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Abstract

THE ROLE OF FOLLICULAR DENDRITIC CELLS IN HUMAN
IMMUNODEFICIENCY VIRUS PATHOGENESIS

Sonya Lynn Heath, M.S.

A thesis submitted in partial fulfillment of the
requirements for the degree of Master of Science at Virginia
Commonwealth University.

Virginia Commonwealth University, 1995.

Major Director: Dr. Gregory F. Burton Ph.D., Assistant
Professor, Department of Microbiology and Immunology

Infection with Human Immunodeficiency Virus-1(HIV)
results in a disease process characterized by three stages: an
acute phase characterized by viremia, a clinically 1latent
stage with little or no detection of virus in the blood, and
the last stage, AIDS, which is characterized by marked
immunodeficiency. During clinical latency, CD4+ T cells
decline over a period lasting from a few to several years.
Throughout this period, HIV is found trapped on the surface of
follicular dendritic cells(FDC) in the germinal centers of
secondary lymphoid tissues and this is the primary site of
active viral replication. We hypothesize that FDC, and the
unique microenvironment they help provide, play a critical
role in HIV pathogenesis. The objective of these studies was

to begin to characterize the role of FDC in HIV pathogenesis
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by determining if HIV immune complexes trapped on FDC are
infectious.

To begin to test this, HIV(IIIB) immune complexes were
formed by incubating virus with serum from HIV infected
individuals as a source of virus-specific antibody. Highly
enriched tonsilar FDC (from non-infected individuals)were then

incubated with these HIV-complexes to allow FDC trapping in
vitro. HIV Dbinding to FDC was confirmed by electron

microscopy (EM) . Unbound HIV was removed by washing the cells
and FDC bearing HIV immune complexes or control FDC were
cultured for four days with superantigen activated, FACS
sorted, autologous CD4+ tonsilar T lymphocytes to determine if
the T cells could be infected by the FDC trapped virus. HIV

infection was detected using PCR amplification of proviral gag

sequences that would be present in DNA isolated from the

cultures. To ensure that our 1in vitro cultures were
representative of in vivo events, we used a Xenogeneic model

where HIV immune complexes were formed and trapped on murine

FDC in vivo. Immune complexes were formed by injection of

virus-specific antibody followed by HIV (IIIB). Murine FDC
bearing HIV trapped in vivo were isolated and incubated with
activated human CD4+ T cells as the only source of virus for

infection. Infection was assessed as before. HIV infection of
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T cells was detected in cultures containing FDC bearing HIV

immune complexes trapped in vitro whereas no infection was
detected in controls. Furthermore, murine FDC bearing in vivo

trapped HIV immune complexes also infected human CD4+ T cells.

In some in vivo experiments, HIV immune complexes were

formed wusing a neutralizing antibody that could Dblock
infection. FDC bearing these neutralized HIV immune complexes
also transmitted infection to T cells. This prompted the
hypothesis that FDC may be able to negate the effects of
neutralizing antibody. To test this, we formed HIV immune
complexes with several doses (picogram to milligram) of
neutralizing antibody and cultured these with T cells + FDC.
No infection was present in cultures of immune complexes and
T cells without FDC, however, infection was clearly seen when
FDC were added. Furthermore, neither macrophages, dendritic
cells, nor FDC depleted populations of tonsilar cells could
replace FDC in negating the effect of neutralizing antibody
and this effect could be observed with different neutralizing
antibodies and several strains of virus including a primary
isolate.

These data indicate that FDC associated HIV is infectious
and that FDC can negate the effects of high 1levels of
neutralizing antibody thus permitting infection to occur.

This finding may help explain why HIV infected individuals
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with neutralizing antibody still have ongoing infection. In
addition, this data may cause us to reshape our thinking about
vaccination and treatment strategies. Finally, this work

supports our hypothesis that FDC play an important role in HIV

pathogenesis.



Background & Significance

Human Immunodeficiency Virus

Human immunodeficiency virus (HIV), is the etiologic
agent of acquired immunodeficiency syndrome (AIDS) [1]. It is a
member of the lentivirus subfamily of retroviruses.
Retroviruses are characterized by their ability to convert
their RNA genome into DNA and then integrate this DNA
(referred to as the provirus) into the host cells’ genome.
Viruses within the lentivirus subfamily are associated with
slow progressing, inflammatory and degenerative disorders. HIV
is a blood borne and/or mucosal pathogen, that is transmitted
by sexual contact, parenteral exposure to blood (mostly by
intravenous drug users), and from mother to child during
pregnancy and at parturition. There currently is no effective

treatment or cure for AIDS[1].

Virus Life Cycle

The life cycle of HIV closely follows that of all other
members of the lentivirus family. It begins by virus binding
to host cell receptors. In the case of HIV this binding is

mediated by gpl20 on the surface of the viral envelope. Gpl20
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attaches to the CD4 molecule of the target cell, the T helper
lymphocyte[2-4]. Following receptor binding, the virus
penetrates the cell membrane and uncoating of the virus
envelope and nucleocapsid occurs in the cytoplasm. After
uncoating inside an activated host cell, virion associated
reverse transcriptase reverse transcribes viral RNA into
double stranded DNA and virally encoded integrase allows the
integration of the provirus into the host’s genome. Once
integration has occurred, HIV can remain latent in the
proviral integrated stage or alternatively be actively
replicated(l]. In the latter instance, cellular transcription
events cause expression of the viral regulatory proteins. HIV
ends its life cycle by budding out of the host cell’s plasma

membrane where it acquires a lipid envelope.

Latency

Both clinical and virological latency play important
roles in the persistence of HIV infection. Clinical latency
is defined as the period of disease which 1is primarily
asymptomatic (discussed under the heading ‘“stages of
disease”)[1]. In contrast, virological latency refers to the
state of integrated provirus within a cell that 1is not

actively expressing viral proteins or replicating virus(l].
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Evidence that a state of virological latency exists and that
the majority of integrated proviruses are silent comes from
two observations. Schmittman et.al. found that in the
peripheral blood there is a 10 fold higher frequency of CD4+
cells with detectable HIV DNA compared to cells actually
expressing HIV RNA or viral proteins([5]. Similar findings
were also reported by Embretson et.al.[6]. She found a
higher frequency of cells with HIV DNA than HIV RNA in
lymphoid tissue. This state of viral latency provides a
reservoir of latently infected cells which upon activation
produce HIV. Once HIV has integrated into the host cell’s
genome, 1its expression depends mostly on host activation
signals, host cell machinery, sequences within the HIV genome,
and various viral proteins. To fully understand the mechanisms
involved in viral replication, an understanding of the viral

genome 1is needed.

Viral Genome

The genome of HIV contains the three prototypic genes of
lentiviruses, gag, pol, and env as well as additional genes
encoding regulatory and accessory proteins (i.e., tat, rev,
nef, vpr, vpu and vif). These genes are flanked on either side

by long terminal repeats (LTR). HIV genes can be divided into:
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1) early genes - nef, tat, and rev; and late genes - gag, pol,

vif, vpr, and vpu.

Early genes:

NEF, first named negative factor because it was thought
to down regulate replication[7-9], has recently been linked
with increasing viral replication. nef mutants of Simian
Immunodeficiency Virus (SIV) demonstrated that the gene
product was essential for high viral replication and the
development of Simian AIDS[10]. In addition, NEF down
regulates CD4 expression on helper T cells[11,12]. This
feature has been shown with SIV [13] and primary isolates of
HIV[11]. The mechanism of downregulation of CD4 occurs at the
post transcriptional 1level[l14]. NEF functions by causing
endocytosis and degradation of CD4. In addition, NEF causes
displacement of p56!Y*(a tyrosine kinase) from CD4. When p56%*
is phosphorylated, it triggers T cell activation resulting in
IL-2 production and cell proliferation. Down regulation of CD4
is important in that it prevents multiple infection of the
same cell leading to a state of super-infection. Were this to
occur, the resulting multiple copies of unintegrated DNA could
be toxic. In this manner, NEF is thought to increase the life

of virally infected cells.
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TAT, the transactivator, is encoded by two exons that are
separated from each other by much of the env gene. Since the
gene is in a different reading frame than env, its expression
requires both splicing of the tat transcript and a frameshift
by the ribosome to be translated in the proper reading frame.
Although the exact mechanism of its action is unknown, TAT
activates transcriptional initiation of the viral genes. In
the presence of TAT there is an increase in the number of full
length viral mRNA transcripts. Without TAT, the HIV promoter
produces many short viral transcripts that correspond to the
Tar RNA stemloop structure that will be described later (see
LTR) [15]). Taken together, this suggests that TAT may play a
role as an anti-terminator of transcription[16,17].

REV, the regulator of expression of the wvirion, controls
the temporal expression of the early and late genes. It
increases expression of virion genes while decreasing
expression of regulatory genes[18,19]. REV takes advantage of
the fact that early gene products are translated from multiply
spliced mRNA’s while late gene products are the result of
unspliced or singly spliced mRNA’s. In the absence of REV,
mRNA’s remain in the nucleus. They are either degraded there
or are multiply spliced before being transported to the

cytoplasm to generate the early gene products[l18]. On the
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other hand, when enough REV has been generated, it will bind
to the RRE, rev response element in the env sequence of the
mRNA resulting in transport of the mRNA to the cytoplasm. This
prevents further splicing and allows translation of the late
genes[19]. REV provides additional mechanisms for maintaining
latency. Latently infected cells, in some cases, may not have
accumulated enough REV to begin production of infected
virions[20]. There are also cellular proteins which can bind
the RRE and block binding of REV. One of these is induced by
interferon (INF) which is known to prevent HIV
replication([21]. These mechanisms suggest that REV plays an

important role in regulating HIV latency and activation.

Late genes:

Once sufficient REV has accumulated, the late genes of
HIV are expressed and the virus can begin to make new virions.
This requires the use of the three main late genes: gag, pol,
and env.

gag, the group specific antigen, encodes the core protein
or capsid which encloses the viral RNA. GAG, is translated as
a polyprotein Pr55 which is cleaved into the matrix, capsid,
and nucleocapsid proteins[22]. The matrix protein, or pl7, is

a component of the inner surface of the virion lipid bilayer
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and the core structure. As such, it plays a role in virus
assembly and virus entry [23]. The capsid protein, p24, is
the major component of the cone shaped core structure which
encloses the two strands of wviral RNA. Finally the
nucleocapsid proteins, p9 and p6, associate with the viral RNA
and this 1is believed to be a recognition signal for packaging
of the RNA into a new virion[24]. In addition to GAG,
sometimes a GAG/POL fusion protein 1is produced during
translation. This occurs when the ribosome "“slips back” one
nucleotide, changing to the pol reading frame. Since it takes
many GAG precursors (approximately 1500) to make the core,
which encloses the two strands of viral RNA, and only requires
a few polymerase molecules for assembly, ribosomal
frameshifting to produce POL only occurs at a frequency of 1
in 20 times.

pol encodes the virus specific enzymes: protease, reverse
transcriptase (RT), and integrase. The function of virally
encoded protease is to cleave the GAG and POL precursors into
their various subunits. Protease is released by autoprocessing
events and then is able to cleave the other subunits [25-28].
RT has both RNA and DNA dependent DNA polymerase activities.
These activities allow the virus to reverse transcribe RNA

into DNA and to copy DNA [29,30]. In addition, RT has RNase
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H activity which degrades the RNA strand of the RNA-DNA
hybrid[31,32]. This 1is necessary to produce the double
stranded DNA provirus. Finally, the function of HIV integrase
is to insert or 1integrate the proviral DNA into the host
cells’ genome[33,34]. Integrase binds to cellular DNA[35],
knicks it using its endonuclease activity[35], integrates the
provirus, and recombines the strands([29,36-38].

env encodes the viral envelope proteins comprising gpl60.
The product of env is brought to the surface of the virus
particle where a cellular enzyme cleaves the major product,
gpl60, into 1its components gpl20, the surface marker
responsible for binding CD4 on host cells, and gp4l, the
transmembrane region which plays a major role in virus-host
cell membrane fusion events.

The genes gag, pol, env, tat, and rev, are essential and
the virus is unable to replicate unless these gene products
are functional. In contrast, the gene products nef, vif, vpr,
and vpu are not essential for replication but are crucial for
maintaining viral spreading.

vif, the virion infectivity factor, encodes a protein
which increases infectivity of the virus. vif mutants produce
virus which infects cells a thousand times less efficiently

than virus with wild type vif. Furthermore, vif mutants are
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unable to completely synthesize proviral DNA[30]. It is
believed that VIF plays a role in uncoating the virus and
disrupting the core thus allowing cofactors of RT to enter.

The exact function of VPR, viral protein r, is not known.
It has been implicated as: a weak transactivator of the HIV
LTR; a transporter of the nucleocapsid to the nucleus; and an
inducer of differentiation and growth arrest[39]. Recent data
suggests that VIF induces growth arrest of infected cells at
the G2 phase of the cell cycle which may play a role in
modulating viral persistence[39]. G2 arrest is advantageous to
the virus for several reasons. G2 arrest allows proviral
integration (which occurs in the S phase of the cell cycle)
and expression of the virus; it increases viral products; it
prevents reentry of cells into the GO phase of the cell cycle;
and it may prevent apoptosis(oral presentation, Keystone
Conference) .

The function of the viral protein, VPU still remains
largely unknown. VPU is associated with disrupting gpl20 from
CD4[40,41]), and releasing HIV particles[42] but it is not
incorporated into new virions. The genome of HIV is more
complex than that of most lentiviruses and each protein plays
a subtle yet important role in promoting and maintaining viral

infection.
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Long terminal repeat:

The LTR can be divided into three regions based on their
regulatory function: 1)the core, 2) the modulatory region, and
3) the TAR elements. Within the LTR, sequences exists which
initiate or suppress transcription. These sequences are the
target of multiple cellular factors which are further
influenced by cellular activation and differentiation of
macrophages and lymphocytes, and by the presence of cytokines.
In this way, HIV has linked its expression with its host cells
regulation.

The core contains binding sites including SP1 and the

TATA binding factor. SPl acts as a strong transcriptional
activator. The TATA  box facilitate initiation of
transcription when bound by cellular RNA polymerase II. The

TATA box within the LTR may also bind LBP-1 (leader binding
protein) [43]. This interaction actually blocks the binding of
polymerase to the TATA box thereby preventing transcription
initiation(44]. It is unknown whether other factors can
override the effects of LBP-1 but nevertheless it contributes
to virological latency.

The modulatory region dictates the rate at which
transcription occurs. It also contains sequences which are

targets for cellular factors. The binding sites of the
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modulatory region include activator protein-1 (AP-1), chicken
ovalbumin upstream promoter (Coup), nuclear factor of

activated T cells (NF-AT), upstream stimulatory factor (USF),T

cell factor-1 a, and nuclear factor kappa B (NF-xB). NF-AT and

NF-kB are of particular importance because they are induced by
activation of T helper cells. Resting T cells have an

inhibitor kappa B protein (IkB) which is bound to cytoplasmic
NF-xkB. Upon activation of the T cell, by antigen or cytokines

such as TNF-a, NF-xB dissociates from the inhibitor and NF-kB
is transported to the nucleus. Subsequent binding of NF-kB to
its binding site results in expression of cellular genes
including IL-2R. NF-xB also binds to the region within the
LTR of integrated proviral DNA and enhances transcription of
the virus. The virus is able to rest in the cell until it
becomes activated and begins replication. The variety of
stimuli which induce Nf-kB also provide the signal required
for reactivation of latent infection.

Alternatively, binding to the USF results in decreased
HIV expression. This sequence resides in the negative
regulatory binding factor binding site[45]. Deletions of this
binding site result in increased expression of HIV further

supporting its role as a down regulator of transcription([46].
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Binding sites for AP-1, COUP, and T-cell factor-1 o are even
further upstream. In a similar manner, however, deletion of
this region results in increased expression suggesting once
again that these areas of the LTR may be part of the negative
regulatory sequence[47]. All of these sites probably
contribute to maintaining proviral latency.

The last region of the HIV LTR is the TAR. Regulation in
this region is dictated, not by cellular proteins, but by the
viral protein TAT. Newly synthesized TAR RNA forms a stable
stem loop structure which 1is then able to bind TAT.
Expression of TAT and its binding to TAR results in an
increase in viral expression([48]. Although the binding of TAT
to TAR is essential, cellular proteins also aid in securing
the TAR stem loop by binding to it. The absence of these
proteins can decrease TAT induced transcription.

Along with transcriptional regulation, HIV has also
developed a mechanism of post transcriptional regulation. This
is imperative since the virus (which is less than 10 kb 1in
length) expresses at least nine different genes resulting from
overlapping reading frames and alternative splicing.
Furthermore, the relative amounts of these gene products

needed to produce a new virion are different for each product.
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Structure:

The structure of HIV includes an inner nuclear core which
contains two copies of positive polarity, single stranded,
sense viral RNA which is enclosed by a capsid composed of gag
encoded proteins. The inner nuclear core is encompassed by an
envelope consisting of a lipid bilayer in which the env gene
product gp4l 1is embedded. The other major env encoded
glycoprotein, gpl20, is noncovalently associated with gp4l and
together they make up the major envelope glycoprotein, gplé60.
The significance of gpl20 is multifold. It determines which
cells become infected, plays a role in pathogenesis by
inducing syncytium formation, and is the target of therapies

attempting to intercept infection.

Cell Tropism

Gpl20 is the receptor which mediates infection. It binds
the CD4 molecule on T helper lymphocytes, macrophages, and
other cells (e.g. glial cells). The infection of
monocytes/macrophages appears to serve as a reservoir of virus
since these cells are usually not killed rather they
persist[49]. Macrophages may become infected as a result of
CD4 binding or by internalization of viral immune complexes

which bind f. receptors. Once inside, the macrophage acting as
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an antigen presenting cell may process and present the virus
in the context of MHC class II to CD4+ T helper cells. This
cell to cell interaction between macrophages and T cells may
facilitate transmission of the virus([50]. Anti-CD4 antibodies
prevent infection of both macrophages and T cells.

Although the macrophage plays a role in HIV pathogenesis,
the primary host cell infected by HIV is the CD4+ helper T

lymphocyte. In addition, it is the destruction of the T
lymphocyte, not the M, which dictates the course of disease

caused. T helper lymphocytes play a crucial role in both
cellular and humoral immune responses. They are able to
interact with antigen presented in the context of MHC class II
on B <cells and other antigen presenting cells. Upon
activation, they secrete cytokines which orchestrate the rest
of the immune response. Therefore, their destruction
throughout HIV infection has an impact on the entire immune
system resulting in severe immunosuppression, AIDS, and death.
The mechanisms of pathogenesis of AIDS will be discussed later

in this section.

Syncytium formation
In addition to mediating infection, the envelope protein

also has the ability to induce syncytium formation. The gpl20
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on the surface of infected cells can bind and fuse several
uninfected cells 1leading to the formation of a giant
multinucleated cell called a syncytia[51,52]. Some syncytium
contain up to 500 nuclei. The cell usually dies within 48
hours after formation. This may account for the large decrease
in T cells even though very few are actually infected.
Although syncytium formation is rarely seen in vitro, HIV
isolated during accelerated phases of infection in vivo have
a greater capacity to induce syncytium formation in vitro.
These syncytium inducing isolates (SI) are primarily T cell
tropic whereas non-syncytium inducing (NSI) isolates, obtained
earlier in the course of infection are believed to be

monocyte/macrophage tropic[53,54].

Glycoprotein 120

The interaction of gp 120 with CD4 has been extensively
studied. Both have been mapped to more clearly understand the
interaction and more importantly how to interfere with it to
prevent infection or pathogenic mechanism such as syncytium
formation. Gpl20 has five hypervariable domains, V1-V5, and
five conserved domains, Cl-C5. These regions are brought
together by extensive disulfide bonds. The c-terminal region

of gpl20 contains the majority of residues which are important
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for CD4 binding, including C2, V3, C3, V4, and C4[55-57].
Neutralizing antibodies are generated in response to HIV
infection. The epitope which result in the most effective
neutralization and inhibition of cell fusion is located within

the third variable domain-V3([58].

Stages of disease:

The course of HIV infection consists of three stages
experienced by most patients([59]. The first or acute stage
occurs following primary infection. The immune system mounts
a detectable cellular and humoral immune response which
destroys the virus in the blood. During this period, patients
experience a slight decrease in T cell numbers but they
usually remain above 700 cells/mm®. This is followed by the
second stage of disease, clinical latency, the average length
of which is ten years[60]. During this period, there is a
gradual insidious decline in T cell number and function. T
cell counts range from 700-200 cells/mm®. As the cell number
decreases, the patient becomes more susceptible to infection
and begins to experience clinical symptoms. Finally, the
third stage develops, AIDS, and death usually occurs within a

period of two years after this stage begins. At this stage,
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cell counts fall below 200 cells/mm?. The loss of CD4+ T
cells causes widespread immunosuppression. This leads to
multiple opportunistic infections which the patient cannot
clear.

The first stage of disease, termed acute HIV syndrome, is
accompanied by characteristic flu like symptoms including
fever, lethargy, malaise, sore throat, myalgias, and
headache. This usually occurs within three to six weeks
after infection with HIV although everyone does not experience
it to the same degree[61-63]. There are high levels of viremia
which elicit both a cellular and a humoral immune response
within one week to three months[62,63]. An increase in virus
specific cytotoxic T lymphocytes and complement binding
antibody aid in clearing the virus from the Dblood. The
decrease in viremia is associated with a loss of clinical
symptoms although many patients continue to experience
persistent generalized lymphadenopathy.

The second stage is termed “clinical latency"™ and lasts
an average of ten years, shorter for the young and
elderly[59]. Although most patients are clinically
asymptomatic with no detectable viremia, the virus is actively
replicating in lymphoid organs[64]. It is believed that HIV is

carried to the lymph nodes in a similar way as other pathogens
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and trapped on follicular dendritic cells in order to generate
a specific humoral response. If so, this establishes a site
of continual infection during clinical latency. Several lines
of evidence support this theory and will be further discussed
in the mechanisms of pathogenesis. At this time, the
histology of the lymph node is characterized by follicular
hyperplasia and increased cellular infiltrate. During the
latter part of this stage, the small lymphocytic infiltrate
forms aggregates which result in the disruption of follicles.
The events that occur during clinical latency are aggressively
being researched since this is the stage of progressive
depletion of CD4+ T cells and it is believed that intervention
at this time point would be most hopeful. Recent research by
Lane et.al. (unpublished) suggests that once the T cell
repertoire has been destroyed there is no way of retrieving
it. However, existing T cell <clones can be forced to
proliferate when treated with IL-2. Such therapies may delay
the onset of AIDS.

The latter stage of disease 1is associated with the
reemergence of clinical symptoms and severe immunodeficiency.
CD4+ T cells continue to decline usually averaging below 200
cells/mm®. The lymph node is characterized by a decrease in

FDC number[65] and an influx in CD8+ T cells, a cell normally
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not found in the germinal center in high numbers. The lymph
node architecture is disrupted as the follicle involutes and
the FDC reticulum is lost. There is a subsequent decrease in
viral RNA within the germinal center[66]. HIV is again able
to circulate in the blood[62]. It is not known wether the
increase in viral load is due to an increase in replication or
a release of trapped virions from the lymph node. Patients in
this stage of disease are in a state of severe
immunosuppression as a result of the loss of T lymphocytes, a
loss of germinal centers, and the continual state of high
infection caused by circulating HIV. They experience multiple
opportunistic infections and neoplasms which ultimately leads

to death[59].

Mechanisms of pathology

The immunosuppression associated with HIV infection is
directly correlated with CD4 + T lymphocyte depletion and
dysfunction. The exact mechanism causing this, however, is
unknown. Several potential mechanisms have been hypothesized,
some directly related to HIV infection, others based on a
deleterious immune response. Each of these will be discussed

below.



20

HIV Related Mechanisms

HIV related cell killing can occur throughout the viral
life cycle. After infection with HIV, the virus produces
envelope proteins, gp4l and gpl20, and inserts them into the
target cell’s plasma membrane. It has been proposed that this
could result in ion fluxes leading to cell death. The
envelope protein gpl20 also contributes to mechanisms of
direct killing by inducing syncytium formation. In vitro,
syncytium formation has been correlated with the cytopathic
effects of HIV on infected cells([67]. This mechanism discussed
earlier involves fusion of infected cells with uninfected
cells through the gp 120- CD4 interaction and LFA-1
molecules[67,68].

Another direct mechanism of target cell killing is
related to unintegrated provirus. Accumulation of unintegrated
proviral DNA is thought to kill the cell or prevent normal
cellular protein synthesis thus rendering the cell
nonfunctional[69]. A fourth proposed mechanism postulates
that intracellular binding of CD4 to gpl20 leads to these
complexes becoming lodged in nuclear pores interrupting normal
trafficking of mRNA from the nucleus to the cytoplasm.

Finally, as the virus progeny buds from the host cell, the
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membrane may be damaged ultimately killing the cell.

In addition to the quantitative loss of CD4 + T cells,
HIV infection also causes loss of T cell function by a variety
of mechanisms[70]. First, HIV infection results in abnormal
responses to soluble antigen and defects in proliferation.
Second, in vitro studies have demonstrated HIV induced T cell
anergy. Exposure of cells to envelope proteins gpl20 and gp4l
and core protein p24 resulted in inhibition of T cell
responses when challenged with another antigen. Finally, the
binding of gpl20 to CD4 may prevent normal antigen
presentation through MHC class II and may prevent normal
signaling required to elicit a response. Regardless of the
cause, loss of T cell function contributes to immune

suppression experienced in late HIV infection and AIDS.

Immunopathogenic Mechanisms

The remaining immunopathogenic mechanisms are not
directly related to HIV infection, but to deleterious features
of the normal immune response. Some of these features result
in the maintenance and augmentation of HIV infection while

others can be directly cytopathic to target cells.
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Cytokines
The immune system is dependent on a network of cytokines
to orchestrate immune responses. However, several cytokines

have been implicated in activating HIV expression from

latently infected cells. TNF-a, for example, has been shown

to increase HIV replication when it induces NEF-kB
production[71]. In addition, IL-6 and granulocyte macrophage
stimulating factor (GM-CSF) have been shown to increase viral
replication in macrophages and this mechanism is primarily at
the posttranscriptional level. Furthermore, TNF-a can act
synergistically with either IL-6 or GM-CSF to increase HIV
replication. Other cytokines implicated similarly include IL-
1, IL-3, TNF-B, INF-y, and M-CSF[71,72]. The network of

cytokines may contribute to sustaining viral expression even

in times of apparent latency.

Germinal Center Responses

In the late 1980's several groups made the observation
that HIV in the lymph nodes during clinical latency was
associated with histologic <changes including follicular
hyperplasia and expansion of the FDC network([73-76]. Recent

studies have now focused on secondary lymphoid tissue and its
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role in HIV immunopathogenesis. One current hypothesis
suggests that the germinal center serves as a reservoir of
virus and as such maintains viral infection throughout
clinical latency for several years. After infection, the host
mounts an immune response which results in immune elimination
of virus from the blood. This response results in the
generation of antibody which complexes with the virus which
then is transported to the nearest lymph node where it will be
trapped on FDC. Although this process is normal and important
in generating and maintaining humoral immune responses, in HIV
infection, it results in seeding multiple lymph nodes with
infectious HIV immune complexes and also provides a reservoir
of wvirus. Within the germinal center microenvironment,
activated CD4+ T cells- essential for memory antibody
responses- reside. Since these cells are activated they may be
easily infected by virus trapped on the FDC. Furthermore, they
may serve as a continual source of virus as they divide and
replicate the integrated provirus. B cells in the environment
may further propagate HIV infection by releasing TNF-a.
Several lines of evidence support the hypothesis that HIV
in the lymphoid organs contributes to the pathogenicity of
AIDS. For example, Panteleo et. al. compared the viral burden

in CD4+ T cells in peripheral blood to that of lymphoid
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organs[77]. He demonstrated that the frequency of infected
cells was substantially higher in 1lymphoid tissue when
assaying for proviral DNA. In addition, high levels of HIV
RNA were detected in lymphoid tissue but not in peripheral
blood samples. Later these high concentrations of virus were
found to be actively replicating within the tissue(64]. This
supports the hypothesis that the lymph node serves as a
reservoir of virus and contributes to the depletion of CD4 +
T lymphocytes.

Animal studies also support this hypothesis. Using the
SIV model of acute infection Panteleo et. al. demonstrated
localization of virus not only within germinal centers of
secondary lymphoid tissue but trapped on the processes of
FDC[78]. Lymph node biopsies were performed at three time
points post infection with SIV. After 26 days, the virus was
localized in the germinal centers. Furthermore, it was found
to be complexed with complement and antibody and held
extracellularly on the FDC. Using this same model, they
examined the events 1leading up to HIV localization on
FDC(figure 1) [48].

This correlates with that which is observed in the human
response. Soon after infection, there 1is an increase in

complement binding antibodies. This is associated with virus
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trapping in the FDC network([78]. Other humoral responses
follow including the generation of neutralizing antibodies and
these also contribute to immune complex formation and
trapping. These normal immune responses which attempts to
destroy the virus appears to be detrimental by localizing the
virus to a site where it will not interact with all arms of
the immune response which attempt to destroy it. Instead the

virus has established a reservoir for further infection.

Cytopathic mechanisms:

The depletion of CD4+ T lymphocytes has also recently
been linked with apoptosis, or programmed cell death[79-82].
CD4+ T cells normally interact with antigen in the context of
MHC class II. This interaction results in one of two signals
required for apoptosis. After receiving the second signal, the
cell dies. This mechanism ensures that after a cell has been
activated and performs its effector functions, it will be
eliminated. 1In this manner, cell and tissue damage is tightly
controlled. In HIV infected individuals, gp 120 on the
surface of an infected cell or gp 120 anti-gp 120 immune
complexes can bind to CD 4 on an uninfected cell. Crosslinking
this receptor before the TCR is triggered provides a signal

inducing apoptosis.
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Another normal immune function which may prove to be both
beneficial and deleterious is the production of HIV specific
antibodies. Antibodies, some of which are neutralizing, are
produced against several proteins including gp 120. Infected
cells expressing gp 120 on its surface will bind antibody.
Binding of this complex to natural killer cells will result in
antibody dependent cellular cytotoxicity. In an attempt to
rid the body of virus though, CD4 T cell depletion may also
occur.

Another aspect of the immune response that may also be
deleterious in HIV infection relates to the generation of CD8+
T cells. Although during the initial response these cells
help to eliminate the plasma viral 1load, during clinical
latency they are seen migrating into the germinal center,
where they are normally not found in high levels. This may
result in the destruction of other cells in the germinal
center including helper T cells. Finally, destruction of the
FDC network may result in immune suppression of many B cell
responses including memory.

We believe that there is strong evidence that HIV in the
lymph node is a major contributor to pathogenesis. This 1is
the primary site of infection throughout clinical latency.

Furthermore, full blown AIDS is accompanied by disruption of
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the lymph node and the FDC reticulum. Therefore, the
remainder of this background section will focus on the
germinal centers in the lymph node, the follicular dendritic
cell, and the unique microenvironment they provide which is

conducive to HIV infection.

Germinal Centers and FDC

Lymphoid follicles are found in the B cell dependent
areas of secondary lymphoid tissue, including lymph nodes,
tonsils, and spleen. They are composed of B cells, T cells,
macrophages, and follicular dendritic cells (FDC)7([83]. They
can be further classified into primary or secondary follicles
based on their state of activation. Primary follicles consist
mostly of recirculating B lymphocytes with approximately 5% T
lymphocytes, most of which are CD4+. These cells pass through
a reticulum or cellular network formed by FDC. Primary
follicles become secondary follicles when germinal centers
form upon antigenic challenge. These sites are characterized
by foci of rapidly proliferating B cells and some T cells
surrounding antigen bearing FDC. The germinal center
represents a microenvironment which facilitates the

interaction of cells resulting in the production and
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maintenance of memory humoral responses. These areas are
associated with clonal expansion of B cells[84-86], somatic
mutation[85-88], and selection of antigen specific B cell
clones[89]. The germinal center is also associated with the
maintenance of the humoral response by inducing the
differentiation of memory B cells[90,91)] and plasma
cells[92-94].

Secondary lymphoid follicles can be divided into three
different regions by light microscopy. The first of these, the
follicular mantle forms on the outer edge of the follicle.
This region consists primarily of recirculating B cells. The
second and third regions are the light and dark zones. The
germinal center, which is 1located beneath the follicular
mantle, is found in these two regions. The light region, which
is adjacent to the mantle, is heavily infiltrated by the FDC
network. Most of the cells in this area are not proliferating
and do not stain intensely, thus the name 1light =zone.
Adjacent to the light zone is the dark zone, named because it
has a much denser population of highly activated, rapidly
proliferating lymphocytes which stain intensely. Furthermore,
tingible body macrophages are found here. This area, being
the farthest from the follicular mantle, is infiltrated only

with the fine dendritic processes of the FDC network.
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Follicular Dendritic Cells
Follicular dendritic cells were discovered by Nossal
et. al. [95] and Szakal & Hanna [96] in 1968. This cell,
which is fundamental to germinal center development and the
immune responses that occur there, has three cardinal features
distinguishing it from other dendritic cells. First, FDC are
normally found only within the follicles of secondary lymphoid
tissue although in pathological states they can be found
elsewhere (e.g. rheumatoid nodules). Second, they have a
characteristic dendritic morphology with 1long, highly
convoluted, dendritic processes emanating from the cell body
and finally, their most important feature is their ability to
trap and retain antigen in the form of immune complexes on
their surface for several months to several years[97]. Along
with the cardinal features, the 1literature is highly
consistent on the lack of phagocytic activity or any other
internalization ©process, irregularly shaped euchromatic
nucleus, complement receptors, and adhesion molecules
including ICAM-1 and VCAM-1 [92,97-105]. Further analysis of
surface markers has shown that FDC lack the classical markers
for T cells: CD8 and Thy-1; B cells: B220; macrophages: Mac
1,2,3; and NK cells: NKH-1[98,99,103,106-110]. Researchers

are divided on the expression or lack of expression for other
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surface markers including MHC class II, F. gamma receptors, F_
epsilon receptors, leucocyte common antigen, S-100 protein,
cb4, CD14, CD19, CD20, CD21, and CD45 [98,99,102-112). This
inconsistency may be due to the heterogeneity of FDC and may
be further complicated by the state of activation of the
cell [99,105].

The expression of various molecules on the surface of FDC
facilitates their interaction with B and T lymphocytes. FDC
which express ICAM-1 and VCAM-1 interact with adhesion
molecules LFA-1 and VLA-4, respectively on B and T cells.
These adhesive interactions aid in securing the cells and play
an important role in the responses that occur in the germinal
center. Monoclonal antibodies YN1/1.7([113,114] or MK1
[115,116] which Dblock intracellular adhesion molecules,
prevent FDC-B cell clustering and B cell proliferation. ICAM
on FDC may provide a second signal to activate B cells within
the germinal center. T lymphocytes have similar adhesion
molecules and are also believed to interact with FDC.

FDC are also believed to have interactions which aid in
sparing cells from apoptosis[99]. FDC express CD 23 which is
known to stimulate B cells[117]. In addition, FDC express CD
40 which interacts with its ligand on T cells. B cells also

express CD 40. These interactions may contribute to a
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microenvironment which decreases apoptosis and facilitates

germinal center B cell responses[99].

FDC and the Germinal Center Response

The immunologic events that occur in the germinal
center are not found at any other site in the body. It usually
takes a few micrograms of antigen to elicit a secondary
response yet FDC retain only 100-500 picograms/ node and this
maintains potent memory[118]. The ability to generate this
type of response with only low levels of antigen depends on
all of the cells that contribute to the dynamic
microenvironment of the germinal center. FDC are believed to
play a critical role in the germinal center reaction and when
they are decreased in number or aberrant, marked alterations
in germinal center size and number occur[119].

The events leading to a secondary response and the role
of the germinal center have been characterized. After
injection of antigen, immune complexes are rapidly formed and
most are cleared by macrophages within 24-72 hours. We refer
to this method of antigen handling as the classical antigen
pathway[120]. Some immune complexes, however, enter the
alternate transport pathway and are transported by a variety

of non-phagocytic cells with dendritic morphology to the
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lymphoid follicles[120]. These antigen transport cells (ATC)
are similar to FDC[120] and may even be FDC precursors. As
these ATC near the light zone of the germinal center they
become continuous with the FDC reticulum.

Within the germinal center, immature filiform FDC retain
immune complexes on their convoluted dendritic processes(121].
As they mature, some FDC appear to have beaded dendrites.
These beaded dendrites interact with the processes of other
FDC to form immune complex coated bodies, or ICCOSOMES[121].
ICCOSOMES can be released into the germinal center
microenvironment and are therefore thought to play an
important role in the alternative transport pathway. These
highly immunogenic iccosomes are easily endocytosed by
neighboring B cells. The antigen is then processed by the B
cells and presented in the context of MHC class II to antigen
specific T cells. This now allows a T cell specific response
in the form of cytokine secretions(122]. Thus, the
alternative transport pathway is believed to play a role in
germinal center formation, B cell proliferation, and memory B
production(122,123].

The consequences of the germinal center reaction can be
divided into two phases- antibody production and memory B

production[99]. Analysis by light microscopy and EM shows B
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cells differentiating into antibody forming cells, or plasma
cells([120,124,125]. Three to five days after antigenic
challenge, these cells can be seen migrating from the germinal
center to medullary cords where plasma cell maturation occurs.
Iccosomes are also formed and released during this time
period. It is believed that the release of iccosomes and the
signals within the germinal center microenvironment are
related to the induction of plasma cell formation[99].

The second phase of the germinal center reaction occurs
within 6-14 days after antigenic challenge. At this time,
antigen is retained on the FDC for long term retention and
iccosome formation and release is not observed. Germinal
center B cells during this period of time become memory B
cells and plasma cell formation ceases[90,93].

Memory B cells are essential in the maintenance of the
humoral response. As previously stated, FDC can retain
unprocessed antigen in the form of immune complexes for
several months to several years. This retained antigen is
believed to play a critical role in the maintenance of
antibody responses. One existing model states that the
concentration of FDC retained antigen, free antibody, and
antigen-antibody complexes dictates the events that maintain

these antibody levels[126,127]. Exposed antigen on the
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surface of the FDC will result in memory B cell stimulation
and antibody production. When sufficient amounts have been
produced, the antibody will again bind and cover any epitopes
exposed on the FDC retained antigen. The cycle repeats to
maintain and regulate serum antibody levels. The requirements
for FDC retained antigen to maintain antibody responses was
further supported by Gray & Skarvall in lymphocyte transfer
studies[128]. Lymphocytes from the thoracic ducts of
immunized rats were transferred to naive, antigen free rats.
The naive rats were then challenged at various time points to
determine if B cell memory was present. The response declined
over the time course and by day twelve was virtually non-
existent. Although the rats had the memory B cell population,
they lacked the second signal of antigen and were unable to
maintain the humoral immune response. Therefore, the
maintenance and survival of memory B cells is believed to
depend on the FDC and its retained antigen.

Although the literature on T cells within the germinal
center is not as extensive as that seen with FDC and B cells,
T cells are believed to play an essential role in germinal
center formation as evidenced by the observation that without
them, germinal centers do not form and the associated

immunological events of the germinal center do not occur[129].
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Although their exact role is not known, it is believed that T
cells interact physically with B cells and provide help for T
dependent B cell responses by secreting various cytokines. In
support of this, recent evidence demonstrates that germinal
center T cells are antigen specific[130]. Normally, antigen
stimulates a subset of T cells presenting the requisite
antigen receptor. Upon antigenic challenge that T cell subset
becomes activated and proliferates. Nahm et.al showed that
these two events occur in germinal centers. Germinal centers
that were induced with a specific antigen recruited a subset
of T «cells that were specific to that antigen[130].
Furthermore, these cells proliferated in response to the
antigen. The percentage of specific T cells with the expected
TCR was greater in the germinal center than that found in the
T cell associated paracortical region of the lymph node.
Among its functions, FDC have recently been shown to be

potent costimulatory cells to both B and T lymphocytes

[99,181]. Costimulation promotes cellular proliferation
within this microenvironment. When provided with a primary
signal such as LPS or pokeweed, murine FDC provide

costimulation resulting in enhancement 19-60% over mitogen
induced B cell proliferation[99,132]. Addition of other cell

types including macrophages and nude mouse spleen cells had no
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effect on proliferation. However, FDC from draining lymph
nodes showed even greater enhancement of B cell proliferation.
We reasoned that antigen recently trapped on FDC in draining
lymph nodes provided additional activation signals. These
cells, which had recently been loaded with antigen in vivo,
were the most potent costimulators. In 1988, Heinen et.al
reported a similar costimulatory function in human FDC
populations[133].

To determine if cell to cell contact was required to
achieve FDC accessory cell function, FDC were replaced with
supernatants from FDC cultures. Supernatants alone did not
enhance LPS induced B cell proliferation suggesting that the
cell to cell contact between B cells and FDC is required for
costimulation of LPS stimulated B cells[99].

In addition to the costimulatory signaling of FDC, the
antigen provided by FDC both on its surface and through
iccosomes contributes to a microenvironment conducive to
generating and maintaining humeral responses. The interaction
of FDC with B and T cells and the interaction of B and T cells
with each other also contributes to this microenvironment.

During clinical latency, HIV is confined to the germinal
centers of secondary lymphoid tissue. Furthermore, HIV immune

complexes are trapped on the surface of FDC[66]. Since FDC
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are known to trap and retain antigen for many months and
possibly several vyears, and this 1is the site of active
infection during <clinical latency, we believe that the
microenvironment of the germinal center and the features of
FDC contribute to the maintenance of active infection and to
the overall pathogenesis of AIDS. As trapped antigen, HIV is
in an area where susceptible CD4+ T <cells continually
circulate. These T cells should be highly activated. This
activation can occur as a result of several events including
FDC costimulation and presentation of antigen in the context
of MHC class II by B cells through the alternate antigen
pathway. Activated T cells are required for active HIV
replication and integration[134]. Once activated a variety of
events can facilitate the binding of gpl20 to CD4 thus
allowing infection. The FDC reticulum is a dense network
through which cells circulate thus optimizing the opportunity
for cell to cell contact. In addition, adhesion molecules
such as ICAM-1 and VCAM-1 on FDC can interact with LFA-1 and
VLA-4 on T and B cells. These adhesion molecules probably aid
in FDC- lymphocyte interactions. We believe that this plays
a critical role in maintaining infection within the germinal
center, especially in light of the low concentration of CD4+

T cells present in this microenvironment. We reason that
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adhesion molecules would stabilize the FDC-T interaction in a
manner that would allow the gp 120 of the trapped virus on FDC
to come in close proximity to CD 4 molecules on the T cell.
In addition to adhesion molecules, the interaction between
CD40 on FDC and CD40 ligand on T cells may also play a role in
facilitating infection through signaling, activation, or
securing the cells. Finally within the germinal center, FDC
costimulation exists as well as cytokines produced by T cells
in response to B cell interactions thus causing increased
proliferation and activation. Taken together, the micro-
environment of the germinal center represents a site where
permissive host cells, FDC retained infectious virus, and
potent costimulatory signaling coexists. It is our hypothesis
that this microenvironment and FDC play a critical role in the
pathogenesis of HIV. The aim of my work was to investigate
the role of FDC in HIV pathogenesis by determining if FDC
trapped HIV was infectious. My results indicated that it was
highly infectious and that FDC could negate the effects of

high levels of neutralizing antibodies.



METHODS

Animals

Female, 5-8 week old BALB/c mice were purchased from
Jackson Laboratories (Bar Harbor, ME). The mice were housed
and maintained in the university animal facilities in standard
shoebox cages under laminar flow air. The mice were given food

and water ad libitum.

Human tissue and blood

Human tonsilar tissue was obtained from HIV negative
patients undergoing surgery for diagnostic and/or pathologic
reasons. The material was provided by the MCV/VCU Massey
Cancer Center Tissue Collection Core Facility or Department of
Pathology. Blood samples from HIV infected individuals were
supplied by Drs. Thomas Kerkering & Vivian Bruzzese of the
Richmond AIDS Consortium and HIV/AIDS Clinic, respectively.
Blood samples from HIV non-infected individuals were obtained
from healthy volunteers by G.Burton. All patient samples were

labeled to maintain confidentiality.

40
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HIV Preparations
HIV-1 1lab passaged strains, IIIB, MN and SF2 were
selected for initial testing due to the relative ease of
growing and maintaining infectious virus and to the
availability of antibodies and molecular reagents for these
strains. The strains IIIB and MN were cultured in the H-9 T
cell line. SF2 was grown in the Hut-78 cell line. In addition,
the primary HIV-1 isolate, 301714, was used to confirm major
findings. It was grown in PHA/IL-2 stimulated peripheral blood
T cell blasts obtained from HIV non-infected individuals (see
isolation of human T cells). Culture supernatants containing
the lab or primary isolate of virus were harvested from
infected cell cultures at peak p24 activity. They were
pooled, filtered through a 0.22 mm membrane, aliquoted, and
frozen in liquid nitrogen to provide a uniform stock of
infectious virus. Infectious titers of virus (TCIDy,) were
performed on thawed samples and typically yielded titers of
10°-10° TCIDy,/ml. The ACH-2 T cell line was selected as a
positive control for all experiments because it contains a
single copy of HIV proviral DNA in its genome. All reagents
were obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, NIH (ARRRP) as follows:

strains IIIB and MN, and the cell line H-9 from Dr. Robert



Gallo[135-138];

line ACH-2 from Dr.

Antibodies

strain SF2 from Dr.

Jay Levy[139];

Thomas Folkes[140,141].

and
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cell

The HIV specific antibodies selected for these studies

included: H-902,

F105, Chessie 8,

of each antibody are as follows:

and bl2. The characteristics

Species | Isotype | Epitope Strain Neutra-
recognized Reactivity lizing
H-902 murine IgGl gpl20 IIIB yes
F105 human IgG1l gpl20 ITIB,MN,SF2 | vyes
Chessie8 | murine IgGl gp4dl ITIB no
bl2 human IgG1l gpl20 Clade B yes
The following reagents were obtained through the ARRRP:

Hybridoma 902 from Dr.

Bruce Chesebro[142,143],

F105 from Dr.

Marshall Posner([144,145], and Chessie 8 from Dr. George Lewis.

bl2 was graciously provided by Drs.

Parren,

Anti-CD4

LaJdolla,

CA[1l46].

(Leu 3a + 3b; Becton Dickinson)

Dennis R. Burton and Paul

was also used

as a control antibody in some experiments to block infection

of helper T cells through the CD4 receptor.
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Continuous Percoll Gradients
Continuous density gradients were prepared by
centrifuging 25 ml of 50% Percoll solution (Percoll, dH,O,
Hepes Buffer, 1.5M NaCl) in 1 x 3.5 inch cellulose nitrate
ultra-centrifuge tubes. Gradients were centrifuged at 30,000
x g for 20 minutes at 4 degrees C in a Beckman 50.2 Ti rotor.
Density marker beads (Pharmacia) were added to one gradient
prior to centrifugation to identify specific densities of

interest.

Isolation of Human cells (FDC, T cells, M$), and FDC depleted

populations)

Human cells were obtained from tonsils of non-HIV
infected individuals using a modification of the procedure
used to isolate murine FDC from lymph nodes[131,147]. The
modification consisted of increased incubation times and
volumes of enzymes to accommodate the larger mass of tissue
present in the tonsils. Briefly, fresh human tonsils were
carefully dissected into 3 mm squares and incubated for two
hours at 37 deg C in medium containing collagenase (10mg/ml)
and DNASE TI(1% v/v). Following incubation, the cells were

collected and placed in medium containing 10% heat
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inactivated, fetal calf serum (FCS). The remaining tissue was
again incubated in fresh medium containing enzymes and the
cells collected as before. After the final incubation of
tissue, medium without enzymes was added to the culture dish
and the tissue pipetted up and down gently in a 10 ml pipet to
free <cells trapped in the tissue. Following repeated
pipetting, the cells were pooled, washed, resuspended in fresh
medium and layered onto 50% continuous Percoll gradients. The
gradients were centrifuged at 500 x g for 30 min. The low
density band (1.050-1.060 g/ml) containing FDC and macrophages
was collected as was the high density band(1.075-1.085g/ml)
containing T cells. Both fractions were washed free of
Percoll and resuspended in media containing FCS prior to
additional manipulations.

In some experiments, FDC were further enriched using
florescence activated cell sorting (FACS)[131,147]. FDC were
stained using two, murine IgM, anti-human FDC monoclonal
antibodies: HJ2 (provided by Dr. M. Nahm) [148,149] and DRC-1
(Dako) . After washing to remove unbound antibody, the
preparations were stained with biotin conjugated donkey anti-
mouse IgM (Jackson Immuno Research) followed by a final wash
and incubation with strepavidin fluorochrome (FITC or PE;

Tago) . The cells were then sorted based on anti-FDC
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florescence and forward light scatter using a Coulter Epics
1530

For all other studies FDC were further enriched using
positive selection on a magnetic activated cell sorter (MACS)
instead of FACS scanning. After incubation with HJ2, the
preparation was washed to remove unbound antibody and then
incubated with rat, anti-mouse IgM magnetic
microbeads (Microbeads; Miltenyi Biotec, GmbH) . Cell
suspensions were layered over a column attached to a magnet.
Microbeads bound to cells were attracted to the magnet and
thus remained in the column while other cells without bound
beads passed through. The column was then removed from the
magnet and washed with medium to collect the desired cells.

Resulting preparations consisted of FDC with a purity of
>85% based on flow cytometry. The FDC showed typical dendritic
morphology, structure and function. FDC preparation was y-
irradiated (3000R) prior to incubation with HIV immune
complexes to block proliferation and thus minimize the ability
of cells in this preparation to support HIV infection.

MACS was also used to prepare tonsilar macrophages
(positively selected using anti-CD14 Microbeads), tonsilar T
cells (positively selected wusing anti-CD3 and anti-CD4

microbeads) and FDC deficient cell populations (negatively
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selected i.e. those cells not binding to the magnetic column
when reacted with anti-FDC mAbs) .

For some experiments, peripheral blood CD4+ T cells were
substituted for tonsilar T cells. In addition, peripheral
blood T cells were used to culture the primary HIV-1 isolate,
301714. Blood was obtained from normal donors and peripheral
blood mononuclear cells (PBMC) were enriched on Lymphocyte
Separation Medium (LSM;Organon Technika). Briefly, blood was
diluted in half with medium and layered over 7ml LSM in 15ml
conical centrifugation tubes. The tubes were centrifuged at
400 x g for 20 minutes at 25 degrees C. Lymphocytes were
collected form the tissue culture medium-LSM interface and
further purified by sorting using positive selection with

anti-CD3 and anti-CD4 magnetic microbeads.

FDC trapping of HIV-1 in vitro

Human tonsilar FDC were incubated overnight (4°C) with
HIV-immune complexes formed by incubating (2 hr, 37°C) 100nul
fresh frozen serum from an HIV infected individual (as a
source of specific antibody and complement) with 100 pl HIV,;;4
cell free supernatant (5000 TCIDs,) . This dose of HIV provided
sufficient virus for immune complex formation and subsequent

trapping by FDC. HIV-immune complexes not bound to FDC were
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removed by washing. Binding of virions to FDC was confirmed

by electron microscopy-.

FDC trapping of HIV-1l in vivo

To form and trap HIV immune complexes onto FDC in vivo
mice were injected with specific antibody and antigen. For
our system, we performed this by first injecting (sc or ip)
1.2 mg, murine anti-gpl20 mAb into mice. Two hours later, the
animals were exposed to 600R y-irradiation to eliminate
radiation sensitive lymphocytes and thus enrich for radiation
resistant FDC[116,147]. One day later mice received injections
of HIV,;;3 to allow immune complex formation and FDC trapping
in vivo. 5000TCIDs,/site of HIV (five sites total) was
injected in the feet and behind the neck to distribute the
virus to FDC in several draining lymph nodes. This dose of HIV
resulted in consistent binding of HIV on FDC in multiple
draining lymph nodes. Five days later, when immune complexes
or antigens are confined to murine FDC[127], the mice were
sacrificed by ether anesthesia followed by cervical
dislocation and the lymph nodes excised (including the
popliteal, brachial, axial and submandibular). FDC were
isolated as described [147]. These preparations contained 25-

45% FDC with the remaining cells being equal numbers of T and
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B lymphocytes.

Neutralized HIV immune complexes

HIV immune complexes were formed by mixing picogram,
microgram, or milligram doses of neutralizing murine anti-HIV-
118 9p120, H-902, with 5000TCID., HIV, ;5. HIV-immune complexes
were also formed using HIV-1 strains (IIIB, MN and SF-2) mixed
with 1 npg human anti-HIV-1 gpl20, F105, and the primary
isolate 301714 mixed with 20mg monoclonal antibody bl2.
Control <cultures included the use of a non-neutralizing
antibody, Chessie 8, mixed with 5000TCIDs, HIV,;;5. This dose
of HIV was used to provide a high level of virus-anti-virus
immune complexes such as could potentially exist on FDC 1in

vivo.

Experimental Tests

To determine if FDC trapped HIV was infectious, we
cultured FDC bearing HIV immune complexes (as the only source
of virus) with human CD4+ T cells which had been activated
overnight with Staphylococcal Enterotoxin E (SEE) (Toxin
Technology, Sarasota, FL). Human tonsilar FDC(6x10‘) bearing
HIV trapped in vitro or control FDC were cocultured with

1x10°, SEE activated (100 pg/ml), autologous CD4+ T cells.
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Murine FDC (1x10°) bearing in vivo trapped HIV immune
complexes were cocultured with 1x10°® SEE (5 ng/ml) activated
T cells, obtained from peripheral blood.

To determine if FDC could negate the effect of
neutralizing antibody, neutralized immune complexes were first
formed at 37°C for 1 hr and then incubated with SEE activated
tonsilar T cells (5x10') or the H-9 T cell line. MACS
purified human tonsilar FDC(1x10%) were also added to some of
the cultures. To prove that it was FDC and not contaminating
cells that were responsible for negating the effect of the
antibody, we also cultured neutralized immune complexes and T
cells with MACS purified macrophages and FDC depleted
populations at a concentration of 1 x 10° cells per well. 1In
addition, blocking anti-CD4 was added to some cultures at a
dose of 1 pg to confirm that infection was occurring via
gpl20-CD4 receptor binding.

All cultures were performed in triplicate in 48 well
plates with media containing 10% FCS. Plates were incubated

for 4 days at 37 degrees prior to analysis of infection.

Detection of HIV infection by PCR & Southern blot analysis
Samples were centrifuged and the DNA isolated using lysis

buffer and proteinase K as described[150]. DNA was stored at
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-20°C until tested. PCR analysis for HIV proviral gag and -
globin sequences was performed in the same reaction vessel
using primer pairs SK38/39[151] and GH20/PC04[152]
respectively. Control cultures of ACH-2 cells were isolated,
and diluted as indicated with uninfected H9 cells to provide
a constant amount of cellular DNA prior to isolation for PCR
analysis. PCR amplification was performed for 35 cycle (94 °Cx2
min 1lst cycle, 92 °Cxl min all other cycles; 55° Cx1.5 min;
72 °Cx 2 min; after cycle 35, an additional 72° Cx 7 min
incubation was performed). Amplified products (10pl) were
analyzed by electrophoresis (2% agarose), stained with
Ethidium Bromide for f-globin detection, and blotted onto
Nytran. Blots were probed using 3P labeled SK19([151].
Autoradiography was performed for 3 days at -80°C.
Autoradiographs and Polaroid prints of ethidium stained gels
were scanned at 400 dpi, aligned using Microsoft Power Point,

transferred to film and printed on Kodak F5 resin coated

paper.

Electron Microscopy
Cultures containing T cells, FDC, and HIV immune
complexes (formed with HIV-IIIB and the neutralizing antibody-

H902) were analyzed by electron microscopy. Three to 5 days
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after culturing, germinal center clusters were isolated and
gently fixed by 2.5% glutaraldehyde in sodium cacodylate
buffer for 2 hours([153]. This was followed by fixation in .5%
Osmium Tetra Oxide for 90 minutes. They were next post fixed
with 1% Tannic Acid AR (an Allepo nut derivative; TA
Mallinckrodt, NO.1764, St. Louis, MO) in 0.05% sodium
cacodylate buffer at ambient temperature for 20 minutes.
Fixation was followed by routine embedding in 812 epoxy resin.
Samples were sectioned on an Ultra-Microtone. Sections were
then stained in uranyl acetate and lead citrate and examined

on a Zeiss 10 CA Electron Microscope[153].

HIV Quantitation

In an attempt to quantitate integrated proviral DNA, we
designed a competitive PCR assay(Clonetech). Competitive
fragments of neutral DNA, Verb, were designed in a manner that
would allow them to be amplified by our primers SK38/39, but
would generate a product that would be 200 base pairs longer
than the gag amplification product. Briefly, primers were
generated which would amplify the neutral piece of DNA, but
were also flanked at their 5' end with SK38 and SK39
sequences. After amplification with these primers, the

product generated contained Verb DNA flanked by gag DNA SK38



52
and SK39 sequences. This product was amplified again with
SK38/SK39 primers in a secondary PCR. The secondary product
verified that amplification could occur with SK38/SK39. This
product then serves as a competitive fragment in PCR
reactions.

To quantitate, experimental samples are “spiked” with
varying, yet known concentrations of the competitive fragment.
PCR amplification is performed with SK38/SK39 primers which
will amplify both HIV proviral DNA and the competitive
fragment. Products are run on agarose gels and stained with
ethidium bromide. The intensity of the mimic fragment is
compared to that of the unknown sample. Where the intensities
match, the two DNA samples equally competed for the primers,
therefore the concentration of the competitive fragment equals
the concentration of the sample. The sensitivity of the

competitive PCR generated here is at the attomolar range.



RESULTS

In this report, we describe an in vitro model of the
germinal center, designed to mimic events during clinical
latency, to determine whether or not FDC retained HIV could
cause infection. We obtained FDC from the tonsils of HIV non-
infected individuals and incubated these with HIV-immune
complexes in vitro. Viral immune complexes not bound to FDC
were removed by washing and FDC were cultured with activated,
autologous CD4+ T cells. Infection was monitored by PCR
analysis of DNA from the cultures. Infection was demonstrated
by the presence of proviral HIV-1 DNA isolated from cultures
0of T cells and FDC bearing HIV-immune complexes but not in
cultures containing control FDC (Fig 2). Syncytium formation
was also observed in cultures of T cells and FDC bearing HIV-
immune complexes. HIV binding to FDC was confirmed by electron
microscopy (not shown). Portions of FDC dendritic processes
bore 5-10 virus particles extracellularly which is consistent
with observations in vivo [64,154,155]. The distribution of
HIV virions on FDC processes suggested that a T cell could
interact with several virus particles on a single portion of

an FDC process.

b8
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Figure 2: Infection of T cells by FDC trapped HIV-1. CD4+ T
cells and autologous FDC bearing HIV immune complexes trapped
in vitro were cultured and infection monitored using PCR.
Proviral HIV -1 gag (115bp) DNA was detected where FDC bearing
HIV-1 were used as the only source of virus for infection of
the T cells. Lysates of decreasing numbers of ACH-2 cells, a
chronically infected T cell clone containing one copy of
proviral DNA per cell, were run in parallel for comparison.
The intensity of the signal from T cells infected by FDC
bearing HIV-immune complexes appeared between the intensity
obtained from 10%® to 10* ACH-2 cells. As a control, B-globin
DNA was amplified simultaneously (bottom). T+SEE = T cells
activated with Staphylococcal Enterotoxin-E; FDC~HIV (IC) =
FDC incubated with HIV-1,;;3 immune complexes; FDC = control
FDC not incubated with HIV.
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HIV-immune complex trapping on FDC in vitro may differ
from trapping in vivo. We therefore examined the infectivity
of HIV trapped on FDC in vivo using a murine model. Previous
work has shown that FDC can provide accessory function to
lympho%ytes across species (Burton wunpublished) and we
reasoned that HIV-1 gpl60 on FDC-trapped virus could interact
with human CD4 on T cells regardless of FDC species. Antigens,
including virus, can be localized on murine FDC in vivo by
passive immunization followed by antigen challenge[120,156].
FDC trapping of HIV was accomplished by passively immunizing
mice with HIV-1,;;; specific anti-gpl20 and one day later,
injecting 5000 TCIDy, HIV;;;3 in several sites to allow trapping
of HIV immune complexes on FDC in multiple lymph nodes. Five
days later draining lymph nodes were obtained and the FDC
isolated[147]. The murine FDC bearing HIV trapped in vivo were
cocultured with activated human T cells obtained from the
blood of a normal donor (Fig 3). Infection of human T cells
was detected when HIV immune complexes on murine FDC were
used as the only source of virus. Transfer of infection by
murine FDC also indicated that HIV infection of FDC was not
needed because the mouse is a non-permissive host. This model
also excluded the possibility that human CD4+ cells in the FDC

preparation were needed for transfer of infection.
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Figure 3: T cell infection by HIV-1 trapped on murine FDC in
vivo. Xenogeneic (murine) FDC bearing HIV-immune complexes
trapped in vivo were cultured with human CD4+ T cells and
infection monitored using PCR. Infection was clearly evident
where human T cells were cultured with FDC bearing in vivo
trapped HIV were used as the only source of virus for
infection [T+SEE+FDC-HIV (trapped in vivo)]. Infection was
also detected where control, murine FDC (no HIV trapped) were
incubated with human T cells in the presence of exogenous HIV
(5000 TCID) and this signal appeared slightly more intense
than that obtained from the FDC with in vivo trapped HIV. In
contrast, no proviral DNA signal was obtained when the same
FDC bearing virus were cultured with resting human T cells
[T+FDC-HIV (trapped in vivo)] indicating the need for T cell
activation to support infection by the trapped virus. No
proviral DNA signal was observed in control cultures of either
the human T cells alone or the murine FDC bearing HIV trapped
in vivo. ACH-2 (5x10%) were included as a positive control.
The ability of HIV on xenogeneic FDC to infect human T cells
was not unexpected since there is no a priori reason that
gpl20 on FDC trapped virus could not interact with CD4 present
on the human T cells. Furthermore, murine dendritic cells (DC,
not to be confused with FDC) have also successfully infected
human T cells in vitro [150].
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The monoclonal antibody (H902) used to trap HIV on the
murine FDC has been used to neutralize HIV-1,,s [142]. The HIV
complexes trapped on FDC in vivo were infectious; therefore,
we reasoned that FDC may be able to reverse the effect of
neutralizing antibody. To test this, neutralized HIV-1;,
immune complexes were formed in vitro using increasing doses
of neutralizing antibody and cultured with the H-9 T cell
line(data not shown) or activated T cells in the presence or
absence of FDC (Fig 4). One nanogram of antibody consistently
neutralized 5000 TCIDg, HIV-1,;;3 (Fig 4a). Infection occurred
when FDC were present at doses of neutralizing antibody
ranging from 1 thousand to 1 million fold above the 1 nanogram
needed to prevent infection in the absence of FDC (Fig 4bs&c).
Tonsilar macrophages and tonsilar cells specifically depleted
of FDC failed to promote infection by neutralized HIV-1 immune
complexes (Fig 4c). Anti-CD4 in cultures of HIV immune
complexes, T cells and FDC blocked infection confirming the
importance of the surface marker CD4. As expected, incubation
of the virus with Chessie 8, a nonneutralizing antibody,
resulted in infection of T cells in the presence and absence
of FDC (Data not shown). Increasing amounts of neutralizing
antibody reduced the amount of proviral HIV-1 gag detected

indicating that even though antibody did not block HIV on FDC,
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Figure 4: FDC mediate HIV infection of T cells in the presence
of neutralizing antibody. PCR amplification of HIV proviral
DNA (top panels) and control f-globin DNA (bottom) from
cultures of SEE activated CD4+ T cells (T+SEE) and HIV-immune
complexes (HIV-IC) formed with various doses of neutralizing
antibody in the absence (a) or presence of human FDC (b&c). a)
Infection of SEE activated CD4+ T cells by HIV-1,;;; immune
complexes formed with 1 picogram of neutralizing anti-gpl20
(H902) was evident whereas infection was blocked when viral
complexes were formed using 1 nanogram, 1 microgram and 1
miligram of antibody. Signal intensity is compared with 50,000
ACH-2 cells. (b & c-left panel) Addition of FDC to cultures
reverses the effect of neutralizing antibody even in vast
excess of the 1 nanogram quantity needed to block infection
when FDC were not ©present. (c-right panel) Tonsilar
macrophages (M¢) and tonsilar cells depleted of FDC (FDC dep)
could not substitute for FDC in promoting infection by HIV-IC
formed with 1 nanogram of neutralizing antibody. Addition of
anti-CD4 blocked infection even when FDC were present in the
cultures (+aCD4 ).
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it did appear to decrease infection (Fig 4bé&c). Cultures were
also analyzed by electron microscopy and virus budding from
the plasma membrane was observed (figure 5a-c).

Immune complexes were formed with lab isolates HIV-1;;g,
HIV-1,y, and HIV-1lg., and the primary isolate 301714 and human
neutralizing monoclonal antibodies (F105 or IgGlbl2) in order
to determine the general nature of infection by neutralized
HIV on FDC (Fig 6). In the absence of FDC, HIV-1 immune
complexes were unable to infect T cells regardless of the
strain of HIV-1 wused. However, when FDC were present,
neutralized virus was able to infect the T cells indicating
that this FDC mediated process was not restricted to a single
antibody or HIV-1 strain. It is
noteworthy that the 1lab isolate SF2, which 1is easily
neutralized by antibody, is rendered infectious when FDC are
present. Thus under conditions when antibody is particularly
efficient at neutralizing virus, FDC can still negate 1its

effect suggesting that this FDC activity is very potent.
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Figure 5: Cultures of HIV-IIIB with neutralizing antibody,
human T cells, and Human FDC were examined by electron
microscopy. Large amounts of virus were observed budding from

the plasma membrane. (a)magnification 5,500x; (b) 16,800x;
(c)52,000x%.
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Figure 6: FDC mediated infection by neutralized HIV-1 immune
complexes is not restricted to viral strain or antibody. PCR
analysis of HIV-1 gag proviral DNA (115bp) and PR-globin in
cultures containing various strains of neutralized HIV-1
immune complexes [HIV-IC (F105)] and SEE activated T cells
(T+SEE) [2.6%x10°] or SEE activated T cells and human FDC
(5%x10*%). Infection by HIV-1 immune complexes formed with
human, neutralizing anti-gpl20 (lpg F105 or 20 mg IgGlbl2) was
blocked in the absence of FDC with HIV-1 strains IIIB, MN and
SF2 as reported (ARRRP, Data Sheet)and with the primary strain
301714. 1In contrast, infection was apparent in cultures when
FDC were present indicating that the FDC's ability to reverse
the effect of neutralizing antibody was not restricted to a
single strain of virus or monoclonal antibody.
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Discussion

HIV 1is active and progressive in secondary lymphoid
tissue during the clinically latent stage of disease. In
particular, HIV 1is trapped, as are other antigens, on the
dendritic processes of FDC in the form of immune complexes.
This trapping involves antibody, complement, or both. Since
the major site of active HIV infection throughout clinical
latency is the germinal center surrounding HIV laden FDC, we
hypothesized that the germinal center and FDC provide a unique
environment which plays a major role in HIV infection. The
objective of this thesis project was to begin to test this
hypothesis by determining if HIV immune complexes on the
surface of FDC were infectious.

The results indicate that HIV immune complexes trapped on
the surface of FDC are highly infectious. HIV immune complex
formation and subsequent virus trapping on FDC was performed
in vitro(figure 2) and in vivo (figure 3). FDC were washed to
remove unbound virus and then cultured (as the only source of
virus) with susceptible CD4+ human T cells. In both systems
infection was detected. Furthermore, infection was detected

even when HIV immune complexes were formed with potent

71
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neutralizing antibody indicating that FDC were able to negate
the effect of the antibody, even when it was present in vast
excess (figure 4 and 5). We believe that these results will
have a significant impact on our understanding of HIV

pathogenesis, and intervention strategies.

Infectivity of FDC trapped HIV

Our first experiment which tested the infectivity of HIV
trapped on the dendritic processes of FDC (Figure 2) mimicked
in vivo events in an 1in vitro culture system. We formed HIV
immune complexes, using serum from an HIV infected individual
(as a source of antibody), and then allowed these to be
trapped by FDC. FDC bearing HIV were then cultured with human
T cells over a four day period and proviral DNA was detected
indicating that trapped virus was still infectious.

To more closely mimic in vivo conditions, we repeated
this experiment using a xenogeneic model (murine) where immune
complex formation and FDC localization would occur in vivo.
This model of trapping virus on murine FDC was prompted by
previous work using conventional antigen in which immunization
of mice with specific antibody followed by antigen led to
rapid immune complexes formation followed by FDC localization.

In our system, we passively immunized mice with anti-gpl20
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followed by injection of HIV. After injection of HIV, we
waited for five days prior to 1isolating FDC. Previous
experiments with conventional antigen had shown that by this
time, the only antigen remaining in the lymph node was that
trapped by FDC. Therefore, after five days, murine FDC
bearing HIV were removed and cultured with human T cells as
previously done in figure 2. Again infection was clearly seen
indicating that the virus remained infectious (Figure 3).
The results from the murine studies suggested that the
environment that FDC provide is protective for the virus. We
reason that within the mouse, immune complex formation and FDC
localization would occur in a similar manner to that occurring
in humans. However, since the mouse lacks cells bearing the
human CD4 receptor, the virus cannot replicate. Therefore, in
our murine model, the virus was able to remain infectious for
four days before it could come in contact with susceptible
cells to initiate viral replication. This is particularly

significant when one considers the half life of the HIV in the

absence of replication. HIV is estimated to have a half-life
of six hours in vivo(Verbal communication- D. Ho;
International Congress of Immunology Meeting 7/95). In our

experiment, the mice were injected with 25,000 TCIDg,, ( 5000

TCIDs, in each of five different sites). Calculations based on
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the six hour half-life would suggest that by the end of the
first six hours, 12,500 TCIDso would remain in the mouse. 1In
one day (i.e. four half-lives), the amount of virus would fall
to 3,125 TCIDso and by the end of the four day experiment, HIV
would have undergone a decrease of sixteen half lives. If all
the injected virus were trapped on FDC and if each FDC bearing
virus could be isolated this would indicate a maximum of 6
TCID,, that could be present in the entire mouse. We further
reason that not all of the injected virus would have been
trapped by FDC and that not all FDC would have been isolated.
Thus, even though little if any virus would be expected to
remain in the mouse for four days 1if it were not protected
from immune clearance and/or inactivation, we saw substantial
infection in our cultures! These data support the hypothesis
that the FDC trapped virus 1s infectious and that FDC can
protect that infectivity beyond what would be expected to be
the normal lifespan of the virus. Thus, we reason that FDC may
provide a substantial reservoir of infectious virus that 1is
maintained for long periods of time.

The environment of the germinal center has a unique
cellular composition which influences the events that occur
there. The presence of FDC and their ability to trap antigen

is 1important for HIV because FDC serve as a reservoir for
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virus. As a reservoir, FDC may protect the virus from immune
events which attempt to destroy the virus. Clearance of HIV by
the immune system 1is mediated by a variety of immune
responses. For example, cell mediated immunity including
cytotoxic HIV specific T cells appear to play a significant
role in reducing viremia during the acute phase of the
disease. In addition, an antibody response is mounted against
the virus which would facilitate immune clearance as well as
follicular 1localization. Antibody may also result in
destruction of infected cells by antibody dependent cellular
cytotoxicity (ADCC) mediated by natural killer cells (NK).

Finally, the complement pathways may also contribute to
decreasing viral load in vivo. These immune events and
perhaps others help rid the body of circulating virus.

Furthermore, FDC may also protect FDC trapped immune
complexes which could potentially activate complement from
destruction via as yet unknown mechanisms. We reason that
complement activation by FDC trapped HIV immune complexes
might be predicted to result in destruction of the retained
antigen along with the FDC network. However, since antigen (in
the form of immune complex) is maintained for long periods of
time, this supports the concept that FDC have a mechanism

which prevents complement lysis. Thus, FDC and the germinal
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center appear to provide a safe site for the virus to reside
without being affected by the immune system’s attempts at
clearance.

In addition to providing a reservoir safe from the harsh
environment, FDC may actively increase infectivity of the
virus by further activating healthy T cells and maintaining
their viability. Szakal, et. al., found that antigen trapped
on FDC within a germinal center was not randomly retained on
FDC but that a given antigen was trapped on a single FDC
network in a highly ordered periodic fashion. Furthermore, it
was observed that one germinal center could have more than one
antigen retaining FDC network. In this fashion, germinal
centers would have different antigenic specificities and
several antigens could be found in one follicle (unpublished)
[121,122]). Therefore, we reasoned that within a lymph node
there are some germinal centers with FDC trapped HIV and some
without depending on the stage of disease and the amount of
virus being produced. We further envision that both types of
germinal centers would play a role in increasing infection and
maintaining cell viability. HIV infected individuals have
CD4+ T helper cells which are both noninfected and latently
infected (i.e., harbor proviral DNA). Cells from either group

may be specific for HIV or another antigen. As the cells
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enter various germinal centers, they may become activated as
they interact with antigen presenting cells at that site. Once
activated, they may receive a costimulatory signal from FDC.
FDC have been shown to provide costimulatory signaling to both
T and B cells which results in marked increase 1in
proliferation[131,147].

We envision three unique scenario’s in the lymph nodes
of HIV infected individuals. First, a non-infected T cell can
enter a germinal center with virus laden FDC. This cell,
specific for another antigen, may become activated by B cells
presenting that antigen. It can then receive costimulatory
signals from FDC, become fully activated, and proliferate.
Once in the activated state, the cell is highly susceptible to
infection by the HIV trapped on FDC. The second scenario
involves latently infected cells entering germinal centers
with FDC lacking HIV on their processes. In this environment,
the cell can again be activated by B cells presenting the
required specific antigen followed by costimulation by FDC.
Once fully activated, the infected cell will begin active
replication of HIV and will proliferate thereby increasing
viral load. Finally, in the last scenario, HIV specific
latently infected cells enter a germinal center with HIV laden

FDC. These <cells will interact with processed antigen
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expressed on B cells and will also receive FDC costimulation.
As Dbefore, they will proliferate and replicate virus. In
addition, these cells will be susceptible to superinfection by
the HIV trapped on FDC. 1In all of these situations, FDC and
their costimulatory signals are activating T cells, causing
increased proliferation, increasing susceptibility to HIV, and

ultimately contributing to the overall infection.

In addition to activating cells and causing
proliferation, FDC are also able to maintain cell
viability[147]. In previous work, cultures of B cells

stimulated with anti-p and IL-4 + FDC both showed increased

proliferation. Those cultures with FDC had a three-fold higher
proliferative response. Along with this, FDC were able to
maintain proliferation for several days. While cultures of B
cells alone had little or no detectable proliferation after 4
days, those containing FDC maintained proliferation.
Furthermore, examination by trypan blue exclusion indicated
that after 3 days only 24% of the cells were viable in B cell
cultures alone whereas nearly 100% were viable in cultures
containing FDC. The ability of FDC to not only increase cell
proliferation but also maintain viability may contribute to
the maintenance of HIV infection within germinal centers

during clinical latency.
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The maintenance of cell viability may in part be
attributable to the ability of FDC to decrease apoptosis
(Xiong & Tew unpublished). In similar experiments, mitogen
stimulated B cells were cultured with FDC or reducing agents
such as thiols to further characterize the costimulatory
effect. Both showed augmentation of proliferation above
mitogen stimulation alone. Furthermore, thiols induced
significantly higher levels of proliferation above that seen
with FDC. After seven days of culture, cell viability was
examined by microscopic analysis. While cultures containing
FDC remained healthy and viable, those with thiols had few if
any healthy cells 1left. Thiols were able to induce
proliferation but cultures were highly apoptotic. FDC
containing cultures, on the other hand, had lower levels of
apoptotic cells.

To further elucidate this phenomenon, B cells and anti-
fas antibody were cultured with or without FDC (Xiong & Tew
unpublished). In cultures without FDC, fas mediated apoptosis
occurred at a high frequency as expected. However, in cultures
with FDC, apoptotic levels were greatly decreased suggesting
that FDC, and microenvironment they provide, spare cells from
death. We believe that FDC may prevent apoptosis in germinal

center T cells in a similar manner.
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Recent studies by Kupfer et. al. examined apoptosis in
HIV infection by double staining immunohistochemistry[157].
Using one stain for HIV RNA and another for apoptosis, they
found that in the lymph node those cells undergoing apoptosis
were “in no case” productively infected (i.e. expressing viral
message). They hypothesized that HIV infected T cells express
a virally encoded protein which prevents apoptosis. We
entertain another hypothesis envisioning that T cells, as they
interact with FDC, not only become infected with FDC trapped
HIV but also receive signals from FDC sparing them from
apoptosis. 1If FDC are able to spare cells, some of which are
infected, they may be inadvertently maintaining infection. By
maintaining an environment which saves cells and induces
proliferation, FDC may be increasing viral load of infected T

cells within the germinal center.

Negation of neutralizing antibody by FDC

The second major finding of our work is that FDC can
negate the effect of neutralizing antibodies. In our studies,
the virus was incubated with several doses of neutralizing
antibody ranging from one nanogram (ng) to one milligram (mg).
At all doses of neutralizing antibody, the virus was unable to

cause infection when cultured with activated T cells verifying
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that the virus was fully neutralized. However, when FDC were
added to the cultures, infection was detected indicating that
FDC were able to render the neutralized immune complex into an
infectious form. This phenomenon was not restricted by viral
strain or antibody (figure 6).

These experiments utilized a wide range of neutralizing
antibody doses (Figure 4). At this lowest neutralizing dose,
1 nanogram of neutralizing antibody, all of the virus was
neutralized. In the presence of FDC the signal was very
intense indicating high levels of infection. This impressive
response was seen 1in all three cultures of this sample.
Furthermore, the signal was much more intense than that of the
positive control ACH-2 containing 50,000 cells each with one
copy of proviral DNA. This indicates that FDC were able to
take fully neutralized viral immune complexes and render them
highly infectious such that infection/integration occurred in
greater than 50,000 cells.

Although the intensity of the signal was decreased
considerably when 1pg or 1 mg of antibody was present, the
signal was still apparent indicating that neutralizing
antibody when present 1in vast excess could not prevent
infection. Milligram levels of neutralizing antibody are not

found naturally in infected individuals but we wanted to
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determine if there was a threshold level at which the effects
of FDC would be lost. Milligram levels of antibody did not
achieve this. FDC were still able to negate the effect of the
antibody.

Although FDC in our system are able to negate the
effects of the neutralizing antibody in all cases shown, our
data also suggests that increasing titers of neutralizing
antibody are beneficial. Figure 4 shows decreasing signal
representative of HIV infection in the presence of increasing
doses of neutralizing antibody. This suggests that high
levels of antibody may dampen the viral load in individuals
infected with the virus.

The ability of FDC to facilitate HIV infection in the
presence of neutralizing antibody may help to explain the
reason some individuals with high titer neutralizing antibody
have ongoing infection. It may also help explain the reason
that much of the wviral replication occurring during the
clinically latent stage of HIV infection 1is confined to
lymphoid follicles where virus laden FDC reside in intimate
contact with germinal center T and B cells. Although the
mechanism converting neutralized virus into an infectious form
by FDC 1is unclear, there are similarities to events which

occur in anamnestic responses where antigens are trapped by
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FDC in the form of immune complexes. Even though antibody
should ™“mask” epitopes and prevent recognition by the
immunoglobulin receptors of B cells, experiments have shown
that antigen-specific B cells are able to recognize the immune
complexed antigen in vast antibody excess[158,159]. We
envision a similar process in the case of FDC trapped HIV.
The V3 loop of HIV-1 gpl60 would be potentially “masked” by
neutralizing antibody but the FDC can display the virus in a
manner that gpl20 can bind CD4 on adjacent T cells and thus
cause infection. The finding that FDC can convert neutralized
HIV immune complexes into an infectious form may have
important implications for the design of therapeutic and

vaccine strategies, regardless of the mechanism(s) involved.

Neutralization Assays

Currently there are three main protocols for researching
neutralization of HIV. Common in vitro methods culture virus,
neutralizing antibody, and susceptible T <cells prior to
assaying for viral integration and/or p24 levels. Infectivity
can be measured by assaying for integrated proviral DNA using
PCR analysis as used in these studies. Primers specific for
gag are chosen since gag is among the last part of the genome

transcribed prior to integration. Detection of gag usually
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indicates that a full provirus has been integrated. The other
method assays for the presence of p24 in culture supernatants
by ELISA. P24 can be directly correlated to infectivity but
this value may misrepresent infectivity since p24 can also be
generated from defective virus particles.

The most recent in vivo model generated to study HIV
pathogenesis is the hu-HIV/PBL-SCID mouse[157]. The SCID
mouse lacks murine T and B cells and mature FDC. In the hu-
HIV/SCID model, mice are engrafted with human PBL and
therefore can maintain HIV infection and replication. The
advantage of this system is the presence of the characteristic
CD4+ T cell depletion during active infection. This model has
been utilized to study some therapies including anti-viral
agents such as nucleoside analogs. Studies using this model
and treatment demonstrated increases in circulating T cells 1in
vivo. This model is expected to be a useful technique for the
study of neutralizing antibody and other potentially
beneficial therapies.

The above described protocols neglect to address the role
of FDC and the germinal center. Our assay demonstrated
effective neutralization in the absence of FDC yet in their
presence effective neutralization was not observed. Since FDC

appear to have an important role in the maintenance of HIV
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infection, protocols must include an accurate representation
of in vivo conditions, including germinal centers with FDC, as
our 1in vivo and in vitro models do. Culturing in vitro
systems with and without FDC will allow researchers to address
all aspects of disease stages. In vivo methodologies must
also not exclude the potential role of FDC. Models like the
hu-HIV/PBL-SCID do not accurately represent in vivo
conditions. Furthermore, reconstitution of human lymph nodes
with germinal centers and functional FDC is near impossible
(personal communication, M. Connners). Without addressing the
role of FDC the research neglects many of the events
surrounding the late acute stage, all of the clinically latent
stage, and much of AIDS. A full understanding of pathogenesis

requires an understanding of these events.

Vaccination Strategies

We believe the data presented here may also cause us to
reshape our thinking of current vaccination strategies. When
developing a vaccine against any microbial agent one of the
first questions asked is: Which immune response mechanisms are
protective? This knowledge is fundamental in the engineering
of vaccines. Vaccines attempt to prime the immune response so

that subsequent exposure to the organism will result in a more
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rapid vigorous response. Not only do we not know which
response are protective, but we also do not know which
responses prevent sequestration of the virus which prefaces
clinical latency. More research on the pathogenesis of HIV
will bring us closer to answering these questions.

Current vaccination attempts focus primarily on blocking
viral entry into susceptible cells by eliciting an anti-gpl20
antibody response. In fact, the first tested vaccine was
recombinant gpl20 which attempted antibody mediated
prevention. None of these trials were successful. Since then,
gpl20 has been mapped and humoral epitopes have been
determined. Many researchers are now focusing on one area, the
V-3 loop, which contains a neutralizing domain. Many patients
produce high levels of neutralizing antibody yet infection
persists. Furthermore, there is no solid correlation between
neutralizing antibody titers and disease progression. Antibody
responses normally prevent viral infection. However, data
presented here demonstrates that viral-antibody complexes are
still infectious, even in the presence of high levels of
neutralizing antibody. Vaccines which attempt to elicit a
strong antibody response therefore may provide little or no
protection.

Some vaccines not only fail to protect but also enhance



87
disease. This has been the case in several diseases including
respiratory syncytial virus and measles in humans. 1In
addition, other lentiviruses have shown this feature including
arthritis-encephalitis virus in goats and visna-maedi virus in
sheep[(160]. A vaccine for HIV which elicits an antibody
response may also result in enhancing infection. Some people
who are exposed to HIV fail to become infected. Cytotoxic T
lymphocytes and complement mechanisms are the first responses
to HIV known to clear the initial viremia. It is conceivable
that some people are able to clear the virus quickly before it
becomes trapped on the FDC. If vaccination which elicited
circulating antibodies against HIV were available, it is
possible that more people would become infected after
exposure. The circulating antibodies would become complexed
with the virus and would quickly be carried to the most
proximal lymph node. Here the viral complex would be trapped
on FDC and be retained for several years. The virus would be
in a environment which makes it more immunogenic and brings it
close to highly activated CD4+ T cells. The long term slow
progressive disease would begin.

Rather than engineer vaccines to elicit an antibody
response, we believe that a CMI response would be more

protective in light of the data presented here. As previously
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stated, the design of vaccines should attempt to mimic the
natural immune response which results in protection. The first
responses which occur in HIV infection are CD8 lymphocyte and
complement mediated events. Although these responses are not
wholly protective, they are successful at clearing the initial
viremia.

Additional data also supports the hypothesis that the
cellular immune response is protective. HIV-specific T cell
responses have been detected in human and animals who have
been multiply exposed to HIV or SIV, respectively. Several
high risk or HIV exposed populations have been studied
including gay men, intravenous drug users, accidentally
exposed health workers, and newborns of HIV infected
mothers[161-163] (Pinto; manuscript submitted for publication).
PBMC from these people were challenged with HIV envelope
synthetic peptides. In the groups, 35% to 75% of the
individuals responded to at least two of the five peptides as
compared to controls which responded 0-2%. More recently, CD8+
CTL’'s specific for NEF were detected in women partners of HIV+
men[164]. Studies using the animal model SIV in macaques
demonstrates that low dose exposure induces a cellular
response but not a humeral response. Later challenge with SIV

resulted in strong T proliferative responses, no
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seroconversion, no detectable provirus by PCR analysis, and no
disease whereas controls, not receiving the subinfectious dose
previously, did seroconvert and develop disease[165].

In addition, some cell mediated activities have been
correlated with a positive prognosis. Long term survival has
recently been associated with a strong cellular immune
response characterized by anti-HIV suppressor activities([166].
This suppressor activity 1is Dbelieved to prevent viral
replication and viral expression. Furthermore, it may prevent
some of the harmful CTL responses. These functions may be
important in maintaining virological latency and thereby
allowing normal T cell function. These data and our results
support the hypothesis that a cellular response is protective
and that vaccinations should be engineered to elicit a

cellular response as opposed to a humoral response.

Treatment Strategies

We believe the data presented here will also benefit
those already infected with HIV as it may restructure
treatment strategies. Although the immune response ultimately
fails at defeating the virus, it is effective at maintaining
low viremia levels for several years. The antibody response is

believed to contribute both to the initial clearing of the
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virus and to the maintenance of low plasma virus levels
throughout clinical latency. The repertoire of antibodies
which exist often includes neutralizing antibodies.
Neutralizing antibodies are usually detectable within one year
of the acute phase[l67,168]. Although high titers of
neutralizing antibody do not correlate with prevention of AIDS
and death([169], some researchers have correlated them with
good short term prognosis[170]. Furthermore, infected mothers
who did not transmit the virus to their babies were reported
to have better neutralizing capabilities([171-174]. This
suggests that the antibody response does play a beneficial
role. In addition to this, our data also suggest that
increasing titers of neutralizing antibody are
beneficial (Figure 4).

Treatment for HIV should continue to include the use of
antibodies especially those which may be neutralizing since
they may result in some protection. However, we believe that
these antibodies should be altered to prevent interaction with
FDC via F. or complement receptors. Viral immune complexes
which do not become trapped on FDC do not contribute to the
existing reservoir of virus. Instead these complexes may be
cleared from the system via phagocytosis. This type of

therapy may slow progression of the disease and delay onset of
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AIDS. The viral burden within the germinal center would take
longer to develop therefore follicular hyperplasia,
destruction of FDC, and immunosuppression leading to AIDS
would be delayed.
To be effective, treatment antibodies should not bind to
F. receptors. For example, Fab molecules could be produced
from neutralizing antibodies. These would bind to and
neutralize the virus in the same manner as whole antibody.
They could not, however, bind to FDC without their F_, region.
One potential drawback of Fab molecules is their short half
life. Alternatively, “designer antibodies” could be developed
which have a mutated F_. region. These molecules again would
lack the ability to bind F, receptors but they have the added
benefit that they will remain in circulation longer than Fab
fragments and will therefore be of greater clinical value. As
patients progress from HIV asymptomatic to AIDS they
experience a variety of impairments in the immune systems
including a decline in neutralizing antibody titers.
Immunizations with the described designer antibodies in
conjunction with other treatments which decrease viral load
such as AZT, ddI, and protease inhibitors may prolong the
clinically latent stage of disease.

The results reported here will bring us closer to
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understanding how the virus is able to use the host to its
advantage. The finding that FDC are able to convert
neutralized virus into an infectious form increases our
understanding of HIV pathogenesis and the clinically latent
stage. The implications of this research may help explain
failure in previous treatment and vaccine attempts and

enlighten us to improved designs for the future.
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