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Host and Viral Factors Controlling HIV Pathogenesis
by

Jason F. Kreisberg
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Warner C. Greene, M.D., Ph.D.

HIV pathogenesis depends critically on both viral and host factors. While much is
known about the viral factors, less is understood about the key host factors. We sought to
identify novel host factors that control permissivity to HIV infection. To identify
positively acting factors, HIV-permissive cells were subjected to retroviral-mediated
insertional mutagenesis and screened for HIV -resistant cells. Despite conducting four
independent screens of two mutagenized cell lines, no positively acting factors were
identified.

We evaluated the role of two viral proteins important in pathogenesis: envelope
(Env) and Nef. During late-stage disease in some patients, Env switches from utilizing
CCRS to CXCR4 for entry. This switch correlates with accelerated disease progression.
We looked for other properties that might accelerate disease progression but found no
evidence of coreceptor-independent increases in cytopathicity. Thus, the increased
cytopathicity exhibited by CXCR4-tropic strains seems to reflect only a change in

coreceptor utilization.
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HIV pathogenesis also critically depends on Nef. Prior studies suggested that Nef
activates target cells and thereby provides an improved microenvironment for viral
replication and spread. Although HIV-infected cells exhibit increased activation, this
phenotype proved independent of Nef expression.

Finally, we refocused on host factors that impede HIV infection. HIV infects
resting CD4 T cells in lymphoid tissues but not those in peripheral blood. We explored
the role of the tissue microenvironment and its influence on the antiviral factor
APOBEC3G (A3G) in regulating permissivity to HIV. We demonstrated that IL-2 and
IL-15 production in tissues played a key role in rendering naive CD4 T cells susceptible
to HIV. Infection of memory CD4 T cells similarly required endogenous soluble factors
but not IL-2 or IL-15. A3G exists as a high-molecular-mass (HMM) complex in
permissive, tissue-resident naive CD4 T cells, but as a low-molecular-mass (LMM) form
in nonpermissive, blood-derived naive CD4 T cells. After treatment with endogenous
soluble factors, these circulating cells became permissive, and LMM A3G assembled into
HMM complexes. Thus, endogenous IL-2 and IL-15, acting in concert with other soluble
factors in lymphoid tissues, stimulate HMM A3G formation in tissue-resident CD4 T

cells, relieving the post-entry restriction block for HIV conferred by LMM A3G.
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Chapter 1

Introduction
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The HIV pandemic continues to grow with devastating medical, social, and
economic consequences. In 2005, nearly 5 million people were infected, and over 3
million people died (UNAIDS, AIDS Epidemic Update: December 2005). In the United
States alone in the last 25 years, over half a million people have died from HIV infection
(CDC, HIV/AIDS Surveillance Report, 2004). In addition to its structural and enzymatic
proteins, Gag, Pol, and Env, HIV encodes six additional proteins: Tat, Rev, Nef, Vif,
Vpr, and Vpu. Like other retroviruses, the HIV genome is a single-stranded RNA
molecule, which, upon infection, is reverse-transcribed into double-stranded DNA and
integrated into the host genome. In most cases after integration, viral genes are expressed,

and progeny virions are produced, thereby completing the viral life cycle.

Host Factors in HIV Replication

HIV replication critically depends on the interplay of host and viral factors. For
example, the process of viral entry requires the viral envelope to interact sequentially
with two host factors: the receptor CD4 (1) and then, one of the two coreceptors, CCRS
(2, 3) or CXCR4 (4). Binding to CD4 induces a conformational change in the viral
envelope that allows subsequent interactions to one of the two coreceptors (5, 6).
Coreceptor engagement induces yet another conformational change that allows the viral
envelope to complete the fusion process (7).

Before infection, a conical shell of viral capsid proteins surrounds the viral
genome. Upon entry, the viral capsid disassembles in a process termed uncoating (8), and
the viral enzymes, reverse transcriptase and integrase, convert the incoming viral genome
into a double-stranded DNA molecule that is integrated into the genome of the host, often

near actively transcribed genes (9). Although the steps between viral entry and
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integration are largely governed by viral factors, some studies have suggested an
important role for host factors as well. For example, the host protein LEDGF/p75 binds
strongly to integrase (10, 11) and is likely important for targeting integration events near
actively transcribed genes (12-14), although other host factors also probably influence
site selection. Cytoskeletal components are also important. Intact actin filaments increase
the efficiency of reverse transcription (15), and microtubules are used for transporting
virion contents from the cell periphery to the nucleus (16). Finally, host factors likely are
also probably important for actively transporting viral genomes through the nuclear pore
complex.

Viral gene expression and subsequent virion production require an array of host
factors. Transcription factors, such as NF-xB, Sp1, and AP1, bind to sequences in the
viral promoter (17) and recruit RNA polymerase II which can initiate transcription but
fails to elongate. High level elongation commences when Tat recruits two host proteins,
cyclin T and cdk9, that in turn phosphorylate the C-terminal domain of RNA polymerase
IT (18-20). Initially, only fully-spliced transcripts encoding Tat, Rev, and Nef, reach the
cytoplasm. For expression of structural and enzymatic viral genes that are required for
production of infectious virions, singly-spliced or unspliced transcripts need to be
exported from the nucleus. These events are triggered by the action of Rev, which binds
to an RNA stem loop structure termed the Rev response element present in either singly-
spliced or unspliced transcripts (21-23). Rev facilitates nuclear export of these RNAs by
binding to the host nuclear export factor, Crm1 (24, 25). Later in the viral life cycle, the
host protein HP68 plays a key role in promoting capsid assembly (26), although the

molecular mechanisms of this action are not yet clear. Finally, virion release requires Gag
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recruitment of the host vesicular trafficking protein Tsg101 (27) and other members of
ESCRT family (28, 29).

Although many host factors are necessary for completion of the viral life cycle,
HIV and other retroviruses must also successfully overcome a number of innate anti-viral
host factors. The anti-viral factors, Fvl and TRIM-5a,, block the viral life cycle after
entry but before integration (30, 31). Resistance to these factors is conferred by mutations
in CA. Fv1 is expressed in mice and blocks infection of the murine leukemia virus
(MLV). Interestingly, Fv1 is homologous to retroviral capsids (30), but precisely how it
inhibits MLV infection is unknown. In contrast to Fvl, the anti-viral activity of TRIM-5a
acts most efficiently across species boundaries: TRIM-5a from Old World monkeys
inhibits HIV infection (31), whereas human TRIM-5a inhibits MLV but has only weak
effects against HIV (32-35). TRIM-5a contains four domains: a RING, B-box, coiled-
coil, and B30.2 (SPRY) domain (31, 36). None of these domains share homology with
retroviral capsids. The anti-viral activity of TRIM-5a appears related to its ability to
accelerate uncoating.

HIV also encounters a potent anti-viral factor within human cells: apolipoprotein
B mRNA -editing enzyme-catalytic polypeptide-like-3G (A3G) (37). After incorporation
into budding virions, A3G, a cytidine deaminase, induces hypermutation of single-
stranded DNA (ssDNA) formed during reverse transcription (38-41). However, these
potent antiviral effects of A3G are countered by the HIV Vif protein which targets A3G
for accelerated proteasome-mediated degradation and partially blocks its synthesis (42-

46).
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A3G can also inhibit HIV infection in a Vif-insensitive manner (47). In resting
CDA4 T cells from the peripheral blood, A3G exists in a low-molecular-mass (LMM)
form; conversely, enzymatically inactive high-molecular-mass (HMM) A3G complexes
occur in either stimulated CD4 T cells or CD4 T cell lines. CD4 T cells containing HMM
A3G are permissive to HIV infection, but CD4 T cells from the peripheral blood
containing LMM A3G are not. Depletion of LMM A3G from these resting cells relieves
this block, thereby demonstrating that LMM A3G inhibits HIV infection. It is not clear if

this anti-viral activity of LMM A3G requires cytidine deamination or not.

Naive and Memory CD4 T Cells During HIV Infection

CD4 T cells are one of the principal targets of HIV infection. These cells develop
in the thymus and emerge as naive cells that circulate between the blood and secondary
lymphoid organs, such as the spleen and lymph nodes. Upon entry into secondary
lymphoid organs, naive cells survey peptides displayed on antigen-presenting cells
(APC). The combined actions of both antigen and costimulation from the APC activate
the naive cells. After activation, naive cells massively proliferate. Most cells become
short-lived effectors cells, but some become long-lived memory cells (48-50).

Memory CD4 T cells circulate between the blood and secondary lymphoid organs
and also migrate to peripheral tissues. Memory cells are both more sensitive to
stimulation and respond more vigorously than naive cells. As shown for CD8 cells in
mice, memory cells in secondary lymphoid organs constitutively express high levels of
cytokine mRNA, which facilitates rapid cytokine secretion upon stimulation (51). Also
when stimulated, memory cells rapidly divide many more times than naive cells (52).

Intense investigation seeks to explain the molecular mechanisms underlying these
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differences in naive and memory T cells. Current hypotheses include differences in lipid
raft composition (53, 54), chromatin structure (55), and Lck localization (56, 57).

Both naive and memory CD4 T cells are permissive to HIV infection in vivo (58-
61). CCRS expression is restricted to a subset of memory cells (62, 63) while CXCR4 is
expressed on both naive and memory CD4 T cells (64-66). Thus, memory cells can be
infected by either X4- or RS-tropic strains, but only X4-tropic strains can infect naive
cells. In HIV-infected patients, given that RS-tropic viruses can be detected throughout
the course of infection and are often the prominent viral quasispecies (67-70), most HIV-
infected CD4 T cells in patients are memory cells (61). Importantly, these cells also give
rise to a latently infected population of cells (71, 72). In addition, approximately 50% of
all HIV-infected patients develop X4-tropic strains, the appearance of which is correlated
to rapid disease progression (69, 70, 73). Both X4- and RS- tropic viruses can be isolated

from naive cells from these patients (58-60).
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Chapter 2

Attempted Identification of Host Factors Necessary for HIV-1 Infection after

Receptor Engagement
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Introduction

Like all viruses, HIV exploits various cellular factors to complete its replicative
life cycle. For example, HIV entry requires the presence of the CD4 receptor (1), and one
of two coreceptors, either CXCR4 (4) or CCRS (2, 3). Similarly, the expression of viral
genes after integration not only requires RNA polymerase II but also the action of both
cdk9 and cyclin T to enable polymerase processivity (18-20). Late in the viral life-cycle,
HP68 is a necessary cofactor during capsid assembly (26), while Tsg101 is necessary for
virion release (27). Nevertheless, in many steps of the viral life cycle, such as uncoating,
reverse transcription, nuclear localization, and integration, the identity and function of
host genes remains a mystery. To identify novel host factors necessary for events after
viral entry but before integration, we employed an experimental approach involving
somatic mutagenesis.

Somatic mutagenesis is a largely unbiased approach to candidate gene discovery.
Although this technique has been powerfully exploited to identify key molecules in
various biological pathways, such as the essential roles of Lck in TCR signaling (74, 75)
and the JAK/STATS in the IFN response (76-79), this approach has met with limited
success in virology. A notable exception is the finding that overexpression of
fasciculation and elongation protein €-1 (FEZ1) induces a post-entry block to retroviral
infection (80). The role of FEZ1 was identified by characterizing a mutagenized cell line
selected for resistance to retroviral infection (81).

Two techniques are commonly used to introduce random mutations throughout
the genome: DNA-damaging chemicals (82-86) and retroviral insertion. When chemical

mutagens are used, the genetic basis of interesting mutants can be identified by screening
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a cDNA library for transcripts that rescue the observed block (87). The assumption
underlying this approach — that the defect is a loss of function of a single gene —is not
always true, as was the case for FEZ1 (80). Only after analysis of highly overexpressed
transcripts in the mutagenized, retrovirus-resistant cell line was FEZ1 found to protect
these cells from retrovirus infection.

As an alternative to chemical mutagens, retroviruses can be used as insertional
mutagens, or “gene traps” (88-91). This approach has two features designed to aid
identification of the gene of interest. First, the mutagenized gene is marked by the
retrovirus, now a unique and well-defined element in the genome. Second, because the
mutagenic retroviral stocks can be titered, the dose can be tightly controlled to ensure that
the majority of mutagenized cells in a culture contain only a single proviral insertion.

In our efforts, we employed an MLV-based gene trap, known as a RET vector,
which contains a number of important features (Fig. 2.1A) (92). At the 3’ end of the
integrated provirus, a constitutive promoter (P2 in Fig. 2.1A) is present that drives the
expression of a neomycin-resistance gene that ends not with a signal for polyadenylation
but rather with a splice donor. Therefore, for an infected cell to acquire neomycin
resistance, the integrated provirus must integrate both within a host gene and in the
proper orientation to find a downstream splice acceptor and polyadenylation site. Another
key feature of the RET vector is the presence of loxP sites in place of the viral LTRs.
Treatment of mutants with cre recombinase leads to proviral excision and phenotypic
reversion. The RET vector also contains a constitutive promoter (P1 in Fig. 2.1A) driving
the expression of the herpes simplex virus (HSV) thymidine kinase (tk) gene which

allows for both positive and negative selection. Viral stocks can be titered on tk-deficient

LV \RDARY

N

\\O



cells by selection in medium containing hypoxanthine, aminopterin, and thymidine
(HAT); cre recombinase-mediated revertants can be selected by growth in ganciclovir.
Finally, a strong splice acceptor followed by a polyadenylation signal is located at the 5’
end of the integrated provirus. This will ensure that whatever gene the provirus has
integrated into is effectively disrupted. In summary, RET vectors are a useful tool for
efficient and reversible insertional mutagenesis.

GFP-expressing, single-cycle HIV reporter viruses have desirable features for
screening mutagenized cells for resistance to HIV infection. The genomes of the viruses
chosen for this screen contain a CMV promoter constitutively driving GFP expression to
mark infected cells (93, 94), thereby eliminating the need for either of the Tat cofactors,
cdk9 and cyclin T (18-20). In addition, because GFP fluorescence can be easily detected
in living cells, uninfected cells (GFP-) can be separated from infected cells (GFP+) by
flow cytometry. Multiple rounds of screening can be performed to enrich mutagenized
cells displaying strong resistance to HIV infection. Additionally, these HIV reporter
viruses can be pseudotyped with different viral envelopes, each utilizing different host
receptors. In screens aimed to identify cellular genes required for HIV infection after
surface receptor engagement, pools of reporter viruses pseudotyped with different
envelopes can be employed.

Finally, one of the most important parameters for the success of such a screen is
the choice of the target cell line. For this screen, the ideal target cell should be readily
infected by both MLV and HIV, lack endogenous tk so that the RET vectors can be
titered accurately, and be susceptible to phenotypic changes due to disruption at a single

locus. Although no natural cell line has all three of these properties, derivatives of either
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HeLa or CHO cells represent attractive options. Upon expression of CD4 and CCRS,
both cell types are highly permissive for infection by MLV and HIV (95, 96). In addition,
there is a tk-deficient subclone of HeLa cells (97) but not CHO cells. Whereas HeLa cells
have an average 3n chromosome content (98), CHO cells are functionally hemizygous at
many loci (99-102). Two HIV-permissive HeLa-based cells lines were initially
mutagenized with RET vectors and screened for permissivity to GFP-expressing HIV
reporter viruses. Unfortunately, no refractory cell lines were identified in four
independent screens, each employing a different combination of pseudotyped viruses.
Reasoning that CHO cells might be more amenable to insertional mutagenesis due to
their functional hemizygosity, we turned our focus to these cells. We generated an HIV-
permissive CHO cell line, and we perfdrmcd preliminary experiments attempting to

establish an HIV-based selection strategy.
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Results

Using a RET Vector for Insertional Mutagenesis

To maximize production of MLV virions containing RET vectors, we tested the
following packaging cell lines: PT67 (Clontech), Phoenix-Ampho (kindly provided by G.
Nolan, Stanford University), and Plat-E (103). Viral titers, measured in HAT-resistant
colony-forming units (cfu), were typically determined on tk-deficient HeLa cells (97) but
occasionally on other tk-deficient cells lines, such as Rat2 (104) or L-M tk(-) (105). For
packaging cell lines expressing the ecotropic MLV envelope (Env) (106), PT67 and Plat-
E, the amphotropic (ampho) MLV Env (107) was cotransfected along with the RET
vector to allow infection of human cells. The glycoprotein (G) from VSV was also
occasionally cotransfected during virion production to expand viral tropism to a broader
range of cells (108, 109). Regardless of the target cell, Plat-E routinely produced the
highest viral titers (data not shown).

To confirm that a single retroviral insertion was sufficient to render cells resistant
to HAT selection, HeLa tk(-) cells were infected at a low multiplicity of infection (moi),
and HAT-resistant colonies analyzed by Southern blotting for proviral insertions.
Parental HeLa tk(-) cells served as a negative control while a polyclonal culture of RET-
infected HAT-resistant HeLa tk(-) cells was used as a positive control. In both clones,
only a single proviral band was detected, indicating that each resulted from a single
insertion (Fig. 2.1B). The bands were specific for the provirus, as neither was detected in
the parental HeLa tk(-) cells. In the polyclonal population, a smear of bands was present,
consistent with the notion that insertion of a single provirus in cells at different loci

resulted in RET-containing fragments of various sizes.
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RET vectors were subsequently used to mutagenize two cells lines: HeLa cells
stably expressing CD4 and CCRS (HeLa CD4/CCRS) (96) and a subclone of this cell

line, H11 (see below for isolation and characterization of H11).

Characterizing and Optimizing Infections by HIV Reporter Viruses

Because we sought to identify host factors required after viral entry but before
gene expression, it was important to ensure that the single-round reporter viruses used in
the screen mark only cells containing an integrated provirus. To this end, we produced
GFP-expressing HIV reporter virions containing either wild-type integrase or a mutant,
D64E, incapable of integrating but competent at all other steps in the viral life cycle (110-
112). HeLa cells infected with virions containing wild-type integrase stably expressed
high levels of GFP, whereas cells infected with the IN mutant transiently expressed lower
levels of GFP (Fig. 2.2). Thus, cells containing an integrated provirus could be identified
by high-level expression of GFP after 5 days.

Key to the success of this project was an efficient process to screen for
permissivity to HIV infection. Some groups have reported that spinoculation, infecting
cells during centrifugation, greatly increases the number of infected cells. Although
reports have appeared that target cells may become more permissive when subjected to
higher gravitational forces (113, 114), others have claimed that the increase in the
number of infected cells is simply due to increased deposition of virions on the cell
surface (115-117). The cationic polymer, poiybrene, also can be used to increase viral
infectivity, likely because it can neutralize the negative charges on the virion surface and
oﬁ the cell membrane (118). The effects of these two treatments were tested both

separately and in combination. Regardless of the envelope used for pseudotyping, the
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combination of spinoculation and polybrene led to more infected HeLa CD4/CCRS cells
than either treatment alone or no treatment at all (Fig. 2.3A). Thus, nearly all infections
for this project, both with GFP-expressing pseudotyped HIV reporter virions and RET-
containing MLV virions, were performed by spinoculation in the presence of polybrene.
To optimize the permissivity of HeLa CD4/CCRS cells, we isolated subclones of
this cell line by limiting dilution and tested each for surface expression of CD4 and
CCRS and permissivity to GFP-expressing reporter viruses. Subclone 11 was highly
permissive to GFP-expressing reporter viruses pseudotyped with the BaL-strain HIV Env
or the ampho MLV Env (Fig. 2.3B). Like the parental cell, subclone 11 continued to
express high levels of surface CD4 and CCRS (data not shown). Interestingly, subclone 6
was highly permissive to virions pseudotyped with the ampho MLV Env but not with the
BaL HIV Env. Although this subclone still expressed high levels of surface CD4, CCRS
expression was greatly reduced, accounting for its resistance to HIV Env but not MLV

pseudotypes.

Screening Insertionally Mutagenized Cell Lines for Cells Resistant to HIV Infection

As we optimized infection conditions, we began to observe increased levels of
cell death which could not be inhibited by the reverse transcriptase inhibitor AZT at
doses that blocked GFP expression (data not shown). Thus, it is likely that either entry or
steps soon thereafter can trigger cell death. Of note, such toxicity was observed following
exposure to virions pseudotyped with VSV-G or the HIV Envs JRFL or ADA but not the
BaL HIV or ampho MLV Env (data not shown).

Four screens were performed simultaneously, three with mutagenized HeLa

CD4/CCRS subclone 11 (RH11) cells and one with parental HeLa CD4/CCRS (RH4R5)
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cells. VSV-G pseudotyped virions were used to screen either RH11 or RH4RS cells. In
addition, RH11 was screened with cocktails of virions pseudotyped with different
envelopes. One screen used virions pseudotyped with VSV-G, BalLL HIV Env, or ampho
MLV Env, and another with virions pseudotyped with BaL HIV Env or ampho MLV
Env. Each batch of virus used for these screens was titered to achieve high levels of
infection (60% to 80%) but minimal levels of toxicity.

Unfortunately, none of the four screens identified an HIV-resistant cell line (see
“Materials and Methods” for details on how the screens were performed). Three screens
proceeded through at least 10 rounds of infection, isolation of GFP- cells, and
rescreening. The fourth screen only proceeded through five rounds due to technical
difficulties. The screen using VSV-G pseudotyped virions and RH5RSs proceeded
through 12 rounds of screening without ever isolating a resistant cell line (Fig. 2.4). Cells

from each round of each screen remain in cryogenic storage.

CHO Cells Expressing CD4, CCRS, and Cyclin T Are Permissive to HIV Infection
and Suitable for Insertional Mutagenesis and Screening

CHO cells can support all steps in the viral life cycle except for entry or gene
expression (95). As CHO cells might be more susceptible to the mutagenic effects of
retroviral insertion than HeLa cells in view of their functional hemizygosity at multiple
loci, these cells were engineered to express human CD4, CCRS, and cyclin T (CHO
CD4/CCRS/CycT) by retroviral transduction of three expression vectors, followed by
sorting for cells with high levels of surface expression of CD4 and CCRS. The resulting
culture was sorted three more times to isolate cells stably expressing high levels of the

transgenes. This procedure only selected for CD4 and CCRS. To determine if the isolated
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culture expressed functional cyclin T, both CHO and CHO CD4/CCRS/CycT cells were
infected with VSV-G-pseudotyped reporter viruses expressing luciferase under the
control of the HIV LTR. The CHO CD4/CCRS/CycT cells expressed 100-fold higher
levels of luciferase than the parental CHO cell lines (data not shown), confirming that
these cells did express functional human cyclin T that can efficiently transactivate the
viral LTR.

To identify a more highly permissive CHO CD4/CCRS/CycT cell line, subclones
were isolated by limiting dilution and tested for surface expression of CD4 and CCRS
and for permissivity to HIV infection. Of the eight subclones identified, subclone 4
performed best in all assays. Surface expression levels of CD4 and CCRS were slightly
higher and more uniform in subclone 4 than in the parental CHO CD4/CCRS/CycT cells
(Fig. 2.5A). Importantly, subclone 4 was highly permissive to either VSV-G or BaL HIV
Env pseudotyped GFP-expressing reporter viruses (Fig. 2.5B) and no toxicity was
observed (data not shown).

As they express the necessary host factors, CHO CD4/CCRS/CycT cells should
be permissive to a spreading infection by HIV. To test this notion, both CHO
CD4/CCRS5/CycT (subclone 4) and HeLa CD4/CCRS (subclone 11) cells were inoculated
with a low dose of 49-5, a CCRS5-tropic HIV molecular clone (119). To determine
whether the amount of soluble p24 production detected was due simply to virion binding
and release, AZT was added to some of the infected cultures at the time of infection. In
both the HeLa and CHO cultures, soluble p24 was undetectable in the presence of AZT
(Fig. 2.5C). To determine the level of soluble p24 production due to a single round of

infection, AZT was added one day after inoculation to allow completion of one round of
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the viral life cycle while preventing subsequent rounds of infection. Some soluble p24
was produced under these conditions, more from the CHO than the HeLa cultures.
Finally, in the absence of AZT, high levels of p24 were produced from both the CHO and
HeLa cultures (Fig. 2.5C). As these levels are clearly above what was produced in a
single round, this demonstrates that these cells can support all steps in the viral life

leading to a spreading infection.
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Discussion

Despite considerable effort, our screening strategy was unsuccessful. Without a
successful screen, it is difficult to be certain why this approach failed but two reasons are
likely. First, only 60% to 80% of the HeLa cultures could be infected without excessive
toxicity. A similar but much more efficient approach led to the identification of the anti-
viral host factor, TRIM-5a (31). In this screen, a cDNA library from a cell line refractory
to HIV infection was expressed in an HIV-permissive cell line to identify the factor
capable of protecting the cells from a GFP-expressing HIV reporter virus. After seven
rounds of screening in which 99% of the cells were initially infected, TRIM-5a was
identified as the responsible anti-viral factor. This study makes clear that a screen
operating at 60% to 80% infection levels would be unlikely to efficiently identify an
HIV-resistant cell line.

Second, the HeLa cells might not have been sufficiently mutagenized. From
measures of chromosome content, most loci in HeLa are present in two to three copies
(98). Thus, reducing the copy number of a gene by one when there are still one or two
other copies present might be inadequate to generate the desired functional change.
Although there are some genes where this might be true, this likely represents a skewed
subset of the overall genome.

CHO cells represented an attractive option to address both of the above concerns
as they are highly permissive and resistant to the type of cell death seen in highly infected
HeLa-based cultures. In addition, CHO cells are functionally hemizygous at many loci
(99-102), meaning that a single retroviral insertion would be much more likely to have a

functional outcome than in HeLa cells. Unfortunately, a tk-deficient version of CHO cells
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does not exist for titering virus. One future approach to this problem would be to replace
the tk-expression cassette in the RET vectors with another marker, such as GFP or
dsRed2, which would allow for rapid determination of viral titers on a wide variety of
cell lines. Alternatively, a tk-deficient CHO cell line could be generated by growing cells
in bromo-deoxyuracil (97, 105).

Instead of a screen based on GFP expression, a selection based on the killing of
infected cells might be an easier and more powerful approach. A selection could be
designed in many ways. One approach would be to select for cells resistant to the
cytopathic effects of wild-type HIV infection (120). However, under certain conditions,
HIV can kill uninfected, bystander cells (121). It is unknown if bystander killing occurs
in CHO cells. If it does, selection with wild-type HIV would kill both infected and
uninfected cells, meaning that survivors would have to be resistant to both direct and
indirect forms of cell death. A more targeted approach to ensure death of only HIV-
infected cells would be to use a single-cycle reporter virus expressing a cytotoxic protein,
such as the diphtheria toxin subunit A (DTA), which can be expressed from a single open
reading frame and is very potent (122). Expression of DTA under lineage-specific
promoters has been used in vivo to study the consequences of eliminating various cell
types (123, 124).

In an effort to generate DT A-expressing single-round reporter viruses, we
performed some preliminary experiments. Plasmids were constructed, and attempts were
made to produce virions. Unfortunately, DTA expression during virion production in
293T cells appears highly toxic. To protect the virus-producing cells from DTA, we

generated 293T cells stably expressing a mutant form of elongation factor-2, the host
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Materials and Methods

Production and Titration of MLV Virions Containing RET Vector

MLYV virions containing RET vectors were produced by calcium phosphate
transfection of packaging cell lines grown in DMEM and containing 10% FCS and 1%
penicillin/streptomycin (Gibco). For cotransfections with the ampho Env, plasmids were
combined in a ratio of 3 pg of RET DNA to 1 ug of ampho Env. For cotransfections with
VSV-G, a ratio of 3.6 pug to 0.4 pg was used. The medium was changed approximately 16
h after transfection, and 32 h later, the virion-containing supernatant was harvested,
sterile filtered, and stored in the vapor phase of a liquid nitrogen storage-unit. In some
control experiments, the MLV -based tk-expression plasmid, GITK1SVNA, was also
used.

To titer virus stocks, 2.5 x 10* tk-deficient target cells per well, often HeLa BU25,
were seeded in a 12-well tissue-culture plate and spinoculated the next day. For
spinoculation, 1 ml of virus, neat or diluted, was added to 0.5 ml of medium and
polybrene (5 ng/ml). Plates were centrifuged at 1200 g (2500 rpm) for 90 min at 32°C
and immediately returned to tissue-culture incubators. For either HAT (Gibco) or G418
(600 pg/ml) selection, medium was replaced with selection medium 2 days later and
changed every 3—4 days thereafter. HAT-resistant colonies were counted after 6-10 days
of selection. Culture medium was aspirated, colonies were fixed in 10% formaldehyde
and stained with methanol blue (1% coomassie blue in methanol) for counting. Typically,
the titer of MLV -virions containing the 1031 RET vector produced from Plat-E cells

cotransfected with ampho Env was 10* to 10° CFU/ml when tested on HeLa BU25 cells.
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When tested on different tk-deficient cells lines, Rat2 and L-M tk- cells generated 1.5- to

2-fold more colonies than HeLa BU2S5 cells.

Southern Blot for Integrated RET Vector

HeLa-based cell lines were grown to confluency in a 75-cm? flask, detached with
trypsin, and the cell pellet lysed in 600 A of 10 mM Tris-HCI (pH 7.5), 10 mM EDTA, 10
mM NaCl, 0.5% SDS, and 1 mg/ml proteinase K. After incubation for 16 h at 37°C, 1.8
ml of 150 mM NaCl in ethanol was added and the samples were incubated at room
temperature for 30 min. The resulting DNA precipitate was washed with 70% cold
ethanol prior to resuspension in TE (10 mM Tris-HCI, pH 8.0, 1 mM EDTA). Genomic
DNA (10 ug) was digested with HindlII before separation by agarose gel electrophoresis
and transfer to Zeta Probe membrane (BioRad). An end-labeled DNA probe was prepared
with a fragment from the RET vector corresponding to the neomycin resistance open
reading frame (800-bp fragment after a BamHI digest) and incubated with the membrane

overnight before detection by phosphoimager.

Production of and Infection with GFP-Expressing HIV Reporter Viruses

GFP-expressing pseudotyped reporter viruses were produced by calcium
phosphate transfection of 293T cells with the following ratio of plasmids: 1 ug packaging
construct, 2 ug genome, and 1 ug envelope. One of the packaging constructs, AR8.2,
expressed all of the HIV accessory proteins, and another, AR8.91, only expressed the
accessory proteins Tat and Rev (93). The AR8.91 plasmid containing the D64E mutation
in integrase was kindly provided by Brian North (Dr. Eric Verdin’s Lab). Virion

production and infectivity was similar between the two packaging vectors. Two different

22

ULYF LIBRARY



GFP-expressing genomes were used. Most experiments, including the screen, were
performed with a construct containing a CMV -promoter driving GFP expression (pHR
CMYV GFP) (94). In some experiments, a construct containing a PGK-promoter driving
GFP expression that also contained the central polypurine tract (PPT GFP) (126, 127)
was used.

For infection with these viruses, 4-8 x 10* adherent target cells per well were
seeded on a 24-well tissue-culture plate and infected the next day by replacing the culture
medium 0.5-2 ml of virus and incubating for 1-2 h. In most infections, polybrene (5
nug/ml) was added and the plates were centrifuged (spinoculation) at 1200 g for 1-2 h at
32°C. After infection, the inoculum was replaced with 1 ml of fresh medium, and

samples were assessed for GFP expression 2-3 days later.

Flow Cytometric Analysis of GFP Content or Surface Proteins

For analysis of either surface markers (CD4 or CCRS) or GFP expression,
adherent cell lines were detached by incubation in TEN buffer (40 mM Tris, pH 7.4, 1
mM EDTA, 150 mM NaCl) for 5-10 min at 37°C. Detached cells were centrifuged and
resuspended in staining buffer (PBS containing 2% FBS). Samples were immunostained

for 20-30 min at 4°C before flow cytometric analysis on a FACSCalibur (BD

Biosciences) and analysis (FlowJo, Treestar).

Mutagenesis of HeLa-Based Cell Lines
Approximately 10’ HeLa CD4/CCRS or HeLa CD4/CCRS subclone 11 cells were
infected with 10° HAT CFU/ml. After the protocol devised for titration, 2.5 x 10* cells

per well were seeded in a 12-well tissue-culture plate and spinoculated the next day with
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2.5 x 10° HAT CFU/ml. The plates were immediately returned to tissue-culture
incubators. To mutagenize 107 cells, 40 12-well plates were infected by spinoculation.
Two days later and every three days after that, the cells were washed with PBS and fresh
medium containing G418 (600 pg/ml) was added. Twelve days after infection, G418-
resistant colonies (approximately 50-200 per well) were collected and subsequently

cultured in the absence of G418 while screening for HIV-resistant cell lines.

Screens of RET-Mutagenized HeLa-Based Cell Lines

Each round of the screen sought to inoculate 5 x 10° mutagenized HeLa-based
cells and to sort out uninfected cells 5 days later. In parallel, approximately 10° non-
mutagenized HeLa-based cells were also infected and sorted. As the infections were
performed by spinoculation, 8 x 10* cells per well were seeded in 24-well tissue-culture
plate and infected the next day. The culture medium was replaced with titered virus
stocks so to infect 60% to 80% of the culture in the absence of any toxicity. To check the
titer of the virus stocks during each round of the screen, a separate culture of non-
mutagenized non-screened HeLa-based cells were also spinoculated at the same time.
Three days after infection, cultures were collected from the 24-well plates and transferred
to appropriate tissue-culture flasks to continue growing. In addition, a small portion of
samples was collected for GFP measurement by flow cytometric analysis. Typically 4-6
days after infected, GFP- cells were sorted from both the mutagenized and non-
mutagenized culture on a FACSVantage. These cells were then returned to culture until

there were enough cells for re-screening, typically 3-5 days later.
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Generation of HIV-Permissive CHO-Based Cell Lines

CHO cells cultured in Ham’s F12 medium (Gibco) containing 10% FCS and1%
penicillin/streptomycin were spinoculated with VSV-G-pseudotyped HIV-reporter
viruses expressing CD4, CCRS, or cyclin T (pHR CMV CD4, pHR CMV CCRS, or pHR
CMV cyclin T, respectively, courtesy of Dr. Oliver Keppler). Three days after infection,
cells were sorted for high levels of CD4 and CCRS expression. After 3—4 days, this
process was repeated for a total of four times. Once a culture stably expressing CD4 and

CCRS was established, limiting dilution was performed to isolate permissive clones.

Spreading Infection Assay of CHO-Based Cell Lines

Either CHO- or HeLa-based cell lines (1 x 10* cells per well) were seeded on a
24-well tissue-culture plate and inoculated the next day with 650 TCIDs, (128) 49-5 in
1ml of medium for 24 h. Medium was changed the next day and every other day for the
next 7 days. On each day that medium was changed, a sample of the supernatant was
saved to assay for p24 Gag production by ELISA (Perkin Elmer). AZT (50 uM) was

added to some of the wells at the time of infection and to others 24 h after inoculation.
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Figure Legends

Figure 2.1. The RET vector used for insertional mutagenesis and two clonal cell lines
containing single insertions. (A) Constructed on an MLV retroviral backbone, the RET
vector contains many of its functional features on the negative strand so as not to
interfere with viral RNA production. A loxP site is located in place of the viral
transcriptional enhancers in the 3' LTR. During reverse transcription, this part of the 3’
LTR is duplicated resulting in an integrated provirus that lacks any transcriptional
activity from the viral LTRs but is instead flanked by loxP sites which allows for proviral
excision upon treatment with cre recombinase. The strong bcl-2 splice acceptor (SA) and
subsequent polyadenylation signal is positioned so to block the expression of any gene
into which the vector has inserted. At the other end of the vector, a constitutive promoter
(P2) drives transcription of the gene for neomycin resistance followed by a splice donor
(SD) but lack a polyadenylation signal. For a cell to become resistant to neomycin, the
neo transcript must find a subsequent SA and polyadenylation signal. Finally, the RET
vector contains an HSV -tk expression cassette (P1) allowing virus production to be
titered on a tk-deficient cell line after HAT selection. (B) HeLa tk(-) were infected with
RET containing virions at a low moi and subjected to HAT selection. From this culture,
two subclones were isolated by limiting dilution. Genomic DNA was isolated, digested
with Hindlll, and probed for the neomycin resistance gene present in the RET vector by

southern blot.

Figure 2.2. Integration is required for stable GFP expression from an HIV reporter virus.

HeLa CD4/CCRS were spinoculated with VSV-G pseudotyped GFP-expressing HIV
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reporter viruses containing either wild-type (wt) or D64E integrase (IN). GFP expression

was monitored 3, 5, and 7 days after infection by flow cytometry.

Figure 2.3. Increased reporter virus infectivity due to spinoculation and polybrene and
the isolation of a highly permissive HeLa CD4/CCRS subclone. (A) HeLa CD4/CCRSs

“were infected with GFP-expressing reporter virions containing no envelope, VSV-G, the
BaL HIV Env, or the amphotropic MLV Env. Infections were performed under standard
tissue-culture conditioned or by spinoculation. Polybrene (5 pg/ml) was added to some of
the infections. (B) Parental and HeLa CD4/CCRS subclones were tested for permissivity
to GFP-expressing reported viruses containing either no envelope, the BaL HIV Env, or
the amphotropic MLV Env. Shown are means with error bars depicting standard

deviations of the spinoculations performed in triplicate.

Figure 2.4. No outgrowth of uninfectable cells in mutagenized HeLa CD4/CCRSs after
twelve rounds of screening with VSV-G pseudotyped GFP reporter viruses. Each round
of screening consisted of 3 infections. Mutagenized or non-mutagenized HeLa
CD4/CCRSs were infected with VSV-G pseudotyped GFP-expressing reporter viruses
and GFP- cells isolated by flow cytometry for subsequent re-screening. In parallel, naive
HeLa CD4/CCRS were infected during each round to monitor infection conditions (titer).

Shown are the percentages of GFP+ cells after each infection.

Figure 2.5. CHO cells expressing CD4, CCRS, and cyclin T are highly permissive to
HIV infection. (A) Surface expression levels of CD4 and CCRS were determined by flow
cytometry on the original CHO cells, the parental CHO CD4/CCRS/CycT cells or

subclone 4. (B) GFP expression in HeLa CD4/CCRS (subclone 11) or CHO
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CD4/CCRS/CycT (subclone 4) was measured in either uninfected cultures or cultures
infected with GFP-expressing HIV reporter virions pseudotyped with either VSV-G or
the BaL envelope of HIV. (C) Soluble p24 production from either HeLa CD4/CCRS
(subclone 11) or CHO CD4/CCRS/CycT (subclone 4) was measured after inoculation or
not with HIV-1 (49-5, an RS molecular clone). In some of the inoculated cultures, AZT
(50 uM) was added either at the time of infection or one day later. Soluble p24 was

measured by ELISA with a lower limit of detection of 3 pg/ml.
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Figure 2.1
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Figure 2.2
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Figure 2.3
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Figure 2.4
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Figure 2.5
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Chapter 3

Cytopathicity of HIV-1 Primary Isolates Depends on Coreceptor Usage and Not

Patient Disease Status
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Introduction

Human immunodeficiency virus type 1 (HIV-1) is known to evolve throughout
the course of disease in infected individuals (129, 130). To compare the cytopathicity and
replication kinetics of clinical isolates from early and late stages of disease, various cell
line-based assays have been used to show that late viruses typically are more cytopathic
and can replicate faster in vitro (69, 70). The identification of HIV-1 coreceptors and
their expression on various cell lines has shed new light on these data. Virtually all HIV-1
viruses isolated from patients use one or both of two chemokine receptors, CCRS (2, 3)
or CXCR4 (4), as major coreceptors along with CD4 (1) for entry into target cells
(reviewed in ref (131)). Viruses isolated early in the course of disease typically use CCR5
as a coreceptor (RS viruses) whereas viruses isolated late in the course of disease
commonly can use either CXCR4 alone (X4 viruses) or both CCRS and CXCR4 (R5X4
viruses) (73). Typically, cell lines used for in vitro characterization express high levels of
CXCR4 and low levels of CCRS (63), and these facts explain why late X4 viruses
characteristically replicate more vigorously and have greater cytopathic effects in such
experiments. Likewise, using a novel experimental system based on ex vivo human
lymphoid histocultures, it has been established that X4 viruses are more cytopathic than
RS viruses (65, 66, 132) and specifically that late X4 viruses are more cytopathic relative
to early RS viruses (133). An important question remains whether primary isolates from
different stages of disease differ in their cytopathicity independently of coreceptor

preferences.
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Results

To determine whether HIV-1 cytopathicity corresponded to the stage of HIV
disease, we tested a variety of primary isolates and biological clones derived from HIV-1-
infected patients using an ex vivo human lymphoid histoculture system (65, 66, 132-134).
These experiments were carried out in either blocks (66, 132, 133) or dispersed cultures
(135) of human tonsil specimens, and similar results were obtained in both assays. HIV-1
isolates or clones were first expanded and then titered by end-point dilution on PHA-
activated PBMCs pooled from 2—4 normal donors. The inoculum size was either 20
TCIDs, per tissue block or 50 TCIDy, per well of dispersed tissue. Histoculture infections
were carried out typically for 2 weeks, with culture media changes the day after infection
and every 3 days thereafter. At the end of the experiment, the tissue was harvested and
split into 2 equal samples for immunostaining and analysis by fluorescence activated cell

sorting (FACS). One sample was stained with antibodies to CD3, CD4, CD8, and CCRS5
for analysis of depletion of both total CD4* CD3* lymphocytes (referred to hereafter as

CD4 T cells) and CCR5* and CCRS5- subsets of CD4 T cells. The other sample was
stained with antibodies to CD3, CD4, CD45RA, and CD62L for measurement of
depletion of naive and memory CD4 T cells (136, 137).

We first sought to determine whether X4 viruses present early after infection in

some individuals differ in their cytopathicity from X4 viruses isolated late in disease. We

compared the CD4* T-cell depletion potential of an R5X4 isolate from a patient obtained

within 90 days of infection (Fig. 3.1, Patient X; Table 3.1) to that of an R5X4 isolate

.

derived from a patient 6.5 years after seroconversion (Fig. 3.1, Patient W). As a positive

control, we also asssayed depletion by a highly cytopathic X4 molecular clone, NL4-3
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(65, 66, 132, 133, 138). We found that the early R5X4 isolate depleted CD4 T cells as
potently as did both the late R5X4 isolate and the control virus, NL4-3 (Fig. 1A); each

virus led to 85-90% depletion of all CD4 T cells relative to uninfected samples.

Furthermore, subsetting of CD4 T cells into CCR5% or CCR5- fractions revealed
thorough depletion of both subsets by all viruses tested here (Fig. 3.1A). In addition,

depletion analysis of naive and memory subsets of CD4 T cells was performed. As

observed previously with other X4 viruses, severe depletion of both CD4+ T-cell subsets
was observed with all X4 and R5X4 viruses tested here (Fig. 3.1B). Finally, robust viral
replication kinetics were observed for these viruses based on measurements of HIV-1 p24
in the culture supernatant (Fig. 3.1C). These results, which are consistent with the fact
that nearly all CD4 T cells in human tonsils express CXCR4 (65, 66) and are thus
potential targets for HIV-1, demonstrate that cytopathicity correlates well with the
coreceptor preference of X4 isolates. Indeed, we have detected very little variability in
the depletion behavior of a wide range of X4 or R5X4 isolates (data not shown).

We next sought to determine if the behavior of RS viruses was similarly
independent of patient status. We compared the cytopathicity of an early RS biological
clone to a late RS biological clone derived from the same patient (Fig. 3.1, Patient Z). In
addition, we tested whether these clones differed from two other RS isolates: one isolate
was derived from a patient within 90 days of infection (Fig. 3.1, Patient Y), and the other
was isolated from a patient 5 years after seroconversion who was asymptomatic at the
time (Fig. 3.1, Patient W). As a positive control, we also tested a previously characterized
RS molecular clone, 81A (119). All five RS viruses were found to deplete CD4 T cells

equally. Each depleted approximately 15% of total CD4 T cells (Fig. 3.1A) but nearly all
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CCR5* CD4 T cells (Fig. 3.1A). As demonstrated previously, the apparent decreased
cytopathicity of RS viruses compared with X4 viruses is due to a decreased target pool
size resulting from the limited expression of CCRS compared with that of CXCR4 (65,
66). Moreover, subsetting CD4 T cells into memory or naive revealed that RS viruses
depleted a portion of memory CD4 T cells, presumably the CCRS5-expressing fraction,
but did not deplete naive CD4 T cells (Fig. 3.1B) due to very low CCRS expression (62,
63, 139). To establish that there was nothing unusual about the patient from whom these
biological clones originated, we also tested an R5X4 biological clone that was isolated
late in disease from Patient Z at the same time as the previously tested late RS biological
clone. Indeed, the depletion profile of this RSX4 biological clone was similar to that of
all other X4 and R5X4 viruses (Fig. 3.1A & B). Substantial replication was evident for all
RS viruses and the control R5X4 clone (Fig. 3.1C). In summary, the results thus far
revealed no evidence that any viral trait other than coreceptor preference regulates
cytopathicity of primary isolates in ex vivo cultures of human tonsils.

It is possible that the late RS biological clone tested above was not especially
cytopathic because it had experienced no selective pressure to acquire greater cytopathic
properties in the context of highly cytopathic R5X4 viruses that were already systemic in
the individual. To address this issue, we tested a panel of biological clones isolated
longitudinally from four patients who exhibited significant disease progression but never
developed detectable X4 viremia or were treated with antiretrovirals. Two patients were
homozygous for the wild-type allele of CCRS (Fig. 3.2, Patients A and B) and progressed
to AIDS within ~4 years of seroconversion, whereas the two other patients were

heterozygous for the A32 allele of CCRS (Fig. 3.2, Patients C and D) and progressed to
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AIDS in ~8-10 years. The depletion patterns of these eight viruses were analyzed with
particular interest in differences between early and late viruses within a given patient or
between viruses from genotypically different patients. However, the results from these

eight viruses showed no such differences. Each infection yielded moderate depletion of
CD4 T cells with profound depletion of the CCR5* subset of CD4 T cells and sparing of

the CCRS5- subset (Fig. 3.2A). Moreover, memory CD4 T cells were depleted moderately
by each of these isolates, while the naive CD4 T cells were not (Fig. 3.2B). Again,
substantial viral replication kinetics were seen throughout the course of the experiment
among these isolates (Fig. 3.2C). These results demonstrate that RS viruses isolated in
cither the absence or presence of systemic X4 viremia are equally cytopathic, even
among viruses causing severe disease progression in the absence of evolution to X4
phenotype. These data argue against a model of HIV-1 evolution that posits selective
pressure on HIV-1 during the course of disease to acquire cytopathic traits other than

expanded target cell range via coreceptor evolution.
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Discussion

In summary, we have shown that the cytopathicity for tissue lymphocytes of a
diverse set of primary isolates from various stages of disease is entirely restricted by
coreceptor utilization, and does not typically display coreceptor-independent evolution
during the progression of disease. This finding likely has implications for disease
pathogenesis, but the possibility that there may be subtle, coreceptor-independent
evolution of pathogenicity in vivo that is not reflected in this ex vivo culture system
cannot be excluded. Likewise, we cannot exclude the possibility that propagation of virus
isolates may have diminished virulence differences, a potential problem with any
functional survey of primary isolates. Given the range of sources of viruses and the
uniformity of our results, this report nonetheless establishes the general principle that the
ability of HIV-1 to deplete CD4 T cells in histoculture is a predictable event based on
coreceptor usage of the virus and coreceptor expression of the target tissue.

Our results indicating equal cytopathicity of early and late RS viruses from
patients who progressed to AIDS but lack X4 viremia are in agreement with one but not
another study of similar isolates tested in the SCID-hu Thy/Liv xenotransplant model
(140, 141). Berkowitz et al. analyzed two late stage RS biological clones, including one
from Patient A, and did not find increased cytopathicity relative to control viruses. In
contrast, Scoogins et al. tested the cytopathicity of biological clones from early, middle,

and late stage disease derived from some of the same patient isolates we tested here and

found significant depletion of CD4+ CD8+ thymocytes in some implants with a single
late stage clone but not with clones from earlier in disease. It is important to note the

differences between the SCID-hu model and histoculture when interpreting the above
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results. The human tissue in the SCID-hu xenografts originates from thymic tissue and

thus represents a system to test the effects of HIV-1 on immature and developing

thymocytes (142, 143). In fact, the bulk of these tissues are CD4¥CD8+ thymocytes, of
which more than 90% would be eliminated by thymic selection normally. In contrast, the
experimental explants used in the present studies are derived from mature lymphoid
tissue that is populated by T-cells that have survived thymic selection. Thus, the
depletion properties observed here are indicative of the cytopathic capabilities of HIV-1
for mature CD4 T cells.

In the context of disease progression, these data regarding the cytopathicity of
early and late RS viruses indicate that HIV-1 need not experience an increase in its
cytopathicity over time for it to cause severe disease in infected people. An RS virus that
successfully infects and eliminates the entire CCR5-expressing pool of CD4 T cells is
apparently cytopathic enough to deplete the immune system sufficiently to cause AIDS,
presumably through attrition of cells that dynamically express CCRS at various stages of
the cellular life cycle (62). We hypothesize that as the immune system seeks to replenish
the CCRS5-expressing fraction of CD4 T cells to restore homeostasis in the context of

peripheral destruction of such cells, an RS virus will continually find new target cells

until too few CD4+ cells remain to maintain a functional immune system.
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Figure Legends

Figure 3.1. Cytopathic potential of primary HIV-1 isolates tracks with coreceptor
utilization but not stage of disease. (A) Dispersed human tonsil tissue was inoculated in
replicate microtiter wells (n=3 for experimental viruses, n=2 for NL4-3), with the
indicated viruses (see Table 3.1). Tissue was harvested, immunostained, and analyzed by
FACS 13 days after infection as described (66, 133). The total height of the bar in the
graph represents the ratio of CD4 T cells to CD8 T cells. The CCR5% and CCR5™ subsets
are represented by the black and white sections of the bar graph, respectively. Standard
error of the mean is represented by the error bars. (B) The samples shown in panel A
were analyzed for depletion of memory and naive cells. Naive CD4 T cells were defined
as CD4 T cells that were CD45RA+ CD62L*, and all other CD4 T cells were defined as
memory CD4 T cells (136, 137). The white portion of the bar graph represents the
memory subset and the black portion represents the naive subset. (C) Culture supernatant
was assayed for HIV-1 p24 by ELISA to monitor viral replication. Experiments with
different donor specimens were conducted twice in dispersed cultures and once in tissue

blocks, and are representative data from one experiment.

Figure 3.2. Primary RS HIV-1 isolates from advanced disease without X4 viremia retain

selective cytopathicity for CCR5% T-cells. Experiments were performed with the

indicated viruses (see Table 3.1) as described in the legend of Figure 1. (A) Depletion of

CD4 T cells, including total CD4 T cells, and CCR5% and CCR5- subsets. (B) Depletion

of memory and naive subsets of CD4 T cells. (C) HIV-1 replication kinetics. Experiments
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Table 3.1. Summary of Primary HIV-1 Viruses Tested

Figure Source Virus Literature Patient Designation in
Reference(s) Literature
1 Patient W Early RS isolate (70, 73, 133) Patient C (1/85)
Patient W Late R5X4 isolate (70,73, 133) Patient C (7/86)
Patient X Early R5X4 isolate None None
Patient Y Early RS isolate (144) MIM
Patient Z Early RS (130) Patient 8
biological clone
Patient Z Late RS (130) Patient 8
biological clone
Patient Z Late R5X4 (130) Patient 8
biological clone
2 Patient A Early RS (129, 140, 141, ACH 424
biological clone 145, 146)
Patient A Late RS (129, 140, 141, ACH 424
biological clone 145, 146)
Patient B Early RS (146) ACH 537
biological clone
Patient B Late RS (146) ACH 537
biological clone
Patient C Early RS (145, 146) ACH 38
biological clone
Patient C Late RS (145, 146) ACH 38
biological clone
Patient D Early RS (145, 146) ACH 617
biological clone
Patient D Late RS (145, 146) ACH 617

biological clone
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Chapter 4

HIV-Infected Primary CD4 T Cells Are Hyper-Responsive Independent of Nef
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Introduction

CD4 T cells are constantly being infected and killed in HIV-infected individuals
where the half-life of HIV-infected CD4 T cells is 1-2 days (147-149). The majority of
infection occurs in lymphoid organs, either in solid tissues such as lymph nodes (150-
152) or in gut-associated lymphoid tissue (61, 153-156). In these tissues, HIV-infected
CDA4 T cells are frequently non-dividing, resting cells (153, 157), which is consistent with
in vitro studies of HIV-infected lymphoid organ cultures (135). Since HIV replication is
sensitive to the activation status of infected cells, these findings raise the possibility that
there might be a replicative advantage to increasing target cell activation during the
limited time available for virion production.

A key HIV protein thought to modulate the activation state of HIV-infected cells
is Nef, a 27 kDa, myristoylated protein expressed early in the viral life cycle. Although
not absolutely essential for viral replication, Nef is critical for high levels of viral
replication both in vitro (158, 159) and in vivo (160, 161). In the absence of Nef,
progression to AIDS is delayed in both HIV-infected humans (161) and SIV-infected
rhesus macaques (160). Although many functions have been proposed for Nef, it mainly
appears to serve as an adaptor between molecules either at or just proximal to cellular
membranes. These actions have numerous consequences that often appear to be cell-type,
expression level, or strain specific. Among its more frequently studied properties, Nef
can down-regulate CD4 (162, 163), MHC I (164), or other cell-surface markers (165-

167); extend the life of HIV-infected cells (168, 169); and increase the activation status
of HIV-infected cells (170-173). Recent studies have demonstrated that either by direct

(174) or indirect (175) interactions, Nef inhibits upstream inhibitory pathways, thereby
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promoting downstream cellular activation. In both cases, the ability of Nef to activate
cells is compromised when the myristoylation site in Nef is mutated.

These studies sought to understand the consequences of HIV-infection on the
activation status of primary CD4 T cells and to determine if Nef played a role in this
process. Whereas many previous studies have marked HIV-infected cells through the use
of strains engineered to express a reporter gene (176-179), we chose to use replication-
competent molecular clones of HIV that express endogenous viral genes at levels
recapitulating those present in natural infection (119, 180). To identify HIV-infected
cells, we performed immunostaining for intracellular Gag along with other intracellular
and cell-surface markers. Because it is present in both virions and infected cells, Gag is
not the ideal viral protein to uniquely identify HIV-infected cells. However, this
procedure is well established and accepted for in vitro studies (135, 177, 181), although
its use for the analysis of samples from HIV-infected patients has been controversial
(182, 183).

To accurately assess the role of HIV infection on cellular activation, and Nef
expression in particular, it is important to employ a system that recapitulates as closely as
possible events occurring in vivo such as avoiding overexpression of viral constituents or
the addition of strong T cell activators. Studies from both HIV- or SIV-infected
individuals have shown that within tissue, resting CD4 T cells are permissive for
infection (153, 157). Two experimental systems closely model these finding: PBLs
cultured in IL-7 (184-187) or human lymphoid aggregate cultures (HLAC) (135). In both
of these systems, naive and memory CD4 T cells are permissive to HIV infection in the

absence of marked cellular activation or cellular division.
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Results

HIV-Infected Cultures Contain Two Populations of CD8- T Cells That Stain
Positively for Gag

Isogenic X4- (NL4-3) and RS-tropic (81A) molecular clones of HIV were used to
infect either IL-7-treated cultures of PBLs or HLAC (119). To study the role of Nef,
NLA4-3- or 81A-based viruses containing or lacking Nef were tested (180). The ANef
constructs only expressed the first 35 amino acids of Nef. In most experiments,
immunostaining for both surface and intracellular antigens followed by flow cytometric
analysis was performed every 2—4 days to ensure observations at the peak of infection.
To ensure that both wild-type and ANef viruses reached maximal infection at the same
time, ANef-infected cultures were inoculated with higher concentrations of virus. In our
initial experiments, we quickly realized that there were two populations of Gag+ T cells,
specifically both CD4— and CD4+ cells that stained positively for intracellular Gag (Fig.
4.1). Interestingly, the CD4— subset of cells typically contained more Gag than CD4+
cells. The loss of CD4 expression in cells infected with wild-type HIV likely reflected the
combined action of Nef, Env and Vpu, each of which is known to down-regulate CD4.
The same pattern was observed in HIV-infected HLAC cultures (Fig. 4.1B and C).
Importantly, Gag+ CD4- cells were also detected in ANef-infected primary CD4 T cell
cultures, suggesting that Env and Vpu was sufficient to achieve CD4 down-regulation.

However, we considered the possibility that intracellular Gag immunostaining in
these cultures reflected staining of both endogenously produced Gag and surface-bound
virions or intracellular capsids. A better approach to the identification of infected cells

would be based on a different viral protein not contained in the virion such as Tat or Rev.
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Unfortunately, all antibodies against Tat and Rev proved inadequate to detect HIV-
infected cells (data not shown).

The absence of surface CD4 expression in a subset of Gag-containing cells could
reflect CD4 degradation by Vpu (188, 189) or a selective loss of CD4 at the cell
membrane, perhaps due to increased retention, mediated by Env (190, 191), or
internalization, mediated by Nef (162, 163). To determine if an internalized pool of CD4
is still present in these cells, cells were permeabilized and stained with antibodies
reacting with CD4. Importantly, preparation of cells for intracellular staining did not
interfere with the ability of this antibody to recognize CD4 (data not shown). Addition of
antibodies recognizing CD4 during intracellular staining did not reveal CD4 expression
in Gag+ cells (Fig. 4.1D), indicating that CD4 is potentially absent in this population.

In NLA4-3 ANef-infected cultures, the Gag+ CD4~ population typically expressed
higher levels of CD4 than the other infected cultures (Fig. 4.1A-C). Although this might
reflect the contribution of Nef to the down-regulation of CD4, this explanation is not
consistent with the low levels of CD4 in the Gag+ CD4— population in 81A ANef-
infected cultures (Fig. 4.1A and C). In NL4-3- but not 81A-infected cultures, bystander
killing involving the interaction between gp120, CD4, and CXCR4 plays a significant
role in cell death (121). These same pathways might mediate direct as well as bystander
killing (192-196). We hypothesized that blocking this pathway would enable NL4-3
ANef-infected cells to survive long enough to fully down-regulate CD4, as in 81A ANef-
infected cultures in which killing does not occur. To test this possibility, infected cultures
were treated with AMD3100 which inhibits both infection (197) and bystander killing

(121). Samples were immunostained four days later to measure CD4 expression levels
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and intracellular Gag content. Preliminary experiments showed that addition of
AMD3100 did not change the pattern of CD4 expression or Gag content in the NL4-3-
infected culture but led to the appearance of Gag+ cells with fully down-regulated CD4 in
the NL4-3 ANef-infected culture (Fig. 4.1E). Importantly, addition of AZT did not

change the CD4 expression levels on the Gag+ cells (data not shown), suggesting that

5

extending the life span of these cells allows for the appearance of cells that have fully X

down-regulated CD4.

In HIV-Infected Cultures, All Gag+ CD4- Cells Are Infected Whereas CD4+ Cells Y h

Are a Mixture of Infected and Uninfected Cells }:::
Next, we determined if both Gag+ populations in HIV-infected cultures represent r’,. )

infected cells. Labeled with the fluorescent dye CFSE, CD4 T cells were added to HIV-
infected cultures, and surface CD4 expression and intracellular Gag content were
monitored for 3 days. Some of the target cells and subsequent cocultures were treated
with inhibitors of HIV infection. In cultures without inhibitors of HIV infection, we can

monitor the phenotype of CD4 and Gag expression in a population of susceptible target

Ul LD

cells. In contrast, cultures in the presence of HIV-inhibitors allow us to monitor
phenotypic changes that occur in target cells independent of infection.

After addition to NL4-3 infected cultures, CD4 T cells become Gag+ within 24 h
(Fig. 4.2) regardless of whether inhibitors of HIV infection were present or not. In some
experiments, Gag+ cells were evident within 10 h. Both of these findings suggest that in
these HIV-infected cultures, uninfected CD4 T cells can stain positive with the anti-p24
Gag antibody either as a result of passive virion attachment to the surface of cells or

internalization of virions. Conversely, Gag+ CD4- cells only appeared in the absence of
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HIV -inhibitors (Fig. 4.2) supporting the notion that all of these cells are infected. Since

these cells express high levels of Gag and have had sufficient time to down-regulate
CDa4, it is likely that they represent cells in which the virus has progressed rather late into
its life cycle.

This experimental system, the addition of permissive or non-permissive CFSE-
labeled uninfected CD4 T cells to HIV-infected cultures, is identical to those designed to
1nvestigate the role of bystander killing (121). In experiments interrogating bystander
Killing, the question is not the Gag content and CD4 expression of the CFSE-labeled cells
but the survival of these cells. Analysis of cell survival revealed that both untreated and
AZT -treated labeled cells died rapidly upon addition to NL4-3-infected cultures (Fig.
4.2B). Typically, 50% of cells were eliminated within 2-3 days. In contrast, AMD3100-
treated cells were completely protected. These findings confirm the prior work of Jeckle
<Z al. who showed the same pattern of killing present after 6 days of co-culture. Our
€ X periments extend these findings by demonstrating that bystander killing of uninfected
Ce1ls can occur rapidly within these cultures.

We performed similar experiments to compare the rate at which cells become
G ag+ CD4- when added to cultures infected with different viral strains. CFSE-labeled
Ce1ls added to NL4-3-infected cultures become Gag+ CD4— within 36-48 h (Fig. 4.2C),
W hereas preliminary results suggest the same cells added to an NL4-3 ANef- or 81A-
infected culture required 3 days to become Gag+ CD4-.

We next sought to determine how quickly CD4+ cells turn into Gag+ CD4— cells
amnd for how long Gag+ CD4— cells survive. CD4+ and CD4- T cells were isolated from

Amn HIV infected culture, labeled with CFSE, and added to an uninfected culture to mimic
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the cellular environment from which these cells were initially isolated. Consistent with

the hypothesis that some CD4+ cells in the infected culture are infected but have not yet
dow n-regulated CD4, a small percentage of CD4+ T cells from an HIV-infected culture
rapidly became Gag+ CD4~ (Fig. 4.2D). In addition, Gag+ CD4~ disappeared rapidly,
consistent with a short half-life for these cells late in the viral life cycle. These

ex periments underscore the dynamic nature of these HIV-infected cultures.

G ag-+ CD4- Cells Express a Novel Pattern of Naive and Memory T Cell Markers

Since Gag+ CD4- cells in HIV-infected cultures are all infected whereas CD4+
cells, regardless of Gag content, are a heterogeneous population of infected and
uninfected cells, we sought to determine if Nef affects the properties of infected cells or
the type of cell infected. X4-tropic strains of HIV can infect both memory CD4 T cells,
W hiich typically expresses moderate levels of activation markers, and naive CD4 T cells,
W hiich express low levels of activation markers. We hypothesized that in the absence of
N ef, naive CD4 T cells would be refractory to infection due to the lack of cellular
Stimulation mediated by Nef.

To test this hypothesis, we determined the expression pattern of naive and

e mory markers on infected cells in cultures infected with NL4-3, 81A, or NLA4-3 ANef.

NL43is X4-tropic so this virus is able to infect both naive and memory CD4 T cells,

W hiereas the isogenic virus 81A is R5-tropic and can only infect a subset of memory CD4

T cells expressing CCRS. Naive CD4 T cells express CD45RA, CD62L, and CD27 but
NOt CD45RO (Fig. 4.3A). In contrast, memory CD4 T cells express CD45RO but not

c]345RA; expression of CD62L and CD27 is variable. All these markers, in addition to
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those necessary to identify HIV-infected cells, can be measured simultaneously by flow
cytometric analysis.

In NL4-3-infected cultures, the majority of Gag+ CD4- cells were memory cells
simi lar to those in uninfected cultures except that they all expressed low levels of CD62L
(Fig- 43A). Also present was a population of cells with markers of naive cells,
CD<45RA+ CD27+, as well as markers of non-naive cells. These cells all had intermediate
levels of CD62L, and a subset of these also expressed CD45RO. Both phenotypes were
rare in uninfected cultures. In 81A-infected cultures, nearly all Gag+ CD4- cells were
memory cells that, like the NL4-3 infected cultures, expressed low levels of CD62L.

G a g+ CD4- cells in NL4-3 ANef-infected cultures were mostly memory cells expressing
loww levels of CD62L; however CD45RA+ CD27+ cells were also present that all

e x pressed low levels of CD62L and also expressed CD45RO. In HLAC cultures, similar
PAatterns were observed (Fig. 4.3B). In addition, time-course studies demonstrated that the
Tirst cells to appear Gag+ CD4- were memory cells expressing low levels of CD62L
Tollowed later by the CD45RA+ expressing cells with intermediate levels of CD62L.
From these experiments, it is unclear if these CD45RA+ cells also expressing non-naive

M arkers represent infected naive or memory CD4 T cells.

CID62L Is Shed or Down-regulated in HIV-infected Cells

To identify the source of these novel cells, CD4+ target cells were again purified,
labe|ed with CFSE, and added to HIV-infected cultures. Some of the cells were pre-
treated with anti-viral compounds to control for changes not related to HIV infection. In
Addition, HIV-inhibitors were eventually added to all the cultures to prevent bystander

kil ling and viral spread. Most importantly, unlike previous experiments where bulk CD4
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T cell cultures were sorted, in these experiments CD4 T cells were further characterized
according to their expression of CD45RA or CD62L. After addition to infected cultures,
CFSE-labeled cells were immunostained for Gag, CD4 and the naive and memory
markers CD45RA, CD62L, and CD45RO. In a control experiment, we determined that
none of the antibodies used for sorting blocked the binding of the antibodies used for
subsequent analyses. Immunostaining and analysis was performed days 2, 3, 4, and 5
after mixing with similar results found at each time point.

When cells that were originally CD45RA+ CD62L+ were added to either NL4-3-
or INLA4-3 ANef-infected cultures, Gag+ CD4- cells appeared demonstrating that these
cells are permissive to infection in the presence or absence of Nef (Fig. 4.4B).
Interestingly, these Gag+ CD4— cells expressed a very different pattern of naive and
Imemory markers than the CD4+ cells from uninfected or infected cultures. Whereas the
CCID4+ all continue to express CD45RA and CD62L while lacking CD45RO, the Gag+
CCID4- express CD45RA but only moderate levels of CD62L and considerably higher
lewvels of CD45RO (Fig. 4.4A). These findings suggest that CD62L might be shed or
d o wn-regulated whereas expression of CD45RO is increased when naive CD4 T cells are
infected with HIV. The presence or absence of Nef does not impact this phenotypic
<hange. Similarly, the memory cells that were initially CD45RA— CD62L+ and became
G a g+ CD4- also exhibited decreased levels of CD62L expression (Fig. 4.4B) suggesting
this marker was also shed or down-regulated in infected memory CD4 T cells. These
fi Ndings suggest that Gag+ CD4- cells expressing CD45RA but intermediate levels of

CID62L or increased levels of CD4SRO likely were infected as naive CD4 T cells.
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Tissue-Derived Naive CD4 T Cells Are Permissive to HIV Infection
These findings suggest that purified cultures of naive CD4 T cells should be

capable of supporting a spreading infection in the presence of NL4-3 and NL4-3 ANef
viruses. Naive CD4 T cells were purified from HLAC and cultured either in medium
alone or medium containing cytokines that promote infection of otherwise unstimulated
CD4AT cells (186). These cultures were inoculated with either NL4-3 or NL4-3 ANef and
cul ture supernatants were monitored for Gag content indicating levels of virion
pProduction. Although neither virus replicated in these cultures in medium alone, both
cultures replicated in the presence of IL-2, IL-4, IL-7, or IL-15 (Fig. 4.5). As expected,
INL_4-3 replicated to higher levels than NL4-3 ANef. This finding confirmed that naive

C D4 T cells are permissive to HIV infection in the absence of Nef.

XX V-Infected Cells Express Increased Levels of Activation Markers and Are Hyper-
IR esponsive to SEB Stimulation

Since Nef does not appear to play a role in determining the permissivity of naive
and memory CD4 T cells to HIV infection, we performed experiments to determine if
K IV-infected cells are in fact hyperactivated and if so, whether this activation is related
TO Nef expression. CD69 is a marker expressed on activated cells that is present in about
SO of CD4 T cells in HLAC although typically undetectable in PBLs cultured with IL-7
Cdata not shown). To assess hyperactivation, we compared the expression level of CD69
in different populations present in HIV-infected HLAC. CD69 expression was found in
Approximately 50% of CD4+ T cells from both uninfected and infected culture cultures
But was expressed in nearly all of the Gag+ CD4 cells indicating that these HIV-infected

Cells display a more activated phenotype.
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Is there a functional consequence of the hyperactivated state of HIV-infected CD4
T cells? Preliminary experiments were performed to determine if Nef played a role in

how strongly infected cells respond to stimuli. PBL cultures were infected with NL4-3
and 81A, in the presence and absence of Nef. In addition, we also tested a variant of
NLA4-3 in which the endogenous Nef was replaced with Nef from the SF2 viral strain.
SF2 Nef exhibits several unique properties including increased activation of PAK-2
(198). Cultures were either stimulated or not with staphylococcal enterotoxin B (SEB)
and immunostaining performed to identify both HIV-infected and cytokine-producing
cells. In the absence of SEB stimulation, no cytokine-producing cells were identified in
uninfected or infected cultures (data not shown). In contrast, stimulation of uninfected
Ccultures resulted in cells expressing IL-2, TNF-a, or IFN-y (Fig. 4.6). In infected
Cultures, the pattern of response by the CD4+ cells was similar to the CD4+ cells in the
uninfected culture. However, Gag+ CD4— cells were nearly twice as likely to express
€ither IL-2 or IFN-y regardless of the strain used for infection. Interestingly, similar
Percentages of Gag+ CD4- and CD4+ cells expressed TNF-a. Similar results were
Observed in infected HLAC cultures although the percentage of responding cells was

Ereatly reduced (data not shown).

Nef Prevents Up-regulation of MHC I on HIV-Infected Cells

Finally, we sought to determine if infected PBLs show any of the described
<hanges in cell-surface markers attributed to the action of Nef. Although MHCI (164)
did not appear to be down-regulated in Gag+ CD4- cells from either NL4-3 or 81A
infected cultures, MHC I expression was increased slightly in this population in the

Absence of Nef. These findings suggest that Nef does not down-regulate MHC I in HIV-
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infected cells but instead prevents MHC I up-regulation upon HIV infection. In contrast,
the expression level of another marker claimed to be down-regulated by Nef, CD28

(167), was similar in Gag+ CD4— or CD4+ cells, regardless of whether the CD4+ cells

were from an uninfected or infected culture.
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Discussion

Although immunostaining for intracellular Gag expression is commonly used to
identify HIV-infected cells, CD4 down-regulation is not always taken into account (135,
181). In these studies, an opportunity to characterize a population that consists
exclusively of HIV-infected cells was missed. In other studies, cells containing Gag but
lacking surface expression of CD4 have been identified in HIV-infected cultures using
both wild-type (177, 178) or reporter gene carrying viruses (176). From this, some have
claimed that the Gag-containing cells that express CD4 are HIV-infected cells early in the
viral life cycle. This claim is not consistent with our finding that when uninfectable CD4
T cells are added to an HIV-infected culture, Gag+ cells can be rapidly detected. Instead,
it is more likely that CD4+ cells in HIV-infected cultures, regardless of intracellular Gag

content, are a heterogeneous mix of uninfected cells, some of which score positive for

Gag due to virion binding or internalization, and infected cells early in the viral life cycle.

The actions of three viral genes are known to alter CD4 expression levels: Nef
(162, 163), Vpu (188, 189), and Env (190, 191). In primary CD4 T cells, over-expression
of Nef or the combined activity of Env and Vpu eliminates CD4 from the cell surface
(176, 178). The presence of Gag+ CD4- in cultures infected with NL4-3 ANef or 81A
ANef is consistent with the hypothesis that Env and Vpu are sufficient to produce CD4
down-regulation. The appearance of Gag+ CD4- is also likely related to the life-span of
i nfected cells; if infected cells die too quickly, as in NL4-3 ANef-infected cultures, they
Fail to fully down-regulate CD4. The rate of Gag+ CD4— appearance in cultures infected
with NL4-3 or NL4-3 ANef in our studies is consistent with the half-life of infected cells

in vivo. In vivo, HIV-infected cells have a half-life of 1-2 days (147-149) in the presence
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of Nef and 3-4 days in its absence (199). The competition between viral gene expression
and cell killing likely contributes to the levels of gene expression and CD4 down-
regulation in HIV-infected cells.

The mechanism(s) by which HIV-infected cells die in these cultures is not clear.
Interactions between gp120, CD4, and CXCR4 may underlie both bystander (121) and
direct killing (192-196). Although we found that CD4 is undetectable both by surface and
intracellular staining (Fig. 4.1D), the antibody we used for these studies (RPA-T4, BD
Biosciences) binds to the same epitope as gp120 so it remains possible that gp120-CD4
complexes are present in these cells. If so, just as this interaction underlies bystander
killing, it could also mediate the killing of HIV-infected cells. To determine if CD4 is
still present in these cells, the anti-CD4 antibody OKT4 could be used since it recognizes
CD4 even when bound to gp120 (200, 201). Assuming this antibody detects both surface
and intracellular CD4, it can be used to determine whether the cells described as Gag+
CD4- express any CD4. If these cells do not express any CD4, it is likely due either to
proteosomal degradation mediated by Vpu (202, 203) or lysosomal degradation mediated
by Nef (204). As these pathways can be blocked by different inhibitors, it might be
possible to clarify which pathway contributes most significantly to the disappearance of
CD4 from HIV-infected cells. Alternatively, to test whether or not CD4 complexed with
£p120 plays a role in direct killing, the half-life of infected cells in the presence of or
absence of AMD3100 could be compared in experiments similar to those shown in Fig.
<3.2D. The presence of CD4 complexed to gp120 in HIV-infected cells could also be used

to purify a population of consisting entirely of infected cells based on expression of CD3

and OKT4 but not RPA-T4.
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Decreased expression of CD62L in CD4 T cell has been shown in response to -
CD4 cross-linking (205) or infection by an HIV reporter-virus (176). However, it was not B
clear in these studies if the lack of CD62L expression was due to shedding by infected
cells or preferential infection of CD62L~ cells. By infecting purified populations of CD4
T cells with known expression levels CD62L, our studies demonstrated that HIV
infection leads to decreased CD62L expression. In addition, infection of CD45RA-
expressing cells often led to co-expression of CD45RO, a rare phenotype in uninfected

cells. By characterizing these cells both before and after infection, we know with

[ 5. 1]
certainty that HIV-infection is the underlying cause of both these changes. In contrast, e

- o
our results that show increased expression of CD69 on HIV-infected cells could reflect :E l: L
preferential infection or increased expression in infected cells. Further experiments will -

be required to clarify this issue.

The finding that HIV-infection renders cells hyper-responsive to stimulation is
consistent with two other reports. In one, HIV-infection increased cytokine production g

.

independently of exogenous stimuli (181). These results are difficult to interpret, as -')
infected cells were identified based solely on Gag immunostaining. In addition, cytokine E‘}
production was notably quite low. Our finding that cytokine production only occurs in
response to stimulation is consistent with results reported by Janardhan et al. (206), who
also found that Nef does not appear to play a role is determining how strongly cells
respond. However, a dose-response study of various stimuli were not performed in our
study or theirs. Just as the effect of Nef on the growth of HIV in stimulated cultures is
most dramatic during moderate stimulation (158, 159), it may be worthwhile to evaluate -

Nef under conditions of suboptimal stimulation. Regardless, it is striking how much more
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responsive HIV-infected cells are than uninfected or bystander cells. However, as with
the findings on CD69 expression, it is unclear if this increased responsiveness is due to
preferential infection of cells with a higher capability to respond or a bona fide
consequence of HIV infection.

In addition to down-regulating CD4, Nef may reduce the expression of other
surface proteins such as MHC I (164), CD28 (167), and the coreceptors CXCR4 (165)
and CCRS (166). However, a shortcoming of many of these studies is the lack of study of
Nef at levels of expression characteristic of HIV infection in tissue. Instead, Nef is often
over-expressed from reporter viruses in highly activated, dividing cultures of primary
cells. Using the techniques described here, it is possible to perform these experiments on
permissive but not actively dividing CD4 T cells using wild-type virus. Our findings
confirm a role for Nef in modulating the expression level of MHC I but not CD28 in
HIV-infected cells. Our finding on MHC I expression, however, must be interpreted with
caution because we have measured the expression of all MHC I molecules, and Nef

appears to primarily target HLA-A and -B but not HLA-C (164).
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Materials and Methods

Primary CD4 T Cell Cultures

HLAC cultures were prepared as previously described (135, 207). Additional
details are provided in Chapter 6. PBLs were isolated from buffy coats (Stanford Blood
Bank) by FicollQHypaque density gradient separation of mononuclear cells, followed by
depletion of monocytes (Miltenyi; anti-CD14 Microbeads). Cells were cultured in RPMI
containing 10% FBS, 1% penicillin/streptomycin (Gibco), 2 mM L-glutamine (Gibco),
and 10 ng/ml recombinant human IL-7 (R&D Systems) in 96-well U-bottom polystyrene

plates (5 x 10° cells per well).

HIV Viral Stocks and Infections

Viral stocks were prepared by calcium phosphate transfection of 293T cells with
the following molecular clones: NL4-3, NL4-3 ANef (Xho), NL4-3 SF2 Nef, 81A, or
81A ANef (Xho). Virus-containing supernatants were collected 48 h later, filtered, and
stored at —80°C. The concentration of all viral stocks were determined by measuring p24
Gag levels by ELISA (Perkin Elmer) or FLAQ (208).

For Nef-containing viruses, PBLs or HLAC were inoculated with 0.5-5 ng p24
Gag per well; in the absence of Nef, inoculums ranged from 5-200 ng p24 Gag per well.
Twenty-four h after inoculation, cells were washed three times and cultured with

subsequent medium changes every 2—4 days.

FACS Analysis of HIV-Infected Cultures
Immunostaining for surface proteins was performed in PBS containing 2% FBS

and 2 mM EDTA. The following antibodies were routinely used to recognize surface
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proteins: anti-CD3 APC-Cy7 (BD Bioscience), anti-CD19 PE-Cy5.5 (Caltag), anti-CD4
PE-Cy7 (BD Bioscience), and anti-CD8 APC Cy5.5 (Caltag). For simultaneous
identification of multiple naive and memory markers, the following antibodies were used:
anti-CD45RA PE (BD Bioscience), anti-CD45RO ECD (Caltag), anti-CD27 APC-Cy7
(BD Bioscience), and purified CD62L (BD Bioscience) labeled with Alexa 700
(Invitrogen; Zenon Labeling Kit). In other experiments, anti-CD69 APC, anti-MHC-1
FITC, and anti-CD28 APC (all from BD Bioscience) were used. When ethidium
monoazide (EMA) was used to exclude dead cells, samples were stained (1 pg/ml) for 5
min at 4°C with direct exposure to a bright light. For intracellular anti-p24 Gag
immunostaining, cells were fixed in 1% paraformaldehyde and stained with an anti-p24
Gag antibody (Coulter; KC57) in PBS containing 0.1% saponin (Sigma) and 2% FBS.
FACS data were analyzed with FlowJo software (Treestar). Compensation was
performed in FlowJo with single-stained compensation beads (BD Biosciences) prepared

at the same time as the samples.

Tracking the Fate of Target Cells in HIV-Infected Cultures

One day before isolation of CD4 T cells, 3 x 10" HLAC cells were pre-treated
with AZT (125 uM) or AMD3100 (6.25 uM). CD4 T cells were isolated from either 4 x
107 untreated or 3 x 107 treated HLAC cells by immunostaining with CD8-PE, CD19-PE,
and CD14-PE. Depletion with anti-PE microbeads (Miltenyi) yielded approximately 1 x
107 CD4 T cells. After washing with PBS, cells were labeled with 1 uM CFSE
(Molecular Probes) in PBS for 5 min at room temperature and then washed in serum
containing-medium to quench any unbound CFSE. Approximately 5 x 10° labeled-CD4 T
cells were added per well of either uninfected or NL4-3-infeceted HLAC culture.
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Tracking the Fate of Cells from HIV-Infected Cultures

Uninfected or NL4-3-infected PBLs in IL-2 (20 ng/ml) were immunostained with
antibodies recognizing CD8 (FITC), CD3 (PerCP), and CD4 (APC; BD Bioscience)
before isolation of CD3+ CD4+ CD8- or CD3+ CD4- CD8- on a FACS Vantage (BD
Biosciences). Sorted cells were labeled with CFSE and approximately 8 x 10* were co-
cultured with uninfected wells in the presence of AMD3100 (250 nM) and AZT (50 uM).
Samples were collected for analysis 1, 2, 3, and 4 days after co-culture. These samples
were immunostained for 30 min at 4° C with the following antibodies: anti-CD8 ECD
(Coulter) and anti-CD4 PE-Cy7 (BD Biosciences). Samples were fixed in 1% PFA at 4°C
overnight before intracellular immunostaining with anti-p24 Gag FITC (Coulter) before

analysis on a FACS Vantage (BD Biosciences).

Tracking the Fate of Target Naive and Memory Cells

One day before isolation, 4 x 10’ PBLs in IL-7were pre-treated with AMD3100
(250 nM), AZT (50 uM), and 3TC (10 uM). To isolate naive and memory CD4 T cells,
uninfected PBLs were stained with anti-CD4 Pacific Blue, anti-CD45RA FITC, anti-CD8
PE, and anti-CD62L APC (all antibodies from BD Bioscience) before sorting on a FACS
DiVa for CD4+ CD8- cells that were either CD45RA+ CD62L+, CD45RA- CD62L+, or
CD45RA- CD62-. Sorted cells were labeled with CFSE and 6 x 10° sorted cells added to
either an uninfected culture or a culture infected with NL4-3, NL4-3 ANef, or 81A. For
samples pre-treated with HIV-inhibitors, these compounds were again added to the
cultures. For cultures untreated at the time of mixing, AMD3100 (250 nM) was added 1
day after mixing; AZT (50 uM) and 3TC (10 uM) were both added 2 days after mixing.
Samples for analysis were collected 2, 3, 4, and 5 days after co-culture. They were
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immunostained for 30 min at 4° C with the following antibodies: anti-CD45RO ECD
(Coulter), anti-CD45RA PE-Cy7 (BD Bioscience), anti-CD62L APC-Alexa750 (Caltag),
and anti-CD4 PE-Alexa700 (Caltag). Samples were then fixed in 1% PFA at 4°C for
24-48 h before intracellular immunostaining with anti-p24 Gag FITC (Coulter). Samples

were analyzed on an LSR II (BD Biosciences).

Purification and Infection of Naive CD4 T Cells

Naive CD4 T cells in or HLAC were first enriched by Ficoll-Hypaque density
gradient separation of mononuclear cells. These cells were then sorted for CD4+
CD45RA+CD62L+ (naive) or CD4+ CD45RA-(memory) with a FACS DiVa (BD
Biosciences). After isolation, naive CD4 T cells from tissue (1-2 x 10° in 96-well U-
bottom polystyrene plates) were cultured with medium alone or medium supplemented
with recombinant IL-2, IL-4, IL-7 or IL-15 (R&D Systems). Cells were incubated with
NLA4-3 (75 ng of p24 Gag) or NL4-3 ANef (200 ng of p24 Gag) for 24 h, washed
extensively, and cultured; the medium was replaced every 3 days and p24 Gag content at

each time measured by FLAQ (208).

Cytokine Flow Cytometry on HIV-Infected Cells

Uninfected or HIV-infected cultures were stimulated for 6 h with SEB (10 pg/ml)
in the presence of BFA (10 pg/ml) during the last 4 h. Samples were immunostained for
30 min at 4° C with the following antibodies: anti-CD3 Cascade Blue (BD Biosciences),
a nti-CD19 PE-CyS5.5 (Caltag), anti-CD4 APC-Cy7 (BD Biosciences), and anti-CD8 ECD
(Coulter). After washing, the samples were fixed in 1% PFA and incubated at 4°C

overnight. After another wash, intracellular staining was performed using the following
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antibodies: anti-p24 Gag FITC, anti-IL-2 PE, anti-TNF-a APC, and anti-IFN-y PE-Cy7
(all antibodies recognizing cytokines are from BD Biosciences). Samples were analyzed

on an LSR II (BD Biosciences).
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Figure Legends

Figure 4.1. HIV-infected PBL and HLAC cultures contain two populations of CD8— T
cells that stain positively for intracellular Gag. (A) PBLs cultured in IL-7 (10 ng/ml) were
either left uninfected or infected with NL4-3, NLA4-3 ANef, 81A or 81A ANef. After 11
days, immunostaining for surface markers and intracellular Gag was performed. (B and
C) Uninfected or NL4-3, NL4-3 ANef, 81A or 81A ANef-infected HLAC were
immunostained as in (A) either 11 (B) or 9 (C) days after infection. Different time points
are shown to demonstrate the peak of infection. (D) PBLs culture in 10 ng/ml IL-7 were
left uninfected or infected with NL4-3 or NL4-3 ANef. After 7 days, the cultures were
divided in half for immunostaining. Both samples were stained with antibodies against
surface markers before fixation. Intracellular staining was then performed with antibodies
recognizing Gag in the presence or absence of antibodies recognizing CD4. (E)
Intracellular Gag staining was performed on HLAC cultures split in half 5 days after
infection; one culture was treated with AMD3100 (250 nM) and the other was not. Four
days later, cultures were immunostained for surface markers and intracellular Gag. In
(A), (B), (C) and (E), the shown population was gated as follows: CD3+ CD8- CD19-
lymphocytes (cells with small forward and side scatter). In (D) CD8- lymphocytes are

shown.

Figure 4.2. In HIV-infected cultures, all intracellular Gag+ CD4~ cells are infected
whereas CD4+ cells, regardless of intracellular Gag content, are a mix of infected and
uninfected cells. (A) CD4 T cells from uninfected HLAC pre-treated (or not) with HIV

inhibitors (125 uM AZT or 6.25 uM AMD3100) for 24 h were purified, labeled with
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CFSE, and added to uninfected or NL4-3-infected HLAC in the presence or absence of
the same inhibitors. Inmunostaining was performed every day for the next 3 days to
monitor the Gag and CD4 levels in CFSE+ cells. (B) From an experiment similar to (A),
the relative number of CFSE+ cells remaining (% Bystander Alive) at each time point
was calculated as a ratio of CFSE+ cells to CFSE- CD8+ lymphocytes. The ratios were
normalized to the uninfected culture 1 day after mixing. (C) CFSE-labeled uninfected
CD4 T cells were added to either uninfected HLAC or HLAC infected with NL4-3, NL4-
3 ANef, or 81A. Surface CD4 and intracellular Gag expression was measured in the
CFSE+ cells at various times after mixing. (D) CD4+ T cells from an uninfected PBL
culture or both CD4+ and CD4- T cells from an NL4-3-infected PBL culture were sorted
by flow cytometry, CFSE labeled, and returned back to an uninfected PBL culture.
Surface CD4 and intracellular Gag expression was measured in the CFSE+ cells each day

for the next three days.

Figure 4.3. Intracellular Gag+ cells in HIV-infected cultures express an altered pattern of
naive and memory T cell markers. (A) PBLs cultured in IL-7 (10 ng/ml) were left
uninfected or infected with NL4-3, NL4-3 ANef, or 81A and immunostained 13 days
later. The left panels show the expression of CD4 and intracellular Gag on cells gated as
follows: CD3+ CD8- CD19- lymphocytes. For the uninfected culture, the expression of
naive and memory markers on CD4+ cells is shown on the right as contour plots. In the
infected cultures where there are both Gag+ CD4-and CD4+ cells, the expression pattern
of naive and memory markers of both populations are shown as dot plots with the Gag+
CD4- population (black) overlaid on the CD4+ cells (gray). The values next to the gates

are the percentages of Gag+ CD4- (black) contained within that gate. (B) HLAC was
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either not infected or infected with NL4-3 or NL4-3 ANef and immunostained at 5, 7, 9,
or 11 days after inoculation. The expression levels of CD45RA and CD62L in both Gag+

CD4- and CD4+ cells are displayed as in (A).

Figure 4.4. HIV infection changes the expression pattern of CD62L and CD45RO. (A)
CD4 T cells expressing both CD45RA+ and CD62L+ were purified from uninfected
PBLs cultured with IL-7 (10 ng/ml); some cells had been pre-treated (Pre-Tx) with a
cocktail of HIV inhibitors (50 uM AZT, 10 uM 3TC, and 250 nM AMD3100). Sorted
cells were labeled with CFSE and added to cultures either uninfected or infected with
NLA4-3 or NL4-3 ANef. For cells pre-treated with HIV-inhibitors, this was continued
during further culture (Post-Tx). For the cultures untreated at the time of sorting and
mixing, AMD3100 (250 nM) was added after 1 day of co-culture and both AZT (50 uM)
and 3TC (10 uM) were added the next day (Only Post-Tx). Three days after mixing,
immunostaining was performed to identify infected CFSE-labeled cells and to ascertain
the changes in cell-surface markers on these cells. The use of contour plots and dot plots
is the same as Fig. 4.3. (B) Similar to above, CD45RA—- CD62L+ CD4 T cells were

sorted, added to uninfected or infected cultures, and immunophenotyped.

Figure 4.5. NL4-3 ANef can replicate in purified cultures of naive CD4 T cells from
HLAC. Purified naive CD4 T cells from HLAC were cultured in medium alone or

medium containing recombinant cytokines and inoculated with NL4-3 (75 ng of p24
Gag) or NLA4-3 ANef (200 ng of p24 Gag). After extensive washing, virus-containing

supernatants were monitored for p24 Gag content after 3, S, 8, or 11 days of culture.
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Figure 4.6. HIV-infected cells are hyperactivated and hyper-responsive to stimuli by
SEB. (A) HLAC were left uninfected or infected with NL4-3, NL4-3 ANef, 81A or 81A
ANef and immunostained 5 days later. Shown are histograms depicting the expression of
the activation marker, CD69, on either Gag+ CD4— (black) or CD4+ (grey) cells. (B)
PBLs cultured in IL-7 (10 ng/ml) were left uninfected or infected with NL4-3, NL4-3
ANef, 81A or 81A ANef. After 11 days, cultures were stimulated for 6 h with SEB (10
pug/ml) in the presence of BFA (10 pg/ml) during the last 4 h. Immunostaining was then
performed first for cell surface markers and then for intracellular Gag, IL-2, TNF-a, and
IFN-y. In the top panel, the expression of CD4 and intracellular Gag is displayed on cells
previously been gated as follows: CD3+ CD8- CD19- lymphocytes. The lower panels
show the cytokine expression profiles of either the Gag+ CD4— cells (black) or CD4+
cells (gray). (C-E) Shown are the percentages of Gag+ CD4- (black bars) or CD4+ cells

(gray bars) also expressing IL-2, TNF-a, or IFN-y.

Figure 4.7. Nef-dependent changes in HIV-infected T cells. PBLs cultured in IL-7 (10
ng/ml) were left uninfected or infected with NL4-3, NL4-3 ANef, 81A, or 81A ANef and
immunostained 9 days later. The top panel shows the expression of CD4 and intracellular
Gag on cells gated as follows: CD3+ CD8- CD19- lymphocytes. Below are histograms

showing the expression of either MHC I or CD28 on either Gag+ CD4~ (black) or CD4+

(gray) cells.

72

RN IATAIAE

W AWANS]







Figure 4.1
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Figure 4.2
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Figure 4.3
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Figure 4.4
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Figure 4.5
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Figure 4.6
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Figure 4.7
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Chapter S

Select Cytokines Enhance HIV Infection of Naive CD4 T Cells in Lymphoid Tissues

by Stimulating High-Molecular-Mass APOBEC3G Complex Formation
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Introduction

Cellular activation has long been considered a requirement for HIV infection of
CD4 T cells, since HIV fails to infect resting CD4 T cells from peripheral blood.
Infection is aborted either during reverse transcription (209) or before nuclear import of
the viral preintegration complex (210). In contrast, recent studies show that resting CD4
T cells residing in tissue, analyzed either in vivo or ex vivo, are permissive for HIV
infection (135, 153, 157, 211). Since the vast majority of CD4 T cells are present in
lymphoid tissues (212), most resting CD4 T cells are permissive for HIV infection. Over
half of all memory CD4 T cells are infected and killed during acute SIV infection in
rhesus macaques (153, 154). Similarly, during acute SHIV infection, resting naive CD4 T
cells are a principal target for infection and emerge as primary virus-producing cells
(211). The molecular mechanisms underlying the permissivity differences between
resting CD4 T cells in tissue and blood remain unknown.

Ex vivo lymphoid cultures are an attractive system to address this question, as resting
CD4 T cells, both naive and memory, are permissive to HIV infection independent of
exogenous stimuli (135). Although well-recognized for memory CD4 T cells (213, 214),
HIV infection of naive CD4 T cells was not fully appreciated until recently. In some
studies, naive CD4 T cells from peripheral blood are refractory to HIV infection in vitro
(136, 215), but the physiological relevance of this finding is uncertain because circulating
HIV-infected naive CD4 T cells are detectable in vivo (58, 60).

The antiviral factor A3G plays a key role in regulating the permissivity of CD4 T
cells to HIV infection. Recently, we reported that resting CD4 T cells in peripheral blood

are protected from HIV infection through the action of LMM A3G (47). siRNA-mediated
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“knockdown” of A3G expression rendered these cells permissive to infection, as did
stimulation with mitogens that promoted the recruitment of LMM A3G into inactive
HMM A3G ribonucleoprotein complexes. These findings raised the possibility that in
HIV-permissive, resting CD4 T cells from tissue, A3G might be present in HMM

complexes. In this study, we utilized lymphoid organ cultures to explore this possibility

and the role of the tissue microenvironment in regulating HIV permissivity of these cells.
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Results and Discussion

Soluble factors in HLAC-conditioned medium render tissue-derived naive CD4 T
cells permissive to HIV infection

We first sought to identify the mechanisms underlying the permissivity of naive
CDA4 T cells in lymphoid tissues. To determine if cell-cell contact or soluble factors
produced in lymphoid tissue are required for HIV infection of tissue-resident naive CD4
T cells, these cells were purified from human lymphoid aggregate cultures (HLAC)
prepared from human tonsils (135, 207) and tested under different culture conditions.
Infected cells were identified by intracellular Gag (anti-p24) immunostaining and flow
cytometric analysis. Naive CD4 T cells cultured in isolation in medium alone could not
be infected by HIV (Fig. 5.1, left panels). However, when the cells were returned to
autologous HLAC cultures, HIV infectivity was restored (Fig. 5.1, middle panels). To
determine if endogenously produced soluble factors contributed to the acquisition of HIV
permissivity, the cells were cultured in HLAC-conditioned medium. Again, the cells
became permissive for HIV infection (Fig. 5.1, right panels). Addition of AZT blocked
detection of intracellular Gag immunostaining demonstrating that this signal was
dependent on de novo reverse transcription. Of note, the viability of naive CD4 T cells in
these cultures was comparable (data not shown), suggesting that the infection results
reflect differences in their state of permissivity rather than overall health. In addition, the
activation status of both cultures was similar; each contained a small percentage of cells
expressing either CD25 or CD69, typical for tissue-resident naive CD4 T cells (data not

shown).
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These results are consistent with those of Kinter ez al. (216) who showed that
isolated tissue-derived CD4 T cells are permissive upon return to HLAC but not when
cultured alone. Our work extends these studies by showing that permissivity of tissue-
derived naive CD4 T cells can be conferred by HLAC-conditioned medium suggesting a

role for soluble factors.

IL-2 and IL-1S are necessary but not sufficient components of the permissivity
activity in conditioned medium

To identify the factors present in conditioned medium necessary to render tissue-
derived naive CD4 T cells permissive, we considered the report by Unutmaz et al. (186)
who showed that 10-20 ng/ml of IL-2, IL-4, IL-7, or IL-15 rendered otherwise
unstimulated blood-derived CD4 T cells susceptible to HIV infection. Consistent with
this and other studies (185, 217), we found that addition 20 ng/ml of IL-2, IL-4, IL-7, or
IL-15 was sufficient for tissue-derived naive CD4 T cells to sustain a spreading infection
(data not shown).

We next examined whether depletion of select cytokines from the conditioned
medium altered rescue of HIV permissivity in tissue-derived naive CD4 T cells. IL-2 and
IL-15, present at 5-10 pg/ml and 2-5 pg/ml, respectively, were depleted from the
conditioned medium by treatment with capture antibodies bound to insoluble bead
supports. This procedure effectively reduced these cytokines to undetectable levels (data
not shown). To control for non-specific inhibition by the depletion procedure, beads
bound with antibodies recognizing IL-7 were also employed as IL-7 was undetectable in
the conditioned medium. Depletion of either IL-2 or IL-15 markedly reduced the ability

of the conditioned medium to rescue viral replication while, as expected, depletion with
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antibodies recognizing IL-7 had no effect (Fig. 5.2A). Further supporting a necessary role
for IL-2, addition of a blocking antibody specific for the alpha chain of the high affinity
IL-2 receptor also inhibited viral replication while a control antibody against the IL-4R
did not (data not shown).

Next we tested whether the addition of recombinant IL-2 or IL-15 at levels
recapitulating those found in conditioned medium was sufficient to render tissue-derived
naive CD4 T cells permissive. By comparison, these experiments were performed with
doses three orders of magnitude lower than those previously tested by Unutmaz et al.
(186). At S pg/ml, IL-2 and IL-15 alone or in combination were not sufficient to promote
infection of tissue-derived naive CD4 T cells (Fig. 5.2B). Similarly, the combination of
IL-2 and IL-15 at 20 pg/ml was ineffective (data not shown). At 500 pg/ml, IL-2 and IL-
15 each conferred permissivity (Fig. 5.2B). Thus, IL-2 and IL-15 are necessary but
probably not sufficient for the permissivity activity found in conditioned medium.

Other examples of paracrine signaling conferring permissivity to HIV infection have
been described. Using cultures from peripheral blood, Swingler ez al. (218) found that
HIV-infected or activated macrophages produce soluble CD23 and soluble ICAM, which
act on B cells to render T cells permissive by cell-cell contacts. Since IL-2 and IL-15 act
directly on purified naive CD4 T cells, effects on intermediate cells do not appear
involved. Others have highlighted a role for paracrine signaling by certain pro-
inflammatory cytokines. Endogenous IL-18, IL-6, and TNF-a are necessary for HIV
infection in suboptimally stimulated PBMCs (219, 220). In ex vivo lymphoid cultures,
neutralization of endogenous IL-18 or IL-6 decreases HIV replication when the tissue is

cultured on collagen rafts but not when dispersed in HLAC (207). Since HIV replication
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in HLAC is unaffected by neutralization of these cytokines, it is unclear what role, if any,

they might play in regulating the permissivity of tissue-derived naive CD4 T cells.

Soluble factors render tissue-derived memory CD4 T cells permissive to HIV
infection

Next, we investigated the role of IL-2, IL-15, and other soluble factors in HIV
infection of memory CD4 T cells. Since tissue-resident memory CD4 T cells are a major
target for HIV infection in vivo (153, 154, 157), understanding the molecular basis for
permissivity in these cells could advance our understanding of HIV pathogenesis. Like
tissue-derived naive CD4 T cells, tissue-derived memory CD4 T cells were refractory to
HIV infection unless cultured in the presence of conditioned medium (Fig. 5.3).
Surprisingly, conditioned medium depleted with antibodies specific for IL-2, IL4, IL-7,
and IL-15 retained the ability to render the memory CD4 T cells permissive to infection
(Fig. 5.3). As expected, the depleted conditioned medium did not confer permissivity on
tissue-derived naive CD4 T cell (data not shown). Thus, memory CD4 T cells in
lymphoid tissue appear to acquire permissivity for HIV infection through soluble factors

different from those that confer permissivity on naive CD4 T cells.

Naive CD4 T cells in the absence of conditioned medium exhibit an early, post-entry
block to HIV infection

To determine if conditioned medium alters the ability of tissue-derived naive CD4
T cells to support HIV Env-mediated entry, we used a virion-based fusion assay (221).
Equivalent levels of fusion were observed in the presence and absence of conditioned

medium (Fig. 5.4A), consistent with an effect occurring after virion fusion.
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If conditioned medium affects early post-entry steps in the viral life cycle, cells
cultured in the absence of conditioned medium would be refractory to infection with
single-cycle reporter viruses. However, if the block occurs after integration and gene
expression, cells should be permissive in the presence or absence of conditioned medium.
In tissue-derived naive CD4 T cells exposed to a single-cycle reporter virus, VSV-G
pseudotyped NL4-3 HSA, reporter gene expression was detected only in the presence of
conditioned medium (Fig. 5.4B). Thus, conditioned medium appears to overcome an

early, post-entry block to HIV infection in tissue-derived naive CD4 T cells.

Naive CD4 T cells contain HMM A3G when isolated from tonsil or when cultured in
conditioned medium

The early block to HIV infection in the absence of conditioned medium is
reminiscent of the block observed in unstimulated CD4 T cells in peripheral blood (209,
210), which we have shown are protected from HIV infection by expression of LMM
A3G (47). If LMM A3G is eliminated by siRNA treatment or is converted to a HMM
complex by mitogenic stimulation, these cells are rendered permissive. To determine if
HMM A3G is present in tissue-resident, HIV-permissive CD4 T cells, we used velocity
sedimentation analysis to compare A3G complexes in purified naive CD4 T cells from
peripheral blood or tonsil (Fig. 5.5A). In these gradients, HMM A3G accumulated near
the bottom whereas LMM A3G sedimented near the middle, similar in size to tubulin
(data not shown). In blood-derived naive CD4 T cells, A3G was in the LMM form,
consistent with results in unfractionated CD4 T cells (47). In naive CD4 T cells from
tonsil tissue, A3G was detected principally in the HMM form, consistent with the

permissivity of these cells to HIV infection (135).
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These finding suggest that conditioned medium might render cells permissive to
HIV infection by promoting assembly of HMM A3G complexes. As it was difficult to
purify enough naive CD4 T cells from tissue for the needed biochemical analysis,
experiments were instead performed using cells isolated from the peripheral blood. When
cultured in conditioned medium but not medium alone, 1-3% of cells became permissive
to infection by HSA-reporter viruses (data not shown). This finding is consistent with the
small number of cells expressing CD2S5 in the conditioned medium-treated cultures (data
not shown), indicating low levels of activation. As permissive cells are rare, a highly
sensitive biochemical technique must be used to analyze the A3G complexes present in
these cultures. In this regard, size-exclusion chromatography is preferable to the velocity
sedimentation gradients used earlier. When naive CD4 T cells from the peripheral blood
were cultured in medium alone, A3G remained in LMM complexes (Fig. 5.5B). In
contrast, when cultured in conditioned medium, both the levels of A3G increased (K.
Stopak, manuscript submitted) and importantly a fraction of the LMM A3G was recruited
into HMM complexes (Fig. 5.5B). It is likely that the small percentage of A3G present in
these HMM complexes reflects the small percentage of permissive cells in these cultures.
Given the clear but modest ability of soluble factors alone to drive HMM complex
formation in light of the high levels of HMM A3G present in cells isolated directly from
tissue, it is possible that the assembly of A3G complexes in vivo is regulated by both
soluble factors and cell-cell contacts.

In summary, our findings show that endogenously produced IL-2 and IL-15 play a
key role in rendering tissue-resident resting, naive CD4 T cells permissive to HIV

infection. Investigation is currently underway to identify other soluble factors that
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importantly contribute to infection of both naive and memory CD4 T cells. In terms of
the molecular basis underlying permissivity of tissue-resident naive CD4 T cells to HIV
infection, these cells displayed enzymatically inactive HMM A3G complexes, while
nonpermissive naive CD4 T cells from peripheral blood contained LMM A3G, a potent
post-entry restriction factor. Further, the addition of HLAC-conditioned medium to
resting naive CD4 T cells from the peripheral blood was sufficient to induce recruitment
of LMM A3G into HMM complexes. Since the vast majority of CD4 T cells reside in

tissues (212), our findings help explain how massive numbers of resting CD4 T cells can

be infected and depleted during acute lentiviral infections (153, 154) while circulating

resting CD4 T cells remain entirely refractory to HIV infection (209, 210).
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Materials and Methods

HLAC and conditioned medium

Human tonsil tissue from routine tonsillectomies were obtained from the National
Disease Research Interchange (Philadelphia, PA) and the Cooperative Human Tissue
Network (Nashville, TN) and processed for HLAC as described (135, 207). Briefly,
tonsils were minced into small pieces, passed through a 40-um cell strainer, and cultured
in 96-well U-bottom polystyrene plates (2 x 10° cells/well) in medium (200 ul/well)
consisting of RPMI 1640 supplemented with 15% FCS, 100 pg/ml gentamicin, 200
pug/ml ampicillin, 1 mM sodium pyruvate, 1% nonessential amino acids (Mediatech), 2
mM L-glutamine, and 1% fungizone (Gibco). After 2-4 days of culture, conditioned
medium was collected and passed through a 0.2-um nylon filter. Before use, conditioned
medium was mixed with an equal volume of fresh medium to ensure an adequate supply

of nutrients and neutral pH.

Cytokine depletion, receptor blocking, and quantitation of conditioned medium
Cytokines were depleted from conditioned medium with capture antibodies
specific for IL-2, IL-4, IL-7, and IL-15 (R&D Systems; MAB602, MAB604, MAB207,
and MABG647). The antibodies were bound to insoluble bead supports (Pierce; Seize X
Protein G Immunoprecipitation Kit) and incubated with the conditioned medium for4 h
at room temperature with constant agitation. The cytokine-depleted conditioned medium
was collected after sedimentation of the antibody-containing beads. Blocking antibodies
specific for IL-2Ra (2 pg/ml AF-223-NA; R&D Systems) or IL-4R (5 pg/ml MAB230;

R&D Systems) were used to inhibit receptor binding. Cytokine levels in conditioned
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medium were quantitated by ELISA (sensitivity: IL-2, 1.6 pg/ml; IL-7, 0.156 pg/ml; IL-

15, 0.3 pg/ml) (R&D Systems).

Purification of naive and memory CD4 T cells

Naive and memory CD4 T cells in buffy coats (Stanford Blood Bank) or HLAC
were first enriched by Ficoll-Hypaque density gradient separation of mononuclear cells.
These cells were then sorted for either CD4* CD45RA* CD62L" (naive) or CD4*
CD45RA™ (memory) using a FACS DiVa (BD Biosciences). Alternatively, naive cells

were isolated from mononuclear cells by magnetic negative depletion (Miltenyi Biotec;

Naive CD4 T Cell Isolation Kit) supplemented with microbeads against CD8, CD14,

CD19, and CD45RO. Purity was routinely >95% by flow cytometry and >90% using
microbeads. After isolation, naive or memory CD4 T cells from tissue (1-2 x 10° in 96-

well U-bottom polystyrene plates) or from peripheral blood (2 x 10°ml in 6 well

—— e e W wm®

polystyrene plates) were cultured with medium alone, medium supplemented with
recombinant IL-2 or IL-15 (R&D Systems), or conditioned medium. For experiments
requiring CFSE labeling, cells (5 x 10%ml) were washed once with PBS and incubated
with 1 uM CFSE (Molecular Probes) in PBS for 5 min at room temperature. To quench

the labeling reaction, cells were washed in fresh medium. ~-

HIV viral stocks

Replication-competent NL4-3 (X4-tropic) and VSV-G-pseudotyped reporter virus
(NL4-3 HSA R-E-) encoding heat-stable antigen (HSA, murine CD24) were prepared by ;e
calcium phosphate transfection of 293T cells. Virus-containing supernatants were ‘

collected 48 h later, clarified by sedimentation, filtered, and concentrated by
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ultracentrifugation. For fusion studies, NL4-3 virions containing BlaM-Vpr were
prepared as described (221). All viral stocks were quantitated by measuring p24 Gag

levels by ELISA (PerkinElmer) or FLAQ (208).

Viral infections

For spreading infections, cells were cultured with or without a reverse
transcriptase inhibitor (AZT, 50 uM) for 24 h, incubated with NL4-3 (150 ng of p24 Gag)
for 24 h, washed extensively, and cultured; the medium was replaced every 3 days. For
single-cycle infections, cells were cultured with or without a reverse transcriptase
inhibitor (3TC, 10 uM) for 48 h, inoculated with VSV-G-pseudotyped NL4-3 HSA R-E
(200-1000 ng of p24 Gag) in the presence of 5 pg/ml polybrene for 3 h, washed
extensively, and returned to culture. For virion-based fusion assays, cells were incubated
with NLA4-3 virions containing BlaM-Vpr (250 ng of p24 Gag) for 2 h, and assays was
performed as described (221). Negative controls were pretreated with a CXCR4-specific

entry inhibitor (AMD3100, 250 nM).

FACS analysis of HIV-infected cultures

For intracellular anti-p24 Gag immunostaining, cells were fixed in 1%
paraformaldehyde and stained with an anti-p24 Gag antibody (Coulter; KC57) in PBS
containing 0.1% saponin (Sigma) and 2% FBS. To measure surface expression of HSA,
cells were stained with anti-HSA antibody (BD Biosciences; M1/69) in PBS containing
2% FBS. FACS data were analyzed with FlowJo software (Treestar). For the fusion

assay, the levels of virion fusion are shown as a ratio of the blue to green fluorescence
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reflecting the presence of cleaved versus uncleaved CCF2 substrate, the former reflecting

fusion (221).

Characterization of APOBEC3G complexes

Linear, continuous 15-30% glycerol gradients were prepared in buffer containing
50 mM HEPES, pH 7.4, 125 mM NaCl, and 0.1% NP-40. Naive CD4 T cells were lysed
in ice-cold lysis buffer containing 50 mM HEPES, pH 7.4, 125 mM NaCl, 0.2% NP-40,
and 1 x EDTA-free protease inhibitor cocktail (CalBiochem). The clarified cell lysates
were loaded on the gradients and centrifuged at 130,000 g for 16 h at 4°C in an SW55Ti
rotor (Beckman). After sedimentation, 22 fractions (each ~210 ul) were collected from
the bottom to the top of the gradient. FPLC analysis was performed as described (47)
except that due to the limited amount of material, FPLC fractions were concentrated 10-
fold (Microcon YM-30, Millipore) prior to detection of A3G by immunoblot analysis. To
prevent non-specific loss of sample during concentration, 50-100 pg of glutathione

reductase (Sigma) were added to each fraction.

The following reagents were obtained through the AIDS Research and Reference
Reagent Program, Division of AIDS, NIAID, NIH: pNLA4-3 from Dr. Malcolm Martin
and pNLA4-3 HSA R-E- from Dr. Nathaniel Landau. We thank Dr. J. Burns (University of
California, San Diego) for the gift of expression plasmid pVSV-G; Dr. D. Schols (Rega

Institute for Medical Research, Leuven, Belgium) for the gift of AMD3100.
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Figure Legends

Figure 5.1. Conditioned medium from HLAC renders tissue-derived naive CD4 T cells
permissive to HIV infection. Cells were cultured in medium alone (left panels), labeled
with CFSE, and mixed back with autologous HLAC (middle panels) or were cultured in
HLAC-conditioned medium (right panels). Intracellular anti-p24 Gag staining was
performed 7 days after infection with NL4-3 (150 ng of p24 Gag). AZT (50 uM) was
included in some samples to ensure identification of productively infected cells (bottom
panels). Data are representative of three experiments in which typically 5-10% of cells
cultured in conditioned medium stained positively for intracellular Gag at the peak of

infection.

Figure 5.2. IL-2 and IL-15 are necessary but not sufficient components in conditioned
medium for HIV infection of tissue-derived naive CD4 T cells. (A) Cells were cultured in
medium alone, conditioned medium, or conditioned medium previously incubated with
anti-IL-2, anti-IL-7, or anti-IL-15 capture antibodies and inoculated with NL4-3 (150 ng
of p24 Gag). After extensive washing, virus-containing supernatants were monitored for
p24 Gag content after 4, 7, 10, or 13 days of culture. Select cultures were treated with
AZT (50 pM) as a control. (B) Cells were cultured in medium with or without IL-2 or IL-
15 (5, 50, or 500 pg/ml). One sample was cultured with IL-2 and IL-15 (5 pg/ml). Cells
were infected as described in (A). p24 Gag was measured by FLAQ assay. Data are

representative of three independent experiments.

Figure 5.3. Infection of tissue-derived memory CD4 T cells also requires soluble factors.

Tissue-derived memory CD4 T cells were cultured in medium alone, conditioned
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medium, or conditioned medium previously incubated with anti-IL-2, anti-IL-4, anti-IL-
7, and anti-IL-15 capture antibodies. Cultures were inoculated with NL4-3 (150 ng of p24
Gag); after extensive washing, virus-containing supernatants were monitored for p24 Gag
content after 4, 7, 10, or 13 days of culture. Select cultures were treated with AZT (50
uM) as a control. p24 Gag was measured by FLAQ assay. The depleted conditioned
medium failed to support HIV replication in tissue-derived naive CD4 T cells from the

same donor. Data are representative of three independent experiments.

Figure 5.4. Conditioned medium relieves an early post-entry block of HIV infection in
tissue-derived naive CD4 T cells. (A) Cells cultured in medium alone or conditioned
medium were exposed to NL4-3 virions (250 ng of p24 Gag) containing BlaM-Vpr for 2
h before performing the virion-based fusion assay (221). As a negative control,
AMD?3100 (250 nM), an inhibitor of CXCR4-mediated entry, was included. Data are
representative of three experiments during which levels of fusion ranged from 5-12% in
the cell population. (B) Cells were exposed to VSV-G pseudotyped NL4-3 HSA R-E-
(700 ng of p24 Gag) for 3 h, washed extensively, and stained for surface expression of
HSA 4 days later. Select cultures were treated with 3TC (10 uM) as a control. Similar
results were obtained in four additional experiments with levels of HSA infection ranging

from 0.7-4.0% in the cell population.

Figure 5.5. Naive CD4 T cells contain HMM A3G when isolated from tonsil or when
blood-derived cells are cultured in conditioned medium. (A) Lysates of naive CD4 T cells
from peripheral blood or tonsil were subjected to velocity sedimentation analysis. Equal

volumes of collected fractions were subjected to SDS-PAGE and immunoblotting for
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endogenous A3G using a peptide-specific rabbit anti-hA3G antibody (46). Comparable
data were obtained in two additional experiments. (B) FPLC analysis was performed on
lysates of blood-derived naive CD4 T cells that were cultured for 6 days in medium alone
or conditioned medium. Fractions were concentrated 10-fold prior to immunoblot

analysis. These results are representative of three independent experiments.
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Figure 5.3
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Figure 5.4
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Figure 5.5
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Chapter 6

Concluding Remarks
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To further our understanding of HIV pathogenesis, a thorough appreciation of
both the host and viral determinants is required. Although the projects described in this
thesis were broad in scope, they all sought to elucidate the role of various host and viral
factors in HIV pathogenesis. When we initiated our screen for positive-acting host factors
acting early in the viral life cycle, there was scant evidence that host factors played any
role in this process. The only well-established factor was Fv1, whose action was and still
remain mysterious (30). Although we were unable to identify a required host factor
during the early steps of the viral life cycle, recent work from other labs has demonstrated
that both positive and negative host factors do play important roles. Through its ability to
interact with HIV integrase, LEDGF appears to play a key role in determining integration
site selection (12-14), although the biological significance of this preference is not clear.
Unlike the preference of HIV to integrate within genes, another retrovirus, MLV, appears
to have preferred sites of integration near the start of genes (222). This preference too
likely results from the actions of yet unidentified murine host factors. In addition, two
recently identified anti-viral factors, A3G (37) and TRIM-5a (31), show that events early
in the viral life cycle are subject to host anti-viral intervention.

The factors underlying viral evolution in HIV-infected patients are unclear. Of
particular interest are the factors that select for R5-tropic strains early in infection and
that later drive the evolution towards X4-tropic strains. A recent study by Ribeiro et al.
suggests that viral evolution is driven by the distinct properties of naive and memory
CD4 T cells (223). They claim that, since naive cells divide less frequently than memory
cells, memory cells are more readily infected, thereby favoring strains that can infect

memory cells while avoiding infection of naive cells. Although we agree that properties
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of naive and memory cells likely influence viral evolution, we do not believe that the key
difference is the variable proliferation frequencies. Instead, both ours and previous
studies have found that memory cells are a far more permissive cell-type than naive cells
even in the absence of cell division. Memory cells are infected more rapidly than naive
cells and, upon infection, produce far greater amounts of virus (135). These data suggest
that RS-tropic viruses are favored over X4-tropic viruses early in the course of disease
not because R5-tropic viruses infect a cell-type that can divide more frequently but
because R5-tropic viruses infect a cell more hospitable to the viral life cycle. The
molecular differences between these two cell types that regulate susceptibility to HIV
infection are unknown.

Although our studies on permissivity factors in lymphoid tissue provide some
insights, many questions remain. There are clearly more soluble factors remaining to be
identified as we cannot yet reconstitute the permissivity activity found in conditioned
medium on tissue-derived naive CD4 T cells with recombinant proteins alone. In
addition, we do not yet know the identity of any of the soluble factors important for
infection of memory CD4 T cells in tissue. Given the central role of memory CD4 T cells
during HIV pathogenesis, understanding these factors could be of great importance. We
also know very little about the role of cell-cell contacts in rendering cells permissive.
Although tissue-derived naive or memory CD4 T cells are permissive in the absence of
other cells types, they are far more permissive in the whole tissue. Clearly then, cell-cell
contacts contribute important signals to CD4 T cells, thereby helping them to establish or

maintain a permissive state. It will also be important to understand the role of all these
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factors not only in HIV infection of lymphoid organs such as tonsil but also in other
lymphoid and peripheral sites (154).

Finally, our studies found that in HIV-permissive resting cells in vivo, A3G is
present in HMM complexes. In addition, conditioned medium containing IL-2 and IL-15
is sufficient both to render resting naive CD4 T cells from the peripheral blood
permissive to infection and to promote assembly of HMM A3G complexes. Thus,
complex assembly of the host anti-viral factor A3G governs the permissivity of CD4 T
cells in vivo. This is clearly an exciting opportunity for therapeutic intervention. Two
possible drugs can be envisioned: one that prevents HMM complex formation and
another that promotes HMM disassembly. A note of caution is warranted though as we
do not yet know the role of A3G in vivo. Thus, it is unclear what unintended

consequences might occur upon prolonged LMM A3G exposure.

105

B



w0t
4
N
-
BE W el
'
!
1
. .
[, RPN
T T TR —




References

10.

11.

Maddon, P.J., A.G. Dalgleish, J.S. McDougal, P.R. Clapham, R.A. Weiss, and R.
Axel. 1986. The T4 gene encodes the AIDS virus receptor and is expressed in the
immune system and the brain. Cell 47:333-348.

Deng, H., R. Liu, W. Ellmeier, S. Choe, D. Unutmaz, M. Burkhart, P. Di Marzio,
S. Marmon, R.E. Sutton, C.M. Hill, C.B. Davis, S.C. Peiper, T.J. Schall, D.R.
Littman, and N.R. Landau. 1996. Identification of a major co-receptor for primary
isolates of HIV-1. Nature 381:661-666.

Dragic, T., V. Litwin, G.P. Allaway, S.R. Martin, Y. Huang, K.A. Nagashima, C.
Cayanan, P.J. Maddon, R.A. Koup, J.P. Moore, and W.A. Paxton. 1996. HIV-1
entry into CD4+ cells is mediated by the chemokine receptor CC- CKR-5. Nature
381:667-673.

Feng, Y., C.C. Broder, P.E. Kennedy, and E.A. Berger. 1996. HIV-1 entry
cofactor: functional cDNA cloning of a seven-transmembrane, G protein-coupled
receptor. Science 272:872-877.

Kwong, P.D., R. Wyatt, J. Robinson, R.W. Sweet, J. Sodroski, and W.A.
Hendrickson. 1998. Structure of an HIV gp120 envelope glycoprotein in complex
with the CD4 receptor and a neutralizing human antibody. Nature 393:648-659.

Chen, B., E.M. Vogan, H. Gong, J.J. Skehel, D.C. Wiley, and S.C. Harrison.
2005. Structure of an unliganded simian immunodeficiency virus gp120 core.
Nature 433:834-841.

Weissenhorn, W., A. Dessen, S.C. Harrison, J.J. Skehel, and D.C. Wiley. 1997.
Atomic structure of the ectodomain from HIV-1 gp41. Nature 387:426-430.

Grewe, C., A. Beck, and H.R. Gelderblom. 1990. HIV: early virus-cell
interactions. J Acquir Immune Defic Syndr 3:965-974.

Schroder, A.R., P. Shinn, H. Chen, C. Berry, J.R. Ecker, and F. Bushman. 2002.
HIV-1 integration in the human genome favors active genes and local hotspots.
Cell 110:521-529.

Cherepanov, P., Z.Y. Sun, S. Rahman, G. Maertens, G. Wagner, and A.
Engelman. 2005. Solution structure of the HIV-1 integrase-binding domain in
LEDGF/p75. Nat Struct Mol Biol 12:526-532.

Cherepanov, P., G. Maertens, P. Proost, B. Devreese, J. Van Beeumen, Y.
Engelborghs, E. De Clercq, and Z. Debyser. 2003. HIV-1 integrase forms stable
tetramers and associates with LEDGF/p7S5 protein in human cells. J Biol Chem
278:372-381.

106

T —— e T SR



W

A
N
o
-y

cw RS




12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Ciuffi, A., M. Llano, E. Poeschla, C. Hoffmann, J. Leipzig, P. Shinn, J.R. Ecker,
and F. Bushman. 2005. A role for LEDGF/p75 in targeting HIV DNA integration.
Nat Med 11:1287-1289.

Emiliani, S., A. Mousnier, K. Busschots, M. Maroun, B. Van Maele, D. Tempe,
L. Vandekerckhove, F. Moisant, L. Ben-Slama, M. Witvrouw, F. Christ, J.C.
Rain, C. Dargemont, Z. Debyser, and R. Benarous. 2005. Integrase mutants
defective for interaction with LEDGF/p75 are impaired in chromosome tethering
and HIV-1 replication. J Biol Chem 280:25517-25523.

Maertens, G., P. Cherepanov, W. Pluymers, K. Busschots, E. De Clercq, Z.
Debyser, and Y. Engelborghs. 2003. LEDGF/p75 is essential for nuclear and
chromosomal targeting of HIV-1 integrase in human cells. J Biol Chem
278:33528-33539.

Bukrinskaya, A., B. Brichacek, A. Mann, and M. Stevenson. 1998. Establishment
of a functional human immunodeficiency virus type 1 (HIV- 1) reverse
transcription complex involves the cytoskeleton. J Exp Med 188:2113-2125.

McDonald, D., M.A. Vodicka, G. Lucero, T.M. Svitkina, G.G. Borisy, M.
Emerman, and T.J. Hope. 2002. Visualization of the intracellular behavior of HIV
in living cells. J Cell Biol 159:441-452.

Pereira, L.A., K. Bentley, A. Peeters, M.J. Churchill, and N.J. Deacon. 2000. A
compilation of cellular transcription factor interactions with the HIV-1 LTR
promoter. Nucleic Acids Res 28:663-668.

Mancebo, H.S., G. Lee, J. Flygare, J. Tomassini, P. Luu, Y. Zhu, J. Peng, C. Blau,
D. Hazuda, D. Price, and O. Flores. 1997. P-TEFb kinase is required for HIV Tat
transcriptional activation in vivo and in vitro. Genes Dev 11:2633-2644.

Gold, M.O,, X. Yang, C.H. Herrmann, and A.P. Rice. 1998. PITALRE, the
catalytic subunit of TAK, is required for human immunodeficiency virus Tat
transactivation in vivo. J Virol 72:4448-4453.

Wei, P., M.E. Garber, S.M. Fang, W_.H. Fischer, and K.A. Jones. 1998. A novel
CDK9-associated C-type cyclin interacts directly with HIV-1 Tat and mediates its
high-affinity, loop-specific binding to TAR RNA. Cell 92:451-462.

Zapp, M.L., and M.R. Green. 1989. Sequence-specific RNA binding by the HIV-
1 Rev protein. Nature 342:714-716.

Malim, M.H., J. Hauber, S.Y. Le, J.V. Maizel, and B.R. Cullen. 1989. The HIV-1
rev trans-activator acts through a structured target sequence to activate nuclear
export of unspliced viral mRNA. Nature 338:254-257.

107




e,
T R
R
.
)
v
W s
O e
: B
¥
. [




23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Malim, M.H.,, L.S. Tiley, D.F. McCarn, J.R. Rusche, J. Hauber, and B.R. Cullen.
1990. HIV-1 structural gene expression requires binding of the Rev trans-
activator to its RNA target sequence. Cell 60:675-683.

Yi, R., H.P. Bogerd, and B.R. Cullen. 2002. Recruitment of the Crm1 nuclear
export factor is sufficient to induce cytoplasmic expression of incompletely
spliced human immunodeficiency virus mRNAs. J Virol 76:2036-2042.

Neville, M., F. Stutz, L. Lee, L.I. Davis, and M. Rosbash. 1997. The importin-
beta family member Crm1p bridges the interaction between Rev and the nuclear
pore complex during nuclear export. Curr Biol 7:767-775. B

Zimmerman, C., K.C. Klein, P.K. Kiser, A.R. Singh, B.L. Firestein, S.C. Riba,
and J.R. Lingappa. 2002. Identification of a host protein essential for assembly of
immature HIV-1 capsids. Nature 415:88-92.

Garrus, J.E., U.K. von Schwedler, O.W. Pomillos, S.G. Morham, K.H. Zavitz,
H.E. Wang, D.A. Wettstein, K.M. Stray, M. Cote, R.L. Rich, D.G. Myszka, and
W.I. Sundquist. 2001. Tsg101 and the vacuolar protein sorting pathway are
essential for HIV-1 budding. Cell 107:55-65.

von Schwedler, U.K., M. Stuchell, B. Muller, D.M. Ward, H.Y. Chung, E. Morita,
H.E. Wang, T. Davis, G.P. He, D.M. Cimbora, A. Scott, H.G. Krausslich, J.

Kaplan, S.G. Morham, and W.1. Sundquist. 2003. The protein network of HIV ,
budding. Cell 114:701-713. b

Strack, B., A. Calistri, S. Craig, E. Popova, and H.G. Gottlinger. 2003.
AIP1/ALIX is a binding partner for HIV-1 p6 and EIAV p9 functioning in virus
budding. Cell 114:689-699.

Best, S., P. Le Tissier, G. Towers, and J.P. Stoye. 1996. Positional cloning of the
mouse retrovirus restriction gene Fvl. Nature 382:826-829.

Stremlau, M., C.M. Owens, M.J. Perron, M. Kiessling, P. Autissier, and J. O
Sodroski. 2004. The cytoplasmic body component TRIMSalpha restricts HIV-1 v
infection in Old World monkeys. Nature 427:848-853. .

Hatziioannou, T., D. Perez-Caballero, A. Yang, S. Cowan, and P.D. Bieniasz. ‘
2004. Retrovirus resistance factors Refl and Lv1 are species-specific variants of -
TRIMSalpha. Proc Natl Acad Sci U S A 101:10774-10779.

Keckesova, Z., L.M. Ylinen, and G.J. Towers. 2004. The human and African
green monkey TRIMSalpha genes encode Refl and Lv1 retroviral restriction
factor activities. Proc Natl Acad Sci U S A 101:10780-10785.

Perron, M.J., M. Stremlau, B. Song, W. Ulm, R.C. Mulligan, and J. Sodroski. .
2004. TRIMSalpha mediates the postentry block to N-tropic murine leukemia
viruses in human cells. Proc Natl Acad Sci U S A 101:11827-11832.

108



g

oot




35.

36.

37.

38.

39.

41.

42.

43.

45.

Yap, M.W,, S. Nisole, C. Lynch, and J.P. Stoye. 2004. Trim5alpha protein
restricts both HIV-1 and murine leukemia virus. Proc Natl Acad Sci U S A
101:10786-10791.

Stremlau, M., M. Perron, S. Welikala, and J. Sodroski. 2005. Species-specific
variation in the B30.2(SPRY) domain of TRIM5alpha determines the potency of
human immunodeficiency virus restriction. J Virol 79:3139-3145.

Sheehy, A.M., N.C. Gaddis, J.D. Choi, and M.H. Malim. 2002. Isolation of a
human gene that inhibits HIV-1 infection and is suppressed by the viral Vif
protein. Nature 418:646-650.

Yu, Q., R. Konig, S. Pillai, K. Chiles, M. Kearney, S. Palmer, D. Richman, J.M.
Coffin, and N.R. Landau. 2004. Single-strand specificity of APOBEC3G accounts
for minus-strand deamination of the HIV genome. Nat Struct Mol Biol 11:435-
442

Harris, R.S., K.N. Bishop, A.M. Sheehy, H.M. Craig, S.K. Petersen-Mahrt, I.N.
Watt, M.S. Neuberger, and M.H. Malim. 2003. DNA deamination mediates innate
immunity to retroviral infection. Cell 113:803-809.

Lecossier, D., F. Bouchonnet, F. Clavel, and A.J. Hance. 2003. Hypermutation of
HIV-1 DNA in the absence of the Vif protein. Science 300:1112.

Zhang, H., B. Yang, R.J. Pomerantz, C. Zhang, S.C. Arunachalam, and L. Gao. |
2003. The cytidine deaminase CEM 15 induces hypermutation in newly |
synthesized HIV-1 DNA. Nature 424:94-98.

Yu, X, Y. Yu, B. Liu, K. Luo, W. Kong, P. Mao, and X.F. Yu. 2003. Induction of
APOBEC3G ubiquitination and degradation by an HIV-1 Vif-Cul5-SCF complex.
Science 302:1056-1060.

Sheehy, A.M., N.C. Gaddis, and M.H. Malim. 2003. The antiretroviral enzyme
APOBEC3G is degraded by the proteasome in response to HIV-1 Vif. Nat Med i)

9:1404-1407. -

Marin, M., K.M. Rose, S.L. Kozak, and D. Kabat. 2003. HIV-1 Vif protein binds
the editing enzyme APOBEC3G and induces its degradation. Nat Med 9:1398-
1403. .

Conticello, S.G., R.S. Harris, and M.S. Neuberger. 2003. The Vif protein of HIV
triggers degradation of the human antiretroviral DNA deaminase APOBEC3G.
Curr Biol 13:2009-2013.

Stopak, K., C. de Noronha, W. Yonemoto, and W.C. Greene. 2003. HIV-1 Vif
blocks the antiviral activity of APOBEC3G by impairing both its translation and
intracellular stability. Mol Cell 12:591-601.

109



e




47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

Chiu, Y.L., V.B. Soros, J.F. Kreisberg, K. Stopak, W. Yonemoto, and W.C.
Greene. 2005. Cellular APOBEC3G restricts HIV-1 infection in resting CD4+ T
cells. Nature 435:108-114.

Kaech, S.M,, E.J. Wherry, and R. Ahmed. 2002. Effector and memory T-cell
differentiation: implications for vaccine development. Nat Rev Immunol 2:251-
262.

Welsh, R.M,, LK. Selin, and E. Szomolanyi-Tsuda. 2004. Immunological
memory to viral infections. Annu Rev Immunol 22:711-743.

Chandok, M.R., and D.L. Farber. 2004. Signaling control of memory T cell
generation and function. Semin Immunol 16:285-293.

Walzer, T., A. Marcais, F. Saltel, C. Bella, P. Jurdic, and J. Marvel. 2003. Cutting
edge: immediate RANTES secretion by resting memory CD8 T cells following
antigenic stimulation. J Immunol 170:1615-1619.

Veiga-Fernandes, H., U. Walter, C. Bourgeois, A. McLean, and B. Rocha. 2000.
Response of naive and memory CD8+ T cells to antigen stimulation in vivo. Nat
Immunol 1:47-53.

Kersh, E.N., S.M. Kaech, T.M. Onami, M. Moran, E.J. Wherry, M.C. Miceli, and
R. Ahmed. 2003. TCR signal transduction in antigen-specific memory CD8 T
cells. J Immunol 170:5455-5463.

Drake, D.R., 3rd, and T.J. Braciale. 2001. Cutting edge: lipid raft integrity affects
the efficiency of MHC class I tetramer binding and cell surface TCR arrangement
on CD8+ T cells. J Immunol 166:7009-7013.

Murphy, K.M,, and S.L. Reiner. 2002. The lineage decisions of helper T cells. Nat
Rev Immunol 2:933-944.

Freiberg, B.A., H. Kupfer, W. Maslanik, J. Delli, J. Kappler, D.M. Zaller, and A.
Kupfer. 2002. Staging and resetting T cell activation in SMACs. Nat Immunol
3:911-917.

Ehrlich, L.I., P.J. Ebert, M.F. Krummel, A. Weiss, and M.M. Davis. 2002.
Dynamics of pS6lck translocation to the T cell immunological synapse following
agonist and antagonist stimulation. Immunity 17:809-822.

Blaak, H., A.B. van't Wout, M. Brouwer, B. Hooibrink, E. Hovenkamp, and H.
Schuitemaker. 2000. In vivo HIV-1 infection of CD45RA (+)CD4(+) T cells is

established primarily by syncytium-inducing variants and correlates with the rate
of CD4(+) T cell decline. Proc Natl Acad Sci U S A 97:1269-1274.

Lambotte, O., A. Demoustier, M.G. de Goer, C. Wallon, J. Gasnault, C. Goujard,
J.F. Delfraissy, and Y. Taoufik. 2002. Persistence of replication-competent HIV

110

Y ——p—— xR |,






61.

62.

63.

65.

67.

68.

69.

in both memory and naive CD4 T cell subsets in patients on prolonged and
effective HAART. Aids 16:2151-2157.

Ostrowski, M.A., T.W. Chun, S.J. Justement, I. Motola, M.A. Spinelli, J.
Adelsberger, L.A. Ehler, S.B. Mizell, C.W. Hallahan, and A.S. Fauci. 1999. Both
memory and CD45RA+/CD62L+ naive CD4(+) T cells are infected in human
immunodeficiency virus type 1-infected individuals. J Virol 73:6430-6435.

Brenchley, J.M,, B.J. Hill, D.R. Ambrozak, D.A. Price, F.J. Guenaga, J.P.
Casazza, J. Kuruppu, J. Yazdani, S.A. Migueles, M. Connors, M. Roederer, D.C.
Douek, and R.A. Koup. 2004. T-cell subsets that harbor human
immunodeficiency virus (HIV) in vivo: implications for HIV pathogenesis. J
Virol 78:1160-1168.

Bleul, C.C,, L. Wu, J.A. Hoxie, T.A. Springer, and C.R. Mackay. 1997. The HIV
coreceptors CXCR4 and CCRS are differentially expressed and regulated on
human T lymphocytes. Proc. Natl. Acad. Sci. USA 94:1925-1930.

Wu, L., W.A. Paxton, N. Kassam, N. Ruffing, J.B. Rottman, N. Sullivan, H.
Choe, J. Sodroski, W. Newman, R.A. Koup, and C.R. Mackay. 1997. CCR5
levels and expression pattern correlate with infectability by macrophage-tropic
HIV-1, in vitro. J. Exp. Med. 185:1681-1691.

Hori, T., H. Sakaida, A. Sato, T. Nakajima, H. Shida, O. Yoshie, and T.
Uchiyama. 1998. Detection and delineation of CXCR-4 (fusin) as an entry and
fusion cofactor for T-tropic [correction of T cell-tropic] HIV-1 by three different
monoclonal antibodies. J Immunol 160:180-188.

Grivel, J.C., and L.B. Margolis. 1999. CCR5- and CXCR4-tropic HIV-1 are
equally cytopathic for their T-cell targets in human lymphoid tissue. Nat Med
5:344-346.

Grivel, J.C., M.L. Penn, D.A. Eckstein, B. Schramm, R.F. Speck, N.W. Abbey, B.

Herndier, L. Margolis, and M.A. Goldsmith. 2000. Human immunodeficiency
virus type 1 coreceptor preferences determine target T-cell depletion and cellular
tropism in human lymphoid tissue. J. Virol. 74:5347-5351.

Zhu, T., H. Mo, N. Wang, D.S. Nam, Y. Cao, R.A. Koup, and D.D. Ho. 1993.
Genotypic and phenotypic characterization of HIV-1 patients with primary
infection. Science 261:1179-1181.

Roos, M.T., J.M. Lange, R.E. de Goede,.R.A. Coutinho, P.T. Schellekens, F.
Miedema, and M. Tersmette. 1992. Viral phenotype and immune response in
primary human immunodeficiency virus type 1 infection. J Infect Dis 165:427-
432.

Schuitemaker, H., M. Koot, N.A. Kootstra, M.W. Dercksen, R.E. de Goede, R.P.
van Steenwijk, J.M. Lange, J.K. Schattenkerk, F. Miedema, and M. Tersmette.

111




70.

71.

72.

73.

74,

75.

76.

77.

78.

1992. Biological phenotype of human immunodeficiency virus type 1 clones at
different stages of infection: progression of disease is associated with a shift from
monocytotropic to T-cell-tropic virus population. J. Virol. 66:1354-1360.

Connor, R.1., H. Mohri, Y. Cao, and D.D. Ho. 1993. Increased viral burden and
cytopathicity correlate temporally with CD4+ T-lymphocyte decline and clinical
progression in human immunodeficiency virus type 1-infected individuals. J.
Virol. 67:1772-1777.

Finzi, D., M. Hermankova, T. Pierson, L.M. Carruth, C. Buck, R.E. Chaisson,
T.C. Quinn, K. Chadwick, J. Margolick, R. Brookmeyer, J. Gallant, M.
Markowitz, D.D. Ho, D.D. Richman, and R.F. Siliciano. 1997. Identification of a
reservoir for HIV-1 in patients on highly active antiretroviral therapy. Science
278:1295-1300.

Siliciano, J.D., J. Kajdas, D. Finzi, T.C. Quinn, K. Chadwick, J.B. Margolick, C.
Kovacs, S.J. Gange, and R.F. Siliciano. 2003. Long-term follow-up studies
confirm the stability of the latent reservoir for HIV-1 in resting CD4+ T cells. Nat
Med 9:727-728.

Connor, R.I., K.E. Sheridan, D. Ceradini, S. Choe, and N.R. Landau. 1997.
Change in coreceptor use coreceptor use correlates with disease progression in
HIV-1--infected individuals. J Exp Med 185:621-628.

Goldsmith, M.A,, and A. Weiss. 1987. Isolation and characterization of a T-
lymphocyte somatic mutant with altered signal transduction by the antigen
receptor. Proc Natl Acad Sci U S A 84:6879-6883.

Straus, D.B., and A. Weiss. 1992. Genetic evidence for the involvement of the Ick
tyrosine kinase in signal transduction through the T cell antigen receptor. Cell
70:585-593.

Darnell, J.E., Jr., LM. Kerr, and G.R. Stark. 1994. Jak-STAT pathways and
transcriptional activation in response to IFNs and other extracellular signaling
proteins. Science 264:1415-1421.

Watling, D., D. Guschin, M. Muller, O. Silvennoinen, B.A. Witthuhn, FW.
Quelle, N.C. Rogers, C. Schindler, G.R. Stark, J.N. Ihle, and I.M. Kerr. 1993.
Complementation by the protein tyrosine kinase JAK2 of a mutant cell line
defective in the interferon-& gamma; signal transduction pathway. 366:166-170.

Muller, M., J. Briscoe, C. Laxton, D. Guschin, A. Ziemiecki, O. Silvennoinen,
A.G. Harpur, G. Barbieri, B.A. Witthuhn, C. Schindler, S. Pellegrini, A.F. Wilks,
J.N. Ihle, G.R. Stark, and 1.M. Kerr. 1993. The protein tyrosine kinase JAK1
complements defects in interferon-[alpha)/[beta] and -[gamma] signal
transduction. 366:129-135.

112

«—-“—;_‘_ ,
N N 2 N L



w

L
-
L
w -
e
L



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

91.

Muller, M., C. Laxton, J. Briscoe, C. Schindler, T. Improta, J.E. Darnell, Jr., G.R.
Stark, and I.M. Kerr. 1993. Complementation of a mutant cell line: central role of
the 91 kDa polypeptide of ISGF3 in the interferon-alpha and -gamma signal
transduction pathways. Embo J 12:4221-4228.

Naghavi, M.H., T. Hatziioannou, G. Gao, and S.P. Goff. 2005. Overexpression of
fasciculation and elongation protein zeta-1 (FEZ1) induces a post-entry block to
retroviruses in cultured cells. Genes Dev 19:1105-1115.

Gao, G., and S.P. Goff. 1999. Somatic cell mutants resistant to retrovirus

replication: intracellular blocks during the early stages of infection. Mol Biol Cell
10:1705-1717.

Taft, S.A., H.L. Liber, and T.R. Skopek. 1994. Mutational spectrum of ICR-191
at the hprt locus in human lymphoblastoid cells. Environ Mol Mutagen 23:96-100.

Maclnnes, M.A., U. Friedrich, T. van Daalen Wetters, and P. Coffino. 1982.
Quantitative forward-mutation specificity of mono-functional alkylating agents,
ICR-191, and aflatoxin B1 in mouse lymphoma cells. Mutat Res 95:297-311.

Slapikoff, S.A., B.M. Andon, and W.G. Thilly. 1980. Comparison of toxicity and
mutagenicity of methylnitrosourea, methylnitronitrosoguanidine and ICR-191
among human lymphoblast lines. Mutat Res 70:365-371.

Sega, G.A. 1984. A review of the genetic effects of ethyl methanesulfonate. Mutat
Res 134:113-142.

Calos, M.P., and J.H. Miller. 1981. Genetic and sequence analysis of frameshift
mutations induced by ICR-191. J Mol Biol 153:39-64.

Bradley, K.A., J. Mogridge, M. Mourez, R.J. Collier, and J.A.T. Young. 2001.
Identification of the cellular receptor for anthrax toxin. 414:225-229.

Cecconi, F., and B.I. Meyer. 2000. Gene trap: a way to identify novel genes and
unravel their biological function. FEBS Lett 480:63-71.

Varmus, H.E., N. Quintrell, and S. Ortiz. 1981. Retroviruses as mutagens:
insertion and excision of a nontransforming provirus alter expression of a resident
transforming provirus. Cell 25:23-36.

Frankel, W., T.A. Potter, N. Rosenberg, J. Lenz, and T.V. Rajan. 1985. Retroviral
insertional mutagenesis of a target allele in a heterozygous murine cell line. Proc
Natl Acad Sci U S A 82:6600-6604.

Hicks, G.G., E.G. Shi, X.M. Li, C.H. Li, M. Pawlak, and H.E. Ruley. 1997.
Functional genomics in mice by tagged sequence mutagenesis. Nat Genet 16:338-
344.

113







92.

93.

94.

95.

96.

97.

98.

100.

101.

102.

103.

104.

Ishida, Y., and P. Leder. 1999. RET: a poly A-trap retrovirus vector for reversible
disruption and expression monitoring of genes in living cells. Nucleic Acids Res
27:e35.

Chinnasamy, D., N. Chinnasamy, M.J. Enriquez, M. Otsu, R.A. Morgan, and F.
Candotti. 2000. Lentiviral-mediated gene transfer into human lymphocytes: role
of HIV-1 accessory proteins. Blood 96:1309-1316.

Naldini, L., U. Blomer, P. Gallay, D. Ory, R. Mulligan, F.H. Gage, .M. Verma,
and D. Trono. 1996. In vivo gene delivery and stable transduction of nondividing
cells by a lentiviral vector. Science 272:263-267.

Bieniasz, P.D., and B.R. Cullen. 2000. Multiple blocks to human
immunodeficiency virus type 1 replication in rodent cells. J Virol 74:9868-9877.

Platt, E.J., K. Wehrly, S.E. Kuhmann, B. Chesebro, and D. Kabat. 1998. Effects
of CCRS and CD4 cell surface concentrations on infections by macrophagetropic
isolates of human immunodeficiency virus type 1. J Virol 72:2855-2864.

Kit, S., D.R. Dubbs, and P.M. Frearson. 1966. HeLa cells resistant to
bromodeoxyuridine and deficient in thymidine kinase activity. Int J Cancer 1:19-
30.

Macville, M., E. Schrock, H. Padilla-Nash, C. Keck, B.M. Ghadimi, D. Zimonjic,
N. Popescu, and T. Ried. 1999. Comprehensive and definitive molecular
cytogenetic characterization of HeLa cells by spectral karyotyping. Cancer Res
59:141-150.

Adair, G.M,, and M.J. Siciliano. 1986. Functional hemizygosity for the MDH2
locus in Chinese hamster ovary cells. Somat Cell Mol Genet 12:111-119.

Gupta, R.S., D.Y. Chan, and L. Siminovitch. 1978. Evidence for variation in the
number of functional gene copies at the AmaR locus in Chinese hamster cell
lines. J Cell Physiol 97:461-467.

Gupta, R.S. 1980. Random segretation of multiple genetic markers from CHO-
CHO hybrids: evidence for random distribution of functional hemizygosity in the
genome. Somatic Cell Genet 6:115-125.

Siminovitch, L. 1976. On the nature of hereditable variation in cultured somatic
cells. Cell 7:1-11.

Morita, S., T. Kojima, and T. Kitamura. 2000. Plat-E: an efficient and stable
system for transient packaging of retroviruses. Gene Ther 7:1063-1066.

Topp, W.C. 1981. Normal rat cell lines deficient in nuclear thymidine kinase.
Virology 113:408-411.

114

¢ WREImT T






105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Kit, S., D.R. Dubbs, L.J. Piekarski, and T.C. Hsu. 1963. Deletion of Thymidine
Kinase Activity from L Cells Resistant to Bromodeoxyuridine. Exp Cell Res
31:297-312.

Albritton, L.M,, L. Tseng, D. Scadden, and J.M. Cunningham. 1989. A putative
murine ecotropic retrovirus receptor gene encodes a multiple membrane-spanning
protein and confers susceptibility to virus infection. Cell 57:659-666.

Miller, D.G., R.H. Edwards, and A.D. Miller. 1994. Cloning of the cellular
receptor for amphotropic murine retroviruses reveals homology to that for gibbon
ape leukemia virus. Proc Natl Acad Sci U S A 91:78-82.

Coil, D.A., and A.D. Miller. 2004. Phosphatidylserine is not the cell surface
receptor for vesicular stomatitis virus. J Virol 78:10920-10926.

Schlegel, R., T.S. Tralka, M.C. Willingham, and I. Pastan. 1983. Inhibition of
VSV binding and infectivity by phosphatidylserine: Is phosphatidylserine a VSV-
binding site? Cell 32:639-646.

Engelman, A. 1999. In vivo analysis of retroviral integrase structure and function.
Adv Virus Res 52:411-426.

Engelman, A., and R. Craigie. 1992. Identification of conserved amino acid
residues critical for human immunodeficiency virus type 1 integrase function in
vitro. J Virol 66:6361-6369.

Kulkosky, J., K.S. Jones, R.A. Katz, J.P. Mack, and A.M. Skalka. 1992. Residues
critical for retroviral integrative recombination in a region that is highly
conserved among retroviral/retrotransposon integrases and bacterial insertion
sequence transposases. Mol Cell Biol 12:2331-2338.

Hudson, J.B., V. Misra, and T.R. Mosmann. 1976. Cytomegalovirus infectivity:
analysis of the phenomenon of centrifugal enhancement of infectivity. Virology
72:235-243.

Hudson, J.B. 1988. Further studies on the mechanism of centrifugal enhancement
of cytomegalovirus infectivity. J Virol Methods 19:97-108.

O'Doherty, U., W.J. Swiggard, and M.H. Malim. 2000. Human immunodeficiency
virus type 1 spinoculation enhances infection through virus binding. J Virol
74:10074-10080.

Hodgkin, P.D., A.A. Scalzo, N. Swaminathan, P. Price, and G.R. Shellam. 1988.
Murine cytomegalovirus binds reversibly to mouse embryo fibroblasts:
implications for quantitation and explanation of centrifugal enhancement. J Virol
Methods 22:215-230.

115



[CETES




117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Bahnson, A.B., J.T. Dunigan, B.E. Baysal, T. Mohney, R.W. Atchison, M.T.
Nimgaonkar, E.D. Ball, and J.A. Barranger. 1995. Centrifugal enhancement of
retroviral mediated gene transfer. J Virol Methods 54:131-143.

Coelen, RJ., D.G. Jose, and J.T. May. 1983. The effect of hexadimethrine
bromide (polybrene) on the infection of the primate retroviruses SSV 1/SSAV 1
and BaEV. Arch Virol 75:307-311.

Toohey, K., K. Wehrly, J. Nishio, S. Perryman, and B. Chesebro. 1995. Human
immunodeficiency virus envelope V1 and V2 regions influence replication
efficiency in macrophages by affecting virus spread. Virology 213:70-79.

Gandhi, R.T., B.K. Chen, S.E. Straus, J.K. Dale, M.J. Lenardo, and D. Baltimore.
1998. HIV-1 directly kills CD4+ T cells by a Fas-independent mechanism. J Exp
Med 187:1113-1122.

Jekle, A., O.T. Keppler, E. De Clercq, D. Schols, M. Weinstein, and M.A.
Goldsmith. 2003. In vivo evolution of human immunodeficiency virus type 1
toward increased pathogenicity through CXCR4-mediated killing of uninfected
CD4 T cells. J Virol 77:5846-5854.

Yamaizumi, M., E. Mekada, T. Uchida, and Y. Okada. 1978. One molecule of
diphtheria toxin fragment A introduced into a cell can kill the cell. Cell 15:245-
250.

Moffat, K.G., J.H. Gould, H.K. Smith, and C.J. O'Kane. 1992. Inducible cell
ablation in Drosophila by cold-sensitive ricin A chain. Development 114:681-687.

Lee, P., G. Morley, Q. Huang, A. Fischer, S. Seiler, J.W. Horner, S. Factor, D.
Vaidya, J. Jalife, and G.1. Fishman. 1998. Conditional lineage ablation to model
human diseases. Proc Natl Acad Sci U S A 95:11371-11376.

Foley, B.T., J.M. Moehring, and T.J. Moehring. 1995. Mutations in the elongation
factor 2 gene which confer resistance to diphtheria toxin and Pseudomonas
exotoxin A. Genetic and biochemical analyses. J Biol Chem 270:23218-23225.

Zennou, V., C. Petit, D. Guetard, U. Nerhbass, L. Montagnier, and P. Charneau.
2000. HIV-1 genome nuclear import is mediated by a central DNA flap. Cell
101:173-185.

Follenzi, A., L.E. Ailles, S. Bakovic, M. Geuna, and L. Naldini. 2000. Gene
transfer by lentiviral vectors is limited by nuclear translocation and rescued by
HIV-1 pol sequences. Nat Genet 25:217-222.

Reed, L.J., and H. Muench. 1938. A Simple Method of Estimating Fifty Per Cent
Endpoints. The American Journal of Hygiene 27:493-497.

116



s




129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

van 't Wout, A.B., H. Blaak, L.J. Ran, M. Brouwer, C. Kuiken, and H.
Schuitemaker. 1998. Evolution of syncytium-inducing and non-syncytium-
inducing biological virus clones in relation to replication kinetics during the
course of human immunodeficiency virus type 1 infection. J. Virol. 72:5099-
5107.

Shankarappa, R., J.B. Margolick, S.J. Gange, A.G. Rodrigo, D. Upchurch, H.
Farzadegan, P. Gupta, C.R. Rinaldo, G.H. Learn, X. He, X.L. Huang, and J.I.
Mullins. 1999. Consistent viral evolutionary changes associated with the
progression of human immunodeficiency virus type 1 infection. J. Virol.
73:10489-10502.

Berger, E.A., P.M. Murphy, and J.M. Farber. 1999. Chemokine receptors as HIV-
1 coreceptors: Roles in viral entry, tropism, and disease. Annu. Rev. Immunol.
17:657-700.

Penn, M.L,, J.C. Grivel, B. Schramm, M.A. Goldsmith, and L. Margolis. 1999.
CXCR4 utilization is sufficient to trigger CD4+ T cell depletion in HIV- 1-
infected human lymphoid tissue. Proc. Natl. Acad. Sci. USA 96:663-668.

Schramm, B., M.L. Penn, R.F. Speck, S.Y. Chan, E. De Clercq, D. Schols, R.I.
Connor, and M.A. Goldsmith. 2000. Viral entry through CXCR4 is a pathogenic
factor and therapeutic target in human immunodeficiency virus type 1 disease. J.
Virol. 74:184-192.

Schramm, B., M.L. Penn, E.H. Palacios, R.M. Grant, F. Kirchhoff, and M.A.
Goldsmith. 2000. Cytopathicity of human immunodeficiency virus type 2 (HIV-2)
in human lymphoid tissue is coreceptor dependent and comparable to that of HIV-
1. J Virol 74:9594-9600.

Eckstein, D.A., M.L. Penn, Y.D. Korin, D.D. Scripture-Adams, J.A. Zack, J.F.
Kreisberg, M. Roederer, M.P. Sherman, P.S. Chin, and M.A. Goldsmith. 2001.
HIV-1 actively replicates in naive CD4(+) T cells residing within human
lymphoid tissues. Immunity 15:671-682.

Roederer, M., P.A. Raju, D.K. Mitra, and L.A. Herzenberg. 1997. HIV does not
replicate in naive CD4 T cells stimulated with CD3/CD28. J. Clin. Invest.
99:1555-1564.

Picker, L.J., J.R. Treer, B. Ferguson-Darnell, P.A. Collins, D. Buck, and L. W.
Terstappen. 1993. Control of lymphocyte recirculation in man. I. Differential
regulation of the peripheral lymph node homing receptor L-selection on T cells
during the virgin to memory cell transition. J. Immunol. 150:1105-1121.

Adachi, A., H.E. Gendelman, S. Koenig, T. Folks, R. Willey, A. Rabson, and
M.A. Martin. 1986. Production of acquired immunodeficiency syndrome-

117

- —eSEREE
S K






associated retrovirus in human and nonhuman cells transfected with an infectious
molecular clone. J. Virol. 59:284-291.

-t

139. van Rij, R.P, H. Blaak, J.A. Visser, M. Brouwer, R. Rientsma, S. Broersen, A.M.
de Roda Husman, and H. Schuitemaker. 2000. Dirrerential coreceptor expression

allows for independent evolution of non-synctium-inducing and syncytium-
inducing HIV-1. J. Clin. Invest. 106:1039-1052.

140. Scoggins, R.M,, J.R. Taylor, Jr., J. Patrie, A.B. van't Wout, H. Schuitemaker, and
D. Camerini. 2000. Pathogenesis of primary R5 human immunodeficiency virus
type 1 clones in SCID-hu mice. J. Virol. 74:3205-3216.

141. Berkowitz, R.D., A.B. van't Wout, N.A. Kootstra, M.E. Moreno, V.D. Linquist-
Stepps, C. Bare, C.A. Stoddart, H. Schuitemaker, and J.M. McCune. 1999. RS
strains of human immunodeficiency virus type 1 from rapid progressors lacking
X4 strains do not possess X4-type pathogenicity in human thymus. J. Virol.
73:7817-7822.

142.  McCune, J.M., R. Namikawa, H. Kaneshima, L.D. Shultz, M. Lieberman, and I.L.
Weissman. 1988. The SCID-hu mouse: murine model for the analysis of human
hematolymphoid differentiation and function. Science 241:1632-1639.

143. Bonyhadi, M.L., L. Rabin, S. Salimi, D.A. Brown, J. Kosek, J.M. McCune, and
H. Kaneshima. 1993. HIV induces thymus depletion in vivo. Nature 363:728-732.

144. Mariani, R., S. Wong, L.C. Mulder, D.A. Wilkinson, A.L. Reinhart, G. LaRosa,
R. Nibbs, T.R. O'Brien, N.L. Michael, R.I. Connor, M. Macdonald, M. Busch,
R.A. Koup, and N.R. Landau. 1999. CCR2-64I polymorphism is not associated
with altered CCRS expression or coreceptor function. J. Virol. 73:2450-2459.

145. de Roda Husman, A.M., R.P. van Rij, H. Blaak, S. Broersen, and H.
Schuitemaker. 1999. Adaptation to promiscuous usage of chemokine receptors is
not a prerequisite for human immunodeficiency virus type 1 disease progression.
J. Infect. Dis. 180:1106-1115.

146. Blaak, H., M. Brouwer, L.J. Ran, F. de Wolf, and H. Schuitemaker. 1998. In vitro
replication kinetics of human immunodeficiency virus type 1 (HIV-1) variants in
relation to virus load in long-term survivors of HIV-1 infection. J. Infect. Dis.
177:600-610.

147. Perelson, A.S., A.U. Neumann, M. Markowitz, J.M. Leonard, and D.D. Ho. 1996.
HIV-1 dynamics in vivo: virion clearance rate, infected cell life-span, and viral
generation time. Science 271:1582-1586.

148. Wei, X., S.K. Ghosh, M.E. Taylor, V.A. Johnson, E.A. Emini, P. Deutsch, J.D.
Lifson, S. Bonhoeffer, M.A. Nowak, B.H. Hahn, and et al. 1995. Viral dynamics
in human immunodeficiency virus type 1 infection. Nature 373:117-122. \

118



i

it W

i

R




149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Ho, D.D., A.U. Neumann, A.S. Perelson, W. Chen, J.M. Leonard, and M.
Markowitz. 1995. Rapid turnover of plasma virions and CD4 lymphocytes in 5
HIV-1 infection. Nature 373:123-126. !

Saksela, K., E. Muchmore, M. Girard, P. Fultz, and D. Baltimore. 1993. High
viral load in lymph nodes and latent human immunodeficiency virus (HIV) in
peripheral blood cells of HIV-1-infected chimpanzees. J Virol 67:7423-74217.

Pantaleo, G., C. Graziosi, J.F. Demarest, L. Butini, M. Montroni, C.H. Fox, J.M.
Orenstein, D.P. Kotler, and A.S. Fauci. 1993. HIV infection is active and
progressive in lymphoid tissue during the clinically latent stage of disease. Nature _
362:355-358. 3

Embretson, J., M. Zupancic, J.L. Ribas, A. Burke, P. Racz, K. Tenner-Racz, and
A.T. Haase. 1993. Massive covert infection of helper T lymphocytes and
macrophages by HIV during the incubation period of AIDS. Nature 362:359-362.

Li, Q., L. Duan, J.D. Estes, Z.M. Ma, T. Rourke, Y. Wang, C. Reilly, J. Carlis,
C.J. Miller, and A.T. Haase. 2005. Peak SIV replication in resting memory CD4+
T cells depletes gut lamina propria CD4+ T cells. Nature 434:1148-1152.

Mattapallil, J.J., D.C. Douek, B. Hill, Y. Nishimura, M. Martin, and M. Roederer.
2005. Massive infection and loss of memory CD4+ T cells in multiple tissues
during acute SIV infection. Nature 434:1093-1097.

Guadalupe, M., E. Reay, S. Sankaran, T. Prindiville, J. Flamm, A. McNeil, and S.
Dandekar. 2003. Severe CD4+ T-cell depletion in gut lymphoid tissue during
primary human immunodeficiency virus type 1 infection and substantial delay in
restoration following highly active antiretroviral therapy. J Virol 77:11708-11717.

Veazey, R.S., M. DeMaria, L.V. Chalifoux, D.E. Shvetz, D.R. Pauley, H.L.
Knight, M. Rosenzweig, R.P. Johnson, R.C. Desrosiers, and A.A. Lackner. 1998.
Gastrointestinal tract as a major site of CD4+ T cell depletion and viral replication
in SIV infection. Science 280:427-431.

Zhang, Z., T. Schuler, M. Zupancic, S. Wietgrefe, K.A. Staskus, K.A. Reimann,
T.A. Reinhart, M. Rogan, W. Cavert, C.J. Miller, R.S. Veazey, D. Notermans, S.
Little, S.A. Danner, D.D. Richman, D. Havlir, J. Wong, H.L. Jordan, T.W.
Schacker, P. Racz, K. Tenner-Racz, N.L. Letvin, S. Wolinsky, and A.T. Haase.
1999. Sexual transmission and propagation of SIV and HIV in resting and
activated CD4+ T cells. Science 286:1353-1357.

Spina, C.A., T.J. Kwoh, M.Y. Chowers, J.C. Guatelli, and D.D. Richman. 1994.
The importance of nef in the induction of human immunodeficiency virus type 1
replication from primary quiescent CD4 lymphocytes. J Exp Med 179:115-123.

Miller, M.D., M.T. Warmerdam, I. Gaston, W.C. Greene, and M.B. Feinberg. *
1994. The human immunodeficiency virus-1 nef gene product: a positive factor Y

119






160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

for viral infection and replication in primary lymphocytes and macrophages. J
Exp Med 179:101-113.

Kestler, H. W, 3rd, D.J. Ringler, K. Mori, D.L. Panicali, P.K. Sehgal, M.D.
Daniel, and R.C. Desrosiers. 1991. Importance of the nef gene for maintenance of
high virus loads and for development of AIDS. Cell 65:651-662.

Deacon, N.J., A. Tsykin, A. Solomon, K. Smith, M. Ludford-Menting, D.J.
Hooker, D.A. McPhee, A.L. Greenway, A. Ellett, C. Chatfield, V.A. Lawson, S.
Crowe, A. Maerz, S. Sonza, J. Learmont, J.S. Sullivan, A. Cunningham, D.
Dwyer, D. Dowton, and J. Mills. 1995. Genomic structure of an attenuated quasi
species of HIV-1 from a blood transfusion donor and recipients. Science 270:988-
991.

Garcia, J.V., and A.D. Miller. 1991. Serine phosphorylation-independent
downregulation of cell-surface CD4 by nef. Nature 350:508-511.

Aiken, C., J. Konner, N.R. Landau, M.E. Lenburg, and D. Trono. 1994. Nef
induces CD4 endocytosis: requirement for a critical dileucine motif in the
membrane-proximal CD4 cytoplasmic domain. Cell 76:853-864.

Schwartz, O., V. Marechal, S. Le Gall, F. Lemonnier, and J.M. Heard. 1996.
Endocytosis of major histocompatibility complex class I molecules is induced by
the HIV-1 Nef protein. Nat Med 2:338-342.

Hrecka, K., T. Swigut, M. Schindler, F. Kirchhoff, and J. Skowronski. 2005. Nef
proteins from diverse groups of primate lentiviruses downmodulate CXCR4 to
inhibit migration to the chemokine stromal derived factor 1. J Virol 79:10650-
10659.

Michel, N., I. Allespach, S. Venzke, O.T. Fackler, and O.T. Keppler. 2005. The
Nef protein of human immunodeficiency virus establishes superinfection
immunity by a dual strategy to downregulate cell-surface CCRS and CD4. Curr
Biol 15:714-723.

Swigut, T., N. Shohdy, and J. Skowronski. 2001. Mechanism for down-regulation
of CD28 by Nef. Embo J 20:1593-1604.

Wolf, D., V. Witte, B. Laffert, K. Blume, E. Stromer, S. Trapp, P. d'Aloja, A.
Schurmann, and A.S. Baur. 2001. HIV-1 Nef associated PAK and PI3-kinases
stimulate Akt-independent Bad-phosphorylation to induce anti-apoptotic signals.
Nat Med 7:1217-1224.

Geleziunas, R., W. Xu, K. Takeda, H. Ichijo, and W.C. Greene. 2001. HIV-1 Nef
inhibits ASK1-dependent death signalling providing a potential mechanism for
protecting the infected host cell. Nature 410:834-838.

120







170. Simmons, A., V. Aluvihare, and A. McMichael. 2001. Nef triggers a
transcriptional program in T cells imitating single-signal T cell activation and
inducing HIV virulence mediators. Immunity 14:763-777.

171.  Schrager, J.A., and J.W. Marsh. 1999. HIV-1 Nef increases T cell activation in a
stimulus-dependent manner. Proc Natl Acad Sci U S A 96:8167-8172.

172. Fenard, D., W. Yonemoto, C. de Noronha, M. Cavrois, S.A. Williams, and W.C.
Greene. 2005. Nef is physically recruited into the immunological synapse and
potentiates T cell activation early after TCR engagement. J Immunol 175:6050-
6057.

173.  Wang, J.K,, E. Kiyokawa, E. Verdin, and D. Trono. 2000. The Nef protein of
HIV-1 associates with rafts and primes T cells for activation. Proc Natl Acad Sci
U S A 97:394-399.

174.  Witte, V., B. Laffert, O. Rosorius, P. Lischka, K. Blume, G. Galler, A. Stilper, D.
Willbold, P. D'Aloja, M. Sixt, J. Kolanus, M. Ott, W. Kolanus, G. Schuler, and
A.S. Baur. 2004. HIV-1 Nef mimics an integrin receptor signal that recruits the
polycomb group protein Eed to the plasma membrane. Mol Cell 13:179-190.

175.  Simmons, A., B. Gangadharan, A. Hodges, K. Sharrocks, S. Prabhakar, A. Garcia,
R. Dwek, N. Zitzmann, and A. McMichael. 2005. Nef-mediated lipid raft
exclusion of UbcH7 inhibits Cbl activity in T cells to positively regulate
signaling. Immunity 23:621-634.

176. Marodon, G., N.R. Landau, and D.N. Posnett. 1999. Altered expression of CD4,
CD54, CD62L, and CCRS in primary lymphocytes productively infected with the
human immunodeficiency virus. AIDS Res Hum Retroviruses 15:161-171.

177. Mascola, J.R., M.K. Louder, C. Winter, R. Prabhakara, S.C. De Rosa, D.C.
Douek, B.J. Hill, D. Gabuzda, and M. Roederer. 2002. Human immunodeficiency
virus type 1 neutralization measured by flow cytometric quantitation of single-
round infection of primary human T cells. J Virol 76:4810-4821.

178.  Chen, B.K., R.T. Gandhi, and D. Baltimore. 1996. CD4 down-modulation during
infection of human T cells with human immunodeficiency virus type 1 involves
independent activities of vpu, env, and nef. J Virol 70:6044-6053.

179. Collins, K.L., B.K. Chen, S.A. Kalams, B.D. Walker, and D. Baltimore. 1998.
HIV-1 Nef protein protects infected primary cells against killing by cytotoxic T
lymphocytes. Nature 391:397-401.

180. Stoddart, C.A., R. Geleziunas, S. Ferrell, V. Linquist-Stepps, M.E. Moreno, C.
Bare, W. Xu, W. Yonemoto, P.A. Bresnahan, J.M. McCune, and W.C. Greene.
2003. Human immunodeficiency virus type 1 Nef-mediated downregulation of

CD4 correlates with Nef enhancement of viral pathogenesis. J Virol 77:2124-
2133.

121



I
.
N
t
b
s
.
-
-~

NN O

-y
e v
.
N
Y
v
o w e
;
N t
k!
- B
.




181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Bahbouhi, B., A. Landay, and L. Al-Harthi. 2004. Dynamics of cytokine
expression in HIV productively infected primary CD4+ T cells. Blood 103:4581-
4587.

Cameron, P.U., S.D. Hunter, D. Jolley, S. Sonza, A. Mijch, and S.M. Crowe.
1998. Specificity of binding of HIV-1 anti-p24 antibodies to CD4+ lymphocytes
from HIV-infected subjects. Cytometry 33:83-88.

Kux, A., S. Bertram, F.T. Hufert, H. Schmitz, and D. von Laer. 1996. Antibodies
to p24 antigen do not specifically detect HIV-infected lymphocytes in AIDS
patients. J Immunol Methods 191:179-186.

Steffens, C.M., E.Z. Managlia, A. Landay, and L. Al-Harthi. 2002. Interleukin-7-
treated naive T cells can be productively infected by T-cell-adapted and primary
isolates of human immunodeficiency virus 1. Blood 99:3310-3318.

Cavalieri, S., S. Cazzaniga, M. Geuna, Z. Magnani, C. Bordignon, L. Naldini, and
C. Bonini. 2003. Human T lymphocytes transduced by lentiviral vectors in the
absence of TCR activation maintain an intact immune competence. Blood
102:497-505.

Unutmaz, D., V.N. KewalRamani, S. Marmon, and D.R. Littman. 1999. Cytokine
signals are sufficient for HIV-1 infection of resting human T lymphocytes. J Exp
Med 189:1735-1746.

Ducrey-Rundquist, O., M. Guyader, and D. Trono. 2002. Modalities of
interleukin-7-induced human immunodeficiency virus permissiveness in quiescent
T lymphocytes. J Virol 76:9103-9111.

Willey, R.L., F. Maldarelli, M.A. Martin, and K. Strebel. 1992. Human
immunodeficiency virus type 1 Vpu protein induces rapid degradation of CD4. J
Virol 66:7193-7200.

Willey, R.L., F. Maldarelli, M.A. Martin, and K. Strebel. 1992. Human
immunodeficiency virus type 1 Vpu protein regulates the formation of
intracellular gp160-CD4 complexes. J Virol 66:226-234.

Crise, B., L. Buonocore, and J.K. Rose. 1990. CD4 is retained in the endoplasmic
reticulum by the human immunodeficiency virus type 1 glycoprotein precursor. J
Virol 64:5585-5593.

Buonocore, L., and J.K. Rose. 1990. Prevention of HIV-1 glycoprotein transport
by soluble CD4 retained in the endoplasmic reticulum. Nature 345:625-628.

Somasundaran, M., and H.L. Robinson. 1987. A major mechanism of human
immunodeficiency virus-induced cell killing does not involve cell fusion. J Virol
61:3114-3119.

122

“ WIS



-

LR

o



193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Stevenson, M., S. Haggerty, C. Lamonica, A.M. Mann, C. Meier, and A. Wasiak.
1990. Cloning and characterization of human immunodeficiency virus type 1
variants diminished in the ability to induce syncytium-independent cytolysis. J
Virol 64:3792-3803.

Cao, J., .LW. Park, A. Cooper, and J. Sodroski. 1996. Molecular determinants of
acute single-cell lysis by human immunodeficiency virus type 1. J Virol 70:1340-
1354.

Sasaki, M., J. Uchiyama, H. Ishikawa, S. Matsushita, G. Kimura, K. Nomoto, and
Y. Koga. 1996. Induction of apoptosis by calmodulin-dependent intracellular
Ca2+ elevation in CD4+ cells expressing gp 160 of HIV. Virology 224:18-24.

Corbeil, J., M. Tremblay, and D.D. Richman. 1996. HIV-induced apoptosis
requires the CD4 receptor cytoplasmic tail and is accelerated by interaction of
CD4 with p56lck. J Exp Med 183:39-48.

Schols, D, S. Struyf, J. Van Damme, J.A. Este, G. Henson, and E. De Clercq.
1997. Inhibition of T-tropic HIV strains by selective antagonization of the
chemokine receptor CXCR4. J Exp Med 186:1383-1388.

Krautkramer, E., S.I. Giese, J.E. Gasteier, W. Muranyi, and O.T. Fackler. 2004.
Human immunodeficiency virus type 1 Nef activates p21-activated kinase via
recruitment into lipid rafts. J Virol 78:4085-4097.

Crowe, S.M., D.D. Ho, D. Marriott, B. Brew, P.R. Gorry, J.S. Sullivan, J.
Learmont, and J. Mills. 2005. In vivo replication kinetics of a nef-deleted strain of
HIV-1. Aids 19:842-843.

Sattentau, Q.J., A.G. Dalgleish, R.A. Weiss, and P.C. Beverley. 1986. Epitopes of
the CD4 antigen and HIV infection. Science 234:1120-1123.

Hoxie, J.A., J.D. Alpers, J.L. Rackowski, K. Huebner, B.S. Haggarty, A.J.
Cedarbaum, and J.C. Reed. 1986. Alterations in T4 (CD4) protein and mRNA
synthesis in cells infected with HIV. Science 234:1123-1127.

Schubert, U., L.C. Anton, I. Bacik, J.H. Cox, S. Bour, J.R. Bennink, M. Orlowski,
K. Strebel, and J.W. Yewdell. 1998. CD4 glycoprotein degradation induced by
human immunodeficiency virus type 1 Vpu protein requires the function of
proteasomes and the ubiquitin-conjugating pathway. J Virol 72:2280-2288.

Margottin, F., S.P. Bour, H. Durand, L. Selig, S. Benichou, V. Richard, D.
Thomas, K. Strebel, and R. Benarous. 1998. A novel human WD protein, h-beta
TrCp, that interacts with HIV-1 Vpu connects CD4 to the ER degradation
pathway through an F-box motif. Mol Cell 1:565-574.

Piguet, V., F. Gu, M. Foti, N. Demaurex, J. Gruenberg, J.L. Carpentier, and D.
Trono. 1999. Nef-induced CD4 degradation: a diacidic-based motif in Nef

123

T = e > ro~
1>




i
LU !
e
o Y !
[
e
-
Y
o e
W
: !
'
€
- .
e "




205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

functions as a lysosomal targeting signal through the binding of beta-COP in
endosomes. Cell 97:63-73.

Marschner, S., B.A. Freiberg, A. Kupfer, T. Hunig, and T.H. Finkel. 1999.
Ligation of the CD4 receptor induces activation-independent down-regulation of
L-selectin. Proc Natl Acad Sci U S A 96:9763-9768.

Janardhan, A., T. Swigut, B. Hill, M.P. Myers, and J. Skowronski. 2004. HIV-1
Nef binds the DOCK2-ELMO1 complex to activate rac and inhibit lymphocyte
chemotaxis. PLoS Biol 2:E6.

Audige, A., E. Schlaepfer, A. Bonanomi, H. Joller, M.C. Knuchel, M. Weber, D.

Nadal, and R.F. Speck. 2004. HIV-1 does not provoke alteration of cytokine gene
expression in lymphoid tissue after acute infection ex vivo. J Immunol 172:2687-
2696.

Hayden, M.S., E.H. Palacios, and R.M. Grant. 2003. Real-time quantitation of
HIV-1 p24 and SIV p27 using fluorescence-linked antigen quantification assays.
Aids 17:629-631.

Zack, J.A., S.J. Arrigo, S.R. Weitsman, A.S. Go, A. Haislip, and 1.S. Chen. 1990.
HIV-1 entry into quiescent primary lymphocytes: molecular analysis reveals a
labile, latent viral structure. Cell 61:213-222.

Stevenson, M., T.L. Stanwick, M.P. Dempsey, and C.A. Lamonica. 1990. HIV-1
replication is controlled at the level of T cell activation and proviral integration.
Embo J 9:1551-1560.

Nishimura, Y., C.R. Brown, J.J. Mattapallil, T. Igarashi, A. Buckler-White, B.A.
Lafont, V.M. Hirsch, M. Roederer, and M.A. Martin. 2005. Resting naive CD4+
T cells are massively infected and eliminated by X4-tropic simian-human
immunodeficiency viruses in macaques. Proc Natl Acad Sci U S A 102:8000-
8005.

Haase, A.T. 1999. Population biology of HIV-1 infection: viral and CD4+ T cell

demographics and dynamics in lymphatic tissues. Annu Rev Immunol 17:625-656.

Spina, C.A., H.E. Prince, and D.D. Richman. 1997. Preferential replication of
HIV-1 in the CD45RO memory cell subset of primary CD4 lymphocytes in vitro.
J Clin Invest 99:1774-1785.

Schnittman, S.M., H.C. Lane, J. Greenhouse, J.S. Justement, M. Baseler, and A.S.

Fauci. 1990. Preferential infection of CD4+ memory T cells by human
immunodeficiency virus type 1: evidence for a role in the selective T-cell
functional defects observed in infected individuals. Proc Natl Acad Sci U S A
87:6058-6062.

124




e,

Vg v




215.

216.

217.

218.

219.

220.

221.

222.

223.

Chou, C.S., O. Ramilo, and E.S. Vitetta. 1997. Highly purified CD25- resting T
cells cannot be infected de novo with HIV-1. Proc Natl Acad Sci U S A 94:1361-
1365. '

Kinter, A., A. Moorthy, R. Jackson, and A.S. Fauci. 2003. Productive HIV
infection of resting CD4+ T cells: role of lymphoid tissue microenvironment and
effect of immunomodulating agents. AIDS Res Hum Retroviruses 19:847-856.

Li, Y.G., Y. Iwabu, J. Warachit, M. Kinomoto, M.S. Ibrahim, S. Tsuji, T. Mukai,
M. Kameoka, K. Tokunaga, T. Sata, and K. Ikuta. 2005. Interleukin-4 up-
regulates T-tropic human immunodeficiency virus type 1 transcription in primary
CD4+ CD38+ T-lymphocyte subset. Microbiol Immunol 49:155-165.

Swingler, S., B. Brichacek, J.M. Jacque, C. Ulich, J. Zhou, and M. Stevenson.
2003. HIV-1 Nef intersects the macrophage CD40L signalling pathway to
promote resting-cell infection. Nature 424:213-219.

Kinter, A.L., G. Poli, L. Fox, E. Hardy, and A.S. Fauci. 1995. HIV replication in
IL-2-stimulated peripheral blood mononuclear cells is driven in an
autocrine/paracrine manner by endogenous cytokines. J Immunol 154:2448-2459.

Kinter, A.L., M. Ostrowski, D. Goletti, A. Oliva, D. Weissman, K. Gantt, E.
Hardy, R. Jackson, L. Ehler, and A.S. Fauci. 1996. HIV replication in CD4+ T
cells of HIV-infected individuals is regulated by a balance between the viral
suppressive effects of endogenous beta-chemokines and the viral inductive effects
of other endogenous cytokines. Proc Natl Acad Sci U S A 93:14076-14081.

Cavrois, M., C. De Noronha, and W.C. Greene. 2002. A sensitive and specific
enzyme-based assay detecting HIV-1 virion fusion in primary T lymphocytes. Nat
Biotechnol 20:1151-1154.

Wu, X., Y. Li, B. Crise, and S.M. Burgess. 2003. Transcription start regions in the
human genome are favored targets for MLV integration. Science 300:1749-1751.

Ribeiro, R.M., M.D. Hazenberg, A.S. Perelson, and M.P. Davenport. 2006. Naive
and memory cell turnover as drivers of CCR5-to-CXCR4 tropism switch in

human immunodeficiency virus type 1: implications for therapy. J Virol 80:802-
809.

125



.
i
“
i
>
ot
-

-8y
3
v
’
¥
L] -
v

A
PR
e
gl
e
a
-,
_om

e e

> Q074

R}




R I / !’H(’j

I\\\\\\\\\\\\\\\\\\\l\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\l\\l .

)
Lotz
N -y
. v .
- - l““]'”’/ 1";'"\
' \ o | ’ -1 o \\»
. .
R : i
. m\--‘”gs \' '
Lo REE e, P ‘ )
s i ——
VO v ;" r .
A R |
v’i , - ‘
.
A L
|
[
vt )
B
L ,
' . ! [
! . § 1 v R
Y
- .v_ "‘ . i
y N )
7 v
{0 ‘ .
.| - l i |
.
o x ‘
' (i
» .
. s .7 ! g ot .
! RRANIREL "'z" i ' - ~ AR \
: A .:.\."‘ 04,, \/“({ / / Huw\u
N P ) K
. ‘ .




A Y
) O\P‘

1 'a L Dl W b & ‘ o~
L & e ) L —~ o> L ‘7 g
LIS RARY \{;:. 2 ‘)/ L’ O}“ E:] %, LIDRARY o E::] ),:)J / r:
¢ Q [: I ‘-) o 3“ (D)% ; - ').’v 04 &
£ I ' o i I : l ~3 SN “, L—J - 7 %y L] o /\ R
% 2 o g C %, S XYVUETFIT % N U §
> &

<
&
3 ¢ s o) c ) X
Q. ‘)" ")1/ ‘\N‘ ’{:1 > - v o \‘11 Y8
Ty, B b, & 5042014 ¢ Foinss 2 ¥ 2 0 i
5, . (T - o IR LN ¢ o ;71‘[! TRUICISCO e =
= Q e s f 7:’.’{,. co f ,-.,‘ ? - e

\ '/
1

\\V,‘ A—/ . : th ’fv’} . 1
= Y A R Ll B R\I\ vy Y \\ﬂ: £y (7’/) ‘7/ :
< '% LI RARY e ] & e,
> o Not to be taken * K
",

S ™
f ‘*77‘.13{’!1 ( E:] c}“* from the room. *’(,, E:] _\\

“© e 4*1

" S/ ‘@,
o5
) » “ s P ~
\ 5 'G'E'ence ] \SVII’Z ‘s(’/z@[ho o
q, =

‘i’ N3

Bae ) -1_/" A li

/'\c a7 o

3 5 LIBP\\.\Y i I
F E:] [ 1% & A
?" ks O, 5

: O »)' ﬂ A & N
3 (o) C (o 5
i C:] “ % T, | ’ \* Ny % & RS ¥
e x\* YW m N U LA X MY HGIT % < i
& £ AUVIAT 3 i //’ g,

R

r G AP A T & bt
Mir, oA ) 4, S % i
o d (“‘""’I‘ ?l‘/'"-l‘/’/’/" 1*\ AC 7 7—:'5 ~f (7 /i.'\) 75”.)1/ ‘./1 ZAS (\'f/ C\,A:"," A
A % ey g B \_S‘ "4/1 QA frincigco & '?p /7 &5 ]
A .8 Sy B WORARY. &%, e R el
& S 0 & v s° g G
I & CJ a8 o, r-“j e o o [
| 0 ] & U, — S AUVUEIT T,
Z/ (' /‘r"&; N AUVYLIT %, & ¢/ C %, o "y
= L TR ™ 1, W £ Pl Wi 171 1 S
i . ’ 2 - YRR 17;1° i Cg ~ 1N L0 3 0"5 ¢ t ¢
Q",‘!,’/ 7"‘2/‘1(:,&".‘0 \A(\ 17" 02 = e leASD o 04?" .Z./[' TuiHL {d‘ Q0 \‘_‘(\ 171(, /7 »‘3"}
= = 7 y & 7> a (] -
AN O & P *ARY X & 7 3
> & £y / & 2 o
LIBRARY ¢ [::] N Q/Z_J N C] ,)}o LIBRARC & [::j % S =D & L
o A‘x 7 d‘ 1\ (o) o)
T ——— ,;3 0 [j [:D ~ + I l K ~
7 s < 2 Y, La_) o -
= L_r_J ~.,\\Jr> rz / C (/Jr!—_,, qf"\ Y \T\d g1 (, »{\ 7 [ C J“’.), & AN Y
A ~ 4 \L\ ? /s N
‘),/.»" > l/t’ \_\\ i 3 / g 1/ \“:b ) 1 ,>‘ \::'\ (’.7.7,1-7 Jags ’/“
= g 4 ) 2.5 o fai N francisco g -
" S'<f:/ C./ ’l 7 lzr ICI rfo .\\T A?,’,é £ ot ! 1-0 ‘ W' .
Bl 7S - o (o) ‘7 "’ < 77 :

2 - S & 4> A & s 7 A
Y LIBRARY Fieyv, / 2-’ o [::] KB i T
P i : % % ¢ Q. rJ'
o L::J*qm o O o T s T

.4 < <, Cj <, o C .
A f l"l N [C J"*»i, .bos,\ Advy g1 /'00,9 & L/ ‘ ’.,»,"1
/p = 24, A > g s
4 o (Y 't/) {\‘ \> i~ .
e ‘,‘. o T 0S1uBLf Up N francicco
.-"“_ e % (/ ey STt " &8
; é - % Qinfrancigo o 4, \» , -

,

g 1) s:}:':] %, LIBRA&Y fﬁ:j 8 972.: \“OC-:] ‘1’/» LIBRARY \\"79; il

J ’O,,( l::] " Q,( ‘\"p ooy ¥

v, L] f mﬂmn % L @ <UC %, xzna\dz‘n «OE:J i
v s

o » S
& 40 Ll
> o % _bO 7, N 1, & ¥ '
= ot 1, Na ’1/0 Q‘\ Z ,A\ p—
b o XYz, i3 s 4 . : 0IS1UY-L 1/2 N s
Ly i,‘k/ 0.7 ! e/ 1 'ASD ‘\(\.(/4, &Yilﬁ{?”(:l&co \\\Y' 1,/43 \ \__\,A 1\ .
& IS i (] Q 73 & (o) oy
. d; \p) &, Q A
e ?,f,) . 9 7 , \’\q@ PJ}’} LiBRARY dg“ ED J/)‘:) 9 / L’ E::] J‘/f LB Ry
=l A & Ll % « % [
-l o ’r “© & %, S Q’(
it i —f‘/(r,, E:] Q“\ A V—N g1 4//, Cj Q_f-}‘\ /"‘&_, [j:’;")\ AY ‘\d g1 /‘Op
(I 2 “’2, .bo\ - O,l, \\\‘V /7/4' o iy -~ 4/1 :
/1,7 _‘\\\; C Ty ‘)I /7/21 /4 \)‘:\ ~ - 1 F '2. c’.)::‘Iv‘i/(: '-‘{/'l’/‘ ‘S-/ .._.\‘
/‘ f ’[‘.- / /‘ Q‘l"/ IJ “ 4 T\\ 04, d/l/ d/ff(gfco \Y\Q /1", * AL *.*\'
. f % / T 5 \‘*"* %, LIBRARY Pt s 8 e
Ll i-’; RARY & /)"o [:'j 78 \) E:l v, & i
2 . Eil 0”:)‘ LrJ 9’04 I::J 5 D 0{(1“ l : ‘ & LAV
e N c"( [C’ %«b @ )0 vid l'l %, o»,\ a5 /C' b Pt |
'(:f, \_,;:J , i 1’,; \5“\ ) ',\’ Mo
R TOR &) . % N 008t :g /2/1753 S » - i
\ FREN P f, HE 2 ~ & -
L e, CS S [T /L;(.O N 141, o 4,L % L IOL B ,\C}\ /16;,, Y
P ) F N ',/1“ “ Q-‘ 4 -

o &
2% %5,

\Q’ - 7, ik )

, Q_;; { v __] ‘-?.‘,)A LIBRARY “J&O E:] ’2,:) " 47 / 2..9 \o*}\q\ LJ l /,*O»Ll B?-A F{_Y:\;._& [,_:] )t:)-r‘ ) ‘r_x

‘\" e OK.V I—‘r‘_ ] «*o 04// Cj ,:{7' ABVY a1 Q,(/ L:j .:»,\\* rd/(' %,
AUVAYIT % & f‘Z[C N U ’« Gt

),
A NS ?
G %, o S :

/T Ay Yyprsp e Ty e ok
LT S . 2 A Ay RS SN [Tt CLCC0 a
SR 4// 7o SR L WS NPT T o e W TR T o








