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Abstract

In the human genome the APOBEC3 gene has expanded into a tandem array of genes termed
APOBEC3A-H. Several members of this family have potent anti-HIV-1 activity. Here we
demonstrate that APOBEC-3B/3C/3F and -3G are expressed in all major cellular components of the
CNS. Moreover, we show that both IFN-a and IFN-y significantly enhance the expression of
APOBEC-3G/3F and drastically inhibit HIV-1 replication in primary human brain microvascular
endothelial cells (MVECS), the major component of blood brain barrier (BBB). As the viral inhibition
can be neutralized by APOBEC3G-specific siRNA, APOBEC3G plays a key role to mediate the anti-
HIV-1 activity of IFN-o and/or IFN-y. Our findings suggest that, in addition to the restriction at viral
entry level, the restriction from APOBEC3 family could account for the low-level replication of
HIV-1 in MVECS. The manipulation of IFN-APOBECS3 signaling pathway could be a potent
therapeutic strategy to prevent HIV invasion to central nervous system.

Introduction

Cellular APOBEC3G (apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like
3G) belongs to a family of proteins possessing cytidine deaminase activity. Although for most
of them, including APOBEC3A, -3G, -3F, -3B, -3C, —3H, as well as the newly described
APOBEC3DE, the normal functions in host cells are still unknown, they have recently been
identified to potently inhibit the replication of various retroviruses including human
immunodeficiency virus type 1 (HIV-1), simian immunodeficiency virus (SIV), equine
infectious anemia virus (EIAV), murine leukemia virus (MLV), foamy virus, as well as
hepatitis B virus (HBV) (Dang et al., 2006; Delebecque et al., 2006; Harris et al., 2003; Jarmuz
et al., 2002; Kobayashi et al., 2004; Mangeat et al., 2003; Mariani et al., 2003; Navarro et al.,
2005; OhAinle etal., 2006; Rosler et al., 2005; Russell et al., 2005; Sasada et al., 2005; Seppen,
2004; Sheehy et al., 2002; Suspene et al., 2005; Zhang et al., 2003). APOBEC3G, which is a
powerful antiretroviral host-restriction factor, can either enzymatically edit the newly-
synthesized viral DNA or exert an inhibitory effect through a possible non-enzymatic activity
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at other site(s) of viral life cycle (Chiu etal., 2005; Harris et al., 2003; Luo et al., 2007; Mangeat
et al., 2003; Mbisa et al., 2007; Newman et al., 2005; Zhang et al., 2003). For surviving,
retroviruses encode various gene products to counteract the inhibition of cytidine deaminases.
In the case of HIV-1 and many other lentiviruses, virion infectivity factor (Vif) is encoded to
effectively neutralize the anti-viral effect of APOBEC3G, APOBEC3F and others by
facilitating the degradation of these cytidine deaminases (Marin et al., 2003; Sheehy et al.,
2002; Sheehy, Gaddis, and Malim, 2003; Yu et al., 2003; Zheng et al., 2004). Recent studies,
including reports from our laboratories, have demonstrated that APOBEC3G can restrict the
replication of incoming viruses in the resting CD4+ T-cells and myeloid dendritic cells (MDCs)
(Chen et al., 2006; Chiu et al., 2005; Pion et al., 2006; Stopak et al., 2007). As there is only a
trivial amount of virion-associated Vif at the early phase of viral life cycle, this anti-viral
activity of APOBEC3G is most likely Vif-unrelated. APOBEC3G exists in two different forms
in various cell systems. A low molecular mass (LMM) form that is associated with HIV-1
restriction and a high molecular mass (HMM) complex that lacks enzymatic activity as well
as anti-HIV-1 activity (Chen et al., 2006; Chiu et al., 2005; Stopak et al., 2007).

We have recently demonstrated that through a regular IFN-o/f signal transduction pathway,
IFN-a can significantly enhance the expression of APOBEC3G in human primary resting but
not activated CD4+ T cells and the amounts of APOBEC3G associated with a low molecular
mass (LMM) (Chen et al., 2006), albeit different opinions exist (Sarkis et al., 2006; Stopak et
al., 2007). Treatment of newly-infected resting CD4+ T cells with IFN-a resulted in significant
inactivation of HIV-1 infection, and this inhibitory effect can be counteracted by APOBEC3G-
specific short interfering RNA (siRNA), indicating that IFN-a-induced APOBEC3G plays a
key role in mediating this anti-HIV-1 process (Chen et al., 2006). Moreover, our most-recent
findings show that APOBEC3G and its family members can be upregulated by IFN-a, either
exogenously added or endogenously secreted by plasmacytoid dendritic cells (pDCs), and that
IFN-a exerts a potent anti-HIV-1 activity in pDCs. Likewise, this inhibitory effect can be
neutralized by APOBEC3G-specific sSiRNA (our unpublished data). Recent studies
demonstrate that APOBEC3G and APOBEC3F can be upregulated by a variety of cytokines,
including IFNs, in various primary cell systems following distinct patterns of cytokine
regulation (Bonvin et al., 2006; Chen et al., 2006; Peng et al., 2006; Sarkis et al., 2006; Stopak
etal., 2007; Tanaka et al., 2006; Ying et al., 2007). IFN-a has been shown to exert its antiviral
activity through multiple pathways, including PKR (dsRNA dependent protein kinase)/
eukaryotic initiation factor-2 (elF-2), oligoadenylate synthetase (OAS), RNase L, adenosine
Deaminase(ADARL), and protein GTPase Mx/nitric oxide synthease (NOS2) (Samuel,
2001). In addition to these anti-viral pathways, IFN-a exerts its anti-HIV-1 activity through a
newly discovered host-defense mechanism involving APOBEC3G in viral target cells such as
resting CD4+ T cells, macrophages, myeloid dendritic cells, and pDCs (Chen et al., 2006; Peng
et al., 2006; Tanaka et al., 2006).

The central nervous system (CNS) represents another important target for viral invasion. HIV-1
enters the CNS early after infection and can cause serious impairment of motor and cognitive
skills known as AIDS dementia complex (Navia, Jordan, and Price, 1986; Spencer and Price,
1992; Tardieu and Boutet, 2002). HIV-1 is known to productively replicate in macrophages
and microglia of the CNS, but it also infects, via a CD4-independent pathway, astrocytes and
most-importantly brain microvascular endothelial cells (BMVECS), which represent the major
component of the blood brain barrier (BBB) (Argyris et al., 2003; Bagasra et al., 1996; Bissel
and Wiley, 2004; Bobardt et al., 2004; Liu et al., 2002; Ludwig et al., 1999; Tornatore et al.,
1994). Recent studies have indicated that the human mannose receptor is essential for HIV-1
entry into astrocytes, while we and other independent investigators have demonstrated that cell
associated heparan and/or chondroitin sulfate proteoglycans are involved in viral entry into
BMVECs (Argyrisetal., 2003; Bobardt et al., 2004; Liuetal., 2002; Liu etal., 2004). Although,
it is generally accepted that neurons do not become infected by HIV-1, recent reports have
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shown that neuronal progenitor brain cells can be infected by various viral strains (Lawrence
et al., 2004). Altogether, these findings strongly suggest the importance of the CNS and its
specific cellular components as targets of persistent infection and a viral reservoir.

Until recently, no study had examined the expression and distribution of the important host-
defense factor, APOBEC3G, as well as other APOBEC3 family members, including their
regulation in the brain, with the exception of a recent single report by Hill et al. demonstrating
that expression of APOBEC3G is restricted to neurons in the brains of pigtailed macaques
(Hill et al., 2006). In our current study, for the first time we show that a variety of APOBEC3
family genes are widely expressed in human CNS, namely in primary human BMVECS,
astrocytes and differentiated post-mitotic mature neurons. Moreover, both IFN-a and IFN-y
can significantly induce the expression of APOBEC-3G/3F and potently inhibit HIV-1
replication in primary human BMVECS. Viral inhibition can be neutralized by APOBEC3G-
specific sSiRNA, indicating that IFN-a and/or IFN-y-induced APOBEC3G plays a key role as
innate immunity against retroviral infection.

Expression of APOBEC3 family genes in the human CNS

We initiated our studies by examining the mRNA levels and protein expression of different
APOBEC3 family members in the human CNS, including primary human BMVECs, primary
human astrocytes and post-mitotically differentiated neurons. As controls in our studies we
also included H9 cells, which are known to express high-levels of APOBEC3G and
APOBEC3F, as well as 293T cells (negative control) (Sheehy et al., 2002). All CNS-based
cell systems were cultured, maintained, and passaged by using specially designed media and
following standard procedures in our research group(Acheampong et al., 2007; Argyris et al.,
2003; Fang etal., 2005; Moses et al., 1993; Mukhtar et al., 2000; Mukhtar et al., 2002; Mukhtar
and Pomerantz, 2000; Zhou et al., 2003). CNS-cells were well characterized for the expression
of specific markers. Primary human BMVECs were positive for expressing von Willebrand
factor (Fig. 1A), and Zonula Occludens-1 (ZO-1) (Fig. 1B). Primary human brain astrocytes
were monitored for expressing glial fibrillary acidic protein (GFAP), (Fig. 1C), as well as for
cytoskeletal structural proteins (Fig. 1D). The morphology of post-mitotically differentiated
neurons was monitored carefully by examining the expression of neuroepithelial marker
microtubule-associated protein (MAP-2) (Fig. 1E).

In order to evaluate the mRNA levels of various APOBEC3 family members in CNS, we
analyzed BMVECs, astrocytes and mature neurons via semi-quantitative RT-PCR by
employing specifically designed APOBEC3A-G primer-pairs. GAPDH was used as an input
control, H9 cells were used as positive control, while NIH 3T3 murine fibroblast cells served
as negative control. The results, as shown in Fig. 2A, indicate strong mRNA expression of
APOBEC3B, APOBEC3C, APOBEC3F and APOBEC3G in all CNS-cells. On the contrary,
there was no detection of APOBE3A, and APOBEC3D mRNA in all CNS cells, namely
BMVCs, astrocytes and post-mitotically differentiated mature neurons. We further evaluated
the protein expression levels of APOBEC3G and APOBEC3F, which are shown to represent
powerful anti-retroviral host-restriction factors, by Western Blot analysis of CNS-cells. In our
studies we used well-characterized rabbit polyclonal antibodies against APOBEC3G and
APOBEC3F, which were obtained from AIDS Research and Reference Reagent Program, NIH.
As shown in Fig. 2B, our findings clearly demonstrate strong protein expression of
APOBEC3G and APOBEC3F (~46 kD) in all CNS-based cells. As shown, the detected
APOBEC3G and APOBEC3F protein levels in BMVECs, astrocytes and mature neurons are
somehow lower, yet clearly identified, as compared to the stronger signal detected in the
positive control, H9 cells. As expected, neither APOBEC3G, nor APOBECS3F protein
expression was detected in 293T cells, which served as a negative control. Taken together, the
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Western Blot findings confirm the RT-PCR evaluation and demonstrate strong protein
expression of APOBEC3G and APOBECS3F in the CNS, including primary BMVCs and
astrocytes, and mature neurons. Of note, as anti-APOBEC3B and anti-APOBEC3C antibodies
are not yet available, we cannot detect these two proteins in this study.

IFN-a significantly upregulates APOBEC3G and APOBEC3F protein expression in BMVECs

In recent years, our research group focused on HIV-1 entry into BMVECs, which by forming
tight junctions, along with astrocytes, represent the most important component of BBB (Argyris
et al., 2003). Herein we demonstrate that BMVECs express APOBEC3G and APOBEC3F,
which via their antiviral properties are key elements of the host defense system. We and other
investigators have recently demonstrated that IFN-a directly induces APOBEC3G expression
in primary human resting CD4+ T cells, macrophages, pDCs and other cell systems (Chen et
al., 2006; Peng et al., 2006; Stopak et al., 2007; Tanaka et al., 2006). We thus, expanded our
current studies by examining the direct effect of exogenously added IFN on APOBEC3G and
—3F protein expression in primary human BMVECs. In order to determine whether IFN-q,
directly influences APOBEC3G and —3F protein expression, primary human BMVECs were
treated with single-dose increasing concentrations (0, 300, 600 and 1200 U/ml) of IFN-a and
cell lysates were collected and analyzed via Western blotting at different time points (0-, 3-,
6-, 12-and 24-hrs) post-1FN-a treatment. A dose-dependent increase in both APOBEC3G (Fig.
3A), and APOBEC3F (Fig. 3B) protein expression was detected as early as 6-hrs following a
single treatment with 300 U/ml IFN-a. Apparently IFN-a exerts its maximum enhancing effect
on APOBEC-3G and -3F protein expression in BMVECs at a concentration of 300 U/ml, since
no further protein induction was detected upon treatment with higher IFN-a concentrations,
such as 600 U/ml and 1200 U/ml. Thus, a plateau was reached at a treatment of 300 U/ml IFN-
a. In addition, as shown in Fig. 3A and 3B, a time-course analysis revealed that 300 U/ml IFN-
a enhanced APOBEC-3G and —3F protein expression within 6 hrs, which increased further at
12 hrs by reaching a plateau (no further protein induction was detected at a 24-hour time-point).
Therefore, our findings demonstrate that IFN-a can significantly induce the protein expression
of APOBEC3G and APOBEC3F in primary human BMVECs.

IFN-y also upregulates the expression of APOBEC3G and APOBECS3F in human primary

BMVECs

Recent studies have shown that in addition to IFN-a, other IFN-family members, such as IFN-
v as well as IFN-B, also directly upregulate APOBEC3G expression in macrophages (Peng et
al., 2006; Stopak et al., 2007). We thus tested the direct effect of exogenously added IFN-y on
APOBEC3G and —3F protein expression in primary human BMVECs. To determine whether
IFN-y affects APOBEC-3G and —3F protein expression, BMVECs were similarly treated with
single-dose increasing concentrations (0, 300, 600 and 1200 U/ml) of IFN-y and cell lysates
were collected and analyzed via Western blotting at different time points (0-, 3-, 6-, 12- and
24- hrs) post-IFN-y treatment. Likewise to IFN-a treatment, a dose-dependent increase in both
APOBEC3G and APOBEC3F (Fig. 4A and 4B respectively) protein expression was detected
as early as 6 hrs upon a single treatment with 300 U/ml IFN-y. IFN-y also exerted its maximum
inducing effect on APOBEC-3G and —3F protein expression in BMVECSs at 300 U/ml and no
further protein induction was detected upon treatment with higher concentrations. Moreover,
similarly to IFN-a studies, a kinetic analysis revealed that a single-dose treatment of 300 U/
ml IFN-y enhances APOBEC-3G and —3F protein expression within 6 hrs, which increased
further at 12 hrs, but not at 24 hrs (Fig. 4A and 4B respectively). It is important to mention
that, upon treatment of primary MVECs even with high IFN-doses, such as 1200 U/ml, we did
not observe any toxic effects on the cells and the morphology and cell numbers remained
normal. Thus, our data indicate that both cytokines IFN-o and IFN-y can induce expression of
APOBEC3G and APOBECS3F in primary human BMVECs.
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IFN-a and IFN-y inhibit HIV-1 replication in primary human BMVECs

We demonstrated that both IFN-o and IFN-y exert an enhancing effect on APOBEC3G and —
3F expression in BMVECs. Recent reports have shown that these cytokines possess antiviral
properties by inhibiting HIV-1 replication (Berglund et al., 1991; Coccia, Krust, and
Hovanessian, 1994; Poli et al., 1989; Samuel, 2001; Shirazi and Pitha, 1993; Tissot and Mechti,
1995). It was also demonstrated that IFN-o strongly inhibits infection and replication of human
herpesvirus 8 (HHV-8) in primary human dermal microvascular endothelial cells (Krug et al.,
2004). To test whether these cytokines are able to inhibit HIV-1 replication in primary human
BMVECs, cells were treated with exogenous IFN-a, or IFN-y at a concentration of 300 U/ml,
and concomitantly infected with HIV-1/VSV pseudotyped virus, or with the neurotropic HIV-
strain YU-2 (First four left lanes in Fig. 5A and 5B, respectively). Three days post-infection
cells were collected, lysed, normalized for protein content and analyzed for the presence of
intracellular HIV-1 p24 antigen via ELISA. As shown in Fig. 5A and 5B, both cytokines at
300 U/ml exerted a dramatic several-fold inhibitory effect on HIV-1 replication. The effect
was more profound on HIV-1/VSV pseudotyped virus (~10-fold inhibition), were the overall
viral replication level was higher, probably due to bypassing the entry restriction, as compared
to R5-tropic YU-2 (4-fold inhibition). Treatment with higher cytokine concentrations did not
result in more efficient HIV-1 inhibition (data not shown). In addition, as detected by Western
blot analysis, the IFN-a and IFN-y inhibitory effects on viral replication correlated with
strongly increased APOBEC3G and APOBEC3F protein expression in BMVECs at day 3 post-
infection (data not shown), thus suggesting an APOBECS3 antiviral mechanism implication.

The siRNA against APOBEC3G results inincreased susceptibility of primary human BMVECs
to HIV-1 infection

In order to determine whether down-regulation of intracellular APOBEC3G expression would
result in increased susceptibility of BMVECs to HIV-1 infection, and possibly in at least a
partial block of IFN-a and IFN-y antiviral activity, cells were transfected with specific SIRNAs
against APOBECS3G, or luciferase, or simply treated with transfection reagent (negative
control), followed by cytokine treatment along with HIV-1/VSV, or YU-2 infection. Three
days post-infection the infected cells were collected, lysed and analyzed for the presence of
intracellular HIV-1 p24 antigen via ELISA. As shown in Fig. 5C, transfection of specific
SiRNA against APOBEC3G into BMVECs resulted in efficient APOBEC3G protein reduction,
while siRNA against luciferase did not alter APOBEC3G expression level. Our findings
demonstrate a significant increase of HIV-1 p24 antigen in APOBEC3G-specific SIRNA-
transfected BMVECs 3 days post-infection (Fig. 5A and 5B, compare lane 5 versus 6),
indicating that APOBEC3G is an important anti-HIV restriction factor in CNS. Furthermore,
as shown in Fig. 5A and 5B, lanes 7 and 8 versus lanes 9 and 10) cells depleted of APOBEC3G
by siRNA and then treated with 300 U/ml IFN-a, or IFN-y, could still produce a relatively high
amount of HIV-1 p24 antigen, as compared to cells transfected with siRNA against luciferase,
indicating that induction of APOBEC3G by these cytokines competes with the APOBEC3G
siRNA knockdown effect and provides strong evidence that IFN-induced APOBEC3G is a
potent restriction factor of HIV-1 infection in primary human BMVECSs and the CNS. Similar
were our findings in HIV-1 p24 measurements in the supernatants of the samples examined,
although at relatively lower overall levels (data not shown). While in our current experiments
we did not test the effects of specific sSiRNA against APOBEC3F, we do not exclude that this
molecule may also be important in restricting HIV-1 infection in primary brain MVECs.

Discussion

In the present study we evaluated the expression of different APOBEC3 family members in
the CNS and more importantly, we also examined the regulation and the functional properties
of these proteins with regard to restricting HIV-1 infection in this system. Recent studies in
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macaques have shown that APOBEC3G is widely distributed in the brain of these animals, yet
its expression seems to be restricted in neurons, while brain astrocytes and microglia either do
not express APOBEC3G or expression is too low to be detected by immunohistochemical
approaches. Interestingly, Western blot analysis of fetal human astrocytes in these studies, by
employing a monoclonal antibody against APOBEC3G, similarly did not provide evidence for
APOBEC3G expression in these cells (Hill et al., 2006). In our studies, by using specifically
designed primers in RT-PCR detection assays we were able to provide clear evidence on mRNA
expression of different APOBEC3G family members, known to possess antiviral activity, such
as APOBEC3G, APOBEC3F, as well as APOBEC3B and APOBEC3C, in all CNS-based cell
systems, namely primary human BMVECSs, primary human astrocytes as well as post-
mitotically differentiated mature neurons. Western Blot analysis confirmed our findings on
APOBEC3G and APOBECS3F protein expression in the CNS, by means of well-characterized
rabbit polyclonal antibodies, that we obtained from AIDS Research and Reference Reagent
Program, NIH. Interestingly, the use of monoclonal antibodies against APOBEC3G and -3F,
obtained from the same source, did not produce satisfactory results in our Western blot assays
(data not shown), thus possibly explaining the discrepancies between the findings of other
investigators as compared to ours.

Recent data from different investigators, including ours, on the expression and regulation of
intracellular APOBEC3 family members demonstrate that certain cytokines, including IFN-a,
-B and -y, as well as other cytokines, via a unique and direct pathway can upregulate the
expression of APOBEC3G in various primary cell systems, which results in a potentanti-HIV-1
mechanism. We, and others have demonstrated this phenomenon in resting CD4+ T cells,
pDCs, macrophages and other primary cells (Chen et al., 2006; Peng et al., 2006; Stopak et al.,
2007; Tanaka et al., 2006). Our recent findings in resting CD4+ T cells also suggest that IFN-
a upregulates APOBEC3G at transcriptional level through the ISRE-like cis-element in
APOBEC3G promoter (Chen et al., 2006). In addition, it seems that in cytokine-stimulated
CDA4+ T cells, induction of APOBEC3G gene expression correlates with HMM (inactive)
APOBEC3G complex formation, while in MDCs the increase in APOBEC3G levels associated
with maturation appears to result in the increased appearance of intermediate and LMM (active)
forms of APOBEC3G (Stopak et al., 2007).

The anti-HIV-1 activity of IFN-a through diverse mechanisms, including PKR, GBP-2, MxA,
RANTES, and OAS, is well documented (Samuel, 2001). Interestingly, IFN-a induction of an
RNA-specific adenosine deaminase, which catalyzes adenosine to inosine in both viral RNA
and cellular pre-mRNA to cause hypermutation, may also antagonize infection and suggests a
potential influence on other deaminases (Samuel, 2001). Notably, the use of IFN-a in the
clinics, in combination with other drugs against HIV-1 infection, as well as other viral
infections is also well documented, although its toxicity represent a clinical concern (Lane et
al., 1990). In addition, IFN-o/B is widely used for the treatment of hepatitis C virus (HCV) or
hepatitis B (HBV) infections (Davis, 2000; Lai et al., 2003). IFN-y was also shown to function
as an immune stimulant and possess antiviral properties (Samuel, 2001).

Here for the first time, we demonstrate that exogenously added IFN-o and IFN-y can upregulate
the expression of two key anti-HIV-1 host restriction factors, APOBEC3G and —3F, in primary
human BMVECs, which represent the major component of BBB. Although, at this point we
did not expand our studies on other CNS-based systems, it would be very interesting to further
examine the effects of these, or other cytokines on APOBEC3 family members regulation in
primary astrocytes and mature neurons. Nevertheless, our findings strongly suggest that host
factors (APOBECS3 family, and possibly other) may represent important elements in the innate
immunity against viral infections, especially during the development of AIDS dementia
complex. Given that CNS represents a key site for HIV-1 invasion and a viral reservoir,
elucidation of the molecular defense mechanisms against viral infection, especially at early
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stages, is of great importance. HIV-1 does not replicate productively in either neurons, or
BMVECs (Argyris et al., 2003; Mukhtar et al., 2000; Mukhtar et al., 2002; Mukhtar and
Pomerantz, 2000), possibly due to restriction at the level of viral entry and although certain
studies have shown that astrocytes become infected, other studies indicate that astrocyte
infection is restricted mainly due to viral entry restriction (Canki et al., 2001; Schweighardt
and Atwood, 2001). Our current findings demonstrate that APOBEC3G may represent another
viral restriction factor at least in BMVECSs and the BBB. The expression of various APOBEC3
family members in all CNS-based cells may have implications for the restricted replication of
HIV-1 in this system. Our data show that downregulation of APOBEC3G by siRNA in
BMVECs resulted in increased viral replication, which suggests the identification of a novel
component in the complex repertoire of antiviral mechanisms in CNS. Evidently, as our
findings indicate, the protein expression level of APOBEC3G and APOBEC3F in all CNS-
based cells is low as compared to expression in H9 cells. Upregulation of APOBEC3G and
APOBEC3F via the IFN-pathway, as we show here, may be important, especially in vivo, in
order to overcome persistent infection by HIV-1 in the CNS. This could include the
administration of exogenous IFN-a and/or IFN-y, or alternatively, the secretion by IFN-
producing cells stimulated with certain reagents or cytokines (Soumelis et al., 2002). With
regard to the mechanistic aspects, as we have recently reported in other cell systems (Chen et
al., 2006), we suggest that in brain MVECs IFN-induced APOBEC3G (LMM-associated) can
significantly inhibit the reverse transcription and irreversibly inactivate HIV-1 viruses in the
pre-integration stage in a Vif-independent manner.

The molecular mechanisms of viral entry, infection, and spread in the CNS and its cellular
components remain unclear. Despite extensive research on HIV-1 neuroinvasion, the
mechanisms of initial entry into the CNS, and the precise causes of the AIDS dementia
complex, which leads to neurological impairment in many HIV-1-seropositive patients, remain
enigmatic. One of the hypotheses regarding how HIV-1 enters the CNS suggests direct
infection of BMVECs as a major route of viral entry into the CNS, followed by low level
replication of the virus in CNS-based cells (Moses et al., 1993; Poland, Rice, and Dekaban,
1995). Another hypothesis suggests cell-associated HIV-1 entry into the CNS via CD4+ T cells
and monocytes that traffic across the BBB, potentially transferring the infection to other CNS-
based cells (Bell et al., 1993; Kure et al., 1990; Liu et al., 2000; Persidsky, 1999; Persidsky et
al., 1997; Pumarola-Sune et al., 1987). It has also been suggested that certain cytokines, HIV-1-
specific proteins, and various cellular factors may also induce alterations in the BBB, creating
a breach in the tight junctions of BMVECs. Consequently, this breach may assist the virus in
gaining entry into CNS-based cells (Fiala et al., 1997; Lossinsky et al., 1999; Persidsky et al.,
1999). Further work is required in order to fully characterize the pathways of HIV-1 replication
into the CNS, involving not only BMVECs but also other critical CNS cellular components,
such as microglia, neurons, and astrocytes. Understanding the infection of the human brain by
HIV-1 will be critical in targeting this potential viral reservoir site. The IFN/APOBEC3 signal
pathway(s) exert potent antiviral activity, and represent an important molecular tool in our
efforts to eradicate residual HIV-1 replication in CNS in post-HAART era.

Materials and Methods

Reagents

Anti-human von Willebrand factor antibody was purchased from Sigma (St. Louis, Mo.), anti-
Z0-1 antibody was purchased from Zymed (South San Francisco, Calif.). Rabbit anti-hu
APOBEC3G and Rabbit Anti-hu APOBEC3F polyclonal antibodies were obtained from NIH
AIDS Research and Reference Reagent Program (cat# 10084 and cat# 11226 respectively) and
secondary antibodies conjugated with horseradish peroxidase from Santa Cruz Biotechnology,
Inc. Recombinant human IFN-a and IFN-y were purchased from Sigma (St. Louis, Mo.).
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Primary human brain cell cultures

Primary isolated human fetal brain microvascular endothelial cells (BMVECSs) were obtained
from Cell Systems Corp. (Kirkland, Wash.). The cells were initially seeded into 75-cm? flasks
in supplemented endothelial cell basal medium 2 (Biowhittaker, Walkersville, Md.) and were
maintained and passaged in vitro under strict conditions established in our laboratory (37°C,
5% CO2, 100% humidity in human endothelial growth medium). For all experiments,
BMVECS were seeded either in 12-well tissue culture plates or 6-well plates at a density of
0.5 x 10% and 2 x 106 cells/well respectively. The purity of BMVECs (>95%) was analyzed
by immunofluorescent staining and microscopy with antibodies against von Willebrand factor
and ZO-1 (Zonula Occludens-1, a tight junction-associated protein characteristic of
endothelium). Culture conditions for primary human BMVECs and immunofluorescent
staining were optimized previously (Argyris et al., 2003; Mukhtar et al., 2000; Mukhtar et al.,
2002; Mukhtar and Pomerantz, 2000). Primary human brain astrocytes (>95% purity) were
obtained from Dr. B. Wigdahl (Drexel University), and maintained in culture as described
previously (Acheampong et al., 2007; Fang et al., 2005; Mukhtar and Pomerantz, 2000; Zhou
et al., 2003). NT2 precursor cells, obtained from the American Tissue Culture Collection
(ATCC), have the capability of differentiating in vitro into post-mitotic CNS neurons by
induction with retinoic acid (RA) (Acheampong et al., 2007; Moses et al., 1993; Mukhtar et
al., 2000; Mukhtar and Pomerantz, 2000; Zhou et al., 2003). NT2 precursor cells were grown
in T75 tissue culture flask, in Dulbecco’s modified Eagles medium (DMEM) supplemented
with Fetal Calf Serum (FCS) and glutamine in a humidified environment at 37°C, 5% CO2.
The differentiation of NT2 precursor cells to post-mitotic neurons involves growing these cells
in RA supplemented DMEM over a period of 5-6 weeks. Briefly, actively growing NT2
precursor cells were passaged in T75 tissue culture flask to a final concentration of 2 x 10°
cells per flask. After 24 hours the cells were fed with RA supplemented DMEM followed by
feeding these cells with this media at 48 hrs intervals for six weeks. After six-weeks post-
mitotic neurons isolation was performed as described previously (Acheampong et al., 2007;
Mukhtar and Pomerantz, 2000). Mature neurons were treated with mitotic inhibitor medium
for selectively enriching post-mitotic cells (Acheampong et al., 2007; Mukhtar and Pomerantz,
2000). Finally, the neurons were removed from the mitotic inhibitor medium and grown on
poly-D-lysine and MATRIGEL-coated 6-well plates. The purity of each differentiated
neuronal batch was confirmed by immunostaining with neuroepithelial markers microtubule-
associated protein (MAP-2) (Pharmingen, San Diego, CA) utilized to identify neurons.

Preparation of HIV-1 viral stocks and infections

HIV-1/VSV pseudotyped viruses were generated by transfection of 293T cells with 10 ug of
pNL4-3-AE-EGFP plasmid containing the HIV-1 proviral genome and a gfp expression
cassette at the defective env region (Zhang et al., 2004), and 10 pg of plasmid encoding
vesicular stomatitis virus envelope protein (VSV-G), with calcium phosphate transfection kit
(Promega, Madison, WI). The supernatants were collected at 48 hrs post-transfection, filtered
through a 0.45-um size filter and stored in aliquots at —80°C till further use. The R5-tropic
HIV-1 strain YU2 was produced by transfection of 293T cells with the respective HIV-1
infectious clone, as described previously (Argyris et al., 2003; Ohagen et al., 1999). Briefly,
at 48 hrs post-transfection of HIV-1 infectious clone via the calcium phosphate coprecipitation
method, supernatant was collected, filtered, quantified by HIV-1 p24 antigen enzyme-linked
immunosorbent assay (NEN Life Science Products, Inc., Boston, Mass.), and stored at —80°C
until further use. BMVECs (0.5 to 2 x 106) were infected with HIV-1/VSV pseudotyped viruses
or R5-tropic HIV-1 YU2 at an input of 20 ng/ml of HIV-1 p24 antigen equivalents. In indicated
experiments IFN-a or IFN-y (300 U/ml) were added in the BMVEC cell cultures at the same
time point with the viral input. Six hrs later the cells were washed three times with 1 x PBS
and replenished with fresh media, with or without IFN-a or IFN-y. 72-hrs post-infection the
cells and supernatants were collected. The cells were washed three times with 1 x PBS,
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followed by 0.2% trypsin/EDTA treatment for 10 min at 37°C to remove non-internalized viral
particles. After two additional washes, including once with the serum containing buffer, cell
lysis buffer was added and the cell lysates were further processed for intracellular HIV-1 p24
antigen detection (Perkin Elmer).

RNA isolation and analysis

Total RNA from BMVECs, astrocytes, differentiated post-mitotic mature neurons grown in 6-
well plates (confluent), as well as H9 and 3T3 cells was extracted using Trizol reagent
(Invitrogen). A total of 200-300 ng RNA from each sample was reverse-transcribed using
iScriptt™ cDNA Synthesis Kit (Bio-Rad). The cDNAs of APOBEC3A, APOBEC3B,
APOBEC3C, APOBEC3D, APOBEC3F and APOBEC3G were PCR-amplified using
specifically designed primers. GAPDH was used as a control. All PCR reactions were
performed by 35-cycle amplification (94°C for 3 mins, followed by 35 cycles at 94°C for 45
s, 55°C for 45 s, 72°C for 1.5 min and finally extension at 72°C for 7 mins.) Primers were as
follows: APOBEC3A: 5-GAAGGGACAAGCACATGGAAGC-3' (forward), 5'-
ATCTACTTGATCGGGAGCATAC-3' (reverse); APOBEC3B: 5'-
TCGAGGCCAGGTGTATTTCAAG-3' (forward), 5'-
CTCATAGCACAAGTAGGTCTGG-3' (reverse); APOBEC3C: 5'-
AACCTATGGGAAGCCAACGATC-3' (forward), 5'-
CCTCCTGGTAACATGGATACTG-3' (reverse); APOBEC3D: 5'-
ACGTCAGTCGAATCACAGGCAG-3’ (forward), 5'-
CTGGTCTCCTGGCTGTCAGTTG-3' (reverse); APOBEC3F: 5'-
CGGCCTGTCTTTATCAGAGGTC-3' (forward), 5'-
CAGGTGAGTGGTGCTTTACAAC-3' (reverse); APOBEC3G: 5'-
GGTGTATTCCGAACTTAAGTAC-3' (forward), 5'-
CAAGGAAACCGTGTTTATGTGG-3' (reverse); GAPDH: 5'-
AAGAGCACAAGAGGAAGAGAGAGAC-3’ (forward), 5'-
GTCTACATGGCAACTGTGAGGAG-3' (reverse).

The siRNA synthesis and transfections of BMVECs

The short interfering RNAs (siRNAs) were chemically-synthesized by Dharmacom. The
APOBEC3G-specific sSiRNA was SiGENOME SMART pool (CAT No: M-013072). The
luciferase-specific sSiRNA served as negative control. Primary human MVECs cultured at 50%
confluence in 12-well plates were transfected with and without APOBEC3G-specific SiRNA
or luciferase-specific sSiRNA (100 nmol/ml), using the DharmaFECT 1 transfection reagent
(Dharmacon) and following the experimental procedures suggested by the manufacturer. In
indicated experiments, after 72 hrs, the transfected or non-transfected MVECs were infected
with HIV-1/VSV pseudotyped viruses or HIV-1 YU-2 viruses (20 ng of p24 equivalents) for
6 hrs. In certain experiments the infected cells simultaneously were treated with and without
IFN-o or IFN-y (300 U/ml) for 72 hrs. HIV-1 p24 antigen in cell lysates with normalized protein
content was detected by ELISA at day three post-infection (3 d.p.i.).

Western blot Analysis

Human primary CNS-based cells were treated or untreated with indicated concentrations of
IFN-a or IFN-y at various time-points. Cells were lysed and total protein was extracted using
CytoBuster protein extraction reagent (Novagen) and then quantified by a bicinchoninic acid
(BCA) protein assay reagent kit (Pierce). Up to 25 pg of total protein was used for
electrophoresis (10% polyacrylamide gel) and transferred onto PVDF membranes. After
blocking with 10% milk in phosphate-buffered saline (PBS) with 0.05% Tween-20, membranes
were probed with rabbit polyclonal anti-APOBEC3G or anti-APOBEC3F antibodies (NIH
AIDS Research and Reference Reagent Program) at 1:1,000 for 2 hrs at room temperature.
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Loading control was detected with anti-GAPDH monoclonal antibody (Sigma, St. Louis, MO).
Membranes were washed with PBS three times, followed by incubation with secondary
antibodies conjugated with horseradish peroxidase (Santa Cruz Biotechnology, Inc.) for 1 hr
at room temperature, and visualized by chemiluminescence (Pierce Chemical Co.).
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Figure 1. Primary human CNS-based cell systems used in our studies

All CNS-based cell systems were cultured and maintained as described in Materials and
Methods. Shown are: Primary human BMVECs expressing von Willebrand Factor (A), and
Z0-1 (B). Primary human brain astrocytes expressing glial fibrillary acidic protein (C), and
stained for cytoskeletal structural proteins (D). Post-mitotically differentiated neurons
immunostained for MAP-2 (E).
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Figure 2. Expression of APOBECS3 family proteins in human CNS-based cell cultures

(A). Reverse transcriptase (RT)-PCR was employed to detect the presence of APOBEC-3A/
3B/3C/3D/3F and 3G mRNA isolated from primary human brain microvascular endothelial
cells (BMVECs), astrocytes and differentiated post-mitotic mature neuronal cells which are
key components of the blood-brain barrier (BBB) and the CNS, as well as control H9 cells.
3T3 cells served as negative control. Arrows indicate the specifically amplified APOBEC3
products: Apobec-3B, -3C, -3F and —3G were detected (“+” positive), while Apobec-3A and
—-3D were not detected (“—" negative). GAPDH served as a positive control.

(B). Cell lysates from primary human BMVECSs, astrocytes and differentiated post-mitotic
neuronal cells, as well as H9 (positive control) and 293T cells (negative control) were analyzed
via Western blot using rabbit polyclonal antibodies against APOBEC3G (~46 kD) and
APOBEC3F (~46 kD). GAPDH (~36 kD) served as a positive control.
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Figure 3. APOBEC3G and APOBECS3F expression is upregulated by IFN-a in human primary
BMVECs

(A). Time course and dose-dependent studies on the upregulation of APOBEC3G by IFN-a.
IFN-a. (0, 300, 600 and 1200 U/ml) was added into cultures of primary human BMVECs. The
intracellular expression of APOBEC3G protein was assessed by Western-blot analysis of cell
lysate samples collected at various time points: 0-, 3-, 6-, 12- and 24-hrs post IFN-a treatment.
(B). Time course and dose-dependent studies on the upregulation of APOBEC3F by IFN-c.
IFN-a. (0, 300, 600 and 1200 U/ml) was added into cultures of primary human BMVECs. The
intracellular expression of APOBEC3F protein was assessed by Western-blot analysis of cell
lysate samples collected at various time points: 0-, 3-, 6-, 12- and 24- hrs post IFN-a treatment.
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Figure 4. IFN-y also upregulates the expression of APOBEC3G and APOBEC3F in human primary
BMVECs

(A). Time course and dose-dependent studies on the upregulation of AOBEC3G by IFN-y.
IFN-vy (0, 300, 600 and 1200 U/ml) was added into cultures of primary human BMVECs. The
intracellular expression of APOBEC3G protein was assessed by Western-blot analysis of cell
lysate samples collected at various time points: 0-, 3-, 6-, 12- and 24- hrs post IFN-y treatment.
(B). Time course and dose-dependent studies on the upregulation of APOBEC3F by IFN-y.
IFN-vy (0, 300, 600 and 1200 U/ml) was added into cultures of primary human BMVECs. The
intracellular expression of APOBEC3F protein was assessed by Western-blot analysis of cell
lysate samples collected at various time points: 0-, 3-, 6-, 12- and 24-hrs post IFN-y treatment.
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Figure 5. siRNA against APOBEC3G blocks IFN-a and IFN-y anti-HIV-1 activity in human
primary BMVECs
(A). Primary human BMVECs cultured at 50% confluence in 12-well plates were transfected

with and without APOBEC3G-specific sSiRNA (si3G) or luciferase-specific SIRNA (siLuc)
(100 nmol/ml). After 72 hrs, the transfected or untransfected BMVECSs were infected with
HIV-1-VSV-GFP virus (20 ng of p24 equivalents) for 6 hrs. Simultaneously, the infected cells
were treated with and without IFN-o. or IFN-y (300 U/ml) for 72 hrs. HIV-1 p24 antigen in cell

Virology. Author manuscript; available in PMC 2009 September 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Argyris et al.

Page 22

lysates normalized for protein content was detected by ELISA at day three post-infection (3
d.p.i.). The data represent two independent experiments.

(B). Primary human BMVECs cultured at 50% confluence in 12-well plates were transfected
with or without si3G or siLuc (100 nmol/ml). After 72 hrs, the transfected or untransfected
BMVECs were infected with the R5-tropic HIV-1 strain YU2 (20 ng of p24 equivalents) for
6 hrs. Simultaneously, the infected cells were treated with or without IFN-o or IFN-y (300 U/
ml) for 72 hrs. HIV-1 p24 antigen in cell lysates normalized for protein content was detected
by ELISA at day three post-infection (3 d.p.i.). The data represent two independent
experiments.

(C). Western blot for APOBEC3G protein 6 days post-transfection of primary human
BMVECs with DharmaFECT 1 transfection reagent (Ctrl), APOBEC3G-specific SiRNA
(si3G) or luciferase-specific sSiRNA (siLuc).
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