.8 ug S15-mCherry.
Virus with S15 labeling of GIG+ particles >90% was used for experiments.
Vpx-containing virus-like particles (VLPs) were produced by the transfection
of 293T cells in a 10-cm dish with 7 pg pSIV3* and 3 pg of pCMV-VSVg.
Viruses were harvested 48 h after transfection, spun for 5 min at
1,200 rpm, and filtered through a 0.45-um filter (Milipore). THP1 cells were
pretreated with VPX containing VLPs for 4 h before synchronized infection.
Synchronized infection was performed by spinoculation at 13 °C for 2 h at
1,200 x g, after which virus-containing medium was removed and replaced
with 37 °C media. Infectivity was measured 48 h after synchronized infection
and percentage of GFP-positive cells was determined using a BD FACSCanto
Il cytometer (BD Bioscience). Multiplicity of infection (MOI) was calculated
based on the equation MOI = —InP(0), where P(0) is the proportion of
uninfected cells.

Blam-Vpr Fusion Assay. Blam-Vpr-labeled HIV-1 particles were generated by
transfecting 293T cells in a 60-mm dish with 1.5 pg of pCMV-JRFLg, 1 pg of
R7AEnVGFP, and 0.5 pg of Blam-Vpr. HeLa TZM-bl cells were infected with
Blam-Vpr-labeled virus by spinoculation. Following spinoculation, medium
was replaced with warm medium and incubated at 37 °C for 2 h, followed by
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CCF2-AM (Invitrogen) loading of the cells according to the manufacturer’s
protocol. The reaction was allowed to proceed overnight at room temper-
ature and the cells were subsequently collected for flow cytometery analysis
to measure CCF2 cleavage.

Antibodies and Chemicals. HIV-1 capsid protein p24 was stained using anti-p24
183-H12-5C (HIV-1 p24 hybridoma, from Bruce Chesebro, NIAID, Bethesda)
and were obtained through the NIH AIDS Reagent Program, Division of AIDS,
NIAID, NIH. Rabbit polyclonal antibodies against BICD2 (ab117818) and
Nup358 (ab64276) were purchased from Abcam. Mouse monoclonal anti-
bodies against Hook3 (sc-398924) and ZW10 (sc-81430) were purchased from
Santa Cruz Biotechnology, Inc. Secondary antibodies conjugated to fluo-
rophore for immunofluorescence studies were purchased from Jackson
Immunoresearch Laboratories. DAPI to stain the nucleus was obtained
from Sigma-Aldrich.

Western Blotting. Cell lysates were prepared by lysing cells with Nonidet P-
40 lysis buffer (100 mM Tris, pH 8.0, 1% Nonidet P-40, and 150 mM Nacl)
containing protease inhibitor mixture (Roche) for 10 min on ice. Following
incubation, lysates were spun down at 13,000 rpm for 10 min and supernatant
collected for Western blot analysis. In brief, 2x Laemmli sample buffer was
added to the lysed sample and incubated at 100 °C for 5 min. Protein con-
centration was measured using Pierce BCA protein assay kit (Thermo Scien-
tific) and an equal amount of protein was loaded into an 8% polyacrylamide
gel for SDS/PAGE. Upon separation, the proteins were transferred to a
nitrocellouse membrane (Bio-Rad). Membranes were probed using specific
primary antibodies and then probing with secondary antibodies conjugated
to horseradish peroxidase (Thermo Scientific). Antibody complexes were de-
tected using SuperSignal West Femto Chemiluminescent Substrate (Thermo
Scientific). Chemiluminescence was detected using the ChemiDoc Imaging
System (Bio-Rad).

Generation of Knockout Cell Lines and RNA Interference. BICD2 knockout
THP1 and Hela TZM-bl cells were generated by using LentiCRISPRv2
(Addgene plasmid no. 52961), a gift from Feng Zhang, Massachusetts In-
stitute of Technology, Cambridge, MA (46). gRNA targeting BICD2 exon
1 gRNA1: 5'- GATCTTCTCACGCGTGGTCT-3" and exon 3 gRNA2: 5'- GCTG-
CAGGACTACTCGGAAC-3' were generated using the online tool (crispr.mit.
edu/). The gRNAs were annealed and cloned into LentiCRISPRv2. Lentivirus
was prepared by transfecting 1 pg LentiCRISPR vector, 1 pg pCMV-VSVg, and
1 pg of psPAX2 into 293T in a 60-mm dish using PEI. Viruses were harvested
48 h posttransfection and were used to transduce HelLa TZM-bl and
THP1 cells. The medium was supplemented with 5 pg/mL of puromycin 2 d
posttransduction for HeLa TZM-bl and THP1 cells and 1 pg/mL for Jurkat
cells. Following selection, cells were collected for Western blot to analyze
knockout efficiency. siRNA targeting BICD2 (sc-92831), Hook3 (sc-60800),
and ZW10 (sc-63259) were purchased from Santa Cruz Biotechnology, Inc. A
control siRNA targeting luciferase was purchased from Fisher Scientific.
siRNAs were transfected in to HeLa TZM-bl cells using Lipofectamine 2000
(Invitrogen) as per the manufacturer’s protocol. siRNAs were introduced
into CEM cells by electroporation. In brief, 4 x 10° cells in OptiMEM were
electroporated with 50 nM siRNA with settings 0.260 kV and 800 pF. After
electroporation, cells were resuspended in media with 10% FBS. Three days
after electroporation cells were collected for Western blot and to perform
infectivity experiments.

Binding of BICD2 to in Vitro-Assembled CA-NC Complexes. The binding of
BICD2 protein to in vitro-assembled CA-NC complexes was carried out as
described previously (47). In brief, 293T cells were transfected with plasmids
expressing HA-tagged WT, mutant BICD2, or the BICD2 deletion proteins.
Forty-eight hours after transfection, cell lysates were prepared as follows.
Previously washed cells were resuspended in hypotonic lysis buffer (10 mM
Tris, pH 7.4, 1.5 mM MgCI2, 10 mM KCI, and 0.5 mM DTT). The cell suspen-
sion was frozen and thawed and incubated on ice for 10 min. Afterward, the
lysate was centrifuged at maximum speed in a refrigerated Eppendorf micro
centrifuge (~14,000 x g) for 5 min. The supernatant was supplemented with
1/10 volume of 10x PBS and then used in the binding assay. To test binding,
5 pL of CA-NC particles assembled in vitro were incubated with 200 pL of cell
lysate at room temperature for 1 h. A fraction of this mixture was stored
(input). The mixture was spun through a 70% sucrose cushion (70% sucrose,
1x PBS, and 0.5 mM DTT) at 100,000 x g in an SW55 rotor (Beckman) for 1 h
at 4 °C. After centrifugation, the supernatant was carefully removed and the
pellet resuspended in 1x SDS/PAGE loading buffer (pellet). The level of BICD2
proteins was determined by Western blotting with an anti-HA antibody and
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the level of HIV-1 CA-NC protein in the pellet was assessed by Western blotting
with an anti-p24 CA antibody.

Microscopy and Image Acquisition. Z-stack images were collected with
a DeltaVision wide-field fluorescent microscope (Applied Precision, GE)
equipped with a digital camera (CoolSNAP HQ; Photometrics), using a
1.4-numerical aperture 100x objective lens. Excitation light was generated with
an Insight SSI solid-state illumination module (Applied Precision, GE) and
was deconvolved with SoftWoRx deconvolution software (Applied Precision,
GE). For live cell experiments, cells were plated on delta DPG dishes (Thermo
Fisher Scientific) and maintained at 5% CO, and 37 °C in an environmental
chamber on a DeltaVision microscope. Images were captured in a z series on
an electron multiplied charge coupled device digital camera (EMCCDCascade
2; Photometrics) and deconvolved using SoftWoRx deconvolution software.
In any experiment, identical acquisition conditions were used to acquire all
images. Following deconvolution, images were analyzed by Imaris 8.3.1
(Bitplane). An algorithm was designed using the spot or surface function in
Imaris to generate surfaces around signal of interest and the maximum
fluorescence intensity associated within these surfaces was measured. The
algorithm was applied to all images within the same experiment. The tra-
jectories of viral particles were generated using the track spots over time
function in Imaris. The parameters (speed, displacement, and position) of
the viral trajectories were directly extracted from the Imaris program. The
displacement is defined as the changes in the position and given by
Dy (tz, t1) =Px — Px(t2), where t is the time index. MSD was calculated by using
Python script based on the following equation:

MSD(nAt) =ﬁ N§1{[Dx(im‘+ nAt, iat)]2 + [Dy (iAt +nAt, iAt)) }
i=0

where N is the total number of frames collected, At is the time interval
between two successive frames, and n and i are positive integers.

In Situ Uncoating Assay. Fluorescently labeled HIV-1 was generated by
transfecting 293T cells on a 10-cm dish with 2 pg S15-mCherry, 1 pg GIG, 3 ug
R7AENnvGFP, and 4 pg pCMV-JRFLg using PEI. Following fusion, S15-mCherry—
labeled viral membrane is lost, which allows one to effectively discriminate
between viruses that have not productively endocytosed by the target cells
(S15-mCherry+, GIG+) from those that have productively fused into the cy-
toplasm (S15-mCherry—, GIG+). A synchronized infection performed on HelLa
TZM-bl cells with these fluorescently labeled virions (labeling efficiency
>90%). Following spinoculation, media was aspirated and changed to 37 °C
warm media. Cells were incubated at 37 °C and fixed at various time points
postinfection. Coverslips were then subjected to indirect immunofluores-
cence to stain for viral capsid protein p24 using the anti-p24 mAb 183-H12-
5C and a Cy5 conjugated secondary antibody (Jackson Immunoresearch) and
mounted on glass slides. Images were acquired at 100x magnification using
DeltaVision wide-field fluorescent microscope; 20-25 fields were acquired
per coverslip. After deconvolution, GIG viral complexes were identified using
the surface function in Imaris (Bitplane) software and the maximal S15-
mCherry and p24 signal present within these individual GIG generated sur-
faces was determined. From the large sets of data acquired the average
maximal p24 intensity of fused (S15-mCherry-negative) populations of vi-
rions was determined.
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gPCR. Cells were infected with equal MOI and RT-PCR was performed to
determine the late reverse transcription (Late RT), 2-LTR products, and ISG
expression. To measure ISG expression, total RNA was purified from cell lysate
24 h after synchronized infection using NucleoSpin RNA extraction kit
(Macherey-Nagel). cDNA was synthesized using the GoScript RT System
(Promega) and quantitative PCR was performed using gene-specific primers
and Syber green master Mix (Roche). The following primer pairs were used in
this study: STAT1 fwd, 5-CCGTTTTCATGACCTCCTGT-3’; STAT1 rev, 5'-
TGAATATTCCCCGACTGAGC-3'; IFI27 fwd, 5-TCTGGCTCTGCCGTAGTTTT-3/;
IFI27 rev, 5- GAACTTGGTCAATCCGGAGA-3’; IFIT1 fwd, 5- CAACCATGAG-
TACAAATGGTG-3; IFIT1 rev, 5'- CTCACATTTGCTTGGTTGTC-3’; IP10 fwd, 5'-
TGAAATTATTCCTGCAAGCCAATT-3’; and IP10 rev, 5'-CAGACATCTCTTCTC-
ACCCTTCTTT-3'". Late RT was determined using GFP-specific primers and
2-LTR primers as described previously (48). GAPDH primers were used as a
housekeeping gene for normalization. In brief, genomic DNA from cells was
extracted following the DNeasy blood and tissue kit protocol (Qiagen). DNA
concentration was determined and an equal amount of DNA was digested
with Dpn1 (New England BioLabs) before performing RT-PCR.

PLA. A Duolink PLA kit was purchased from Sigma and assay performed as
described by the manufacturer (Olink Bioscience). Cells grown on coverslips
were fixed with 3.7% paraformaldehyde 3 h after synchronized infection. To
detect interaction between viral capsid protein p24 and Nup358 or BICD2,
cells were permeabilized and blocked in 3% BSA followed by incubation with
primary antibodies targeting viral protein p24 (mouse monoclonal) and
Nup358 or BICD2 (rabbit polyclonal). After primary staining, coverslips con-
taining cells were washed and incubated (1 h at 37 °C) with secondary anti-
mouse conjugated with minus and anti-rabbit conjugated with plus Duolink
Il PLA probes. Coverslips were washed again and incubated with ligation-
ligase solution (30 min at 37 °C) followed by washing and subsequent in-
cubation with amplification-polymerase solution (100 min at 37 °C) con-
taining Duolink Il in Situ Detection Reagents Red. Finally, coverslips were
washed and mounted with Duolink Il mounting medium containing DAPI.
Interactions were detected as fluorescent spots (A excitation/emission 598/
634 nm) under a fluorescence microscope.

Quantification of Perinuclear and Cytoplasmic Protein Signal. The amount of
Nup358 signal present in the cytoplasm and around the nucleus was de-
termined as described before (34). In brief, an algorithm was designed using
the DAPI channel and surface function to detect the cell nuclei. To detect
nuclear or perinuclear signal, all signal outside the nuclei surface generated
was masked using the masking tool in Imaris and saved as a separate
channel. Then, a new algorithm was designed utilizing this new channel and
the surface function to detect the p24 or Nup358 signal present around the
nucleus. The total sum intensity of these surface masks was calculated to
determine the amount of protein present around the nucleus. Similarly, to
detect cytoplasmic signal, all signal outside of the nuclear surface mask was
determined. The relative fraction of the perinuclear signal was calculated as
a percentage of the total signal (perinuclear + cytoplasmic).

Statistical Analysis. GraphPad Prism version 5.00 (GraphPad Software, Inc.)
was employed for statistical analysis and to make graphs. Statistical signifi-
cance was assessed using one-way or two-way ANOVA and Bonferroni
posttest. P < 0.05 was considered significant in our experiments. Data are
represented as mean + SEM depending on the graph.
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