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ABSTRACT 

 
The HIV protein, Vpr, is a multifunctional accessory protein critical for efficient 

viral infection of target CD4+ T cells and macrophages.  Vpr is incorporated into virus 

particles and functions to transport the preintegration complex into the nucleus where the 

process of viral integration into the host genome is completed.  This action is particularly 

important in macrophages, which as a result of their terminal differentiation and non-

proliferative status, would be otherwise more refractory to HIV infection.  Vpr has 

several other critical functions including activation of HIV-1 LTR transcription, cell-

cycle arrest due to DCAF-1 binding, and both direct and indirect contributions to T-cell 

dysfunction.  The interactions of Vpr with molecular pathways in the context of 

macrophages, on the other hand, support accumulation of a persistent reservoir of HIV 

infection in cells of the myeloid lineage.   The role of Vpr in the virus life cycle, as well 

as its effects on immune cells, appears to play an important role in the immune 

pathogenesis of AIDS and the development of HIV induced end-organ disease.  In view 

of the pivotal functions of Vpr in virus infection, replication, and persistence of infection, 

this protein represents an attractive target for therapeutic intervention.   

Numerous studies have reported that Vpr alters NF-κB signaling in various cells, 

however, the findings have so far been largely conflicting with reports both stimulatory 

and inhibitory effects of Vpr.  Our aim was to investigate the role of Vpr signaling in 

myeloid cells and address discrepancies that have been reported in the field.  Our results 

show that Vpr expressed intracellularly is inhibitory to NF-κB, while extracelluar Vpr 
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may have some stimulatory effects.  Consistent with this notion, we report that Vpr has 

inhibitory effects that are specific to the TNF-α pathway, but not the LPS pathway, 

suggesting that multiple targets of Vpr may exist for NF-κB regulation.  Further, we 

identify VprBP as one possible cellular component of Vpr’s regulation of IκBα in 

response to TNF-α stimulation.  We did not identify such a role for HSP27, which instead 

seems to inhibit Vpr functions.  Finally, our findings suggest that NF-κB regulation by 

Vpr is further changed by the presence of other HIV-1 components within the cells, as U1 

cells lacking Vpr were unexpectedly less responsive to TNF-α than those cells that had 

normal Vpr expression levels.  This data suggests that Vpr may serve an important role in 

vivo by selectively inhibiting immune activation while stimulating NF-κB mediated viral 

production in HIV-1 infected T-cells and myeloid cells. 

M-CSF is a cytokine that promotes monocyte differentiation and survival.  When 

over-expressed, M-CSF contributes to pathology in a wide variety of diseases including 

osteoporosis, obesity, certain human cancers, and in HIV-1 infection, particularly with 

respect to monocyte/macrophage infection and the development of HIV-1.  In this study, 

our aim is to expand on the current knowledge of M-CSF regulation by NF-κB, a 

prominent transcription factor during inflammation and HIV-1 infection.  Our results 

suggest that TNF-α promotes M-CSF secretion in macrophages and activates the -

1310/+48 bp M-CSF promoter in Mono-Mac 1 cells.  Inhibitors of the NF-κB pathway, 

diminish this response.  We identified four putative NF-κB and four C/EBPβ binding 

sites within the M-CSF promoter.  Our findings using M-CSF promoter constructs 

mutated at individual NF-κB locations suggest these sites are redundant with respect to 

M-CSF promoter regulation.  TNF-α treatment promoted NF-κB p65 binding to the M-
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CSF promoter in PMA treated U937 cells chronically infected with HIV-1 (U1 cells), but 

not in PMA treated uninfected U937 cells, suggesting that the presence of HIV-1 

increases the NF-κB response.  In conclusion, our findings demonstrate that NF-κB 

induces M-CSF expression on a promoter level via multiple functional NF-κB binding 

sites and that this pathway is likely relevant in HIV-1 infection of macrophages. 

The oncogenic potential of M-CSF receptor has been has been suggested over 

thirty years ago, however, few current studies have focused on the role of the receptor in 

AML.  In a clinical trial for AML, Sunitinib was found to hold some efficacy for treating 

the disease.  The authors hypothesized that the primary therapeutic target of Sunitinib in 

AML is FLT3 kinase.  However, FLT3 inhibition alone has not been shown to 

recapitulate all the effects of Sunitinib in vitro and, furthermore, the durg is also known 

to have cross reactivity to other potential oncogenic receptors.  In this study, we treated 

three myeloid cell lines, Mono-Mac 1, THP-1 and U937 with Sunitinib and a proprietary 

cFMS inhibitor from Johnson and Johnson to test the anti-cancer effect in of such 

treatment.  We observed that only Mono-Mac 1 cells had diminished proliferation in 

vitro.  Mono-Mac 1 cells had inhibited ERK as a result of cFMS inhibition and showed a 

dose dependent increase in cFMS expression with both Sunitinib and J&J cFMS-1 

treatment.  Our results suggest potential for cFMS as an important target of Sunitinib or 

other similar drugs AML, either independently or in combination with other targets.  

Alternatively, cFMS may be a marker for differentiation of AML and may be linked with 

responsiveness to certain therapeutics.  In both cases, the future study of cFMS may 

produce more targeted therapeutic approaches and may be a suitable tool for the 

development of personalized medicine for AML. 
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CHAPTER 1 

INTRODUCTION TO VPR AND MACROPHAGE MEDIATED PATHOLOGY IN 

HIV-1 PROGRESSION AND ASSOCIATED DISEASES 

Introduction 

Human immunodeficiency virus type 1 (HIV-1) is a lentiviral family member that 

encodes retroviral Gag, Pol, and Env proteins along with six additional accessory 

proteins, Tat, Rev, Vpu, Vif, Nef, and Vpr.  Viral protein R (Vpr) is a 96 amino acid, 14 

kDa protein that was originally isolated almost two decades ago (Cohen, Terwilliger et al. 

1990; Yuan, Matsuda et al. 1990) and is highly conserved in both HIV-1 and simian 

immunodeficiency virus (SIV) (Tristem, Marshall et al. 1992; Emerman 1996; Planelles, 

Jowett et al. 1996).  Numerous investigations over the last 20 years have shown that Vpr 

is multifunctional.  Vpr mediates many processes that aid HIV-1 infection, evasion of the 

immune system, and persistence in the host, thus contributing to the morbidity and 

mortality of acquired immunodeficiency syndrome (AIDS).  Vpr molecular functions 

include nuclear import of viral pre-integration complex (PIC), induction of G2 cell cycle 

arrest, modulation of T-cell apoptosis, transcriptional coactivation of viral and host genes, 

and regulation of nuclear factor kappa B (NF-κB) activity.  The numerous functions of 

Vpr in the viral life cycle suggest that Vpr would be an attractive target for therapeutic 

intervention.  A summary of the effects of Vpr on HIV-1 infectivity and permissivness is 

provided in Figure 1.1. 
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Vpr mediates nuclear transport of the HIV-1 pre-integration complex and enables 
macrophage infection 

In non-dividing mammalian cells, free diffusion of cellular contents into the 

nucleus is limited to components that are less than 40 kDa (Feldherr and Feldherr 1960).  

Retroviruses require entry into the nucleus to replicate and are, therefore, naturally 

restricted to those cells that undergo mitosis.  Lentiviruses such as HIV-1, however, are 

unique among retroviruses in that they able to infect non-dividing cells (Roe, Reynolds et 

al. 1993; Lewis and Emerman 1994).  Early studies have shown that the HIV-1 PIC can 

enter the nucleus by an active process without causing structural damage to the nuclear 

envelope (Bukrinsky, Sharova et al. 1992; Lewis, Hensel et al. 1992).  Indeed, Vpr has 

been found to localize to the nucleus when expressed alone or in the context of viral 

infection (Lu, Spearman et al. 1993; Di Marzio, Choe et al. 1995; Mahalingam, Collman 

et al. 1995).  Furthermore, Vpr has been demonstrated to play an important role in the 

localization of the HIV-1 PIC to the nucleus and plays a critical role in the infection of 

non-dividing cells, as discussed in more detail later in this review.  The role of Vpr in the 

nuclear import of the PIC is illustrated in Figure 1.1.  The PIC is targeted to the nucleus 

by Vpr via interaction with importin-α, ultimately promoting binding to nuclear pore 

proteins.   

In addition to Vpr, viral proteins matrix antigen (MA) and integrase (IN), have 

been shown to participate in nuclear entry.  MA and IN both have a functional nuclear 

localization sequence (NLS) and the nuclear import function of these proteins requires 

the action of cellular partners importin-α and -β.  Interestingly, it was reported that IN 

can be sufficient for import of PICs when over expressed in the absence of Vpr or MA 

(Gallay, Hope et al. 1997).  Furthermore, the HIV-1 central DNA flap and capsid protein 
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(CA) have also been reported to play a role in PIC nuclear targeting (Dismuke and Aiken 

2006; Arhel, Souquere-Besse et al. 2007).  Unlike Vpr, these components appear to 

promote nuclear localization by a linked mechanism involving the uncoating of the PIC.  

It appears that there are multiple and sometimes redundant nuclear localization signals 

involved in nuclear entry of the HIV PIC.  Two classical pathways have been 

characterized for the transport of proteins across the nuclear pore complex (NPC): the 

NLS and M9-dependent pathways (For Review See: (Gorlich 1997)).  The former 

pathway involves the binding of NLS signal containing peptide to importin-α via central 

armadillo repetitive motifs.  Importin-α binds to importin-β via an amino-terminal 

importin-β-binding (IBB) domain (Herold, Truant et al. 1998; Kobe 1999).  The binding 

of the classical NLS to importin-α is not possible until this IBB binding to importin-β 

occurs, which causes importin-α to expose an internal NLS (Kobe 1999).  This multi-

protein structure then interacts with the NPC at which point importin-β transports this 

NLS component into the nucleoplasm.   

Two other proteins, GTPase Ran/TC4 and NTF2, are also involved in NLS 

mediated transport (Melchior, Paschal et al. 1993; Moore and Blobel 1993; Moore and 

Blobel 1994; Melchior, Guan et al. 1995; Paschal and Gerace 1995).  Importin-α serves 

as an adaptor molecule by bridging NLS containing compounds to nuclear transport 

machinery.  It has been reported, however, that importin-α can facilitate nuclear entry of 

Ca2+/calmodulin-dependent protein kinase type IV (CaMKIV) without importin-β 

(Kotera, Sekimoto et al. 2005).  Further, importin-β can transport cyclin B1/Cdc2 without 

Ran, suggesting that mechanisms of import exist that can utilize one or both importins 

(Takizawa, Weis et al. 1999).  In the M9-dependent pathway, transportin facilitates both 
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nuclear import and export of RNA binding protein hnRNP A1 by recognizing an M9 

signal sequence (Michael, Choi et al. 1995; Siomi and Dreyfuss 1995; Aitchison, Blobel 

et al. 1996; Pollard, Michael et al. 1996; Fridell, Truant et al. 1997).  M9 mediated 

nuclear trafficking also depends on the function of Ran/TC4, just as in the classical NLS 

system (Nakielny, Siomi et al. 1996). 

Vpr nuclear localization seems to utilize cellular machinery in a unique way that 

is independent of the classical NLS and M9 pathways.  While viral MA is inhibited by 

NLS blocking peptides and dominant-negative importin-α (residues 244-529), Vpr 

nuclear entry is not affected by either treatment strongly supporting the notion that Vpr 

functions in an NLS-independent manner (Gallay, Hope et al. 1997).  Vpr mediated 

import is also unaffected by treatment with RanQ69L, a dominant-negative form of Ran, 

that inhibits both M9 and NLS pathways (Nakielny, Siomi et al. 1996; Palacios, Weis et 

al. 1996; Jenkins, McEntee et al. 1998).  GTPγS, a nonhydrolyzable GTP that inhibits 

Ran function (Melchior, Paschal et al. 1993; Gorlich, Henklein et al. 1996; Efthymiadis, 

Shao et al. 1997), has no effect on Vpr localization, further suggesting that Vpr localizes 

in a non-conventional, Ran-independent manner (Jans, Jans et al. 2000).  Vpr mediated 

karyophilic activity is starkly contrasted to that of classical SV40 NLS, which requires 

the presence of importin-α/β and Ran GTP(Nitahara-Kasahara, Kamata et al. 2007).  

Further, Vpr nuclear localization appears to be independent of energy, or at least requires 

less energy than conventional transport.  Addition of adenosine triphosphate (ATP) or 

treatment with apyrase, which lowers NTP levels, affected the localization of classical 

NLS bearing proteins but had no effect on Vpr localization (Jenkins, McEntee et al. 1998; 

Jans, Jans et al. 2000).  Another study suggested that Vpr can enter the nucleus via two 
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different mechanisms; one involving importin-α and another involving energy (Kamata, 

Nitahara-Kasahara et al. 2005).  In summary, Vpr may use importin-α in a non-

conventional, energy independent manner, but may also use a yet undetermined mediator 

in the absence of importin-α in a process requiring ATP. 

In accord with Vpr’s ability to promote nuclear localization of the PIC, Vpr has 

been shown to be essential for productive HIV-1 and HIV-2 infection of macrophages 

(Ogawa, Shibata et al. 1989; Hattori, Michaels et al. 1990; Balliet, Kolson et al. 1994; 

Connor, Chen et al. 1995).  While HIV-1 IN can compensate for loss of Vpr at high MOI 

of HIV-1 (Blomer, Naldini et al. 1997; Gallay, Hope et al. 1997), other studies suggest 

that Vpr deficient HIV-1 is non-productive in macrophages at least partly due to the 

inability to penetrate nuclei of non-dividing mononuclear cells (Connor, Chen et al. 1995; 

Gallay, Stitt et al. 1996; Fouchier, Meyer et al. 1998; Vodicka, Koepp et al. 1998; 

Agostini, Popov et al. 2002; Jacquot, Le Rouzic et al. 2007; Nitahara-Kasahara, Kamata 

et al. 2007; Caly, Saksena et al. 2008).  Further, it was shown that Vpr is directly 

involved in targeting the HIV-1 PIC to the nuclear envelope (Popov, Rexach et al. 1998).  

It appears that mucosal infection of HIV-1 involves the transmission of likely a single 

virus per patient, as determined by sequence analysis of founder virus (Keele, Giorgi et 

al. 2008).  This claim from initial studies has been greatly strengthened by a recent study 

following patients early during acute infection and the analysis of HIV specific escape 

epitopes variants by deep sequencing (Fischer, Ganusov et al. 2010).  Therefore, as the 

multiplicity of infection during transmission is quite low, it would be expected that Vpr 

would be required during this event.  Later in infection, when viremia is elevated, IN and 

MA may have appreciable effects on PIC entry, although this remains to be proven.  
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Interestingly, it was also reported that Vpr’s nuclear localization and consequent G2 arrest 

properties are important in HIV-1 infection of primary CD4+ T-cells irrespective of 

proliferative status (Iijima, Nitahara-Kasahara et al. 2004)(reviewed in: (Bukrinsky and 

Haffar 1997)).  HIV-1 clearly infects resting T-cells in vivo, where Vpr mediated 

transport of the PIC into the nucleus would be expected to have importance.  The action 

of Vpr, however, appears to be required for CD4+ T-cell infection, even under conditions 

promoting proliferation (i.e. in the presence anti-CD3 and IL-2 treatment (Iijima, 

Nitahara-Kasahara et al. 2004)).  It is likely, therefore, that the transport of the PIC across 

the nuclear envelope is important in both T-cells and macrophages in vivo.   

In addition to Vpr, there are other requirements for viral replication in non-

dividing cells.  The viral capsid protein, CA, appears to support this role in that mutations 

in CA disrupt the cell cycle independence of HIV-1 infection (Yamashita, Perez et al. 

2007).  The role of CA appears to be independent of nuclear import as one of the mutants 

in CA exhibited a defect in replication in non-dividing cells beyond the nuclear entry 

point.  The necessity of Vpr’s karyophilic properties for the infection of actively dividing 

cells suggests that the targeting of the PIC to the NPC is a generally required aspect of 

lentiviral infection, regardless of cell cycle progression.  In an evolutionary context, this 

may imply that lentiviruses evolved to infect non-dividing macrophages and expanded 

later to T-cells while retaining the use of already evolved infection machinery from the 

original, non-dividing, target cell population.  Indeed, macrophages are a common target 

of all known naturally occurring lentiviruses (Craigo and Montelaro 2010).  Furthermore, 

T-cell infection is common only to lentiviruses that cause immunodeficiency, further 

suggesting that these cells were later targets of tropism during lentivirus evolution.  In 
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this model, Vpr may contribute to nuclear localization in general, whereas other 

components, such as CA, may facilitate additional processes necessary for productive 

infection of cell cycle arrested cells.  In conclusion, Vpr seems to be an important 

mediator of human lentiviral infection, at least in part due to nuclear localization 

properties.  This effect may be most important during periods of low HIV-1 plasma 

viremia or transmission from person to person. 

Correlations between Vpr’s structure and nuclear localization function 

Structural studies have been invaluable to understanding HIV-1 viral interaction 

with host cells, including non-dividing macrophages.  Relatively recent structural studies 

have identified three alpha helical domains, α-H1 (13-33), α-H2 (38-50), and α-H3 (55-

77) as well as other structural features capable of mediating diverse biological functions 

(Morellet, Bouaziz et al. 2003).  Indeed, Vpr’s structure allows for direct binding to many 

cellular proteins, which likely enables Vpr to mediate functions such as nuclear import 

and G2 arrest.  All three alpha helices have been implicated in Vpr mediated nuclear 

localization (Lu, Spearman et al. 1993; Mahalingam, Collman et al. 1995; Yao, 

Subbramanian et al. 1995; Mahalingam, Ayyavoo et al. 1997; Nie, Bergeron et al. 1998; 

Singh, Tomkowicz et al. 2000), while the G2 arrest property has been attributed mainly to 

the C-terminal region of Vpr (Mahalingam, Ayyavoo et al. 1997).  However, as the 

nuclear import, promoter transactivation, and G2 arrest properties of Vpr seem to not only 

be related, at least on a structural level, they also may be jointly attributed to specific 

physiological properties of Vpr in productive HIV-1 infection of macrophages (Fritz, 

Didier et al. 2008). 
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Vpr mediates nuclear localization by binding to importin-α via residues located 

within the alpha helices.  While some studies initially reported a low affinity of Vpr for 

importin-α (Jans, Jans et al. 2000) others have found that Vpr binds to importin-α using 

other techniques (Popov, Rexach et al. 1998; Vodicka, Koepp et al. 1998; Agostini, 

Popov et al. 2000).  Vpr/importin-α binding was shown to be non-competitive with that 

of the classical the NLS found on MA (Popov, Rexach et al. 1998).  Kamata and others 

demonstrated that regions 17-34 (αH1) and 46-74 (αH2+αH3) can both independently 

localize to the nucleus, albeit to a lower extent than an identified bona fide Vpr NLS 

consisting of residues 17-74 (Kamata and Aida 2000).  Mutations in αH1, αLA 

(L20,22,23,26A), as well as in αH2+αH3, I60P and L69P, completely ablated the ability 

of the individual peptides to localize to the nucleus.  Later, Kamata and others found that 

Vpr αH1 and αH3 both bind importin-α, that the IBB domain of importin-α primarily 

determines this interaction, and that the C-terminal domain of importin-α, 393-462, is 

necessary for nuclear localization of Vpr (Kamata, Nitahara-Kasahara et al. 2005).  

Although an importin-α lacking an IBB still facilitated import of Vpr, a mutation in 

Vpr’s first alpha helix, αLA, impaired importin-α binding and nuclear localization but 

still showed perinuclear accumulation.  In contrast, a mutation in the third alpha helix, 

L67P, failed to localize to both the nuclear and perinuclear areas, but still permitted 

binding to importin-α.  The authors concluded that binding to importin-α requires only 

the first alpha helix and that the third alpha helix serves to localize Vpr to the perinuclear 

area independently of importin binding.  Previous findings from other investigators also 

showed that the use of IBB peptides failed to inhibit Vpr mediated nuclear localization. 

This suggests that importin-α may be essential for Vpr’s karyophilic properties but that 
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the direct interaction between importin-α and Vpr may not be essential (Jenkins, McEntee 

et al. 1998).  Hitahara-Kasahara and others showed that importin-α1, α3, and α5 

isoforms are all able to induce Vpr mediated nuclear import (Nitahara-Kasahara, Kamata 

et al. 2007).  Importin-α was shown to be essential for HIV-1 replication in macrophages, 

suggesting that importin-α nuclear import is a vital process in the infection of these cells.  

Furthermore, a recent study found that Vpr does not bind to importin-α2 or importin-

α2/β1 heterodimers, suggesting that cell-line specific expression of importins may 

regulate Vpr’s karyophilic properties (Caly, Saksena et al. 2008).  In summary, these 

studies suggest that importin-α is important for Vpr-mediated nuclear translocation, but 

the exact nature of this mechanism is still under investigation. 

In addition to the reported binding interaction with importin-α, Vpr has been 

demonstrated to bind directly to nuclear pore proteins (Fouchier, Meyer et al. 1998; 

Popov, Rexach et al. 1998; Vodicka, Koepp et al. 1998; Le Rouzic, Mousnier et al. 2002; 

Jacquot, Le Rouzic et al. 2007).  Vpr mutants F34I and H71R have been found to lose the 

ability to localize to perinuclear areas, suggesting that these residues are involved in 

nuclear pore interaction (Vodicka, Koepp et al. 1998).  These mutants were still found in 

the nucleus, which is not surprising considering that Vpr is less than 40kDa.  The F34I 

mutant showed lower binding to importin-α and Nsp1p, a member of the nuclear pore 

complex.  Wild type (WT) Vpr colocalizes with importin-β and nuclear pores in 

perinuclear regions and binds both Pom 121 and very weakly to Nsp1p (Fouchier, Meyer 

et al. 1998).  An A30P mutant lacked these abilities.   

FXFG regions on nucleoporins, a form of phenylalanine-glycine (FG) repeat, 

have been reported to interact with cytoplasmic proteins involved in nuclear import 
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(Paschal and Gerace 1995; Radu, Moore et al. 1995; Rexach and Blobel 1995). Vpr was 

reported to bind to FXFG containing proteins p54 and p58 as well as to the FXFG region 

of Nup1 (Popov, Rexach et al. 1998).  Further, addition of Vpr was shown to stabilize the 

binding of importin-α/β to Nup1 FXFG.  Another report failed to show interaction 

between Vpr and FXFG of Pom121, but instead demonstrated that the alpha helices of 

Vpr interact with hCG1 by binding to a non-FG repeat region located in the N-terminal 

region on residues 49-170 (Le Rouzic, Mousnier et al. 2002).  This area has no known 

homology to binding motifs and has no known binding partners.  In a later study, it was 

found that four Vpr mutants L23F, K27M, A30L, and F34I, which all occur on one face 

of the first alpha helix, have impaired hCG1 binding and fail to show nuclear localization 

(Jacquot, Le Rouzic et al. 2007).  Thus, it seems that Vpr is able to bind to importin-α as 

well as nucleoporin using the same residues on the first helix.  In both cases, there is 

evidence that Vpr binding to nucleoporin components occurs in a way that is distinct 

from the classical NLS pathway. 

The role of importin-β in the nuclear transport of Vpr is an aspect of the 

mechanism of Vpr’s karyophilic properties that remains to be fully understood.  Early 

studies showed that Vpr fails to bind importin-β (Popov, Rexach et al. 1998) or that it 

binds at a low affinity (Jans, Jans et al. 2000).   Oddly, the latter study found greater 

affinity of Vpr to importin-β than to -α.  Subsequent studies argued that Vpr’s 

localization is importin-α, but not -β, dependent. Addition of importin-β to digitonin 

permeabilized cells, which was required for the classical SV40-NLS localization, was 

unnecessary for Vpr N17C74, a construct containing the minimal region for nuclear 

localization (Kamata and Aida 2000; Nitahara-Kasahara, Kamata et al. 2007).  These 
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studies also found that ΔIBB importin-α, which is unable to bind to importin-β, still 

caused nuclear translocation of N17C74.  Previous studies demonstrating that the use of 

IBB peptides failed to inhibit Vpr localization also lend some support to these findings 

(Jenkins, McEntee et al. 1998).  Further, importin-β siRNA failed to prevent N17C74 

localization to the nucleus (Nitahara-Kasahara, Kamata et al. 2007).  Vpr has also been 

shown to physiologically behave in ways similar to importin-β, leading some authors to 

suggested that Vpr replaces the role of importin-β, which like Vpr also binds to both 

importin-α and nuclear pores, in the nuclear translocation process (Vodicka, Koepp et al. 

1998).   Other studies, however, suggest that importin-β is necessary for Vpr’s 

karyophilic properties.  Papov and others found that Vpr prevents FXFG Nup 1 peptide 

mediated dissociation of MA with importin-α/β complexes and increases the affinity of 

importin-α to NLS (Popov, Rexach et al. 1998; Popov, Rexach et al. 1998).  Based on 

these findings Papov and others proposed that Vpr stabilizes the MA and IN NLS 

complex with importin-α/β to promote nuclear entry.  A dominant negative form of 

importin-β, residues 71-876 (Kutay, Izaurralde et al. 1997) has also been shown to inhibit 

Vpr localization, further suggesting that importin-β plays a role in Vpr mediated nuclear 

targeting (Jenkins, McEntee et al. 1998).  Recent studies have clearly shown binding of 

Vpr to importin-β3, but not to importin-β1 or to importin-α2/β1 complexes (Caly, 

Saksena et al. 2008).  This may explain discrepancies in early findings that failed to find 

effects of isolated importin-β which were not necessarily applicable to other importin-β 

isoforms. 

The respective roles of the alpha helices and the C-terminal region in nuclear 

localization and G2 arrest remain controversial.  Through extensive mutational analysis, 
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Mahalingam and others put forth a hypothesis that the nuclear localization function 

resides primarily in the alpha helices while the G2 arrest property is determined by the 

carboxyl-terminus (Mahalingam, Ayyavoo et al. 1997).  Previous studies lend support to 

this assertion as the alpha helices, but not N-terminal or C-terminal regions were involved 

in nucleoporin binding by Vpr (Le Rouzic, Mousnier et al. 2002).  Other reports found 

that N17C74 Vpr, which lacks the C and N terminal regions and other Vpr constructs 

lacking the C-terminus are unimpaired in nuclear localization (Di Marzio, Choe et al. 

1995; Kamata and Aida 2000).  Although the C-terminal region closely resembles a 

classical NLS, this region does not have NLS function and Vpr functions independently 

of NLS binding (Gallay, Hope et al. 1997; Karni, Friedler et al. 1998).  Conversely, many 

other studies found that the C-terminal is necessary or sufficient for nuclear entry of Vpr 

(Lu, Spearman et al. 1993; Yao, Subbramanian et al. 1995; Fouchier, Meyer et al. 1998; 

Jenkins, McEntee et al. 1998; Zhou, Lu et al. 1998).  The discrepancy between these 

studies remains unexplained.  Interestingly, recent studies have shown that all three alpha 

helices are involved in Vpr oligomerization (Fritz, Didier et al. 2008).  The authors 

reported that mutations that affected oligomerization did not prevent apoptosis induction 

by Vpr (a G2 arrest dependent property (Stewart, Poon et al. 1997)).  Nuclear localization, 

however, was perturbed for these mutants.  These studies may suggest that karyophilic 

and cell cycle arrest properties rely on multiple domains that may be separable to some 

degree.  

Vpr functions as a coactivator of the HIV-1 long terminal repeat  

While Vpr promotes infection of HIV-1 into non-dividing cells, the ability of Vpr 

to activate both viral and endogenous promoter activity likely contributes to increased 
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viral replication and pathogenesis.  Initially, it was observed that Vpr can reactivate cells 

latently infected with HIV-1 (Levy, Refaeli et al. 1994; Levy, Refaeli et al. 1995).  Later 

studies demonstrated more specifically that Vpr transactivates the HIV-1 long terminal 

repeat (LTR) as well as other promoters (Cohen, Dehni et al. 1990; Wang, Mukherjee et 

al. 1995; Agostini, Navarro et al. 1996).  The U3 region of the HIV-1 LTR has several 

activating elements, which include NF-AT, glucocorticoid response elements (GRE), 

NRF, NF-κB, Sp1, a Tat responsive RNA element (TAR), and a TATA box (Katsanakis, 

Sekeris et al. 1991; Ghosh 1992; Soudeyns, Geleziunas et al. 1993; Verhoef, Sanders et 

al. 1999; McAllister, Phillips et al. 2000).  Studies employing HIV-1 LTR indicator 

constructs demonstrated that Vpr acts via Sp1 sites (Wang, Mukherjee et al. 1995).  Vpr 

binds to the Sp1/promoter complex and it has been proposed that Vpr exerts its effects by 

stabilizing promoter complexes containing multiple bound Sp1 proteins.  Other studies, 

however, support the notion that Vpr transactivates primarily the -278 to -176 region of 

the LTR, which contains the GREs, while the NF-κB and Sp1 are utilized by Tat 

mediated transactivation (Vanitharani, Mahalingam et al. 2001).   

Vpr appears to act as a coactivator in the presence of other activating elements but 

not on a bare promoter alone.  Vpr was shown to bind transcription factor IIB (TFIIB), 

suggesting that the effect of Vpr is indeed due to coactivation rather than direct 

transcription factor function (Agostini, Navarro et al. 1996).  Vpr has also been 

demonstrated to potentiate the activation of the HIV-1 LTR by p300 (Felzien, Woffendin 

et al. 1998) and was shown to form a complex with p300 and TFIIH to cooperatively to 

induce GRE activation in a manner independent of G2 cell cycle arrest (Kino, Tsukamoto 

et al. 2002).  Consistent with these findings, a Vpr mutant deficient in p300 binding, 
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I74,G75A, did not display this property.  Several Vpr mutants including R73S, C76S, and 

Q21P have also been reported to lose HIV-1 LTR transactivation abilities (Sawaya, 

Khalili et al. 1999).  Intriguingly, the R73S mutation imparted a dominant-negative 

phenotype with regard to transactivation.  Vpr has also been reported to act cooperatively 

with Tat, another LTR coactivator.  Their cooperative effect was disrupted by the Vpr 

R73S mutation (Sawaya, Khalili et al. 2000).  Therefore, in the presence of Vpr, viral 

production is likely amplified via coactivation of the HIV-1 LTR by a mechanism that 

appears to be dependent on multiple binding sites within the viral LTR. 

The glucocorticoid receptor (GR) has been a known target of Vpr function for 

more than a decade (Refaeli, Levy et al. 1995).   Originally, Vpr was shown to induce R-

interacting protein 1 (Rip-1) nuclear translocation in a GR dependent manner and along 

with Rip-1 form a complex with GR.  A later study showed that Vpr transactivates 

promoters containing GREs (Kino, Gragerov et al. 1999).  The authors also reported that 

Vpr L64A, a mutant for a signature GR binding motif LXXLL, was found to be defective 

for binding to GR and in GRE transactivation, but like WT Vpr, Vpr L64A retained the 

ability to bind TFIIB.  A Vpr R80A mutant, which lacked G2 arrest, was unimpaired in 

GRE-mediated transactivation.  This study also reported that Vpr/p300 synergy was 

amplified in the presence of dexamethasone.  A later publication confirmed many of 

these observations for LXXLL Vpr mutants in the first and third alpha-helices, 22-26 and 

64-68 respectively (Sherman, de Noronha et al. 2000).  The authors reported mutations in 

both helices were necessary to completely diminish GRE promoter activation. 

Subsequently, Kino and others identified Vpr mutants, F72, R73A and I74,G75A, which 

were unable to bind p300 and were therefore deficient in GRE transactivation (Kino, 
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Gragerov et al. 2002).  Unlike Vpr L64A, these mutants were not reported to be 

transdominant, suggesting that Vpr L64A competes with WT Vpr for p300 binding.  It is 

noteworthy that while some subsequent studies have found conflicting results (Thotala, 

Schafer et al. 2004), later research has solidified the notion that GR and Vpr function 

synergistically.  Human Vpr interacting protein (hVIP/Mov34), which binds to both Vpr 

and GR, translocates to the nucleus following either dexamethasone or Vpr treatment, 

further suggesting that Vpr and GR form an functional complex within cells 

(Ramanathan, Curley et al. 2002).  Vpr and GR also have a gain of function in inhibiting 

poly (ADP-ribose) polymerase 1 (PARP-1) nuclear translocation, which is a necessary 

event in NF-κB transcription (Muthumani, Choo et al. 2006).  It is worth noting that the 

effect of Vpr on NF-κB remains a controversial topic (discussed below in:  “Vpr and 

immune dysfunction”).  However, HIV-1 infection and NF-κB activation form a positive 

feedback loop (Lenardo and Baltimore 1989; Poli, Kinter et al. 1990), and Tat is known 

to induce the HIV-1 LTR synergistically with NF-κB (Chang, Gallo et al. 1995), 

highlighting the importance of the NF-κB pathway for HIV-1 replication.  Considering 

that NF-κB signaling is activated during HIV-1 infection, the role of Vpr in the context of 

HIV-1 infection may or may not be identical to studies using ectopic Vpr expression.  In 

summary, these studies suggest that Vpr and GR function in a cooperative manner 

through a mechanism that involves direct binding, and this interaction is at least partly 

responsible for the transctivation of the HIV-1 LTR by Vpr.  The interaction of Vpr with 

GR and elements of the LTR transcription complex, including p300 is illustrated in 

Figure 1.1. 
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Although Vpr appears to coactivate the HIV-1 promoter via GRE and generally 

behaves in a GR-dependent manner (with respect to transcriptional activation), the role of 

glucocortcoids on HIV-1 viral replication remains controversial.  Several groups have 

reported altered hypothalamic-pituitary-adrenal (HPA) axis function in HIV-1 infection 

(Kumar, Kumar et al. 1993; Biglino, Limone et al. 1995; Laudat, Blum et al. 1995; 

Chatterton, Green et al. 1996; Kawa and Thompson 1996; Lortholary, Christeff et al. 

1996).  Additional in vitro molecular studies have reported that glucocorticoids suppress 

the HIV-1 LTR (Laurence, Sellers et al. 1989; Mitra, Sikder et al. 1993; Mitra, Sikder et 

al. 1995; Russo, Patel et al. 1999; Kino, Kopp et al. 2000).    Kino and others reported 

that this effect depends on GR and is not influenced by Vpr (Kino, Kopp et al. 2000).  

These reports are seemingly in contradiction with aforementioned studies, which showed 

that Vpr transactivates the HIV-1 LTR and that Vpr enhancement of other promoter 

elements containing GREs is potentiated by glucocorticoids.  Intriguingly, Laurence and 

others reported that the level of HIV-1 LTR activity in unstimulated cells is not 

diminished by dexamethasone, while phorbol ester induction of the HIV-1 LTR was 

attenuated by such treatment (Laurence, Sellers et al. 1989).  In contrast, some 

investigators have reported that glucocorticoids have an enhancing effect on HIV-1 LTR 

activity (Furth, Westphal et al. 1990; Kinter, Biswas et al. 2001).  The latter study 

showed that this effect was seen only in the context of interleukin (IL)-6 and tumor 

necrosis factor alpha (TNF-α).  Interestingly, a recent study found that extracellular Vpr 

was capable of increasing IL-6 production in an NF-κB and C/EBP-β dependent manner 

by stimulating Toll-like receptor 4 (TLR4) signaling in macrophages (Hoshino, Konishi 

et al. 2010).  Glucocorticoids and TNF-α have also been shown to increase HIV-1 virus 
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production (Bressler, Poli et al. 1993).  Therefore, the effect of glucocorticoids on the 

HIV-1 promoter may be influenced by the presence or absence of pro-inflammatory 

signals.  Increased levels of glucocorticoids have been associated with HIV-1 

progression, although some these reports suggest that these effects are due to immune 

system modulation rather than a direct effect on viral replication (Lu, Spearman et al. 

1993; Nair, Saravolatz et al. 1995; Corley 1997; Capitanio, Mendoza et al. 1998).  

Subsequently, it was shown that RU486, a GR and progesterone receptor (PR) inhibitor, 

can reduce HIV-1 LTR activation by Vpr and attenuate virus production in X4 infected 

PBMCs as well as R5 infected macrophages (Schafer, Venkatachari et al. 2006).   In 

contrast, glucocorticoids can increase the permissiveness to infection of unstimulated 

PBMCs by HIV-1 (Wiegers, Schwarck et al. 2008).  These studies demonstrated that the 

viral life-cycle was blocked at a stage of infection before proviral integration. 

Interestingly, a similar block in HIV-1 replication was also shown to be abrogated by 

Vpr, further suggesting GR/Vpr cooperativity (Connor, Chen et al. 1995).  In summary, 

Vpr may have varying effects on the HIV-1 LTR depending on the context of 

proinflammatory and anti-inflammatory signals, in addition to GR pathways. 

The interrelationship of Vpr functions and their relevance to macrophage 
permissiveness and HIV-1 reservoirs 

Numerous studies have focused on the role of Vpr in macrophage infection and 

permissiveness to HIV-1.  However, the involvement of multiple properties of Vpr in 

these processes has made it difficult to exactly ascertain which features are most 

important for macrophage infection.  Further, some studies have relied on mutation of 

individual residues to discern these effects.  However, the mutants produced often show 
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defects in multiple properties, which are clearly independent biologically, making the 

analysis of structural studies challenging.  A confusing issue in the literature is that the 

“so called” G2 arrest function of Vpr, which is likely irrelevant to the status of terminally 

differentiated cells such as macrophages, has been associated in some studies with HIV-1 

infectivity of such differentiated cells.  Recent findings in the field, however, suggest the 

likelihood that both G2 arrest and another, yet unknown, cellular process use similar 

machinery and that the factors involved in these Vpr functions may have significant 

overlap. 

Findings from mutational studies have suggested overlap in G2 arrest and 

localization of the HIV PIC to the nucleus.  In a recent study the authors reported that the 

G2 arrest properties of Vpr depend on nuclear localization (Jacquot, Le Rouzic et al. 

2007).  Jacquot and others showed that four Vpr mutations in the first alpha helix, Vpr 

L23F, K27M, A30L and F34I all exhibit both at least partially impaired G2 arrest and 

defective nuclear localization while Vpr mutants R80A and R90K were deficient in G2 

arrest alone.  While previous studies confirmed some of these results, they have also 

reported opposite results for the same mutations or support the notion that the two 

properties are independent (Di Marzio, Choe et al. 1995; Mahalingam, Ayyavoo et al. 

1997; Vodicka, Koepp et al. 1998).  It is noteworthy to mention that these two properties 

are completely separated in HIV-2/SIVSM viruses which accomplish nuclear localization 

by using accessory protein Vpx and G2 arrest by using Vpr (Fletcher, Brichacek et al. 

1996).  Vpr/Vpx defective SIV virus, but not viruses defective in either protein alone, 

have been shown to have a greatly attenuated course with no progression to AIDS in 

rhesus monkeys, suggesting that both of these properties play significant roles in vivo 
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(Gibbs, Lackner et al. 1995).  Many studies also argue that nuclear localization rather 

than G2 arrest is important in macrophage infection of HIV-1.  For example, HIV-1 

transcripts in Vpr defective viruses lose the ability to be detected at some time between 

the reverse transcription and pro-viral DNA replication phases (Connor, Chen et al. 

1995), suggesting that in the absence of Vpr the viral life cycle may be inhibited at the 

nuclear entry phase.  The ability of IN to compensate for Vpr loss also suggests that 

nuclear localization plays a predominant role (Blomer, Naldini et al. 1997; Gallay, Hope 

et al. 1997). Therefore, there is ample evidence to support the notion that Vpr can induce 

nuclear localization independent of G2 arrest.  Mutation studies have not demonstrated 

such independence, however, as the structure/function relationships have not proven 

separable. 

As nuclear localization and G2 arrest seem to be related in some structural studies, 

it is not surprising that both properties of Vpr have been linked to productive infection of 

macrophages.  Subbramanian and others argued that Vpr’s ability to cause G2 arrest may 

also play a role in HIV-1 infection of macrophages (Subbramanian, Kessous-Elbaz et al. 

1998).  Upon infecting macrophages with HIV-1 viruses that were Vpr WT, ATG-Vpr 

(Vpr negative), Vpr R62P (impaired in nuclear localization), and Vpr R80A (impaired in 

G2 arrest), the authors observed that unlike the Vpr R62P mutant, which only inhibited 

viral growth at low MOI, the Vpr R80A and ATG-Vpr viruses were the most impaired at 

higher MOI.  However, R80A mutant, as expected, showed no differences as compared 

to the other mutants in the number of G2 stage cells in terminally differentiated 

macrophages, as these cells are already arrested.  These results suggest that the so called 

G2 arrest property of Vpr is important in different ways than nuclear localization for 
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productive viral infection in myeloid cells.  While the authors hypothesized that the effect 

of G2 arrest on viral replication is due to biochemical properties of the mutant protein, the 

independence of these two properties in mutated Vpr constructs remains to be fully 

ascertained.   

It is very important to note that the G2 arrest property of Vpr has been recently 

attributed binding to damaged DNA binding protein 1 and Cullin 4a-associated factor-1 

(DCAF-1) (Belzile, Duisit et al. 2007; DeHart, Zimmerman et al. 2007; Hrecka, 

Gierszewska et al. 2007; Le Rouzic, Belaïdouni et al. 2007; Schrofelbauer, Hakata et al. 

2007; Tan, Ehrlich et al. 2007; Wen, Duus et al. 2007) (originally identified as a binding 

partner called VprBP (Zhao, Mukherjee et al. 1994)), and is a result of subsequent 

induction of ataxia telangiectasia-mutated and Rad3 related (ATR) kinase.  While it is 

unknown how Vpr/DCAF-1 binding promotes G2 arrest, it has been proposed that Vpr 

may recruit a particular factor to this complex, promoting ubiquitination and degradation 

of a yet unknown cellular protein or, perhaps, several targets (Ayinde, Maudet et al. 

2010; Casey, Wen et al. 2010).   Macrophages are non-dividing cells and are therefore 

not subject to the cell-cycle arrest function of Vpr and even lack the prerequisite ATR 

induction in the presence of Vpr (Zimmerman, Sherman et al. 2006).  The findings that 

demonstrate the importance of Vpr residues involved in G2 arrest in promoting HIV-1 

replication likely suggest that the recruitment of native cellular factors to DCAF-1 

promotes both properties.  However, it is unknown what binding partners mediate these 

effects or if they are the same or overlapping for both G2 arrest and cellular 

permissiveness.  A synopsis of these three properties and their effects on HIV-1 infection 

of macrophages is found in Figure 1.1. 
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The G2 arrest and HIV LTR promoter transactivation properties of Vpr may also 

be dependent or independent of each other.  Many studies have shown that Vpr’s ability 

to cause G2 arrest and increase viral production are linked (Levy, Refaeli et al. 1995; 

Yao, Subbramanian et al. 1995; Felzien, Woffendin et al. 1998; Forget, Yao et al. 1998; 

Goh, Rogel et al. 1998). While G2 cell cycle arrest may make HIV-1 infected T-cells and 

oddly macrophages, which are not dividing, more permissive to active infection, many 

studies have shown that Vpr constructs deficient in G2 arrest maintain the ability to 

function as a coactivator (Mahalingam, Ayyavoo et al. 1997; Kino, Gragerov et al. 1999; 

Sherman, de Noronha et al. 2000; Vanitharani, Mahalingam et al. 2001; Kino, Gragerov 

et al. 2002).  While G2 arrest and transactivation properties of Vpr both impart positive 

effects on viral replication, whether these effects represent independent functions is a 

matter of debate.   

As mentioned previously, Vpr is believed to allow for permissive infection of 

HIV-1 in many cell types, but is considered particularly important for the infection of 

non-dividing cells such as macrophages and resting T-cells.  As such, Vpr is likely 

important in generating a long lived reservoir for virus infection.  Indeed, it has been 

suggested based on results in non-human primate studies, that macrophages are likely the 

main producers of virus in late stage simian/human immunodeficiency virus (SHIV) at a 

time when CD4+ T-cells have been depleted (Igarashi, Brown et al. 2001).  In HIV-

2/SIVSM virus, Vpr is hypothesized to have duplicated, giving rise to Vpx (Tristem, 

Marshall et al. 1990; Tristem, Marshall et al. 1992).  Vpr and Vpx have discrete functions 

in HIV-2/SIVSM viruses causing G2 arrest and nuclear localization respectively, whereas 

Vpr has both properties in HIV-1 (Fletcher, Brichacek et al. 1996).  Recently, it was 



 

 22 

shown that SIV/HIV-2 Vpx overcomes a block to reverse transcription in macrophages, 

further suggesting that HIV-1 Vpr may increase viral permissiveness in myeloid cells as 

well (Sharova, Wu et al. 2008; Srivastava, Swanson et al. 2008; Bergamaschi, Ayinde et 

al. 2009).  It is noteworthy to mention that Vpx also has such an effect on HIV-1 

defective in Vpr, yet this effect is not seen with Vpr treatment.  This likely suggests that 

Vpx acts on cellular targets that may be only partially in common to those of Vpr.  

Interestingly, Vpx binds DCAF-1 in a way similar to Vpr (Le Rouzic, Belaïdouni et al. 

2007) and such interaction is necessary for the permissive effects described above.  It has 

been suggested that Vpr and Vpx compete for binding to this complex and perhaps recruit 

unique or only partly overlapping binding partners (Ayinde, Maudet et al. 2010).  

Therefore, it is likely that the particular macrophage restriction factor antagonized by 

Vpx is not a target of Vpr.  In agreement with this notion, previous studies have attributed 

Vpr to lifting a post-reverse transcriptional block, whereas Vpx seems to affect an earlier 

block in viral replication (Connor, Chen et al. 1995).  However, Vpr may use the same 

system to recruit other factors that promote permissive infection of HIV-1 into 

macrophages.  It is unknown why HIV-1 Vpr does not possess the same properties as 

seen with Vpx in SIV or HIV-2, but obviously HIV-1 does not rely on these effects for 

successful infection in vivo.  Considering that Vpr has small effects on macrophage 

permissiveness to HIV-1 during single a round of infection (Zufferey, Nagy et al. 1997), 

but causes profound changes after long-term culture (Balliet, Kolson et al. 1994; Connor, 

Chen et al. 1995), it is likely Vpr mediated macrophage permissiveness has not been 

detected as compared to Vpx simply due to the a smaller magnitude of it’s effect or due 

to short-term culture conditions.   
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HIV-1 virus is known to have anti-apoptotic properties in chronically infected 

macrophages and microglia (Cosenza, Zhao et al. 2004), and causes a reduction of pro-

apoptotic Bax expression in mitochondria of persistently infected cells (Fernandez 

Larrosa, Croci et al. 2008).  While Vpr promotes apoptosis (Yao, Mouland et al. 1998; 

Fukumori, Akari et al. 2000), it also exhibits anti-apoptotic properties (Conti, Rainaldi et 

al. 1998).  It is noteworthy to mention that no study of which we are aware has ever 

shown toxicity of Vpr in macrophages.  On the contrary, it has been argued that 

macrophages lack the ATR mediated the cell stress response normally induced by Vpr 

(Zimmerman, Sherman et al. 2006), which is required for the apoptotic activity that has 

been reported in other cell types.  Intriguingly, Vpr was observed to inhibit apoptosis in a 

lymphoblastoid cell line by inducing Bcl-2, with concomitant downregulation of Bax in a 

manner seemingly contingent on Vpr expression level (Conti, Rainaldi et al. 1998).  

Further, Vpr mediates resistance to cell death from Fas ligand and TNF-α in these cells.  

The G2 arrest function of Vpr in these cells, however, is most likely defective since these 

clones exhibited cell cycle characteristics similar to those of control-transfected cells.  As 

Vpr is toxic to non-myeloid cells, such as T-cells, the possible anti-apoptotic effects of 

Vpr that have been observed and attributed to Vpr in the study may be due to a low level 

of Vpr expression in the cell lines used.  As such, the pro-survival effects of Vpr may 

need to be evaluated further.  If Vpr promotes cell survival, it is conceivable that the pro-

survival effects of HIV-1 may involve the action of Vpr, especially in macrophages, 

possibly in combination with additional host-viral interaction.  In combination with the 

aforementioned abilities of Vpr to increase viral replication by inducing G2 arrest and 

activating the HIV-1 LTR, the potential of Vpr to promote infection of and survival of 
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macrophages could be a highly significant factor in the development and/or maintenance 

of macrophage viral reservoirs. The differential mechanism of pro-apoptotic/anti-

apoptotic Vpr activity warrants further investigation and may provide an avenue of 

therapy as an additive to highly active antiretroviral therapy (HAART), now renamed 

combination antiretroviral therapy (cART). 

 

Figure 1.1:  The role of Vpr in HIV-1 infection and host permissiveness.  1.  HIV-1 

enters human cells via interaction with cell-surface receptors CD4 and co-receptors 

CXCR4 (T-cell tropic viruses) or CCR5 (macrophage tropic viruses).  The virus fuses 

with the cell surface membrane introducing genetic material and virion proteins, which 

include gag proteins that comprise the matrix and nucleocapsid, the latter containing 

significant quantities of Vpr.  2.   Vpr promotes the binding of the PIC (including MA, 
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integrase (IN) and proviral DNA) to importins and nucleoporins, thereby facilitating 

nuclear entry of HIV-1 provirus into the nucleus of non-dividing cells.  3.  Vpr binds to 

the p300/transcription factor initiation complex.  This binding activity may recruit 

additional elements to the promoter, such as glucocorticoid receptor (GR).  Alternatively, 

Vpr may bind to GR bound to GRE elements in the promoter to recruit the p300/TF 

complex.  This results in both increased HIV-1 production, and the regulation of cellular 

genes that may increase viral permissiveness.  4.  Vpr induces G2 cell-cycle arrest by 

promoting phosphorylation of Chk1, which increases viral production.  Interestingly, the 

biochemical properties that contribute to this effect may be important in HIV-1 

production in cells that do not divide.  This property is dependent on the degradation of 

an unknown factor, which is recruited to Vpr via DCAF-1 (VprBP) interaction.  The 

factor(s) involved in G2 arrest and viral permissiveness may be overlapping or unique.  5.  

HIV-1 buds from the cell, promoting further infection and pathogenesis. 

Vpr and HIV dementia 

HIV encephalopathy (HIV-E) is an associated underlying pathological condition 

seen in autopsy of patients with HIV-1 associated dementia (HIV-D), a disease 

characterized by motor and cognitive deficits.  The presence HIV-1 virus in the brain is 

seemingly the cause of this condition as it was detected by in situ hybridization in 

patients with HIV-E but not in HIV-1 patents who do not exhibit this pathological 

condition (Rostad, Sumi et al. 1987).   

Although the introduction of cART initially reduced the prevalence of HIV-D, the 

prevalence of HIV associated neurocognitive disorders (HAND) has been increasing (For 

Review See: (McArthur 2004)).  While it is unclear if the minor and severe forms of 
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HAND have common etiologic mechanisms, there is reason to suspect the importance of 

HIV infection in macrophages in the central nervous system (CNS) and/or the periphery, 

as well as the role of Vpr. Since Vpr has been implicated as both a direct and indirect 

contributor to the development of dementia, Vpr may also play a role in the more subtle 

forms of neurologic disease (Figure 1.2). 

Although the principle mechanism of HIV-D pathology is not known, there is a 

preponderance of evidence suggesting that mononuclear cells play a critical role in 

disease progression.  The major sources of HIV-1 production in the brain appear to be 

macrophages and microglia (Pumarola-Sune, Navia et al. 1987; Rostad, Sumi et al. 1987; 

Porwit, Parravicini et al. 1989; Kure, Llena et al. 1991).  Furthermore, in brains of 

animals infected with SIV, perivascular macrophages are responsible for the majority of 

virus production, further implicating these cells in the pathology of CNS disease 

(Williams, Corey et al. 2001).   Macrophage/microglia numbers are more highly 

correlated with the severity of HIV-D than the presence of HIV in the CNS (Glass, Fedor 

et al. 1995).  Patients with HIV-D also have elevated numbers of CD14+/CD16+ 

monocytes in the periphery (Pulliam, Gascon et al. 1997; Fischer-Smith, Tedaldi et al. 

2008), which have neurotoxic properties in vitro (Pulliam, Gascon et al. 1997).  

CD14+/CD16+, HIV-1 positive macrophages have also been found in brains of patients 

suffering from HIV-D (Fischer-Smith, Croul et al. 2001).  The presence of TNF-α 

protein and mRNA in patients with HIV-D has been reported to significantly correlate 

with the severity of symptoms in these patients, further suggesting that activated 

macrophage activity is directly involved in HIV-D pathology (Achim, Heyes et al. 1993; 

Glass, Fedor et al. 1995).  The increased number of CNS macrophages/microglia (in the 
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absence of evidence for proliferation) suggests that the accumulation of myeloid cells in 

the brain is due to trafficking of peripherally derived macrophages (Fischer-Smith, Croul 

et al. 2004), (For Review See: (Fischer-Smith and Rappaport 2005)).  As mentioned 

previously, Vpr plays a significant role in the permissive infection of HIV-1 into 

macrophages and may increase the survival of infected myeloid cells; therefore, it is 

indirectly related to HIV-D pathogenesis. 

Vpr may be a direct effector of HIV-1 mediated HIV-E pathology.  Higher levels 

of Vpr have been found in the cerebrospinal fluid (CSF) of patients with HIV associated 

cognitive deficits.  Vpr has been detected by immunofluorescence in the basal ganglia 

and frontal cortex of brains with HIV-E and is elevated in the serum and CSF of 

seropositive HIV patients (Levy, Refaeli et al. 1994; Wheeler, Achim et al. 2006) and has 

been shown to cause apoptosis in vitro (Piller, Jans et al. 1998).  The cells that contained 

Vpr in HIV-E brains were either macrophages or neurons.  Transgenic mice that express 

Vpr in monocytoid cells display neuronal injury in the basal ganglia and subcortical area, 

which confirms in vitro findings (Jones, Barsby et al. 2007).  Mechanistically, the 

neurotoxic effect of Vpr depends on the 70-96 C-terminal region, which is essential for 

the induction of neuronal apoptosis in striatal and cortical cells (Sabbah and Roques 

2005).  In neurons, this effect is mediated by activation of p53, caspase 9, and caspase 8 

(Patel, Mukhtar et al. 2000; Jones, Barsby et al. 2007).  Although gp120 and Tat have 

also been shown to induce apoptosis in neuronal cells (Brenneman, Westbrook et al. 

1988; Venkatesh, Arens et al. 1990), intracellular Vpr expression in NT2 cells seemed to 

be necessary for the induction of apoptosis (Patel, Mukhtar et al. 2002).  This effect many 

have even greater clinical relevance considering that Vpr and ethanol together 
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cooperatively increase apoptosis in brain microvascular endothelial cells, which may 

possibly allow for greater blood brain barrier permeability to virus and infected cells 

(Acheampong, Mukhtar et al. 2002).  Most recently, Vpr was shown to increase reactive 

oxygen species production in microglia and neuroblastoma cell lines, to lower ATP, to 

lower plasma membrane Ca2+ ATPase (PMCA) protein levels, and increase cytoplasmic 

permeability in neuroblastoma cells (Rom, Deshmane et al. 2009).  By lowering PMCA 

levels, the efflux of Ca2+ would be expected to increase in neuronal cells, which has been 

linked to cell death signaling in these cells (For Review See: (D'Antoni, Berretta et al. 

2008)).  Vpr produced from HIV-1 infected macrophages was found to impair axonal 

growth of neuronal precursors independently of apoptosis (Kitayama, Miura et al. 2008).  

Vpr binds to CCAAT-enhancer binding protein (C/EBP) sites on the HIV-1 LTR (Hogan, 

Nonnemacher et al. 2003) and consequently a C/EBP site with high affinity for Vpr, 

C/EBP I, is associated with clinical progression to HIV-D (Burdo, Nonnemacher et al. 

2004).  It has been proposed that Vpr activates C/EBP sites by direct binding to C/EBP I 

in the HIV-1 LTR, which has low affinity for C/EBP, as well as indirectly by 

upregulating the expression of C/EBP in host cells (Kilareski, Shah et al. 2009).  Vpr and 

Nef both induce RANTES/CCL5 chemokine in microglia, causing activation of brain 

mononuclear cells, which correlates with clinical dementia (Si, Kim et al. 2002).  

Therefore, Vpr is a direct and indirect mediator of cell death and neuronal impairment in 

HIV-1 patients as well as a necessary factor for the infection and survival of HIV infected 

macrophages, thereby further contributing to the pathogenesis of HIV-D. 



 

 29 

Vpr and HIVAN 

HIV associated nephropathy (HIVAN) is a form of collapsing focal segmental 

glomerulosclerosis, largely due to HIV-1 protein toxicity to epithelial cells (For Review 

See: (Wyatt, Rosenstiel et al. 2008)).  The most significant incidence of the disease is 

seen in HIV-1 positive patients of African descent, likely due to a prevalence of the 

MYH9 allele in this population (Kopp, Smith et al. 2008).  As in HIV-D, macrophage 

trafficking and expression of virus has been implicated in pathology of HIVAN.  

Fibroblast growth factor 2 (FGF-2), which is elevated in kidneys of children with 

HIVAN, increases the attachment of uninfected and HIV-1 infected peripheral blood 

mononuclear cells (PBMC) to tissue culture plates coated with renal tubular epithelium 

(Tang, Jerebtsova et al. 2005).  In vivo, FGF-2 likely increases the invasion of 

inflammatory cells into renal tissue, leading to renal injury.  Interestingly, Vpr has been 

implicated in the development of HIVAN (Figure 1.2).  A c-fms/Vpr transgene in mice 

produced focal glomerulosclerosis, suggesting that macrophage specific Vpr expression 

might be sufficient for kidney damage (Dickie, Roberts et al. 2004).  Further, it was 

reported that FVB/N mice expressing Vif, Vpr, Nef, Tat, and Rev in podocytes developed 

nephropathy and proteinuria suggesting that viral proteins themselves have toxic effects 

in the kidneys (Zhong, Zuo et al. 2005).  Vpr expressed in a transgenic mouse model 

demonstrated that presence of Vpr in podocytes is sufficient for glomerulosclerosis (Zuo, 

Matsusaka et al. 2006).  Lentiviral experiments in vitro produced similar findings 

(Rosenstiel, Gruosso et al. 2008).  Vpr expression in combination with Nef, however, 

results in severe kidney damage in transgenic mice (Zuo, Matsusaka et al. 2006).  Vpr 

expression combined with heminephrectomy also resulted in far more profound nephrotic 

changes (Hiramatsu, Hiromura et al. 2007).  The impact of heminephrectomy was almost 



 

 30 

entirely prevented by including treatment with angiotensin II type 1 (AT1R) receptor 

blocker olmesartan.  To date, however, no specific therapies targeting Vpr/Nef 

nephrotoxicity or the attachment of affected macrophages to the tubular epithelium have 

been developed.  It should be noted that in the studies using single or combined 

expression of viral proteins in particular cell types, such as in macrophages in the c-fms 

driven Vpr model, it is unclear if these effects are occurring due to the secretion of these 

products from cells trafficking to the kidneys or due to other inflammatory cytokines that 

are produced in these cells due to the expression of these products. 

 

Figure 1.2:  Summary of HIV-1 pathology involving Vpr.  Vpr is likely important for 

both immune dysfunction as seen in AIDS and associated diseases including HIV-D and 

HIVAN. 
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Vpr and immune dysfunction 

Vpr has profound inhibitory effects on many members of the immune system 

involved in adaptive response (Figure 1.2).  Consequently, Vpr reduces the efficacy of 

DNA and SIV-Nef vaccination in vivo, suggesting that Vpr may aid in evasion of 

immune response during HIV-1 (Ayyavoo, Muthumani et al. 2002; Muthumani, 

Bagarazzi et al. 2002).  The mechanism of immune dysfunction caused by Vpr appears to 

involve the induction of apoptosis and cell cycle arrest in bystander T-cells, contributing 

to the depletion of immune cells.  While Vpr is seemingly anti-apoptotic in HIV-1 

infected cell lines, in vitro studies suggest that bystander T-cells may be induced to 

undergo apoptosis in response to extracellular or secreted Vpr (Conti, Rainaldi et al. 

1998; Bouzar, Villet et al. 2004; Moon and Yang 2006).  Although many studies argue 

that Vpr has effects outside of the infected cell due to secretion, this point remains 

controversial.  However, in vivo, Vpr alone has been shown to be contribute to HIV-1 

mediated immune dysfunction by promoting depletion of thymic cells (For Review See: 

(Azad 2000)).  Activation induced cell death by apoptosis has been proposed as a 

mechanism of HIV-1 infected CD4+ lymphocyte depletion, although multiple 

mechanisms distinct from Vpr likely contribute to this process (Groux, Torpier et al. 

1992; Meyaard, Schuitemaker et al. 1993).  Vpr can increase Fas dependent caspase-8 

dependent cleavage in T-cells to induce apoptosis, providing a potential mechanism for 

increased cell death.  CD4 promoter-Vpr transgenic mice do show T-cell depletion in a 

Bcl-x, Bax, and caspase-1 dependent and Fas-Fas ligand independent manner (Yasuda, 

Miyao et al. 2001).  G2 arrest precedes the induction of apoptosis by Vpr and has been 

reported to be necessary for progression to apoptosis (Stewart, Poon et al. 1997), 

however, the latter findings remain controversial (Nishizawa, Kamata et al. 2000).  
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Recently, it was demonstrated that this property depends on Vpr activated 

phosphorylation of Chk1, an event that begins during the S phase of the cell cycle (Li, 

Park et al. 2010).  Apoptosis occurs via caspase-9 and seems to cause apoptosis in cancer 

cell lines with mutated p53, suggesting that this effect is independent of p53 function 

(Shostak, Ludlow et al. 1999; Stewart, Poon et al. 2000; Muthumani, Zhang et al. 2002).   

Vpr has also been postulated to increase the expression of TNF-α in dendritic cells (DC)s 

and in this way may indirectly promote apoptosis in CD8+ T-cells (Majumder, 

Venkatachari et al. 2007).  The Vpr mediated depletion of uninfected T-cell populations 

likely contributes, in part, to the immune dysfunction observed in AIDS. 

Recent studies have identified additional mechanisms of Vpr mediated T-Cell 

depletion.  Vpr has been shown to upregulate natural killer group 2, member D (NKG2D) 

ligands in CD4+ lymphocytes, which resulted in natural killer (NK) mediated toxicity to 

these cells (Ward, Davis et al. 2009; Richard, Sindhu et al. 2010).  It is unclear what 

effect Vpr has on HIV-1 infected CD4+ T-cell depletion in vivo, since Vpr alone is 

sufficient to upregulate NKG2D ligand expression.  Vpr could induce bystander T-cell 

killing due to NK mediated toxicity.  It should also be mentioned, however, that Vpr has 

been reported to inhibit NK function (Majumder, Venkatachari et al. 2008; Hong, 

Bhatnagar et al. 2009), which would be predicted to oppose NK mediated toxicity.  If 

infected T-cells are depleted due to NK function, this may suggest that the infection of 

these targets is outweighed by the advantage conveyed by immune suppression.  

Interestingly, the upregulation of NKG2 ligands by Vpr is also related to DCAF-1 

binding in an ATR related mechanism, which suggests that these ligands may not be 

readily upregulated in macrophages that are reported to lack ATR response to Vpr 
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expression (Zimmerman, Sherman et al. 2006; Ward, Davis et al. 2009; Richard, Sindhu 

et al. 2010).  Considering that macrophages have been reported to be the main viral 

reservoir during late stage infection of rhesus macaques with an SIV/HIV-1 chimeric 

virus (SHIV) (Igarashi, Brown et al. 2001), the depletion of T-cells may not be a 

limitation to virus persistence due to the availability of myeloid target cells.  In summary, 

Vpr has been reported to cause apoptosis of bystander T-cells by multiple mechanisms, 

which may contribute to decreased immune function and possibly impaired viral 

clearance in the host. 

Vpr may suppress cellular immunity by modulating antigen mediated activation 

and cytotoxic killing of surviving T-cells.  In vivo, Vpr promotes a shift toward a Th2 

response, likely by suppressing IFN-γ, a Th1 inducing cytokine (Ayyavoo, Muthumani et 

al. 2002).  Other studies have also confirmed that Vpr promotes Th2 cytokine IL-10 

while suppressing the expression of Th1 cytokine IL-12 (Mariani, Rasala et al. 2001; 

Muthumani, Desai et al. 2004; Majumder, Janket et al. 2005), presumably by modulating 

NF-κB response (discussed below).  T-cell function also may be perturbed by 

downregulation of CD28 and CTLA-4, which are required for activation by antigen 

presenting cells and therefore adaptive immune function (Venkatachari, Majumder et al. 

2007).  Recombinant Vpr has been shown to lower activation of macrophages and 

maturation of DCs by inhibiting the expression of key co-stimulatory molecules 

including CD40, CD80, CD83, and CD86 (Majumder, Janket et al. 2005; Muthumani, 

Hwang et al. 2005).  This suggests that Vpr may dampen antigen presentation by 

downregulation of partner molecules on both presenter and effector cells.  Vpr has also 

been shown to suppress immune activation to superantigens in vivo (Muthumani, Choo et 
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al. 2005).  More recently, Vpr has also been shown to modulate NK cell function, causing 

a reduction in cytolytic killing and differential regulation of IL-12 and TGF-β by Smad3 

activation (Majumder, Venkatachari et al. 2008).  Therefore, Vpr may significantly 

contribute to the immune deficiency seen in AIDS by altering both adaptive and innate 

immune cellular function. 

Evidence from many studies suggests that Vpr’s effect on the immune system 

seems to be mediated by interaction with the NF-κB pathway by a mechanism involving 

GR.  Glucocorticoids have been shown to have immunosuppressive effects due to NF-κB 

inhibition and induction of I kappa B alpha (IκBα), which prevents NF-κB translocation 

into the nucleus thereby preventing cytokine release and immune activation (Auphan, 

DiDonato et al. 1995; Scheinman, Cogswell et al. 1995).  Vpr was first shown to induce 

T-cell apoptosis in a TCR dependent mechanism by inducing IκB and reducing NF-κB 

activity (Ayyavoo, Mahboubi et al. 1997).  Vpr downregulates NF-κB inducible 

cytokines including IL-2, IL-12, TNF-α, and IL-4, and chemokines, MIP-1α, MIP-1β, 

and RANTES (Ayyavoo, Mahboubi et al. 1997; Muthumani, Kudchodkar et al. 2000; 

Mirani, Elenkov et al. 2002).  These effects were reversed with RU486 treatment, 

suggesting that the inhibition of NF-κB via IκB induction mechanistically involves GR.  

Indeed, Vpr and GR cooperate to suppress NF-κB mediated transcription (Muthumani, 

Choo et al. 2006).  The cooperativity of Vpr with GR has been proposed as a cause of the 

hypersensitivity to glucocorticoids seen in HIV infected patients thus amplifying the GR 

induced immunosuppressive effects (Mirani, Elenkov et al. 2002).  Recent studies, 

however, have reported that Vpr can increase NF-κB activity by inducing IκB 

phosphorylation and subsequent degradation (Hoshino, Konishi et al. 2010).  Indeed, 
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other studies have also shown that Vpr can induce NF-κB activity (Roux, Alfieri et al. 

2000; Varin, Decrion et al. 2005), therefore, the context in which these effects differ 

remains to be elucidated.  Vpr’s effects on the immune system seem to be carried out by 

several and possibly independent mechanisms.   Therapeutic strategies targeting Vpr, 

therefore, may impair virus replication directly and at the same time serve promote 

functional antiviral immune responses. 

Hypothesis and proposed aims for study The role of Vpr in NF-κB regulation  

 Based on the extensive literature reviewed on this topic, it is clear that 

macrophages are key players in HIV-1 pathology.  We believe Vpr to be an important 

viral factor for infection of macrophages.  Further, Vpr likely promotes viral production, 

persistence, and immune evasion during HIV-1 infection.  Interestingly, viral replication 

and immune dysregulation are interrelated processes in HIV-1, both involving the NF-κB 

pathway (Poli, Kinter et al. 1990; Ayyavoo, Mahboubi et al. 1997).  This poses a special 

problem for HIV-1 infectivity, as it is important to dampen the immune response while 

maintaining productive infection in the host.  Previous studies in the field have reported 

discrepancies in Vpr’s ability to alter NF-κB signaling.  Consequently, the ability of Vpr 

to stimulate HIV-1 from latency is linked to activation of NF-κB while immune 

dysregulation due to the presence of Vpr is partly dependent on inhibition of the same 

pathway (Ayyavoo, Mahboubi et al. 1997; Roux, Alfieri et al. 2000; Varin, Decrion et al. 

2005).   

Our aim in this regard was to evaluate the effect of Vpr on NF-κB signaling in 

primary macrophages and myeloid cell lines.  Our first hypothesis was that Vpr has 

multiple targets in the same pathway and that Vpr/NF-κB signaling may differ based on 



 

 36 

manner of stimulation in myeloid cells or the location of Vpr expression.  We conducted 

our experiments by overexpressing Vpr alone in uninfected cells and we then treated 

these cultures with compounds that modify the same pathway in vitro, TNF-α and LPS, 

to assess the role of Vpr on NF-κB in different contexts.   We also used a co-culture 

model to evaluate the effect of Vpr expressed in one population of cells on the NF-κB 

activation of another population of cells in the same culture.  After determining the 

functional effects of Vpr in each condition, we characterized the molecular changes in the 

NF-κB signaling cascade to narrow the scope of potential direct targets of Vpr’s effects.  

Using such an approach, we were able to show differential effects of Vpr on NF-κB, 

depending on the stimulation or context. 

Our next aim was to determine the cellular factors that mediate Vpr’s effects on 

the NF-κB pathway.  Molecular partners of Vpr signaling, VprBP (DCAF-1) and HSP27, 

hold promise as modulators of Vpr’s activity on the NF-κB pathway, as these partners 

alter Vpr’s ability to induce viral immune inactivation or transcription of HIV-1 

(Bukrinsky and Zhao 2004; Ward, Davis et al. 2009; Richard, Sindhu et al. 2010).  We 

hypothesized that diminished expression of VprBP or HSP27 would alter Vpr/NF-κB 

signaling as compared to cells expressing these genes at normal levels.   We produced 

stable myeloid cell lines depleted for VprBP or HSP27 and evaluated the role of Vpr on 

NF-κB activation and signaling in these cells.  This approach allowed us to narrow down 

the mechanism of Vpr’s intracellular effects to specific cellular mediators. 

Our final aim was to determine the role of Vpr on NF-κB signaling in an HIV-1 

context.  Vpr may have different effects on NF-κB in a viral and non-viral context 

considering that other HIV-1 components are also known to alter this same pathway 
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(Demarchi, d'Adda di Fagagna et al. 1996; Bour, Perrin et al. 2001).  It was our 

hypothesis Vpr expression in the absence of HIV-1 infection would produce alternate 

outcomes on NF-κB than in the presence of virus.  We inhibited Vpr in a HIV-1 infected 

myeloid cell line using an shRNA approach and then evaluated the role of Vpr on viral 

replication in the presence or absence of compounds that induce NF-κB activity. We 

expected that the presence of other HIV-1 products might change the effects of Vpr on 

NF-κB that are observed in the absence of infection.  As NF-κB is important for viral 

replication, however, we also acknowledged the possibility that the absence of Vpr would 

significantly alter viral production in a manner consistent with Vpr’s NF-κB activity in 

uninfected cells.  Our experimental design allowed us to contrast our findings between 

infected or uninfected cells and allowed us to distinguish between these two scenarios. 

The role or NF-κB in M-CSF regulation 

 HIV-1 infection and progression to AIDS is characterized by immune 

suppression, however, there is abundant cytokine production during disease (Kalter, 

Nakamura et al. 1991; Bergamini, Perno et al. 1994; Oravecz, Pall et al. 1997; Pixley and 

Stanley 2004; Haine, Fischer-Smith et al. 2006).  One such cytokine, M-CSF, is 

particularly important for HIV-1 pathogenesis, increasing viral production and infectivity 

in myeloid cells, while also promoting the continued supply of these same populations 

(Kalter, Nakamura et al. 1991; Bergamini, Perno et al. 1994; Oravecz, Pall et al. 1997; 

Pixley and Stanley 2004; Haine, Fischer-Smith et al. 2006).  Considering the importance 

of macrophages in viral reservoirs, HIV-D, and renal pathology seen in HIV-1 that was 

discussed above, it is likely that M-CSF expression heavily contributes to these 

conditions, making successful treatment of patients more difficult.  It is known that M-
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CSF is increased due to HIV-1 expression, and that M-CSF is responsive to NF-κB 

signaling (Yamada, Iwase et al. 1991; Sater 1994; Kutza, Crim et al. 2000; Yao, Sun et 

al. 2000).  Further, HIV-1 promotes cytokines that induce NF-κB, and is activates NF-κB 

signaling in vitro (Asin, Taylor et al. 1999).  However, the mechanism of M-CSF 

induction by HIV-1 remains poorly understood. 

Our first aim was to determine the role and mechanism of NF-κB mediated 

regulation of M-CSF in myeloid cells.  We hypothesized that M-CSF is responsive to 

NF-κB in macrophages by a mechanism involving transcriptional activation.  We 

characterized the effect of NF-κB signaling on M-CSF production in primary 

macrophages and myeloid cell lines to determine the elements in the M-CSF promoter 

that drive this response.  We treated our cells with agents that stimulate or repress NF-κB 

activity and assayed the resulting M-CSF production.  We also generated a luciferase 

promoter construct using a human derived M-CSF promoter sequence and mutated 

transcription-binding sites that we identified as potentially important for NF-κB 

responsiveness.  These approaches allowed us to determine that M-CSF was activated 

NF-κB and characterize sequences necessary for this transcriptional response. 

 Our next aim was to compare the effect of NF-κB in uninfected and HIV-1 

infected cells.  Considering that NF-κB is activated by HIV-1 and that NF-κB promotes 

M-CSF expression, we hypothesized that HIV-1 infected myeloid cells have increased 

binding of NF-κB transcription factors to the M-CSF promoter.  We evaluated the 

binding of NF-κB p65 in response to TNF-α treatment in uninfected and chronically 

infected myeloid cells by using a ChIP approach.  We also assessed the level of M-CSF 

production in response to TNF-α.  Our experimental design allowed determine if NF-κB 



 

 39 

directly regulates M-CSF and enabled us to compare the levels of transcription factor 

binding on M-CSF promoter in HIV-1 positive and negative contexts. 

The role of M-CSF signaling in AML 

 Besides the described relevance to HIV-1 pathogenesis, M-CSF signaling is also 

important in other disease processes, including AML (Parwaresch, Kreipe et al. 1990; 

Ridge, Worwood et al. 1990).  However, the role of M-CSF in AML has been poorly 

studied since the discovery of the transforming potential of cFMS. Our aim was to 

determine if cFMS might be relevant in AML.  We hypothesized that inhibition of cFMS 

would be toxic to myeloid cell lines in vitro.  To accomplish these ends, we treated three 

cell lines that are representative of AML with inhibitors to cFMS and assessed 

proliferation, cell-cycle, and apoptosis of treated cells.  Finally, we characterized the 

response of M-CSF downstream signaling to treatments that inhibit cFMS in these same 

cell lines.  This approach enabled us to implicate cFMS as one possible oncogene 

involved in human AML and as a potential target of currently tested experimental 

therapeutics for the disease.   
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CHAPTER 2 

METHODS 

Cell Culture 

Peripheral blood mononuclear cells (PBMC) were isolated from heparinized 

whole blood or buffy coats acquired from healthy seronegative blood donors by density-

gradient centrifugation (Histopaque-1017, Sigma-Aldrich).  PBMCs were incubated at a 

concentration of 4 x 106/mL in RPMI 1640 (Invitrogen) containing 10% FBS, 10% 

human AB serum, 2 mM L-glutamine and penicillin (50 U/ml)/streptomycin (50 ug/ml) 

and M-CSF (2 ng/mL) (R&D systems, 216-MC-025) overnight at 37˚C.  Non-adherent 

cells were removed and allowed to adhere for another 24 hours.  Adherent cells were 

cultured in RPMI supplemented with 10% human AB serum, 2 mM L-glutamine, 

penicillin (50 U/ml)/streptomycin (50 µg/ml), and M-CSF (2 ng/mL) for an additional 4-

6 days.   

THP-1, U1, and U937 cells were grown in RPMI 1640 supplemented with 10% 

FBS, 2 mM L-glutamine, and penicillin (50 U/ml)/streptomycin (50 ug/ml).  Mono-Mac 

1 were cultivated in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 

penicillin (50 U/ml)/streptomycin (50 ug/ml), 1x non-essential amino acids (Invitrogen) 

and 1mM sodium pyruvate (Invitrogen).  U1 cells are latently infected with HIV-1 due to 

a mutation in the Tat gene (Emiliani, Fischle et al. 1998). PMA differentiation activates 

virus production in these cells (Kim, Gollapudi et al. 1996)(Data not shown).  U87-MG 

and TMZ-BL cells were grown in DMEM (Invitrogen) supplemented with 10% FBS, 2 
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mM L-glutamine, and penicillin (50 U/ml)/streptomycin (50 ug/ml).  The TMZ-BL cells 

were obtained from the NIH AIDS Research & Reference Reagent Program (8129).   

The compounds used for treatment of cells were as follows: PMA (Sigma-

Aldrich, 79346), recombinant human TNF-α (R&D systems, 210-TA-010), LPS (Sigma-

Aldrich, L-8274), RU486 (Sigma-Aldrich, M8046), puromycin (Sigma-Aldrich, P7255), 

G418 (Sigma-Aldrich, G5013), dexamethasone (Sigma-Aldrich, D4902), SC-514 

(Calbiochem, 401479), aproprietary cFMS inhibitor developed by Johnson and Johnson 

(J&J) (.01-1 uM) (Huang, Hutta et al. 2009), Sunitinib (.01-.1 uM) (LC laboratories, S-

8803), U0126 (1-10 uM) (Cabiochem, 662005), staurosporine (.5 uM) (Sigma-Aldrich, 

S5921), and recombinant human M-CSF (10 ng/mL) (R&D systems, 216-MC-025).  

As a model for AML, we used three myeloid cell lines.  U937 cells are derived 

from pleural effusion in a hystiocytic lymphoma patient (Gendelman, Orenstein et al. 

1988) that resemble promonocytic cells (Genois, Robichaud et al. 2000).  THP-1 cells are 

derived from an acute monocytic leukemia (M5b) (Auwerx 1991) and resemble 

monocytes (Tsuchiya, Yamabe et al. 1980).  Mono-Mac 1 are derived from a peripheral 

monoblastic leukemia (M5a) (Sundstrom and Nilsson 1976) and resemble mature 

monocyte (Tsuchiya, Yamabe et al. 1980; Collins 1987).   

Adenovirus and Lentivirus Constructs 

AdNull and AdVpr constructs have been used in previous publiations (Siddiqui, 

Del Valle et al. 2008) and have been described in detail (Deshmane, Mukerjee et al. 

2009).  Ad-NF-kappa-B-Luc vector was purchased from Vector Biolabs (1740).  These 

constructs were trasduced into U87-MG cells, macrophages, or U937 cells using 5 moi of 

virus for 42-72 hours.  In order to have one hundred percent infectivity in U37 cells, we 
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first differentiated these cells using PMA (5 nM) for 24 hours, then for another 48 hours 

with new media.  Lentiviruses from sigma were used to create stable U937/U1 cell lines 

expressing shRNA for HSP27, VprBP, or Vpr.  The shNull (non-target, puromycin 

resistant, SHC002V), shHSP27 (1; Clone TRCN000008752, 2; TRCN000008753*), and 

shVprBP (1; TRCN0000129280, 2; TRCN0000129579, 3; TRCN0000129831, 4; 

TRCN0000129909*) were ordered from Sigma-Aldrich as pre-made lentivirus 

transduction particles (SHCLNV-NM_001540).  

 

The shRNA lentivirus constructs were custom ordered from sigma using specified 

target sequences from genes of interest (Table 1).  To generate the shNull, shHSP27, and 

shVprBP cells, the cell lines were transduced with 1 moi of lentivirus and selected using 

puromycin (1 ug/mL) for at least one week.  The shNT (non-target, neomycine resistant) 

and shVpr constructs were custom cloned by sigma into the pLKO.1-Neo vector.  The 

Vpr sequences were based on oligonuclotide sequences 1, 2, and 3* (2 and 3 are specific 

Table 1. Sequences used in lentivirus shRNA constructs. 

Name Target Sequence 

pLKO.1-Neo, available from Sigma-Aldrich 

shHSP27#1 CCGGCCCAAGTTTCCTCCTCCCTGTCTCGAGACAGGGAGGAGGAAACTTGGGTTTTT 

shHPS27#2 CCGGCCGATGAGACTGCCGCCAAGTCTCGAGACTTGGCGGCAGTCTCATCGGTTTTT 

shVprBP#1 CCGGCGTATCGCTAATGGCATTGCACTCGAGTGCAATGCCATTAGCGATACGTTT 

shVprBP#2 CCGGCCTCCCATTCTTCTGCCTTTACTCGAGTAAAGGCAGAAGAATGGGAGGTTTTTTG 

shVprBP#3  CCGGCGAGAAACTGAGTCAAATGAACTCGAGTTCATTTGACTCAGTTTCTCGTTTTTTG 

shVprBP#4  CCGGGCGCCAATAAACTTTACGTCACTCGAGTGACGTAAAGTTTATTGGCGCTTTTTTG 

pLKO.1-Neo vector, sequences from (Balotta, et al., 1993) 

shVpr#1  TTCATTGTGTGGCTCCCTCTGTGGCCC  

shVpr#2  GCCCTAAGCCATGAAGCCATATCCTAG   

shVpr#3  TGGCTTCCACTCCTGCCCAAGTATCCC 
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for Vpr while 1 also cross reacts with Vif) that were used to knockdown Vpr in a 

previous publication (Balotta, Lusso et al. 1993).  To generate the shNT, or shVpr 

constructs cells were selected with G418 (1000 ug/mL) for one week.  The double 

knockdown cells were generated by infecting the shNull, shHSP27, or shVprBP cells 

with shNT or shVpr followed by selection with G418.  Knockdown was confirmed by 

real-time PCR.  (* Used as in stable cell lines for remaining experiments) 

 

Luciferase Assay in Adenovirus Transduced Cells 

The luminescence was detected on an EnVision 2104 multilabel reader (Perkin 

Elmer) at 10 seconds post luciferin addition.  The counts per second values were 

standardized for cell number using BCA protein values and then expressed as fold change 

relative to untreated cells for every individual promoter construct.  Some data was 

combined as an average of at least three separate triplicates or experiments from three 

different donors.  Two outliers were dropped from the luciferase assay using U937 

shNull, shHSP27, and shVprBP cells (Fig. 4B) that were greatly different from the 

remaining eight luciferase values as these samples produced very high standard 

deviations (the trends were not altered). 

Real-Time PCR 

RNA was harvested for 1x106 cells using the RT2 qPRC-Grade RNA isolation Kit 

(SABiosciences, PA-001) and cDNA was made using the RT2 First Strand Kit 

(SABiosciences, C-03).  The assay was run using a Bio-Rad iCycler machine using 3 

cycle PCR with a 50°C annealing temperature.  The data was analyzed using the ΔΔCt 
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method with primers for ribosomal L13a protein as an internal control.  The primers are 

summarized in Table 2. 

Table 2.  Real-Time PCR primers. 
VprBP F1  CGCTTTGCTTGGATGTCCTG 
VprBP R1  GCTTTTAGGGTTCTGAGGCAGC 
HSP27 F1  AGGAGCGGCAGGACGAGCAT 
HSP27 R1  GCGACTCGAAGGTGACTGGG 
Vpr F1  GACACTAGAGCTTTTAGAGG 
Vpr R1  GGATAAACAGCAGTTGTTGCAG 
Ribo F1  GAGGCCCCTACCACTTCC 
Ribo R1  AACACCTTGAGACGGTCCAG 

 

Western Blot and Immunoprecipitation 

Samples were run using Tris/Glycine buffer and transferred onto a hybond-P 

membrane (Amersham).  Antibodies used: phospho-IKKα/β (Ser176/180) (Cell 

Signaling, 2607, 1:1000), phospho-NF- κB p65 (Ser536) (Cell Signaling, 3033, 1:1000), 

NF-κB p65 (Cell signaling, C22B4, 1:1000), phospho-IκBα (Ser32) (Cell signaling 2859, 

1:1000), total IκBα (Santa Cruz, sc-847, 1:1000), PARP-1 (Santa Cruz, sc-8007, 1:1000), 

HSP27 (Cell Signaling, 2402, 1:1000), VprBP (abcam, ab75458, 1:1000), cFMS (Santa 

Cruz, sc692) (1:1000), phospho-tyrosine (Santa Cruz, sc-508, 1:1000), phospho-ERK 

(Santa Cruz, sc-7383) (1:1000), total ERK (Santa Cruz, sc-94) (1:1000), Lamin A 

(abcam, ab26300, 1:1000), β-actin (Sigma-Aldrich, A2228, 1:10,000), and α-Tubulin 

(Sigma-Aldrich, T6074, 1:1000).  Vpr was detected using rabbit antiserum developed in 

our center (1:500).  All antibodies were incubated overnight at 4°C in 5% BSA TTBS.  

The secondary antibodies mouse IgG-HPR (Santa Cruz, sc-2061, 1:10,000) or rabbit IgG-

HPR (Santa Cruz, sc-2030, 1:10,000) were incubated for 1 hour at room temperature in 

5% milk TTBS.  The signal was detected using Super Signal West Pico 
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Chemiluminescent Substrate (Peirce, 34080).  All protein samples were quantified by 

using BCA assay (Pierce, 23225).  Nuclear cytoplasmic fractions were obtained using the 

PE-NER nuclear and cytoplasmic extraction kit (Thermo Scientific, 78833). The western blots 

were quantified using representative blots by a protocol described below: 

http://www.lukemiller.org/journal/2007/08/quantifying-western-blots-without.html 

For cell signaling experiments, cells were serum starved (.1% FBS) for 48 hours 

and treated with M-CSF (10 ng/mL) for 20 minutes.  Immunoprecipitation (IP) was 

conducted using cFMS antibody followed by western for phospho-tyrosine and then 

cFMS.  Mono-Mac 1 cells or macrophages were treated overnight with inhibitor (J&J 

cFMS-1, or Sunitinib) and stimulated with M-CSF (10 ng/mL) for 5 minutes.  Samples 

were harvested in TNN NP-40 buffer (150 mM NaCL, 40mM Tris HCL pH 7.4, 1% 

NP40, 1mM DTT, 1mM EDTA).  We used 1000 ug of protein lysate from Mono-Mac 1 

cells for IP with 6 ug of cFMS or rabbit IgG control (Santa Cruz, sc-2027).  The IP was 

done over night at 4°C using Dynabeads conjugated to protein G (Invitrogen, 100-03D) 

in conjunction with the recommended BS3 cross-linking protocol (Thermo Fisher 

Scientific Inc., 21580).  For immunoprecipitation (IP), macrophages were serum starved 

for 24 hours in 0.1% human AB serum media in the presence of J&J cFMS-1 (0.01, 0.1, 

and 1 uM).  They were then re-stimulated with 1% human AB serum with and without 

M-CSF (10 ng/mL) and were harvested 20 minutes later.  These samples were processed 

by Dr. Manthey and Dr. Chaikin at Johnson and Johnson. 

Promoter Constructs 

The M-CSF promoter (-1310/+48 bp) was amplified from human genomic DNA 

by PCR with the primers Forward; GTGGAGAATGAATGGATGGCAAATGAC and 
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Reverse; CCGAGAGGACC CAGGCAAACTTT. The PCR product was ligated into the 

pGL3-basic vector (Promega Corporation) to form plasmid pGL3-M-CSF (pMCSF) (Fig. 

2.1). This sequence was analyzed using Mac Vector 6.0 software.  We identified four NF-

κB binding sites, three on the antisense and one on the sense strand.  The three on the 

antisense locations and sores are:  -447 to -438 (81.9), -387 to -378 (85.4), and -60 to 51 

(85.4).  The location on the sense strand and score was:  -359 to -367 (97.5).  The M-CSF 

promoter also contains four putative C/EBPβ binding domains.  The locations and sores 

for the antisense strand are:  –1269 to -1257 (84.9) and –1135 to -1121 (84.9) positions.  

The locations and scores for the sense are:  –815 to -804 (84.9) and –718 to -704 (85.5) 

locations.   

We used site directed PCR mutagenesis to create four mutants for individual NF-

κB sites (pMCSF NF-κB M1-4).  Further, we created mutants mutated for all four 

C/EBPβ, NF-κB, or all eight putative sites (pMCSF C/EBP D4, pMCSF NF-κB D4, and 

pMCSF D8 respectively).  The primers are listed in Table 3 and Table 4.  This was done 

in a two step PCR reaction using the internal mutagenic primer and an external primer 

located in the pGL3 vector at 37°C annealing temperature for 25 cycles using Accuprime 

Pfx (Invitorgen).  The pGL3 vector primers used were: pGL3F; 

GCTCTCCATCAAAACAAAACG and pGL3R; GCGGTTCCATCTTCCAGCG.  The 

products of these reactions were then run for two cycles at 55° C annealing temperature.  

Then external pGL3 primers were added and the reaction was run for an additional 25 

cycles.   The PCR products were digested using EcoRV and NcoI and ligated into a 

similarly digested, CIP treated, pGL3 vector.  These products were then transformed into 

TopTen Ecoli competent cells using electroporation and screened on the basis of 
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restriction pattern.  The combined mutants were produced in the exact same manner, 

except that multiple PCR reactions were necessary to form the full-length product.  All 

finished constructs were confirmed using DNA sequencing.  

Table 3:  C/EBPβ Mutagenic Primers 
Name Location Sequence (Highlighted bases are mutated, bold are restriction 

sites) 
M1F -1257 GACTTATCAGAGCCAGCAGATATCAATGAGCCAAGTCCAATGGG 
M1R EcoRV CCCATTGGACTTGGCTCATTGATATCTGCTGGCTCTGATAAGTC 

M2F -1121 GGAGTTTGTCTTCACCATGAAGCTTAAGGAGCATTCAGGCAGAGG 
M2R HindIII CCTCTGCCTGAATGCTCCTTAAGCTTCATGGTGAAGACAAACTCC 

M3F -815 CACCTCAGTAAGTGCAATTTCGAATCCCATCCAGGGAAATC 

M3R EcoRI GATTTCCCTGGATGGGATTCGAAATTGCACTTACTGAGGTG 
M4F -718 GGGTACCAGCCAGCAAGCTTATCATCTAAGGGTCAGGTGCC 

M4R HindIII GGCACCTGACCCTTAGATGATAAGCTTGCTGGCTGGTACCC 
 

 

Table 4:  NF-κB Mutagenic Primers  
Name Location Sequence (Highlighted bases are mutated, bold are restriction sites) 
M1F -438 GCGTCTTCAAAGGAGATCTCTCCCTTCCCAGTGCTTGTCCCTGC 
M1R BglII GGGAAGGGAGAGATCTCCTTTGAAGACGCCCCCACCCC 

M2F -378 GCTAAGATTTGGGGAGATCTAGGCCTGGAGGAAAGTCCCTTGGG 

M2R BglII CCTCCAGGCCTAGATCTCCCCAAATCTTAGCAGAAAACGGACCG 
M3F -367 GGCCTGGAGAGATCTCCCTTGGGACGATCATAGAGCGC 

M3R BglII CGTCCCAAGGGAGATCTCTCCAGGCCTGAAAATCCCCAAATCTTAGC 
M4F -51 GGCCAGGGTGAGATCTCATAAACCACATGCCCCCC 

M4R BglII GCATGTGGTTTATGAGATCTCACCCTGGCCAGGCGC 
M2/3F  GCTAAGATTTGGGGAGATCTAGGCCTGGAGAGATCTCCCTTGGG 

M2/3R  CCCAAGGGAGATCTCTCCAGGCCTAGATCTCCCCAAATCTTAGC 
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Figure 2.1:  The M-CSF promoter contains four C/EBP and NF-κB sites.  M-CSF 

promoter was cloned into pGL3 vector to generate pGL3-pMCSF.  Four C/EBPβ and 

four NF-κB sites were identified.  Mutant constructs were created for C/EBPβ, NF-κB, or 

both. 

Transfection of Mono-Mac 1 cells and Luciferase Assay 

The pMCSF promoter constructs were transfected into Mono-Mac 1 cells using 

the Effectene transfection reagent (Qiagen).  Briefly, we used a 12 ul enhancer and 15 ul 

effectene using a total of .5 ug of DNA/ .435 x 106 cells (350 ul of 1.25 x 106 cell/mL).  

The ratio of luciferase to renilla was 1:1.  Dual Luciferase® Reporter Assay System 

(Promega Corporation) was used to detect both the production of pMCSF driven firefly 

luciferase and renilla from a control vector (pRL-TK) (Promega Corporation).  The 

luminescence was detected on an EnVision 2104 multilabel reader (Perkin Elmer) at 10 

seconds post luciferin addition.  The counts per second values were normalized using the 

renilla control values and then expressed as fold change relative to untreated cells for 
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every individual promoter construct.  All data represents an average of at least three 

separate triplicates. 

Chromatin Immunoprecipitation  

Chromatin Immunoprecipitation (ChIP) was conducted using the ChIP-ITTM kit 

(Active Motif, 53001) using 2 ug of NF-κB p65 antibody (Santa Cruz, sc-372X).  DNA 

concentrations were determined for all sheared chromatin samples and equivalent 

amounts were used between samples in experiments.  The differentiated U937 and U1 

cells were also run with the identical amounts of starting chromatin.  TNF-α stimulation 

was given for 1.5 hours at 10 ng/mL.  PCR was conducted at 55°C annealing temperature 

using primers in the human M-CSF promoter pMCSFchF; 

TGCTCTCGGTCCGTTTTCTG and pMCSFchR; CACTTCCAAGCCTTCAGCAAAC. 

Cell Proliferation and Toxicity Assays  

For MTT toxicity experiments in U87-MT, macrophage, and PMA differentiated 

U937 cells, cells were infected with 5 moi of adenovirus construct for 2-3 days. For the 

AML study, the MTT assay was conducted following 3 days of treatment with inhibitor 

for all three cell lines (Roche, 11465007001).  All cell lines were initially plated at 25 x 

103 cells/96 well condition.  Student’s T-test was conducted to compare no treatment to 

the highest drug concentration for each cell line (* P≤ .05, ** P≤ .001, ns: non-

significant).  The optical density was read at 4 hours (Test: 550 nm, Reference: 630nm).  

The propidium iodide assay was done after 24 hours of treatment using standard protocol 

(Sigma-Aldrich, P-4170).  The annexin/7AAD assay was done after 48 hours of treatment 

using manufacture’s protocol (BD Pharmingen, 559763).  All flow cytometry was 



 

 50 

conducted on a Guava Easy Cyte mini machine (Guava Technologies).  The 

annexin/7AAD data was analyzed using FlowJo 9.2 software. 

M-CSF ELISA, and HIV p24 Assay 

U1 cells were initially plated at 25 x 103 cells/96 well condition and treated with 

TNF-α (.1-10 ng/mL) for 3 Days.  100 uL of supernatant was assayed using the NIH 

AIDS Research & Reference Reagent Program HIV-1 p24CA Antigen Capture Assay Kit 

according to the manufactures protocol.  The cells were also evaluated for toxicity using 

an MTT assay (Roche, 11465007001) and the p24 data was normalized to OD of the 

MTT assay.  The optical density was read at 4 hours (Test: 550 nm, Reference: 630 nm). 

A 2-way ANOVA was conducted for this experiment on the standardized p24/OD MTT 

values derived after treatment with TNF-α at 0, .1, 1, and 10 ng/ml for three days, with 

the data being converted to log units to assess relative differences in each condition.  The 

three puromycin vector backbone cell lines (shNull shHSP27, and shVprBP), were 

defined as background, and the neomycin resistant vectors were (shNT, shVpr) were 

assessed as Vpr positive or negative in the analysis.  Significant main effects of HSP27 

background were followed up with Bonferroni corrected t-tests. M-CSF ELISA was 

conducted using a kit (R&D systems, SMC00) according to the manufactures protocols.  
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CHAPTER 3 

INHIBITION OF NF-ΚB ACTIVITY BY HIV-1 VPR IS DEPENDENT ON VPR 

BINDING PROTEIN. 

Introduction 

While Vpr promotes infection of HIV-1 into non-dividing cells, the ability of Vpr 

to activate both viral and endogenous promoter activity likely contributes to increased 

viral replication and pathogenesis.  Initially, it was observed that Vpr can reactivate cells 

latently infected with HIV-1 (Levy, Refaeli et al. 1994; Levy, Refaeli et al. 1995).  Later 

studies demonstrated more specifically that Vpr transactivates the HIV-1 long terminal 

repeat (LTR) as well as other promoters (Cohen, Dehni et al. 1990; Wang, Mukherjee et 

al. 1995; Agostini, Navarro et al. 1996).  The U3 region of the HIV-1 LTR has several 

activating elements, which include NF-AT, glucocorticoid response elements (GRE), 

NRF, NF-κB, Sp1, a Tat responsive RNA element (TAR), and a TATA box (Katsanakis, 

Sekeris et al. 1991; Ghosh 1992; Soudeyns, Geleziunas et al. 1993; Verhoef, Sanders et 

al. 1999; McAllister, Phillips et al. 2000).  Studies employing HIV-1 LTR indicator 

constructs demonstrated that Vpr acts via Sp1 sites (Wang, Mukherjee et al. 1995).  Vpr 

binds to the Sp1/promoter complex and it has been proposed that Vpr exerts its effects by 

stabilizing promoter complexes containing multiple bound Sp1 proteins.  Other studies, 

however, support the notion that Vpr transactivates primarily the -278 to -176 region of 

the LTR, which contains the GREs, while the NF-κB and Sp1 are utilized by Tat 

mediated transactivation (Vanitharani, Mahalingam et al. 2001).   
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Studies using extracellular and serum derived Vpr show that Vpr stimulates HIV-

1 production (Levy, Refaeli et al. 1994; Levy, Refaeli et al. 1995).  Consequently, viron 

derived Vpr (Roux, Alfieri et al. 2000) and synthetic Vpr (Varin, Decrion et al. 2005) 

activate HIV-1 via NF-κB.  Further, extracellular Vpr stimulates virus production via toll-

like receptor 4 (TLR4), the receptor for lipopolysaccaride (LPS), by inducing NF-κB 

(Hoshino, Konishi et al. 2010).  Interestingly, HIV-1 infected macrophages and myeloid 

cells are well known to exhibit NF-κB activation (Roulston, Lin et al. 1995; Choe, 

Volsky et al. 2002).  HIV-1 infection and NF-κB activation form a positive feedback loop 

(Poli, Kinter et al. 1990) and Tat is known to induce the HIV-1 LTR synergistically with 

NF-κB (Chang, Gallo et al. 1995), indicating that this pathway is important for viral 

transcription.  Further, tumor necrosis factor alpha (TNF-α) and LPS both activate HIV-1 

transcription in myeloid cells (Pomerantz, Feinberg et al. 1990; Griffin, Leung et al. 

1991; Alfano and Poli 2001; Kedzierska, Crowe et al. 2003).  Consistent with these 

reports, I kappa B alpha (IκBα) levels are known to be reduced in the presence of HIV-1 

in myeloid cells (Asin, Taylor et al. 1999).  It is important to note that in the context of 

HIV-1 infection, the effects of Vpr may be different than in those studies that study 

individual Vpr expression, as other viral proteins are known to affect the NF-κB pathway.  

For example, Vpu has been shown to stabilize IκBα but not inhibit NF-κB activity (Bour, 

Perrin et al. 2001), while Tat has been shown to induce NF-κB activity by promoting 

IκBα degradation (Demarchi, d'Adda di Fagagna et al. 1996).   

In contrast to the above findings, other studies have shown that Vpr may suppress 

cellular immunity by modulating antigen mediated activation and cytotoxic killing of 

surviving T-cells, presumably, at least in part, by inhibiting NF-κB.  In DNA based 
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studies in mice, Vpr promotes a shift toward a Th2 response, likely by suppressing 

vaccination via interferon-γ, a Th1 inducing cytokine (Ayyavoo, Muthumani et al. 2002).  

Other studies have also confirmed that Vpr promotes Th2 cytokine interleukin (IL)-10 

while suppressing the expression of Th1 cytokine IL-12 (Mariani, Rasala et al. 2001; 

Muthumani, Desai et al. 2004; Majumder, Janket et al. 2005) by modulating NF-κB 

response.  Evidence from multiple reports suggests that Vpr’s effect on the immune 

system seems to be mediated by interaction with the NF-κB pathway by a mechanism 

involving glucocorticoid receptor (GR).  Glucocorticoids have been shown to have 

immunosuppressive effects due to NF-κB inhibition and induction of IκBα, which 

prevents NF-κB translocation into the nucleus thereby preventing cytokine release and 

immune activation (Auphan, DiDonato et al. 1995; Scheinman, Cogswell et al. 1995).  

Vpr was first shown to induce T-cell apoptosis in a TCR dependent mechanism by 

inducing IκBα and reducing NF-κB activity (Ayyavoo, Mahboubi et al. 1997).  Vpr 

downregulates NF-κB inducible cytokines in a manner reversed with RU486 treatment, 

suggesting that the inhibition of NF-κB via IκB induction mechanistically involves 

Vpr/GR interaction (Ayyavoo, Mahboubi et al. 1997; Muthumani, Kudchodkar et al. 

2000; Mirani, Elenkov et al. 2002).  Indeed, Vpr and GR cooperate to suppress NF-κB 

mediated transcription by a mechanism involving the inhibition of Poly (ADP-ribose) 

polymerase (PARP)-1 nuclear trafficking in response TNF-α (Muthumani, Choo et al. 

2006).  The cooperativity of Vpr with GR has been proposed as a cause of the 

hypersensitivity to glucocorticoids seen in HIV infected patients, thus amplifying the GR 

induced immunosuppressive effects (Mirani, Elenkov et al. 2002).   
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It is yet unknown why discrepant findings with regard to NF-κB activity are 

shown in different studies with Vpr, however, the effects of Vpr on immune suppression 

are attributed to inhibition of NF-κB while induction of HIV-1 is, in apparent conflict, 

dependant of NF-κB activation.  Considering that all the studies that show Vpr’s effect as 

stimulatory to NF-κB use extracellular Vpr, which presumably acts through the TLR4 

receptor, these findings likley represent only one role of Vpr on the pathway.  It is 

possible that different sources and amounts of Vpr activate or inhibit/activate various 

members of the NF-κB cascade to a different extent in various cell types, producing 

confounding variables for interpreting studies using different protocols. 

Several binding partners of Vpr, which have been identified in previous studies, 

may mediate Vpr’s interactions with the NF-κB pathway.  Damaged DNA binding 

protein 1 and Cullin 4a-associated factor-1 (DCAF-1) (originally identified as a binding 

partner called VprBP (Zhao, Mukherjee et al. 1994)) is an important cellular partner to 

Vpr and has been shown to be important in the G2 arrest property of Vpr (Belzile, Duisit 

et al. 2007; DeHart, Zimmerman et al. 2007; Hrecka, Gierszewska et al. 2007; Le Rouzic, 

Belaïdouni et al. 2007; Schrofelbauer, Hakata et al. 2007; Tan, Ehrlich et al. 2007; Wen, 

Duus et al. 2007).  VprBP mediates binding of Vpr to ubiquitinated residues and 

promotes polyubiquitination of target proteins (Belzile, Richard et al. 2010), which may 

affect IκBα (Schweitzer, Bozko et al. 2007).  Consequently, Vpr/VprBP binding mediates 

immune dysregulation (Ward, Davis et al. 2009; Richard, Sindhu et al. 2010).  

Considering that immune dysfunction due to Vpr has been linked with NF-κB 

suppression (Ayyavoo, Mahboubi et al. 1997), it is likely that VprBP plays a role in this 

pathway as well.  Another cellular binding partner of Vpr, heat shock protein 27 
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(HSP27), has been shown to inhibit Vpr properties, including G2 arrest (Bukrinsky and 

Zhao 2004).  HSP27 is involved in NF-κB activation, presumably by binding IκBα via 

ubiquitin sites to promote degradation (Parcellier, Schmitt et al. 2003; Guo, Kang et al. 

2009).  In other contexts HSP27 can actually inhibit the NF-κB pathway (Carlson, 

Vavricka et al. 2007; Dodd, Hain et al. 2009).  Therefore, it is possible that HSP27 may 

alter the effects of Vpr or allow Vpr’s stimulatory/inhibitory effects on the pathway. 

Results 

In order to investigate Vpr’s effect on NF-κB signaling, we assessed the 

responsiveness of an adenovirus luciferase construct, which is driven by repeat NF-κB 

promoter sequences, to an adenovirus overexpressing Vpr in primary macrophages (Fig. 

3.1A).  In macrophages derived from five out of six donors, Vpr produced statistically 

significant inhibition of the NF-kappaB-Luc promoter.  In donor three, however, Vpr 

produced a two-fold increase in NF-κB promoter activity.  In three or more of these same 

donors we were also able to compare the responsiveness of NF-kappaB-Luc to TNF-α 

(.1-10 ng/mL) (Fig. 3.1B) and LPS (.5-50 ng/mL) (Fig. 3.1C) in the presence and absence 

of Vpr.  While we observed significant inhibition of NF-kappB-Luc with Vpr almost 

every concentration of TNF-α, LPS treatment at or above 5 ng/ml showed no significant 

difference between the Vpr and Null conditions.  As some studies have suggested that 

Vpr may be secreted from the cell (Levy, Refaeli et al. 1994), we used a co-culture model 

to assess the potential role of secreted Vpr on macrophages containing only NF-κB 

luciferase constructs by infecting the promoter and expression vectors into separate 

populations of cells and mixing these after stable infection (Data not shown).  In the co-

culture experiment, a likely primarily “extracellular” Vpr significantly promoted NF-κB 
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activity at 0, 0.1 and 5 ng/mL concentrations of TNF-α, although some intracellular 

trafficking of the protein from the media into cells not directly expression the construct 

was also possible.  Intriguingly, these experiments showed a complete reversal of the 

effects seen in the preceding experiments using cells co-expressing both promoter 

construct and expression vector for Vpr (Fig. 3.1A-1C), albeit the magnitudes of the 

effect in the co-culture experiment were mostly quite small (Data not shown).  

As our results confirmed that Vpr exhibits inhibitory effects on NF-κB signaling, 

we investigated the mechanism involved in this phenomenon.  Previous studies had 

demonstrated that Vpr binds to GR and recruits PARP-1 to cause depletion of this NF-κB 

co-factor from the nucleus (Muthumani, Choo et al. 2006).  The report also showed that 

both the Vpr/GR/PARP-1 interaction and Vpr mediated NF-κB inhibition was disrupted 

with RU486 treatment.  To test the relevance of this pathway in primary macrophages, 

we treated transduced macrophages with AdNull or AdVpr and four hours later treated 

them with media or RU486 (1 uM) for additional twenty-four hours, at which point the 

effect of treatment on response to THF-α was examined (Fig. 3.2A).  Vpr inhibited NF-

kappaB-luc activity in the absence of TNF-α treatment and this effect was not reversed 

with RU486.  This concentration of RU486 (1 uM), however, abrogated the effects of 

dexamethasone (.1 uM) on inhibition of NF-κB activity in primary macrophages in 

numerous other experiments in our lab looking at a variety of outcomes including 

promoter activity and phosphorylation of IκBα, excluding the possibility that the reagent 

simply did not work (Data not shown).  Similarly, in TMZ-BL cells, which harbor an 

HIV-1 LTR driven luciferase construct, AdVpr expression caused a reduction in 

luciferase activity, which was not reversed with RU486 co-treatment (Fig. 3.2B).  
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Additionally, Vpr inhibited TNF-α induced activation of the HIV-1 LTR, which was also 

not reversed with RU486 treatment in TMZ-BL cells.  We next assessed the role of Vpr 

on IκBα response to TNF-α treatment in both macrophages (Fig. 3.2C) and PMA 

differentiated U937 cells (Fig. 3.2D).  In both cell types, Vpr inhibited NF-κB signaling, 

as increased levels of IκBα, the inhibitor to NF-κB, were seen in the presence of TNF-α 

and Vpr, consistent with the observations in Figure 3.1.  To assess the downstream 

consequences of Vpr expression on NF-κB signaling, we evaluated the 

nuclear/cytoplasmic trafficking of NF-κB, p65, and PARP-1, using differentiated U937 

cells as a model system (Fig. 3.2E).  Although expression of Vpr altered NF-κB signaling 

in U937 cells (Fig. 3.2D), surprisingly there was no effect of Vpr on the 

nuclear/cytoplasmic trafficking in these same cells.  Further, localization of PARP-1 was 

predominantly nuclear in these differentiated cells irrespective of Vpr expression; 

therefore, Vpr did not promote trafficking of PARP-1 to the cytoplasm.  However, lower 

levels of nuclear PARP-1 were observed in nuclear extracts derived from cells expressing 

Vpr and treated with TNF-α as compared to Null/TNF-α conditions. 

 We next compared the toxicity of Vpr expression in U87-MG cells, 

macrophages, and differentiated U937 cells (Fig. 3.3A).  While Vpr was toxic in U87-

MG cells, as reported previously (Siddiqui, Del Valle et al. 2008), there was no toxicity 

detected in macrophages or U937 cells, suggesting that the effects of Vpr on the NF-κB 

are independent of Vpr’s toxicity.  We, therefore, focused our mechanistic studies on 

pathways that may be directly involved NF-κB signaling.  As mentioned above, VprBP 

and HSP27 are likely to interact with both Vpr and the NF-κB intracellular signaling 

pathways.  To assess the role of Vpr and HSP27 on NF-κB signaling, we used shRNA 
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lentivirus constructs to generate stable U1 and U937 cell lines knockdowns for these 

genes (Table 1).  We screened two HSP27 and four VprBP shRNA constructs for gene 

knockdown in U1 cells by real-time PCR (Fig. 3.3B).  We observed the greatest 

inhibition with HSP27 construct #2 and VprBP construct #4.  However, shVprBP 

construct #4 consistently appeared to be toxic in U1 and U937 cells as we were not able 

to maintain these cells for more than one passage after selection with puromycin.  As a 

result, we used HSP27 #2 and VprBP #2 for the remaining experiments.  We then 

confirmed the expression level of HSP27 and VprBP in the three U937 knockdown cell 

lines with and without expression of Vpr (Fig. 3.3C-D).  Expectedly, HSP27 knockdown 

greatly reduced the levels of the gene relative to shNull and shVprBP stable cell lines.  

Further, VprBP knockdown resulted reduction of the protein expression, but the 

reduction was less efficient than that of the shHSP27 construct.  Surprisingly, there was a 

substantial, reproducible reduction of VprBP levels in the HSP27 knockdown conditions 

when Vpr was also co-expressed. 

To localize the effect of Vpr on the NF-κB signaling pathway in differentiated 

U937 cells, we compared the effects of TNF-α (10 ng/mL) and LPS (50 ng/mL) on cells 

with and without Vpr (Fig. 3.4A).  As in Figure 3.2D, Vpr expression resulted in 

increased IκBα levels in the presence of TNF-α treatment.  Further, Vpr greatly inhibited 

the phosphorylation of NF-κB p65 in response to such treatment.  However, in the 

response to LPS treatment, Vpr expression did not consistently increase IκBα levels.  

Similarly, in the presence of LPS the inhibition of p65 phosphorylation was less than that 

observed in the TNF-α treatment condition in the absence of LPS at all time points.  

These results suggested that Vpr has distinct intracellular effects that selectively inhibit 
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the TNF-α but not LPS mediated induction of NF-κB in the studied presented, in apparent 

agreement with Figure 3.1B and 3.1C.  We then investigated the role of HSP27 and 

VprBP on Vpr’s alteration of NF-κB signaling.  Expression of Vpr in U937 shHSP27 and 

shNull knockdown cell lines significantly decreased the NF-kappaB-Luc activity, 

whereas shVprBP-expressing cells had no observable effects of Vpr on luciferase activity 

(Fig. 3.4B), consistent with the idea that VprBP is an necessary component of Vpr’s 

inhibitory effects.  Further, shVprBP/Vpr expressing cells showed lower levels of total 

IκBα after twenty minutes of TNF-α treatment, as would be expected if NF-κB activation 

occurred in response to TNF-α, while shNull/Vpr and shHSP27/Vpr cells demonstrated 

higher or equal levels of IkBα after TNF-α stimulation (Fig. 3.4C).  Therefore, the 

selective inhibition of TNF-α mediated NF-κB activation likely involves interaction of 

Vpr and VprBP.  We assessed NF-κB p65 phosphorylation after five minutes of TNF-α 

treatment in these same cell lines and again demonstrated that Vpr inhibits p65 

phosphorylation in Vpr/shNull cells (Fig. 3.4D).  However, both shHSP27 and shVprBP 

cells had lower levels of NF-κB phosphorylation in response to TNF-α treatment as 

compared to shNull cells, making the apparent lack of effect from Vpr on this process 

difficult to interpret in these knockdown cells.  In agreement with Figure 3.4A as well as 

the promoter experiments from macrophages in Figure 3.1B and 3.1C, twenty minutes of 

LPS treatment promoted IκBα degradation and NF-κB p65 phosphorylation in all three 

cell lines regardless of Vpr expression status, further suggesting that this process is TNF-

α specific (Fig. 3.4E). 

Considering that NF-κB is an important pathway for the activation of HIV-1 LTR 

(Lenardo and Baltimore 1989; Poli, Kinter et al. 1990), we next investigated the role of 
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Vpr and NF-κB in the induction of HIV-1 expression using an U1 latently infected cell 

line.  We first generated a U1 cell line with a stable knockdown of Vpr and confirmed the 

reduction in RNA using real-time PCR (Fig. 3.5A).  We then treated shNT and shVpr 

cells with TNF-α (.01-10 ng/mL) for three days (Fig. 3.5B).  In light of our results from 

Figure 3.2B, we expected that in the absence of Vpr, less TNF-α stimulation would be 

required to stimulate HIV-1 production from latency, however, the opposite effect was 

observed.  It remains unclear if the absence of Vpr in U1 cells influences NF-κB directly, 

viral replication directly, or both, but p24 production in response to TNF-α is certainly 

inhibited in the absence of Vpr in U1 cells.  We compared the IκBα signaling in U937 

and U1 cells in response to TNF-α treatment (Fig. 3.5C).  Consistent with reports that 

HIV-1 infection increase NF-κB signaling (Chang, Gallo et al. 1995), U1 cells displayed 

greater degradation of IκBα in response to TNF-α, preliminarily suggesting that any Vpr 

present in these cells may actually be less able to inhibit the pathway to a significant 

extent, perhaps due to the presence of other HIV-1 proteins that inhibit Vpr’s effects. 

We also treated double knockdown U1 cell lines with TNF-α (.1-10 ng/mL) for 

three days.  Again, the absence of Vpr (shVpr) significantly decreased virus production 

with TNF-α treatment at 0, 1 and 10, but not 0.1 ng/mL of TNF-α; however, there was no 

significant interaction of Vpr and background at any dose (Table 5).  These data do not 

support a modification of Vpr’s effect by presence or absence of HSP27 or VprBP in an 

HIV-1 context, in contrast to the role of VprBP identified in NF-κB inhibition by Vpr in 

uninfected cells, but may support the idea that different mechanisms are at play in 

infected cells.  The background was significant at 1 ng/ml of TNF-α treatment, with the 

shHSP27 background appearing to have the highest levels of virus production (Table 5).  
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This experiment was one of three conducted, with all three experiments having shown 

generally similar trends (increased p24 production with shHSP27 background and 

decreased production with shVpr expression in all backgrounds).  These effects differed 

in magnitude and significance at various doses of TNF-α between experiments.   

 

Figure 3.1:  Differential effects of Vpr on NF-kappa B activity in primary 

macrophages.  A.  Primary macrophages from six separate donors were transduced with 

5 moi of AdNull or AdVpr and 5 moi of AdNF-κB luciferase reporter construct for two 

days.   Induction of AdNF-κB luciferase activity in primary macrophages transduced with 

5 moi AdNull or AdVpr for one day and then treated with different concentrations for 

TNF-α for 1 day (B) or LPS for 1 day (C).  Combined fold change in luciferase activity 
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as compared to AdNull shown for donors four through six.  Fold change in luciferase 

shown for donors three, five, and six. (* P≤ .05, ** P≤ .001, ns: non-significant) 

 

Figure 3.2:  Inhibition of NF-kappa B by Vpr involves IκBα regulation but not 

PARP-1/GR signaling.  Macrophages from donor one (A) and TMZ-BL cells (B) were 

traduced with 5 moi of AdNull or AdVpr and 5moi of AdNF-κB luciferase reporter 

construct and after four hours with media or RU486 (1 uM) for one day.  The cells were 

then treated for one additional day with TNF-α (10 ng/mL) and/or RU486 (1 uM).   

Effect of Vpr on IκBα phosphorylation and degradation in response to TNF-α (10 ng/mL) 

treatment in macrophages (C) and PMA differentiated U937 cells.  D.  Effect of Vpr on 

PARP-1 and NF-κB translocation nuclear translocation in response to thirty minutes of 
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TNF-α (10 ng/mL) treatment in PMA differentiated U937 cells. (* P≤ .05, ** P≤ .001, ns: 

non-significant) 

 

Figure 3.3:  Toxicity of Vpr and generation of knockdown U1/U937 cells.  A.  MTT 

values after 2 and 3 days of culture for U87-MG cells, macrophages, and PMA 

differentiated U937 cells that were transduceded with 5 moi of AdNull or AdVpr.  B.  

Levels of HSP27 and VprBP mRNA transcripts in stable U1 shRNA cell lines.  C-D.  

Levels of HSP27 and VprBP in AdNull and AdVpr transduced or AdVpr PMA 

differentiated U937 stable cell lines expressing shNull, shHSP27 #2 and shVprBP #2 

shRNA.  
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Figure 3.4:  Vpr mediated regulation of IκBα and NF-κB p65 signaling is altered by 

HSP27 and VprBP knockdown.  A. Effect of Vpr on NF-κB p65 phosphorylation, IκBα 

phosphorylation, and IκBα degradation in response to TNF-α (10 ng/mL) or LPS (50 

ng/mL) treatment in PMA differentiated U937 cells.  B. Induction of AdNF-κB luciferase 

activity in PMA differentiated shNull, shHSP27, or shVprBP cells transduced with 5 moi 

AdNull or AdVpr for one day and then treated with different concentrations for TNF-α 

(10 ng/mL) for 1 day.  Effect of Vpr on NF-κB p65 phosphorylation, IκBα 

phosphorylation, and IκBα degradation in response to 20 minutes of TNF-α (10 ng/mL) 

(C), 5 minutes of TNF-α (10 ng/mL) (D), or 20 minutes of LPS (50 ng/mL) (E) treatment 

in shNull, shHSP27, or shVprBP PMA differentiated U937 cells. (* P≤ .05, ** P≤ .001, 

ns: non-significant) 
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Figure 3.5:  Effect of Vpr knockdown in U1 cells in induction of HIV-1 from latency. 

Vpr mRNA transcript levels in stable U1 cells transduced with lentiviurs shNT and shVpr 

#3 constructs.  B.  HIV p24 induction with TNF-α treatment of shNT and shVpr U1 cells.  

C.  Effect of 10 minutes of TNF-α (10 ng/mL) treatment on IκBα phosphorylation and 

IκBα degradation in U937 and U1 cells.  (* P≤ .05, ** P≤ .001, ns: non-significant) 

 

Table 5:  2-way ANOVA analysis of the p24 production in U1 cells treated with 
TNF-α. 

TNF-α (ng/mL) 0 .1 1 10 
Background .009 .882 <0.001 <0.001 
Vpr .009 .515 <0.001 <0.001 
Background/Vpr .731 .200 .413 .700 
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Discussion 

In this study we report that Vpr has inhibitory effects on NF-κB activation that are 

specific to the TNF-α pathway, but not the LPS pathway.  This suggests that multiple 

targets of Vpr may exist for NF-κB regulation, which may serve different roles in the 

context of HIV-1 infection.  Further, we identify VprBP as one possible cellular 

component of Vpr’s regulation of IκBα in response to TNF-α stimulation.  We did not 

identify such a role for another of Vpr’s binding partners, HSP27, which instead seems to 

inhibit Vpr functions.  Finally, our preliminary findings suggest NF-κB regulation by Vpr 

may not behave in the same manner when other HIV-1 components are present, as U1 

knockdown cells for Vpr were unexpectedly less responsive to TNF-α stimulation of HIV 

replication from latency than those that had baseline Vpr expression levels.  However, 

this last finding is mechanistically unconfirmed and may be due to effects of Vpr 

downstream from transcriptional regulation, for example viral replication or packaging.  

Although the role of Vpr in NF-κB signaling, inflammation, viral transcription, 

and latency is well studied, there have been conflicting reports about these properties of 

Vpr.  Indeed, studies using extracellular and serum derived Vpr showed that Vpr 

stimulates HIV-1 production (Levy, Refaeli et al. 1994; Levy, Refaeli et al. 1995).  

Consequently, viron derived Vpr (Roux, Alfieri et al. 2000) and synthetic Vpr (Varin, 

Decrion et al. 2005) activates HIV-1 via NF-κB.  Further, extracellular Vpr stimulates 

virus production via toll-like receptor 4 (TLR4), the receptor for lipopolysaccaride (LPS), 

by inducing NF-κB (Hoshino, Konishi et al. 2010).  Interestingly, HIV-1 infected 

macrophages and myeloid cells are well known to exhibit NF-κB activation (Roulston, 

Lin et al. 1995; Choe, Volsky et al. 2002), HIV-1 infection and NF-κB activation form a 

positive feedback loop (Poli, Kinter et al. 1990), and Tat is known to induce the HIV-1 
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LTR synergistically with NF-κB (Chang, Gallo et al. 1995) indicating that this pathway is 

indeed important for viral transcription.  Consistent with these reports, I kappa B alpha 

(IκBα) levels are known to be reduced in the presence of HIV-1 in myeloid cells (Asin, 

Taylor et al. 1999).  Our results in this study partly address these conflicting findings.  

We report that there are differences in the response of cells to TNF-α and LPS when Vpr 

is expressed:  Vpr inhibits NF-κB in the presence of TNF-α but not with LPS treatment 

(Fig 1B, 1C).  Our findings are generally consistent with the notion that Vpr inhibits NF-

κB signaling within the cell (Muthumani, Choo et al. 2006).  However, our experiments 

using a co-culture model suggest the possibility that Vpr is indeed capable of stimulating 

signaling extracellularly via TLR4 (LPS receptor) (Data not shown) as reported by others 

(Hoshino, Konishi et al. 2010).  The role of extracellular Vpr is a preliminary finding in 

our study, which is limited by numerous technical considerations including a lack of 

reliable methods to measure Vpr concentrations in the extracellular and intracellular 

samples from in vitro cultures.  We hypothesize that HIV-1 is able to both suppress NF-

κB to dampen immune response to virus while activating, or at very least not inhibiting, 

this same pathway in HIV-1 infected macrophages (discussed below). 

While our study shows that Vpr clearly inhibits NF-κB, p65 nuclear/cytoplasmic 

trafficking was not altered in U937 cells (Fig. 3.2E).  Further, the inhibitory effect on NF-

κB signaling is quite small in U937 cells and in some macrophage donors, both in the 

presence and absence of TNF-α.  The small changes in U937 cells may be due to altered 

NF-κB signaling in this cell line as it is common for this pathway to be involved in 

cancer transformation (Karin, Cao et al. 2002).  Further, the incomplete inhibitory effects 

of Vpr on TNF-α mediated activation may also be explained in both macrophages and 
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U937 cells due to the hypothetical stimulatory effects of Vpr via TLR4.  Additionally, 

different donors may have altered susceptibility to intracellular/extracelluar effects of 

Vpr, if they are indeed both relevant in these cell lines.  This is also one possible reason 

why donor 3 in Figure 3.1A showed increase in NF-κB activity, while other donors had 

inhibition of this pathway.  We hypothesize that neutralization of “extracellular” Vpr 

with an antibody may potentiate the observed inhibition of the intracellular form and such 

an approach may overcome current technical limitation of Vpr quantification. 

We were not able to confirm the previously described mechanism of NF-κB 

inhibition by Vpr due to PARP-1 exclusion to the cytoplasm (Muthumani, Choo et al. 

2006).  It should be noted that in contrast to the study mentioned, we failed to observe 

any difference in PARP-1 localization due to TNF-α treatment in our experimental 

system.  It is possible that this is a mechanism that is more relevant to specific cell types, 

such as Hela cells there that were used in experiments by Muthumani and others.  

Although we did not identify this as an important aspect of Vpr regulation of NF-κB in 

macrophages, PARP-1 may be important in repression of the pathway in T-cells or other 

immune cells whose functions are disinhibited following RU486 treatment (Ayyavoo, 

Mahboubi et al. 1997; Muthumani, Kudchodkar et al. 2000; Mirani, Elenkov et al. 2002).  

Further experiments are needed to discern exactly which mechanisms are at play in 

particular cell types. 

VprBP is likely a key mediator for the inhibitory effects of Vpr on NF-κB 

signaling.  Indeed, our results show that U937 cells that express VprBP shRNA have less 

inhibition of NF-κB activity (Fig. 3.4B) and have lower levels of IκBα with TNF-α 

treatment then control cells (Fig. 3.4C).  Considering that Vpr does not affect the LPS 
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pathway, we reason that Vpr/VprBP interaction leads to inhibition of the TNF-α specific 

pathway by binding to some member of the cascade upstream of IKK.  However, as a 

consequence of Vpr/VprBP function, the degradation of another target that regulates the 

NF-κB pathway is also possible.  Therefore, we reason that Vpr may cause inhibition of 

the TNF-α/NF-κB signaling directly by recruiting a member of the signaling cascade to 

the VprBP ubiquitination complex, or indirectly by depleting other necessary cellular 

genes (Fig. 3.6).   

HSP27 knockdown did not appear to influence the role of Vpr on NF-κB (Fig. 

3.4B-C).  If anything, HSP27 knockdown seemed to potentiate the inhibitory effects of 

Vpr on the TNF-α/NF-κB pathway, consistent with the reports that have characterized 

HSP27 as an inhibitor of Vpr (Liang, Benko et al. 2007).  Interestingly, VprBP seemed to 

be depleted in cells that lack HSP27 and express Vpr (Fig. 3.3C-D).  This may suggest in 

the absence of the endogenous inhibitor for Vpr, increased Vpr/VprBP binding leads to 

destabilization of the complex, however, this needs to be confirmed by future studies.  

Finally, HSP27 knockdown seemed to produce higher levels of HIV p24 in U1 cells, 

however, shNull, shVprBP, and shHSP27 backgrounds were all affected by shVpr 

expression (Table 5).  This further suggests a protective, anti-HIV-1 role for HSP27, as 

has been suggested in previous reports. 

Our observed effects of Vpr in U1 cells on HIV-1 activation from latency were 

inconsistent with the findings that Vpr inhibited NF-κB in uninfected parental U937 cells 

(Fig. 3.4, Fig. 3.5, Table 5).  As it is known that Vpr inhibition results in decreased HIV-

1 replication (Balotta, Lusso et al. 1993) and that Tat has been shown to induce NF-κB 

activity by promoting IκBα degradation (Demarchi, d'Adda di Fagagna et al. 1996), it 
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possible that Vpr serves a different role in HIV-1 infected cells due to inhibition of on the 

effects on NF-κB signaling from other HIV-1 proteins such as Tat.  It should be noted 

that U1 cells have a mutation in Tat that reduces transcription of the HIV-1 promoter 

(Emiliani, Fischle et al. 1998), however, if Tat is indeed responsible for the de-inhibition 

of NF-κB, the mutation carried by the U1 cells may not abrogate this effect.  

Alternatively, a different HIV-1 gene may be involved.  Consistent with this notion, U1 

cells had greater degradation of IκBα with TNF-α treatment (Fig. 3.5C), however, direct 

effects of Vpr on HIV-1 transcription or packaging cannot be excluded and future studies 

are necessary to decipher these mechanisms. 

Although our results do not point to one specific function of Vpr in NF-κB 

regulation, the roles of NF-κB as well as Vpr in viral replication have multiple, 

conflicting descriptions in the field.  Vpr inhibits immune responses by in a mechanism 

that is at least partly dependent on NF-κB inactivation (Ayyavoo, Mahboubi et al. 1997), 

but also activates HIV-1 from latency and is important for viral replication (Balotta, 

Lusso et al. 1993; Levy, Refaeli et al. 1994; Chang, Gallo et al. 1995; Levy, Refaeli et al. 

1995; Roux, Alfieri et al. 2000; Varin, Decrion et al. 2005; Hoshino, Konishi et al. 2010).  

It has not been adequately addressed how Vpr is able to stimulate viral replication while 

simultaneously inhibiting NF-κB signaling in the host.  In our study we show clear 

inhibitory effects of Vpr on TNF-α/NF-κB signaling of uninfected cells TMZ-BL cells 

(Fig. 3.2B), U937 cells (Fig. 3.4B), and macrophages (Fig 1A-1C), while sparing 

LPS/NF-κB activity.  Consequently, if the proposed extracellular Vpr is indeed capable 

of stimulating the TLR4 receptor, this may produce selective activation of particular cells 

in vivo.  A recent report has shown that TLR4 expression, while not normal for T-cells, is 
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induced by HIV-1 on CD4+ and CD8+ T-cells and that this expression decreases as 

patients progress to AIDS (Miller Sanders, Cruse et al. 2010).  Further, HIV-1 infected 

macrophages have been reported to possess a Type 1 phenotype that is more responsive 

to LPS (Brown, Kohler et al. 2008).  Therefore, we believe that the differential regulation 

of the NF-κB pathway by Vpr may promote activation of virus replication in 

macrophages and perhaps infected T-cells, but inhibition of NF-κB in other bystander 

cells, ultimately suppression of the immune response as reported in previous work 

without preventing viral replication (Ayyavoo, Mahboubi et al. 1997; Ayyavoo, 

Muthumani et al. 2002; Muthumani, Bagarazzi et al. 2002).  However, the potential 

selectivity of the inhibitory effects for bystander cells warrants extensive further 

investigation. 

In conclusion, this study is a case in point that Vpr/NF-κB signaling is a complex 

phenomenon that likely involves multiple targets.  The NF-κB pathway is a particular 

challenge for HIV-1 virus, being both necessary for viral growth and the driver of 

immune response; therefore, it is intuitive that regulation of such signaling on the part of 

HIV-1 would require cell or context specific mechanisms.  Future studies are needed to 

address the role of Vpr in T-cells versus macrophages, the role of intracellular or 

extracellular Vpr, as well as Vpr’s effects in infected versus uninfected cells. Vpr’s 

alteration of NF-κB signaling is very likely relevant for HIV-1 persistence and immune 

evasion, therefore, research in to these mechanisms may provide avenues for future 

therapy. 
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Figure 3.6:  Hypothesis of Vpr function in myeloid cells.  A.  Vpr stimulates LPS 

pathways but inhibits TNF-α pathways.  B.  Vpr/VprBP interaction inhibits TNF-α/LPS 

signaling.  HSP27 may disrupt the Vpr/VprBP interaction. 
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CHAPTER 4 

MACROPHAGE COLONY STIMULATING FACTOR REGULATION BY NF-

κB:  A RELEVANT PATHWAY IN HIV-1 INFECTED MACROPHAGES. 

Introduction 

M-CSF is a hematopoietic growth factor, which synergizes with other factors to 

regulate the survival, proliferation, differentiation and migration of cells of the myeloid 

lineage (For review see: (Pixley and Stanley 2004; Haine, Fischer-Smith et al. 2006)).  

M-CSF in combination with interleukin (IL)-1 and IL-3 promotes monoblast to 

promocyte differentiation.  Further, M-CSF and IL-3 are sufficient to induce 

differentiation of promocytes to monocytes.  Finally, M-CSF alone is capable of inducing 

monocyte to macrophage differentiation.  Such activity is initiated when M-CSF binds to 

it’s cognate receptor, cFMS, leading to activation of class IA PI3K resulting in cell 

survival in monocyte-derived macrophages cells via signaling through Akt and Erk 

effectors (Kelley, Graham et al. 1999; Bhatt, Kelley et al. 2002).  Another cellular 

signaling protein, Cbl, has also been shown to promote cell motility due to M-CSF 

treatment in mononuclear cells (Caveggion, Continolo et al. 2003).  Indeed, these 

processes lead to the survival and trafficking of monocytes to various compartments of 

the body, where macrophage immigrants carry out their normal functions.  These same 

processes, however, may also contribute to disease.  For example M-CSF plays a 

prominent role in osteoporosis, promoting osteoclast development and, therefore, bone 

reabsorption (For review see: (Teitelbaum and Ross 2003).  Interestingly, the absence of 
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M-CSF or M-CSF receptor, cFMS, leads to the opposite condition, namely osteopetrosis 

in mouse models (Marks and Lane 1976; Wiktor-Jedrzejczak, Bartocci et al. 1990; 

Yoshida, Hayashi et al. 1990; Cecchini, Dominguez et al. 1994; Yeung and Stanley 

2003).  

M-CSF appears to play a central role in HIV-1 progression and pathogenesis with 

HIV-1 and M-CSF forming a positive feedback loop, each promoting the expression of 

the other (Gruber, Weih et al. 1995; Kutza, Crim et al. 2000).  Monocyte-derived 

macrophages cells pre-treated with M-CSF are more susceptible to HIV-1 infection than 

control cells (Kalter, Nakamura et al. 1991).  Both CD4 and CCR5, receptors necessary 

for M-tropic HIV-1 infection into macrophages, are increased in response to M-CSF 

treatment of these cells (Bergamini, Perno et al. 1994; Oravecz, Pall et al. 1997). The role 

of M-CSF in monocyte survival and differentiation further underscores the relevance of 

this cytokine to HIV-1 pathogenesis, as the macrophages appear to represent a significant 

reservoir of HIV infection.  HIV-1 infected macrophages also express high levels of 

macrophage inflammatory protein (MIP)-1α in an M-CSF dependant manner, which 

recruits uninfected macrophages to sites of infection (Kutza, Crim et al. 2000).  M-CSF 

may also play a critical role in HIV-1 associated CNS disorders by increasing 

monocte/macrophage production and through alteration in monocyte/macrophage 

phenotype.  M-CSF is known to induce CD16 expression on monocytes (Stohr, Schindler 

et al. 1998).  Indeed, CD16+ monocytes are preferentially infected by HIV-1 in vitro 

(Ellery, Tippett et al. 2007) and have a more mature, macrophage-like phenotype 

(Pulliam, Sun et al. 2004).  These cells likely promote the establishment of a persistent 

reservoir of HIV-1 infection in the CNS.  The expansion of this subset may be important 
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in the pathogenesis of HIV-1 infection as CD163+/CD16+ monocyte expansion correlates 

significantly with viral load and inversely with CD4+ T cell count.  Based on the co-

expression of CD163, a marker associated with alternative macrophage activation, 

macrophages derived from such monocytes likely play a role in CNS disease and may 

contribute to the immune polarization and the consequently, the immunopathogenesis of 

AIDS (Fischer-Smith, Tedaldi et al. 2008).  Indeed perivascular macrophages and 

microglia within the CNS exhibit this phenotype and constitute the major reservoir of 

HIV-1 infection in the brain (Fischer-Smith, Croul et al. 2001).  

M-CSF may also play a critical role in HIV-1 dementia (HIV-D) by inducing a 

monocyte/macrophage phenotype that is associated with the expansion of CD16+ 

monocytes in blood, and the accumulation of CD16+ perivascular macrophages and 

microglia within the CNS (Fischer-Smith, Croul et al. 2001).  In vitro, M-CSF treatment 

promotes increased monocyte CD16 expression in peripheral blood mononuclear cells 

(PBMC) derived from subjects with apoE4/E4 genotype (Stohr, Schindler et al. 1998), 

which is associated with HIV-D progression in older patients (Valcour, Shikuma et al. 

2004).  CD16+ monocytes are preferentially infected by HIV-1 in vitro (Ellery, Tippett et 

al. 2007) and have a more mature, macrophage-like phenotype (Pulliam, Sun et al. 2004).  

These cells likely promote the establishment of a persistent reservoir of HIV-1 infection 

in the CNS.  CD14dim/CD16+ macrophages have been reported to produce greater levels 

of pro-inflammatory cytokine TNF-α (Thieblemont, Weiss et al. 1995), which is elevated 

in the peripheral blood of patients with HIV-1 (Alonso, Pontiggia et al. 1997) and 

consequently forms a positive feedback loop with M-CSF in mononuclear cells (Besse, 

Trimoreau et al. 2000; Ji, Sun et al. 2000).  Interestingly, TNF-α has been reported to 
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promote the expression of neurotoxic agents, including glutamate and L-cysteine, in 

cooperation with HIV-1 tat and gp120 respectively (Yeh, Kaul et al. 2000; Koller, Schaal 

et al. 2001).  M-CSF also promotes amyloid precursor protein (APP) in 

CD14bright/CD16+ monocytes and brain macrophages from HIV-D patients (Vehmas, 

Lieu et al. 2004).  APP and HIV-1 co-localization has been reported in HIV-1 

encephalopathy brains (Nebuloni, Pellegrinelli et al. 2001), further emphasizing this 

additional mechanism for the role of M-CSF in the pathogenesis of HIV in the CNS.  

Indeed, M-CSF has been detected in cerebrospinal fluid of patients with HIV-D (Gallo, 

De Rossi et al. 1994) and it’s contact with perivascular macrophages may promote the 

accumulation and survival of these cells in the setting of HIV encephalitis.  

HIV-1 seems unique among other viruses in the effect on M-CSF in monocyte-

derived macrophages (Kutza, Crim et al. 2000).  Other viruses, such as measles virus 

(MV) and respiratory syncytial virus (RSV) influence the expression of cytokines TNF-α, 

IL-6, and MIP-1a, but not M-CSF.  However, the mechanism of HIV-1 induced M-CSF 

production in monocyte-derived macrophages cells remains unclear.  HIV-1 infection is 

also associated with higher plasma levels of interferon (IFN)-γ, TNF-α, TNF-β, IL-1, IL-

3, transforming growth factor (TGF)-β, IL-10, and IL-4, which may induce M-CSF 

production (for reviews see: (Alonso, Pontiggia et al. 1997; Haine, Fischer-Smith et al. 

2006; Orsilles, Pieri et al. 2006)).  Further, TNF-α, IL-6, granulocyte-macrophage 

stimulating factor (GM-CSF), and IL-1β are reported to be elevated in the CNS during 

HIV-1 infection (For review see: (Fischer-Smith and Rappaport 2005).  HIV-1 induced 

cytokines, whether expressed directly in macrophages or accumulating in extracellular 

fluids, may modulate M-CSF gene expression in vivo in the setting of HIV-1 infection.  
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In this report, we use a newly generated M-CSF promoter constructs spanning upstream 

regions not investigated previously.  Here utilize indicator gene expression, gene ChIP, as 

well as western blot analysis to determine the role of NF-κB as well as C/EBPβ factors, 

in controlling M-CSF gene expression in myeloid cell lines.  

Results 

To begin investigating M-CSF gene regulation, we evaluated M-CSF gene 

expression in primary macrophages as well as in promoter-indicator plasmid transfected 

cells.  Macrophages produced M-CSF in response to TNF-α treatment as reported 

previously (Fig. 4.1A-C) (Oster, Lindemann et al. 1987).  Compared to media alone, 

treatment with IκBα activator dexamethasone (Dex) (.1 uM) significantly reduced M-

CSF expression in primary macrophages (Fig. 4.1A).  This effect was reversed with 

RU486 (1 uM), an inhibitor of progesterone and glucocorticoid receptors, suggesting that 

this is specific to the glucocorticoid pathway.  In the presence of TNF-α (10 ng/mL), the 

addition of Dex reduced expression of M-CSF, which was again reversed by RU486 (Fig. 

4.1B).  It is noteworthy that the levels of M-CSF in the TNF-α/Dex condition (Fig. 4.1B) 

were twice that of the Dex alone (Fig. 4.1A) (P≤.001).  Another inhibitor of the NF-κB 

pathway, sc-514, which reduces TNF-α mediated activation of IKKβ, also decreased M-

CSF gene expression in response to TNF-α treatment (Fig. 4.1B).  Dexamethasone 

exhibited a dose dependant inhibitory effect on M-CSF expression in macrophages (Fig. 

4.1C).  Interestingly, TNF-α stimulated M-CSF production at low concentrations of 

dexamethasone, but not at concentrations above 0.01 uM (Fig. 4.1C).  Finally, these 

treatments produce expected changes on IκBα phosphorylation and degradation (Fig. 
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4.1D-E).   TNF-α (Lane 2: T) treatment (10 minutes) also induced phosphorylation of 

IκBα as compared to media treatment (M) (Fig. 4.1D).  Further, co-treatment of these 

cells with dexamethasone (Lane 4: T+D) resulted in decreased IκBα phosphorylation.  

The addition of RU486 to dexamethasone reversed this effect (Lane 5: D+R).  

Mono-Mac 1 cells responded to TNF-α and dexamethasone treatment in a manner 

similar to primary macrophages.  Culture of Mono-Mac 1 cells with TNF-α for three days 

resulted in marked increase in M-CSF gene expression as determined by ELISA (Fig. 

4.2A).  Consistent with such a response, these treatments also resulted in expected 

inhibition (Dex) or activation (TNF-α) of NF-κB p65 nuclear trafficking in these cells 

(Fig. 4.2B, Fig. 4.2C), whereas RU486 treatment had no such effect.  Next, we evaluated 

the role of TNF-α on M-CSF promoter activation in Mono-Mac 1 cells using our M-CSF 

luciferase construct (pMCSF).  We observed that 24 hours of TNF-α (10 ng/mL) 

treatment induced promoter activity of the wild-type construct and also activated the 

promoter of all four individual mutants for NF-κB (pMCSF NF-κB M1-4) (Fig. 4.3A).  

However, while the pMCSF C/EBP D4 mutants responded to TNF-α in a manner similar 

to wild-type (WT) pMCSF, the mutant lacking functional NF-κB sites, pMCSF NF-κB 

D4, failed to respond to such stimulation (Fig. 4.3B).  In summary, Figures 4.3A and 

4.3B suggest that there is a functional redundancy in the NF-κB sites, at least under the 

conditions tested.  Interestingly, the pMCSF D8 did respond to TNF-α, suggesting that 

sites other than those we have identified are TNF-α responsive and that the C/EBPβ sites 

may play some inhibitory role in these cells.  These results paralleled our studies using 

dexamethasone.  While, the pMCSF C/EBP D4 mutants were inhibited by Dex in a 

manner similar to wild-type pMCSF promoter activity, the mutants lacking all functional 
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NF-κB sites, pMCSF NF-κB D4 and PMCSF NF-κB D8, failed to respond to such 

stimulation (Fig. 4.3C).   Interestingly, the pMCSF D8 mutant seemed to be less inhibited 

by dexamethasone.  As in Figure 4.3B, these results might suggest that the C/EBPβ sites 

can exhibit inhibitory function, evident under these conditions.  This finding, however, is 

observed only in the absence of NF-κB binding sites. 

As TNF-α treatment results in uncoupling of NF-κB p50/p65 heterodimer from 

IκBα, we investigated if the p65 component of the complex, which is necessary for 

promoter activation (Baldwin 1996), was bound to the M-CSF promoter in unstimulated 

and TNF-α treated cells.  Indeed, we were able to show that NF-κB p65 binds to the M-

CSF promoter in Mono-Mac 1, U937 and U1 cells via ChIP (Fig. 4.4A-C).  The binding 

of p65 did not require TNF-α treatment in Mono-Mac 1 cells, in agreement with 

detectable levels of p65 in nuclear fractions of untreated cells (Fig. 4.2B).   Interestingly, 

we observed binding of p65 to M-CSF promoter in U937 cells but not in PMA treated 

U937 cells.  In contrast, U1 cells treated with PMA, where HIV-1 virus was reactivated 

(data not shown), had far greater levels of p65 bound to the M-CSF promoter, as 

determined by ChIP assay using equivalent amounts of chromatin.  Consistent with this 

observation, U1 cells that were differentiated for 24 hours with PMA, and treated for 3 

days with TNF-α, had significantly increased levels of M-CSF compared to U937 cells 

(Fig. 4.4D).  Treatment of U937 cells with TNF-α did not produce equivalent results, 

suggesting that the effects on TNF-α are more pronounced on PMA treated U1 cells.  

Overall, these findings suggest that the NF-κB pathway contributes to M-CSF expression 

in a manner consistent with molecular mechanisms involving NF-κB activation and 

interaction of p65 with cis-acting promoter elements. 
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Figure 4.1: M-CSF production in macrophages is NF-κB responsive.  A. 

Macrophages were cultured for three days of with dexamethasone (Dex) (.1 uM), RU486 

(1 uM), or both treatments.  M-CSF production shown, standardized by using protein 

content.  B.  Three days macrophage culture in a TNF-α (10 ng/ml) context in 

combination with dexamethasone (Dex) (.1 uM), RU486 (1 uM), and SC-514 (50 uM) 

treatments.  C. Dose curve for dexamethasone (0-.001 uM) on macrophage M-CSF 

production with and without TNF-α (10 ng/ml).  D. Western blot analysis of IκBα 

phosphorylation and degradation shown in response to treatment of macrophages with 

dexamethasone, TNF-α, or combined treatment for 10 minutes.  [M: Media; T: TNF-α 

(10 ng/mL); D; dexamethasone (.1 uM); R: RU486 (1 uM)].  E.  Quantification of values 
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from D standardized by levels of β-actin. (Student’s T-test:  * P≤ .05, ** P≤ .001, ns: 

non-significant) 

 

Figure 4.2: M-CSF is NF-κB responsive in Mono-Mac 1 cells.  A. Effect of three days 

of TNF-α (10 ng/mL) on levels of M-CSF excretion in Mono-Mac 1 cells.  B.  Western 

blot analysis of NF-κB p65 nuclear translocation following 1 hour of treatment with 

media alone, dexamethasone (.1 uM), RU486 (1 uM), or TNF-α (10 ng/mL).  C.  

Quantification of B with cytoplasmic fractions standardized for β-actin and the nuclear 

fractions standardized by Lamin A levels.  The standardized nuclear and cytoplasmic 

values were then divided to determine the ratio of nuclear/cytoplasmic levels of NF-κB 

p65 in each condition. 
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Figure 4.3: The M-CSF promoter contains functional redundant NF-κB binding 

sites.  A. M-CSF promoter response of single NF-κB mutants (NF-κB M1-M4) to one 



 

 83 

day of TNF-α treatment in Mono-Mac 1 cells as determined by luciferase activity.  

Firefly luciferase values were standardized for transfection by using renilla luciferase 

values from the same sample.  M-CSF promoter response of quadruple NF-κB, C/EBPβ, 

or both promoter element mutants (NF-κB D4, C/EBP D4, and pMCSF D8 respectivly) 

to one day of TNF-α (B) or dexamethasone (C) treatment in Mono-Mac 1 cells.  

(Student’s T-Test:  * P≤ .05, ** P≤ .001, ns: non-significant) 
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Figure 4.4: NF-κB p65 binds to the M-CSF promoter in myeloid cell lines.  A. ChIP 

analysis of NF-κB p65 binding to the M-CSF promoter in undifferentiated and PMA (5 

nM) differentiated U937 in response to 1.5 hours of TNF-α treatment.  Amplification 

shown at 45 cycles of PCR.  B. NF-κB ChIP for M-CSF promoter in chronically infected, 

PMA differentiated U1 cells in response to TNF-α (Fig. 4.4B.).  Amplification shown at 

38 cycles.  C. NF-κB ChIP for M-CSF promoter in Mono-Mac 1.  Amplification shown 
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at 45 cycles.  D. Levels of M-CSF expression than U937 cells after one day of PMA 

treatment followed by 3 days of TNF-α treatment (10 ng/mL) (Fig. 4.4D.).  (Student’s T-

Test:  * P≤ .05, ** P≤ .001, ns: non-significant)  

Discussion 

In this report, we demonstrated that M-CSF gene expression is activated by TNF-

α in an NF-κB dependent manner in primary human macrophages.  We used Mono-Mac 

1 cells as a model for M-CSF promoter activation by TNF-α, as these cells have similar 

M-CSF induction as compared to primary macrophages.  By using promoter constructs 

mutated for individual and multiple putative C/EBPβ and NF-κB binding site, we 

demonstrated that multiple NF-κB sites are involved in the activation of the promoter by 

TNF-α and inhibition by dexamethasone.  Mutation of the C/EBPβ did not seem to affect 

the responsiveness of the M-CSF receptor to either TNF-α or dexamethasone treatments, 

but may have had a small repressive effect in the absence of all four NF-κB binding sites.  

We observed binding of NF-κB p65 to the M-CSF promoter in Mono-Mac 1 cells as well 

as U937 and U1 cell lines.  The induction of NF-κB p65 binding to the promoter by TNF-

α was far greater in U1 cells as compared to U937 cells, consistent with the higher 

expression levels M-CSF observed in U1 cells. 

Previous studies have shown that several regions of the M-CSF promoter are 

responsive to TNF-α stimulation, although smaller regions of the promoter were used 

relative to the studies presented here.  Also, the molecular mechanisms have been 

incompletely understood in previous works.  It was originally described that the region 

from -419 to -304 of the human M-CSF promoter was responsive to TNF-α stimulation 

(Yamada, Iwase et al. 1991).  This region also produced a shift in response to TNF-α as 
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seen by electromobility shift assay.  Consistent with these findings, DNA footprinting of 

this construct showed that TNF-α stimulation protected the -379 to -366 region of the 

promoter.  Another study identified an additional responsive element at -65 in same 

promoter (Sater 1994).  The report also documented the presence of a 50 kDa protein 

bound to this site.  Finally, a third study found that a 93 base pair region located in -420 

to -328 region had activation due to M-CSF (Yao, Sun et al. 2000), in apparent agreement 

with findings mentioned above (Yamada, Iwase et al. 1991).  The authors also reported 

that this region bound the NF-κB p50 subunit, but not p52, p65, c-Rel, or Rel B subunits.  

Interestingly, it was noted by the authors that the -1239 to +15, -969 to +15, and -719 to 

+15 M-CSF promoter constructs failed to respond to TNF-α treatment, suggesting that 

some inhibitory elements may be present on the promoter.  As a whole, these studies 

demonstrated that M-CSF is TNF-α responsive due to NF-κB binding of the promoter, 

however, there has been a lack of consensus regarding the relevant cis-acting binding 

sites involved in this effect.  Also, p50 binding alone cannot account for transcriptional 

regulation of this gene, as this subunit lacks a transactivational domain (Ghosh, May et 

al. 1998).  Therefore, additional clarity was needed about the elements important in the 

regulation of human M-CSF, particularly in the context of HIV-1 infection in myeloid 

cells.  While it has previously been shown that M-CSF is NF-κB responsive, the exact 

mechanistic nature of this relationship has not been fully elucidated.  In this report, we 

showed that the M-CSF promoter has multiple, redundant NF-κB binding sites and 

demonstrated that NF-κB p65 binds to the M-CSF promoter.   

Results from studies using treatments activating or inhibiting NF-κB support that 

this transcription factor pathway is involved in M-CSF regulation.  In macrophages, 
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TNF-α induced M-CSF expression while inhibitors for NF-κB inhibited the secretion of 

M-CSF (Fig. 4.1).  The induction of M-CSF by TNF-α was lower in macrophages than in 

the Mono-Mac 1 cell line (Fig. 4.1C & 4.2A).  This may be due to the differences in the 

level of differentiation in these cells.  Indeed, the magnitude of the inhibitory effects 

observed with dexamethasone and sc-514 suggest that the NF-κB pathway is activated to 

a large extent in macrophages under standard culture conditions.  Furthermore, 

considering Figure 4.4A-B, enhanced induction of M-CSF in U1 cells, relative to U937 

cells, NF-κB induction of M-CSF may be augmented by HIV-1 infection.  

 It is surprising that the C/EBPβ binding sites appeared to have an inhibitory effect 

on M-CSF activity.  This result was only observed where all the NF-κB sites were 

mutated and with TNF-α treatment (Fig. 4B) or dexamethasone treatment (Fig. 4C).  In 

previous studies, M-CSF promoter regions longer than the basic promoter with NF-κB 

sites alone failed to respond to TNF-α stimulation (Yamada, Iwase et al. 1991; Sater 

1994; Yao, Sun et al. 2000).  Therefore, it is possible that C/EBPβ sites in the M-CSF 

promoter, which are found in areas upstream of NF-κB binding sites, promote some of 

these previously described inhibitory effects with respect to TNF-α induction.  However, 

in our hands, we did not observe inhibition by these sites in the presence of wild type NF-

κB sequences.  Further, while previous results were obtained using a human promoter 

and human myeloid cell lines, similar to ones used in this study, our results differ in that 

our findings clearly indicate that individual NF-κB mutant constructs retain the ability 

respond to TNF-α treatment.  Finally, these previous reports emphasize the role of NF-κB 

p50, but not NF-κB p65 in M-CSF promoter activation due to M-CSF (Sater 1994; Yao, 

Sun et al. 2000).  Our results clearly show, however, that NF-κB p65 does bind to the 
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promoter via CHIP assay in both Mono-Mac 1 cells and U937 cells (Fig. 4.4A-C).  One 

reason for this discrepancy may be due to the use of electromobility shift assay rather 

than the ChIP studies described here.  If this is indeed true, it may be that the binding of 

p65 to the M-CSF promoter occurs indirectly.   

As HIV-1 infected macrophages and myeloid cells are well known to exhibit NF-

κB activation (Roulston, Lin et al. 1995; Choe, Volsky et al. 2002), it is likely that at least 

some HIV-1 mediated induction of M-CSF is due to NF-κB signaling.  Consequently, 

latently HIV-1 infected U1 cells can be reactivated using PMA stimulation (Kim, 

Gollapudi et al. 1996), likely promoting NF-κB activity and possibly accounting for the 

observed increase in p65 binding to the M-CSF promoter.   This is consistent with our 

findings that there is indeed greater p65 binding in U1 cells as compared to U937 cells.  

Considering that TNF-α, and other NF-κB inducing agents, are up-regulated during HIV-

1 infection, the increased responsiveness of infected cells to such stimulation may further 

account for the high levels of M-CSF seen in the disease.  Therefore, in addition to the 

already known activation of NF-κB activity, including HIV-1 long terminal repeat 

activation (West, Lowe et al. 2001), NF-κB may promote cell survival in HIV-1 infected 

macrophages via M-CSF induction.  Indeed, such protective effects of M-CSF on the 

survival of HIV-1 infected macrophages with TRAIL treatment has been demonstrated 

previously (Huang, Erdmann et al. 2006).  Therefore, the NF-κB pathway seems to be an 

important mediator of infection and survival signals in myeloid cells, perhaps 

contributing to persistence of HIV-1 infection within this lineage. 

In conclusion, our findings demonstrate that NF-κB induces M-CSF expression 

on a promoter level via multiple functional NF-κB binding sites.  The C/EBPβ sites 
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found in the M-CSF promoter appear to have little function with regard to NF-κB 

responsiveness or may be inhibitory based on our findings comparing pMCSF NF-κB D4 

and pMCSF D8 constructs (Fig. 4.3B & C).  It is possible that the C/EBPβ sites govern 

the activity of M-CSF in monocytes in response to other stimuli, such as IL-6.  

Considering that NF-κB signaling is activated in HIV-1 infected cells and our findings 

that p65 binding to the M-CSF promoter is greater in U1 cells, it is likely that increased 

M-CSF expression during HIV-1 is driven, at least in part, by NF-κB over-activity.  

Other cytokines upregulated during HIV-1 may also have a role up-regulation of M-CSF 

during HIV-1 infection.  
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CHAPTER 5 

M-CSF RECEPTOR:  AN IMPORTANT ONCOGENE IN AML AND 

ACCIDENTAL TARGET OF CURRENT THERAPEUTICS?  

Introduction  

 M-CSF is a hematopoietic growth factor, which synergizes with other factors to 

regulate the survival, proliferation, differentiation and motility of cells of the monocyte 

lineage (Pixley and Stanley 2004; Haine, Fischer-Smith et al. 2006).  M-CSF in 

combination with IL-1 and IL-3 promotes monoblast to promocyte differentiation.  M-

CSF and IL-3 are sufficient to cause differentiation of promocytes to monocytes, while 

M-CSF alone is capable of inducing monocyte to macrophage differentiation.  M-CSF 

receptor (CSF-1R, also known as cFMS), when activated, induces class IA PI3K 

resulting in cell survival in monocyte derived macrophages via signaling through Akt and 

Erk effectors (Kelley, Graham et al. 1999; Bhatt, Kelley et al. 2002).  Another cellular 

signaling protein, Cbl, has also been show to promote cell motility resulting from M-CSF 

treatment in mononuclear cells (Caveggion, Continolo et al. 2003).  Overall, these 

processes lead to the differentiation, survival, and trafficking of monocyte/macrophage to 

various compartments of the body, where these cellular emmigrants carry out their 

normal functions.  These same processes, however, may contribute to disease.  For 

example M-CSF over-expression plays a prominent role in osteoporosis, being the 

driving force for osteoclast development and, therefore, the resultant bone reabsorption 

(For Review See: (Teitelbaum and Ross 2003)).  Interestingly, the lack of M-CSF or or 
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cFMS in mice leads to the opposite condition named osteopetrosis (Marks and Lane 

1976; Wiktor-Jedrzejczak, Bartocci et al. 1990; Yoshida, Hayashi et al. 1990; Cecchini, 

Dominguez et al. 1994; Yeung and Stanley 2003).  It is worth noting that breast cancers 

produce M-CSF and tumor burden has been correlated with the extent of osteoporosis 

(Lin and Pollard 2004). 

In light of the mitogenic responses that result from the M-CSF signaling cascade, 

it is not surprising that cFMS has been identified as an oncogene.  Originally, v-FMS was 

identified as a transforming retroviral product contained in the genome of Susan 

McDonough strain of feline sarcoma virus (SM-FeSV), a retrovirus which causes 

fibrosarcoma in cats (McDonough, Larsen et al. 1971). Additionally, cFMS is also 

upregulated and subsequently mutated in one fifth of Friend murine leukaemia virus (F-

MuLV) derived leukemias (Gisselbrecht, Fichelson et al. 1987).  Studies of the v-FMS 

gene have identified sites of mutation that promote transformation, which cause one of 

two phenotypic outcomes:  inactivation of regulation and ligand independent activation.  

A 50 amino acid truncation in C-terminal end along with 11 other residues of an 

unknown source (Woolford, McAuliffe et al. 1988) was identified in v-FMS that 

inactivates the regulatory domain (Roussel, Dull et al. 1987).  This deletion, however, is 

only responsible for partial transformation (Browning, Bunn et al. 1986; Woolford, 

McAuliffe et al. 1988).  Additional mutations in extracellular domain promote 

autophosphorylation and full transformation, with additive effects observed when both C-

terminal and extracellular domain mutation is combined (Roussel, Downing et al. 1988; 

Woolford, McAuliffe et al. 1988).  Similar findings have been observed with C-terminal 

and extracellular mutation of a humanized v-FMS (Woolford, McAuliffe et al. 1988) 
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The importance of M-CSF for biological function of myeloid cells and the 

observed ability of cancer causing animal retroviruses to promote transformation through 

cFMS signaling would imply that the M-CSF receptor may be involved in acute 

myelogenous leukemia (AML).  Indeed the expression of v-FMS in myeloid cells causes 

transformation, supporting that this oncogene may be involved in AML (Wheeler, 

Rettenmier et al. 1986; Wheeler, Askew et al. 1987).  Consequently, several studies in 

humans have also implicated cFMS in AML.  It was reported that cFMS expression is 

increased in later stages of AML (Parwaresch, Kreipe et al. 1990) and mutant FMS was 

identified in 23% of human AML M4 (Ridge, Worwood et al. 1990).  If cFMS is indeed 

important for in AML, the increased likelihood of cFMS involvement in differentiated 

AML may imply either that these cells rely on cFMS signaling to a greater extent, that 

these tumors are more differentiated due to cFMS activity (which promotes 

differentiation), or both.  

Current therapeutics for AML, among other targets, are designed to inhibit 

specific tyrosine kinase receptors, but may have cross reactivity with other tyrosine 

kinase targets.  Sunitinib, for example, inhibits vascular endothelial growth factor, 

platelet-derived growth factor, Kit, fms-related tyrosine kinase 3 (FLT3) (Mendel, Laird 

et al. 2003; O'Farrell, Abrams et al. 2003) and can also inhibit cFMS (Murray, Abrams et 

al. 2003; Mashkani, Griffith et al. 2010).  Considering that all of these genes may be 

involved in cancer, it is difficult to ascertain exactly which receptors are being affected to 

achieve therapeutic results.  In a recent phase 1 clinical trial for AML, Sunitinib was 

shown to promote partial remission (6/14 patients) (Fiedler, Serve et al. 2005).  Although 

the doses used (.125-.25 uM: 50 ng/ml-100 ng/mL) were sufficient for both FLT3 and 
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cFMS inhibition (Murray, Abrams et al. 2003; Mashkani, Griffith et al. 2010), it was 

asserted that the response was due to FLT3, as 4/4 patients with FLT3 mutations were 

partial responders.  However, other studies suggest that the effect of Sunitinib on AML is 

unlikely to be solely due to FLT3 inhibition.  Whereas Sunitinib was found to promote 

MEK/ERK inhibition (Nishioka, Ikezoe et al. 2008), FLT3 inhibition alone did not result 

in reduction in constitutive ERK activation in AML cells, including those with FLT3 

mutations (Siendones, Barbarroja et al. 2007).  Further, Sunitinib induces differentiation 

in both mutant and wild type FLT3 AML cells (Nishioka, Ikezoe et al. 2009), suggesting 

that, at least, additional receptors are involved in these effects.  Considering that cFMS is 

important in differentiation and MEK/ERK signaling, as well as the cross reactivity of 

Sunitinib to the cFMS kinase, our study was designed to investigate the possible role of 

M-CSF receptor signaling in AML. 

Results   

In order to assess the relevance of cFMS in AML, we treated three myeloid cell 

lines, Mono-Mac 1, THP-1, and U937, with compounds that affect the cFMS and other 

pathways.  First, we used a specific cFMS inhibitor developed by Johnson and Johnson 

(J&J cFMS-1) (Huang, Hutta et al. 2009) at concentrations from .01 to 1uM (Fig. 5.1A).   

After allowing the cells to grow for three days, only Mono-Mac 1 cells demonstrated 

decreased proliferation with J&J cFMS-1 treatment, as determined by MTT.  As 

Sunitinib has been used in clinical trials for AML, and can also inhibit cFMS, we treated 

all three cell lines with Sunitinib at concentrations from .01 to .1uM (Fig. 5.1B).  At these 

concentrations, Sunitinib is can inhibit cFMS (Murray, Abrams et al. 2003; Mashkani, 

Griffith et al. 2010) and are similar to those used in a recent clinical trial (Fiedler, Serve 
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et al. 2005).  As with the treatment with J&J cFMS-1, Sunitinib caused differences in 

proliferation of the Mono-Mac 1 cells.  In order to confirm that the downstream signaling 

for cFMS is similarly important for the growth of these cells, we treated all three cell 

lines with a MEK-1/2 inhibitor, U0126 at concentrations from 1 to 10uM (Fig 1C).  

Surprisingly, all three cell lines showed some inhibition of growth with 10uM 

concentration of U0126.  However, U0126 treatment produced a smaller degree of 

inhibition than J&J cFMS-1 or Sunitinib treatment.   

To determine the nature of the toxicity of these three treatments, we cultured the three 

cell lines with J&J cFMS-1 (1 uM), Sunitinib (.1 uM), U0126 (10 uM), or stuarosporine 

(.5 uM) for 24 hours and conducted a propidium iodide cell-cycle assay (Mono-Mac 1 

cells shown in Fig. 5.2A-E).  In Mono-Mac 1 cells, J&J cFMS-1 increased the G1 

population from 57.92% to 64.04% (Fig. 5.2B), Sunitinitb increased G1 cells from 

57.92% to 63.4% (Fig. 5.2C), and U0126 increased the G1 population from 57.92% to 

62.6% (Fig. 5.2D).  Staurosporine expectedly caused DNA fragmentation due to cell 

death (Fig. 5.2E).  J&J cFMS-1 treatment, however, caused very small changes in cell-

cycle of THP-1 or U937 cells, altering the percentage of cells in the G1 phase of the cell 

cycle from 61.14% to 61.64% and 45.52% to 46.52% respectively (Fig. 5.2F-O).  In 

U937 cells, Sunitinib increased the percentage of cells in G1 from 45.52% to 48.04% and 

U0126 increased the population from 45.52% to 53.9% (Fig. 5.2K-O).   In order to assess 

the possible role of apoptosis in the toxicity of these treatments we conducted an 

Annexin/7AAD assay (Fig. 5.3).  No apoptosis was observed in any of these cell lines, 

except in stuarospoine (.5 uM) treated cells.  
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Figure 5.1:  The effect of J&J cFMS-1, Sunitinib, and U0126 on AML cell line 

proliferation.  Mono-Mac 1, THP-1 and U937 cells were treated for 3 days with (A) J&J 

cFMS-1 (.01, .1, 1 uM), (B) Sunitinib (.1, .033, .066, 1 uM), and (C) U0126 (1, 5, 10 

uM).  MTT was read after 4 hours. 
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Figure 5.2:  The effect of J&J cFMS-1, Sunitinib, and U0126 AML cell line cell-

cycle.  Mono-Mac 1 were treated for 24 hours with (A) media, (B) J&J cFMS-1 (1 uM), 
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(C) Sunitinib (1 uM), (D) U0126 (10 uM), and (E) staurosporine (.5 uM).  Cell-cycle 

analysis was done after 30 minutes of propidium iodide treatment. Same treatments 

shown for THP-1 (F-J) and U937 cells (K-O). 

We next evaluated the effect of these drug treatments on the cell signaling of the 

three AML cell lines.   We found that of the three cell lines, Mono-Mac 1 cells were the 

only cell line to have constitutive ERK activity (Fig. 5.4A).  Further, this activity was 

slightly responsive to M-CSF and was inhibited by J&J cFMS-1 (1 uM).  THP-1 cells did 

not have ERK activity with M-CSF and therefore, we did not observe any inhibition with 

J&J cFMS-1 treatment.   U937 cells did not have ERK activation with M-CSF, but 

interestingly had slight ERK activation with J&J cFMS-1 culture conditions.  Next, we 

compared the effects of J&J cFMS-1 (1 uM), Sunitinib (.1 uM), and U0126 (10 uM) on 

ERK activity in Mono-Mac 1 cells with and without M-CSF treatment (Fig. 5.4B).   As 

shown in Fig. 5.4A, the cells had high ERK activity and M-CSF induced slight ERK 

activation in Mono-Mac 1 cells.  J&J, Sunitinib, and U0126 all inhibited ERK activity. 

Sunitinib caused the greatest inhibition of ERK, followed by J&J cFMS-1, and U0126 

had the smallest effect on ERK.  Interestingly, the degree of inhibition of each compound 

closely corresponds to the efficacy and potency, in inhibiting cell proliferation as 

observed by MTT (Fig. 5.1A-C).   Further, even though the inhibition of the by J&J 

cFMS-1 is not competitive, we did observe some response to M-CSF treatment on ERK 

activity, implying that the inhibition by the J&J cFMS-1 compound is not complete in 

these conditions.  Additionally, some M-CSF ERK activation was noted in the U0126 

cells, also suggesting that the inhibition of ERK is incomplete with 10 uM of U0126 

treatment.  We then compared the level of cFMS expression in the three AML cell lines 
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by western blot.  We were only able to detect cFMS in Mono-Mac 1 cells (Fig. 5.4C).  

The observation that cFMS is not expressed in THP-1 and U937 cells has been reported 

previously on an mRNA level (Parwaresch, Kreipe et al. 1990).  Interestingly, we found 

that the M-CSF receptor was downregulated after 5 minutes of treatment with M-CSF 

(Fig. 5.4D). 

To determine if the effect of the J&J drug on cFMS phosphorylation occurred at 

similar doses as the inhibition of growth observed by MTT, we treated macrophages with 

J&J cFMS-1 at .01-1 uM concentrations and stimulated with M-CSF for five minutes 

(Fig. 5.4E).  The cells were processed for IP with cFMS to determine the level of receptor 

phosphorylation.  We observed that there was a dose dependent inhibition of cFMS in 

these cells, with the least phosphorylation observed at 1 uM of the J&J compound.  M-

CSF increased receptor phosphorylation, however, this effect was apparent at all 

concentrations of J&J cFMS-1.  This is in agreement with our results, which showed 

ERK activation with same concentrations of J&J cFMS-1 and M-CSF treatment (Fig. 

5.4B).  Interestingly, there was an also upregulation of cFMS with J&J treatment in these 

cells.  We next treated Mono-Mac 1 cells with J&J cFMS-1 (.01-1 uM) and Sunitinib 

(.01-1 uM) (Fig. 5.4F).  Following IP for cFMS, we observed inhibiton of 

phosphorylation in a similar dose dependent manner for J&J.  Sunitinib also had 

inhibitory effects on cFMS activation, but these were not clearly dose dependent.  Both 

treatments appeared to increase the amount of total cFMS by IP.  By western blot, both 

treatments did indeed show a profound and dose dependent increase in the amount of 

total cFMS receptor in Mono-Mac 1 cells (Fig. 5.4G). 
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Figure 5.3:  The effect of J&J cFMS-1, Sunitinib, and U0126 on Mono-Mac 1 

apoptosis.  Mono-Mac 1 were treated for 48 hours and assessed for annexin/7AAD 
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flurescence.  Unstained (A) and cell treated with (B) media, (C) J&J cFMS-1 (1 uM), (D) 

Sunitinib (1 uM), (E) U0126 (10 uM), and (F) staurosporine (.5 uM) are shown. 

 

Figure 5.4:  Cell signaling and cFMS receptor function with drug treatment in AML 

cell lines.  A.  Mono-Mac 1, THP-1 and U937 cells were treated for 24 hours with media 

or J&J cFMS-1 (1 uM) and were re-stimulated with and without M-CSF (10 ng/mL) for 

20 minutes.  Phospho-ERK and total ERK are shown.  B.  Mono-Mac 1 cells were treated 

with media, J&J cFMS-1 (1 uM), Sunitinib (.1 uM), or U0126 (10 uM) for 24 hours and 

were re-stimulated with and without M-CSF (10 ng/mL) for 20 minutes. Phospho-ERK 

and total ERK are shown.  C. Western blot of cFMS expression in Mono-Mac 1, THP-1, 

and U937 cells.  D.  The expression of cFMS with and without 5 minutes of M-CSF (10 

ng/mL) treatment in Mono-Mac 1 cells.  E.  Primary macrophages were starved in .1% 
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hAB serum for 24 hours, with and without J&J cFMS-1 treatment.  The cells were treated 

with M-CSF (10 ng/mL) for 5 minutes.  IP for cFMS followed by western for phospho-

tyrosine and cFMS are shown.  F.  Mono-Mac 1 cells were pre-treated with J&J cFMS-1 

or Sunitinib for 24 hours and were treated with M-CSF for 5 minutes. IP for cFMS 

followed by western for phospho-tyrosine and cFMS (F) and western blot of for total 

cFMS (G) are shown. 

Discussion 

Our findings show that Mono-Mac 1 cell proliferation is inhibited by J&J cFMS-1 

and Sunitinib treatment, while all three cell lines have some toxicity from U0126 

treatment.  The nature of the inhibitory effect was primarily via G1 arrest, as shown by 

cell-cycle and Annexin/7AAD staining.  We found that Mono-Mac 1 cells had 

constitutive ERK activation that was inhibited with toxic treatments and partly responsive 

to M-CSF.  Mono-Mac 1 cells were the only cell line to express cFMS and demonstrated 

downregulation of cFMS with M-CSF treatment.  We found that J&J cFMS-1 inhibited 

the receptor activity at similar concentrations that caused toxicity in these cells.  In 

agreement with previous publications, we also showed that Sunitinib inhibits cFMS 

phosphorylation, supporting the possibility that cFMS may be one target of the drug.  

Finally, both drugs were observed to increase the expression of cFMS receptor in Mono-

Mac1 cells in a dose dependent manner. 

While we have not proven that cFMS is required for Sunitinib toxicity in AML, 

we provide ample evidence that this is a very likely target.  The two drugs that have 

activity against the cFMS kinase and inhibited the growth of the only cell line, of the 

three we tested, to have cFMS expression.  We cannot exclude, however, the possibility 



 

 104 

that another target common to both drugs is responsible for this effect.  Alternatively, the 

two drugs may have separate targets in Mono-Mac 1 cells other than cFMS.  Another 

possibility is that cFMS is involved in the toxicity of both compounds, but is not 

sufficient by itself as a target.  Consistent with the notion that cFMS is indeed inhibited, 

ERK inhibition was observed with both treatments, as well as U0126, a known MEK1/2 

and ERK inhibitor.  This inhibition also explains the cell-cycle arrest that we report, as 

the ERK pathway is involved in G1/S transition (Fujita, Sato et al. 2003).  While ERK is 

activated by M-CSF in myeloid cells (Kelley, Graham et al. 1999; Bhatt, Kelley et al. 

2002), ERK activation is a common pathway to many extracellular signals and does not 

specifically implicate cFMS (Roux and Blenis 2004).  Finally, the upregulation of cFMS 

in response to toxic drug treatment in Mono-Mac 1 cells likely indicates that this receptor 

function is important for cell division and is highly regulated by these cells.  It is, 

however, also possible that cFMS upregulation is a non-specific event in response to 

toxicity.  In both cases, the induction of cFMS by receptor tyrosine kinase inhibitors may 

be an important marker to study and correlate to patient outcomes. 

The nature of cFMS signaling in Mono-Mac 1 cells is likely not the same as wild 

type receptor.  While we did not sequence the gene in these cells, our results show that 

the receptor has a structure distinct from that of donor derived-macrophages.  The cFMS 

antibody used detected two expected bands in primary cells (Fig. 5.4E, other data not 

shown), but only one band in Mono-Mac 1 cells (Fig. 5.4C, D, F, G).  This implies that 

one of the bands normally detected by the antibody is abrogated in Mono-Mac1 cells, 

possibly post-transcriptionaly.  It is possible that such modification may lead to ligand-

independent activation, however, it is likely that the regulatory domain is not affected as 
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there appears to be a downregulation of the receptor by M-CSF treatment in Mono-Mac 1 

cells (Fig. 5.4D).  Further, if cFMS function is indeed needed for the growth of Mono-

Mac 1 cells, it is unlikely that M-CSF produced by these cells activates the receptor as 

this cell line produces extremely low quantities of M-CSF (Data not shown).  Future 

studies will need to be completed with these cells to determine the exact nature of M-CSF 

signaling.   

We treated three cell lines that represent different stages of AML with inhibitors 

for both extracellular tyrosine kinase receptors and an inhibitor for downstream ERK 

signaling.   Of the three cell lines used, Mono-Mac 1 cells display the most mature 

phenotype (mature monocyte) (Tsuchiya, Yamabe et al. 1980; Collins 1987) and are the 

only one of the three to express cFMS (Fig. 5.4C).  This is consistent with previous 

literature that has reports more probable cFMS upregulation and mutation in well 

differentiated forms of AML (Parwaresch, Kreipe et al. 1990; Ridge, Worwood et al. 

1990).  This observation further suggests that cFMS is a driving factor for proliferation of 

some AML types and possibly a target for therapeutic intervention.  However, it is 

unclear why Sunitinib, which can affect multiple extracellular receptors, has minimal 

effects on U937 or THP-1 cells.  These cells might have mutations downstream of 

receptors and do not rely on such signaling for growth.  It may be an important future 

study to determine the need for surface receptor signaling in various types of AML, and 

correlate this data to drug responsiveness.  Even though U937 and THP-1 cells were not 

observed to have high constitutive ERK activation (Fig. 5.4A), U0126 treatment had 

some effect on the proliferation of these cells (Fig. 5.1C).  It may be that even 

undetectable levels of ERK activation have significant effects on cellular processes in 
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these cells.  This implies that ERK status in AML may be a sometimes-deceptive finding, 

however, this needs to be evaluated further as our results may be unspecific or due to 

inhibition of other pathways. 

Our data suggests that differentiation level of AML may be an important 

consideration for personalized medicine.  Further, we propose that cFMS signaling may 

be more important for growth of mature phenotypes of AMLs or that the induction of 

cFMS, and possibly other receptors, might make a good marker for drug responsiveness.  

We believe our findings may encourage clinical trials testing these compounds to 

incorporating such criteria in the future or during retrospective analyses of previous 

studies.  Likewise, Mono-Mac 1 cells may be an interesting model for the role of cFMS 

in future in vitro studies.  Finally, this report emphasizes the understudied role of cFMS 

in AML and highlights the unique signaling of this pathway in transformed myeloid cells.  
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CHAPTER 6 

CONCLUSION AND FUTURE DIRECTIONS 

Summary of findings and proposed future experimental interests 

The role of Vpr in NF-κB signaling 

 We investigated the role of Vpr in NF-κB signaling as discussed in Chapter 3.  

Our data showed that Vpr expression in myeloid cells selectively inhibits TNF-α 

mediated activation of NF-κB while having less effect on the LPS mediated activation of 

this pathway.  Expression of Vpr lead activation of NF-κB in bystander cells, however, 

this may an indirect signal through other cytokines.  However, direct Vpr activity is 

consistent with studies that have shown that extracelluar Vpr induces NF-κB through the 

LPS receptor, although we did not addressed this in our study (Hoshino, Konishi et al. 

2010).  We identified VprBP as a necessary cellular partner for Vpr’s ability to inhibit 

TNF-α specific activation of NF-κB.  Finally, we showed that in the presence of HIV-1, 

Vpr’s inhibitory role in NF-κB signaling seems to be absent.  Instead, Vpr promoted viral 

replication, which was consistent with previous reports (Balotta, Lusso et al. 1993; Levy, 

Refaeli et al. 1994; Levy, Refaeli et al. 1995). 

 There remain many unanswered questions regarding Vpr’s role in NF-κB 

regulation during HIV-1 pathogenesis and the exact molecular mechanisms that are 

responsible for each of the different phenomena described above.  It is particularly 

important to understand the role of in T-cell NF-κB signaling in HIV-1, as these cells 
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normally do not express TLR4, but can harbor this receptor during some stages of disease 

progression (Miller Sanders, Cruse et al. 2010).  It would be interesting to compare the 

role of extracellular Vpr on T-cells harboring TRL4 to those that do not.  Presumably, T-

cells that lack TLR4 would be susceptible only to the intracellular, TNF-α specific, 

inhibition that we described in Chapter 3.  Furthermore, a simple and very important 

experiment would be to determine the HIV-1 products that reverse the TNF-α specific 

NF-κB inhibition that occurs in viral context.  It is likely that Tat co-expression with Vpr 

in primary macrophages would prevent such Vpr/NF-κB signaling, however, other 

proteins may be involved in addition to or independently of Tat.   

We believe that inhibition of NF-κB by Vpr is specific to some member of the 

TNF-α signaling cascade in a manner that depends on Vpr/VprBP interaction.  However, 

the exact nature of this mechanism needs to be determined.  Considering that the 

degradation of IκBα is common to both TNF-α and LPS mediated induction of NF-κB, it 

is likely that Vpr inhibits a member of the TNF-α pathway that is upstream of IκBα and is 

not shared by LPS.  Vpr/VprBP binding leads to ubiquitination and degradation of target 

proteins (Belzile, Richard et al. 2010), therefore, one approach would be to assess the 

ubiquitination status or possible degradation of cellular proteins in response to Vpr in 

shNull and shVprBP cell lines by using a two-dimensional gel electrophoresis approach.  

Such a design would allow for rapid screening to determine exactly which NF-κB 

signaling components are affected by Vpr.  Upon identification, it would be possible to 

confirm the mechanism of Vpr’s action on these specific signaling proteins by conducting 

IP experiments for the NF-κB signaling factors identified to assess ubiquitination status 

in response to Vpr.  Insight into the relevant mechanisms of NF-κB activation may lead 
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to better understanding of HIV-1 pathogenesis and possibly the development of specific 

therapeutic intervention. 

The role of NF-κB signaling in M-CSF regulation 

 In our experiments described in Chapter 4 we reported that M-CSF is regulated by 

NF-κB via a mechanism involving multiple, redundant NF-κB binding regions in the 

promoter.  Further, we demonstrated that NF-κB p65 binds to the M-CSF promoter, 

suggesting that this activation is direct.  Finally, we provided evidence that NF-κB 

signaling is involved in the upregulation of M-CSF by HIV-1, which is likely to have 

profound clinical consequences in patients with the disease. 

 In light of our discussion in Chapter 3, it would be assumed that Vpr interacts 

with M-CSF transcriptional regulation due to the NF-κB signaling alterations described.  

Although we attempted to demonstrate this effect of Vpr, we never observed such a 

relationship in our experiments.  There are several reasons why we were unable to 

characterize possible Vpr/M-CSF interaction.  First, the methods we used may have 

added unintended confounding variables.  In macrophages, we overexpressed Vpr using 

an adenovirus vector system.  Unfortunately, adenovirus delivery itself has been reported 

to alter cytokine profiles and, therefore, this method may mask any potential inhibitory or 

stimulatory effects of Vpr on M-CSF production (Bondeson, Browne et al. 1999; 

Wheeler, Yamashina et al. 2001).  One alternative in future experiments may be to use 

lentiviral delivery systems, however, there is no guarantee that this approach would avoid 

this issue.  Considering that intracellularly expressed Vpr may both oppose NF-κB 

activation by inhibition the TNF-α pathway and also stimulate the same pathway via 

TLR4, it may be necessary to use recombinant Vpr for these experiments to minimize the 
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intracellular effect.  Indeed, such treatment has been reported to be mainly stimulatory to 

NF-κB in macrophages in prior studies (Levy, Refaeli et al. 1994; Levy, Refaeli et al. 

1995).  Alternatively, it is possible that Vpr has no effect on M-CSF, as Vpr has multiple 

interactions with transcription factors (Kino, Tsukamoto et al. 2002).  The inhibition of 

NF-κB may simply be overcome by activation of other elements in the M-CSF promoter.  

Therefore, the role of Vpr in M-CSF expression during HIV-1 progression needs further 

evaluation. 

The role of cFMS in AML 

 In Chapter 5 we evaluated the potential for cFMS as a therapeutic target in AML.  

We reported that inhibitors that are known to decrease cFMS signaling are toxic to 

Mono-Mac 1 cells.  These cells have the highest levels of cFMS expression and most 

differentiated phenotype of all three cell lines tested.  The toxicity of these compounds 

was primary induction of G1 cell-cycle arrest.  Finally, we provide some evidence that the 

cFMS receptor was altered in Mono-Mac 1 cells, further suggesting that it may be an 

oncogene driving cellular division.   

 It is yet unclear from our study, however, if cFMS is indeed mutated in Mono-

Mac 1 cells or in what AML types this pathway is relevant for therapeutics.  First, it 

would be interesting to sequence the receptor in Mono-Mac 1 cells or, alternatively, to 

determine if cFMS signaling is indeed constitutively active by using an IP approach.  

Additionally, a conditional knockdown model, using an shRNA approach, may 

demonstrate that cFMS is specifically important for the proliferation of Mono-Mac 1 

cells.  This is important because the inhibitors used may have had cross reactivity to other 

receptors.  It may be that inhibition of cFMS is necessary but insufficient for toxicity, 
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therefore, this approach may not definitively answer this question.  Finally, considering 

our own and previous data that cFMS seems to likely be involved in more differentiated 

AML, it would be interesting to assess the expression level and mutation status of 

primary AML types.  Such data could also be related to responsiveness to 

chemotherapeutics like Sunitinib and the presence of other known AML transformation 

markers, including FLT-3 and constitutively active ERK.  If indeed there is a relationship 

between these factors, this may be a valuable tool for deciding on therapy for individual 

patients. 

Targeting Vpr’s effects as an adjuvant therapy to cART for HIV 

The action of Vpr in the virus life cycle and its role in the pathogenesis of HIV 

induced immune dysfunction and end-stage organ disease suggest the potential 

importance of Vpr as a therapeutic target for the treatment of HIV infection (Figure 6.1).  

Several additional key observations have provided additional support for this notion.  

Vpr/Vpx defective SIV virus has been shown to have a greatly attenuated course with no 

progression to AIDS in rhesus monkeys (Gibbs, Lackner et al. 1995).  In HIV-1, Vpx is 

absent and Vpr is thought to carry out Vpx functions, suggesting that in humans a Vpr 

deletion would have similar effects.  Infection of Vpr defective HIV-1 into tonsilar 

histocultures showed a fifty percent reduction in HIV-1 production, even though 

macrophages represented a small portion of total infectable cells (Eckstein, Sherman et 

al. 2001).  Further, an accidental infection of a lab worker with HIV-1 containing a frame 

shift mutation in codon 73 of the Vpr gene as well as infection of rhesus macaques with 

Vpr mutated virus resulted in spontaneous reversion of the Vpr defective virus to the WT 

phenotype, which implies that Vpr containing virus obtained a selective advantage over 
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the Vpr mutant (Lang, Weeger et al. 1993; Goh, Rogel et al. 1998).  Vpr has also been 

shown to reduce the efficacy of DNA and SIV-Nef vaccination in vivo, suggesting that in 

the absence of Vpr a more effective immune response to HIV would be possible 

(Ayyavoo, Muthumani et al. 2002; Muthumani, Bagarazzi et al. 2002).  Finally, a recent 

study of six vertically infected children that presented as long-term nonprogressors 

reported that every patient had a mutated Vpr gene in addition to mutations in other genes 

that were not present in all patients (Tzitzivacos, Tiemessen et al. 2009).  Interestingly, 

all of these mutations involved a decrease in Vpr’s apoptotic effects, suggesting that the 

cytotoxic properties of Vpr are of key clinical importance.  However, another report 

suggests that these effects are more related to nuclear localization (Jacquot, Le Rouzic et 

al. 2009).  One of the major clinical consequences of Vpr in HIV-1 infected patients is 

the existence of viral reservoirs in macrophages.  Nucleoside reverse transcriptase 

inhibitors (NRTIs) are more effective in macrophages than in CD4+ T-cells for early viral 

inhibition; non-NRTIs are equally effective in macrophages and in CD4+ T-cells for early 

infection (For Review See: (Aquaro, Svicher et al. 2006)).  Protease inhibitors, however, 

require a much higher dose to effectively control HIV-1 infection in macrophages than in 

CD4+ T-cells, and it is unknown if they achieve the concentrations needed to inhibit 

macrophage mediated HIV-1 production in compartments such as CNS or testes.  While 

NRTIs, non-NRTIs and protease inhibitors prevent the cell-to-cell spread of HIV-1 

infection, it is unknown how efficiently these drugs address virus produced from infected 

macrophages in vivo.  There is currently no therapeutic approach for eliminating 

macrophage reservoirs that represent drug resistant reservoirs of HIV-1 infection and 

contribute to the pathogenesis of AIDS.  Nanotechnology-based drug delivery systems 
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have been proposed as one method for delivering drugs more effectively to macrophages, 

especially those in relatively inaccessible body compartments (Vyas, Shah et al. 2006; 

Dutta, Agashe et al. 2007).  These novel technologies offer ways to better deliver 

currently available medications, but do not address the survival of persistently infected 

HIV-1 reservoirs. 

A therapeutic approach to target HIV-1 infected mononuclear cells would be to 

employ specific cytokines or cellular kinase inhibitors.  One candidate, TNF-related 

apoptosis-inducing ligand (TRAIL), has been shown to cause HIV-1 infected 

macrophages to undergo cell death.  However, M-CSF, which is upregulated in HIV-1 

infected cells, downregulates TRAIL-R1/DR4 (Swingler, Mann et al. 2007).  Imatinib, a 

tyrosine kinase inhibitor that has some cross reactivity to colony stimulating factor-1 

receptor (CSF-1R), the receptor for M-CSF, restores the effect of TRAIL on infected 

MDM cells (Swingler, Mann et al. 2007).  TRAIL has been shown to act through the 

PI3/Akt pathway (Huang, Erdmann et al. 2006) and consequently other PI3/Akt 

inhibitors have similar effects on infected MDM cells (Chugh, Bradel-Tretheway et al. 

2008).  Additionally, morphine in combination with gp160 has been shown to cause 

apoptosis in mononuclear cells (Kapasi, Coscia et al. 2004).  In combination with cART 

therapy, a clinical approach to target the anti-apoptotic pathways in HIV-1 infected 

macrophages may yield more effective therapies. 

Another approach for targeting macrophage reservoirs is to target the specific host 

mediators of Vpr function.  Heat shock proteins have been proposed as cellular targets of 

Vpr and a mechanism of antiviral response (For Review See: (Li, Bukrinsky et al. 2009)).  

HSP 27 inhibits Vpr dependent G2 arrest and cell death in T-lymphocytes when 
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expressed exogenously, but does not seem to inhibit viral replication in macrophages 

(Liang, Benko et al. 2007).  Another heat shock protein, HSP 70, can inhibit HIV-1 

replication in a Vpr dependent manner as well as reduce G2 arrest in proliferating cells 

(Iordanskiy, Zhao et al. 2004).  HSP 70, however, can replace Vpr function in Vpr 

defective viruses as well as have anti-viral properties in non-proliferating macrophages 

(Iordanskiy, Zhao et al. 2004).  As heat shock response is protective, increasing heat 

shock pathways could promote the survival of chronically infected cells.  In light of the 

recent findings suggesting that Vpr mediated apoptotic effects are important in 

pathogenesis, and that G2 arrest apoptosis and NK mediated destruction of T-cells 

depends on Vpr binding to DCAF-1, targeting the Vpr ubiquitination pathways may also 

be useful for clinical intervention.  Additionally, HAX-1 associates with Vpr, and 

suppresses Vpr pro-apoptotic effects, suggesting that molecules that bind to this site on 

Vpr may be used to neutralize Vpr’s immunosuppressive effects (Yedavalli, Shih et al. 

2005).  Alternatively, the anti-apoptotic effects of Vpr in HIV-1 infected cells may 

contribute to the persistence of viral reservoirs in vivo.  The Tat mediated upregulation of 

c-Flip, which prevents TRAIL toxicity, has been proposed as one mechanism of the 

differential effects of Vpr in infected and non-infected cells and may prove to be a good 

target for inducing apoptosis in chronically HIV-1 infected macrophages (Gibellini, Re et 

al. 2005).   

Several pharmacological approaches have already been suggested to target Vpr 

pathways. As many Vpr mediated effects depend on GR activity, RU486 has been 

proposed as a therapy for HIV-1 and has been shown to suppress HIV-1 replication in 

infected mononuclear cells and to suppress Vpr mediated downregulation of IL-12 and 
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other cytokines (Ayyavoo, Mahboubi et al. 1997; Schafer, Venkatachari et al. 2006).  Vpr 

is necessary for viral PIC entry into the nucleus of non-dividing cells and therefore this 

property of Vpr has also been investigated as a potential avenue of therapy.  CNI-H0294, 

a specific inhibitor of HIV nuclear localization, was shown to indeed inhibit viral 

production.  It was found to diminish infection in PBMCs and macrophages, which 

would not necessarily deplete viral reservoirs but may help prevent new macrophage 

infection (Haffar, Smithgall et al. 1998).  More recently, a study has demonstrated that 

hematoxylin is a specific inhibitor of the Vpr/importin-α interaction and consequently 

prevented the nuclear import of the HIV PIC complex (Suzuki, Yamamoto et al. 2009).  

In summary, many studies have proposed targeting the cellular effects of Vpr as a way of 

treating the consequences of Vpr function in HIV-1 infection.  In combination with 

established cART regiments, these approaches may lower viral loads, increase immune 

response, and even contribute to the depletion of viral reservoirs thus improving the 

clinical outcome in HIV patients.   

Vpr as a pharmacotherapeutic and delivery agent 

Vpr is a multifunctional protein that is able to efficiently facilitate many HIV-1 

functions.   Some of these properties, however, lend themselves for use in the clinic.  

Importantly, Vpr can traffic into cells (Levy, Refaeli et al. 1995) and is incorporated into 

HIV particles (Lu, Spearman et al. 1993; Paxton, Connor et al. 1993).  Further, the Vpr 

peptide region from R14-88 has been used to introduce other protein products into HIV-1 

particles (Yao, Kobinger et al. 1999).  As a result, Vpr has been explored as a vector 

system for drug delivery by conjugation to apolipoprotein B mRNA editing enzyme, 

catalytic peptide 3G (Vpr14-88-Apobec3G) (Ao, Yu et al. 2008).  Apobec3G has strong 
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antiviral effects in Vif deficient viruses, but in the presence of Vif loses the ability to 

incorporate into virons and therefore its therapeutic efficacy (Sheehy, Gaddis et al. 2002; 

Mariani, Chen et al. 2003).  The fusion of Vpr 14-88 to Apobec3G facilitates packaging 

into the HIV-1 particles and restores the ability of Apobec3G to inhibit viral replication.  

These studies demonstrate that the use of Vpr to amplify the effect of antiviral drugs or 

facilitate drug delivery is a promising avenue for HIV therapy.  

The discoveries of other properties of Vpr, including induction of G2 cell cycle 

arrest and apoptosis, have led the argument that Vpr has efficacy as an anti-cancer agent 

(Stewart, Poon et al. 1999).  Further, Vpr induction of apoptosis seems to be independent 

of p53 function, suggesting that mutations in p53 commonly seen in various tumor types 

will not prevent the potential therapeutic efficacy of Vpr (Muthumani, Zhang et al. 2002).  

Other studies have also provided support for the anti-cancer application of Vpr by 

showing that Vpr induces greater apoptosis in cells undergoing active replication, 

implying that this toxic effect would be particularly targeted to cancer cells (Ayyavoo, 

Mahboubi et al. 1997; Stewart, Poon et al. 1997).  However, Vpr, like other 

chemotherapeutic agents, also possesses the ability to transform cells as double stranded 

breaks and aneuploidy have been reported in cell lines (Shimura, Tanaka et al. 1999).  

The consequences of Vpr on mitogenic transformation in vivo require further assessment 

and remain one potential limitation of such a therapeutic approach. 
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Figure 6.1:  Proposed timeline for HIV-1 Vpr mediated pathology and resistance to 

therapy.  Early in infection, Vpr allows for productive viral infection of macrophages.  

These cells contribute to virus production and drug resistant reservoirs seen throughout 

the infection.  During clinical latency, Vpr contributes to the depletion of CD4+ and CD8+ 

T-cells, as well as interferes with antigen presentation.  Such properties may contribute to 

HIV-1 escape from immune surveillance, and effective humoral control of HIV infection.  

While it is yet unclear if neurocognitive dysfunction and HIV-D are related pathologies, 

Vpr mediated immune dysregulation and neurotoxicity may contribute to early 

neurological impairment in HIV-1 patients.  Late in HIV-1 pathogenesis, increased 

expression of viral proteins including Vpr, contributes to the development of associated 

pathologies, such as HIV-D and HIVAN. 
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Conclusion 

More than two decades of research on Vpr have greatly contributed to the 

knowledge scientists and clinicians have available about HIV-1 pathogenesis.  The 

findings revealed that Vpr, while not essential for viral replication per se, is a biologically 

important, playing a critical role in the infection of non-dividing target cells including 

macrophages and resting T-cells.  Vpr promotes infection of dividing as well as non-

dividing cells through a variety of effects including, nuclear localization, cell cycle arrest, 

apoptosis, and other effects due to DCAF-1 binding, as well as transactivation of host and 

viral genes.  These activities of Vpr are likely responsible for many aspects of HIV-1 

infection as well as associated pathology seen in AIDS.  With the advent and success of 

cART therapy, HIV-1 infection has transformed from an untreatable disease to a more 

manageable chronic condition.  Current investigations for new therapies represent an 

ongoing area of basic science research that holds great priority due to cART resistant 

reservoirs of HIV-1 infection in vivo.  Vpr mediated pathogenesis is one avenue of 

investigation that holds promise when combined with other therapeutic approaches.  

Further basic and translational studies will be required to generate future therapeutic 

advances targeting Vpr function.  Such studies could target Vpr as well as a variety of 

host-virus interaction pathways. 
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