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ABSTRACT
The infection of CD4+ T cells by HIV-1 is characterized by the dependence of the
virus on stimuli of TCR/CD3 and CD28 for activation and proliferation. In return, the
HIV-1 accessory proteins effect changes in T cell physiology, including its signaling
activities. The goal of this work was to investigate how cellular signals of CD4+ T cells
regulate the activity of HIV-1, and how the virus subverts cellular restrictions imposed by
signaling requirement with HIV-1 Nef.
The cytoplasmic tail of human CD28 has four tyrosine residues at positions 173,
188, 191, and 200.

It was previously shown that CD28 signaling activates HIV

transcription by a combination of negative and positive signals emanating from tyrosines
173 and 200, respectively. To determine the roles of tyrosines 188 and 191 in CD28
signaling, we measured the transcriptional activation of HIV and IL-2 reporters in cells
expressing chimeric receptors without Y188 and Y191 (YFFY), as well as receptors
without Y173 and Y200 (FYYF). Our results showed that Y188 and Y191 were required
for proviral activation by CD28. In addition, signals emanating from Y188 and Y191
were sufficient to induce activation. Similar requirement for Y188 was also seen for the
transcriptional activation of IL-2. Treatment with LY294002 restored transcriptional
activation of HIV and IL-2 by YFFY and FYYF, consistent with the role of PI3K in
negative regulation of CD28 signals. Comparative analysis of CD28 tyrosine mutations
revealed redundant signals by Y188, Y191 and Y200 that cooperate to counterbalance
negative regulation by Y173. Taken together, these data confirmed negative regulation
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of CD28 signaling by Y173-associated PI3K and the requirement of Y188 and Y191 in
addition to Y200 to overcome this signaling restriction.
The multifunctional HIV-1 protein Nef possesses several motifs that interact with
signaling molecules in infected T cells. In order to determine whether Nef influences T
cell activation, cells were infected with Nef-positive and Nef-negative clones of HIV.
CD28 expression and changes in tyrosine phosphorylation were monitored. We observed
no Nef-dependent changes in CD28 expression or function. However, infection with
Nef-positive virus led to changes in tyrosine phosphorylation.

This Nef-induced

phosphorylation was observed in unstimulated cells, and c-Cbl was identified as one of
the proteins whose phosphorylation was upregulated by Nef.

Furthermore, Lck is

required for Nef-mediated c-Cbl tyrosine phosphorylation. These results suggest that Nef
modifies T cell signaling in the absence of T cell receptor engagement and costimulation.
In summary, these results demonstrate that efficient activation and replication of
HIV is subject to constraints imposed by the requirements of T cell signaling, including
regulation by CD28 signals. In adapting to these constraints, HIV has evolved means to
manipulate the property of T cell activating signals, potentially to maximize viral
response to activating stimuli. Deeper understanding of the interplay of these two aspects
of HIV life cycle will provide us with insights not only in the strategy of viral replication,
but also in the mechanism of gene regulation by T cell activation.
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Chapter 1
Literature Review

1.1 Significance
The first cases of the human acquired immunodeficiency syndrome (AIDS) were
discovered early in the 1980s. The disease decimates the patient’s immune system,
renders the patient susceptible to opportunistic infections by pathogens, and is invariably
fatal. As early as 1983, the human immunodeficiency virus (HIV) was identified as the
etiological agent of the disease (Auerbach et al., 1984). Now, after more than two
decades of research, the struggle to bring the AIDS epidemic under control is still a
tremendous challenge world-wide.

In 2004, more than 40 million people live with

HIV/AIDS, and close to 3 millions were killed by the disease (UNAIDS and WHO,
2004). Despite medical and pharmaceutical breakthroughs in anti-retroviral treatments
and patient care that improves patients’ outlook and quality of life, there is still no
effective vaccine against HIV, and there is still no cure (Pomerantz and Horn, 2003;
Stevenson, 2003).

Cultural, political, and economical factors limit the success of

campaigns against AIDS that stress prevention and drug accessibility to developing
countries or patients lacking the resources. Even in the United States, where aggressive
treatment and competent health care are available to most patients, and a steady campaign
of raising awareness to the danger and prevention of AIDS has been waged from the start
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of the pandemic, there are signs that the effort to bring AIDS under control is losing its
impact. The CDC reports that more than one million patients live with HIV/AIDS in the
United States at the end of 2003, breaking a trend of declining cases. The figure reflects
both the ability of the patients to live longer through better medical treatment and, more
disturbingly, the failure to reduce rate of new infections. It also serves as a warning sign
that reminds us of the danger of complacency over HIV/AIDS, and the urgent need to
continually advance our knowledge of the pathogenesis of HIV/AIDS.

1.2 Background

1.2.1 The Human Immunodeficiency Virus
HIV, a retrovirus, belongs to the subgenius of primate lentiviruses (reviewed in
(Fields et al., 1996; Reeves and Doms, 2002; Stites et al., 1997)). There are two major
types of HIV: HIV type 1 (HIV-1) and HIV type 2 (HIV-2). Both viruses are believed to
be originated from zoonotic transmissions of simian immunodeficiency viruses (SIV)
from primates to human: HIV-1 is related to SIVcpz, whose natural hosts are chimpanzees
(mainly Pan troglodyte troglodyte) (Sharp et al., 2005). On the other hand, HIV-2 is the
result of transmission of SIVmm from sooty mangabeys to human (Reeves and Doms,
2002). Human-to-human transmission occurs horizontally through direct contact with
blood or exchange of body fluids including semen and vaginal/cervical secretions of
infected individuals, or vertically from mother to child during perinatal period (Jaffe and
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Lifson, 1988). The common means by which horizontal transmission of HIV occurs are
sexual contact, sharing of hypodermic needles, or transfusion.
Historically, HIV-1 has been the more widely studied type of the viruses. This
arises from its high and rising rates of prevalence in developing countries (Reeves and
Doms, 2002). The differences in transmission rates and virulence of HIV-1 from HIV-2
contribute to its pandemic nature, whereas HIV-2 appears more attenuated, with stable
prevalence rates and significantly reduced transmission frequency compared to HIV-1
(Reeves and Doms, 2002).

HIV-2 is mainly restricted to West Africa, with rising

prevalence in certain regions of Europe and India that nevertheless accounts for at most
about 10% of total HIV infections and 4.5% of AIDS cases, as seen in Portugal, the
European country with highest instances of HIV-2 (Reeves and Doms, 2002). Here we
will focus on HIV-1 as the predominant model; even so, comparative analysis of HIV-2
vs. HIV-1 should yield useful insights in the pathogenesis of the viruses because of the
differences in their capacity to cause disease.

1.2.1.1 Physical Properties and Life Cycle
The virion of HIV-1 is typically spherical, with the lipid envelope enclosing a
cone-shaped core, made of capsid protein (CA, p24) (Fig. 1.1). The envelope, derived
from host lipid membrane, is lined with viral matrix protein (MA) on its inner leaflet.
The viral envelope protein Env consists of two subunits, gp120 (SU) and gp41 (TM).
The two subunits are cleavage products of Env and are necessary for virus binding and
fusion, respectively. In addition, HIV-1 also acquires host proteins, including but not
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limited to adhesion molecules (e.g. ICAM-1) and surface markers significant for antigen
presentation, such as HLA-DR, a major histocompatibility complex class II (MHC class
II) molecule, and CD28-B7 family molecules (Castilletti et al., 1995; Fortin et al., 1997;
Giguere and Tremblay, 2004; Roy et al., 2005). These host cell-derived components of
the virion may influence infection by interacting with receptors of target cells. A pair of
duplicate single-stranded RNA genomes is housed in the capsid and is associated with
nucleocapsid protein (NC), reverse transcriptase (RT) and integrase (IN) for each strand.
RT is necessary for converting viral RNA genome to cDNA by reverse transcription,
whereas IN is critical for the establishment of the integrated provirus.

Figure 1.1: Structure and genome of HIV-1.
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HIV-1 gains entry into the host cells by fusion (Fig. 1.2). Viral entry is dependent
on interaction between gp120 and CD4, a membrane anchored surface receptor of the
immunoglobulin superfamily. In addition to CD4, HIV-1 entry requires binding of gp120
to a seven membrane-spanning G-coupled chemokine receptor, such as CCR5 and
CXCR4.

Both CCR5 and CXCR4 are found on the surface of monocyte-derived

macrophages (MDMs) and CD4+ T cells.

Depending on which co-receptor is

preferentially used by gp120, HIV-1 variants can be CCR5- (R5) or CXCR4-tropic (X4)
(Regoes and Bonhoeffer, 2005). Both R5 and X4 variants of HIV-1 infect CD4+ T cells,
but the X4 viruses demonstrates a greater efficiency than R5 viruses in replicating in
CD4+ T cells. While the majority of HIV-1 positive patients harbor R5 variants of HIV,
the virus often switches its co-receptor usage to X4 as the disease progresses to AIDS.
On the other hand, such switching of co-receptor usage does not occur in every patient.
While several hypotheses have been proposed to explain the occurrence of co-receptor
switching and the lethality of X4 viruses to CD4+ T cells, there are no definitive answers
to these questions (Regoes and Bonhoeffer, 2005). Suffice to say that selective pressures
or advantages often result in the emergence of X4 viruses that correlate with onset of
AIDS. It is suggested that the transition from R5 to X4 variants of HIV-1 is made
possible by the use of CD4 as the primary receptor, which allows immune evasion of the
virus by concealing co-receptor-interacting variable domains of gp120 that are often
targeted by the host immune response (Reeves and Doms, 2002).
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Figure 1.2: The HIV-1 Life Cycle
HIV-1 infection and replication in host T cells and macrophages follow a common
scheme with tissue-specific differences. Both cell types are permissive to X4 and R5
viruses, but replication of X4 virus is curtailed in macrophages. In addition to NF-κB,
Tissue-specific transcription factors (NFAT in CD4+ T cells and C/EBPβ in
macrophages) bind to the LTR during transcription. The virions are assembled and
released in different compartments. Adapted from Verani et al. (2005) Mol. Immunol.
(Verani et al., 2005).
Upon fusion to the host cell and entry to its cytoplasm, the capsid shell of HIV-1
disassembles.

The process of uncoating initiates the process of transcription by

formation of a reverse transcription complex (RTC), a complex of HIV-1 RNA and
associated proteins that include RT, matrix protein MA, Vpr, and integrase IN
(Bukrinsky, 2004).

A pre-integration complex (PIC) is formed upon completion of

reverse transcription. The PIC retains viral components of RTC—MA, Vpr, and IN—but
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loses RT by dissociation. Host importin proteins are also found in the complex. The
combination of Vpr and importins facilitates nuclear transport of the PIC via
microtubules and allows integration of provirus in non-dividing cells. On the other hand,
the SWI/SNF component INI1 is shown to be exported from the nucleus and associated
with the PIC prior to its nuclear import (Turelli et al., 2001). This mechanism may
interfere with the nuclear migration of PIC. Integration into host chromatin is mediated
by IN.
The integrated proviral DNA genome of HIV-1 is flanked at both 5’ and 3’ ends
by the long terminal repeats (LTR), a specialized sequence of about 700 base pairs
critical both for viral integration into host genome and transcriptional regulation. The
complete genome is about 9,700 base pairs and encodes several structural proteins that
are common features of retroviruses: Gag, Pol, and Env polyproteins. These polyproteins
are cleaved into individual viral proteins by cellular proteases.
Transcription of viral genes and the genomic RNA, as well as the expression of
viral proteins, requires cellular activation of infected host cells. Activating signals induce
cellular transcription factors which bind cis-elements in the LTR and induce transcription
of the virus. In addition to general transcription factors including NF-κB, AP-1, and Sp1,
the HIV-1 LTR can respond to tissue-restricted factors specific to the types of infected
cells. In CD4+ T cells, NFAT and Lef-1 are critical for HIV-1 activation, whereas
C/EBPβ (NF-IL6) and CREB are critical for induction of virus in MDMs (Henderson et
al., 1996; Pazin et al., 1996; Rohr et al., 2003; Ross et al., 2001; Sheridan et al., 1995).
The ability of the viral LTR to respond to different tissue-restricted transcription factors
increases the range of host cells permissive to HIV infection.
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In infected CD4+ T cells, HIV expression requires activating stimuli such as
antigen presentation or paracrine signals, including cytokines. There are also reports that
T cell and macrophage interactions with endothelial cells under suboptimal activating
conditions induce viral replication (Choi et al., 2005a; Lee et al., 2001; Swingler et al.,
2003). All these observations accentuate the need for cell activation for productive HIV1 replication.
Viral assembly occurs preferentially at cholesterol-rich lipid RAFTs, specialized
patches of host plasma membrane. Lipid RAFTs are rich in signaling proteins such as the
T cell receptor/CD3 (TCR/CD3) complex, CD4, and CD28, and host factors associated
with viral envelope often represent RAFT-associated proteins (Magee et al., 2002;
Sedwick and Altman, 2002). The structural proteins Gag, Pol, and Env assemble at host
plasma membrane with a complete viral RNA genome. While Gag alone is sufficient for
production of virus-like particles (VLPs), the nucleation of Gag requires RNA but prefers
HIV-1 RNA with ψ packaging signal. In addition to direct budding from the plasma
membrane of infected cells, HIV-1 is also seen to assemble and mature in endosomal
compartments that are involved in endo-/exocytosis, especially multi-vesicular bodies
(MVB).

How viral assembly and budding is directed to either MVB or plasma

membrane is a question being intensely pursued of late. The selection of compartment
for viral budding and egress may be dependent on cell types; HIV-1 is found to be
preferentially targeting endosomal vesicles for budding in MDMs. On the other hand, the
role of MVB in viral packaging in CD4+ T cells is still uncertain. Upon emergence from
the host cell by budding, the immature particle undergoes a final maturation step, in
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which viral polyproteins are cleaved by PR, and the conical capsid of the virion takes
shape, completing the replication cycle with infectious virions ready for new targets.

1.2.1.2 HIV-1 Regulatory and Accessory Proteins
In addition to structural genes, the genome of HIV-1 also encodes regulatory and
accessory proteins. The two regulatory proteins encoded by HIV-1—Rev and Tat—are
absolutely required for viral replication in vitro.

Rev exports unspliced genomic

transcripts from the nucleus, and Tat facilitates transcriptional elongation. In contrast to
the regulatory proteins, accessory proteins are mostly dispensable in vitro but critical for
efficient replication in vivo (Yu et al., 2005). There are four HIV-1 accessory proteins:
Nef, Vif, Vpr, and Vpu. HIV-2 does not encode for Vpu, but encodes for Vpr and a HIV2-unique protein, Vpx. These two HIV-2 protein facilitate cell cycle arrest in G2 (Vpr)
and nuclear import (Vpx), thus complementing each other to provide activities
comparable to HIV-1 Vpr (Reeves and Doms, 2002). All the regulatory and accessory
proteins are required for productive infection and pathology in vivo. Here we focus our
discussion on the accessory and regulatory proteins that are directly or indirectly involved
in the signaling machinery of CD4+ T cells, namely Nef and Tat. The less defined roles
of Vpr and Vpu in T cell signaling will also be reviewed.
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1.2.1.2.1 Nef
One of the viral accessory proteins associated with HIV-1 identified early in the
studies on the virus is Nef, its name an abbreviation of “negative factor” (Niederman et
al., 1989; Reiss et al., 1989). Since then, however, Nef has proven to be more multifaceted than its originally assumed role as a negative regulator of HIV-1 replication. Nef
is required for HIV pathogenesis in vivo, and several distinct and important functional
consequences in HIV-infected cells that are attributable to HIV-1 Nef have been
documented (reviewed in (Greenway et al., 2000; Piguet and Trono, 1999)). With steady
progress made in understanding the multiple aspects and mechanisms of Nef activities, it
is now clear that a diverse array of Nef activities effect viral pathogenesis.
Nef is a 27 – 30kD myristoylated protein (Harris, 1996).

It is expressed

throughout the replication cycle and is also found packaged within the cores of mature
virions (Cheng et al., 1999). Together with Tat, Nef is one of the viral proteins expressed
in the immediate-early phase of HIV-1 infection: viral pre-integration complex contains
primary transcripts of both proteins (Wu and Marsh, 2001). A correlation between Nef
defects and long-term non-progressors has been described (Saksela et al., 1995a;
Schwartz et al., 1996a; Tobiume et al., 2002; Visco-Comandini et al., 1998). In animal
studies, expressing Nef from a CD4 promoter in transgenic mice resulted in pathology of
lymphoid organs, lungs, and kidneys, that strongly resembled symptoms seen in pediatric
human AIDS (Hanna et al., 1998). Thus, Nef may be a significant determinant in HIV
pathogenesis and the propensity for chronic HIV infection to develop into AIDS.
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Several Nef-mediated functions have been described (Fig. 1.3).

Nef

downregulates surface expression of CD4 and MHC class I molecules of infected CD4+ T
cells by two distinct mechanisms. MHC I is downregulated to the Golgi complex by a
PCAS-1- and PI3K-dependent ARF6 endocytic pathway and requires the SH3-binding
domain of Nef, as well as a sorting signal in the intracellular domain of MHC I
(Blagoveshchenskaya et al., 2002; Le Gall et al., 1998; Mangasarian et al., 1999; Swann
et al., 2001). CD4 internalization is accelerated by increased activity of clathrin-coated
endocytic pits that is dependent on the AP-2 endocytic adaptor and ATPase (Bresnahan et
al., 1998; Greenberg et al., 1998a; Janvier et al., 2001; Yoon et al., 2001b). Nef has also
been shown to regulate apoptosis of infected and neighboring T cells (Greenway et al.,
2002; Okada et al., 1998; Rasola et al., 2001; Robichaud and Poulin, 2000; Yoon et al.,
2001a; Zauli et al., 1999). Nef may also alter T cell activation and include several
structural features that may interfere with T cell signaling network. The myristoylation at
the N-terminus allows its anchorage to the plasma membrane in close proximity to
signaling molecules (Wang et al., 2000). A proline-rich motif located C-terminal to its
conserved core region confers the capacity to interact with several factors containing SH3
domains, including Src family kinases Fyn, Lck, and the guanine nucleotide-exchange
factor Vav (Arold et al., 1997; Fackler et al., 1999; Saksela et al., 1995a).

The

interactions of Nef with many signaling factors critical for T cell activation suggest a
potential role of Nef in manipulating T cell signaling.
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1.2.1.2.2 Tat
HIV-1 Tat (TransActivator of Transcription) is a viral regulatory protein of 14 to
16 kD. A small protein of 72 amino acids, it has an arginine-rich region, which enables
interaction with the TAR RNA element, a tertiary structure of primary RNA transcript
located within the +1-to-+60 region of LTR characterized as a stem-loop with a two- or
three-nucleotide side loop, or the bulge, which is required for binding of Tat (Feng and
Holland, 1988; Kao et al., 1987). The transactivating N-terminus of the RNA-binding
region is responsible for protein-protein interactions with factors recruited by Tat. Tat is
expressed early in viral replication cycle. RNA transcripts of Tat, together with Nef, are

Figure 1.3

Figure 1.3: HIV-1 Nef and Tat in Infected CD4+ T Cells
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detected before viral integration (Wu and Marsh, 2001). Interestingly, expression of Tat
appears to be capable of being induced by CD28 ligation independent of TCR (Wong et
al., 1997). Given the significance of Tat in viral replication both as a regulator of HIV
activity and modifier of cell signaling, this induction by partial signaling through CD28
may provide us with a model of how integrated proviral HIV may emerge from latency
with the aid of Tat upon reception of suboptimal signs.
Tat has several activities. Tat recruits P-TEFb, a heterodimer complex of CDK9
and its regulator, CyclinT1, to the HIV-1 TAR element (Garriga et al., 1998). Binding of
the complex to the bulge of TAR element enhances elongation of HIV-1 transcription
past the early steps of initiation, as the recruitment of this complex by Tat to this structure
is required for tyrosine phosphorylation of C terminal tail region of RNAPolII and
disengagement of negative regulators such as NELF and DSIF (Fujinaga et al., 2004;
Ping and Rana, 2001). Tat also recruits histone acetyltransferases (HATs) to integrated
proviral DNA to remodel nucleosomes assembled at LTR and facilitate transcriptional
initiation (Deng et al., 2001; Marzio et al., 1998).
In infected CD4+ T cells, the effects of Tat on chromatin remodeling and
transcriptional elongation results in exposure of the HIV-1 LTR that allows open access
of transcription factors to the promoter region (Deng et al., 2001; Marzio et al., 1998).
The capacity of Tat to bypass negative regulators associated with the RNAPolII
transcription complex ensures that the productivity of activation-induced HIV
transcription initiation is not hampered by cellular transcriptional regulatory mechanism.
To this end, Tat also recruits SKIP, a splicing-associated protein that may cooperate with
P-TEFb in activating RNAPolII on nascent RNA (Bres et al., 2005). In addition, Tat may
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exploit the existing equilibrium between pools of active and inactive P-TEFb in favor of
activation (Chiu et al., 2004).

All these complex steps cooperate to achieve the

elongation of transcript past a transcriptional pause site that is necessary to prevent
transcriptional interference to downstream-located promoters that can be occluded by
transcriptional complexes initiated upstream (Eggermont and Proudfoot, 1993; Greger et
al., 1998).

Indeed, Tat deficiency results in silencing of the LTR by assembly of

nucleosomes onto the LTR (Wu, 2004). Moreover, Tat can mediate P-TEFb-directed
reactivation of latent HIV (Lin et al., 2003). Tat is thus required for productive activation
and replication of HIV, and its regulation may affect post-transcriptional latency of the
virus.

1.2.1.2.3 Other Accessory Proteins: Vpu, Vpr
In contrast to Nef and Tat, the expression of Vpu occurs relatively late in the viral
life cycle. It is expressed from a bi-cistronic mRNA that also encodes Env, but has a
relatively inefficient codon for translation initiation. As a result, it is transcribed at a
much lower level than Env (Schwartz et al., 1990). Vpu downregulates CD4 by a
mechanism different from that of CD4 downregulation by Nef. While Nef increases
clathrin-coated pit-mediated endocytosis of surface CD4 by an ATPase-dependent
process, Vpu extracts CD4 molecules from the lumen of ER into cytoplasm for
ubiquitination and proteolysis (Schubert et al., 1998; Willey et al., 1992a).

The

mechanism is dependent on intracellular calcium flux (Binette and Cohen, 2004).
Downregulation of surface CD4 by Vpu and Nef probably enhances HIV release,
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although it is only speculated that overexpression of CD4 can retain virus in the cells
through a CD4:gp120 interaction. Furthermore, without Vpr activity, Env:CD4 complex
in the ER inhibits the processing of Env (Willey et al., 1992b). However, the implication
of CD4 removal on T cell signaling is less clear. Presumably depletion of CD4 will
result in impaired T cell activation and thus affect viral activation by T cell signaling, but
evidence supporting such an effect is lacking. Besides downregulation of CD4, Vpu also
inhibits NF-κB activity by preventing degradation of IκB, thus increasing the likelihood
of infected cells to undergo apoptosis (Akari et al., 2001; Bour et al., 2001). The
inhibition of NF-κB by Vpu appears to contradict the pro-NF-κB activity of Tat and may
be explained by changes in requirements for NF-κB in different phases of viral life cycle.
It is also possible that overexpression of Vpu results in changes not usually associated
with Vpu activity at physiological condition.
The role of Vpr on T cell activity beyond its known effect on cell cycle is
obscure. Vpr potentiates NFAT activity in a cell-cycle dependent manner in cooperation
with Nef, but Vpr also activates the CREB/CBP independent of cell-cycle arrest, by
stabilizing the physical interaction between CREB and CBP (Lahti et al., 2003). Vpr
binding to the C/EBP site has also been reported to result in transcriptional activation of
LTR (Hogan et al., 2003). It is not certain if it has similar roles in CD4+ T cells.

1.2.1.3 HIV-1 Targets CD4+ T cells.
While HIV-1 is capable of infecting all cells expressing CD4 and appropriate
chemokine co-receptors, including MDMs, microglia and astrocytes in the central
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nervous system, CD4+ T cells are the primary targets of HIV-1 infection, and their
elimination directly contributes to HIV-1 pathogenesis and AIDS. At all stages of
development and maturation, CD4+ T cells are susceptible to infection. Intrathymic Tcell precursors express sufficient CD4 to be targeted by HIV despite their apparent ‘triple
negativity’

(CD3-CD4-CD8-)

(Schnittman

et

al.,

1990).

Both

naïve

(CD45RA+/CD62L+) and memory (CD45RO+) CD4+ T cells are targeted by the virus
(Brenchley et al., 2004; Ostrowski et al., 1999; Stevenson, 2003). Infection of CD4+
thymocytes and T-cell precursors by HIV-1 results in death and depletion of precursor
cells for generation of peripheral naïve CD4+ T cells. Further depletion of peripheral
naïve CD4+ T cells occur in secondary lymph organs, where HIV-infected cells are killed
upon activation by antigen-presenting cells (APC’s) or cytokines such as TNF-α.
Moreover, infection by HIV-1 induces expression of FasL, which then leads to apoptosis
of uninfected bystander CD4+ T cells through Fas/FasL engagement, further eliminating
pools of naïve CD4+ T cells (Stevenson, 2003). This depletion of precursor and naïve
CD4+ T cells and the resultant destabilization of CD4+ T cell homeostasis may explain
the observation that the majority of circulating CD4+ T cells harboring HIV in vivo are
memory cells directly infected by the virus (Brenchley et al., 2004), even though the
infection is more cytopathic to memory CD4+ T cells than naïve cells (Chun et al., 1997).
The importance of disrupted CD4+ T cell homeostasis in the pathogenesis of HIV/AIDS
is demonstrated by the maintenance of naïve CD4+ T cells in chronically HIV-infected
children who are asymptomatic with preserved immune system (Resino et al., 2003).
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1.2.1.4 HIV-1 is responsive to T Cell Activation
T cell-activating signals are required for several steps of the HIV-1 replication
cycle beyond reverse transcription, including nuclear import, integration, and
transcriptional activation (Jung et al., 1995; Oswald-Richter et al., 2004; Tong-Starkesen
et al., 1989). CD4+ T cells are activated by antigen-presenting cells (APCs) through coengagement of TCR and CD4 to APC-expressed major histocompatibility complex class
II (MHC II) molecules. Efficient activation of T cells requires a second co-stimulatory
signal, typically provided by ligation of CD28 to B7.1 or B7.2, its native ligands. The
critical requirement of TCR stimulation for activation of HIV-1 replication cycle has long
been established. Not as well understood is the role of the second signals emanating from
CD28 upon ligand engagement. In some aspects, the HIV-1 transcriptional response to
CD28 signaling mirrors several genes, including IL-2, that are induced by T cell
activation.

For example, CD28 signaling alone is not sufficient to induce HIV-1

transcription, but it is required for maximum activity following TCR stimulation. The
induction of HIV transcription by co-stimulatory activity of CD28 appears to be
quantitative in nature, in that it amplifies the primary signals delivered by TCR (Michel
et al., 2001). However, it is not clear whether the signal acts upon HIV-1 in a promoterspecific manner that sets it apart from those of other promoters, such as IL-2 or IL-4 with
CD28 response elements. Moreover, viral accessory proteins such as Nef and Tat modify
the T cell signaling network to optimize the response of HIV-1 to activating signals.
While many details of the actions of these accessory proteins are known, how these
accessory proteins impact T cell signaling and the course of HIV-1 infection is still an
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area of active investigation. Below we review the role of T cell signal transduction in
mediating the pathophysiology of HIV-1 in infected CD4+ T cells. We will summarize
our current knowledge on T cell signals required for efficient replication, with special
attention on the role of CD28. In this context, we will explore the role of viral accessory
genes in appropriating T cell signaling for optimal viral replication and propagation. In
particular, we will consider the roles of Nef and Tat, and how they may cooperate in coopting T cell signaling pathways to optimize HIV-1 transcription.

1.2.2 Regulation of HIV-1 by Signals of T Cell Activation
The paradigm of T cell activation by antigen presentation is the requirement of
two discrete signals: the primary signal is initiated through TCR/CD3; the second
complementary signal is chiefly delivered through CD28. While the CD28 signal is seen
as complementary to the primary TCR/CD3 signaling, it is clear that CD28 signaling
dictates the fate of T cell activation.

In absence of CD28-B7 ligation, TCR/CD3

activation results in cell cycle retardation or arrest, anergy, and antigen-induced cell death
(AICD) (Bonnevier and Mueller, 2002; Orchansky and Teh, 1994; Powell et al., 2001;
Thomas et al., 2005).

CD28 signaling is necessary during antigen presentation for

successful proliferation and differentiation of naïve CD4+ T cells into effector cells. In
fact, activation-induced phenotypes of CD4+ T cells are regulated by the family of
CD28-B7 family molecules including CD28, CTLA-4, and ICOS, that are capable of
modulating T cell activation through delivery of both positive and negative signals
(Sharpe and Freeman, 2002). Given the dependence of HIV-1 activation on concurrent
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signals of TCR/CD3 and CD28, how CD28 modulates T cell activation has implications
on activation and regulation of HIV-1 in infected CD4+ T cells.

Indeed, evidence

indicates that HIV-1 replication is subject to regulation of T cell activation by inducible
co-stimulator (ICOS) (Zhou et al., 2004).

1.2.2.1 Characterization of the TCR/CD3 complex and CD28
The TCR/CD3 complex consists of TCR and the CD3 complex.

TCR is a

member of the immunoglobulin superfamily and is responsible for interaction with
antigen-presenting MHC. In mature CD4+ T cells, it exists as a heterodimer of either
TCRα and TCRβ, or TCRγ and TCRδ. The choice of TCR expression dictates the
specificity of CD4+ T cell response to antigen-presenting ligands; while the TCR of
CD4+ αβT cells interact with MHC class II molecules, expressed by all professional
APCs, including dendritic cells, macrophages, and B cells, CD4+ γδT cells respond to
CD1 molecules, a family of MHC class I-like molecules capable of presenting nonpeptide epitopes.

Evidence shows that both CD4+ αβT cells and γδT cells are

susceptible to HIV-1 infection.
The CD3 complex consists of a group of TCR-associated, membrane-anchored
proteins responsible for presentation of TCR and initiation of signal transduction upon
agonistic TCR:peptide:MHC engagement. The five members in the CD3 group, CD3γ,
CD3δ, and CD3ε, are related to the immunoglobulin superfamily, with a membraneanchored Ig-like domain and a short cytoplasmic tail.

Both CD3γ and CD3δ

heterodimerize with CD3ε. CD3ζ and CD3η are alternative splicing products from the
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same genes and related to FcRγ chain. CD3ζ homodimerizes or forms a heterodimer
with CD3η, but no CD3η homodimer has been observed.
A surface glycoprotein, CD28 consists of a single IgV domain, and a short
intracellular tail with motifs that interact with downstream signaling molecules.
Dimerization of CD28 occurs through a disulfide linkage of the extracellular domain.
Proper activation of T cells by antigen-presenting cells requires ligation of CD28 to the
B7 family proteins, its natural ligands expressed by antigen-presenting cells.
The CD28 protein is largely conserved among human and mouse, with 73%
peptide identity between the 41-amino acid cytoplasmic tail portion of human and murine
CD28s1 (Gross et al., 1990) (Fig. 1.4). Four tyrosine residues positioned in the CD28
cytoplasmic tail are conserved between human and mouse. These tyrosine residues—at
positions 173, 188, 191, and 200 for CD28, and 170, 185, 188, and 197 for mCD28—
have critical roles in CD28 signaling, which will be discussed below. Because of the
conserved nature, mCD28 is often employed to study CD28 signaling in human CD4+ T
cells.

On the other hand, differences in their sequences potentially can result in

differential activities of the two receptors and require careful comparative analysis.

Figure 1.4: Amino acid sequence alignment of human and mouse CD28 cytoplasmic tails.
The amino acid positions are those of the human CD28.

1

In this thesis, human CD28 will be referred to as CD28, and murine CD28 will be referred to as mCD28.
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1.2.2.2 Activation of CD4+ T Cells by Antigen Presentation
In the process of antigen presentation, productive engagement of TCR initiates a
cascade of signaling events (Fig. 1.5). Briefly, Lck, a protein tyrosine kinase of Src
family associated to the cytoplasmic tail of CD4, is activated by dephosphorylation
mediated by the protein tyrosine phosphatase CD45 (Roach et al., 1997).

The

enzymatically active Lck phosphorylates immunoreceptor tyrosine-based activation
motifs (ITAMs) on the cytoplasmic tail of CD3-ζ, thus recruiting ZAP-70 of the Syk
family kinases (Ashe et al., 1999; Yamasaki et al., 1996).

Activated ZAP-70 then

recruits and phosphorylates molecules such as adaptors SLP-76 and LAT, as well as ITK,
a Tec family kinase (Bunnell et al., 2000; Wange, 2000). Three sequences of events
occur downstream of this cascade. First of all, there is recruitment and activation of Nck,
PLC-γ1, guanine nucleotide exchange factor Vav1, and small GTPases Rac1 and Cdc42.
Secondly, PI(4,5)P2 is cleaved to second messengers IP3 and DAG.

Finally, the

ERK/MAPK pathway is activated by way of Ras and Raf (Cifone et al., 1995; Kim et al.,
2000; van Leeuwen and Samelson, 1999). IP3 and DAG induce activation and nuclear
transport of transcription factors NF-κB and NFAT via PKC activation and calcineurinmediated elevation of intracellular calcium respectively (Ehring et al., 2000; Koretzky
and Myung, 2001). Activation of PKC pathway leads to phosphorylation of IκB by IKKs
and subsequent activation and nuclear transport of the NF-κB heterodimer. Calcineurindependent dephosphorylation activates NFAT and results in its nuclear translocation.
Activated ERK homodimerizes and translocates to the nucleus, where it phosphorylates
Fos. Phosphorylated Fos heterodimerizes with Jun to generate the transcription factor
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Figure 1.5: The T cell signaling network.
The transcriptional activation of the HIV-1 LTR is regulated by T cell signaling.
Transcriptional factors NFAT, NF-κB, and AP-1 binds to the LTR upon activation. This
figure is courtesy of Dr. A. August, The Pennsylvania State University.
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AP-1 (Ivanov et al., 1994; Jung et al., 1995).

Furthermore, actin cytoskeleton

rearrangement occurs as a consequence of Rac1/Cdc42 activities (Stam et al., 1998;
Yoshii et al., 1999). In addition to activating Lck, CD45 dephosphorylation of Lck and
ITAMs also negatively regulates the TCR/CD3 signaling cascade (Furukawa et al.,
1994)(Roach et al., 1997). It is believed that CD28 signaling sustains and amplifies TCR
signals by engaging Vav1, which through interactions with SLP-76 integrates TCR
signals and downstream signals of CD28, namely Sek/Jnk and p38 MAPK pathways
required for formation and activation of AP-1 (Michel and Acuto, 2002).
TCR/CD3 signaling alone is necessary but not sufficient for a robust T cell
response. Co-stimulation of CD28 signal in addition to TCR/CD3 signaling is required
for optimal activation of CD4+ T cells (Schwartz, 1992). Nevertheless, the precise nature
of this second signal is not well understood due to its complexity. CD28 engagement
initiates tyrosine phosphorylation of the CD28 cytoplasmic tail at residues Y173, Y188,
Y191, and Y200. Y173 is positioned in a SH2 binding domain, (pYMNM), while both
Y188 and Y191 are located within a proline-rich SH3 binding domain. Phosphorylation
of these residues is required for the subsequent recruitment of T cell signaling
components with respective SH2 and SH3 domains. In addition, complete signaling
through CD28 requires phosphorylation of Y200 (Teng et al., 1996). The significance of
CD28 in T cell activation is further suggested by the fact that it acts with CD4 to induce
autophosphorylation of CD4-associated Lck and sustain its activity in TCR/CD3
activation (Holdorf et al., 2002). Moreover, in the absence of Lck sequestration by CD4,
CD28 cross-linking alone is sufficient to deliver activating signals that induce
proliferation (Leung et al., 1999). The requirement for non-CD4-associated Lck for
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TCR-independent activity accentuates the importance of Lck for signaling capacity of
CD28.
CD28 delivers both quantitative and qualitative signals that sustain, amplify, and
complement the primary signal triggered by the engagement of the TCR/CD3 complex
(Sharpe and Freeman, 2002).

During antigen presentation, co-stimulation of CD28

lowers the threshold required for TCR/CD3 signaling and allows activation of T cells
with less TCR:peptide:MHC engagement, resulting in amplification of its signal (Michel
et al., 2001). For example, linker for activation of T cells (LAT), the adaptor protein
critical for TCR/CD3 signaling pathway (Zhang et al., 1998), is phosphorylated upon
ligation of CD28 (Tsuchida et al., 1999). The tyrosine phosphorylation of LAT is further
increased upon co-stimulation of TCR/CD3. Thus, CD28 stimulation has quantitative
effects on the activation of T cell signaling. As an example of a qualitative effect of
CD28 signaling, CD28-B7 engagement is responsible for effecting cell-cycle progression
during initial T cell activation (Bonnevier and Mueller, 2002). Experiments mutating the
four tyrosines in cytoplasmic domain of CD28 by changing them to phenylalanine have
shown that the four tyrosine residues on the cytoplasmic tail are critical for CD28
signaling and established that Y173 is necessary for maintenance of post-stimulation T
cell survival by upregulating Bcl-XL, but it is not necessary for T cell proliferation
(Okkenhaug et al., 2001). Moreover, CD28, but not TCR/CD3 signaling, stably modifies
the IL-2 promoter by epigenetic mechanisms including histone acetylation and cytosine
methylation (Thomas et al., 2005). These observations support a role for CD28 in finetuning the quality and quantity of the TCR/CD3 signal.
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1.2.2.3 T Cell Activation by TCR and CD28 Signals Regulates the HIV-1 LTR
Transcriptional Activation
The HIV-1 LTR serves as the promoter and regulatory element for HIV-1
transcription.

It recruits ubiquitous transcription factors expressed by all host cells

targeted by HIV-1 and responds to tissue-specific transcription factors, thus permitting
transcriptional activation of the virus in different tissues. Its length is approximately 640
base pairs, and it consists of three regions (Krebs et al., 2001; Pereira et al., 2000). The
U3 region is approximately 450 base pairs and is segregated into core, enhancer, and
modulatory regions based on the distribution and effects of transcription factors in the
region (Reviewed in (Krebs et al., 2001)). The R region consists of the transcription start
site and the HIV-1 TAR element. Binding sites for transcription factors are also found in
the R region, approximately 100 base pairs long, and downstream U5 region,
approximately 90 base pairs long.
The HIV-1 LTR contains cis-acting elements for both ubiquitous transcription
factors and transcription factors restricted by tissue type. The general transcription factor
Sp1 binds to three consecutive sites in the (-80)-to-(-46) region, adjacent to two
consecutive binding sites for NF-κB, which are located in the enhancer region between
the base-pair positions -105 and -80.

The NF-κB site is critical for transcriptional

activity of HIV-1 (Krebs et al., 2001; Pereira et al., 2000; Rohr et al., 2003). Binding
sites for other ubiquitous factors commonly expressed by leukocytes, such as AP-1 (cJun/Fox heterodimer), CREB, and C/EBPβ, are also found in the LTR. In CD4+ T cells,
NFAT, LEF-1, and ETS-1 bind to the HIV-1 LTR. In addition to the NFAT-binding sites
located in the R region (+169 to +181) and the upstream U3 region (-254 to -216), the
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NF-κB binding sites of the HIV-1 LTR also recruits NFAT. Several binding sites for
LEF-1 are found in the U3 and R regions, and an ETS-1 binding site is located in the U3
modulatory region, close to an LEF-1 site (Krebs et al., 2001). Both transcription factors
are recruited to the LTR (Steger and Workman, 1997), but their functional roles need to
be more fully defined. ETS-1 and another transcription factor, USF-1, are recruited to
the HIV-1 LTR as a complex, and dominant-negative ETS-1 is shown to inhibit HIV-1
replication (Posada et al., 2000). These factors are but representatives of a diverse array
of transcription factors recruited by the HIV-1 LTR in the host cells, and their assembly
on the HIV-1 LTR in infected CD4+ T cells is dictated by the cellular state of activation.
It was recognized early on that the HIV-1 LTR and T cell mitogen-activated
genes are both induced by overlapping nuclear proteins (Bohnlein et al., 1988). However,
the first correlation of viral activity to T cell activation through TCR/CD3 and CD28 was
made in 1989, by Tong-Starkesen et al. (Tong-Starkesen et al., 1989). Crosslinking
TCR/CD3 and CD28 with monoclonal antibodies specific to respective receptors, they
observed induction of HIV-1 LTR activity comparable to the induction observed in T
cells following treatment with the mitogen PMA.

The ability of TCR signaling to

regulate HIV transcription was inhibited by cyclosporine A (CsA) and H7, implicating
calcineurin and PKC, respectively. Mutational analysis of the HIV-1 LTR demonstrated
a requirement for NF-κB. Based on these observations, a model of HIV-1 LTR activation
was proposed, whereby activation of CD4+ T cells by stimulation of TCR/CD3 and
CD28, and its downstream signaling events, including intracellular calcium flux and
translocation of PKC, culminate in binding of NF-κB and NFAT-1 to responsive
elements on the HIV-1 LTR located in the upstream U3 sequences. Thus the virus
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behaves similarly to genes induced upon CD4+ T cell activation. In fact, analysis of the
sequence of the HIV-1 LTR reveals homology to the IL-2 promoter, one of the several
genes triggered by T cell activation. (Fujita et al., 1986; Pereira et al., 2000). Both the
HIV-1 LTR and the IL-2 promoter/enhancer contain numerous binding sites for
activation-induced transcription factors, including NFAT, NF-κB, and AP-1 (Krebs et al.,
2001; Serfling et al., 1995).
While such similarities between the HIV-1 LTR and T cell mitogen-activated
genes exist, their responses to T cell activation are varied. For example, the CD28
response elements of the HIV-1 LTR and the IL-2 promoter are markedly different in
their ability to recruit TCR/CD3-CD28 inducible NF-κB proteins (Civil et al., 1999).
Compared to the HIV-1 LTR, the CD28 response element of the IL-2 promoter is less
efficient in binding of NF-κB. This difference is attributed to base—pair variation in
their ostensibly homologous sequences. Sequence differences and other gene-specific
variables, such as site accessibility, allosteric effects, covalent modifications, and
interaction with transcriptional co-regulators, can explain the unique responses of the
HIV-1 LTR and the IL-2 promoter during T cell activation (Covic et al., 2005; Natoli et
al., 2005). Understanding how the HIV-1 LTR behaves similarly and differently from
other T cell activation-induced genes will give us insights both on the regulation of T cell
activation and the replication strategy of integrated HIV-1 provirus.
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1.2.2.4 Individual Receptor Requirement for HIV-1 Activation

1.2.2.4.1 The TCR/CD3 Complex
In CD4+ T cells, TCR/CD3 signaling is critical for completion of reverse
transcription, formation and nuclear transport of PIC, and transcriptional activation of
HIV-1 (Sun et al., 1997). The TCR/CD3 signals required for HIV-1 are sensitive to
inhibition of calcineurin by cyclosporine A (Tong-Starkesen et al., 1989), suggesting a
role of NFAT in activation of HIV-1. In addition to the NFAT-binding site located in the
U3 region of LTR that is homologous to the IL-2 promoter, NFAT also targets a binding
site downstream of the TAR element region to regulate HIV gene expression
(Romanchikova et al., 2003). Moreover, NFAT binds to NF-κB-binding sites of the
HIV-1 LTR as a homodimer (Giffin et al., 2003). The upregulation of NFAT-binding to
the NF-κB sites in CD45RO-positive cells may also explain the elevated activation of
HIV-1 in memory CD4+ T cells (Robichaud et al., 2002). In primary CD4+ T cells,
NFAT activity upregulates reverse transcription as well as production of viral proteins
(Cron et al., 2000; Kinoshita et al., 1998; Kinoshita et al., 1997).
The dependence of TCR/CD3-mediated activation of HIV-1 transcription on
NFAT activity was also suggested by studies using a combination of a specific inhibitor
for protein tyrosine phosphatases and cell lines deficient of ZAP-70/Syk, Lck, or TCR
(Barbeau et al., 1997; Fortin et al., 2001).

Inhibition of protein tyrosine

dephosphorylation circumvented the absence of TCR signaling to upregulate NFAT-1
activity and activated both HIV-1 and IL-2 transcription, but this induction was abrogated
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in the absence of either ZAP-70 or Lck, proximal signaling targets of TCR/CD3.
Moreover, mutations of all three NFAT-binding sites on the HIV-1 LTR inhibited HIV-1
induction (Romanchikova et al., 2003). Therefore, NFAT plays a significant role in HIV1 activation by TCR/CD3.
There are several mechanisms that negatively regulate TCR/CD3 signaling.
TCR/CD3 signaling is regulated by the protein tyrosine phosphatase SHP-1, indicating
the role of tyrosine dephosphorylation as a mechanism of signaling regulation (Fortin et
al., 2001). Furthermore, the susceptibility of viral replication to such negative regulation
not only highlights the dominant significance of T cell activation in the life cycle of HIV1, but also indicates a potential approach by which activity of HIV-1 in infected cells can
be restrained. It is worth noting that activation of TCR/CD3 signaling is negatively
regulated by members of the Cbl protooncogene family, receptor tyrosine kinase-binding
adaptor proteins with E3 ubiquitin-ligase activity. Cbl proteins, including c-Cbl and Cblb, target TCR/CD3 signaling components for post-activation regulation.

These

downstream targets, including the non-receptor tyrosine kinase ZAP70, Vav1, and
phosphatidylinositol 3-kinase (PI3K), are recruited by Cbl proteins for ubiquitination and
subsequent sequestration/degradation. Whether these regulatory proteins have a role in
regulating HIV-1 activity, and vice versa, is still an open question.

1.2.2.4.2 CD28
CD28 signaling figures prominently in the life cycle of HIV-1, and it has a
complex role in the activation of virus replication. CD28 is required for maintaining
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survival with stimulation of CD3/TCR of HIV-1-infected peripheral blood lymphocytes
(Guntermann et al., 1997). The ligands of CD28, B7.1 and B7.2, are incorporated in
virions derived from infected MDMs (Giguere et al., 2004). Incorporating these host
proteins assists virus entry and triggers NF-κB signaling with concurrent TCR/CD3
activation. Thus CD28 and its activity play a key role in the replication cycle of HIV-1.
Exogenous expression of CD28 with targeted mutations of phosphotyrosine
residues is one approach for studying its signaling characteristics. Because CD28 is
constitutively expressed on CD4+ T cells, a distinguishing marker is needed to separate
expression of the recombinant receptor from endogenously expressed CD28. This can be
achieved by exogenously expressing mCD28 in human T cells. Studies of exogenous
expression of mutant mCD28 with substitutions of phenylalanine for tyrosine residues
show that CD28 was phosphorylated within five minutes after crosslinking with mCD28specific antibody in the absence of a TCR/CD3 signal (Sadra et al., 1999). Y170 of
mCD28 is required for phosphorylation-dependent recruitment of PI3K p85 regulatory
unit to the receptor. Similar induction is seen with the natural ligand of CD28, B7.2.
This is consistent with the observation that Y173 of human CD28 is required for
recruitment and association of PI3K (August and Dupont, 1994). In addition, mutation of
mCD28 Y188, but not mCD28 Y170, inhibits induction of IL-2 production by mCD28
co-stimulation in Jurkat T cells. These results indicate diverse roles of CD28 tyrosine
phosphorylation sites.
Similar approaches can also be applied using recombinant human receptors. For
example, expression of chimeric receptors with extracellular and transmembrane domains
derived from human CD8α and a cytoplasmic tail from CD28 allows ligation of
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recombinant receptors separate from endogenous CD28, thus permitting the study of
functional requirements of individual CD28 tyrosine residues in the context of TCR/CD3
stimulation. With this approach, observations were made by Teng and coworkers with
regard to requirement of CD28 co-stimulation for IL-2 promoter transcription activation
by TCR/CD3 (Teng et al., 1996). Contrary to the expectation that Y173 activity would
be required for IL-2 promoter induction, Teng et al. found that it is dispensable. On the
other hand, all the three tyrosine residues distal to Y173 are required for induction of IL2. Surprisingly, receptors with only single functional tyrosine residues at positions 191
or 200 were capable of inducing normal IL-2 level. These results again highlight the
complexity of CD28 signaling.
The same chimeric-receptor strategy was also used to dissect CD28 signals that
impact HIV-1 transcription (Fig. 1.6). Cook et al showed that Y200 is critical for HIV-1
transcription activation (Cook et al., 2003).

Y200-deficient CD8α-CD28 following

crosslinking of receptor is unable to induce binding of NF-κB to the HIV-1 LTR, as
opposed to chimeric receptors with intact tyrosine residues. Moreover, CD28 Y200 is
required for tyrosine phosphorylation and activation of Vav1 and G protein Rac1 upon
receptor ligation. Taken together, these results demonstrate that CD28 Y200 effects
induction of the HIV-1 LTR by activating NF-κB and possibly AP-1 via Vav-1 and Rac1.
The requirement of NF-κB was further demonstrated using the HIV-1 LTR with deficient
κB-binding sites, consistent with the original observation made by Tong-Starksen et al.
that the κB-binding sites on the LTR are critical for induction of HIV-1 (Tong-Starkesen
et al., 1989).
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Figure 1.6: Regulation of HIV-1 Transcription by CD28 signaling
Works by Cook et al. identified requirement of Y173 phosphorylation for a negative
regulation targeting the formation of Tat/T-PEFb complex. At the same time, Y200 was
shown by Cook et al. to be necessary for induction of HIV-1 via a Vav1/Rac1 mediated
mechanism of NF-κB activation. The details of these mechanisms are unknown, as are
the roles Y188 and Y191 play in induction of HIV-1 transcriptional activation.
Chimeric receptors were also used to evaluate signaling of CD28 Y173 for HIV-1
transcriptional activation. As discussed above, the Y173 residue is of particular interest
because it recruits PI3K to the SH2-binding domain, pYMNM, as well as the GRB2/SOS
adaptor complex, upon phosphorylation by Lck and Fyn (Raab et al., 1995).
Unexpectedly, its phosphorylation is dispensable for IL-2 induction (Teng et al., 1996).
Surprisingly, CD28 Y173 modulates HIV-1 transcription (Cook et al., 2002). Changing
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Y173 to phenylalanine led to enhanced induction of HIV transcription upon receptor
stimulation, exceeding both endogenous CD28 response and that of the CD8α-CD28wt
chimeric receptor, which included an intact and functional CD28 cytoplasmic tail. In
addition, inhibition of PI3K by LY294002 resulted in a similar enhancement of HIV-1
transcription following crosslinking of CD3/CD28.

As phosphorylation of Y173 is

required for recruitment of PI3K (August and Dupont, 1994; Sadra et al., 1999), the
rescue of CD28 signals by inhibition of PI3K would further support a role of CD28bound PI3K in negatively regulating co-stimulatory signals emanating from CD28
stimulation.
How CD28-bound PI3K may negatively regulate CD28 signaling compartment is
still unclear. Cook et al. demonstrated that formation of Tat/P-TEFb was inhibited when
PI3K was activated in HIV-1 infected CD4+ T cells stimulated through TCR/CD3+CD28
(Cook et al., 2002). Left unanswered is the molecular mechanism by which this negative
regulation occurs in the context of T cell activation by two signals (CD3 and CD28). Nor
is it known if CD28 ligation alone is sufficient to influence formation of the Tat/P-TEFb
complex. Alternatively, the SH2-binding motif that includes Y173, pYMNM, recruits
both PI3K and GRB2, an adaptor protein. When the asparagine residue of the CD28
pYMNM motif is replaced by phenylalanine to mimic the equivalent SH2-binding
domain of ICOS, it loses ability to induce IL-2 production (Harada et al., 2003).
pYMFM is able to recruit PI3K but not GRB2. The dual specificity of pYMNM for
PI3K and GRB2 may therefore play a role in both induction of IL-2 and its regulation.
It is still unclear how activities emanating from Y188 and Y191 influence T cell
activation and therefore HIV-1 activation. In the case of the IL-2 promoter, all three
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distal tyrosine residues—Y188, Y191, and Y200—are required for normal induction in
presence of Y173; in absence of Y173 there is no such requirement. For the HIV-1 LTR,
Y200 is capable of HIV-1 LTR induction in absence of Y173, Y188, and Y191; it is not
known if it retains the capacity in presence of Y173 without normal Y188 and Y191.
Sadra et al. demonstrated that mCD28 Y188 (equivalent to CD28 Y191) is necessary for
IL-2 induction, whereas mCD28 Y185 (equivalent to CD28 Y188) appears to suppress
this induction. All things considered, there exist two scenarios on the roles of Y188 and
Y191 in CD28 signaling. The first scenario is that Y188, Y191, or both, counteracts
suppression by Y173 and pY173-bound PI3K of activities emanating from Y200. In this
scenario, activities emanating from the middle tyrosine residues might interfere with
PI3K mediated suppression by acting either directly on PI3K or on its downstream
effectors. The second scenario is that these tyrosine residues deliver positive signals in
addition to Y200 signaling, thereby counteracting negative effects of Y173.

It is

conceivable that both mechanisms might be involved in collectively generating normal
CD28 signaling.

1.2.2.5 CD28 Signaling in the Context of TCR/CD28 Co-stimulation
TCR/CD3 signaling without accompanying CD28 stimulation is sufficient to
induce nuclear factors activated during T cell activation—NFAT, NF-κB, and AP-1. In
fact, CD28 stimulation alone leads to no functional phenotype of CD4+ T cells, i.e. there
is no observable cellular effect following CD28 stimulation alone on proliferation and
differentiation of CD4+ T cells.

It is in this context that the mechanism of CD28
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signaling must be studied; the biochemical consequences of CD28 signaling cascade are
manifested through activation of TCR/CD3 by antigen presentation.
The identification of CD28 residue Y173 as a negative regulator of CD28
signaling suggests an intriguing approach by which integration of signal cascades
emanating from discrete phosphotyrosine residues of CD28 cytoplasmic tail may be finetuned to achieve the proper level of T cell activation during antigen presentation. Left
unanswered are the questions of how: How does pY173-associated PI3K negatively
influence formation of the Tat/P-TEFb complex, or even the dimerization of CyclinT1
and CDK9 to form P-TEFb? How do the signaling events of the distal three tyrosine
residues interact to deliver the co-stimulatory signal on the balance of inhibitory activity
of Y173, and, conversely, how does Y173 regulate these events? Intriguingly, these
questions might be answered by identifying the roles, if any, of the tyrosine residues,
Y188 and Y191, in the CD28 signal cascade. It is possible that the SH3 binding domains
bracketing these two residues may rely on them for recruitment of SH3-containing
signaling factors that contribute to positive signals that complement Y200, or suppress
negative signals from Y173 and associated PI3K, or both.
Again, the context of TCR/CD3 ligation in CD28 signaling comes in play with
these aforementioned observations, as many of them were made in the context of
TCR/CD3 co-activation. We do not know whether CD28 signaling cascade is contingent
on TCR/CD3 signaling or not. Thus, it is not known, as discussed above, if the negative
effect of CD28-bound PI3K on Tat/P-TEFb complex formation occurs because of
concurrent TCR/CD3 signaling, or independent of TCR signaling. Given that in some,
but not all, instances, CD28 stimulation alone is sufficient to induce HIV-1 transcription
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and replication in naturally infected CD4+ T cells (Asjo et al., 1993; Wong et al., 1997),
understanding these questions will help us to better appreciate both T cell activation by
APCs and its effect on activation and replication of HIV-1.

1.2.2.6 HIV-1 Regulatory and Accessory Proteins Modify T Cell Activation
Among these accessory proteins, Nef and Tat can directly and/or indirectly
modify T cell signaling. Nef interacts with several factors critical for T cell signaling,
including Lck, a member of Src family protein tyrosine kinases, and Vav. There is
evidence suggesting that these interactions influence T cell signaling in a way that
sensitizes the infected cells to activation. Tat interacts with histone acetyltransferases
(HATs) and CyclinT1-dependent positive transcription elongation factor b (P-TEFb) to
facilitate transcriptional initiation and elongation. Tat also enhances activities of certain
transcription factors, such as NF-κB, alone or in cooperation with Nef. Together, these
viral accessory proteins modify T cell signal transduction through distinct mechanisms
that cooperate for optimal viral replication cycle. Tat is absolutely critical for viral
replication in vitro, whereas Nef is not. The conservation of the accessory protein not
critical for replication may therefore reflect the requirement of Nef activity for productive
viral replication in vivo.
A number of structural features enable Nef to interact with components of the T
cell signaling network. The N-terminal myristoylation of Nef allows it to anchor in the
inner leaflet of plasma membrane, especially in lipid RAFTs, where the TCR/CD3
complex and CD28 are localized (Wang et al., 2000). Also, the proline-rich (PxxP) motif
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of Nef allows it to interact with SH3 domain-containing signaling proteins Fyn, Lck and
Vav. The association with Vav is significant in its functional implications. Nef activates
Vav upon binding and initiates recruitment and activation of p21-activated kinase 1 or 2
(PAK1/2) with an Arg-Arg (RR) motif, enabling further recruitment of Rac1 and Cdc42
(Fackler et al., 1999). These molecules are involved in signaling events that induce
transcriptional activation and cytoskeletal rearrangements in T cells upon receipt of
activating stimuli (Fackler et al., 2000). The interaction between Nef and CD3ζ is
necessary for activation of PAK (Xu et al., 1999). Moreover, it has been shown that Nef
physically interacts with PI3K with various effects, including inhibition of apoptosis,
possibly by cooperating with PAK activation (Linnemann et al., 2002; Wolf et al., 2001).
It is proposed that Nef activity on T cell signaling may be manifested by its mimicking
activity of ZAP70 (Fackler and Baur, 2002). Indeed, genes known to be targets of
activation by TCR signaling alone are induced in the presence of Nef (Simmons et al.,
2001).

On the other hand, little is known about the interactions between Nef and

negative regulators of T cell signaling, such as c-Cbl, and possibilities exist that Nef may
directly or indirectly alter activities of these molecules, in addition to other signaling
factors, and thus modify T cell activating signals. Intriguingly, a recent publication has
suggested that Nef, in cooperation with Vpr, may prime infected cells to suboptimal
activation through cytokines and interaction with endothelial cells with minimal TCR
signaling (Choi et al., 2005b). These findings support the hypothesis that Nef sensitizes
infected CD4+ T cells to activating signals.
Tat is not only critical for elongation, but also participates in potentiating infected
cells to activation by modifying activities of transcriptional factors. Tat may directly

38
influence co-stimulation of TCR/CD3 and CD28 by enhancing the activity of the
transcription factor NF-κB (Coudronniere et al., 2000; Ott et al., 1997; Ott et al., 1998).
The activation of NF-κB is mediated through PKC-θ, and it targets the CD28RE element
of T cell activation-induced genes, a transcriptional element that bind both NF-κB and
AP-1. Evidence also suggests direct binding of Tat to κB-binding sites, such as those of
the HIV-1 LTR (Dandekar et al., 2004).

Besides NF-κB, Tat, like Nef, may also

upregulate GRB3-3, which potentiates NFATc activity (Li et al., 2000).
An intriguing aspect of Tat activities is its cooperation with Nef in influencing T
cell activation. In addition to upregulation of GRB3-3, co-expression of Nef and Tat also
activates NFAT, NF-κB, and AP-1 (Fortin et al., 2004). Since Nef initiates a program of
gene expression in Nef-expressing cells that mimics activation by CD3 crosslinking in a
NFAT-dependent manner (Simmons et al., 2001), the activities of Tat, especially its
positive effect on the NF-κB pathway, may complement those of Nef in priming infected
CD4+ T cells for activation.

In return, CDK9 is upregulated by Nef expression

(Simmons et al., 2001); the increase in CDK9 expression may enhance Tat activity
through increase of P-TEFb. Considering that both Tat and Nef are expressed early in the
viral replication cycle (Wu and Marsh, 2001), it is perhaps the case that productive viral
activity requires collaboration between Nef and Tat in optimizing viral response to
activating stimuli to the host cells. As with Nef and Vpr, the cooperative effect of Nef
and Tat supports the likelihood that the HIV-1 accessory and regulatory proteins
collaborate to modify cellular properties in favor of viral activity. Taken together, the
transactivating regulator protein Tat functions both as a facilitator of HIV transcriptional
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activation and a primer for T cell activation through its effects on transcription factors
that are the objectives of activating signal cascades.

1.3 Concluding Remarks
HIV has evolved so that its expression and replication are dependent on the
biochemical and physiological properties of its primary target, the CD4+ T cells. At the
same time, the virus has developed means to alter these constraints of host cellular
environment by utilizing its accessory proteins. The focus of our studies was on this dual
aspect of HIV-1 infection in CD4+ T cells. We were interested in how CD4+ T cells
regulate the transcriptional activation of HIV-1 by CD28 signaling, a component of the T
cell signaling network. Specifically, we wanted to delineate how the array of positive
and negative signals of CD28 combined to affect induction of HIV-1 activity.
Meanwhile, our interest in the activities of HIV-1 accessory proteins was focused on Nef.
With the knowledge that Nef directly interacts with components of the T cell signaling
network, we decided to look at the effect of Nef on protein tyrosine phosphorylation, a
hallmark of signal transduction.
Previous studies defined a positive signal and a negative regulatory mechanism of
CD28 on HIV-1 transcriptional activation, emanating from phosphorylation of Y200 and
Y173, respectively. In our initial studies, we extended this analysis, taking advantage of
the CD8α-CD28 chimeric receptors with different combinations of tyrosine-tophenylalanine mutations.

Our results showed that CD28 signaling was negatively

regulated by the activities of PI3K associated with phosphorylation of Y173.

The
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negative regulation of CD28 signaling by PI3K was originally shown by Cook et al. to
target transcriptional activation of the HIV-1 LTR.

Our comparative analysis of

restrictions placed by CD28 signaling requirement on both the HIV-1 LTR and IL-2
suggests that this negative regulatory mechanism may be applicable to other T cell
activation-induced genes. Our results also showed that the tyrosines, Y188 and Y191,
play important roles in supporting the positive signaling of CD28 co-stimulation. Y200
alone is unable to induce HIV-1 LTR or IL-2 transcriptional activation in the presence of
Y173 activity. These results highlight both the significance of CD28 co-stimulation on
HIV-1 induction and the complexity of the CD28 signaling that is required of its role as a
rheostat of T cell activation.
In our investigation on the effect of HIV-1 Nef activity on T cell signaling, we
have shown that Nef targets the adaptor/regulatory protein c-Cbl and enhances tyrosine
phosphorylation in unstimulated CD4+ T cells. This activity suggests a novel mechanism
by which Nef manipulates CD4+ T cell signaling by altering the biochemical properties
of its negative regulators.

We have also shown that Nef-mediated tyrosine

phosphorylation of c-Cbl is dependent on the activity of Lck. The requirement of Lck for
Nef activity on c-Cbl points to the hypothesis that Nef effects changes of multiple
downstream signaling molecules, including c-Cbl, by targeting factors involved in early
signaling events.

Indeed, besides, c-Cbl, we have detected changes in tyrosine

phosphorylation of several other unknown proteins at different sizes. Identification of
these proteins would further our understanding of the role of Nef in CD4+ T cell
signaling.
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The results of our studies highlight the nature of HIV-1 as an opportunistic
parasite that, while passively responding to biochemical activities of the host cells, also
seeks to improve its odds for survival by actively manipulating these activities. At the
same time, our studies on HIV-1 activities in CD4+ T cells also provide us with a deeper
understanding of T cell signaling. In delineating the interaction of HIV-1 with the
infected CD4+ T cells during the viral life cycle, we gain knowledge not only of the
biology of HIV-1 and potentially novel therapeutic approaches against the disease, but
also insights on the intricate mechanisms of T cell activation by the dynamic coordination
of signals through TCR/CD3 and CD28.

Chapter 2
The CD28 Tyrosines 188 and 191 Complement Y200 and Counterbalances Y173
signals in CD28-mediated HIV-1 Transcription Activation

2.1 Introduction
The human immunodeficiency virus (HIV) is a retrovirus that primarily targets
CD4+ T cells. Efficient replication and propagation of HIV among this cell population
requires activation. While cytokines such as IL-2, IL-7, and TNF-α can maintain viral
activity or reactivate latent provirus (Oswald-Richter et al., 2004; Rabbi et al., 1998;
Scripture-Adams et al., 2002), the primary signals required for integration and
transcriptional activation are provided by engagement of the T cell receptor (TCR)/CD3
complex and CD28 (Cron et al., 2000; Sun et al., 1997; Tong-Starkesen et al., 1989;
Tsunetsugu-Yokota et al., 2000). Several transcription factors that are induced upon T
cell activation, including NF-κB, NFAT, and AP1, bind and transactivate the viral
promoter, Long Terminal Repeat (LTR). Previous studies using a system of recombinant
CD8α-CD28 chimeric receptors have established that activation of HIV-1 transcription
requires CD28 engagement in addition to CD3 stimulation (Cook et al., 2003; Cook et al.,
2002). It is therefore relevant to identify mechanisms by which CD28 signaling governs
activation of HIV LTR.
CD28 is a glycoprotein commonly expressed on the surface of T lymphocytes.
The extracellular portion of CD28 consists of a single IgV domain, whereas the short
intracellular tail contains motifs that interact with downstream signaling molecules. In its
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native state, CD28 dimerizes through a disulfide linkage. Proper activation of T cells by
antigen-presenting cells requires ligation of CD28 to the B7 family proteins, its natural
ligands expressed by antigen-presenting cells.

CD28 engagement initiates tyrosine

phosphorylation of the CD28 cytoplasmic tail and the subsequent recruitment of T cell
signaling components to respective SH2 and SH3 domains, in order to sustain and
amplify the primary signals triggered by the engagement of the T cell receptor/CD3
complex.
CD28 interactions with signaling proteins occur through four tyrosine residues at
positions 173, 188, 191, and 200, which are phosphorylated upon activation (Fig. 2.1A).
A SH2-binding motif at the Y173 residue, pYMNM, is required for recruitment of both
PI3K and GRB2 upon tyrosine phosphorylation. In addition, the formation of CD28GRB2 complex requires interaction between GRB2 SH3 domain and the C-terminal
proline-rich motif of CD28 at the Y191 residue, PYAP (August and Dupont, 1994;
Harada et al., 2003; Okkenhaug and Rottapel, 1998). Other than Y173, it has been shown
that IL-2 induction through CD28 requires phosphorylation of Y188, Y191, and Y200
(Sadra et al., 1999; Teng et al., 1996). Moreover, ITK is associated with CD28 and is
tyrosine-phosphorylated upon recruitment (August et al., 1994). Recently, an adaptor
protein related to GRB2, GRID, was also discovered to be recruited to CD28 in an
activation-dependent manner, although the significance of this interaction is unknown
(Ellis et al., 2000). These adaptor proteins and kinases are required for T-cell receptor
signaling.

ITK is required for activation of the NFAT pathway by TCR signaling,

whereas SOS/GRB2 induces the MAPK and PI3K pathways. The HIV-activating signal
delivered by CD28 requires phosphorylation of Y200, which targets the NF-κB pathway
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(Cook et al., 2003). Conversely, it is negatively regulated by PI3K. In fact, mutation of
tyrosine to phenylalanine at position 173 resulted in hyperactivation of HIV transcription
(Cook et al., 2002). Similarly, Y173 phosphorylation is dispensable for induction of IL-2
activity (Sadra et al., 1999; Teng et al., 1996), even as the Y173-associated PI3K is
required for some signaling events mediated by CD28 co-stimulation, including
maintenance of T cell survival (Okkenhaug et al., 2001). Taken together, CD28 signaling
directly effects the transcriptional activation of HIV, whose responses to these signals
mimic those of the IL-2 gene. Understanding how CD28 regulates genes activated by T
cell activation, including the HIV LTR, and how HIV-1 LTR responds differently to the
regulatory mechanisms of CD28 from other activation-induced genes will help us gain
insights into how HIV is regulated and the role signals play in viral life cycle, including
reactivation of latent virus.
Here we present evidence that CD28 Y188 and Y191 complement with Y200 to
induce transcriptional activation of HIV-1.

This complementation is necessary for

positive signals of CD28 to counterbalance suppression of CD28 signaling mediated by
PI3K recruited to Y173.

2.2 Materials and Methods

2.2.1 Cells and plasmids.
The human acute T cell leukemia cell line Jurkat T E6–1, obtained from ATCC
(Manassas, VA), was maintained in RPMI 1640 medium supplemented with 5% fetal calf
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serum (FCS), 100 units/ml penicillin, 100 µg/ml streptomycin, and 0.2

M L

-glutamine.

Human embryonic kidney cells 293T (ATCC, Manassas, VA) and Chinese hamster ovary
(CHO) cells stably expressing FcR II receptors (CHO-Fc) (Miettinen et al., 1992) (kind
gift of Dr. Avery August, the Pennsylvania State University) were cultured in Dulbecco's
modified Eagle's medium supplemented with 10% FCS, 100 units/ml penicillin, 100
µg/ml streptomycin, and 0.2

M L

-glutamine.

Jurkat cell lines stably overexpressing

CD8α-CD28 chimeric receptors CD8α-CD28wt (8wt) and CD8α-CD28∆167 (∆167)
were previously described (Teng et al., 1996). The recombinant expression constructs of
the CD8α-CD28YFFY (YFFY) and CD8α-CD28FYYF (FYYF) chimeric receptors,
pMH-Neo-Y188,191F and pMH-Neo-Y173,200F, were generated using site-directed
mutagenesis by Lee Albacker from chimeric receptor constructs previously reported
(Teng et al., 1996). Generation of Jurkat cells stably expressing these chimeric receptors
was previously described (Cook et al., 2002). The recombinant HIV-1 reporter construct
pNL4-3.Luc.R-E- (pHIV-LUC), a Env-, Vpr- replication-incompetent clone with the
firefly luciferase gene inserted into the Nef open-reading frame (Connor et al., 1995),
was obtained from Dr. Ruth Connor (Brown University).

The luciferase reporter

construct for the IL-2 promoter, pIL-2-luc (IL-2-LUC) was a kind gift of Dr. A. August.

2.2.2 Generation of HIV-1 infectious titers and infections.
The generation, collection, and infection with conditioned media containing
vesicular stomatitis virus glycoprotein (VSV-G) pseudotyped NL4-3luc+env- (HIV-LUC)
by transient transfection of 293T using the CaPO4 method was previously described
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(Cook et al., 2003). Transfection efficiency of 293T was determined by co-transfecting 6

µg pEGFP-N3 (Clontech, Palo Alto, CA) and monitoring EGFP expression by
fluorescence microscopy. Conditioned media was filtered with 0.45 µm syringe filter
(Whatman, Clifton, NJ) prior to infection. CD8α and CD28 expression were assessed by
flow cytometry as previously described (Cook et al., 2003).

2.2.3 Transfection and luciferase activity assay.
1.5x107 Jurkat T cells were washed once in RPMI with 20 mM HEPES. Washed
cells were resuspended in 400 µl RPMI with 20 mM HEPES with 15 µg pNL4-3-Luc or
pIL-2-Luc and electroporated using a T820 square electroporation system (BTX, San
Diego, CA) with one pulse for 65 mS at 215 V in a 4 mm cuvette. Transfection
efficiency was determined by co-transfection of pEGFP-N3 and monitoring by FACS and
fluorescence microscopy of EGFP expressions. Cells were allowed to recover in RPMI
with 5% FCS for 24 h before assaying for luciferase activity. Separately, CHO-Fc cells
were plated in 24-well plates at 1x105 per well 24 h prior to assay, treated with 12.5

µg/ml of mitomycin-C in serum-free DMEM for 2 h, and washed four times with PBS.
Transiently transfected Jurkat T cells were then overlayed at 1x106/well in 500 µl RPMI
with 5% FCS. Antibodies were added to the co-culture at 0.05 µg/ml anti-CD3 and/or
1 µg/ml anti-CD8α or anti-CD28 for cross-linking by CHO-Fc.

In some instances,

samples were treated with 20 µM of LY294002, a chemical inhibitor of PI3K (SigmaAldrich, St. Louis, MO). The Jurkat T-CHO-Fc co-culture was then incubated at 37ºC
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for 9 h before lysis and assaying luciferase activities using a commercial luciferase assay
kit (Promega, Madison WI).

Luciferase units were measured using a TD-20/20

luminometer (Turner BioSystems, Sunnyvale, CA).

2.3 Results

2.3.1 Construction and expression of CD8α-CD28 chimeric receptors in Jurkat T
cells
Cook et al. have shown that recruitment of PI3K to Y173 of CD28 negatively
regulates HIV-1 transcriptional activation, whereas Y200 initiates signaling that activates
HIV-1 transcription (Cook et al., 2002; 2003). However, it is not known if the tyrosines,
Y188 and Y191, participate in the induction of HIV-1 transcription by CD28. It is
possible that Y188 and Y191 play a role in negative regulation of HIV-1 by signals
emanating from Y173. To ascertain if Y188 and Y191 participate in regulation of HIV
transcription, we took advantage of the CD8α-CD28 chimeric receptors developed by
Teng et al. (Teng et al., 1996). Tyrosine-to-phenylalanine substitutions were introduced
by site-directed mutagenesis to CD28 Y188 and Y191 of the CD8α-CD28 fusion protein
(YFFY) (Fig. 2.1B). In addition, a chimeric receptor with tyrosine-to-phenylalanine
substitutions for Y173 and Y200 (YFFY) was generated for comparative analysis.
Detection of CD8α by flow cytometry confirmed expression of these chimeric receptors
on the surface of stably transfected Jurkat CD4+ T cells (Fig. 2.1C).
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2.3.2 Activation of HIV-1 provirus by CD28 requires tyrosine residues Y188 and
Y191
In order to determine if CD28 tyrosines Y188 and Y191 play a role in regulating
HIV-1 transcription , we infected Jurkat cells stably expressing YFFY or FYYF with a
replication-incompetent recombinant strain of HIV-1 that had an open reading frame
(ORF) encoding the luciferase reporter gene, luc, in place of the HIV-1 env ORF (HIVLUC). As controls, cells expressing unaltered CD8-CD28 (8wt), and cells expressing
truncated chimeric receptor lacking functional domains of the CD28 cytoplasmic tail
(∆167) were also infected with HIV-LUC. Transcription of HIV-1 in all four infected
populations was activated by CD3+CD28 crosslinking (Figure 2.2).

Stimulation by

crosslinking CD3 and CD8α induced HIV-1 transcription in cells expressing CD8αCD28wt to the level comparable to CD3+CD28 signaling. As expected, ∆167 failed to
provide co-stimulatory signals.

Similar to ∆167, YFFY was also deficient in co-

stimulation of HIV-1. Thus, activation of HIV-1 proviral transcription requires not only
Y200 but also either or both of the middle tyrosines Y188 and Y191.
The requirement of Y188 and Y191 for induction of HIV-1 transcription by CD28
implies that these residues alone are capable of providing a positive signal. Indeed, costimulating through FYYF was able to induce HIV-1 transcription comparable to the
level of co-stimulating CD3 with endogenously expressed CD28, as well as that of costimulation with 8wt (Fig. 2.2). The ability of these two tyrosines to deliver induction
upon crosslinking of the chimeric receptor suggests that they are capable of signaling in
absence of Y173 and Y200.
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2.3.3 Induction of IL-2 by CD28 requires Y188 and Y191
The HIV-1 LTR and the IL-2 gene both respond to induction by TCR/CD3 and
CD28 signals (Tong-Starkesen et al., 1989). Both genes also have similar requirements
of CD28 signaling. Tyrosine 200 of CD28 is required for transcriptional activation of the
LTR and the IL-2 promoter by CD28 co-stimulation (Cook et al., 2003; Teng et al.,
1996). In addition, Y173 is dispensable for IL-2 induction, but negatively affects HIV-1
induction (Cook et al., 2002)(Teng et al., 1996).
To more directly compare the transcriptional responses of HIV LTR and the IL-2
promoter, we performed transient transfections with reporter constructs in Jurkat T cells
stably expressing YFFY or FYYF. Crosslinking of YFFY resulted in decreased costimulatory signaling and reduced HIV-1 LTR or IL-2 promoter activity (Fig. 2.3A). The
inability of the chimeric receptor to induce IL-2 transcription in absence of both Y188
and Y191 is consistent to the findings by Teng et al. on the requirement of the distal three
tyrosines for IL-2 induction (Teng et al., 1996).
Crosslinking of FYYF triggered transcriptional activation of HIV-1 LTR
comparable to activation by endogenously expressed CD28, consistent with its ability to
activate integrated provirus (Fig. 2.3B). However, in contrast to full induction of HIV-1
LTR, crosslinking FYYF only partially induced the activity of IL-2 promoter. Thus,
while signaling through Y188 and Y191 alone was sufficient for HIV-1 LTR activation
in absence of Y173 and Y200, these two residues could not support efficient IL-2
induction.
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2.3.4 Inhibition of CD28 signaling is mediated by PI3K.
Cook et al. have shown that negative regulation of HIV-1 transcription is
mediated by Y173 and dependent on PI3K activity (Cook et al., 2002). Recruitment of
PI3K to Y173 depends on phosphorylation of this residue (Sadra et al., 1999). For IL-2
induction, Y173 similarly has a negative on impact on transcription (Teng et al., 1996).
A possible explanation of the lack of co-stimulation by YFFY is that phosphorylation of
Y173 recruits PI3K, which then inhibits activities associated with phosphorylation of
Y200. To determine if PI3K influences signaling in the context of the different chimeric
receptors, a chemical inhibitor specifically targeting the kinase activity of PI3K,
LY294002, was used to treat YFFY- or FYYF-expressing Jurkat T cells transiently
transfected with HIV-1 or IL-2 reporter constructs. When treated with LY294002, the
ability of YFFY to transactivate HIV-1 LTR in the context of CD3 signaling was rescued
and even enhanced, with the effect more than double that of normal activation by
CD3+CD28 crosslinking (Fig. 2.4A). The ability of the receptor to induce IL-2 promoter
activation was also rescued by treatment with LY294002, although the magnitude of this
induction was not as great as that seen for the HIV-LTR. Surprisingly, treatment with
LY294002 also enhances co-stimulatory activity of FYYF on the HIV-1 LTR and IL-2
promoter (Fig. 2.4B). The transcriptional response of HIV-1 LTR doubled in presence of
LY294002; IL-2 induction by CD3+CD8α crosslinking jumped by 8 fold with treatment
of LY294002, to more than 400% of normal activity by CD3+CD28 co-stimulation.
While both YFFY and FYYF were responsive to inhibition of PI3K by
LY294002, comparison of activation by CD3+CD8α co-activation to CD8α crosslinking
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alone revealed receptor-specific patterns.

Treatment with LY294002 resulted in

induction by CD3+CD8α co-stimulation over CD8α stimulation alone for YFFYexpressing cells (see table of Fig. 2.4A). However, treatment with LY294002 of FYYFexpressing Jurkat cells resulted in increased baseline activity by crosslinking of CD8α
alone for both the HIV-1 LTR and IL-2 promoter (Fig. 2.4B); as a result, the induction of
CD3+CD8α co-stimulation over CD8α alone was not observed (Table, Fig. 2.4B).
Taken together, PI3K may regulate CD28 signaling via CD28-associated or non-CD28associated mechanisms, and the differences between the activities of HIV-1 and IL-2 may
reflect their differential responses to these mechanisms as well as the positive signals of
CD28.

2.3.5 CD28 Signaling by tyrosines distal to Y173 are both redundant and
cooperative.
Our studies so far looked at the signals of the tyrosines 188, 191 as a single unit
and do not exclude the possibility that these tyrosines may provide individual signals. To
determine the roles of individual tyrosines in signaling, Jurkat T cells expressing
chimeric receptors with various combinations of tyrosine mutations were infected with
HIV-LUC. As expected, the wild-type chimeric receptor 8wt induced normal level of
HIV-1 activation relative to CD3+CD28 signaling (Fig. 2.5). Both Y200 and F173
receptors induced hyperactivity of HIV-1 transcription. In addition, Y191, which had
only one functional tyrosine residue at the position 191, and FYYF induced HIV-1
transcriptional activation comparable to CD3+CD28 signaling. These results suggest that
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signals emanating from the distal tyrosines are functionally redundant, and
phosphorylation of Y191 is capable of inducing positive signals independent of other
phosphorylation events of CD28.
On the other hand, receptors with an intact Y173 required the presence of all three
distal tyrosines for normal signaling capacity. Consistent with reports by Cook et al.,
CD8α-CD28F200 (F200, YYYF) could not induce HIV-1 activity, highlighting the
significance of Y200 in CD28 signaling. Induction by YFFY was defective compared to
YYYY, confirming the requirement for tyrosines 188 and 191 for HIV-1 transcriptional
activation. Thus the requirement of Y173-distal tyrosines for CD28 signaling can be
cooperative or redundant, depending on the phosphorylation of Y173.

2.4 Discussion
In this study, we have demonstrated the requirement of CD28 tyrosines 188 and
191 for the transcriptional activation of HIV-1 LTR in response to CD3 and CD28
signaling. In the absence of these two tyrosines, the ability of the receptor to induce LTR
activity through Y200 was abrogated. A similar effect was seen for the IL-2 promoter:
the CD8α-CD28 receptor was not able to activate IL-2 transcriptional activation without
Y188 and Y191. We have also shown that Y188 and Y191 together were capable of
enhancing HIV-1 LTR activity despite substitution of phenylalanine for tyrosine at Y200,
which mediates activation of the NF-κB pathway via Vav1 and Rac1 (Cook et al., 2003).
Similar induction through Y188 and Y191 was also seen for the IL-2 promoter, but with
only partial activity. The inability of Y188 and Y191 to fully activate the IL-2 promoter
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in absence of Y200 is consistent with the previous observation that CD28 tyrosines 188,
191, and 200 are all required for induction of IL-2 secretion in CD4+ T cells (Teng et al.,
1996). That CD28 induces normal activation of HIV-1 LTR but only partially activates
IL-2 transcription suggests these promoters differentially respond to CD28 costimulation. One possible scenario is that the IL-2 promoter demands a higher threshold
of activation by the full complement of CD28 signaling, while HIV-1 LTR is responsive
to less-than-optimal activation by the Y200-deficient receptor.
The theme of tyrosine 173 of CD28 as the negative regulator of CD28 signaling
emerges when we compare our results with previously published mutational analyses of
CD28 signaling and its effect on the HIV-1 LTR and the IL-2 promoter (Fig. 2.6). For
both the HIV-1 LTR and the IL-2 promoter, phosphorylation of Y173 results in
repression of transcription. For example, signaling by Y200 phosphorylation in absence
of phosphorylated Y173 was sufficient to induce transcriptional activation of both HIV-1
LTR and IL-2; it was necessary but not sufficient when Y173 was phosphorylated (Fig.
2.6, Y200 vs. YFFY and F200/YFFY vs. 8wt). Without phosphorylation of Y173, Y188
and Y191 were sufficient for inducing transcription activation of HIV-1 in absence of
Y200 (F200 vs. FYYF). In short, the negative signals emanating from phosphorylation
of Y173 is a dominant signal, and cooperative activities by the three distal tyrosines are
required to overcome these suppressive activities. The redundancy of the Y173-distal
tyrosine residues was highlighted when the activities of Y173-deficient chimeric
receptors were compared. F173, Y191, Y200, and FYYF activated transcription of HIV1 LTR and IL-2 (Fig. 2.6), demonstrating that individual distal tyrosines are sufficient for
positive signals without phosphorylation of Y173. In particular, Y191 phosphorylation
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was sufficient to initiate induction of transcription (Fig. 2.6), supporting the hypothesis
that there are separate signals from Y188 and Y191. It is not clear whether these signals
emanating from Y188 and Y191 are redundant, cooperative, or competitive. While Y188
is indispensable for IL-2 induction by CD28 (Fig. 2.6, F188), its relevance on HIV-1
LTR transcriptional activation has not been determined. Futhermore, whether Y188 is
sufficient for CD28-mediated transcriptional induction has not been formally tested. A
more complete analysis of the individual requirements of Y188 and Y191 for CD28mediated induction of promoter transcriptional activation is necessary to delineate their
roles in CD28 signaling mechanisms.
The most consistent feature of CD28 signaling is the recruitment of PI3K to
phosphorylated Y173 upon engagement of its native ligands, B7.1 and B7.2 (August and
Dupont, 1994; Sadra et al., 1999). It has been shown that PI3K plays a role in T cell
activation (Okkenhaug et al., 2004). PI3K activity is required for T cell proliferation and
differentiation upon crosslinking of the TCR/CD3 complex. When recruited to CD28,
PI3K maintains survival signals of CD4+ T activation through activation of Bcl-XL
(Okkenhaug et al., 2001). On the other hand, PI3K is dispensable for IL-2 induction and
inhibitory to HIV-1 induction (Barz et al., 1998; Lu et al., 1995) (Cook et al., 2002). We
also observed that LY294002, a specific inhibitor of PI3K, restored co-stimulatory
activity of the YFFY chimeric receptor. The observation is consistent with the findings
of Cook et al. that Y173-associated PI3K suppresses CD28 signaling. It was suggested
that both Y173 and Y200 were capable of recruiting PI3K. However, immunoblotting
for PI3K association to the chimeric receptors showed that Y173 is sufficient to recruit
PI3K without Y200 phosphorylation (data not shown).

Interestingly, we also saw
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increased co-stimulation by the FYYF receptor upon treatment with LY294002. The
receptor lacked both Y173 and Y200, and we confirmed that PI3K was not recruited by
the receptor (data not shown).

Thus both CD28-associated PI3K and non-CD28-

associated PI3K may have roles in modulating T cell signaling.
The fact that the induction of the IL-2 promoter by CD28 was similarly
susceptible to the activity of PI3K associated with CD28 suggests that the inhibitory
effect of PI3K is not specific for HIV-1 transcription. The inhibition of HIV-1 activity by
Y173-associated PI3K is mediated by a Tat-dependent mechanism involving the
formation of P-TEFb complex by CDK9 and Cyclin T1 (Cook et al., 2002). If the
negative mechanism targeting the formation of this complex is not an HIV-specific
mechanism, it would suggest that P-TEFb, and not Tat, is targeted by PI3K. The ability
of PI3K to inhibit signals emanating from Y200 may be either due to its specific
inhibition of P-TEFb formation, or the reflection of a broader mechanism of negative
regulation of CD28 signaling. While it is not known if P-TEFb participates in
transcriptional activation of the IL-2 promoter, it has been shown that NF-κB recruits PTEFb to activate pre-initiation complex of transcription (Barboric et al., 2001). Indeed,
the recruitment of P-TEFb by NF-κB to is shown to be promoter-specific due to base-pair
variations in the sequences of NF-κB binding sites (Luecke and Yamamoto, 2005). It is
therefore conceivable that the HIV-1 LTR, the IL-2 gene, as well as other T cell
activation-induced genes are regulated by a promoter-specific mechanism in the nuclear
compartment in addition to the regulatory control imposed by CD28 signaling.
Taken together, our data support a model in which the CD28 tyrosines 188, 191,
and 200 are responsible for counteracting the negative regulation of Y173 signaling and
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thus ensuring delivery of the CD28 signals at the proper strength and combination (Fig.
2.7). This may be achieved by either specifically inhibiting activity of Y173-associated
PI3K, directly participating in delivery of activating signals complementary to signals
emanating from Y200, or both. Further studies are required to delineate the specific roles
and mechanisms by which Y188 and Y191 contribute to CD28 signaling. Indeed, Y191
has been shown to be capable of normal IL-2 induction in absence of accompanying
tyrosines, whereas removal of Y188 seems to upregulate IL-2 activation (Sadra et al.,
1999; Teng et al., 1996). Such discrepancies indicate the potential of discrete signaling
pathways initiated from Y188 and Y191. Also, the roles of the proline-rich (PxxP)
motifs need to be considered.

Association of GRB2 and GRID to CD28 is stabilized by

SH3:PxxP interactions (Ellis et al., 2000). The interactions between SH3 domains and
PxxP motifs are also required for ITK recruitment to CD28 (Marengere et al., 1997b).
Furthermore, the membrane-proximal portion of CD28 cytoplasmic tail that includes one
of the two proline-rich motifs, PRRP, is required for activation of Jun-N-terminal kinase
(JNK) by CD3+CD28 co-activation (Barz et al., 1998). The activation of JNK by CD28
requires no tyrosine phosphorylation, is enhanced by inhibition of PI3K, but is not
sufficient to induce IL-2 secretion. Finally, the roles of transcriptional regulation by
promoter-specific protein:DNA interactions and epigenetic modifications cannot be
overlooked. All these considerations demonstrate the complexity of CD28 signaling as
the co-stimulatory modulator of T cell activation.
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Figure 2.1

Figure 2.1: Construction and expression of CD8α-CD28 chimeric receptors.
(A) Cytoplasmic tail of human CD28. In addition to the four tyrosine residues, the
polypeptide contains binding domains for SH2 and SH3 proteins. (B) The
CD8α-CD28 chimeric receptor consists of the extracellular and transmembrane
domains of CD8α and the cytoplasmic tail of CD28. YÆF substitutions that
were introduced into CD28 are shown and include a receptor in which Y188 and
Y191 were altered ( Y188,191F; YFFY) and a receptor in which Y173 and Y200
were altered (Y173,200F; FYYF). (C) Jurkat CD4+ T cells stably transfected
with plasmid constructs expressing CD8α-28Y188,191F (YFFY) or CD8α28Y173,200F (FYYF) were monitored for receptor expression by fluorescent
staining of CD8a followed by flow cytometry.
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Figure 2.2

Figure 2.2: Transcriptional activation of HIV provirus by CD8α-CD28 chimeric
receptors.
Jurkat cells stably expressing 8wt, YFFY, FYYF, and ∆167 were infected with VSV-Gpseudotyped HIV-LUC and treated with 0.05 µg/ml of anti-CD3 and/or 1 µg/ml
of anti-CD8a or anti-CD28. Samples were measured for luciferase activity 9
hours post-stimulation. The data are representative of three independent
experiments with triplicate samples.
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Figure 2.3

*
*

Figure 2.3: Comparison of HIV-1 and IL-2 transcriptional activations by CD8α-CD28
chimeric receptors.
Jurkat cells stably expressing YFFY (A) or FYYF (B) were transiently transfected with
pHIV-LUC or pIL-2-LUC and stimulated with 0.05 µg/ml of anti-CD3 and/or
1 µg/ml of anti-CD8α or anti-CD28 and assayed for luciferase activity. The data
are representative of three independent experiments with triplicate samples. *:
P<0.05 by ANOVA.
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Figure 2.4

Figure 2.4: Response of promoter transcriptional activation by CD3+CD8α signaling to
inhibition of PI3K.
Jurkat cells stably expressing YFFY (A) or FYYF (B) chimeric receptors were
electroporated with pHIV-LUC or pIL-2-LUC After 24-hour recovery, cells were
stimulated with 1.0 µg/ml of anti-CD8α alone (grey bars) or with 0.05 µg/ml of antiCD3 and 1.0 µg/ml of anti-CD8α (white bars). Samples were assayed 9 hours poststimulation. LY-: untreated cells; LY+: cells treated with 20 µM of LY294002
concurrent with stimulation. The appended tables represent fold induction of
CD3+CD8α (3+8) treatment versus CD8α (8) treatment alone.
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Figure 2.5

Figure 2.5: Induction of HIV transcription by chimeric receptors.
Jurkat cells expressing CD8/28 chimeric receptors were infected with HIV-LUC. Cells
were stimulated with monoclonal antibodies against CD3 (0.1 µg/ml), CD8α (1.0
µg/ml) and CD28 (1.0 µg/ml) individually or in combination for 12-24 h before lysing
and measuring luciferase activity. Data are shown as percentage of endogenous
CD3+CD28 response for the respective cell lines. Stimulating cells with anti-CD28 or
anti-CD8 alone did not result in significant induction (data not shown). Treating cells
with anti-CD3 resulted in a modest induction of HIV-LUC activity, which is shown with
a line. Each data point represents three stimulations and error bars show the standard
deviation of those replicates. These data are collected by Polung Yang (FYYF and
YFFY) and Dr. Julie A. Cook (all other chimeric receptors) and represent at least three
independent experiments.
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Figure 2.6

a.
b.
c.
d.

Adapted from work by Cook et al. [(Cook, 2003; Cook et al., 2003; Cook et al., 2002) and Figure
2.5] unless otherwise specified.
Adapted from work by Teng et al. (Teng et al., 1996) unless otherwise specified.
Original data.
IL-2 induction was ascertained by measurement of transcriptional activation by a luciferase-based
reporter assay

Figure 2.6: Compilation of co-stimulatory induction of HIV-1 LTR and IL-2 in Jurkat
CD4+ T cells by CD3+CD8α crosslinking relative to CD3+CD28 co-stimulation.
“+” denotes response comparable to normal induction by CD3+CD28 co-stimulation;
“++,” enhanced activity; “+/-,” partial activity; “-,” little or no induction.
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Figure 2.7

Figure 2.7: A model for regulatory mechanisms of CD28 signaling.
CD28 co-stimulation is mediated by tyrosines distal to Y173, which recruits PI3K upon
phosphorylation. Y200 signals enhances NF-κB activities via Vav1 and Rac1 activity,
while Y173 signals suppress CD28-mediated induction of transcription of HIV-1 by
interfering with formation of the HIV-1 Tat/CDK9/Cyclin T1 (Tat/P-TEFb) complex.
This mechanism and/or additional mechanisms of negative regulation by Y173 also
modulates transcriptional activation of the IL-2 gene. The roles of Y188 and/or Y191
may be direct inhibition of PI3K-mediated negative signals, complementation of Y200
signals with their own positive signals, or both.

Chapter 3
Nef enhances c-Cbl phosphorylation in HIV-infected CD4+ T lymphocytes
This chapter is a reprint of a paper originally published in Virology, 2005, 336:219-28.
The coauther is Andrew Henderson.

3.1 Introduction2
HIV-1 Nef is a 27-34 kD myristoylated protein that has been demonstrated to be
critical for viral pathogenesis in part by promoting aberrant T cell function (Fackler and
Baur, 2002; Renkema and Saksela, 2000).

Nef is expressed throughout the HIV

replication cycle and packaged in mature virions (Kotov et al., 1999; Pandori et al., 1996;
Wu and Marsh, 2001).

In infected CD4+ T lymphocytes, expression of Nef

downregulates CD4 and MHC class I molecules by targeting endocytosis and posttranslation sorting, respectively (Aiken et al., 1994; Blagoveshchenskaya et al., 2002;
Chen et al., 1996; Garcia and Miller, 1991; Greenberg et al., 1998b; Schwartz et al.,
1996b).

Reduced MHC I expression allows evasion of CTL surveillance, while

decreased CD4 levels enhance virion release by reducing gp120-CD4 interactions during
2

The abbreviations used are: TCR, T cell receptor; HIV-1, human immunodeficiency virus type 1; LTR,
long terminal repeat; CHO, Chinese hamster ovary; PBS, phosphate buffer saline; BSA, bovine serum
albumin; PI3K, phosphatidylinositol 3'-kinase; PP1, 4-amino-5-[4-methylphenyl]-7-[t-butyl]pyrazolo[3,4d]pyrimidine; FBS, fetal bovine serum; FACS, fluorescence-activated cell sorting; MFI, mean fluorescence
intensity; PLAP, placental alkaline phosphatase; CSF-1, colony-stimulating factor-1; PDGFR, platelet
derived growth factor receptor; EGFR, epidermal growth factor receptor; NFAT, nuclear factor of activated
T cells; AP-1, activator protein 1; SH2, Src-homology 2; SH3, Src homology 3; NF- B, nuclear factor B;
FITC, fluorescein isothiocyanate; GEF, guanine nucleotide exchange factor; PMA, phorbol myristate
acetate.
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budding (Cohen et al., 1999; Collins et al., 1998). Nef has also been shown to influence
apoptosis, protecting infected CD4+ T cells against apoptosis while elevating CD95L
expression to induce apoptosis of bystander cells (Geleziunas et al., 2001; Greenway et
al., 2002; Wolf et al., 2001; Xu et al., 1999).
Several structural motifs and functional properties of Nef suggest it has a role in
modulating signal transduction (Renkema and Saksela, 2000).

Myristoylation at the N

terminus anchors Nef to the inner leaflet of the plasma membrane, where it associates
with lipid rafts and physically interacts with CD3-ζ of the TCR complex (Wang et al.,
2000; Xu et al., 1999). The ability of Nef to modify TCR signaling is suggested by
recent studies in which overexpression of Nef induced a transcriptional response in CD4+
T cells that was similar to CD3 signaling (Simmons et al., 2001).

Moreover, Nef

possesses a proline-rich motif which mediates interactions with SH3-possessing proteins
such as PI3K, the guanine nucleotide-exchange factor Vav, and the Src family kinase Lck
(Baur et al., 1997; Collette et al., 1996; Fackler et al., 1999; Saksela et al., 1995b). The
Nef-Vav complex recruits p21-activated kinases (PAK1/2) through the Arg-Arg (RR)
motif of Nef and small G proteins Rac/cdc42 (Renkema et al., 2001), inducing cellular
responses ranging from cytoskeletal reorganization to respiratory burst (Fackler et al.,
2000; Fackler et al., 1999; Vilhardt et al., 2002). Taken together, Nef targets multiple
biochemical events that directly impact HIV replication and the survival and function of
infected host cells.
Cbl family proteins regulate antigen-dependent activation of thymocytes and
circulating T lymphocytes (Lupher et al., 1999; Thien and Langdon, 2001). The protooncogene cbl encodes a 906-amino acid, multi-domain protein, c-Cbl, whose primary

66
function is to regulate tyrosine kinases (Donovan et al., 1994; Loreto et al., 2002; Ota and
Samelson, 1997). In addition to c-Cbl, there are two mammalian homologues: Cbl-b,
which is 982 amino acids and mainly expressed in peripheral T lymphocytes, and the
truncated Cbl-3, which is 474 amino acids (Keane et al., 1995; Thien and Langdon,
2001). The three proteins share tyrosine kinase-binding (TKB), linker, and RING finger
domains. The TKB domain consists of a four-helix bundle (4H), a Ca2+-binding EF hand
(EF), and Src homology region 2 (SH2) that is connected to a RING finger by the linker
domain (Thien and Langdon, 2001). The SH2 domain has been demonstrated to bind to
receptor tyrosine kinases, including CSF-1 receptor, EGFR, and PDGFR (Lee et al.,
1999; Levkowitz et al., 1998; Miyake et al., 1999), as well as non-receptor tyrosine
kinases such as Syk and ZAP-70, which associates with CD3-ζ of the TCR complex
(Fournel et al., 1996; Lupher et al., 1996; Ota and Samelson, 1997; Rao et al., 2001).
The RING finger E3 ubiquitin ligase domain recruits ubiquitin-conjugating enzymes
(E2s) that catalyzes multiple ubiquitination of Cbl-interacting proteins, targeting them for
proteosome degradation and thus negatively regulating T cell signaling (Levkowitz et al.,
1999; Naramura et al., 2002; Panigada et al., 2002). C-Cbl and Cbl-b also interact with
SH3-possessing Src family kinases Lck and Fyn, as well as adaptor proteins Nck and
Grb2 through C-terminal proline-rich motifs (Andoniou et al., 2000; Donovan et al.,
1996; Feshchenko et al., 1998; Ojaniemi et al., 1997). Src kinase-dependent tyrosine
phosphorylation of Cbl proteins facilitates the recruitment of additional factors such as
Vav and PI3K, which are required for T cell activation (Lupher et al., 1999; Marengere et
al., 1997a; Miura-Shimura et al., 2003). As HIV-1 Nef has also been shown to physically
and functionally interact with Vav and PI3K, it is possible that direct or indirect
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interactions between Nef and Cbl proteins impact T cell activation and influence HIV
replication.
In order to understand the effects of Nef on CD4+ T cell signaling, we examined
tyrosine phosphorylation patterns in HIV infected Jurkat T cells. We report that Nef
enhances tyrosine phosphorylation of c-Cbl.

This upregulation of c-Cbl tyrosine

phosphorylation is induced by endogenous expression of Nef in HIV-1 infected cells and
requires the Src tyrosine kinase Lck.

3.2 Materials and Methods

3.2.1 Cells and Plasmids
Human acute T cell leukemia cell line Jurkat T E6–1, obtained from ATCC
(Manassas, VA), J.CaM1.6, a Lck-deficient line derived from Jurkat (Straus and Weiss,
1992)(kind gift from Dr. Avery August, the Pennsylvania State University), and ACH-2,
an HIV-1 latent T cell line (Clouse et al., 1989), were maintained in RPMI 1640 medium
supplemented with 5% fetal calf serum (FCS), 100 units/ml penicillin, 100 µg/ml
streptomycin, and 0.2

M L

-glutamine. Human embryonic kidney cells 293T (ATCC,

Manassas, VA) and Chinese hamster ovary (CHO) cells stably expressing FcR II
receptors (CHO-Fc) (Miettinen et al., 1992) (kind gift of Dr. Avery August, the
Pennsylvania State University) were cultured in Dulbecco's modified Eagle's medium
supplemented with 10% FCS, 100 units/ml penicillin, 100 µg/ml streptomycin, and 0.2 M
L

-glutamine. The recombinant HIV-1 proviral construct pNL4-3 (Adachi et al., 1986)
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and HIV-1 reporter constructs pHXBnPLAP-IRES-N+ (pHIV-Nef+) and pHXBnPLAPIRES-N- (pHIV-Nef-) encoding infectious molecular clones of HXB2 with or without
functional Nef open reading frame (Chen et al., 1996), were obtained from the AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID, NIH. The Nef
expression construct pCMV4-NefHA/neor was a kind gift of Dr. Warner Greene
(Gladstone Institute, UCSF) (Schaeffer et al., 2001). The HIV-1 LTR reporter construct
pLTR-Luc was previously described (Henderson et al., 1995).

3.2.2 Generation of HIV-1 infectious titers and infections.
The generation, collection, and infection with conditioned media containing
vesicular stomatitis virus glycoprotein (VSV-G) pseudotyped HIV-1 by transient
transfection of 293T using the CaPO4 method was previously described (Cook et al.,
2003). Transfection efficiency of 293T was determined by co-transfecting 6 µg pEGFPN3 (Clontech, Palo Alto, CA) and monitoring EGFP expression by fluorescence
microscopy. Conditioned media was filtered with 0.45 µm syringe filter (Whatman,
Clifton, NJ) prior to infection. For HXBnPLAP viruses, the extent of infection was
assessed by flow cytometry using murine anti-PLAP antibody (Sigma-Aldrich, St. Louis,
MO) and FITC-conjugated anti-mouse antibody (BD Pharmingen, Franklin Lakes, NJ).
CD4 and CD28 expressions were assessed by flow cytometry as previously described
(Cook et al., 2003). In some experiments, infected cells were sorted for PLAP expression
using magnetic beads coated with anti-PLAP antibody, as previously described (Cook et
al., 2003).
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3.2.3 Transfection and luciferase activity assay.
1.5x107 Jurkat T cells were washed once in RPMI with 20 mM HEPES. Washed
cells were resuspended in 400 µl RPMI with 20 mM HEPES with 5 µg LTR-Luc and
10 µg Nef expression construct pCMV4-NefHA or a start codon-deficient control vector
based on a pCMV backbone (a kind gift of Dr. Louis Hodgson, University of North
Carolina) and electroporated using a T820 square electroporation system (BTX, San
Diego, CA) with one pulse for 65 mS at 215 V in a 4 mm cuvette. Transfection
efficiency was determined by co-transfection of pEGFP-N3 and monitoring by FACS and
fluorescence microscopy of EGFP expressions. Cells were allowed to recover in RPMI
with 5% FCS for 24 h before assaying for luciferase activity. Separately, CHO-Fc cells
were plated in 24-well plates at 1x105 per well 24 h prior to assay, treated with 12.5

µg/ml of mitomycin-C in serum-free DMEM for 2 h, and washed four times with PBS.
Transiently transfected Jurkat T cells were then overlayed at 1x106/well in 500 µl RPMI
with 5% FCS. Antibodies were added to the co-culture at 0.05 µg/ml anti-CD3 and/or
1 µg/ml anti-CD28 for cross-linking by CHO-Fc. The Jurkat T-CHO-Fc co-culture was
then incubated at 37ºC for 12 h before lysis and assaying luciferase activities using a
commercial luciferase assay kit (Promega, Madison WI).

Luciferase units were

measured using a TD-20/20 luminometer (Turner BioSystems, Sunnyvale, CA).
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3.2.4 Immunoblots.
Jurkat T cells and J.CaM1.6 were either mock-infected with 293T-conditioned
media without infectious virus, or infected with NL4-3 HIV, HIV-Nef+, or HIV-Nef- as
described above. The infected cells were serum-starved 12 h with or without stimulation.
Where stimulation was performed, cells were treated with 1.0 µg/ml mouse anti-human
CD3 and 1.0 µg/ml anti-human CD28, antibodies (BD Pharmingen, Franklin Lakes, NJ)
and cross-linked with 7.5 µg/ml goat anti-mouse antibody (Sigma-Aldrich, St. Louis,
MO) on ice (Cook et al., 2003). Separately, ACH-2 cells were stimulated with 10 ng/ml
of PMA (Sigma-Aldrich) for 24 h prior to lysis. Src kinases were inhibited by treating
cells with 20 µM of PP1 at 37oC for 30 min. Whole cell extracts were prepared by
treating cells with lysis buffer (10 mM Tris-CL (pH 7.4), 150 mM NaCl, 1.0 mM EDTA
(pH 8.0), 2.0 mM sodium vanadate, 10 mM sodium fluoride, 10 mM sodium
pyrophosphate, 1% Nonidet P-40, 1.0 mM phenylmethylsufonyl fluoride, 1.0 mM
pepstatin) at 4ºC for 30 min for protein extracts. Samples were mixed with 2x SDS
loading buffer containing dithiothreitol and heated at 100°C for 5 min before resolving by
SDS-PAGE with 9% polyacrylamide unless otherwise specified.

Proteins were

transferred to PVDF membrane (Millipore, Billerica, MA), blocked with 2% BSA (for
the anti-pTyr andibody) or 5% non-fat dry milk (for all other antibodies) in PBS with
0.02% v/v Tween-20, and detected with primary antibodies against phosphotyrosine (PTyr-100, Cell Signaling Technology, Beverly, MA), and human c-Cbl (Santa Cruz
Biotechnology, Santa Cruz, CA), as well as anti-HIV-1 Gag antibody (Sigma-Aldrich, St.
Louis, MO) or HIV-1 Nef antiserum (Shugars et al., 1993). Blots were developed using
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an ECL-plus kit (Amersham Biosciences, Piscataway, NJ). In some cases, densitometric
analysis of band signal intensities was performed with a Personal Densitometer SI
coupled with ImageQuant analysis tool (Amersham Biosciences, Piscataway, NJ). For
reprobing, blots were stripped with 100 mM 2-mercaptoethanol, 62.5 mM Tris-HCl (pH
6.7), 2% w/v SDS for 30 min at 65ºC with intermittent shaking, and reblocked for one
hour prior to reprobing.

3.3 Results

3.3.1 HXB2 Nef does not adversely affect CD28 expression and function.
Nef interacts with integral components of the TCR/CD28 signaling network in
CD4+ T cells, including Fyn, Lck, Vav, and PI3K. It has been previously reported that
Nef down-regulates surface expression of CD28, thus altering CD28 signaling and T cell
activation (Swigut et al., 2001). Since we were interested in determining if T cell
signaling pathways, including those emanating from CD28, are targeted by Nef in context
of viral infection, we assessed CD28 surface expression and function in the absence and
presence of HIV infection. CD4+ Jurkat T cells were infected with HXBnPLAP-IRESN+ (HIV-Nef+) (Chen et al., 1996) and examined for changes in CD28 expression. This
molecular clone has a PLAP-encoding cDNA inserted in the restored HXB2 nef open
reading frame (ORF). HXB2 Nef expression is driven by an internal ribosomal entry site
from the encephalomyocarditis virus (EMCV) inserted 3’ to the PLAP ORF (Chen et al.,
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1996). PLAP, a surface protein not found in T cells, serves as a positive marker for HIV
infection as determined by flow cytometry (Fig. 1A).
To confirm that physiological levels of Nef were being expressed in HXBnPLAP
virus-infected cells, we compared Nef expression in HIV-Nef+-infected cells with Jurkat
T cells infected with NL4-3 and PMA-stimulated ACH-2 T cells, which harbor inducible
provirus (Clouse et al., 1989). As shown in Figure 1B, comparable levels of Nef protein
were observed in the HIV-Nef+ and NL4-3 HIV-infected cells as well as the activated
ACH-2 cell line, suggesting that the levels of Nef protein expressed by the HXBnPLAP
clone are representative of those found in cells actively replicating HIV.
The ability of Nef to down-regulate surface CD28 and alter its functions was
examined.

We used flow cytometry to monitor PLAP and CD28 expression on the

surface of HIV-infected cells. HIV-infected (PLAP+) cells expressed CD28 at levels that
were comparable to mock-infected Jurkat T cells or uninfected Jurkat T cells exposed to
virus (PLAP- cells) (Fig. 1C). To determine if CD28 signaling was affected by Nef, we
co-transfected Jurkat T cells with HXB2 Nef and HIV-LTR luciferase reporter to
determine if Nef influenced CD28 signaling. As reported previously, CD28-dependent
induction of HIV transcription required cross-linking of CD3 and CD28, whereas crosslinking CD28 was not sufficient to induce LTR activity and CD3 alone resulted in only a
modest induction of LTR activity (Cook et al., 2003). The synergistic activation of the
HIV LTR by co-stimulation with CD3 and CD28 was not altered by Nef (Fig. 1D). CD4
surface expression was reduced by HIV-Nef+-infected cells, indicating that the HXB2
Nef expressed from the HXB2-PLAP clone was functional (Fig. 1E). Thus Nef does not
inhibit CD28 expression or function in infected CD4+ T cells.
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3.3.2 Nef modifies tyrosine phosphorylation in unstimulated T cells.
To determine if Nef could directly influence T cell signal transduction, cells were
infected with HIV-Nef+ or HIV-Nef-, and whole-cell extracts were examined for overall
tyrosine phosphorylation. Several proteins were phosphorylated in unstimulated HIVNef+ infected cells, compared to mock-infected and HIV-Nef- infected cells. In HIV
Nef+ cells, hyper-phosphorylation was usually seen for proteins of sizes 22 kD, 75 kD,
and 120 kD, whereas tyrosine phosphorylation of a protein at 65 kD was reduced (Fig.
2A). Although there was some variations in the degree of Nef-induced phosphorylation
for the 22-kD and 75-kD proteins, the 120-kD protein was always hyper-phosphorylated
by approximately two folds (Fig. 2B).

These observed changes of protein tyrosine

phosphorylation are consistent with the hypothesis that Nef modifies T cell signal
transduction.
The ability of Nef to alter signaling following T cell activation was also
examined. Jurkat cells were infected with HIV-Nef+ or HIV-Nef-, stimulated with antiCD3 and anti-CD28 antibodies, and assessed for changes in tyrosine phosphorylation.
Upon CD3/CD28 co-stimulation, changes in protein tyrosine phosphorylation were
similar in mock, HIV-Nef-, and HIV-Nef+ infected cells (Fig. 2C).

Densitometric

analysis of phosphorylation at 120 kD confirmed the initial observation that Nef
increased tyrosine phosphorylation of the 120-kD protein by two folds in unstimulated
cells but did not contribute to hyper-phosphorylation following CD3/CD28 costimulation (Fig. 2D).

Similarly, CD3/CD28 co-stimulation led to increased

phosphorylation of several other proteins, among them proteins near 75 kD, regardless of
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HIV infection or Nef expression; overall, Nef did not enhance post-activation
phosphorylation events. Taken together, these observations indicate that Nef primarily
enhances T cell signaling in the context of unstimulated T cells.

3.3.3 Nef induces phosphorylation of c-Cbl.
C-Cbl is a proto-oncoprotein that regulates T cell signaling by targeting proteins
such as ZAP-70 and Vav (Fournel et al., 1996; Marengere et al., 1997a; Thien and
Langdon, 2001). Its expression in Jurkat T cells was previously reported (Donovan et al.,
1994). The size of c-Cbl and its critical role in controlling T cell activation made this
protein an attractive candidate for the 120 kD phosphoprotein whose phosphorylation is
observed in cells infected with HIV-Nef+ (Fig. 2A). Reprobing with anti-c-Cbl antibody
confirmed that c-Cbl co-localized with the 120 kD phosphoprotein (Fig. 2). To confirm
that c-Cbl phosphorylation was enhanced by Nef following infection, cell extracts were
immunoprecipitated with anti-c-Cbl antibody and phosphorylation status assessed with
anti-pTyr antibody. The identity of pull-down products was confirmed by reprobing
immunoblots with anti-c-Cbl antibody. More phosphorylated c-Cbl was pulled-down
from HIV-Nef+-infected cells, compared to c-Cbl immunoprecipated from cells infected
with HIV-Nef- (Fig. 3). Expression of c-Cbl was not altered by HIV infection or Nef
expression since comparable levels of c-Cbl protein were present in the whole-cell
extracts (Fig. 3; data not shown). These data are consistent with c-Cbl being a target of
HXB2 Nef in HIV-infected cells.
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3.3.4 Nef acts endogenously to modify protein phosphorylation in infected T cells.
Nef has been shown to influence cell function endogenously by interacting with
signaling molecules anchored to the inner leaflet of cytoplasmic membrane, or as an
extracellular soluble factor (Fackler and Baur, 2002; Renkema and Saksela, 2000). To
determine whether changes in phosphorylation patterns are caused by intracellular or
extracellular Nef, PLAP+ and PLAP- fractions were obtained following infection with
HIV-Nef+ and HIV-Nef- (Fig. 4A). Both PLAP+ and PLAP- cells would have been
exposed to soluble viral proteins, but cells that are infected (PLAP+) express viral
proteins intracellularly.

Whole-cell extracts prepared from PLAP-sorted cells were

examined by immunoblotting using an anti-phosphotyrosine antibody. Increased tyrosine
phosphorylation of several proteins, including 120 kD and 75 kD proteins, was observed
in HIV-infected cells compared to uninfected (PLAP-) or HIV-Nef- infected cells (Fig.
4B). Furthermore, enhanced c-Cbl phosphorylation was only observed in PLAP+, HIVNef+ infected cells, whereas only modest c-Cbl phosphorylation was observed in the
PLAP- fraction (Fig. 4C) or cells infected with HIV-Nef- (data not shown). These results
indicate that Nef expression in HIV-infected cells is responsible for altered
phosphorylation patterns in infected unstimulated T cells.

3.3.5 Lck is required for Nef-mediated enhancement of c-Cbl tyrosine
phosphorylation.
Src tyrosine kinases, including Lck in CD4+ T cells, phosphorylate c-Cbl
(Feshchenko et al., 1998; Fournel et al., 1996). Therefore, Nef, which interacts with Src
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kinases in infected cells, could be mediating c-Cbl phosphorylation by recruiting Src
kinases. PP1, a potent inhibitor of Src tyrosine kinases, was used to determine if Src
activity was required for Nef-dependent alteration of c-Cbl phosphorylation (Liu et al.,
1999). As shown in Figure 5A, hyper-phosphorylation of c-Cbl, which was hyperphosphorylated in HIV-Nef+-infected cells, was inhibited by treatment with PP1,
suggesting that Src kinases are required for Nef-induced c-Cbl phosphorylation.
To confirm the role of Lck in Nef-induced c-Cbl phosphorylation, J.CaM1.6 cells,
which lack functional Lck(Straus and Weiss, 1992), were infected with HIV-Nef+ or
HIV-Nef-. In contrast to what was observed in Jurkat T cells, the 120-kD protein was not
hyper-phosphorylated upon infection with HIV-Nef+ (Fig. 5B). Taken together, these
data indicate that functional Lck is required for Nef-dependent phosphorylation of c-Cbl.

3.4 Discussion
The ability of Nef to interact with a variety of molecules that participate in signal
transduction pathways has led to speculation that Nef alters T cell activation. Consistent
with this hypothesis, Schrager et al. reported Nef enhances T cell activation in response
to TCR-CD28 signaling (Schrager et al., 2002; Schrager and Marsh, 1999). Nef has been
shown to physically interact with Vav, Lck, and CD3-ζ (Cheng et al., 1999; Fackler et
al., 1999; Xu et al., 1999), suggesting that it directly participates in TCR signaling.
Moreover, Nef activates NFAT through the Ras/MAPK pathway (Manninen et al., 2000;
Schrager et al., 2002; Schrager and Marsh, 1999).

In this study, we have identified c-

Cbl as an additional signaling molecule that is modified by Nef.
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With the exception of a protein at 65 kD which was hypophosphorylated in Nefexpressing cells, stimulating T cells through CD3 and CD28 resulted in similar patterns
of tyrosine phosphorylation in mock-, HIV-Nef+ infected, and HIV-Nef- infected cells,
suggesting that Nef had little impact on CD3/CD28-signaling. However, in absence of
CD3/CD28 co-stimulation, cells infected with HIV-Nef+ had a distinct pattern of protein
phosphorylation when compared to mock-infected cells or cells infected with HIV-Nef-.
Nef-dependent hyper-phosphorylated proteins include a subset of proteins such as 120
kD and 75 kD, proteins that were also phosphorylated in response to CD3/CD28
activation. Although we have not identified these hyper-phosphorylated proteins, logical
candidates include ZAP-70 and SLP-76. ZAP-70 is regulated by c-Cbl during T cell
activation.

Moreover, ZAP-70 is required for Nef-induced transcription in Nef-

expressing CD4+ T cells (Simmons et al., 2001). On the other hand, SLP-76 is required
for HIV transcription induced by CD43 engagement (Barat and Tremblay, 2002). Taken
together, partial activation of host signal transduction molecules by Nef may assure a
cellular environment that is suitable for proviral integration and early virus transcription.
Nef expression following HIV infection has been shown to interfere with T cell functions
such as chemotaxis (Janardhan et al., 2004). It is also suggested that Nef promotes T cell
signaling and provirus integration (Schrager and Marsh, 1999; Wu and Marsh, 2001).
Furthermore, the ability of Nef to induce limited T cell signaling is consistent with
observations that overexpression of Nef leads to gene expression profiles similar to those
observed in CD3-activated T cells (Simmons et al., 2001).
We have demonstrated that one target of Nef is c-Cbl. C-Cbl is a 120 kD protein
that is phosphorylated following T cell activation (Donovan et al., 1994; Lupher et al.,
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1999) and, based on our results, Nef expression upon HIV infection. C-Cbl regulates T
cell signaling by ubiquitinating tyrosine kinases and downstream signaling molecules
during T cell activation and targeting these proteins for degradation (Marengere et al.,
1997a; Miura-Shimura et al., 2003; Rao et al., 2002; Wang et al., 2001). In addition to its
role as a negative regulator of signal transduction, c-Cbl functions through SH2 and SH3
domains as an adaptor protein promoting the assembly of signaling complex (Buday et
al., 1996; Fukazawa et al., 1995). Whether c-Cbl functions as a negative regulator of T
signaling or an adaptor protein is in part determined by its dynamic tyrosine
phosphorylation (Buday et al., 1996). Induction of c-Cbl phosphorylation by Nef in
absence of stimulation potentially exploits the dual role of c-Cbl as adaptor and regulator
to the advantage of HIV replication.

Both Nef and c-Cbl target Vav, a GEF that

integrates TCR and CD28 signaling pathways during T cell activation (Salojin et al.,
1999).

Nef binding to Vav induces its GEF activities, leading to recruitment of

Rac1/cdc42 and PAKs that initiate both Sek/Jnk signaling and rearrangement of the actin
cytoskeleton (Fackler et al., 1999).

However, Vav is regulated by c-Cbl through

ubiquitination during T cell activation (Miura-Shimura et al., 2003). Interaction of c-Cbl
and Vav requires phosphorylation of Cbl at Y700 (Thien and Langdon, 2001). Thus, by
altering the status of c-Cbl phosphorylation, HIV potentially controls its ability to recruit
and regulate Vav and/or disrupt the negative regulation of T cell signaling. It is unclear
how Nef enhances the tyrosine phosphorylation of c-Cbl. C-Cbl is phosphorylated by Src
kinases (Donovan et al., 1994; Feshchenko et al., 1998; Fournel et al., 1996), which have
been demonstrated to interact with Nef (Baur et al., 1997; Collette et al., 1996; Saksela et
al., 1995b), and our results using the general Src kinase inhibitor PP1 and J.CaM1.6 cells
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which lack a functional Lck, indicate that Lck is required for Nef-dependent c-Cbl
tyrosine phosphorylation. Nef may stabilize a complex that includes c-Cbl, Vav, and
Lck, which then influences T cell signaling and HIV replication. However, we have not
been able to detect a direct physical interaction between Nef and c-Cbl, suggesting that
Nef indirectly modifies c-Cbl function (data not shown).
The CD28 co-receptor is responsible for sustaining and amplifying T cell
signaling during antigen-dependent activation (Acuto et al., 2003), however, the ability of
Nef to influence CD28 activity is controversial. Although it has been reported that CD28
is down-regulated by Nef (Kirchhoff et al., 2004; Swigut et al., 2001), others have not
detected altered CD28 expression during HIV infection (Bell et al., 2001).

The

discrepancies in these observations may reflect differences in cell systems, ways in which
Nef was over-expressed, or different Nef alleles. We did not see a decrease in CD28
expression in infected T cells with Nef derived from HXB2. However, we cannot rule
out that Nef from other primary isolates modulates this co-stimulatory receptor
(Kirchhoff et al., 2004). Furthermore, the ability of CD28 to provide co-stimulatory
signals, as determined by induced HIV-1 LTR activity, was not compromised by HXB2
Nef. The Nef allele used for these studies was able to down-modulate CD4, suggesting
that it was functional. Therefore, our data indicate that HXB2 Nef does not suppress
CD28.
The link between Cbl proteins and HIV pathogenesis needs to be further
delineated. It is observed that expression of Cbl-b induced by immune activation results
in attenuation of HIV-1 replication in HIV-positive patients (Leng et al., 2002).
Nevertheless, this is not sufficient to halt establishment of persistent and chronic
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infection. Our study showed that c-Cbl is modified in a Nef-dependent manner in HIV
infected cells in the absence of activation. Nef may co-opt or modify Cbl proteins to alter
or even dysregulate T cell function. Since HIV transcription and replication is induced
by T cell activation, which is modulated by c-Cbl, altered biochemical properties of c-Cbl
may ultimately contribute an intracellular environment that is advantageous for HIV
replication.
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Figure 3.1

Figure 3.1: Nef does not downregulate CD28 expression or function.
(A) Jurkat T cells were mock-infected or infected with HXBnPLAP-IRES-N+.
Populations of infected or mock-infected cells were stained for PLAP and CD28 and
analyzed by flow cytometry. Numbers indicate MFIs of CD28 expression of
populations in respective quadrants. (B) Expression of Nef in Jurkat T cells infected
with HXBnPLAP-IRES-N+. Whole-cell extracts were prepared from HIV-Nef+ and
NL4-3-infected cells four days post-infection, as well as ACH-2 cells treated with 10
ng/ml of PMA for 24 h. Nef was detected by immunoblotting with anti-Nef anti-serum.
The Nef from HXBnPLAP-IRES-N+ migrates slightly slower than Nef from NL4-3
HIV and induced provirus of ACH-2. Blots were reprobed with anti-Gag antibody to
show relative virus expression. (C) CD28 expressions in infected and uninfected cells
were compared. For the CD28 expression profile, in ascending order, the histograms
are: isotype control (shaded light gray); mock-infected (shaded dark gray); and
uninfected (PLAP-) and infected (PLAP+) fraction of cells exposed to HIV (dotted and
solid lines, respectively). (D) Jurkat T cells transiently transfected with HIV-1 LTR-luc
alone or in combination with a Nef expression vector were stimulated by antibodies
specific for CD3 and CD28 for 12 hours. Induction of LTR activity was assessed by
measuring luciferase activity. Each bar represents at least three transfections and error
bars represent standard deviations. These data are representative of three independent
experiments. (E) CD4 expression in infected cells with or without Nef. The histograms
are: isotype control (dotted line); mock-infected (light gray); HIV-Nef+ (thick line); and
HIV-Nef- (thin line).
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Figure 3.2

Figure 3.2: Nef alters tyrosine phosphorylation in infected Jurkat T cells.
(A) Whole-cell extracts from Jurkat T cells that were mock-infected (mock) or infected
with HIV-Nef+ (Nef+) or HIV-Nef- (Nef-), were resolved on 9% SDS-PAGE and
transferred to PVDF membrane for immunodetection of tyrosine phosphorylation with a
monoclonal anti-phosphotyrosine antibody. The blot was stripped and subsequently
reprobed for c-Cbl and Nef expression. The “+” and “-” indicate increases and
decreases in tyrosine phosphorylation, respectively, in the Nef+ sample. Different
exposure times were employed to encompass the range of phosphorylation changes. (B)
Densitometric analysis of the 120-kD phosphoprotein:c-Cbl ratios in (A), normalized to
unstimulated, mock-infected population. (C) Jurkat T cells infected as those in (A) were
either untreated, or treated with 1 µg/ml anti-CD3, 1 µg/ml anti-CD28, and 7.5 µg/ml
goat-anti-mouse antibodies before lysis and immunoblotting. Blots were probed with
anti-phosphotyrosine, anti-c-Cbl, and anti-Nef antibodies as in (A). (D) The signal
intensity of the 120 kD phosphoprotein relative to c-Cbl expression was measured by
densitometry.
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Figure 3.3

Figure 3.3: C-Cbl is hyper-phosphorylated in HIV-Nef+ infected Jurkat T cells.
C-Cbl protein was immunoprecipitated with polyclonal rabbit anti-c-Cbl antibody from
whole-cell lysates of HIV-Nef+ or HIV-Nef- infected cells and probed with anti-pTyr
antibody. Filters were stripped and reprobed with anti-c-Cbl antibody to assure similar
amounts of protein were immunoprecipitated. Nef expression was confirmed by
immunoblotting whole-cell extracts from the infected cells.
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Figure 3.4

Figure 3.4: Intracellular Nef mediates c-Cbl phosphorylation.
(A) Cells infected with HIV-Nef+ or HIV-Nef- were positively selected for PLAP
expression using the Dynal cell separation system. The PLAP expression profiles of cell
populations before and after enrichment are shown. Shaded peaks represent isotype
control; dotted line (which completely overlaps with the isotype control) and solid line
represent PLAP- and PLAP+ populations, respectively.
(B) Induction of
phosphorylations in Nef+ HIV-infected cells. Jurkat T cells were infected with HIVNef+ and HIV-Nef- and separated into PLAP+ and PLAP- populations. Whole-cell
extracts were prepared from equal number of cells, and tyrosine phosphorylation was
assessed by immunoblotting. Blots were stripped and reprobed subsequently for c-Cbl
and Nef expressions. (C) c-Cbl protein was immunoprecipitated from PLAP+ and
PLAP- sorted cells and probed with anti-pTyr antibody and subsequently stripped and
reprobed with anti-c-Cbl antibody.
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Figure 3.5

Figure 3.5: Lck is required for Nef-induced c-Cbl tyrosine phosphorylation.
(A) Jurkat T cells uninfected, infected with HIV-Nef+, or HIV-Nef- were treated with
20µM PP1 for 30 min at 37oC. C-Cbl protein was immunoprecipitated from whole-cell
extracts and tyrosine phosphorylation was assessed by reprobing with anti-pTyr
antibody. Blots were stripped and reprobed for c-Cbl with anti-c-Cbl antibody. Wholecell extracts were blotted with anti-Nef anti-serum to confirm expression. (B) Jurkat T
cells and JCAM1.6 cells were infected with HIV-Nef+ or HIV-Nef-. Whole cell
extracts were probed with anti-phosphotyrosine antibody. The phosphorylated 120-kD
protein is shown. Blots were stripped and reprobed with an anti-Cbl antibody. Jurkat
and J.CaM1.6 cells are equally susceptible to infection with HIV-Nef+ and HIV-Nefvirus as determined by Gag immunoblot and flow cytometric analysis for PLAP
expression (data not shown).

Chapter 4
Conclusions and Discussion
The focus of this thesis is two-fold: to analyze the role of CD28 signaling in
regulating HIV-1 transcription in CD4+ T cells, and to investigate the effect of HIV-1
accessory protein Nef on the T cell signaling cascade. These goals reflect the duel
themes of HIV-1 infection in CD4+ T cells: the dependence of HIV-1 on activating
signals, and the manipulation of these activating signals by the virus. I have extended the
investigation on CD28 signaling and its effect on HIV-1 activation that was initiated by
Dr. Julie A. Cook, and further identified critical requirements of tyrosines distal to
tyrosine 173. We have also demonstrated the participation of HIV-1 Nef in T cell
signaling.

In particular, we showed that Nef can change the state of tyrosine

phosphorylation of c-Cbl, a member of the Cbl family proteins that negatively regulate T
cell activation.

4.1 HIV Dependence on T Cell Signaling: Activation by CD28
We showed that in addition to Y200, activation of HIV-1 by CD28 required at
least one of the two tyrosines, Y188 and Y191. This requirement applies only when
Y173 activity is intact. Indeed, comparative analysis of the chimeric receptors harboring
different mutations revealed an inverse correlation between Y173 phosphorylation and
HIV-1 transcription. When Y173 was absent, HIV-1 transcription induced by CD28 was
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mediated by one or more of the three distal tyrosines. However, when Y173 was present,
all three distal tyrosines were needed for complete activation upon CD3 and CD28
stimulation. Consistent with the report by Cook et al. that PI3K recruited to Y173
negatively regulates HIV transcription, inhibition of PI3K activity relieved the Y200
signals from the negative effect of Y173.

These findings confirm that the activity

emanating from Y173 and mediated by PI3K negatively controls the collective signaling
effects of the three distal tyrosines on HIV-1. Furthermore, the positive signals from
Y200 alone are insufficient to overcome the negative signals from Y173.
Induction of IL-2 expression is also negatively regulated by Y173. When only
Y173 and Y200 were present on the cytoplasmic tail of the CD8α-CD28 chimeric
receptor, no induction of IL-2 transcription was observed upon signaling through this
receptor in the context of CD3 stimulation. Treatment with LY294002 resulted in the
efficient induction of the IL-2 promoter activity by YFFY. These data as well as data
from Teng et al. (Teng et al., 1996) demonstrates that the role of Y173 is similar for both
IL-2 and HIV transcription. As with HIV-1 LTR, the tyrosines Y188 and Y191 play a
critical role in countering the Y173-derived negative signals that suppress IL-2 induction.
Thus the negative regulation of CD28 signaling by Y173 activity is not limited to its
effect on HIV-1 LTR, and other T cell activation-induced genes, including IL-2, are
possibly subject to the similar regulation. Cook et al. have demonstrated that the Y173dependent negative regulation of HIV-1 LTR activity was mediated by PI3K which
targeted the formation of Tat-associated P-TEFb complex. It is not known if the same
mechanism also negatively regulates IL-2 induction. Given that Tat/P-TEFb interaction is
not likely to be involved in the transactivation of the IL-2 promoter, a dependence on P-
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TEFb suppression for regulating IL-2 induction would imply that the negative regulation
of Tat/P-TEFb complex formation by CD28 is targeted at P-TEFb, and not Tat, The
demonstration of the existence of such Tat-independent mechanism of negative
regulation may be achieved by mutational analysis of CD28 signaling in the context of
IL-2 promoter induction versus that of TAR-deficient LTR, as well as IL-2 promoter
versus TAR-positive LTR with or without expression of Tat in trans.
It is not known if P-TEFb plays a role in the transcriptional elongation of the IL-2
gene.

Interestingly, P-TEFb is upregulated in CD4+ T cells upon CD3+CD28 co-

stimulation (Garriga et al., 1998). Moreover, NF-κB can recruit P-TEFb to initiate
transcriptional elongation (Barboric et al., 2001). These observations provide a plausible
way by which P-TEFb may participate in transcriptional activation of the IL-2 promoter
through recruitment by IL-2 promoter-binding NF-κB. However, our knowledge so far
does not explain how P-TEFb may be affected by PI3K activity. A possibility is that the
negative effect of PI3K modulates the strength of CD28 signals in general, thus indirectly
regulating the activity of P-TEFb. PI3K activity has been shown to negatively regulate
Toll-like receptor (TLR)-mediated IL-2 induction by the PDK/PKB pathway that
suppresses MAPK pathways and downstream transcriptional activation (Fukao and
Koyasu, 2003).

Moreover, PI3K mediates membrane recruitment of p62Dok and its

negative activity on growth factor-induced cell proliferation through inhibition of MAPK
pathways (Zhao et al., 2001). Similar mechanisms may be at play for PI3K-mediated
regulation of CD28 signaling as well as P-TEFb activity.
Our data do not rule out the possibility that negative regulation of CD28 signals is
executed through multiple pathways including, but not limited to, the PI3K activity.
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Other than Y173, the negative regulation of CD28 signaling by the terminal residues of
CD28 cytoplasmic tail was not addressed in our studies. Data by Teng et al. and Cook et
al. showed that the deletion mutant CD8α-CD28∆199, which lacked the terminal four
residues, including Y200, induced IL-2 and HIV-1 normally, whereas CD8α-CD28F200
did not (Cook, 2003; Teng et al., 1996). Teng et al. postulated that an unknown factor
potentially binds to unphosphorylated Y200 and results in the negative regulation of
CD28 signaling (Teng et al., 1996). Taken together, these results again support the
possibility that there are alternative mechanisms that negatively regulate CD28 signaling.
Further investigation of the significance of the terminal residues of CD28 is required.
Delta199 chimeric receptor with YÆF substitution for Y173 can be used to determine if
negative regulation by CD28 terminal residues are coupled to the negative signals of
Y173 phosphorylation. It is also assumed that positive and negative factors potentially
interact with Y200, and disruption of this tyrosine residue would interfere with these
interactions. Strategies to identify interacting proteins can be developed using synthetic
polypeptides encompassing the final four residues with intact Y200 (AYRS), with
mutated Y200 (AFRS), or with phosphorylated Y200 (ApYRS) to capture factor(s)
sensitive to this domain.
Our results suggest that the signaling threshold required for CD28-mediated
induction of HIV LTR activity is less than that required for induction of the IL-2
promoter. For example, the FYYF receptor caused normal induction of HIV-1 activation
but lead to only partial activation of the IL-2 promoter. Loss of Y173 phosphorylation
resulted in doubling of HIV-1 transcriptional activity but only moderate increase of IL-2
induction. It is possible that the HIV-1 LTR is more sensitive to activation because of the
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added advantage of Tat activity, which amplifies positive signals by enhancing
transcriptional elongation. There is no analogous mechanism of enhancement of IL-2
transcriptional activation.

On the other hand, promoter-specific behaviors at the

transcriptional level may also explain such discrepancy in the responses of the HIV-1
LTR and the IL-2 gene to the same sets of activating signals.

For example, the

protein:DNA interaction between NF-κB and its promoter binding sites is regulated by
the isoforms of the NF-κB heterodimers and the nucleotide sequence variation of the
binding sites (Natoli et al., 2005). Such variations result in gene-specific promoter
activities that affect the strength and duration of the transcriptional activation, as well as
its quality. Indeed, NF-κB is shown to recruit P-TEFb to the promoter binding site of IL8, but not IκBα (Luecke and Yamamoto, 2005).

In addition, higher-order gene

regulations by the mechanism of epigenetic modification, such as histone acetylation and
cytosine methylation may also cause variability in promoter responses to induction.
Indeed, the IL-2 promoter is epigenetically modified by CD28-mediated single-signal
induction (Thomas et al., 2005). Comparative analysis of CD28 response elements of
several promoters induced by T cell activation has also shown that they have disparate
responses to mitogen activation (Civil et al., 1999). Conceivably, the selective pressure
imposed by host cells on the HIV-1 LTR may have driven its evolution to maximize the
efficiency of its promoter sequence to recruit and retain active transcription factors. At
the same time, the selective pressure for the IL-2 gene to be tightly regulated to minimize
the adverse effect of an active immune system may result in the more conservative
response of its promoter to activating signals. We have seen that HIV-1 LTR responded
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to crosslinking of CD3 alone more robustly than the IL-2 promoter (Fig. 2.3). Further
analysis involving comparison of the epigenetic modifications of HIV-1 LTR to that of
IL-2, as well as dissection of the effect of their promoter sequence variation on
recruitment of transcription factor is necessary to flesh out this model.
While we have demonstrated that Y188 and Y191 actively participate in
regulating of CD28 function, the individual roles of each tyrosine are yet to be
completely defined. For both HIV-1 and IL-2, Y191 alone is sufficient to induce normal
activation by receptor co-stimulation. Our data however showed that Y188 and Y191
induced normal activation of HIV-1, but only partial activation of IL-2 in the context of
CD3 signaling. It is not known if phosphorylation of Y188 alone results in any positive
signal. Conflicting activities for Y188 have been reported. While Teng et al. showed
that a CD8α-CD28 chimeric receptor with YÆF substitution at position 188 lost its
capacity to induce IL-2 secretion, Sadra et al., reported that the equivalent mutation
carried by an exogenously expressed murine CD28 in Jurkat cells enhanced IL-2
secretion upon co-stimulation (Sadra et al., 1999; Teng et al., 1996). It is not known if
the conflicting results reflect differences in the experimental techniques, or even
functional differences between murine and human CD28 molecules, since both Sadra et
al. and Teng et al. used PMA and ionomycin for co-stimulation in lieu of CD3. The
receptor containing a Y188ÆF188 substitution has not been tested for its ability to
induce HIV transcription. Testing the effect of signaling by Y188 alone on both HIV-1
and the IL-2 gene as well as determining whether CD28 influences HIV-1 in absence of
Y188 should yield insights on the precise role of Y188 in the CD28 signaling. Evidence
presented so far by our studies and previous publications point to redundant signals
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emanating from the phosphorylation of these tyrosine residues that are capable of
individually driving transactivation of promoters by CD28 co-stimulation when the
negative regulatory mechanism, represented by Y173, is absent. When the mechanism is
in place, these “redundant” signals become cooperative in nature, such that all are
necessary for proper signaling. The redundancy and cooperation of signals from the
distal three tyrosines thus are two sides of a coin, and the determinants of the quality of
CD28 signaling are the negative regulations that keep these signals in check.
Alternatively, the redundancy of the Y188 and Y191 signals may be at least partially
directed at suppressing the negative regulatory effect of Y173 phosphorylation. This
dilemma again accentuates the importance of understanding the biochemical and
functional nature of signals from Y188.
The redundant nature of CD28 signals is also displayed by the roles of the
proline-rich and SH3-binding motifs in CD28 signaling. In our study, we did not attempt
to address the importance of these motifs in the context of HIV-1 and IL-2 induction.
However, Barz et al. demonstrated that JNK activation by CD28 requires the N-proximal
portion of CD28 cytoplasmic tail that encompasses the first proline-rich domain (PRRP)
and is independent of Y173 phosphorylation (Barz et al., 1998). Although this signal
alone is not sufficient to induce IL-2 gene activation, it may act in trans or even in cis
with other signaling components necessary for IL-2 induction, especially signals
emanating from Y188 and Y191. The involvement of proline-rich domains and their
requirement for the phosphorylation of Y188 and Y191 may be ascertained by the use of
the ALLF chimeric receptor, which lacks all four tyrosines but has intact N-terminal
proline-rich motif but a substitution of phenylalanine for Y191 in the C-terminal proline-
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rich motif, and the Y191 receptor, which has intact proline-rich motifs. The ability of
ALLF to induce HIV-1 is not known, but Teng et al. reported deficient induction of IL-2
by this receptor (Teng et al., 1996). On the other hand, Y191 was capable of inducing
transcriptional activation of both HIV-1 LTR and IL-2. The downstream consequences
of these proline-rich motifs beyond its requirement for JNK activation and recruitment of
Tec and Src families of tyrosine kinases (i.e. ITK and Lck) are not clearly understood and
should be the next target of functional analysis, especially in the context of HIV-1
induction.
In summary, we propose that CD28 co-stimulation regulates the transcriptional
activation of HIV-1 and other T cell activation-induced genes by a complex mechanism
of integrating the positive signals of tyrosines 200, 191, and possibly 181, with the
regulatory signals of tyrosine 173 (Fig. 4.1). The negative regulation of CD28 signaling
involves PI3K, whose activity is not necessarily limited to inhibition of Tat/P-TEFb
formation and may involve a more general mechanism that is applicable to all activationregulated genes. The two tyrosines, Y188 and Y191, play critical roles in balancing the
negative signals of Y173 by an unknown mechanism or mechanisms to ensure the
initiation of proper CD28 signaling cascade.

The HIV-1 LTR is probably more

permissive to incomplete activating signals than other tightly regulated genes, such as the
IL-2 gene, allowing it to take advantage of incomplete events of activation that are
otherwise insufficient to induce transcriptional activation. Such permissiveness may be
caused by promoter-specific sequence variations and/or related epigenetic modifications.
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4.1.1 Cbl Proteins and CD28
Cbl-b, a member of the Cbl adaptor and regulatory proteins to which c-Cbl
belongs, is critical for regulating CD28 signaling. C-Cbl and Cbl-b, which is found in
peripheral CD4+ T cells, negatively regulate CD4+ T cell signaling by targeting its
substrates for ubiquitination. In activated CD4+ T cells, Cbl-b targets Vav1 for negative
regulation and thus suppresses the activation of Rac1/Rho/CDC42 pathway (Chiang et
al., 2000). Cbl-b itself is targeted for ubiquitination and degradation by TCR/CD3 and,
especially, CD28 signals (Zhang et al., 2002). It is proposed that the activation threshold
of T cells may be defined by the regulation of Cbl-b homeostasis by the signaling
equilibrium of CD28 and CTLA-4 (Li et al., 2004). Autoimmunopathy of Cbl-b-/- mice
may be caused by the decoupling of CD28 signaling from the Cbl-b/Vav1 pathway
(Krawczyk et al., 2005). Whether Cbl-b and its family members are directly involved in
signal transduction events regulating HIV-1 replication is not known. Given the role of
Cbl-b as a gatekeeper of T cell signaling, and the fact that it appears to function
downstream of CD3 and CD28 signaling, it is of interest to determine how this protein
influences HIV replication and/or expression.

4.2 Manipulation of T Cell Signaling by HIV: Nef Effect on c-Cbl
In our investigation on the effect of Nef on the T cell signaling mechanism, we
identified c-Cbl as a novel Nef target. Expression of Nef in infected cells triggered
increases in tyrosine phosphorylation of several phosphoproteins in resting CD4+ T cells.
On the other hand, tyrosine phosphorylation is not enhanced by Nef in cells activated by
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co-stimulation of CD3 and CD28, as induction of tyrosine phosphorylation in Nefnegative cells resulted in levels of phosphorylation comparable to those of CD3+CD28
stimulated Nef-expressing cells.

The modification of tyrosine phosphorylation in

unstimulated CD4+ T cells by Nef is consistent with the hypothesis that Nef actively
participates in T cell signaling and lowers the activation threshold by priming the cells for
stimulation through TCR and CD28.
A phosphoprotein at 120 kD whose tyrosine phosphorylation was enhanced by
Nef was identified as c-Cbl. The identification of the 120 kD protein targeted by Nef as
c-Cbl suggests a novel approach by Nef to manipulate T cell signaling. C-Cbl negatively
regulates Lck activity in CD4+ T cells (Rao et al., 2002). Moreover, c-Cbl binds to the
regulatory phosphorylation site of ZAP70 and negatively regulates the tyrosine
phosphorylation of its downstream targets, including LAT and SLP-76 (Lupher et al.,
1997; Thien et al., 1999). By targeting the mechanisms by which T cell signaling is
negatively regulated, Nef potentially disrupts the normally tight signaling homeostasis of
T cell activation, resulting in dysregulation and hyperactivation of the T cell response
thus benefiting HIV-1 replication to the detriment of host CD4+ T cells. While the
significance of Nef ability to induce tyrosine phosphorylation is not clear, it potentially
has important functional consequences that require further understanding.

C-Cbl

localizes to the actin cytoskeleton and regulates cytoskeleton rearrangement (Scaife and
Langdon, 2000).

Given that Nef is also shown to activate actin cytoskeleton

rearrangement through Vav1 activity and regulate T cell chemotaxis (Choe et al., 2002;
Fackler et al., 1999), it is possible that there is a role for c-Cbl in Nef-mediated changes
of cytoskeleton and its functional consequences. Moreover, c-Cbl participates in the
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endo-/exocytosis machinery (Blanchard et al., 2002) and thus may be involved in
activities ranging from release of viral particles to the turnover of surface receptors,
including CD4. A potential starting point to investigate Nef-mediated functional changes
of c-Cbl would be the ubiquitination of c-Cbl and its downstream targets.

C-Cbl

phosphorylation is required for recruitment of its substrates, including Vav and PI3K.
Tyrosine phosphorylation of c-Cbl may therefore result in increased recycling of
signaling components. Alternatively, c-Cbl with deficient E3 ubiquitin ligase activity
functions as an adaptor protein by virtue of its recruitment of signaling molecules to
ZAP70 in CD4+ T cells, and it potentially facilitates the formation of signaling
complexes necessary for initiation of downstream cascades. Whether Nef affects the
ubiquitin ligase activity in any manner is not known. An initial look at changes in
ubiquitination of relevant proteins in presence or absence of Nef, with the use of
proteosome inhibitor, would be necessary to first establish whether Nef effects on Cbl
correlates to such changes.

Given the effect of Nef on c-Cbl, it is also worth

investigating if Cbl-b is similarly affected by Nef. If so, it would be further evidence of
Nef strategy in targeting T cell regulatory mechanism to disrupt the threshold of
activation. Moreover, Cbl-b may also provide a link by which CD28 signaling is coupled
with Nef activity, as well as a mechanism by which the positive and negative signals of
CD28 are integrated.
In addition to c-Cbl, we have also detected increase in tyrosine phosphorylation of
phosphoproteins at 75 kD and near 25 kD. We have also seen Nef-mediated diminution
of tyrosine phosphorylation between 60 and 65 kD. Given that it is proposed that Nef
may interfere with T cell signaling by mimicking the activity of ZAP70 in recruiting of
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downstream signaling factors and triggering of the TCR/CD3 signaling cascade (Fackler
and Baur, 2002), it is conceivable that these phosphoproteins may directly or indirectly
participate in the TCR/CD3 signaling cascade. The identification of these proteins would
thus be crucial in understanding Nef effect on T cell signaling.

4.3 Conclusion
In considering the infection of CD4+ T cells by HIV-1, two major themes
emerge. The first describes how HIV-1 expression is restricted by its dependence on host
activating signals. The regulatory mechanisms of these signals apply to HIV-1, as well as
other genes regulated by T cell activation. How HIV-1 is regulated by these mechanisms,
and how the virus evolves, as an opportunistic parasite, to maximize its sensitivity and
response to the activating signals, are the questions of central interest. The second theme
describes how HIV-1 maximizes its survival with the use of its accessory proteins to
manipulate host signals for its advantage. By various activities of its accessory proteins
including Nef and Tat, HIV-1 alters T cell activation to guarantee productive replication
and propagation. How these accessory proteins accomplish the feat of conditioning a
restrictive mechanism of activation to the favor of HIV-1 survival is the topic of intense
interest.
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Figure 4.1: CD28 signaling in T cell activation.
Redundant positive signals from distal tyrosine residues Y188, Y191, and Y200
enhances transcriptional activation by TCR/CD3 stimulation. CD28-associated PI3K
mediates negative regulation either by targeting formation of the P-TEFb complex, or by
suppressing signals from the distal tyrosines, or both. Additional negative regulation
emanating from terminal residues of the CD28 cytoplasmic tail potentially silences
receptor activity in inactive state. In the nucleus, epigenetic modifications and
variations in transcription factor:promoter binding may impose another gene-specific
level of regulation on transcriptional activation. Non-CD28-associated PI3K is not
depicted here, but it may also have a role in regulating CD28 signaling.
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Appendix A
HIV-1 Nef-expressing Cells Have Modified Motility
Nef is reported to cause cytoskeletal rearrangement via interaction with Vav
(Fackler et al., 1999). Here we measured the effect of Nef on cellular motility, in which
rearrangement of actin cytoskeleton played a role. Nef expression in human embryonic
kidney fibroblasts 293T caused increased chemotactic response to collagen IV but
resulted in decreased chemotaxis of HIV-infected Jurkat CD4+ T cells. The conflicting
results may reflect tissue-specific properties of Nef. However, the decrease in T cell
motility due to Nef expression is consistent with reports by Choe et al. that Nef inhibits T
cell migration (Choe et al., 2002).
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Figure A.1

Figure A.1: NefHA-expressing 293T cells have increased motility in response to collagen
IV (N = 24).
65,000 293T cells per sample, transiently transfected with a GFP-expressing control
vector and pCMV4-NefHA, were subjected to migration assay using the 48-well chamber
system (Neuro Probe, Gaithersburg, MD). After four hours of incubation, the cells on the
membranes were fixed in methanol and Giemsa-stained. Data represent cells adhered to
the under side of the polycarbonate membranes.

124

Figure A.2
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Figure A.2: Nef modifies motility responses of HIV-1 infected Jurkat T cells to SDF1α.
450,000/well Jurkat T cells mock-transduced or transduced with Nef+ or Nef- VSVGpseudotyped HIV-1 virions were loaded in 24-well Transwell chambers (Corning Costar,
Corning, NY) in triplicates where the cluster plate wells contained either no chemoattractant
or 100ng/ml SDF1α in RPMI with 0.1% BSA. At the end of the three-hour incubation, the
cluster plates were separated from the Transwells, the cells in the cluster plate wells pelleted,
lysed, and stained with CyQUANT GR nucleic acid-binding dye (Molecular Probe, Eugene,
OR). Fluorescence was measured at 535nm with excitation at 492nm.

Appendix B
Supplemental Data on Transcriptional and Functional Responses of CD4+ T Cells
to TCR/CD28 Co-stimulation
As a follow-up to the chimeric receptor studies described in Chapter 2, we
extended our survey of transcriptional activation by CD8α-CD28 chimeric receptors to
examine signaling contributions by individual tyrosines distal to tyrosine 173, in
particular Y191 and Y200. Activation of individual transcription factors NF-κB, NFAT,
and AP1 by Y191 and Y200 was tested in addition to the HIV-1 LTR and IL-2 promoter
region. The data presented here was generated by Malini Natarajan (Figs B.1-3). These
results support the hypothesis that individual tyrosines of CD28 initiate overlapping
signaling pathways. We also observed that NF-κB-DNA interaction induced by the
Y191 chimeric receptor was comparable to induction by CD28 co-stimulation (Fig. B.4)
Figures B.5 and B.6 are supplemental to data presented in Chapter 2. IL-2
secretion profiles of Jurkat cells stably expressing the chimeric receptors YFFY
(performed by M. Natarajan and P. Yang) or FYYF (performed by P. Yang) were
measured to complement the profile of IL-2 transcriptional activity (Fig. B.5 vs. Fig. 2.3).
In addition, we determined the timing of PI3K inhibition for induction of YFFY receptor
co-stimulation (Fig. B.6) The preliminary results presented here suggest that regulation
of CD28 co-stimulation by PI3K acts early in the course of T cell activation.
Finally, our surveys of transcriptional activation of HIV-infected Jurkat T cells
suggest correlations between infection by HIV-1 and induction of AP1 and NF-κB
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activity, with Nef potentially having accessory roles (Fig. B.7)

These results are

consistent with reports by Fortin et al. that Nef and Tat cooperate to target transcription
factors including NF-κB and AP1 (Fortin et al., 2004).
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Figure B.1
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Figure B.1: Transcriptional activation of individual promoters by CD8α-CD28F173
chimeric receptor.
Jurkat T cells stably expressing the chimeric receptor CD8α-CD28F173 were transiently
transfected by electroporation with promoter reporter constructs pNF-κB-luc (kappaB),
pNFAT-luc (NF-AT), or pAP1-luc (AP1) with respective consensual transcriptional factorbinding sequences. Cells were allowed to recover for 24 hr before stimulation with specific
antibodies crosslinked by monolayers of FcγR+ CHO cells. Cells transiently transfected
with pIL-2-luc (IL-2) and pHIV-luc (NL4-3) were also tested as controls. n: no stimulation;
3: anti-CD3 alone (0.05 µg/ml); 3+8: anti-CD3 + anti-CD8 (1 µg/ml); 3+28: anti-CD3 +
anti-CD28 (1 µg/ml).
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Figure B.2
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Figure B.2: Transcriptional activation of individual promoters by CD8α-CD28Y191
chimeric receptor.
Jurkat T cells stably expressing the chimeric receptor CD8α-CD28Y191 were
transiently transfected by electroporation with promoter reporter constructs pNF-κBluc (kappaB), pNFAT-luc (NF-AT), or pAP1-luc (AP1) with respective consensual
transcriptional factor-binding sequences. Cells were allowed to recover for 24 hr
before stimulation with specific antibodies crosslinked by monolayers of FcγR+ CHO
cells. Cells transiently transfected with pIL-2-luc (IL-2) and pHIV-luc (NL4-3) were
also tested as controls. n: no stimulation; 3: anti-CD3 alone; 3+8: anti-CD3 + antiCD8; 3+28: anti-CD3 + anti-CD28.
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Figure B.3
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Figure B.3: Transcriptional activation of individual promoters by CD8α-CD28Y200
chimeric receptor.
Jurkat T cells stably expressing the chimeric receptor CD8α-CD28Y200 were transiently
transfected by electroporation with promoter reporter constructs pNF-κB-luc (kappaB),
pNFAT-luc (NF-AT), or pAP1-luc (AP1) with respective consensual transcriptional
factor-binding sequences. Cells were allowed to recover for 24 hr before stimulation
with specific antibodies crosslinked by monolayers of FcγR+ CHO cells. Cells
transiently transfected with pIL-2-luc (IL-2) and pHIV-luc (NL4-3) were also tested as
controls. n: no stimulation; 3: anti-CD3 alone; 3+8: anti-CD3 + anti-CD8; 3+28: antiCD3 + anti-CD28.
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Figure B.4
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Figure B.4: CD28 Y191 is capable of inducing NF-κB DNA binding.
Jurkat T cells stably expressing Y191 chimeric receptor were stimulated with 0.05 µg/ml
anti-CD3 and 1 µg/ml anti-CD8 or anti-CD28 as indicated and crosslinked with 5 µg/ml
of goat anti-mouse IgG antibody for 4 hr at 37oC. Nuclear extracts obtained from
stimulated cells were incubated with 1 pmol of 32P-labeled NF-κB oligonucleotide probe
in the presence of specified cold competitors in 100 fold excess. The method of nuclear
extract preparation has been previously described (Lee et al., 2001).
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Figure B.5
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Figure B.5: Comparison of IL-2 secretion in response to chimeric receptor costimulation.
Jurkat cells expressing YFFY or FYYF chimeric receptors were stimulated as indicated
by antibodies crosslinked with FcγR+ CHO cells for 12 hrs. Supernatants of the JurkatCHO co-culture were then analyzed for concentrations of soluble IL-2 by ELISA. The
results were normalized to responses to CD3/CD28 co-stimulation (3+28). M. Natarajan
contributed to the generation of IL-2 secretion profile for Jurkat-YFFY cells.
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Figure B.6
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Figure B.6: Co-stimulation by the YFFY chimeric receptor responds early to PI3K
inhibition.
Jurkat cells stably expressing the YFFY chimeric receptor were transiently transfected
with pHIV-luc (pNL4-3-luc) or pIL-2-luc (pIL-2-luc) and co-stimulated with 0.05 mg/ml
anti-CD3 antibody and 1 mg/ml anti-CD8 antibody in absence of the PI3K inhibitor
LY294002 (“No LY”) or with LY294002 added 30 minutes before stimulation (“+LY, 30 min.”), concurrent with stimulation (“+LY, 0 min.”), 30 minutes after stimulation
(“+LY, +30 min.”), or 150 minutes after stimulation (“+LY, +150 min.”). Stimulated,
treated cells were incubated at 37oC for 12 hr. before assaying for luciferase activity.
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Figure B.7: Transcription activation in cells infected by HIV.
Jurkat CD4+ T cells stably transfected with luciferase reporter constructs of respective
consensus promoter sequences were infected with HXBnPLAP-IRES-N+ or –N- viruses.
5 days post-infection, infected cells were assayed concurrently with mock-infected cells
of respective populations for activation of transcription factors. Values were normalized
to uninfected, unstimulated cells. Data are representative of 3 independent experiments.
(A) Jurkat-HIV-LTR-Luc (TAR-negative); (B) Jurkat-NF-AT-Luc; (C) Jurkat-AP1-Luc;
(D) Jurkat-NF-κB-Luc. None: no stimulation; 3: anti-CD3 alone; 28: anti-CD28 alone;
3+28: anti-CD3 + anti-CD28.

CURRICULUM VITAE
Polung Yang
The Huck Institutes of Life Sciences
The Pennsylvania State University
115 William L. Henning Building
University Park, PA 16802
Tel: (814)863-8523
Fax: (814)863-6140
Email: pxy116@psu.edu
BIOGRAPHY
Date of Birth: February 19, 1976
Place of Birth: Taichung, Taiwan
Citizenship: Taiwan
EDUCATION
Jan. 1994 – Aug. 1995
University of Dayton, Dayton, OH
Major: Chemical Engineering
B.S., Sep. 1995 – May 1997
Cornell University, Ithaca, NY
Major: Chemical Engineering
M. Eng., Aug. 1997 – Aug. 1998
Department of Chemical Engineering
Cornell University, Ithaca, NY
Ph. D., Aug. 1998 – (expected) Dec. 2005
The Huck Institutes of Life Sciences
The Pennsylvania State University, University Park, PA
HONORS AND AWARDS
Apr. 2001
Graduate Student Travel Award
College of Agricultural Sciences, the Pennsylvania State University
PUBLICATIONS
Polung Yang, Andrew J. Henderson, 2005, Nef enhances c-Cbl phosphorylation in HIVinfected CD4+ T lymphocytes, Virology, 336:219-228.

