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and Pathogenesis: The Role of the Lymphoid Microenvironment
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HIV-1 disease is characterized by the productive infection of macrophages and

CD4+ T-cells. Immunodeficiency results from the progressive loss and disregulation of T

cells. HIV-1 entry is mediated by the expression of CD4 and coreceptors. Interestingly,

not all cells expressing these molecules are susceptible to HIV-1. The purpose of these

studies was to identify cellular factors including coreceptor expression that impact viral

infection and replication within T-cell subsets. These characteristics include maturation,

activation, and proliferation. We exploited a unique lymphoid histoculture model system

that permits ex vivo culture and infection of primary human lymphoid tissues. We found

that HIV-1 infected nearly all classes of T-cells, including non-proliferating, naïve CD4"

T-cells. Further studies revealed that a substantial fraction of these productively infected

naïve lymphocytes were non-activated. Thus, despite considerable evidence that such

cells are refractory to infection in vitro, we conclude that the lymphoid microenvironment

supports the productive infection of these cells de novo. Although both naïve and

memory T-cells are infected by HIV-1 within lymphoid tissues ex vivo, naïve cells

release approximately 6-fold less virions than memory cells, implying a quantitative
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difference in the infection of these cell populations. Interestingly, we also found that a

subset of naïve cells were latently infected by HIV-1, implying that some naïve cells

release little or no virus. We conclude that the establishment of latent provirus within

these cells occurs by a novel, activation-independent pathway. A second objective of this

work was to determine the role of viral gene products in mediating the infection of

various cell populations. To accomplish this, we compared the behavior of viruses

differing only in the presence or absence of the viral gene vpr. We found that Vpr

contributed substantially to the productive infection of macrophages but not non-dividing

T-cells. These studies also evidenced a significant role for macrophages in the generation

of tissue viral burden. Thus, we infer that viral gene products have evolved that confer

upon HIV-1 the ability to infect diverse and specific cellular targets. Collectively, this

work highlights the complexity of HIV-1 and the importance of lymphoid tissues in the

pathogenesis of HIV-1 disease in vivo.
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Chapter 1

Introduction



I. OVERVIEW

The hallmark of human immunodeficiency virus type 1 (HIV-1) infection is the

progressive loss of CD4 T-lymphocytes. HIV-induced disease may be divided into three

clinical stages: acute infection, asymptomatic infection, and acquired immunodeficiency

syndrome (AIDS). During acute infection HIV-1 replicates to very high levels wherein

the host's lymphoid and other tissues are seeded by the virus, and the number of

circulating CD4 T-cells drops transiently (63). This period is often characterized by an

acute viral syndrome, which may present clinically with flu-like symptoms. Subsequent

onset of HIV-1-specific immune responses (initially cytotoxic T-cells and later B-cells)

appears to limit the degree of replication, evidenced by a dramatic fall in viral titers (36,

48,52). However, in most individuals, the immune response is inadequate to fully

eradicate the virus, and replication continues at a reduced level (2, 39, 47). Nevertheless,

this residual viral turnover may contribute significantly to immune pathogenesis, as the

number of circulating CD4 T-cells declines slowly during asymptomatic infection (51).

The level of viral replication increases dramatically and the rate of T-cell loss accelerates

significantly during the final stage of disease, leading to profound immune dysfunction

and the subsequent acquisition of opportunistic infections (63, 67). The viral and host

determinants that impact the degree of HIV-1 replication and the rate of CD4 T-cell loss,

and therefore the rate of disease progression, are not well understood, but may relate at

least in part to the evolution of viral coreceptor usage.



II. HIV-1 CELLULAR ENTRY AND CORECEPTORS

In combination with CD4, the human chemokine receptors CCR5 and CXCR4

have emerged as the predominant cofactors for cellular entry of HIV-1 in vivo (1, 12, 20,

21, 24). CCR5 is expressed on most tissue macrophages, dendritic cells, and a subset of

activated T-cells (6, 20, 60, 82). In contrast, CXCR4 is expressed on macrophages,

dendritic cells and nearly all T-cells (6, 20, 23, 60, 82). It is widely reported that viruses

selectively employing the CCR5 coreceptor (R5 viruses) mediate viral transmission and

predominate during acute and clinically asymptomatic HIV infection, while viruses with

expanded preference for CXCR4 (R5/X4 or X4 viruses) and other coreceptors often

emerge in late stages of HIV-induced disease (19, 31, 43,62, 68, 83). The evolution of

X4 viruses is associated with increased viral loads, accelerated CD4 T-cell depletion,

and progressive disease (19,43, 62,66, 74, 75). Although this phenomenon may be a key

factor affecting CD4 T-cell depletion, the causal relationship between the phenotypic

switch and the immunodeficiency and elevated viral titers that characterizes progressive

HIV-1 disease remains speculative.

III. HUMAN LYMPHOID HISTOCULTURES AND AGGREGATE CULTURES

AS MODEL SYSTEMS WITH WHICH TO INVESTIGATE HIV-1

PATHOGENESIS



To address these important questions we have utilized a unique ex vivo model

system termed human lymphoid histoculture (HLH), which involves culturing explants

from non-inflammatory human spleen and/or tonsil specimens from non-infected donors

(28, 29, 32, 53,65). This system has several important features that distinguish it from

peripheral blood mononuclear cell (PBMC) culture: (1) it preserves the three-dimensional

organization and diversity of mature lymphoid and myeloid cellular constituents present

within lymphoid tissue in which HIV replication and pathogenesis may occur; (2) it does

not depend upon exogenous stimulation or cytokines; (3) it supports progressive HIV

replication over several weeks duration; and (4) it exhibits HIV-specific, reliable and

quantifiable pathologic effects of infection.

During this dissertation work we have also developed an adaptation of the HLH

model within our laboratory termed human lymphoid aggregate culture (HLAC) (22).

Noninflammatory spleen or tonsil tissue is mechanically dispersed, and isolated cells are

cultured in 96-well U-bottom plates at a density approximating that observed in lymphoid

tissues. Cells reaggregate at the bottom of the wells and may then be inoculated with

various strains of HIV-1. Importantly, the cellular activation state, cell diversity, and

depletion and replication behavior of various HIV-1 strains within this HLAC system

appear to be nearly indistinguishable from that observed in cultured explants of human

lymphoid tissue (HLH). Because the cells in these cultures are physically accessible,

HLAC offers experimental advantages and flexibility unachievable with other models,



including HLH, while preserving the biology of the organs from which the tissues are

derived.

These models represent attractive systems in which to investigate the

pathogenesis of HIV-1. Before the development of these culture techniques, most

investigators relied on cultures of PBMC to study HIV. However, these cells represent

just 2% of the total lymphocytes in the human immune system (14). Moreover, PBMC

require mitogen activation and continuous cytokine exposure to remain viable and

permissive for HIV replication. These stimuli drastically alter the phenotypes of the cells.

Thus, PBMC cultures do not accurately model relevant cellular characteristics found in

vivo and may be of limited predictive significance regarding the majority of virus-cell

interactions in vivo. In contrast, HLH and HLAC are derived from peripheral lymphoid

organs, which are the principal sites of HIV-1 replication and viral load within infected

individuals. Moreover, whereas PBMC represent only a small subset of the lymphocyte

pool, lymphoid organs contain the majority of lymphocytes in vivo (14). In addition,

these organ cultures are viable and permissive for HIV replication independent of

cytokine support or other signals, thereby preserving the profound cell heterogeneity

found within lymphoid tissues in vivo. Therefore, HLH and HLAC represent unique

models that recapitulate important in vivo features and provide a highly relevant setting in

which to investigate the pathogenesis of HIV-1 in vitro.



IV. HIV-1 CORECEPTOR USAGE DETERMINES TARGET T-CELL

DEPLETION AND CELLULAR TROPISM

Using these systems, we have shown that X4 viruses significantly infect CD4 T

lymphocytes (32, 53), consistent with the widespread expression of CXCR4 on most

helper T-cells. In contrast, R5 viruses infect only a small fraction of CD4 T-cells (32,

53), their entry being limited to the CCR5" subset of T lymphocytes, and mature

lymphoid macrophages. Despite the limited target cell availability for R5 viruses, they

nevertheless predominate during the acute and clinically asymptomatic stages of HIV

infection in the majority of patients (19, 31, 43, 62,68, 83). Moreover, studies have

recently demonstrated that HIV-1 exhibits significant turnover during these phases,

generating greater than 1x10" virions per day (38,80). Interestingly, despite the

differences in the target T-cell availability for R5 and X4 viruses, they also replicate with

similar kinetics and to similar degrees in human lymphoid tissue ex vivo (32). One

possible explanation for this phenomenon is that the different target cells of HIV-1 may

have different inherent capacities for HIV replication, a hypothesis tested in this

dissertation work.

Previous investigations have shown that the variable regions of the envelope (env)

gene contribute most significantly to the determination of viral coreceptor preference (5,

17, 37, 70, 83). In particular, within most clade B viruses, residues within the V3 loop are

the dominant features influencing coreceptor usage. Indeed, in most cases incorporation

of envelope sequences derived from R5-dependent viruses into X4-dependent viruses is



sufficient to transfer CCR5 usage to the formerly X4 virus (11, 53, 70, 76). We employed

this principle to study matched pairs of viruses that shared a common (isogenic) genetic

backbone, but differed in the V3 sequences. These recombinant viruses provided an

important tool with which to investigate the importance of coreceptor preference in the

tropism and pathogenesis of HIV-1 without the confounding variable of differing viral

gene products. These studies allowed us to identify the cellular targets of X4 and R5

viruses and later establish the source of local R5 viral burden. We found that X4 viruses

replicated within CD4” T-cells whereas R5 viruses infected a fraction of (CCR5°) CD4'

T-cells as well as macrophages (32). We conclude that the combined viral output of

infected T-cells and macrophages accounts for the surprisingly high replication of R5

viruses within these tissues. These experiments are described in detail in Chapters 2 and 6

of this dissertation.

V. HIV-1 REPLICATES IN DIVERSE SUBSETS OF CD4* T-CELLS WITHIN

HUMAN LYMPHOID TISSUES

Although the previous study demonstrated that X4 viruses replicated

preferentially within CD4+ T-cells, a population of cells appeared to be resistant to X4

infection and persisted in the cultures long after most other CD4+ T-cells had been

depleted by HIV-1, despite high levels of CXCR4 expression. These findings are

consistent with studies performed with PBMC that have produced evidence that some

subsets of T-cells are refractory to HIV-1 infection. Three features have emerged as



predominant factors influencing susceptibility to infection: activation, proliferation, and

maturation. First, T-cells expressing the activation markers CD25, HLA-DR, and/or

CD69 support the full HIV life cycle and are sensitive to the cytopathic effects of the

virus (13, 58, 77). However, replication is blocked during reverse transcription and/or

preceding integration within non-activated cells that do not express detectable levels of

any of these markers. Second, the proliferative status of host T-cells similarly regulates

viral replication, with cycling cells supporting viral replication and non-dividing cells

exhibiting a pre-integration block (9, 10, 71, 73, 86). Third, maturation also appears to

define cells that are susceptible to HIV-1 infection. In particular, memory cells are

preferentially infected and depleted by HIV-1 in vitro compared to naïve cells, which are

highly resistant to infection (13, 35, 59, 64, 72, 81, 85, 86).

However, substantial in vivo evidence for infection of naïve T-cells has recently

emerged. Studies have demonstrated that naïve T-cells isolated from infected patients

exhibit active gene expression (50,89). The basis for these paradoxical observations is

not immediately evident, but may relate to the inherent cross-sectional design of the in

vivo studies. Such investigations can not determine if these cells were infected de novo as

mature, naïve T-cells, or instead infected at an earlier, more permissive period in the

cellular lifetime. More compelling is the possibility that the replication of HIV-1 is

regulated differently in vivo and in vitro. That is, signals absent from PBMC culture may

be essential for the productive infection of non-dividing naïve T-cells. We therefore

investigated the role of lymphoid tissues in the infection of naïve T-cells. In contrast to



the findings with PBMC, we found that these cultures supported the productive infection

of these cells de novo, though at a lower level than that seen in memory cells. These

experiments are described in detail in Chapter 3 of this dissertation.

VI. HIV-1 TRANS-ACTIVATES BYSTANDER CD4* T-CELLS WITHIN HUMAN

LYMPHOID TISSUES

Another paradox in HIV-1 biology is the surprising finding that although

activated T-cells are preferentially infected both in vitro and in vivo, these cells are

present at elevated frequencies in patients with progressive HIV-disease (4, 33,42, 45,

49, 61). It is hypothesized that the chronic infection by HIV-1 stimulates the immune

system, leading to enhanced expression of activation markers on formerly non-activated

cells. These studies have been limited by their cross-sectional design, and this hypothesis

has not been formally proven.

In the present dissertation work, having previously demonstrated that non

dividing, naïve T-cells were productively infected by X4 HIV-1, we examined the

activation state of these target cells. We found that HIV-1 substantially infected and

depleted both the activated and non-activated subset of naïve T-cells. Most interestingly,

we also found that X4 HIV-1 activates bystander cells that escaped infection, leading to

their accumulation in late infections. These studies evidence a pathway by which HIV

may manipulate the host immune system so as to generate a more permissive

environment for viral replication. These processes likely contribute to viral pathogenesis



by accelerating viral replication, CD4 T-cell destruction, and eventual immune collapse.

These experiments are described in detail in Chapter 4 of this dissertation.

VII. GENERATION OF LATENTLY INFECTED NAIVE CD4 T-CELLS BY

HIV-1 WITHIN HUMAN LYMPHOID TISSUES

HIV-1 infection of target cells may proceed along two pathways. First, viral entry

may result in productive infection, resulting in the generation of infectious, progeny

virions. Second, entry may instead progress to a latent infection in which transcriptional

expression of viral antigens is impossible (due to incomplete reverse transcription) or

repressed. The provirus may then be maintained within these cells for varying durations.

In particular, provirus arrested prior to integration is relatively unstable, and disappears in

a matter of days or weeks in the absence of activating signals (10,71, 86). In contrast,

transcriptionally silent, integrated provirus is very stable, and persists nearly indefinitely

(14, 16, 25, 88). Latently infected cells harboring such virus represent a clinically

important reservoir for HIV and are a significant impediment to eradication of virus

within infected patients receiving highly active anti-retroviral therapy (HAART).

It is thought that a transition of infected host cells from an activated to a quiescent

state may be an essential factor in the generation of these cells. Consistent with this

model, the majority of latently infected CD4+ T-cells isolated from HIV-infected patients

display a resting, memory phenotype (14–16). However, latently infected naïve CD4+ T

cells, which have not undergone such a transition, have recently been identified in vivo

10



(55). Our earlier findings that lymphoid histocultures supported the productive infection

of mature, naïve T-cells raised the possibility that de novo (activation-independent)

infection may be an alternate mechanism by which latent infection is achieved in this

subset. Indeed, we found that naïve T-cells within lymphoid tissues also serve as

inducible reservoirs of viral persistence following de novo infection. Recruitment of

provirus within these cells to a highly productive state may contribute to the viral loads

and progressive immunodeficiency seen in HIV-1 infection in vivo. These experiments

are described in detail in Chapter 5 of this dissertation.

VIII. HIV-1 VPR IS AN ESSENTIAL FACTOR FOR THE PRODUCTIVE

INFECTION OF MACROPHAGES BUT NOT NON-DIVIDING T-CELLS BY

HIV-1

HIV-1 and other lentiviruses are unique among retroviruses in that they do not

depend on cellular division and the accompanying breakdown of the nuclear envelope for

productive infection (40, 44). It is believed that this special property is due to the

concerted and perhaps redundant activities of Matrix (MA), Integrase (IN), the DNA flap

and Vpr (7-9, 18, 26, 27, 34,46, 54, 56, 57, 79,87). In particular, Vpr, which is

incorporated into mature virions, contains two non-overlapping and unique nuclear

localization signals (41, 69). Although frequently deleted during in vitro passaging, Vpr

is believed to have numerous functions that contribute to the establishment and

11



pathogenesis of HIV-1 infection in vivo including infection of non-dividing macrophages,

which presumably is linked to its nuclear localization function (3, 18, 30, 78,84).

In the present dissertation work, we investigated the role of Vpr in the infection of

various target cells in human lymphoid tissues. Having demonstrated that HIV-1

productively infected lymphoid macrophages (Chapter 2) as well as non-dividing, naïve

T-cells (Chapter 3), we wished to determine the role of Vpr in mediating the infection of

these diverse cell types. By selectively ablating the infection of these populations we also

hoped to determine the specific contribution of these cells to the overall viral burden

within lymphoid tissues. Once again, we employed matched pairs of isogenic viruses that

differed only in the presence or absence of vpr. This strategy allowed us to isolate the

effects of Vpr without confounding changes in other viral gene products. Surprisingly, we

found that while Vpr augments the infection of macrophages, it does not contribute to the

productive infection of non-dividing, naïve T-cells. Furthermore, Vpr—deficient R5

viruses exhibited a significant reduction in overall viral replication, emphasizing the

importance of tissue macrophages as a permissive reservoir for viral replication in vivo.

These findings suggest that other host or viral factors may be responsible for the infection

of resting lymphocytes and highlight the importance of Vpr and CCR5 coreceptor

specificity for HIV-1 infection of tissue macrophages. These experiments are described in

detail in Chapter 6 of this dissertation.
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Chapter 2
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T-cell Depletion and Cellular Tropism in Human Lymphoid Tissue
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Prologue

Our laboratory had previously demonstrated that viruses employing CCR5 deplete

T-cells only mildly, whereas X4 viruses deplete T-cells massively. Moreover, R5 viruses

replicate to a level comparable to that of X4 viruses despite that T-cells displaying CCR5

represent only a small fraction of all T-cells. The studies in this chapter sought to

determine the role of coreceptor usage in target cell cytopathicity and cell tropism. We

found that R5 viruses resulted in the marked depletion principally of T-cells expressing

detectable levels of CCR5. We also found that R5 viruses productively infect both a

subset of T-cells as well as tissue macrophages, and we infer that the combined output of

these viral reservoirs accounts for the surprisingly high replication of R5 viruses. We

conclude that cell tropism and cytopathicity is regulated at the level of env expression.

The experiments presented in this chapter were principally conducted by M. Penn,

who shared first-authorship with J.C. Grivel. B. Schramm and R. Speck made intellectual

contributions to the work. N. Abbey and B. Herndier performed the

immunohistochemical studies presented in Figure 4A and B. I developed the flow

cytometric assay to monitor productive infection of tissue macrophages and generated the

data presented in Figure 4C. L. Margolis and M. Goldsmith jointly supervised this work.

This chapter was published in the Journal of Virology and is reproduced here with

permission from the American Society for Microbiology.
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The present study sought to determine how usage of coreceptors by human immunodeficiency virus type 1
dictates cell tropism and depletion of CD4+ T cells in human lymphoid tissues cultured ex vivo. We found that
coreceptor preferences control the marked, preferential depletion of coreceptor-expressing CD4* lymphocytes.
In addition, there was a strong, but not absolute, preference shown by CXCR4-using strains for lymphocytes
and by CCR5-using strains for macrophages.

The hallmark of human immunodeficiency virus type 1
(HIV-1) disease is the progressive depletion of CD4+ lympho
cytes. Different strains of HIV vary with respect to their target
cell range and cytopathic potential. The molecular basis for
differential cell tropism and virulence remained obscure until
the discovery of select chemokine receptors that act as essen
tial cofactors for cellular entry by HIV-1 (1). We previously
reported that HIV-1 envelope glycoprotein (gp120) determi
nants controlling a preference for CXCR4 resulted in marked
depletion of CD4+ T cells in human lymphoid histocultures,
while those specifying a preference for CCR5 resulted in only
mild depletion of such cells. These results suggested that either
X4 viruses are intrinsically more cytopathic than R5 viruses or
viruses with different coreceptor specificities target quantita
tively distinct CD4+ T-cell pools. Our earlier study established
that R5 HIV-1 variants exclusively deplete CCR5-expressing
CD4+ lymphocytes, while X4 HIV-1 variants preferentially
deplete CXCR4-expressing cells (5). However, the diverse
HIV-1 isolates used in this work differed from each other by
many parameters other than coreceptor usage that could in
fluence cytopathicity.

The present study sought to establish a specific causative
relationship among coreceptor usage, tropism, and CD4+ T
cell depletion in mature lymphoid tissue. Human tonsil his
tocultures were inoculated with pairs of recombinant strains of
HIV-1 that differ exclusively in small regions of gp120 that
control coreceptor preference. Three pairs of viruses based on
an isogenic (NL4-3) viral backbone were studied: (i) NL4-3
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(X4) and 49-5 (R5), virus chimeras that differ only in the gp120
V3 loop region that specifies strict reciprocal tropism for
CXCR4 and CCR5, respectively (9, 12, 13); (ii) 134 (X4) and
126 (R5), site-directed mutants that differ in a single V3 amino
acid residue that likewise dictates preference for CXCR4 or
CCR5, respectively (3, 12); and 123 (X4) and USV3 (R5),
chimeras that contain V3 loop segments derived from primary
X4 and R5 viral isolates (references 3 and 12 and unpublished
data).

T-cell depletion and viral replication were measured 12 to 15
days following inoculation as described previously (4). Consis
tent with our earlier report (9), NL4-3 (X4) severely depleted
these cultures of CD4+ T cells, while the paired virus 49-5 (R5)
depleted these cells only mildly (Fig. 1A). Recombinant strain
134 (X4) also severely depleted these cells, while its paired
strain, 126 (R5), which differs by a single amino acid within the
V3 loop region, mildly depleted these cells (Fig. 1A). Viruses
123 and USV3, which encode V3 loop segments derived from
primary viral isolates, likewise depleted CD4+ T cells accord
ing to coreceptor usage (Fig. 1A). These results confirm and
extend previous observations by demonstrating that sequences
within the V3 loop that control coreceptor preference dictate
severe or mild CD4+ lymphocyte depletion. We have shown
previously (9) and verified here for each virus pair (see Fig. 3)
(data not shown) that the differential depletion effects occur
despite comparable viral replication kinetics.

To test the hypothesis that target cell availability influences
the magnitude of cellular depletion by each viral strain, we
used flow cytometry to determine the relative prevalence of
potential target cells as defined by CXCR4 and CCR5 expres
sion. CXCR4 was expressed on the overwhelming majority of
CD4+ T cells in resting tissues (mean, 88.5% + 1.6%, n = 25),
whereas CCR5 expression was restricted to a much smaller
subset of these cells (mean, 10.4% + 0.8%, n = 25) (reference
5 and data not shown). We determined whether these expres
sion profiles are linked to preferential depletion by inoculating
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FIG. 1. CD4+ T-cell depletion in human tonsil histocultures infected ex vivo
by matched HIV-1 strains. (A) Left: CD4* T-cell depletion as indicated by mean
relative CD4/CD8 ratio on day 15 after infection by recombinant viruses NL4-3,
49-5, 134, and 126. For each data point, cells were pooled from 6 to 10 tissue
blocks (mean plus standard error of the mean, n = 3) and analyzed by flow
cytometry. Right: CD4 depletion on day 13 by viruses 123 and USV3, which were
tested in a separate experiment. Presented are data from typical experiments
with tissues from two to five donors. (B) CD4+ T-cell subset depletion data as
indicated by the relative CD4/CD8 ratio for the CCR5 or CCR5* T-cell subsets
in the tissue samples presented in panel A.

histocultures with viruses that vary only in coreceptor pheno
type. Since CXCR4 is widely expressed on both CCR5* and
CCR5T cells, our hypothesis predicts that X4 viruses would
deplete cells in both subsets, whereas R5 viruses would deplete
preferentially within the CCR5° subset. We therefore focused
our analysis on quantitation of the CCR5* and CCR5 subsets
of CD4+ lymphocytes following infection. Indeed, all three of
the X4 viruses (NL4-3, 134, and 123) massively and compara
bly depleted both CCR5 and CCR5° cells, while the R5
viruses (49-5, 126, and USV3) caused depletion preferentially
within the CCR5* subset and comparatively modest depletion
within the CCR5T subset (Fig. 1B). We speculate, but cannot
prove, that the partial depletion of CCR5 cells by R5 viruses
is explained by subthreshold levels of CCR5 expression on
some cells, since previous work established that certain CD4°
lymphocytes that do not express CCR5 at levels detectable by
flow cytometric methods were infectable by R5 viruses (11).
Nonetheless, in all of our experiments, depletion within the
CCR5° subset by R5 viruses exceeded that in the CCR5
subset by twofold or more. These results together demonstrate
that envelope-determined coreceptor preferences direct the
selective depletion of cognate coreceptor-expressing CD4+
lymphocytes in human lymphoid histocultures.

Despite a marked difference in the frequencies of potential
cell targets for X4 and R5 viruses and the selective depletion of
targets by each virus type, the replication kinetics of these
viruses based on virus production were quite similar. Although
the absolute levels of virus replication varied among individual
tissue donors, there were no consistent differences in the peak
levels of viral replication or the kinetics of virus accumulation
in the culture medium upon inoculation of any particular tissue
specimen by pairs of X4 and R5 strains. To elucidate further
the relationship between virus-induced CD4+ T-cell depletion
and virus replication, we performed concurrent kinetic mea
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surements of these parameters in histocultures infected by
NL4-3 or 49-5. In a typical experiment, NL4-3 progressively
depressed the overall CD4/CD8 ratio with early effects evident
by day 3 and progressive effects on days 6 and 12 (Fig. 2A, left).
In contrast, the effect of 49-5 on CD4/CD8 ratio was very
modest at all time points (Fig. 2A, right).

Stratification by CCR5 expression revealed a more complex
pattern. In NL4-3-infected cultures both CCR5T (Fig.2B, left)
and CCR5* (Fig. 2C, right) lymphocytes were lost markedly
and progressively over the 12-day period with kinetics that
paralleled the overall depletion of CD4+ T cells (Fig. 1A). In
contrast, 49-5 had minimal effects on the CCR5 population
(Fig.2B, right) but severely and progressively depleted CCR5*
cells (Fig. 2C, right). In each of these cases, the kinetics of
depletion of CD4+ T cells overall corresponded to the kinetics
of depletion within the CCR5T population, which reflects the
small contribution of the minor CCR5° pool. These kinetic
analyses provide further evidence that R5 viruses deplete T
cells in a coreceptor-dependent process leading to preferential
loss of CCR5° cells. It should be noted that, in some experi
ments with 49-5, partial loss of CCR5* cells was detected by
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FIG. 2. Kinetic analysis of overall and subset-specific T-cell depletion in
human tonsil histocultures in NL4-3- and 49-5-infected tonsillar tissue (left and
right panels, respectively). Mean values (+ standard errors of the means) from
a representative experiment (n = 3) are shown.
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FIG. 3. Kinetic analysis of HIV-1 replication and lymphocyte infection in
human tonsil histocultures. (A) HIV-1 p24 concentration in the culture medium
of NL4-3- and 49-5-infected histocultures (Fig. 2) and sampled at various time
points. (B) Frequencies of productively infected lymphocytes in these cultures as
demonstrated by flow cytometry of cells isolated from infected tissues and co
immunostained with MAbs recognizing CD3 and p24.

day 3 without further loss on subsequent days (data not
shown). This donor-specific effect suggests that under some
conditions CCR5 expression is necessary but not sufficient for
CD4+ T-cell depletion by R5 viruses and that cellular proper
ties other than coreceptor expression may also influence sus
ceptibility to depletion.

In view of the coreceptor-dependent depletion of major and
minor T-cell subsets by X4 and R5 strains, respectively, the
relationship among cellular coreceptor expression, productive
viral infection, and cell killing is not immediately evident. In
particular, R5 and X4 viruses differentially depleted CD4+ T
cells yet exhibited similar replication profiles. Also, we previ
ously found that the frequencies of productively infected lym
phocytes were not consistently different in X4 and R5 virus
infected cultures as assessed at day 12 postinfection (9). To
clarify this apparent discrepancy, we concurrently examined
viral output and infected T-cell frequencies in infected cul
tures. As described earlier, in a typical experiment NL4-3- and
49-5-infected tonsil histocultures produced nearly identical
amounts of virus with very similar kinetics as assessed by the
p24 content of culture supernatants (Fig. 3A). To measure the
frequency of infected cells in these cultures, cells were har
vested at various time points, coimmunostained with monoclo
nal antibodies (MAbs) to CD3 and p24, and analyzed by flow
cytometry. By this measurement, at days 6 to 9 postinfection,
NL4-3 productively infected a relatively large proportion of the
T cells, reaching approximately 15% of total CD3° lympho
cytes and declining by the end of the experiment (Fig. 3B). In
contrast, 49-5 infected fewer T cells, reaching approximately
5% of CD3” cells (Fig. 3B).

The difference in T-cell infection efficiency exhibited by
these two viruses corresponds to the more aggressive depletion
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effect of X4 viruses compared to that of R5 viruses, but it also
represents a paradox in the context of their very similar viral
output profiles (Fig. 3A). One hypothesis to account for this
paradox is that macrophages constitute an additional source of
virus output that is not reflected in the analysis of infected T
cells. We therefore used immunohistochemistry to visualize
the full spectrum of infected cells in these histocultures. Im
munostaining of formalin-fixed tonsil sections for the macro
phage-specific antigen CD68 (6) revealed large numbers of
macrophages distributed throughout the tissue (reference 4
and data not shown). Immunostaining for p24 revealed striking
differences between the X4 and R5 virus-infected cultures.
NL4-3-infected tissue demonstrated a predominance of p24
positive cells that appeared to be lymphocytes based on their
small size and high nucleus/cytoplasm ratio (Fig. 4A, left, and
4B). In contrast, in 49-5-infected tissue many of the p24-posi
tive cells appeared to be macrophages, based on their large size
and abundant cytoplasm (Fig. 4A, right). Interestingly, some of
these macrophage-like cells were also p24-positive in the NL4
3-infected cultures, and these were distinguishable as moder
ately and intensely stained cells. Likewise, a small number of
intensely staining p24-positive lymphocytes was observed in the
49-5-infected samples. To compare target cell frequencies
quantitatively, p24-positive lymphocytes and macrophage-like
cells in the two cultures were counted by visual inspection (Fig.
4B), which confirmed the strong but not absolute preference of
an X4 strain for lymphocytes and of an R5 strain for macro
phage-like cells. Thus, as analyzed by immunohistochemistry,
productive infection of both lymphocytes and macrophage-like
cells appears to contribute to the total output of virus in HIV
1-infected histocultures.

We also developed a flow cytometric approach to identify
and quantify macrophage-like cell types in HIV-infected lym
phoid tissues. Macrophages were identified by immunostaining
cells dispersed from histocultures for markers that distinguish
T cells (CD3) from macrophages (CD14 and CD68). Cytospin
and transmission electron microscopic analysis of cells sorted
by positive staining for these markers validated this separation
technique (data not shown). To analyze infection in this pop
ulation, cells from infected tonsil histocultures were also im
munostained for viral p24. These experiments demonstrated
that the R5 virus infected a significantly higher proportion of
macrophages in these tissues than did the matched X4 virus
(Fig. 4C); similar results were obtained using two other distinct
pairs of isogenic X4 and R5 viruses (data not shown). These
results confirm that macrophages serve as significant cellular
hosts for productive infection by R5 viruses, presumably con
tributing to the total viral output. The relative contribution
macrophages make to replication of X4 viruses in these lym
phoid tissues appears to be smaller (Fig. 4). Additionally, other
cells not identified in this analysis (e.g., dendritic cells) may
also contribute to total viral output in tonsil histocultures.

In the present studies of matched recombinant viruses, we
confirmed that X4 HIV-1 strains are more pathogenic toward
the overall CD4+ T-cell population than are isogenic R5
strains. We also verified that CXCR4 is expressed very widely
among CD4+ T cells in these lymphoid cultures, while CCR5
is expressed on fewer cells. Correspondingly, all X4 strains
depleted CD4+ T cells broadly in these experiments, while
their matched R5 counterparts potently and preferentially de
pleted CD4+ T cells within the smaller CCR5° pool. Addi
tionally, the overall frequency of productively infected lympho
cytes in X4 HIV-1-infected tissues is higher than in R5 HIV
1-infected tissues, suggesting that the measured frequencies of
productively infected lymphocytes are proportional and re
lated to the cumulative attrition of infected cells. These exper
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FIG. 4. Immunohistochemical and flow cytometric detection of intracellular HIV-1 p24 in infected tonsil histocultures. (A) Representative examples of p24-positive
lymphocytes and macrophages in tonsil tissue infected ex vivo with NL4-3 and 49-5. Arrows indicate a typical lymphocyte (left) or macrophage (right). (B) Quantitation
by counting p24-positive cells in these NL4-3- and 49-5-infected tissue sections that have comparable cross-sectional areas. (C) Frequencies of productively infected
macrophages following a matched inoculation by a pair of isogenic viruses, NL4-3 (X4) and NL107 (R5). On day 9, cultures were coimmunostained with MAbs
recognizing CD14 (phycoerythrin conjugated), CD68 (phycoerythrin conjugated), and p24 (fluorescein-isothiocyanate conjugated). NL107 is isogenic with NL4-3 but
harbors the V1-V3 loop gp120 segments from Bal in the backbone of NL4-3 (13). Results are means of triplicate samples (plus standard errors of the means).

iments strongly support the hypothesis that X4 viruses infect
lymphocytes at high frequencies and exhibit high overall viru
lence because CXCR4-expressing targets are abundant, while
R5 viruses are also pathogenic for cell targets but exhibit lower
overall virulence because CCR5-expressing cells are much less
abundant. Furthermore, they prove that sequences in gp120
controlling coreceptor specificity alone are sufficient to deter
mine which subset of CD4+ T cells is depleted by each virus.

These principles should be relevant for other lymphoid or
gans as well (4, 9). Moreover, no consistent differences were
observed between pathologic tonsil specimens and nonpatho
logic spleen specimens in the expression of various common
markers of activation (data not shown), suggesting that a par
ticular inflammatory state is not required for these viral prop
erties to be manifest. In addition, CXCR4 and CCR5 expres
sion patterns were comparable in these tissues (data not
shown). However, there may be differences in relative activa
tion status and/or coreceptor expression in other lymphoid
tissues not examined here, such as gut-associated lymphoid
tissue or thymus tissue. It is reasonable to expect that in these
tissue contexts as well, the level of pathogenicity demonstrated
by X4 and R5 viruses would be governed by the relative ex
pression levels of CXCR4 and CCR5. For example, the level of
CCR5 is significantly higher in gut-associated lymphoid tissue

than in peripheral blood (7), and this tissue in rhesus monkeys
was found to be highly susceptible to the pathogenic effects of
an R5 simian immunodeficiency virus strain (14). In contrast,
CCR5 expression in the human thymus is very low, and R5
viruses replicate poorly in this tissue and cause minimal cyto
pathic effects (2).

Despite differences in the pattern of selective CD4 deple
tion, X4 and R5 strains produced comparable amounts of virus
with similar kinetics, in contrast to other reports based on
xenotransplant model systems (2, 8, 10). The presence of sig
nificant numbers of tissue macrophages and dendritic cells is
one feature that distinguishes the histoculture model (4). In
deed, we detected large, p24-positive macrophage-like cells in
both R5- and X4-infected tissues by immunohistochemistry
and flow cytometry. It is possible that this p24 staining repre
sented cells that had endocytosed infected lymphocytes rather
than those directly infected by HIV-1. By this interpretation,
one would expect a higher proportion of p24-positive macro
phage-like cells in X4-infected cultures, given the higher level
of infection of T cells by these strains. However, a larger
proportion of macrophage-like cells were found to be p24
positive in R5-infected cultures than in X4-infected cultures,
making it likely that the majority of large, p24-positive cells
represent direct and productive infection. Thus, macrophages
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may contribute to viral output for both virus types but make a
greater contribution for R5 strains. Therefore, the combined
viral output from infected T cells, macrophages, and possibly
other related cell types not identified in these analyses could
account for the overall similarities in replication kinetics. Un
fortunately, current technology has not yet permitted a robust
and direct determination of the actual sources of virus produc
tion in these histocultures. Nonetheless, one interesting spec
ulation is that the relative contribution of cell types other than
CD4+ T cells (e.g., macrophages) to viral load may increase
over time in conjunction with progressive loss of specific T cells
that are susceptible to the cytopathic effects of HIV-1.

These data provide compelling reasons to continue anti
HIV-1 therapeutic efforts aimed at developing antagonists to
both CCR5 and CXCR4. Because macrophages can be in
fected detectably by both X4 and R5 strains, such antagonists
may be effective not only in preventing CD4 depletion but also
in limiting viral replication in alternative non-T-cell reservoirs.
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Prologue

A paradoxical finding in HIV-1 biology is the identification of productively

infected naïve CD4+ T-cells in vivo despite that these cells are refractory to infection in

vitro. Thus, the mechanism by which these cells are generated within infected individuals

is not known. Moreover, the importance of these cells to the pathogenesis of HIV and

immune collapse is also unknown. We therefore investigated the role of lymphoid tissue = --

in mediating the infection of these cells. In a comprehensive analysis based on detailed

examination of cellular characteristics, lymphoid trafficking, and cellular proliferation, º,

we found that all conventional subsets of T-cells are permissive for infection when

present within this microenvironment. In particular, non-dividing, naïve cells support de
-

novo infection by X4 HIV. These cells are also sensitive to the cytopathic effects of the - - -
*

virus and are extensively depleted, which may prevent the generation of novel immune

responses in vivo. Therefore, these cells should not be considered mere reservoirs for - º

latent virus, but rather are permissive targets of HIV-1. Replication within these cells

augments local viral burden, and their destruction invariably contributes to the collapse of º

the immune system within infected individuals.
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work was formative. Y. Korin, D. Scripture-Adams, and J. Zack generated the data
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Summary

Although HIV-1 gene expression is detected in naive,
resting T cells in vivo, such cells are resistant to pro
ductive infection in vitro. However, we found that the
endogenous microenvironment of human lymphoid
tissues supports de novo infection and depletion of
this population. Cell cycle analysis and DNA labeling
experiments established that these cells were defini
tively quiescent and thus infected de novo. Quantita
tion of the “burst size” within naive cells further dem
onstrated that these cells were productively infected
and contributed to the local viral burden. These find
ings demonstrate that lymphoid tissues support active
HIV-1 replication in resting, naive T cells. Moreover,
these cells are not solely reservoirs of latent virus but
are permissive hosts for viral replication that likely
targets them for elimination.

introduction

The hallmark of human immunodeficiency virus type 1
(HIV-1) disease is the progressive loss of CD4+ T cells.
In vitro studies with peripheral blood mononuclear cells
(PBMC) have suggested that specific cellular character
istics govern the susceptibility of cells to infection by
HIV-1, including activation, maturation (i.e., naive versus
memory), and proliferation. In particular, cultured mem
ory cells are preferentially infected (Schnittman et al.,
1990; Helbert et al., 1997; Spina et al., 1997), while rest
ing and/or naive cells are highly resistant (Zack et al.,
1990; Roederer et al., 1997; Chou et al., 1997). Cellular
proliferation also regulates HIV-1 infection in PBMC (Bu
krinsky et al., 1991; Zack et al., 1992; Spina et al., 1995;
Tang et al., 1995).
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Nonetheless, recent work has revealed that nonacti.
vated, naive, and/or nonproliferating lymphocytes within
infected patients exhibit active HIV-1 gene expression
(Zhang et al., 1999; Ostrowski et al., 1999; Blaak et al.,
2000). The basis for these paradoxical observations is
not well established, but the HIV-1 life cycle may be
regulated differently in the in vitro and in vivo contexts.
Furthermore, the cross-sectional design of these recent
clinical studies makes it difficult to conclude with cer
tainty whether the cell populations expected to be resis
tant to HIV-1 infection were infected de novo or rather
were infected during an earlier phase of the cellular
lifetime.

Culturing human lymphoid tissues ex vivo is a useful
method for studying host-virus interactions because the
microenvironment is biologically relevant, and experi
ments are both prospective and longitudinal. In addition,
these tissues are permissive for HIV-1 infection indepen
dent of exogenous stimulation (Glushakova et al., 1997),
thus preserving the endogenous cytokine milieu and
cellular heterogeneity. We therefore used human tonsil
histocultures to test the hypothesis that the endogenous
microenvironment of lymphoid tissues supports the de
novo infection of quiescent CD4+ T cells by HIV-1.

Results

ldentification of Noncycling and Proliferating Memory
and Naive CD4+ T Cells
We used flow cytometry and immunostaining to identify
subpopulations of CD3° T cells within human tonsil his
tocultures. One population characterized by low forward
and side scatter signals (Figure 1A) is termed “lympho
cytes.” Examination of the proliferative status of this
population by both bromodeoxyuridine (BrdU) incorpo
ration (Figure 1B) and propidium iodide (PI) staining
(data not shown) detected negligible proliferative activ
ity. A second population characterized by more pro
nounced forward and side scatter properties (Figure 1A)
is termed “blasts" because of the increased size and
granularity of the cells; we confirmed that the majority
of these larger blasts were indeed single cells (data not
shown). Brdu labeling (Figure 1B) and Pl staining (data
not shown) revealed that a substantial fraction of these
cells were cycling. Thus, both morphologic and prolifer
ative characteristics distinguished blasts from lympho
cytes. The remaining cells had extremely pronounced
side scatter and a broad range of forward scatter sig
nals, and immunostaining revealed a mixture of diverse
cell types within this population including dendritic cells,
macrophages, and multicellular conjugates of T cells
and dendritic cells or macrophages (Figure 1A and data
not shown). Therefore, these tissues are heterogeneous
and composed of identifiable cell populations.

We next defined the maturation phenotypes of CD4+
T lymphocytes and blasts. The majority of both CD4+
lymphocytes and blasts were found to be memory cells
(non-CD45RA*/CD62L*) (Figures 1C and 1D), although
the blast fraction contained somewhat fewer memory
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Figure 1. Flow Cytometric Analysis of Lymphocytes and Blasts
within Human Lymphoid Histocultures Immediately following Tissue
Procurement

(A) Forward and side scatter properties of cells dispersed from
human tonsil immediately following tonsillectomy.
(B) Anti-BrdU reactivity of the same tissue.
(C–F) Distribution of memory and naive CD4+ T cell subsets intonsil
tissue. Cells from uncultured tonsil specimens were immunostained
with anti-CD45RA and CD62L mAbs (C and D) or anti-CD45RA and
CD45RO mAbs (E and F). Shown are dot plots from a representative
donor tissue (gated on CD4+ cells). Values indicated for each region
represent the mean percentages for each subset derived from a
collection of donor tissues analyzed (n = 8–14); SEM for each subset
was less than 20% of the mean.

cells (Figure 1D) than did the lymphocytefraction (Figure
1C). Similarly, the majority of both lymphocytes and
blasts had a memory phenotype as determined by reac
tivity to anti-CD45RO antibodies (Figures 1E and 1F).
Interestingly, a population of RA*/RO” cells was found
exclusively within the blast population (Figure 1F), which
may represent an intermediate stage in the development
of naive T cells into memory cells (LaSalle and Hafler,
1991; Hamann et al., 1996).

We next stained naive and memory CD4+ T lympho
cytes and blasts for expression of the HIV-1 coreceptors
CXCR4 and CCR5. We found that greater than 95%
of all populations examined expressed high levels of
CXCR4, whereas the expression of CCR5 was far more
restricted (data not shown). Greater than 23% of mem
ory T cells (lymphocytes and blasts) and naive T cell
blasts expressed CCR5, but only 10% of naive T lympho
cytes expressed detectable levels of CCR5.

Noncycling Naive T Cells Are Permissive
for HIV-1 Replication
To determine directly whether maturation phenotype
influences susceptibility to productive infection, we
measured the specific infection of naive and memory
CD4+ lymphocytes following 7 day infections with the
CXCR4-dependent (X4) HIV-1 molecular clone NL4-3
(Adachi et al., 1987; Speck et al., 1997; Schols et al.,
1998; Penn et al., 1999). We immunostained NL4-3-
infected tonsil explants to detect intracellular p24, a
marker of productive HIV-1 infection, and expression of
CD4, CD45RA, and CD62L. Memory and naive T cells
within mock infected tissues demonstrated minimal p24
background staining (Figures 2A and 2D, respectively).
In contrast, in cultures inoculated with NL4-3, memory
and naive T cells were infected at significant frequencies
(Figures 2B and 2E, respectively), although naive T cells
exhibited lower rates of infection. Incubation of samples
of infected tissue in trypsin prior to staining revealed no
reduction in the frequency of infected T cells (Figures
2C and 2F). Treatment with EDTA yielded similar results
(data not shown).

To determine if infection could be inhibited by HIV-1
coreceptor antagonists, we infected histocultures in
the absence or presence of the CXCR4 antagonist,
AMD3100 (250 nM) (Schols et al., 1997; Donzella et al.,
1998; Schrammet al., 2000). Mockinfected tissues again
demonstrated minimal p24 background staining (Fig
ures 2G and 2J), whereas in cultures inoculated with
NL4-3, memory and naive T cells were infected at signifi
cant frequencies (Figures 2H and 2K, respectively). In
contrast, in media containing AMD3100 continuously,
no infection was observed in either T cell population
(Figures 21 and 2L). We conclude that the intracellular
p24 staining method is specific and indicative of produc
tive infection.

We next measured the incorporation of Brd U in unin
fected tissue during a 12 hr labeling. Negligible propor
tions of either naive or memory lymphocytes exhibited
significant Brdu incorporation (Figure 3A). In all samples
tested, less than 0.2% of naive lymphocytes incorpo
rated Brdu, while significant proportions of naive, mem
ory, and transitional (CD45RA*/RO”) blasts incorpo
rated Brdu (Figure 3A).
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Figure 2. HIV-1 infection of Naive and Memory CD4+ T Cells
(Top) Intracellular p24 staining of memory (A-C) or naive (D–F) CD4+ T cells from mock infected (A and D), from NL4-3-infected cultures (B
and E), or from NL4-3-infected cultures treated with trypsin prior to staining (C and F).
(Bottom) Intracellular p24 staining of memory (G-1) or naive (J–L) CD4+ T cells from mock infected cultures (G and J), from NL4-3-infected
cultures (H and K), or from NL4-3-infected cultures incubated with AMD3100 for the duration of the infection (I and L). Presented are typical
experiments from among three with indistinguishable results.

To compare the permissiveness of lymphocytes and
blasts, we next measured the specific infection of naive
and memory CD4+ T cells following infection of parallel
tissue samples in media free of Brd U. Cultures were
inoculated with NL4-3 or the CCR5-dependent (R5) mo
lecular clone 49-5 (Chesebro et al., 1992; Penn et al.,
1999), and following 7 day infections were immuno
stained to detect intracellular p24 and various surface
markers. Naive lymphocytes (CD45RA*/RO-) were in

fected at significant frequencies (Figure 3B) despite their
minimal proliferative activity (Figure 3A). Identical results
were obtained when CD45RA and CD62L were used to
define naive cells (data not shown). Memory lympho
cytes were also productively infected by NL4–3 at very
high levels (Figure 3B and data not shown) despite low
proliferative activity (Figure 3A). In addition, blasts of all
maturation phenotypes were also substantially infected
by NL4-3, with the highest levels being observed in the
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memory fraction (Figure 3B). Interestingly, blasts with a
naive (CD45RA*) or intermediate phenotype (CD45RA*/
CD45RO”) were consistently infected at lower levels

cytes

than were noncycling lymphocytes (Figures 3A and 3B).
The R5 virus 49–5 also demonstrated a strong prefer
ence for memory cells within both the lymphocyte and
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blast T cell populations (Figure 3B). Nevertheless, pro
ductive infection of naive cells by 49-5 was detected,
although at a low frequency consistent with the limited
expression of CCR5 (Penn et al., 1999; Schramm et al.,
2000; Grivel et al., 2000). The percentage of productively
infected subsets by 49-5 was comparable to the fre
quency of cycling cells within these populations (Figure
3A). Because CCR5 identifies not only cells that are
permissive for R5 HIV-1 but also activated and prolifera
tive cells, usage of CCR5 by these viruses coincidentally
restricts them to proliferating host cells. Thus, although
it appears that X4 viruses may infect T cells independent
of cellular proliferation, we cannot resolve whether R5
viruses do so as well.

To confirm that the ability to infect nonproliferating,
naive T cells productively was also a feature of X4 pri
mary virus isolates, we measured intracellular p24 expres
sion in tissue inoculated with the dual-tropic (X4/R5)
primary HIV-1 isolate 7/86 or the mono-tropic R5primary
isolate 1/85 (Connor et al., 1997). The X4 strains NL4-3
and 7/86 infected a substantial proportion of all CD4+
T cell subsets, while the R5 strains 49–5 and 1/85 in
fected a smaller fraction of cells (data not shown). Most
importantly, we detected substantial infection of naive
lymphocytes by 7/86 (Figure 3C), confirming that X4
primary isolates are also capable of infecting noncycling
T cells within lymphoid tissue. These results provide
strongevidence that cellular proliferation is not an abso
lute requirement for infection of T cells within lymphoid
tissues.

To determine if the differential infection of naive and
memory T cells correlated with sensitivity to HIV-1-
induced cytopathic effects, we next measured the spe
cific depletion of naive and memory T cell subsets fol
lowing inoculation. NL4–3 induced severe depletion of
both naive and memory CD4+ lymphocytes by 12 days
postinfection, but preferential depletion of memory cells
was nonetheless evident (Figure 3D). Similarly, memory
lymphocytes were significantly and preferentially de
pleted by 49–5 relative to naive cells (Figure 3E), but the
overall degree of depletion was lower than that caused
by the X4 virus. Because of the low expression of CCR5
on naive T cells and possible requirement for cellular
division, the infection and depletion of this subset by
R5 viruses typically was minimal. Nevertheless, for both
NL4–3 and 49-5, blasts typically exhibited overall greater
susceptibility to depletion than did lymphocytes, but the
preferential depletion of memory cells within either the
lymphocyte or blast populations was most striking and
consistent (Figures 3D and 3E). Thus, diverse subsets
within the lymphoid tissue environment are highly sus
ceptible to the cytopathic effects of HIV-1, and no subset
examined here is invulnerable to elimination by X4HIV-1.
We utilized X4 viruses for subsequent examination of
the infection of these diverse cells.

Naive CD4+ T Cells Are Productively Infected
by HIV-1 De Novo
The infection of naivelymphocytes is particularly striking
since naive cells isolated from peripheral blood are re
sistant to de novo infection in vitro (Roederer et al.,
1997). Since proliferating effector cells occasionally re
turn to a noncycling state that is accompanied by reac

quisition of naive surface markers (Lee and Pelletier,
1998), we performed pulse-chase experiments to deter
mine the fraction of proliferating blasts that return to
nonproliferating status. Histocultures were labeled for
12 hr with Brd U and then chased in the absence of Brd U
for an additional 16–24 hr. Following the initial labeling
period, approximately 19% of CD4+ blasts but only 1%
of CD4+ lymphocytes had incorporated Brd U (Figure
4A). After the chase intervals, no significant change in
the percentage of Brdut blasts was observed (Figure
4A), suggesting that residual labeling during the chase
period was minimal. In contrast, the percentage of la
beled total lymphocytes increased modestly (3.5-fold)
during the chase period to a maximum of nearly 4%
(Figure 4A). Importantly, nearly all of these Brdut lym
phocytes were memory cells, while the fraction of Brdu
labeled naive T cells increased by only 0.1% during the
chase period (Figure 4A). These results indicate that
only a very small minority of nonproliferating, naive lym
phocytes productively infected by HIV-1 may be derived
from cells that were infected as blasts. Thus, cells within
this population are likely infected de novo.

To determine directly whether the proliferating frac
tion of naive lymphocytes can account for the surpris
ingly high frequency of productively infected cells in this
population, the cumulative fraction of proliferating naive
T cells and blasts trafficking into this population was
measured throughout atypical culture period. First, par
allel histocultures were either infected with NL4-3 or
cultured continuously in Brdu for 7 days. Cells were
then immunostained for Brd U incorporation or intracel
lular p24. 30% of blasts within the infected samples
were p24-positive, and 20% of blasts within the parallel
BrdU-labeled samples had incorporated Brdu over the
same period (Figure 4B). In contrast, approximately 14%
of naive lymphocytes were p24-positive, while only 2%
of naive lymphocytes within the parallel samples had
incorporated Brdu, representing a nearly 7-fold excess of
infected cells relative to Brdu-labeled cells (Figure 4B).

Second, to determine if the presence of virus itself
may have altered the proliferative status of T cells, we
inoculated histocultures with NL4-3 and cultured the
tissue continuously in Brd'U. Following a 7 day incuba
tion, cells were coimmunostained for both Brd U and
intracellular p24. Approximately 30% of productively in
fected blasts had incorporated Brdu, while only 8% of
productively infected CD45RA* lymphocytes had incor
porated Brdu during the same period. These data pro
vide direct evidence that nonproliferating, naive CD4+
lymphocytes are infected de novo by X4 HIV-1 within
histocultures.

Productive Infection of Naive T Cells Is Not Restricted
by Cell Cycle
Recent studies have suggested that productive HIV-1
infection of peripheral CD4+ T cells depends upon a
particular stage of the cell cycle that precedes cell divi
sion, a period termed G1b (Korin and Zack, 1998). In
contrast to cells in G0 and G1a, cells in G1b display
very high RNA content but have not yet begun synthesiz
ing DNA (Darzynkiewicz et al., 1980; Gilbert et al., 1992).
A combination of the nucleic acid dyes 7-aminoactino
mycin D for DNA content and pyronin Y for RNA content
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(B) Parallel histocultures were infected with NL4-3 or cultured continuously in medium containing BroU for 7 days. Cells were dispersed and
immunostained for CD4, CD45RA, and either intracellular p24 (open bars) or intracellular Brdu (solid bars). Shown are mean values with SEM
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may distinguish between these phases of the cell cycle
by flow cytometry. The majority of unstimulated, noncy
cling PBMC reside within G0/G1a (Figure 5A) and pro
duce only partial reverse transcripts upon HIV-1 infection.
In contrast, stimulated cells progress to G1b or beyond
(Figure 5A) and support the completion of reverse tran
scription (Korin and Zack, 1998). To determine whether
T cells that are permissive to HIV-1 infection in lymphoid
tissues have progressed to G1b, we stained these cells
with the nucleic acid dyes and various antibodies. To
examine the relationship between productive HIV-1 in
fection and cell cycle progression, we performed these
analyses using tissue that had been inoculated with
NL4-3 and cultured for 7 days. Nearly all CD4+ lympho
cytes were in G0/G1a, whereas a substantial fraction of
the blasts resided in either G1b or S/G2/M (Figures 5B
and 5C). The lymphocyte and blast populations within
lymphoid tissues are thus analogous to the unstimulated
and stimulated PBMC, respectively. Examination of the
naive T lymphocyte subset revealed that greater than
99% of cells in this population were in G0/G1a, and no
cells were found in S/G2/M (Figure 5C). An identical cell
cycle profile was observed in uninfected tissues (data
not shown). These results demonstrate that the resting,
noncycling lymphocytes have not progressed beyond
G0/G1a and substantiate that the overall proliferative
status of the tissue is unaffected by infection. Therefore,
in contrast to PBMC, de novo HIV-1 infection of resting
and naive lymphocytes within tonsiltissues is G1b inde
pendent.

Productively infected Naive T Cells Demonstrate
Reduced Burst Size
Finally, we sought to quantitate the burst size of naive
cells that had been productively infected. We employed
a modified culture method, termed human lymphoid ag
gregate culture (HLAC), which offers added experimen

tal flexibility while preserving the biology of human
lymphoid tissue. In particular, cellular activation and
proliferation, cell diversity, and HIV-1 infection, replica
tion, and depletion within HLAC are nearly indistinguish
able from that observed in the histoculture system (data
not shown).We inoculated HLAC with NL4-3, and follow
ing 5 day incubation, the cultures were harvested and
negatively selected using antibodies to CD8, CD14, and
CD19 and magnetic bead separation. The remaining
CD4+ T lymphocytes were sorted by FACS into naive
and memory T cell fractions using CD45RA/CD62L stain
ing; such positive selection by CD45 isoform expression
and isolation by flow cytometry does not alterthe cellular
phenotype or proliferative response (Spina et al., 1997).
To determine the fraction of sorted lymphocytes that
were productively infected by HIV-1, an aliquot of each
fraction was stained for intracellular p24. The remainder
of each fraction was then analyzed by several parallel
approaches to quantitate viral output per cell, as de
scribed below.

First, a portion of each fraction was lysed and
the “cell-associated p24" content was quantitated by
ELISA. To represent the average p24 content as “virion
equivalents" per infected cell, we divided this measured
p24 value by the number of infected cells (as determined
earlier), the molecular mass of p24, and the p24 content
of a typical HIV-1 virion (estimated 1800 copies per vi
rion) (Luftig et al., 1990; Piatak et al., 1993; Frankel and
Young, 1998). We found that productively infected naive
cells contained an average of 5.5-fold (range 2.9 to 6.4)
less p24 antigen per cell than did infected memory cells
(Figure 6A).

Second, to distinguish whether this difference in the
intracellular p24 content of these cell types resulted
from either reduced capacity for HIV-1 replication in
naive cells or reduced viral egress from memory cells
(thereby leading to its intracellular accumulation), the
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A PBMC Figure 5. Cell Cycle Analysis of CD4+ Lym
phocytes and Blasts in PBMC and HIV-1-

1000 Unstimulated Stimulated Infected Tonsil Histocultures

Cells were stained with 7-AAD (for DNA con
tent), pyronin Y (for RNA content), and anti
CD45RA and anti-CD4 mAbs and analyzed
by flow cytometry. Cell cycle profiles of un
stimulated and anti-CD3, anti-CD28-stimu
lated PBMC (A), and histoculture lymphocytes;
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remaining fractions of purified naive and memory T cells
were returned to culture, and we measured the kinetics
of HIV-1 replication within the samples. We cultured one
aliquot in normal media for an additional 1.5 days, the
estimated generation time for HIV-1 within lymphocytes
in vivo (Perelson et al., 1997). Supernatants were harvested
at the end of the culture, and the concentration of p24 was
measured by ELISA. Consistent with the earlier finding of
differential cell-associated p24 content, we found that
naive cells produced an average of 14-fold (range 6.4-
28.4) less cell-released p24than did memory cells during
this culture period (Figure 6B). Likewise, a sample of
the harvested supernatant was also used to determine
the TCIDso of the virus produced by naive and memory
cells. This analysis revealed an average productive ca
pacity of memory cells of 0.0045 infectious units per
infected cell (range 0.00433–0.00473), while the average
burst size of naive cells was at least 4-fold lower than
this value and frequently below the resolution of our
assay (Figure6C). This pattern of enhanced viral replication
within memory T cells compared to naive T cells correlates
well with our earlier findings of higher quantities of cell

associated p24 within memory cells, and we conclude
that the accumulation of p24 in these cells is not due
to a block in the egress of mature virions from the cell
membrane. Thus, the ratios of viral antigen production
to virion release are similar between memory and naive
T cells.

Third, to compare the long-term production of soluble
HIV-1 antigens by different cell subsets, we cultured
another fraction of the sorted naive and memory cells for
3.5 days in media containing inhibitory concentrations of
AMD3100, thereby preventing further viral spread. While
both naive and memory cells continued to secrete p24
beyond the initial 1.5 day culture described earlier, naive
cells released an average of 3.1 (range 2.67—3.62) times
less p24 per cell compared to memory cells (Figure 6D).
Therefore, kinetic differences in the rate of HIV-1 replica
tion within naive and memory T cells do not substantially
contribute to the observed differences in the estimated
burst sizes of these cells. Thus, productively infected
naive T cells exhibit a reduced burst size compared to
productively infected memory T cells. Importantly, for
all donors examined, the cumulative p24 released by
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Figure 6. Burst Size of NL4-3-Infected Mem
ory and Naive T Cells Isolated from Tonsil
Cultures

Cells from tonsil tissues were stained with
anti-CD45RA and anti-CD62L mAbs and
sorted by flow cytometry.
(A) p24 content of memory and naive T cells.
(B) Soluble p24 and (C) infectious units re
leased by infected memory and naive T cells
during 1.5 days of culture in normal media.
(D) Soluble p24 released by infected memory
and naive T cells during 3.5 days of culture
in the presence of AMD3100 to prevent viral
spread.
(E) Soluble p24 and (F) infectious units re
leased by infected memory and naive T cells
during 1.5 days of culture in media containing
IL-2. Shown is a typical experiment from
among four with indistinguishable results.
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naive cells during extended culture in media containing
AMD3100 exceeded the total mass of cell-associated
p24 measured immediately following sorting (data not
shown), confirming that naive cells within lymphoid tis
sues are permissive hosts for productive infection by
HIV-1.

Fourth, to evaluate the effect of a prototypical growth
factor on the relative burst sizes of naive and memory
T cells, an additional aliquot of the sorted cell popula
tions was cultured for 1.5 days in media containing re
combinant human IL-2 (200 IU/ml). IL-2 was found to
increase the quantity of cell-released p24 from memory
cells by approximately 33%. Strikingly, IL-2 increased
the cell-released p24 from naive cells by greater than

Memory Naïve

200% (Figure 6B). Likewise, IL-2 increased the number
of cell-released infectious units from memory cells by
21%, but that from naive cells by at least 200% (Figure
6F). These profound effects of IL-2 on the productivity
of naive cells confirm our conclusion that naive T cells
may be productively infected de novo by HIV-1 and
emphasize that they can serve as viral reservoirs that
may be induced upon exposure to cytokines and other
activating stimuli.

Such stimuli are typically found in abundance within
lymphoid tissues in vivo. To examine their effects, we
sought to quantitate the burst sizes of infected memory
and naive T cells within the lymphoid microenvironment.
We again sorted memory and naive CD4+ T cell lympho
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Figure 7. Burst Size of NL4-3-Infected Memory and Naive T Cells Reincorporated into Tonsil Cultures
Cells from tonsil tissues were stained with anti-CD45RA and anti-CD62L mAbs and sorted by flow cytometry. Sorted memory or naive T cells
were cultured as isolated cells or in the presence of donor-matched lymphoid tissue.
(A) Soluble p24 released by isolated and remixed infected memory or naive T cells during 3.5 days of culture in the presence of AMD3100.
(B) Infectious units released by isolated and remixed infected memory or naive T cells during 1.5 days of culture in normal media. Shown is
a typical experiment from among three with indistinguishable results.

cytes from NL4-3-infected tonsil cultures. One fraction of
the cells was cultured for 3.5 days following sorting in
the presence of inhibitory concentrations of AMD3100, at
which time the culture media was harvested, and the
cell-free p24 released by isolated naive and memory
cells was measured by ELISA. As with our earlier studies,
this analysis revealed that infected memory T cells re
leased significantly greater p24 than did infected naive
T cells (Figure 7A). Immediately following the sort, a
second fraction of the sorted memory and naive cells
was remixed with uninfected HLAC tissue derived from
the same donor. Equal numbers of the sorted memory
and naive cells were added back to the separate unin
fected cultures in addition to AMD3100. The culture me
dia was harvested 3.5 days later and the concentration
of soluble p24 within these supernatants was quanti
tated. Using this “remixing assay," we found that the
quantity of p24 produced by both memory and naive
T cells within the lymphoid tissue microenvironment in
creased approximately 2-fold (range 1.57–2.15) com
pared with isolated cells (Figure 7A). Importantly, the
relative burst sizes of memory and naive cells were un
changed within the reconstituted tissue context. Addi
tional fractions of memory and naive T cells were simi
larly cultured for 1.5 days postsort in the presence or
absence of uninfected lymphoid tissue. Following this
incubation, the media was harvested, and the TCIDso of
the virus produced by memory ornaive cells within these
two culture conditions was measured. Consistent with
our earlier studies, this analysis revealed an average
productive capacity of 0.0055 and 0.0012 infectious
units per infected memory or naive T cell, respectively
(Figure 7B). Cells reinfused into HLAC released approxi
mately 3-fold (range 2.61–3.16) more infectious virus
than did isolated cells (Figure 7B). Thus, signals present
within lymphoid tissues enhanced the replication of

HIV-1 within infected T cells, although they did not sub
stantially alter the relationship between the viral burst
sizes of memory and naive T cells. These results further
emphasize the quantitative differences between viral
replication within memory and naive T cells and highlight
the importance of activating or other signals in potentiat
ing the HIV-1 viral reservoir.

Discussion

Recent studies have demonstrated that resting and na
ive CD4+ lymphocytes are productively infected within
peripheral blood and lymphoid tissues of HIV-positive
individuals (Zhang et al., 1999; Ostrowski et al., 1999;
Blaak et al., 2000), although these cells are highly resis
tant to productive infection by HIV-1 in vitro (Zack et
al., 1990; Stevenson et al., 1990; Bukrinsky et al., 1991;
Spina et al., 1995; Roederer et al., 1997; Chou et al.,
1997). In prospective studies within lymphoid histocul
tures, we demonstrated that resting, naive CD4+ T lym
phocytes were susceptible to infection and depletion
by X4 HIV-1 when present in the lymphoid microenviron
ment. Despite uncovering evidence of some degree of
conversion of blasts into memory lymphocytes, pulse
chase and continuous DNA labeling experiments re
vealed an exceedingly low rate of conversion of prolifer
ating blasts into resting, naive lymphocytes. Therefore,
this small fraction of cells potentially infected during an
earlier, replication-active developmental stage cannot
be a significant contributor to the substantial levels of
productive infection detected within the naive T cell
pool. Moreover, our measurement of virus production
by infected naive T cells isolated from lymphoid tissue
revealed that these cells released soluble p24 in excess
of the cell-associated p24 content of the cells measured
at the time of collection, confirming that they had been
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productively infected. Thus, nonproliferating, naive T cells
within lymphoid tissue can be infected by X4 HIV-1 de
novo and are permissive hosts for viral replication. How
ever, we were unable to determine if R5 HIV-1 infection
could proceed similarly in the absence of cell division.
This possible behavioral difference between X4 and R5
strains may imply that naive T cells are spared during
asymptomatic disease when R5 viruses predominate in
vivo. Subsequent emergence of X4 viruses may then
target this cell population, contributing to the loss of
naive T cells and the profound immunodeficiency ob
served during late HIV-1 disease.

Recent work had demonstrated that productive HIV-1
infection of peripheral blood lymphocytes in culture
does not require cell division perse but rather depends
upon progression through a relatively early stage in the
cell cycle designated as G1b (Korin and Zack, 1998).
We found that nondividing CD4+ lymphocytes in the
lymphoid tissue context resided nearly exclusively in
the G0/G1 a phases that precede G1b in the absence or
presence of replicating HIV-1, thus revealing that these
cells were infected by HIV-1 in a G1b-independent man
ner. Therefore, the endogenous microenvironment
within lymphoid histocultures permits HIV-1 replication
in essentially all CD4+ T cells regardless of phenotypic
classification, proliferative status, or cell cycle pro
gression.

Despite the qualitative permissiveness of resting, na
ive CD4+ T cells for HIV-1 replication, these studies
also revealed significantly different viral burst sizes for
memory and naive T cells. By several distinct measures,
naive T cells released significantly fewer viruses than
did memory cells. Interestingly, it was also possible to
deduce that, on average, T lymphocytes release less
than one TCIDso per infected cell. This fact suggests that
cell-to-cell virus transmission, a process 100- to 1000
fold more efficient than cell-free transmission, may play
a crucial role in the dissemination of HIV-1 between
tissue-resident lymphocytes (Sato et al., 1992; Dimitrov
et al., 1993). Moreover, stimulation of these cells by
exogenous IL-2 significantly augmented the number of
infectious units released from both memory and naive
T cells, with the effect on naive T cells being particularly
dramatic. Therefore, the specific milieu of these cells
quantitatively influences the support for viral replication,
and although unstimulated naive cells have a signifi
cantly smaller capacity for HIV-1 replication than do
memory cells, they likely contribute to total viral load,
at least within the local tissue microenvironment. Fur
thermore, local production of growth factors may sub
stantially enhance such production from naive cells even
without the necessity of triggering cell cycle entry.

Indeed, our remixing assay demonstrated enhanced
viral production when T cells were placed within the
lymphoid microenvironment, although memory T cells
still exhibited significantly greater burst size than did
naive T cells. In addition, we found that naive CD4+
T cells isolated from the lymphoid environment are resis
tant to productive infection by HIV-1 (D.A.E., unpub
lished data). These results underscore the importance
of the lymphoid microenvironment to the pathogenesis
of HIV-1, and we infer that secreted or cell-associated
factors delivered in trans to naive cells within lymphoid
tissues induce a state of cellular permissivity for HIV-1

infection without markedly altering the overall cellular
phenotype. It has been shown that select cytokines per
mit infection of nonactivated and nonproliferating CD4+
cells by HIV-1 or HIV-based vectors (Chun et al., 1997b;
Swingler et al., 1999; Unutmaz et al., 1999). Therefore,
the cytokine milieu found within these lymphoid tissues
may support the full HIV-1 replication cycle within other
wise resistant populations such as resting, naive T cells,
thus allowing both productive infection and depletion
of these cells. It is also possible that cellular events
triggered by virus-associated factors, such as auxiliary
proteins, might induce a replication-permissive state in
this tissue environment that is not reflected in any of
the diverse experimental measures of maturation and
proliferation status employed herein. Interestingly, a re
cent study demonstrated that expression of HIV-1 Nef
within macrophages induces expression of unidentified
soluble factors that stimulated resting T lymphocytes and
rendered them permissive for HIV-1 infection (Swingler
et al., 1999). However, our use of the strict T cell-tropic
strain NL4-3 likely eliminates HIV-infected macrophages
as the source of the putative signal in the present experi
ments, but memory T cells and other cell types within
lymphoid tissues might be alternate sources.

Thus, resting, naive T cells should not be considered
exclusively as silent reservoirs for latent HIV-1 (Bukrin
sky et al., 1991; Spina et al., 1995; Borvak et al., 1995;
Finzi et al., 1997; Chun et al., 1997a). It is likely that
individual cell types have varying degrees of permissiv
ity to HIV-1 infection depending upon their immediate
environment. For example, while naive T cells that circu
late through peripheral blood or other locations may
be resistant to HIV-1 infection, their trafficking into
lymphoid tissues—sites of active HIV-1 replication dur
ing natural infections—may convert them into permis
sive hosts. The ability of HIV-1 strains to infect this pool
of quiescent cells may be a key factor in determining
the rate of global collapse of the CD4+ T cell repertoire in
vivo, and the evolution of HIV-1 strains with an enhanced
ability to target these cells may accelerate disease pro
gression within infected individuals. Studies aimed at
better understanding the parameters that permit viral
replication within lymphoid tissues may help to limit the
spread of virus within HIV-1-infected individuals.

Experimental Procedures

Preparation of Viral Stocks
NL4-3 was a gift from Malcom Martin via the AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, National Insti
tutes of Health. The molecular clone 49-5 was a gift from Bruce
Chesebro. Infectious virus stocks were prepared as previously de
scribed (Atchison et al., 1996). The primary isolates 7/86 and 1/85
(Connor et al., 1997), a gift from Ruth Connor, were expanded by
infection of PBMC.

Culture and infection of Human Lymphold Tissues Ex Vivo
Human noninflammatory tonsil tissue removed duringtonsillectomy
(provided by San Francisco General Hospital and Kaiser-San
Francisco and San Rafael, CA) were prepared and cultured as de
scribed (Glushakova et al., 1997). Tissues were inoculated with HIV-1
at 50 TCIDs, as described previously (Glushakova et al., 1997; Penn
et al., 1999).

Identification of CCR5* T Cells by Flow Cytometry
Cells dispersed from uninfected lymphoid histocultures were immu
nostained for the cell surface markers CCR5, CD62L, CD45RA, and
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CD4. The following monoclonal antibodies (mAbs) were used from
Becton Dickinson (BD, San Jose, CA): anti-CD4 (clone SK7) and
anti-CD62L. The following mabs from BD Pharmingen (San Jose,
CA) were also used: anti-CD45RA and anti-CCR5. The cells were
then labeled with the Alexa Fluor 488 Signal-Amplification Kit (Mo
lecular Probes, Eugene, OR) per manufacturer instructions.

Assessment of CD4+ T Cell infection and Depletion
For infection, cells were immunostained for cell surface markers
CD4, CD62L or CD45RO (BD Pharmingen), and CD45RA. Cells were
then fixed in 1% PFA and subsequently permeabilized and immuno
stained for intracellular CD4 and p24. To identify infected cells, anti
p24 from Coulter (Miami, FL) was also used. Titration/mixing studies
demonstrated that the intracellular p24 staining assay was sensitive
to a frequency of infected cells below 0.6%. AMD3100 was a gift
from Dominique Schols and Erik De Clerq.

Depletion was assessed as described previously (Glushakova et
al., 1997; Pennet al., 1999; Schrammet al., 2000). Depletion was also
assessed by absolute cell numbers, determined with Fluorospheres
(Coulter Immunotech, Miami, FL), and calculated per manufacturer
instructions.

Flow Cytometric Analysis of Cellular Proliferation
and Cell Cycle Status
For PI staining, cells were stained with an anti-CD4 mAb and then
fixed with 2% PFA. Cells were resuspended in a solution of RNase
A (1 pig■ ml, Sigma, St. Louis, MO) and PI (10 pig /ml, Molecular
Probes, Eugene, OR) and analyzed by flow cytometry. For Brdu
labeling, lymphoid histocultures were cultured in media supple
mented with Brdu (50 p.m., Sigma, St. Louis, MO). Cells were dis
persed and fixed and permeabilized in a solution of 1% PFA and
0.01% Tween 20. Cells were then treated with DNase (10 mg/ml,
Sigma, St. Louis, MO) in PBS (with Ca” and Mg’”) and then immuno
stained with a combination of mAbs recognizing CD4, CD45RA,
CD45RO, and Brdu (BD Pharmingen). Titration/mixing studies dem
onstrated that the Brdu assay was sensitive to a labeling frequency
below 0.5%. Four-color cell cycle analysis was performed as de
scribed previously (Schmid et al., 2000).

HIV Replication and Burst Size in Human Lymphoid
Aggregate Cultures
Lymphoid tissue was mechanically dispersed, and the isolated cells
were transferred to 96-well U-bottom plates at a concentration of
1 x 10' cells per ml, 200 pil per well. Tissues were inoculated with
HIV-1 NL4-3 at approximately 100TCIDs/well. Following 5 day infec
tions, cell aggregates were resuspended and stained with mAbs
recognizing CD62L and CD45RA (Coulter). Naive and memory cells
were sorted and replated. Reanalysis of sorted populations demon
strated purities in excess of 95%.
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Chapter 4

Induction of Cellular Activation and Proliferation Among Bystander CD4+ T-cells

within Human Lymphoid Tissue by HIV-1

L.
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Prologue

We had previously demonstrated that non-dividing, naïve CD4+ T-cells within

lymphoid tissues supported the productive infection by X4 HIV-1 (Chapter 3). Studies of

samples from infected patients revealed that non-activated T-cells also supported

productive infection despite resistance of these cells in vitro. Surprisingly, studies of

infected patients have also demonstrated an increase in the proportion of activated T-cells -** - -

during late-stage HIV-disease. The studies herein sought to determine the activation state,

as evidenced by surface expression of activation markers, of the HIV-1 target cells within +. s

human lymphoid tissues. We found that the majority of naïve T-cells in lymphoid tissues
-

>

- - - - - -
º

cultured ex vivo were non-activated, but nonetheless, supported active viral replication. -*

º - º

However, HIV-1 preferentially infected the activated subset, consistent with in vivo
- " _ _ .*.

-- ",
--" s

findings. Interestingly, we observed an "overrepresentation" of activated cells in
-

lymphoid tissue explants following depletion by X4 HIV-1 due to an ability of the virus -
-

*...
-- "T

- -

to effectively induce proliferation and activation of bystander T-cells. We speculate that
L]

such trans-activation may contribute to or augment the chronic immune activation º
* †

observed in patients with long-standing HIV infection, and may underlie the in vivo .

Q
phenomena. Collectively, these findings implicate non-activated cells in the replication of - “.

L

HIV and underscore the role of the lymphoid microenviroment in the pathogenesis of * ,
r.

HIV-disease. ->
y

s
~

/
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ABSTRACT

We have previously demonstrated that naïve CD4 T-cells within human

lymphoid tissues ex vivo support productive infection by human immunodeficiency virus

type 1 (HIV-1). In the present studies, CXCR4-dependent (X4) strains of HIV-1

substantially infected and depleted the non-activated fraction of naïve CD4+ lymphocytes

within these tissues, although HIV-1 nonetheless replicated preferentially within the

activated T-cell subset. Despite this preferential replication within activated T-cells, non

activated T-cells appeared to be more severely depleted by X4 strains than were activated

T-cells. To investigate this paradoxical finding we labeled bystander CD4+ T-cells with

the fluorochrome 5-carboxyfluorescein diacetate, succinimidyl ester (CFSE). Labeled

cells were combined with HIV-1-inoculated cultures in the presence of inhibitory

concentrations of AZT to prevent spread of HIV-1 to the bystander cells. We found that

infection of the cultures with X4 viruses induced activation of these bystander cells, a

process characterized by enhanced proliferation of activated T-cells as well as increased

expression of activation markers on formerly non-activated cells. Through these effects

on bystander cells, X4 strains of HIV-1 may thus locally increase the activation state of

the lymphoid tissue. This process generates a more permissive environment for active

HIV-1 replication and may therefore contribute to the increase in viremia observed in

HIV-1-infected patients following the emergence of X4 variants.

-- -

º

s

** - " -

55



INTRODUCTION s

A.

The hallmark of human immunodeficiency virus type 1 (HIV-1) disease is the yº,

progressive loss and eventual collapse of the CD4 T-cell compartment thereby *
contributing significantly to immunodeficiency. In vitro studies have demonstrated that º

HIV-1 tropism is principally determined by cellular coreceptor expression, whereas |
productive infection is influenced by many additional factors. For example, we have

previously demonstrated that within lymphoid tissues CXCR4-dependent (X4) HIV-1 -
g

strains, including both molecular clones and primary isolates, preferentially replicate in 1. ■

memory CD4 T-cells compared to naïve CD4 T-cells despite high levels of CXCR4 * :

expression on both populations (Eckstein et al., submitted for publication). In addition, >

others have shown that the maturation and activation state of the infected T-cells also ** -- * sº

contributes to the efficiency of productive infection and thus the pathogenesis of HIV-1 - " - - º
disease. In particular, the expression of CD45RO, CD25, HLA-DR, or CD69 appears to

º

define cells that are highly permissive for HIV-1 infection both in vitro and in vivo (6, 9, º ** º º

15, 24, 26, 29, 31, 36, 41, 42). Nevertheless, studies of infected individuals have revealed C

productive infection of non-activated, naïve CD4 T-lymphocytes in vivo, albeit at s º

frequencies below that of activated cells (45). However, the possibility exists that these -y

cells were not infected by HIV-1 as mature, non-activated T-cells, but rather acquired >
virus at an earlier, more permissive phase of the cellular lifetime. º: ”.

Paradoxically, although these activation markers define cell populations that are º

particularly susceptible to HIV-1 infection, and presumably virus-mediated cytopathic º
J
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effects, the proportion of activated CD4 T-cells among total circulating CD4 T-cells in

HIV-1 infected individuals increases in association with disease progression (5, 14, 17,

19, 22, 23, 30). The basis for these contradictory findings is not well established, but may

relate to chronic immune stimulation during long-term HIV-1 infection leading to

enhanced activation marker expression on formerly non-activated T-cells (3, 18).

However, a full understanding of these latter studies has been limited by the inherent

cross-sectional nature of obtaining patient samples.

We have investigated these complex host-virus interactions in prospective studies

by culturing mature human lymphoid tissues and inoculating them with HIV-1 ex vivo.

Because these tissues are permissive for HIV-1 infection independent of exogenous

stimulation (13), they preserve the cytokine milieu and lymphoid cell diversity found in

vivo (Eckstein et al., submitted for publication). Our previous studies revealed that within - -

the endogenous lymphoid microenvironment, HIV-1 productively infects non-dividing,

naïve CD4 T-cells de novo (Eckstein et al., submitted for publication). We now
- - -

demonstrate productive infection and depletion of the non-activated fraction of this naïve

CD4 T-cell subset. Unexpectedly, we also found that X4 HIV-1 activates bystander

cells, thereby manipulating the host immune system so as to generate a more permissive

Q.environment for viral replication. These processes likely contribute to viral pathogenesis -* *

by accelerating viral replication, CD4 T-cell destruction, and eventual immune collapse.
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MATERIALS AND METHODS >

Preparation of viral stocks. NL4-3 was a gift from Malcom Martin via the AIDS

Research and Reference Reagent Program, Division of AIDS, National Institute of ~. \
Allergy and Infectious Diseases, National Institutes of Health. The molecular clone 49-5

was a gift from Bruce Chesebro. Infectious virus stocks were prepared by transfecting

293T cells with proviral DNA as previously described (2). The primary isolates 7/86 and

1/85 (11), a gift from Ruth Connor, were expanded by infection of heterologous

peripheral blood mononuclear cells (PBMC). The p24 Gag concentration of viral stocks

was assessed by enzyme linked immunosorbent assay (NEN Life Sciences, Boston, MA).

Culture and infection of human lymphoid tissues ex vivo. Human
- -

º

noninflammatory tonsil tissue removed during tonsillectomy (provided by Mills --

Peninsula Hospital, Kaiser-San Francisco, South San Francisco and San Rafael, CA) was

prepared for lymphoid aggregate culture as previously described (Eckstein et al., *** º

submitted for publication). Briefly, tonsil tissue was mechanically dispersed and the

isolated cells were transferred to 96-well U-bottom plates at a concentration of 1x10' º

cells per ml, 200pul per well. Cells were allowed to aggregate at the bottom of the well

and were not disturbed for the remainder of the culture period. Tissues were inoculated
L

within 24 hours of preparation with HIV-1 at approximately 100 TCID50/well, as **.

determined by terminal dilution of the virus stocks in quadruplicate on heterologous º
º

phytohemagglutinin-activated PBMC as described previously (13, 25). ~
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Identification of activated CD4 T-cell populations by flow cytometry. Six

days post-inoculation (at peak infection), dispersed cells from infected and uninfected

lymphoid cultures were immunostained for cell surface markers CD4, CD45RA and

CD62L in combination with CD25, HLA-DR, and/or CD69. 50,000 CD4" lymphocytes

were counted and the data were analyzed with FlowJo software (Treestar). To identify

activated, non-activated, memory, and naïve subsets, the following monoclonal

antibodies (mAbs) were used from Becton Dickinson (BD): anti-CD4 (clone SK7,

allophycocyanin-conjugated, 1:20 dilution), anti-CD25 (phycoerythrin-conjugated, 1:20

dilution), anti-HLA-DR (phycoerythrin-conjugated, 1:40 dilution), anti-CD69

(phycoerythrin-conjugated, 1:20 dilution), and anti-CD62L (fluoroscein isothiocyanate

conjugated, 1:20 dilution). The following mab from BD Pharmingen (San Jose, CA) was

also used: anti-CD45RA (cychrome-conjugated, 1:20 dilution).

Assessment of CD4 T-cell infection by flow cytometry. At the indicated time

points post-inoculation (at peak infection, approximately one-week post-inoculation),

dispersed cells from infected and uninfected lymphoid cultures were immunostained for

cell surface markers CD4 and CD45RA in combination with CD25, HLA-DR, and/or

CD69. Cells were then fixed in 1% paraformaldehyde (PFA) for 10 minutes on ice and

subsequently permeabilized with 0.1% Triton X-100 and immunostained for intracellular

CD4 and p24. 50,000 CD4" lymphocytes were counted and the data were analyzed with

FlowJo. To identify activated, non-activated, memory, and naïve subsets the following

mAbs were used from BD: anti-CD4, anti-CD25, anti-HLA-DR, and anti-CD69. The
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following mab from BD Pharmingen was also used: anti-CD45RA. To identify infected

cells, anti-p24 (fluoroscein isothiocyanate-conjugated, 1:100 dilution) from Coulter

(Miami, FL) was also used. Results are reported as the mean with standard error of the

mean (SEM).

Assessment of CD4 T-cell depletion by flow cytometry. At the indicated time

points post-inoculation, dispersed cells from infected and uninfected lymphoid

histocultures were immunostained for cell surface markers CD3, CD4, and CD8 as

described previously (25,33). 10,000 CD3’ lymphocytes were counted and the data were

analyzed with FlowJo. CD4 T-cell depletion was calculated as the ratio of CD4 to

CD8' T-cells in infected relative to uninfected tissues as described previously (13). To

determine CD4 depletion in more complex subsets we also enumerated the frequency of

activated, non-activated, memory and naïve T-cells among total CD4 T-cells in

uninfected as well as infected tissues. To identify activated, non-activated, naïve and

memory subsets the following mabs were used from BD: anti-CD3 (clone SK7,

allophycocyanin-conjugated, 1:80 dilution) anti-CD4 (clone SK3, fluoroscein

isothiocyanate-conjugated, 1:20 dilution), anti-CD8 (clone SK1, phycoerythrin

conjugated, 1:20 dilution), anti-CD25, anti-HLA-DR, and anti-CD69. The following

mAb from BD Pharmingen was also used: anti-CD45RA. CD4 T-cell subset frequencies

in infected tissues were compared to those obtained for uninfected control tissues. Results

are reported as the mean with standard error of the mean (SEM).
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Flow cytometric analysis of cellular proliferation and activation marker

upregulation. Six days post-inoculation, uninfected lymphoid cultures were labeled with

carboxyfluorescein diacetate, succinimidyl ester (CFDA, SE; CFSE) as per manufacturer

instructions (1 AM, Molecular Probes, OR).5x10° labeled cells were mixed with 2x10°

infected cells from the same donor. Mixed cultures were incubated for 3-days in standard

histoculture media supplemented with AZT (Sigma, St. Louis, MO). Following this

incubation, cells were harvested, washed, and immunostained with a combination of

mAbs recognizing CD4, CD45RA, and CD25, HLA-DR, or CD69 in 3% fetal bovine

serum in PBS for 30 minutes on ice. 100,000 lymphocytes were collected and analyzed

by FlowJo.
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RESULTS

Identification of activated and non-activated memory and naïve CD4 T-cells

within human lymphoid tissue. We previously used flow cytometry to identify memory

and naïve CD4 T-cells within histocultures derived from human tonsils (Eckstein et al.,

submitted for publication). In the present study we employed multicolor flow cytometry

further to identify activated and non-activated subsets of both memory and naïve T-cells

within these same tissues. Following 5 days of culture, we immunostained tonsil explants

for memory surface markers as well as the prototypic activation markers CD25, HLA

DR, or CD69 (Fig. 1A—C). Among memory CD4 T-cells we found that expression of

each of these markers was limited to a minority of the population. Interestingly, we also

found detectable levels of all three markers on naïve CD4 T-cells as well, but the **

frequency of naïve cells expressing CD25, HLA-DR, or CD69 was typically below the

frequency of memory cells expressing the same marker. Expression of activation markers

on a measurable fraction of naïve T-cells contrasts sharply with the negligible

proliferative activity of this T-cell population and their failure to progress beyond the G0

and Gla phases of the cell cycle (Eckstein et al., submitted for publication). Thus,

expression of surface activation markers does not immediately correlate with other

traditional measures of T-cell activation.

To determine if the activation status of T-cells was influenced by productive

infection by HIV-1, cultures were inoculated with the X4 HIV-1 molecular clone NL4-3

(1, 25, 32, 34), the R5 molecular clone 49-5 (8,25), the dual-tropic (X4R5) primary

>

-
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ºisolate 7/86 or the mono-tropic R5 primary isolate 1/85 (11). Following 5 days of culture,
*.

and preceding peak T-cell infection and significant T-cell depletion by HIV-1, we
yº,

immunostained the explants for activation marker expression (Fig. 1A—C). We found that º

expression of these markers was unchanged by X4 or R5 HIV-1 infection within this

acute time-frame, as memory and naïve CD4 T-cells isolated from cultures infected with

HIV-1 exhibited the same frequency of CD25, HLA-DR, and CD69 expression as was

found in mock-infected cultures (Fig. 1A—C).

We also stained infected tonsil cultures with the combination of antibodies

recognizing CD25, HLA-DR, and CD69 as well as CD4 and the maturation markers * *

CD45RA and CD62L. By using activation marker antibodies conjugated to a single
- º

fluorochrome and combining the detection into the same channel, two distinct cell s .

subsets were identified: one subset that did not express any of these markers examined, a - " - *

population we refer to as "non-activated," and a second subset that expressed one or more 2 \,

of the markers, a population we refer to as "activated." This strategy revealed non- º º,

activated subsets within both the memory and naïve CD4 T-cell populations (Fig. 1D). ** D º

Interestingly, the frequency of cells scored as activated in this analysis was very similar . .

to the frequency of cells expressing a single activation marker alone (Fig. 1A—C), * º

implying that expression of a given marker likely corresponds to expression of others. S. .

Furthermore, infection with any of the four HIV-1 strains caused no significant change in º |

the proportion of activated cells expressing one or more such markers. ~ º
º

s

-* ,
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Non-activated, naïve T-cells are permissive for HIV-1 infection. To determine

the relative susceptibility of various T-cell subpopulations for HIV-1 infection, we again

inoculated tonsil cultures with the HIV-1 strains NL4-3, 49–5, 7/86, or 1/85. At a time

point previously determined to represent a peak of infection (8 days post-infection),

cultures were harvested and immunostained to detect intracellular p24, a marker of

productive HIV-1 infection, along with CD25, HLA-DR, or CD69 as independent

markers of cellular activation. Both activated and non-activated subsets of memory and

naïve CD4 T-cells were infected at significant frequencies by the X4 strains NL4-3 and

7/86 (Fig. 2A—C). However, within the memory or naïve T-cell populations, both viruses

demonstrated a preference for the activated subsets. Preferential infection of activated

memory and activated naïve T-cells was likewise observed for the R5 viruses, 49-5 and

1/85 (Fig. 2A—C). Infection of naïve T-cells overall by these R5 strains was much less : -

frequent than that by the X4 strains, and in particular was negligible in the non-activated
-

subset of naïve CD4 T-cells.

To establish definitively whether a subset of T-cells refractory to productive HIV

1 infection could be identified, we again inoculated cultures with NL4-3, 7/86, 49-5, or

1/85, and following 7–9 days of incubation immunostained the cultures with antibodies to

intracellular p24 and the cocktail of antibodies to CD25, HLA-DR, and CD69. We

observed productive infection of all subsets by the two X4 viruses, but preferential

infection of activated cells was evident (Fig. 2D). The R5 viruses infected these subsets at

significantly lower frequencies, but also demonstrated a strong preference for the
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activated subset. As before, infection of the naïve T-cell subsets by these R5 viruses was

minimal. Therefore, X4 strains of HIV-1 are capable of productively infecting naïve and

memory CD4 T-cells that do not express detectable quantities of any of these prototypic

activation markers.

Collectively, these results demonstrate that both HIV-1 molecular clones and

primary isolates are capable of infecting activated and non-activated CD4 T-cells within

human lymphoid tissue, although they demonstrate a preference for activated cells.

Furthermore, time course studies examining HIV-1 infection of these same cell subsets at

early, peak, and late infection revealed no significant deviation in this preferential

infection of activated cells (data not shown). At all time points examined, activated T

cells were infected at a higher frequency than were non-activated cells, although this

trend was less pronounced at later time points when significant T-cell depletion by HIV-1

had occurred. Therefore, the preferential infection of activated cells reported above is not

a consequence of delayed kinetics of infection of non-activated cells, but rather a feature

inherent to HIV-1.

Differential infection of non-activated T-cells by X4 HIV-1 does not correlate

with sensitivity to HIV-1-induced cytopathic effects. To determine whether there was a

relationship between sensitivity to infection and susceptibility to depletion, we inoculated

lymphoid tissues with NL4-3, 49-5, 7/86, or 1/85, and on day 13 post-infection

immunostained the cell cultures for expression of CD3, CD4, CD8, memory and

activation markers. The samples were then analyzed for depletion of various T-cell

>

º
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subpopulations by flow cytometry. As expected, the R5 strains, 49-5 and 1/85, depleted >

CD4 T-cells only minimally, the cytopathic effects of the viruses being largely restricted *-
5.

to the memory T-cell subsets, consistent with the preferential infection of these cell types
º

(Fig. 3A-D). In contrast, we observed severe depletion of all CD4 T-cells by both X4 ~
t

viruses, NL4-3 and 7/86, although depletion of memory cells was more extensive than

was depletion of naïve cells (Fig. 3A-D). Surprisingly, preferential depletion of activated

cells was not observed, despite preferential infection of these cell types (Fig. 2A–D). That

is, among either memory or naïve T-cells, activated cells—identified by expression of

CD25, HLA-DR, and/or CD69—were depleted detectably less severely than were non

activated cells. Thus, although the absolute number of virtually all CD4 T-cells declined

in the cultures inoculated with X4 viruses, the relative abundance of activated cells

compared to non-activated cells increased measurably during the culture period. Time- - " -

course analysis of CD4+ T-cell subset depletion revealed that the abundance of activated

cells increased progressively following peak infection, before reaching a stable, higher e

sº "" º

level toward the end of the culture period (data not shown). Therefore, the apparent

preferential depletion of non-activated cells by X4 strains of HIV-1 is not an artifact due

to delayed depletion of the activated subset.

X4 HIV-1 increases expression of activation markers on non-activated -* *

bystander T-cells. One hypothesis to explain these counterintuitive findings is that º
º
r.

factors released into the tissue microenvironment during X4 infections may indirectly --,

increase the activation state of residual (bystander) T-cells that escaped depletion. Such º *
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>effects directed against bystander T-cells may be manifest as increased expression of

*-activation markers on formerly non-activated bystander CD4 T-cells. This process
5. º

would tend to increase the relative abundance of activated cells in these lymphoid tissues,

despite ongoing depletion associated with infection.

To test this hypothesis, we developed an assay to monitor the activation state of

bystander cells labeled with the inert and stable fluorescent dye, CFSE. Labeled

lymphoid tissue cells were mixed with unlabeled mock-, NL4-3-, or 49-5-pre-infected

tissues at a ratio of 1:4 in the presence of inhibitory concentrations of AZT to prevent

viral spread to CFSE-tagged (bystander) cells. Intracellular p24 staining of CFSE-labeled * .

cells treated with AZT following 3 additional days of coculture (day 9 post-inoculation), º

revealed no detectable infection of the bystander population (data not shown). The ~.

remaining samples were harvested and stained for CD4, and memory and activation * ... -- _*-

markers. Importantly, cell division of CFSE-labeled cells is accompanied by a reduction 2 ºf

in the CFSE fluorescence intensity due to a cytosolic dilution effect (CFSE"). To avoid º ".

the confounding effects of proliferation, we measured the expression of CD25, HLA-DR, sº "T º
>

or CD69 on CFSE" bystander T-cells that had not divided during the coculture by gating ->

on the CFSE" fraction and subsequently gating on the memory or naïve CD4 T-cell *

subsets (schematized in Fig. 4A, B, E, and F). S.
Within this non-dividing population, expression of CD25, HLA-DR, and CD69

-

º
did not increase significantly in 49-5-infected tissues compared to non-infected tissues ~
(Fig. 5A-C). In contrast, expression of these markers on both memory and naïve

* " 2
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bystander CD4 T-cells increased significantly in cultures inoculated with NL4-3 (Fig. s

5A-C). Therefore, replication by an X4 virus promotes an interconversion of cell types

that increases the size of the activated T-cell subset while simultaneously decreasing the

size of the non-activated subset. These dynamics contribute to the apparent sparing of s
|

activated cells in the depletion studies reported above.

X4 HIV-1 induces proliferation of bystander naïve CD4 T-cells. We have

shown above that X4 infections activate bystander cells thereby increasing the relative

abundance of activated memory and naïve T-cells. Since highly activated cells generally

have a higher rate of proliferation than non-activated cells, we also investigated the

related hypothesis that activation of bystander cells by X4 infections likewise induces the
- = º

selective proliferation of activated bystander cells, thereby further contributing to the

increased representation of activated cells within these tissues. As stated earlier, cellular
* - *

division of CFSE’ cells is accompanied by a reduction in the fluorescent intensity of

CFSE within the daughter cells. Therefore, to monitor the proliferation of various cell - º,

subsets, we measured the frequency of CFSE" CD4+ T-cells among activated (CD25",

HLA-DR", or CD69') CFSE" bystander memory and naïve T-cells in mock- and HIV-1-

infected cultures (schematized in Fig. 4A-D).

S.As previously reported (Eckstein et al., submitted for publication), we confirmed

that within mock-inoculated tissues memory T-cells exhibited a higher rate of

proliferation than naïve cells (Fig. 6A-C). Additionally, within each subset, activated T
º

cells exhibited a higher rate of cell division compared to non-activated cells (Fig. 6A—C).

*
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An identical pattern was also seen in tissues inoculated with 49-5 (Fig. 6A-C). However,

in tissues inoculated with NL4-3, the proliferative activity of activated T-cells was

significantly higher than in mock- or 49-5-infected cultures (Fig. 6A-C). Among memory

cells, the percentage of both activated and non-activated cells that had divided during this

incubation typically doubled in the presence of X4 HIV-1, thereby preserving the ratio of

activated memory cells relative to non-activated memory cells. Thus, this affect of

bystander activation may not account for the surprising abundance of activated memory

cells following X4 infections. However, among naïve CD4 T-cells, the proliferative

activity of non-activated cells was unchanged or even declined in the presence of HIV-1,

whereas a dramatic (3-fold) increase in the proliferation of activated cells was observed.

These findings imply that X4 HIV-1 induces selective expansion of activated naïve cells.

Therefore, rather than preferential depletion of the non-activated naïve T-cell subset by

HIV-1 accounting for the relative abundance of the activated naïve subset following X4

infection, we infer that there is a relative expansion of the activated naïve T-cell subset

within X4 HIV-1-infected cultures due to induction of proliferation. Thus, the enhanced is a "

rate of division of these cells contributes to the apparent preservation of activated cells

relative to non-activated CD4 T-cells in tissues incubated with X4 HIV-1. Collectively,

these results suggest that factors released in conjunction with infection and/or killing of

target cells by X4 strains activates bystander lymphocytes, resulting in the selective

expansion of the activated T-cell fraction through enhanced activation marker expression

and increased proliferation.

>

º
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DISCUSSION

Although non-activated and/or naïve CD4 T-lymphocytes have been reported to

be resistant to infection in vitro, studies have recently demonstrated that within HIV-1-

infected individuals these cell subsets support active virus replication in vivo (7, 9, 27, 35,

37, 43,44). We have recently found that naïve CD4 T-cells cultured within human

lymphoid tissue ex vivo are indeed permissive for productive infection by HIV-1

(Eckstein et al., submitted for publication). Here we extend these observations by

demonstrating that the lymphoid microenvironment supports the infection and HIV

mediated depletion of both activated and non-activated CD4 T-cells, including naïve

CD4 T-cells lacking cell surface expression of CD25, HLA-DR, or CD69. Previous

work has identified cytokines that promote HIV-1 infection of non-activated and

quiescent CD4 T-cells (10,38, 40). Therefore, while non-activated cells in the peripheral

circulation are relatively refractory to HIV-1 infection, upon entering lymphoid organs

and subsequent exposure to the locally high concentrations of cytokines and other

permissivity factors therein, such cells become permissive for productive infection even

in the absence of proliferation or overt signs of activation. Thus, by preserving the

endogenous cellular heterogeneity found within lymphatic organs in vivo, the lymphoid

culture techniques employed herein provide a biologically relevant and informative

model in which to investigate HIV-1 pathogenesis.

Within this system the activation markers CD25, HLA-DR, and CD69 identify

populations of cells with varying degrees of permissiveness for viral infection. Like the

>

*-

5.

º
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smaturation markers that define memory and naïve cells, these markers—and perhaps

Aothers—define the relative susceptibilities of CD4 T-cells to HIV-1 infection. With them
5".

we may identify distinct CD4 T-cell populations that constitute a spectrum of HIV-1

permissivity. The effects of these markers appears to be additive, such that activated -
*

memory cells exhibit the highest rates of infection, non-activated memory cells and

activated naïve cells support lower levels of infection, and non-activated naïve cells are

the least permissive. Importantly, these studies did not reveal any CD4 T-cell

subset—defined by activation, maturation, or proliferation—that does not support X4

HIV-1 replication within the lymphoid microenvironment. Interestingly, we have

obtained preliminary evidence that naïve CD4 T-cells are less permissive when isolated
- º

from the lymphoid tissue by flow-based cell sorting (Eckstein et al., manuscript in
- ... -- - *

preparation). We infer that signals derived from other cell types within the lymphoid - . _*-

organ act upon non-activated, naïve CD4 T-cells in trans, and thereby render them

permissive for HIV-1 infection. These results further highlight the importance of the . *

cytokine milieu (7, 9, 27, 35, 37, 43,44) and antigen presenting cell (APC)-derived

signals (12, 20, 39) found within lymphoid tissues to the replication and pathogenesis of

HIV-1. .

Although these studies demonstrated preferential infection of activated Tºll S.
within lymphoid tissues, they also revealed a surprising overabundance of these cells in

late stages of infection. This pattern recapitulates the behavior of HIV-1 in infected

individuals, although the kinetics of the ex vivo and in vivo situations differ substantially.
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At least two mechanisms may reconcile these counterintuitive findings. First, the present

results demonstrate that X4 HIV-1 infection results in activation of bystander cells within

lymphoid tissues. Interestingly, this effect is seen only in late infections. At earlier time

points preceding significant HIV-1-induced cytopathicity the expression of CD25, HLA

DR, and CD69 in cultures inoculated with either NL4-3 or 49–5 closely parallels the

expression observed in uninfected tissues. Later, increased marker expression is observed

in NL4-3-inoculated cultures but not in mock- or 49-5-inoculated cultures. We infer that

the massive cell death occurring within X4-infected tissues enhances the expression of

pro-inflammatory cytokines and other immune-mediators (such as IL-1, IL-2, IL-6, and

TNF-0) as is observed within the blood of HIV-1-infected patients with late-stage disease

(4, 16, 21, 28). Thus, within X4-inoculated cultures these signals induce activation

marker expression on bystander cells. In contrast, R5 viruses, which result in far less

overall cytopathicity than do X4 viruses, likewise do not induce significantly greater

expression of these putative signals compared to mock-infected cultures. Activation

maker expression in the context of an R5 infection therefore remains stable.

Second, activated T-cells exhibit a significantly higher rate of proliferation than

do non-activated cells. Ordinarily, this high rate of cell division is coupled with a

similarly high rate of apoptosis (data not shown). By this mechanism, the size of the T

cell population within the lymphoid cultures remains at equilibrium, and the ratio of

activated to non-activated T-cells is relatively constant. Presumably by releasing pro

inflammatory mediators, cytokines, and other signaling molecules, HIV-1 disrupts these

º

sº

º
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normal homeostatic processes. We found that the few activated cells that escaped

previous rounds of HIV-1-mediated infection and depletion significantly increase their

rate of division, presumably in response to these signals. The small remaining T-cell

population that later emerges is thus a reflection of two populations: the subset

representing non-activated cells that survived the cytopathic effects of HIV-1, and the

expanded subset of activated T-cells.

Both R5 and X4 viruses significantly infect and deplete the activated T-cells, but

they exhibit profound differences in the infection and depletion of non-activated cells. It

is this difference in the capacity of R5 and X4 viruses to replicate within non-activated T

cells that apparently accounts for the different patterns of depletion observed.

Specifically, infection (and depletion) by R5 viruses is restricted principally to activated

T-cells, and the large number of non-activated cells are thus spared. The associated cell

loss lowers the abundance of activated T-cells relative to non-activated T-cells. The basal

level of proliferation of the activated cells is insufficient to fully counter the depletion of

this subset, and we therefore detect preferential depletion of activated cells by R5 viruses.

In contrast, in X4-infected cultures there is profound depletion of both activated and non

activated cells. Unlike the situation with R5 viruses, this severe depletion by X4 strains is

accompanied by bystander activation. By this mechanism, non-activated cells begin to

express activation markers, and the proliferative activity of activated cells increases

substantially. These processes expand the size of the activated cell population while

simultaneously reducing the size of the non-activated subset. This results in the increased

**-
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relative abundance of activated cells during late infection and may account, at least in

part, for the apparent "resistance" of this population to HIV-1-mediated depletion by X4

viruses ex vivo and in vivo.

It thus appears that X4 HIV-1 manipulates its host to increase the pool of

permissive target cells. X4 infections result in increased proliferation of CD4 T-cells and

enhanced activation of bystander cells. We and others have demonstrated that such cells

(proliferating and activated) are the most permissive for HIV-1 replication. X4 infection

therefore establishes a local microenvironment more suitable for further HIV-1

replication and spread. This phenomenon likely contributes to the dissemination of virus

within and between lymphoid organs. Although most cells present within these tissues

are normally non-activated, seeding by a few productively infected cells or activation by

secondary infections may nucleate high levels of HIV-1 replication locally. One possible

mechanism to explain the bystander activation by X4 viruses exclusively is envelope

mediated immune stimulation. However, studies with a CXCR4-specific antagonist did

not provide evidence of an envelope-driven effect on bystander cells (D.A.E. and

M.A.G., unpublished observations). Moreover, a similar increase in the proliferation and

activation of CD4 bystander lymphocytes was also observed, implying independence

from strictly receptor-mediated processes. We reason that the bystander effects of X4

HIV-1 described herein are not due to selective coreceptor engagement by envelope, but

rather to immune mediators released in conjunction with widespread X4-mediated

cytopathicity.

*-

* *
*** *
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Interestingly, the modest cytopathicity of R5 viruses limits their ability to activate

the immune system, which may restrict the ability of such viruses to spread and thus
-

*-

defines the lower viral burdens observed in patients harboring exclusively R5 viruses.

Subsequent emergence of X4 viruses may re-seed the tissues, activate the resident cells,

increase target cell availability, and boost viremia. This complex interplay between HIV

1 and the host immune system within lymphoid tissues ex vivo may in part underlie the

complex viral dynamics and evolutionary patterns observed in vivo.

- " -- º
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FIGURE LEGENDS

FIG. 1. Flow cytometric analysis of activation marker expression on CD4"

lymphocytes within human lymphoid cultures either mock infected or productively t
infected by HIV-1. Tonsil specimens were inoculated with NL4-3, 49-5, 7/86, or 1/85 - .

and incubated for 6 days. Tissues were then harvested and immunostained with anti-CD4,

anti-CD45RA and anti-CD62L mabs as well as anti-CD25 (A), anti-HLA-DR (B), anti

CD69 (C) or a combination of anti-CD25, anti-HLA-DR, and anti-CD69 (D). Shown are *** * *

mean frequencies with SEM (n=3) of activated memory (open bars) and naïve (closed

bars) CD4 T-cells from a representative experiment from among experiments performed

with 3–6 different donor tissues.

FIG. 2. HIV-1 infection of activated and non-activated CD4 T-cells. Cultures " _ –- ~~

º \",
--

were inoculated with the molecular clones NL4-3 or 49-5 or the primary isolates 7/86 or
* -

1/85. Productively infected CD25 (open bars) and CD25° (closed bars) naïve and .

memory CD4 T-cell subsets (A), HLA-DR (open bars) and HLA-DR' (closed bars)

naïve and memory CD4 T-cell subsets (B), CD69 (open bars) and CD69" (closed bars)

naïve and memory CD4 T-cell subsets (C), and non-activated (open bars) and activated

(closed bars) naïve and memory CD4 T-cell subsets (D). Shown are mean values with }.

SEM (n=3) of a representative experiment from among experiments performed with 3-6

different donor tissues.
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FIG. 3. Depletion of activated and non-activated CD4 T-cells. Tonsil specimens

were inoculated with NL4-3, 49–5, 7/86, or 1/85, incubated for 12 days, and

immunostained with anti-CD4, anti-CD3, and anti-CD8 mAbs or anti-CD4, anti

CD45RA and anti-CD62L mAbs as well as anti-CD25 (A), anti-HLA-DR (B), anti-CD69

(C) or a combination of anti-CD25, anti-HLA-DR, and anti-CD69 (D). Shown are mean

frequencies with SEM (n=3) of activated (open bars) and non-activated (closed bars)

memory and naïve CD4 T-cells from a representative experiment from among
*** *

experiments performed with 3–6 different donor tissues.

FIG. 4. Quantitation of proliferation and activation of CFSE-labeled bystander

CD4 T-cells within human lymphoid tissue ex vivo. (A) Lymphocytes were identified

within lymphoid cultures by forward- and side-scatter characteristics. (B) CD4" CFSE

labeled lymphocytes were subdivided into total bystanders (CFSE") or non-proliferating

bystanders (CFSE"). (C) CFSE" memory and naïve cells were further divided into * . . . .

activated or non-activated subsets. (D) The fraction of proliferating cells (CFSE")

within these subsets was quantified. (E) CFSE" cells were subdivided into memory and

naïve fractions, and (F) the frequency of activated cells among these naïve and memory

populations was quantified.

FIG. 5. Enhanced expression of activation markers on bystander CD4 T-cells.

Tonsil specimens were inoculated with NL4-3 or 49-5 and incubated for 6 days.
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º

Uninfected donor-matched tonsil tissue was then labeled with CFSE, reaggregated with s

infected samples, and cultured for an additional 3 days in the presence of AZT. Cells 1.

º
were then immunostained with anti-CD4 and anti-CD45RA mabs and anti-CD25 (A),

anti-HLA-DR (B), or anti-CD69 (C). Shown are mean values with SEM (n=3) of a

representative experiment from among experiments performed with 8 different donor

tissues.

FIG. 6. Proliferation of activated and non-activated CD4 T-cells. Tonsil

specimens were inoculated with NL4-3 or 49-5 and incubated for 6 days. Uninfected

donor-matched tonsil tissue was then labeled with CFSE, reaggregated with infected

samples, and cultured for an additional 3 days in the presence of AZT. Cells were then

immunostained with anti-CD4 and anti-CD45RA mabs and anti-CD25 (A), anti-HLA
- º

-DR (B), or anti-CD69 (C). Shown are mean values with SEM (n=3) of a representative

experiment from among experiments performed with 8 different donor tissues.
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Chapter 5

De Novo HIV-1 Infection of Naïve CD4+ T-cells Leading to an Inducible Viral

Reservoir within Lymphoid Tissues
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Prologue

One of the most significant obstacles to eradication of HIV-1 within infected

patients receiving HAART is the presence of a stable, inducible viral reservoir within

latently infected cells. Estimates suggest that elimination of this reservoir may take the

lifetime of the infected individual. It is therefore of critical importance to understand the

generation and regulation of this reservoir. Previous studies have demonstrated that

latency may be induced upon inactivation of productively infected cells. However, recent

studies have isolated latently infected naïve T-cells from infected individuals. As these

cells may not have undergone a similar transition to a non-activated state, the mechanism

by which these cells are generated is not known. We therefore investigated the possibility

that de novo infection of mature T-cells within human lymphoid tissue may result in

latent infection. We found that naïve T-cells infected de novo within the lymphoid

microenvironment can support a form of virologic latency. These findings implicate a

novel pathway by which latently infected T-cells may be generated in the absence of

cellular transitions from activated to non-activated states, and may contribute to the

formation of these cells in vivo.

I designed, conducted and/or supervised the work presented in this manuscript. B.

Schweighardt and A. Jekle provided valuable experimental assistance and performed the

studies shown in Figure 3B. M. Goldsmith supervised this work. This chapter has been

submitted to the Journal of Clinical Investigation.
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ABSTRACT

We have previously demonstrated that non-proliferating, naïve CD4+ T-cells within

human lymphoid tissues support productive infection by HIV-1. In the present studies we

found that HIV-1 replication within these tissues ex vivo was enhanced by treatment with

the cytokines IL-2, IL-6, and TNF-0 despite experimental conditions that prevented viral

spread. The elevation in virus output was derived only partially from a modest cytokine

induced increase in the "burst-size" of infected T-cells. We also discovered a marked * =

cytokine-induced increase in the proportion of memory and naïve T-cells that were

producing new virions, which appears to be a major contributor to the overall increase in
".

virus output. Importantly, within the memory population, the increased frequency of

productively infected T-cells was largely due to a reduction in the rate of apoptosis of --> s

these cells, thereby permitting sustained viral output. In contrast, within the naïve ---
-

º
population, no such anti-apoptotic influence was detected. Therefore, in addition to

supporting active HIV-1 replication, naïve T-cells within lymphoid tissues also serve as
-

cº,

inducible reservoirs of viral persistence following de novo infection. Recruitment of º

provirus within these cells to a highly productive state may contribute to the viral loads - *

and progressive immunodeficiency seen in HIV-1 infection in vivo.
-,

},

1.

MeSH-Medline key words: latency, memory, integration, cytokines, replication º,

>
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INTRODUCTION

Although highly active anti-retroviral therapy (HAART) has successfully

inhibited active replication of human immunodeficiency virus type-1 (HIV-1) within in

many patients, often reducing viral loads to undetectable levels, it has failed to eradicate

virus completely in most patients (1-3). Among the most significant reasons for this

failure is the establishment of an inducible viral reservoir within mononuclear cells

shortly after initial infection. Seeding of this population is thought to occur concurrently

with the burst of viral replication and widespread infection of lymphoid tissues by the

virus that characterizes acute HIV-1 disease (4). Due to the low or undetectable level of

viral transcription within such cells, this latent proviral population is highly resistant to

the therapeutic effects of HAART. Based on an estimated half-life of 6 to 44 months for

latently infected cells, it is predicted that complete viral eradication within infected

patients receiving HAART would require greater than 60 years (5-7).

Although the mechanism by which latently infected cells arise in vivo is not

completely understood, it is thought that a transition of the infected host cell from an

activated to a quiescent state may be an essential factor in this process. Under normal

circumstances, stimulation by appropriate antigen triggers quiescent, naïve T-cells to

transition to blasts, reenter the cell cycle, and alter their surface phenotype. A fraction of

these dividing cells, now identifiable by memory markers, later return to a quiescent

state, characterized by a profound decline in the intracellular levels of host transcription

factors. Within cells that are productively infected by HIV-1 but have not yet succumbed
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to viral cytopathicity, this return to quiescence and the associated downregulation of

transcription factors is thought to impair proviral mRNA expression, thereby inducing

post-integration latency. Consistent with this model, the majority of latently infected

CD4+ T-cells isolated from HIV-infected patients display a resting, memory phenotype

(1,4,5). However, latently infected naïve CD4+ T-cells have recently been identified in

vivo (8). On the basis of in vitro evidence, it was formerly thought that productive

infection of naïve lymphocytes by HIV-1 was restricted prior to integration, resulting in a

pre-integration latency (9–11). Subsequent delivery of an activating signal to these cells

may result in the completion of reverse transcription and integration, but such an

infection proceeds inefficiently and is often non-productive (12-14). Interestingly, it has

recently been shown that the transition of HIV-infected, actively dividing thymocytes to

quiescent peripheral T-lymphocytes is sufficient to generate latently infected cells within

the SCID-hu (Thy/Liv) mouse model (15). Although this mechanism may contribute to

the production of latently infected naïve T-cells in many infected individuals, not all

HIV-1 patients exhibit significant thymopoiesis (16-18). Therefore, this process may not

account fully for the generation of latently infected naïve T-cells in vivo.

By culturing mature human lymphoid tissues and inoculating them with HIV-1 ex

vivo, we have previously demonstrated that non-dividing, naïve CD4+ T-cells within this

microenvironment may be productively infected by HIV-1 de novo (19). These results

raised the possibility that de novo infection may be an alternate mechanism by which

latent infection is achieved in mature naïve T-cells. Because these histocultures are
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permissive for HIV-1 infection independently of exogenous stimulation (20), they

preserve the cytokine milieu and lymphoid cell diversity found in vivo (19). Thus, they

provide a unique model in which to investigate the generation of mature lymphoid cells

harboring latent HIV-1 provirus.

Some models of latency generation invoke a role for soluble cytokines. The

cytokines interleukin-2 (IL-2), interleukin-6 (IL-6), and tumor necrosis factor-O (TNF-0)

have been found to be increased in the serum and expressed at elevated levels by

peripheral blood mononuclear cells isolated from HIV-1-infected patients (21-24). By

activating NF-kB and other important HIV-1 transcription factors, these cytokines may

enhance virus replication, and are thus postulated to act as important mediators of viral

expression and disease progression (25-27). A testable hypothesis is that such cytokines

modulate the replication of HIV-1 within latently and/or productively infected cells. We

now describe studies employing lymphoid culture techniques and cytokine treatments to

investigate the de novo formation of an inducible reservoir of viral persistence within

mature CD4+ T-cells residing within the lymphoid tissue microenvironment.

~

*

101



METHODS

Preparation of viral stocks. NL4-3 was a gift from Malcom Martin via the AIDS

Research and Reference Reagent Program, Division of AIDS, National Institute of

Allergy and Infectious Diseases, National Institutes of Health. Infectious virus stocks

were prepared by transfecting 293T cells with proviral DNA as previously described

(28).

Culture and infection of human lymphoid tissues ex vivo. Human

noninflammatory tonsil tissue removed during tonsillectomy (provided by Mills

Peninsula Hospital, Kaiser-San Francisco, South San Francisco and San Rafael, CA) was

prepared for lymphoid aggregate culture as previously described (19). Briefly, tonsil

tissue was mechanically dispersed and the isolated cells were transferred to 96-well U- - * *

bottom plates at a concentration of 1x10" cells per ml, 200pul per well. Cells collected at --

the bottom of the well and remained undisturbed for the remainder of the culture period.

Tissues were inoculated within 24 hours of preparation with HIV-1 at approximately 100

TCID50/well, as determined by terminal dilution of the virus stocks in quadruplicate on

heterologous phytohemagglutinin-activated PBMC as described previously (20, 29).

Cytokine treatments and assessment of HIV-1 replication. Cultures were treated

with the following cytokines alone or in combination: recombinant human (rh) IL-2 (200

IU/ml, a gift of Chiron Corp., Emeryville, CA), rhDL-6 (5 ng/ml, Sigma, St. Louis, MO),

or rhTNF-0 (2.5 ng/ml, Sigma). Culture media was also supplemented with zidovudine

(AZT, 10uM, Sigma) and, as indicated, dexamethasone (10* M, Sigma). To monitor the

º
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effects of cytokine treatment on HIV-1 replication, the concentration of p24 Gag within

the culture media was quantitated by enzyme linked immunosorbent assay (ELISA, NEN

Life Sciences, Boston, MA). Results are reported as the mean with standard error of the

mean (SEM).

Assessment of CD4+ T-cell infection by anti-p24 staining. Dispersed cells from

infected and uninfected lymphoid cultures were immunostained for cell surface markers

CD4, CD45RA, and CD62L. Cells were then fixed in 1% paraformaldehyde (PFA) for 10

minutes at room temperature and subsequently permeabilized and immunostained for

intracellular CD4 and p24. 50,000 CD4+ lymphocytes were counted and the data were

analyzed with FlowJo software (Treestar, San Carlos, CA). To identify memory and

naïve subsets the following monoclonal antibodies (mAbs) were used from Beckton

Dickinson (BD, San Jose, CA): anti-CD4 (clone SK7, allophycocyanin (APC)-

conjugated, 1:20 dilution), anti-CD62L (phycoerythrin (PE)-conjugated, 1:20 dilution).

The following mab from BD Pharmingen (San Jose, CA) was also used: anti-CD45RA

(cychrome-conjugated, 1:20 dilution). To identify infected cells, anti-p24 (fluoroscein

isothiocyanate (FITC)-conjugated, 1:100 dilution) from Coulter (Miami, FL) was also

used. Titration/mixing studies demonstrated that the intracellular p24 staining assay was

sensitive to a labeling frequency below 1.0%. Results are reported as the mean with

SEM.

Determination of HIV-1 burst size following cytokine treatment. Following 1.5

days of cytokine treatment, the "burst size" of memory and naïve CD4+ T-cells was

*
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measured as previously described (19). Briefly, lymphoid cells were immunostained with
-

a combination of mAbs from BD recognizing CD8 (clone SK1, FITC-conjugated, 1:20 º

dilution), CD14 (FITC-conjugated, 1:20 dilution), and CD19 (FITC-conjugated, 1:20 !

dilution). CD4+ T-Cells were purified by anti-FITC magnetic micro-bead separation as

per manufacturer instructions (Miltenyi Biotec, Auburn, CA) and then immunostained

with mabs recognizing CD62L (PE-conjugated) and CD45RA (ECD-conjugated, 1:20

dilution, Coulter). Naïve and memory cells were sorted with a FACSVantage (BD) and

then lysed. Typically, in excess of 2x10° cells of each phenotype were sorted from each

donor used. Reanalysis of sorted populations immediately following collection

demonstrated purities in excess of 98%. The p24 content of sorted cells was measured by

ELISA.

Assessment of CD4+ T-cell infection by vRNA detection. The frequency of

productively infected cells was quantitated by performing ISH to detect HIV-1,…,

mRNA transcripts (VRNA) with a cocktail of 134 fluoroscein-conjugated

oligonucleotides. Dispersed cells from infected and uninfected lymphoid cultures were

immunostained for the cell surface markers CD4 (clone SK7, APC-conjugated, 1:20

dilution, BD) and CD45RA (PE-conjugated, 1:20 dilution, BD Pharmingen). Cells were

then fixed and prepared as per manufacturer instructions (ViroTect, Invirion, Chicago,

IL). 20,000 CD4+ lymphocytes were counted and the data were analyzed with FlowJo.

Results are reported as the mean with SEM.
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Flow cytometric analysis of cellular proliferation and apoptosis. Samples were

cultured for 1.5 days in standard histoculture media supplemented with cytokines and/or

BrdU (50 puM, Sigma). Following this incubation, cells were fixed and permeabilized

overnight in a solution of 1% PFA and 0.01% Tween 20. Cells were washed and then

treated with DNase (10 mg/ml, Sigma) in phosphate buffered saline (with calcium and

magnesium) at 37°C. After washing, cells were immunostained with a combination of

mAbs recognizing CD4, CD62L, CD45RA, and Brd'U (FITC-conjugated, 1:2.5 dilution,

Pharmingen) in 10% fetal bovine serum in PBS for 30 minutes on ice. Titration/mixing

studies demonstrated that the Brd'U assay was sensitive to a labeling frequency below

0.5%. Samples similarly treated with cytokines but not supplemented with Brd'U were

harvested and immunostained for 30 minutes with mabs recognizing CD4, CD62L,

CD45RA, and Annexin-V (FITC-conjugated, 1:50 dilution, Caltag, Burlingame, CA).

For both studies 50,000 lymphocytes were collected and analyzed by FlowJo. Results are

reported as the mean with SEM.

º
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RESULTS

Cytokine treatment enhances HIV-1 replication within lymphoid tissues. We

investigated whether treatment of lymphoid tissues ex vivo with cytokines could induce

HIV-1 replication within infected CD4+ T-cells characterized by otherwise undetectable

viral expression. To establish an experimental approach in which viral spread is

prevented, we began by infecting human tonsil cultures with the CXCR4-dependent (X4)

HIV-1 molecular clone NL4-3 (29-32) in the presence or absence of AZT. Following a 5

day incubation, samples were harvested and immunostained for CD4 and intracellular

expression of HIV-1 p24 Gag, a marker of productively infected cells. We found that

AZT effectively inhibited greater than 99.9% of HIV-1 replication and spread within

these cultures (Figure 1A). In addition, the concentration of soluble p24 within the

supernatants from AZT-treated cultures was below the limit of detection by ELISA * . . .

despite significant replication within untreated samples (data not shown). These findings

demonstrate the efficacy of AZT treatment to inhibit viral spread within these tissues.

We next infected lymphoid cultures with NL4-3 and allowed the infections to

proceed for 5 days in the absence of AZT. The culture media was then supplemented with

AZT at the concentration shown earlier to prevent further viral spread, and replicate

samples were incubated with IL-2, IL-6, and/or TNF-0, alone or in combination with

dexamethasone, which inhibits the activation of NF-kB by these cytokines and has been

shown to inhibit HIV-1 replication in vitro (27). Following an additional 1.5-day

incubation, the culture media was harvested, and the concentration of soluble p24 was
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quantitated by ELISA as an indicator of virus output in the absence of recruitment of new

target cells via viral spread (Figure 1B). Treatment with IL-2, IL-6, or TNF-0, singly had

little effect on the output of HIV-1 within these cultures. Nevertheless, dexamethasone

significantly reduced the production of virus within these tissues, suggesting that this

glucocorticoid effectively reduced the basal level of intracellular transcription factors

present in unstimulated tissues. Importantly, treatment with the cocktail of the three

cytokines under these conditions resulted in a nearly 200% increase in HIV-1 production.

Additional treatment with dexamethasone prevented this augmentation, thereby

restricting virus production to a level approximating that observed in untreated cultures.

We conclude that the cytokine cocktail efficiently stimulates the production of HIV-1

within lymphoid tissues ex vivo, and that glucocorticoid treatment attenuates this

simulation. Since the cocktail of three cytokines had the greatest stimulatory effect on

HIV-1 production within these cultures, subsequent studies of their mechanism of action

focused on this stimulatory condition.

Two major explanations may account for the increased replication of HIV-1

following cytokine treatment. First, a cytokine-dependent increase in the levels of

transcription factors within target cells may elevate the transcription of viral RNA,

thereby enhancing the production of HIV-1 by cells already actively replicating the virus.

That is, the "burst size" of individual, productively infected T-cells may increase in

response to cytokines. Second, cytokine-induced increase in levels of transcription factors
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within quiescent T-cells may convert latently infected cells to a productive state of viral

replication. The following studies tested these mutually non-exclusive alternative models.

Cytokines increase the replication of HIV-1 within productively infected CD4+ T

cells. To determine if cytokines increased the per-cell production of HIV-1 within

productively infected T-cells, we again inoculated cultures with NLA-3 and allowed the

infection to proceed for 5 days. Culture media was then supplemented with AZT with or

without the cytokine cocktail, and with or without dexamethasone. Following an

additional 1.5 days of culture, the tissues were harvested and immunostained for memory

and naïve T-cell surface markers as well as intracellular expression of p24. We next

measured the geometric mean fluorescence intensity of intracellular p24 within

productively infected (p24’) cells by flow cytometry. Since this value is proportional to

the intracellular concentration of p24 within infected cells, it provides a measure of the

average relative concentration of p24 within cells isolated from cytokine-treated and

untreated tissues. We found that both memory and naïve cells within tissues incubated

with cytokines exhibited a modest increase in the intracellular concentration of p24

compared to cells within untreated tissues (Figure 2A). Not surprisingly, dexamethasone

prevented this effect in both cell populations. Indeed, glucocorticoid treatment alone or in

the presence of cytokines slightly reduced intracellular p24 concentrations to levels

below that seen in untreated tissues.

An alternative analysis was performed in parallel using samples inoculated with

NL4-3 and treated with AZT and cytokines as described above. Cultures were harvested
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following 1.5 days of cytokine treatment, and then negatively selected using antibodies to

CD8 (cytotoxic T-cells), CD14 (macrophages), and CD19 (B-cells) and magnetic bead

separation. The enriched CD4+ T-lymphocytes were sorted by FACS into naïve and

memory T-cell fractions by using CD45RA/CD62L staining as described previously (19).

To determine the proportion of these sorted lymphocytes that were productively infected

by HIV-1, an aliquot of each fraction was stained for intracellular p24. The remainder of

each fraction was lysed and the "cell-associated p24" content was quantitated by ELISA;

for convenience in comparisons, this value was adjusted by dividing by the average p24

content per HIV-1 virion (approximately 1800 molecules per virion) (33–36) to yield a

value representing "virion equivalents per infected cell" (19). Consistent with the earlier

results, we found that cytokine treatment modestly increased the intracellular

concentration of p24 within both memory and naïve CD4+ T-cells (Figure 2B). This small

increase in the "burst size" of productively infected T-cells appears to be insufficient to

account for the 3-fold increase in viral output observed earlier (Figure 1B).

Cytokines increase the frequency of productively infected CD4+ T-cells. Since a

cytokine-induced increase in the production of HIV-1 by infected T-cells did not

adequately explain the increase in viral output we measured, we next determined if an

increase in the frequency of productively infected cells might be contributory. As before,

following a 5-day infection with NL4-3 we supplemented the culture media with AZT

with or without the cytokine cocktail, and with or without dexamethasone. The tissues

were harvested 1.5 days later and stained for memory and naïve T-cell surface markers as

n
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well as for intracellular p24. Compared to untreated samples, cytokines increased the

frequency of productively infected memory cells 50% and the frequency of productively

infected naïve cells nearly 100% (Figure 3A). Predictably, dexamethasone significantly

reduced each of these values.

We next sought to confirm that the increase in the frequency of cells expressing

detectable levels of viral antigen was correlated with a similar increase in the percentage

of CD4 T-cells expressing viral mRNA transcripts. We utilized a unique flow-based in

situ hybridization (ISH) technique that employs a cocktail of 134 fluorescently-labeled

oligonucleotide probes to identify cells containing gag or pol RNA transcripts (37,38).

This method has been shown to detect cells containing as few as 10 viral transcripts, and

may be combined with traditional immunostaining of samples for detection of cell

surface antigens, thereby providing a highly sensitive and independent method to

quantify the frequency of productively infected T-cells within the cultures.

Tonsil tissue from a different donor was inoculated with NL4-3 and incubated

with cytokines and AZT as described above. At the end of the treatment, samples were

immunostained for surface expression of CD45RA and CD4 and labeled by ISH. As

expected, significantly more memory cells were infected compared with naïve cells

(Figure 3B). Incubation with cytokines resulted in a greater than 100% increase in the

frequency of productively infected memory and naïve CD4+ T-cells compared with

untreated samples (Figure 3B), consistent with the previous results. Parallel samples from

the same donor tissue were also immunostained to detect intracellular p24 and revealed a
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similar level and pattern of infection as detected by ISH (data not shown). We therefore

conclude that, even in the absence of viral spread, the cytokine-mediated increase in the

proportion of cells that are productively infected is the principal factor contributing to the

increased viral replication observed earlier (Figure 1B). Collectively, these results

suggest that HIV-1 may silently infect both memory and naïve T-cells de novo, and that

such cells serve as inducible, cytokine-responsive reservoirs of viral persistence.

IL-2, IL-6, and TNF-o: reduce the rate of apoptosis of memory CD4+ T-cells. The

cellular effects of IL-2, IL-6, and TNF-O may well extend beyond induction of HIV-1

replication, and a significant increase in the proliferation or apoptosis of select T-cell

populations may obscure or confound the interpretation that cytokine treatment recruits

inactive virus within T-cells to a productive state. We therefore examined the

proliferation and apoptosis of untreated and treated cells in these ex vivo tissues. To

investigate the possibility that cytokines might alter the rate or extent of cellular division, º

we inoculated tissue with NL4-3 and incubated the samples for 5 days. We subsequently .

supplemented the media with bromodeoxyuridine (BrdU) together with AZT with or

without the cocktail of cytokines. After an additional 1.5-day incubation the samples

were immunostained for surface expression of CD4, CD45RA, and CD62L, and

intracellular incorporation of Brdu, a marker of cellular division. As previously shown

(19), we found that memory cells exhibited a significantly greater rate of proliferation

than naïve cells (Figure 4A). Most importantly, no significant change in the proliferative

activity of either memory or naïve T-cells was observed in cultures treated with the

º
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cocktail of cytokines compared with untreated cultures. These findings imply that the

increased frequency of productively infected T-cells in the presence of cytokines is not a

consequence of the selective expansion of productively infected cells relative to

uninfected bystanders.

However, the possibility remained that cytokine treatment may selectively reduce

the rate of apoptosis of productively infected T-cells, a population of cells sensitive to the

cytopathic effects of HIV-1. To test this possibility, we inoculated cultures with NL4-3

and later incubated the samples with AZT with or without the cocktail of cytokines as

described above. Following treatment, the samples were again immunostained with

antibodies recognizing CD4, CD45RA, CD62L as well with Annexin V to detect

exoplasmic phosphatidylserine, a marker of apoptosis. Consistent with the higher rate of

HIV-1 infection within the memory cell subset, this population exhibited a significantly

higher rate of apoptosis than did naïve cells (Figure 4B). Importantly, the combination of f

IL-2, IL-6, and TNF-0 induced a 3-fold reduction in the frequency of memory CD4 T

cells staining with Annexin V. However, no significant reduction was observed in the

frequency of apoptotic naïve CD4+ T-cells. Consistent with these findings, we also

detected an increase in the relative abundance of the memory subset of CD4 T-cells

(data not shown) in the presence of cytokines as well as a decrease in the proportion of

naïve cells. These results suggest that cytokines suppress apoptosis among productively

infected memory T-cells, thereby extending the half-life of cells that would otherwise

have succumbed to the cytopathic effects of the virus. As a result, these p24” and vRNA’
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memory cells may persist within these tissues and thus contribute to the observed
~sº

increase in the output of HIV-1 (Figure 1B) as well as to the increase in the frequency of
-

*-

productively infected memory cells (Figure 3A and B) following cytokine treatment. We º

therefore infer that the majority of the increase in virus output from memory cells is due

to the persistence of productively infected cells beyond their typical life-span rather than

to induction from a latent state of HIV-1 infection. In contrast, since these cytokines

caused no detectable change in the rate of apoptosis among naïve cells, we conclude that

the increased frequency of productive replication within infected naïve T-cells upon

cytokine stimulation is instead due to induction of dormant HIV-1 to actively replicating

virus within previously quiescently-infected cells.
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DISCUSSION

Although the presence of latently infected T-cells within HIV-infected patients

has been well documented (1-3), the mechanism(s) by which they are generated in vivo

are not well understood. One hypothesis holds that inactivation of an infected host cell

and the resulting fall in cellular transcription—as occurs when stimulated effector cells

occasionally return to a resting, memory phenotype—is central to the development of

quiescent cells harboring transcriptionally silent provirus. Subsequent exposure of such

latently infected resting, memory cells to activating stimuli may increase the availability

of transcription factors and induce expression of the latent virus (25, 27).

Interestingly, a similar pathway may also underlie the generation of latently

infected naïve T-cells, a population recently identified in vivo (8). These cells may ---- *

acquire integrated HIV-1 as thymocytes (39) before entering the circulation and/or ...---

secondary lymphoid sites as mature T-cells. Consistent with the inactivation model,

subsequent migration from the thymus and diminution in the cellular activation state and

availability of transcription factors may generate latently infected peripheral T-cells, as

has been demonstrated recently within SCID-hu (Thy/Liv) mice (15). Although latently

infected naïve T-cells were not specifically identified in these studies, it is reasonable to

speculate that this pathway contributes to the generation of latently infected naïve T-cells

in the peripheral circulation in vivo. However, since thymopoiesis is extremely limited in

many adult patients with HIV disease (16-18), the overall contribution of this pathway

may itself be limited.

~,
* .

#

114



Although previous in vitro studies have shown that these naïve T-cells do not

support complete HIV-1 replication (9-11), we have previously demonstrated that within

the lymphoid microenvironment naïve CD4 T-cells support productive infection by X4

HIV-1 (19). We have now shown that infection of these cells may alternatively result in

latent viral infection. Furthermore, delivery of the proinflammatory cytokines IL-2, IL-6,

and TNF-O, efficiently mobilizes this viral reservoir, resulting in a doubling of the

frequency of infected naïve CD4+ T-cells that produce virus following stimulation even in

the absence of viral spread to new target cells. Although these studies did not distinguish

between pre- and post-integration latency, the dramatic increase in the frequency of

productively infected cells following cytokine treatment nevertheless suggests that the

provirus within these latently infected naïve cells is maintained in a stable, replication

competent state. These findings contrast with earlier in vitro reports based on peripheral

blood lymphocytes indicating that HIV-1 replication within naïve and resting

lymphocytes is blocked at a step in the viral life cycle preceding nuclear import of the

preintegration complex, which may be only inefficiently overcome upon subsequent

stimulation of these cells (12-14). Such differences underscore the importance of

secondary lymphoid organs, and the microenvironment therein, to HIV-1 pathogenesis.

We infer that signals delivered to neighboring naïve T-cells by antigen presenting cells

and other cell types within lymphoid organs promote the efficient completion of reverse

transcription and subsequent stages of the viral replication cycle within these target cells

(9, 10, 12–14, 40–44).

º

>

º
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The present studies also identified a significant cytokine-dependent increase in the

frequency of productively infected memory T-cells in the absence of viral spread.

Notably, cytokine stimulation concurrently resulted in a significant reduction in the

frequency of apoptotic cells within this population, a well-described effect of IL-2 and

other cytokines. Because productively infected cells are among the cells most likely to

undergo apoptosis within these tissues, we conclude that the exogenous cytokines

artificially supported the continued viability of productively infected memory cells that

would otherwise have succumbed to the cytopathic effects of the virus. Therefore, these

infected cells persisted in the cultures, and contributed substantially to the production of

soluble p24 as well as the observed increase in the representation of p24” and vRNA’

memory cells in the cultures. These effects make it difficult to determine if a subset of

memory cells may have been latently infected by HIV-1 within these cultures.

Nevertheless, these results highlight the importance of immune activation within HIV-1-

infected patients. Circulation of mononuclear cells through lymphoid tissues and

exposure to the locally high concentrations of cytokines therein may play an important

role in the pathogenesis of HIV-1 by upregulating viral gene expression and by sustaining

the viability of cells that contribute to the local viral load. The proinflammatory milieu of

these tissues may contribute substantially both to the establishment of productive

infection and to the induction from latency within naïve lymphocytes, and may also

mediate the persistence of viral expression within memory T-cells.
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Importantly, we have identified a novel pathway for the direct generation of

latently infected mature naïve T-cells. Specifically, as our previous studies have revealed

that naïve T-cells within lymphoid cultures proliferate only rarely and exhibit a minimal

degree of activation, the generation of latently infected naïve cells within this tissue must

occur independently of a transition of the host cell from an activated state to an

inactivated one. These results implicate a unique, activation-independent pathway for the

generation of latently infected T-cells. Such a pathway may contribute significantly to the

generation of latently infected naïve T-cells in patients in whom thymopoiesis is

compromised. Therefore, within this specific cell population, HIV-1 may proceed along

two divergent pathways: productive infection or latency. The specific factors that direct

the choice between these divergent in vivo fates are not known.

A more complete understanding of the factors governing the outcome of viral

infection may yield important clinical insights into the control and eradication of the

latent reservoir. The present studies highlight the potentially important role of naïve T

cells within infected individuals as inducible reservoirs of viral persistence. Recruitment

of the provirus within these cells to a productive state may contribute to the bursts of

viremia frequently observed in patients receiving HAART, to the continued evolution of

viral quasiespecies in these patients, and to the profound immunodeficiency characteristic

of late-stage HIV-disease.
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FIGURE LEGENDS

FIGURE 1

Replication of HIV-1 within human lymphoid cultures in the presence or absence of

cytokines and dexamethasone. (A) Tonsil specimens were inoculated with NL4-3 in the

presence or absence of AZT and incubated for 5 days. Tissues were then harvested and

immunostained with anti-CD4 and anti-p24 mAbs. (B) Tissues were treated with

cytokines and/or dexamethasone (Dex) in the presence of AZT for 1.5 days following an

initial 5-day incubation with NL4–3. Culture media was then harvested and the

concentration of soluble p24 was quantitated by ELISA. Shown are mean values with

SEM (n=3) of a representative experiment from among experiments performed with 3 * *

different donor tissues. tº

FIGURE 2

Burst size of HIV-1 within productively infected CD4+ T-cells following cytokine

treatment. Tissues were treated with cytokines and/or Dex in the presence of AZT for 1.5

days following an initial 5-day incubation with NL4-3. (A) Geometric mean fluorescence

of intracellular p24 labeled with FITC-conjugated anti-p24 mAb within memory or naïve

CD4+ T-cells following treatment. Shown are mean values with SEM (n=3) of a

representative experiment from among experiments performed with 4 different donor

tissues. (B) CD4+ T-cells from tonsil tissues were stained with anti-CD45RA and anti
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CD62L mabs and sorted by flow cytometry and lysed. The average p24 content of

productively infected memory and naïve T-cells was quantified by ELISA. Shown is a

typical experiment from among 3 with indistinguishable results.

FIGURE 3

Frequency of productively infected CD4+ T-cells following cytokine treatment. Tissues

were treated with cytokines and/or Dex in the presence of AZT for 1.5 days following an

initial 5-day incubation with NL4-3. (A) Frequency of memory or naïve CD4+ T-cells

expressing detectable quantities of intracellular p24. (B) Frequency of memory or naive

CD4+ T-cells expressing detectable quantities of vRNA. Shown are mean values with

SEM (n=3) of representative experiments from among experiments performed with 3-4

different donor tissues.

FIGURE 4

Affect of cytokine treatment on the proliferation and apoptosis of CD4+ T-cells. Tissues

were treated with cytokines and/or Dex in the presence of AZT for 1.5 days following an

initial 5-day incubation with NL4-3. (A) Frequency of memory or naïve CD4+ T-cells

that incorporated Brdu during the cytokine incubation. (B) Frequency of memory or

naïve CD4+ T-cells staining positive for Annexin V following the cytokine treatment.

Shown are mean values with SEM (n=3) of a representative experiment from among

experiments performed with 3 different donor tissues
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Chapter 6

HIV-1 Enhances Viral Burden by Facilitating Infection of Tissue Macrophages but

Not Non-dividing CD4 T-cells
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Prologue

We had previously demonstrated that HIV-1 productively infects non-dividing

cells, including naïve T-cells and macrophages, within human lymphoid tissues (Chapters

2 and 3). This distinctive feature of HIV and other lentiviruses is attributed to the

capacity of the viral preintegration complex to enter the nucleus of quiescent cells.

Several gene products of HIV as well as structural features of the preintegration complex

(PIC) itself contribute to this ability. Among these is Vpr, which has been shown to have

nucleophilic properties, and contributes to the productive infection of macrophages in

vitro. Using matched pairs of isogenic viruses that differed only by the presence or

absence of a functional vpr we investigated the importance of Vpr in mediating infection

of non-dividing target cells within lymphoid tissues. Our studies revealed that although

Vpr was an essential factor regulating the infection of tissue macrophages, it did not play

a role in the infection of non-proliferating T-cells. By selectively blocking the infection

of macrophages through inactivation of Vpr, we were also able to estimate the

contribution of this viral reservoir to the local viral burden. We found that macrophages

accounted for nearly 50% of total viral output within R5-infected tissues. These data

highlight the importance of tissue macrophages in local viral burden and further implicate

macrophages and Vpr in the evolutionary strategy and pathogenesis of HIV-1.

This work was performed in close collaboration with M. Sherman, with whom I

share first authorship. He performed the studies presented in Figures 1 and 4 and
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contributed significantly to the other work presented in the manuscript. He also provided

critical editing of the manuscript. M. Penn provided significant intellectual insight and

advice. P. Chin contributed experimental support and performed the studies presented in

Figure 6B. C.M.C. De Noronha generated the Vpr deficient viral constructs. M.

Goldsmith supervised this work and W. Greene provided additional input into

experimental interpretation. This chapter is in press at the Journal of Experimental

Medicine and is reproduced here with permission from The Rockefeller University Press.
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Abstract

Prior experiments in explants of human lymphoid tissue have demonstrated that human

immunodeficiency virus type 1 (HIV-1) productively infects diverse cellular targets

including T-cells and tissue macrophages. We sought to determine the specific

contribution of macrophages and T-cells to the overall viral burden within lymphoid

tissue. To block infection of macrophages selectively while preserving infection of T

cells, we utilized viruses deficient for viral protein R (Vpr) that exhibit profound

replication defects in non-dividing cells in vitro. We inoculated tonsil histocultures with

matched pairs of congenic viruses that differed only by the presence of a wild-type or

truncated vpr gene. Although these viruses exhibited no reduction in the infection or

depletion of T-cells, the ability of the Vpr—deficient R5 virus to infect tissue macrophages

was severely impaired compared with matched wild-type R5 virus. Interestingly, the Vpr

deficient R5 virus also exhibited a 50% reduction in overall virus replication compared to

its wild-type counterpart despite the fact that macrophages represent a small fraction of

the potential targets of HIV-1 infection in these tissues. Collectively, these data highlight

the importance of tissue macrophages in local viral burden and further implicate roles for

CCR5, macrophages, and Vpr in the life cycle and pathogenesis of HIV-1.
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Introduction

Human immunodeficiency virus type 1 (HIV-1) is a member of the lentivirus subfamily

of retroviruses. Among the features that distinguish lentiviruses is their productive

infection of cells of the monocyte/macrophage lineage. In addition to the gag, pol and env

genes found in all retroviruses, the HIV-1 genome contains six additional genes: tat, rev,

vif, vpr, vpu, and nef. These genes confer upon HIV-1 a number of unique abilities,

including the capacity to infect non-cycling cells. Viral protein R (Vpr) in particular is

known to play an important role in facilitating infection of non-dividing tissue

macrophages (1-6) as well as inducing G, cell-cycle arrest in dividing T-cells (7–11). The

vpr gene encodes a 96 amino acid, 14-kDa nucleophilic protein that is incorporated into

mature virions via an interaction with pé, a proteolytic subunit of the p55* precursor

(12–15). Although vpris frequently deleted during in vitro passaging, Vpr is believed to

have numerous functions that contribute to the establishment and pathogenesis of HIV-1

infection in vivo (8, 16).

Unlike simple retroviruses, HIV-1 does not depend on cellular division and the

accompanying breakdown of the nuclear envelope for productive infection (17, 18). It is

believed that this special property is due to the concerted and perhaps redundant activities

of Matrix (MA), Integrase (IN), the DNA flap and Vpr. Specifically, both MA (19-21)

and IN (22-24) bound to the viral genome contain nuclear localization signals that target

the preintegration complex (PIC) to the nucleus via interactions with host nuclear import

machinery. The central DNA flap, a triple-stranded helix that is common to retroviruses,
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may additionally contribute to nuclear targeting through an unknown mechanism (25).

Vpr is also highly nucleophilic and utilizes a distinct targeting strategy (1, 3–5, 26, 27). It

contains two non-overlapping and unique nuclear localization signals that likely

contribute to the nuclear localization of the PIC (28, 29). Previous work has identified

Vpr as a contributing factor in the infection of macrophages in vitro, which presumably is

linked to this nuclear localization function (2, 4, 6).

Vpr also causes G, cell-cycle arrest in infected cells cultured in vitro (7–11, 30).

Expression of Vpr in some cell types by transfection, transduction or productive HIV-1

infection is associated with inactivation of p34Cdc2 kinase, leading to the accumulation

of the cells in the G2 phase of the cell-cycle (9, 11). The biologic significance of this

arrest during natural infection is not well understood. However, studies have

demonstrated that the HIV-1 LTR is most active in the G2 phase, implying that G2 arrest

may confer a replicative advantage to viral species encoding a functional Vpr (8, 31, 32).

In vitro studies have also revealed that prolonged G2 arrest may induce apoptosis of the

infected cell (32-37), although others have not observed this effect (36, 38,39). Thus,

Vpr may variably potentiate or mediate apoptosis, and this function seems to segregate

with cell-cycle arrest in mutagenesis studies (36). Based on these studies, it is speculated

that Vpr contributes to HIV-mediated immune destruction by promoting depletion of

target cells.

To clarify the importance of Vpr to HIV replication and subsequent pathogenesis,

we employed a human lymphoid histoculture model. This system is distinguished by its
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capacity to support the replication of HIV-1, HIV type 2 (HIV-2) or simian

immunodeficiency virus (SIV) without the need for exogenous cell activation or growth

factors (40–44). Consequently, this ex vivo system preserves the diverse cell types and

cellular activation and maturation phenotypes found within lymphoid tissues in vivo.

Spleen and tonsil histocultures thus represent a valuable model in which to study the

cellular tropism and cytopathic potential of these viruses in a physiologically relevant

setting. We therefore employed this model to determine in which cell types Vpr plays a

role in infection and to establish the contribution of these cells to the viral burden within

lymphoid tissue. These studies reveal that while Vpr augments the infection of

macrophages, it does not contribute to the productive infection of proliferating or resting

T-cells. Furthermore, Vpr-deficient R5 viruses exhibit a significant reduction in the

extent of viral replication, emphasizing the importance of tissue macrophages as a

permissive reservoir for viral replication in vivo. These findings suggest that other host or

viral factors may be responsible for the infection of resting lymphocytes and highlight the

importance of Vpr and CCR5 coreceptor specificity for HIV-1 infection of tissue

macrophages.

5.A.s
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Materials and Methods

Cloning of Vpr-deficient viruses. The envelope genes determining CXCR4 (X4)

or CCR5 (R5) preference were derived from HIV-1 NL4-3 or HIV-1 Ball. The region

extending from the 5' EcoR1 restriction endonuclease site located within the Vpr gene to

the Nhel site distal to the V3 region within the envelope gene were cloned from Ball and

introduced into the NL4-3 proviral clone thereby creating the 107 strain (45). These

sequences are sufficient to confer CCR5-tropism to 107. The Vpr proviral clones were

generated by introducing the AgeI to EcoRI (within vpr] fragment from the pNL4-3-

derived partial proviral clone p210–19 (46) (obtained from the NIH AIDS Research and

Reference Reagent Program) into the AgeI and EcoRI sites of the respective proviruses.

This cloning strategy preserved the pol and vif sequence identity between NL4-3 and 107,

truncated the Vpr product by introducing a 115-nucleotide deletion, and also introduced

two stop codons after the 21" amino acid of Vpr and downstream of the Vif stop codon in

an otherwise isogenic virus.

Preparation of viral stocks. Plasmids encoding NL4-3 or 107 were transfected

into 293T cells using calcium phosphate precipitation and 48 hours later the resultant

supernatants were centrifuged at 5000 RPM for 10 minutes to remove cell debris and then

aliquoted for subsequent infection of histocultures. Virus stocks were normalized for

infectivity by determining the TCIDso on PHA-stimulated peripheral blood mononuclear

cells (PBMC) obtained from at least two separate donors as previously described (40,

41).
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Western blot of Vpr. For hemagglutenin-Vpr (HA-Vpr) constructs, equal number

of 293T cells were transfected using calcium phosphate and then harvested, pelleted, and

lysed directly with SDS loading buffer. Similar transfection efficiency was confirmed by

cotransfection with pBGFP (Clontech). Western blot was then performed with anti-HA

monoclonal antibody (HA.11, Covance). For Vpr within HIV-1 virions, 300 ng of virus

in 1 ml of media was concentrated by ultra-centrifugation at 40,000g at 4°C for 1 hour.

The precipitate was resuspended in loading buffer containing SDS and beta

mercaptoethanol and subjected to standard PAGE and blotted with antibodies to p24

(Coulter) or Vpr (28).

Culture and infection of human lymphoid tissues ex vivo. Human

noninflammatory tonsil tissue removed during tonsillectomy (provided by San Francisco

General Hospital, Kaiser-San Francisco and San Rafael, CA) were cut into 2–3 mm

blocks and placed into culture as described (40). Tissues were inoculated within 24 hours

of preparation with viruses at approximately 50 TCID50/tissue block. Following one- or

two-week infections, cells were mechanically isolated from infected and uninfected tissue

and analyzed by flow cytometry (see below). No significant differences in the ex vivo

behavior and HIV-1 or SIV permissivity of spleen or tonsil tissue have been observed.

Assessment of CD4+ T-cell infection by flow cytometry. At the indicated time

points post-inoculation (at peak infection, usually one-week post-inoculation), dispersed

cells from infected and uninfected lymphoid histocultures were immunostained for cell

surface markers CD4, CD62L, and CD45RA as described previously (47). Cells were

º
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then fixed in 1% paraformaldehyde and subsequently permeabilized and immunostained

for intracellular CD4 and p24. 50,000 CD4” lymphocytes were counted and the data were

analyzed with CellOuest software (Becton Dickinson, San Jose, CA). To identify naïve

and memory subsets the following monoclonal antibodies (mAbs) were used from

Beckton Dickinson (BD): anti-CD4 (clone SK7, allophycocyanin conjugated, 1:20

dilution), and anti-CD62L (phycoerythrin, 1:20 dilution). The following antibody from

BD Pharmingen (San Jose, CA) was also used: anti-CD45RA (cychrome conjugated,

1:20 dilution). To identify infected cells, anti-p24 (fluoroscein isothiocyanate, 1:100

dilution) from Coulter (Miami, FL) was also used. Results are reported as the mean with

standard error of the mean (SEM).

Flow cytometric analysis of cellular proliferation. After culturing for 6 days in

standard histoculture media supplemented with Brdu (50 puM, Sigma, St. Louis, MO),

lymphoid histocultures were stained for Brdu incorporation as described previously.

Briefly, following this incubation, cells were dispersed and fixed and permeabilized

overnight. Cells were washed, treated with DNase, and then immunostained with a

combination of mabs recognizing CD4 (BD, clone SK3, allophycocyanin conjugated,

1:40 dilution), CD45RA (BD Pharmingen, cychrome conjugated, 1:2.5 dilution), CD62L

(BD, phycoerythrin conjugated, 1:20 dilution), and Brdu (BD Pharmingen, fluoroscein

isothiocyanate conjugated, 1:2.5 dilution). 50,000 CD4+ lymphocytes were then collected

and analyzed by CellOuest.
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Assessment of DNA content by flow cytometry. Cell-cycle analysis for HA-Vpr
s

constructs was performed by cotransfecting pEGFP (Clonetech) and HA-Vpr DNA

constructs into 293T cells in a 1:8 molar ratio to identify plasmid-expressing cells. 36 º

hours later cells were trypsinized, fixed in 2% formaldehyde for 30 minutes, washed, and

treated with 0.1mg/ml Ribonuclease (RNase) A (Sigma) and 10mg/ml propidium iodide

in PBS for 30 minutes. Cellular DNA content in the transfected (GFP") and untransfected

(GFPT) cells was assessed using a FACScan flow cytometer. For analysis of infected and

uninfected lymphoid histocultures, cells were dispersed from the tissue at the indicated

time points post-inoculation (at peak infection, usually one-week post-inoculation), and

immunostained for the cell surface marker CD4. Cells were then fixed in 1%

paraformaldehyde and subsequently permeabilized and immunostained for intracellular

CD4 and p24. Samples were then incubated for 30 minutes in a solution of 0.01 mM To

Pro-3 iodide (Molecular Probes) and 0.1mg/ml RNase A. 200,000 lymphocytes were

counted and the data were analyzed with CellCuest and FlowJo (Tree Star, San Carlos,

CA). The following mab was used from BD: anti-CD4 (clone SK7, phycoerythrin

conjugated, 1:20 dilution). To identify infected cells, anti-p24 was also used.

Assessment of CD4+ T-cell depletion by flow cytometry. At the indicated time

points (usually two-weeks post-inoculation), dispersed cells from infected and uninfected

lymphoid histocultures were immunostained for cell surface markers CD3, CD4, CD8,

and CCR5 as described previously (40,41). 5,000–20,000 CD3’ lymphocytes were

counted and the data were analyzed with CellOuest and FlowJo. CD4+ T-cell depletion
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was expressed as the ratio of CD4° to CD8” T-cells in infected relative to uninfected

tissues as described previously (40,41). The following mAbs were used from BD: anti

CD3 (clone SK7, allophycocyanin conjugated, 1:80 dilution), anti-CD4 (clone SK3,

fluoroscein isothiocyanate conjugated, 1:20 dilution), and anti-CD8 (clone SK1,

phycoerythrin conjugated, 1:20 dilution). The following antibody from BD Pharmingen

was also used: anti-CCR5 (allophycocyanin conjugated, 1:20 dilution). Cell numbers in

infected tissues were normalized to those obtained for uninfected control tissues. Results

are reported as the mean with standard error of the mean (SEM).

Assessment of macrophage infection by flow cytometry. At the indicated time

points (usually two-weeks post-inoculation), dispersed cells from infected and uninfected

lymphoid histocultures were immunostained for cell surface markers CD3 and CD14 as

described previously (43). Cells were then fixed in 1% paraformaldehyde and

subsequently permeabilized and immunostained for intracellular CD68 and p24.

50,000–100,000 lymphocytes were counted and the data were analyzed with CellOuest.

Results are reported as the mean with standard error of the mean (SEM).
Assessment of viral replication. At the indicated time points, a sample of culture

media was withdrawn from infected tissue, diluted 1:1000 with diluent, and stored at –20°

Celsius. The histoculture media was then replaced. At the end of the experiment, samples

were thawed, and the concentration of HIV-1 p.24 in the media was measured by enzyme

linked immunosorbent assay (ELISA) from NEN Life Science Products (Boston, MA).
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Results

Construction of Vpr-deficient viruses. To examine the tropism and replication of

Vpr-deficient viruses in lymphoid tissue, we studied the matched pair of viruses, NL4-3

and 107. NL4-3 is a molecularly cloned strain of HIV-1 that exhibits strict preference for

the coreceptor CXCR4 and does not replicate in macrophages (43,45). 107 is a

recombinant virus derived from NL4-3 that shares the same genetic backbone but

incorporates coreceptor-determining envelope sequences cloned from Ball, a CCR5

dependant primary HIV-1 isolate, as well as additional upstream sequences (45). These

cloned sequences from Bal extend through the 3' end of vpr and, as a result of this

substitution, some minor differences exist in the amino acid sequences of Vpr derived

from NL4-3 and 107 (Fig. 1A). However, the genomes of NL4-3 and 107 are isogenic

upstream of vpr. To assess the functionality of these proteins we transiently transfected

293T cells with expression vectors encoding HA-tagged NL4-3- or 107-derived versions

of Vpr. Western-blot analysis with anti-HA mab of whole-cell lysates from these

transfectants revealed slightly lower expression of 107 Vpr compared with NL4-3 Vpr

(Fig. 1B). Because mutations or deletions in the 3' end of vpr can alter expression levels

of Vpr (48), we infer that the sequence differences between the NL4-3 and 107 vpr genes

may result in stability differences between the two Vpr proteins leading to differential

expression. We next transfected 293T cells with empty HA vector, NL4-3-derived, or

107-derived HA-Vpr expression vectors and stained the cells for intracellular DNA

content 36 hours later. Cell-cycle analysis by flow cytometry revealed that both NL4-3-

º

>
t

s

~
ºº

146



small size, low granularity, and low proliferative activity "lymphocytes." The second

population, characterized by cells of greater size, increased granularity, and significant

proliferative activity, was termed "blasts." Although lymphocytes exhibit limited

proliferation, our earlier studies have directly demonstrated productive infection of non

dividing cells within this subset (47). These results confirm that the virally infected T

lymphocytes do not represent a subpopulation of dividing T-cells and establish that HIV

1 can productively infect non-dividing lymphocytes de novo. To determine if Vpr

contributed to the infection of these non-dividing cells, we inoculated histoculture tissue

with equivalent TCID50 of wild-type or Vpr-deficient strains of NL4-3 or 107. Following a

7-day incubation, cells were harvested from the tissue and immunostained for

intracellular p24, a marker of productive HIV infection. Examination of CD4+ T-cells by

FACS revealed significant infection of both lymphocytes and blasts by the wild-type and

Vpr-deficient variants of NL4–3 and 107 (Fig. 2). As observed previously, NL4-3

infection resulted in higher levels of productive infection than did 107 due to a broad

distribution of CXCR4 on target cells and limited expression of CCR5. Most importantly,

within a given X4 (Fig. 2A) or R5 (Fig. 2B) proviral backbone, wild-type and Vpr

deficient strains equivalently infected the lymphocyte pool, suggesting that Vpr is not an

essential viral factor for the productive infection of non-dividing or dividing T-cells in

such tissue contexts. This finding was unexpected given the putative role of Vpr in the

nuclear targeting of the PIC in non-dividing cells such as tissue macrophages. Wild-type

and Vpr-deficient viruses likewise equivalently infected the blast pool (Fig. 2A,B). We

º
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and 107-Vpr induced significant G, cell-cycle arrest, thereby establishing the

functionality of both NL4-3- and 107-Vpr in vitro (Fig. 1C).

For the present studies, we wished to eliminate Vpr expression in NL4-3 and 107

viral clones for comparisons to their respective parental viruses. We introduced a deletion

and two premature stop codons into the nucleotide sequence of vpr in both the NL4-3WT

and 107WT proviral contexts, thereby generating NL4-3AVpr and 107AVpr, respectively

(Fig. 1D). Because NL4-3 and 107 have identical sequences upstream of the EcoR1 site

utilized to delete Vpr, this cloning strategy preserved the isogenicity between NL4-3 and

107 including vif and pol. Neither of these Vpr-deficient viruses produced detectable

quantities of the truncated Vpr product (data not shown). Consistent with this

observation, immunoblot analysis of wild-type and mutant virions established the

presence of Vpr in NL4-3WT and 107WT virions but not in NL4-3AVpr and 107AVpr

virions, confirming that Vpr was not expressed in the deletion mutants (Fig. 1E). We

detected lower levels of Vpr within 107WT virions compared with NL4-3WT virions,

consistent with the inferred stability differences between these different versions of the

proteins (Fig. 1B). Comparing wild-type and Vpr—deficient versions of NL4-3 or 107 we

subsequently examined the cellular tropism and replication profiles of these viruses

within human lymphoid tissues ex vivo.

Vpr is not required for productive infection of resting T-cells. On the basis of

morphologic characteristics we have previously identified two distinct lymphocyte

populations within lymphoid histocultures (47). We termed one population of cells with
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note that Vpr has been shown to have a greater influence on HIV-1 infectivity at low

titers, and only a small impact at high multiplicity of infection (m.o.i.) (22). Importantly,

the experiments reported here were carried out at a m.o.i. below 2x10", a very low

inoculum, which likely accounts for the 5-day delay in the appearance of detectable

intracellular and soluble p24 following inoculation. Experiments performed with one-half

the virus inoculum used above also revealed no differences in the infection of CD4+ T

lymphocytes and blasts by wild-type or Vpr-deficient viruses under these conditions (data

not shown).

We previously demonstrated by pulse-chase analysis that naïve and memory T

cells in these tissues exhibited significantly different proliferative activity (47). We

therefore hypothesized that while Vpr may not be necessary for infection of T-cells in

general, it may nonetheless be a critical factor for infection of the non-proliferating, naïve

T-cell subset, a population typically accounting for less than 20% of the total CD4+ T

lymphocyte population. To measure the cumulative fraction of cycling T-cells during a

typical HIV infection, we cultured tonsil tissue in medium containing Brdu for 7 days.

FACS analysis of samples harvested after labeling revealed that while greater than 16%

of memory CD4+ T-lymphocytes incorporated Brd U during this period, only 2.3% of

naïve CD4+ T-lymphocytes did so (Fig. 3A). This pattern of enhanced labeling of

memory cells compared with naïve cells was preserved in the blast compartment as well,

although the blast subsets exhibited greater proliferative activity overall than did their

lymphocyte counterparts.
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We next compared the capacity of wild-type and Vpr—deficient viruses to

productively infect each of these subsets. Tonsil histocultures were inoculated with

equivalent titers of X4 or R5 wild-type or Vpr-deficient viruses, and following a 7-day

incubation, cells were immunostained for maturation markers and intracellular p24.

Stratification of T-cells into memory and naïve subsets revealed no statistically

significant differences between cultures infected with wild-type or Vpr-deficient NL4-3

(Fig. 3B) or 107 (Fig. 3C) variants. Most importantly, this analysis demonstrated

equivalent infection of the non-dividing, naïve T-lymphocyte population by the wild-type

and Vpr-deficient viruses. This finding substantiates our earlier conclusion that Vpr does

not contribute to lymphocyte infection in general, and specifically indicates that Vpr

function is dispensable for productive infection of the non-proliferating subset of T-cells.

Vpr does not trigger cell-cycle arrest in infected lymphocytes ex vivo. We next sought to

determine if Vpr induces G2 cell-cycle arrest in these tissues. Tonsil histocultures were

inoculated with equivalent titers of NL4-3WT or NL4-3AVpr virus, and following a 6

day incubation, the tonsil tissue was harvested and stained for intracellular p24 and DNA

content. Samples were then analyzed by flow cytometry; we gated on CD4+ T-cells and

examined them for intracellular p24 expression. Analysis of the DNA content of p24” T

cells in the samples inoculated with wild-type or Vpr-deficient virus revealed a similar

percentage of cells in the G2 phase of the cell-cycle irrespective of the presence or

absence of Vpr (Fig. 4A,C). Interestingly, in samples inoculated with either wild-type or

Vpr-deficient virus the percentage of cells in G2 was modestly greater in the fraction of
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productively-infected T-cells (p24") (Fig. 4A,C) compared with uninfected T-cells in the

same tissue (Fig. 4B,D). Similar results were observed over several different infections in

lymphoid tissue, suggesting that there is no detectable Vpr-dependent G2 cell-cycle arrest

and that other viral factors may play a key role in this phenomenon.

Vpr does not contribute to HIV-1-mediated depletion of T-cells in lymphoid histoculture.

To determine directly if equivalent infectivity correlated with equivalent cytopathicity,

we measured virus-induced depletion of CD4+ T-cells following infection with HIV-1.

We began by subsetting T-cells based on expression of the HIV-1 coreceptor CCR5. As

expected from previous studies, NL4-3WT extensively depleted both CCR5° and CCR5

subpopulations of CD4+ T-lymphocytes (Fig. 5A). Likewise, NL4-3AVpr also markedly

depleted both subpopulations in a manner indistinguishable from its parental virus. In

contrast to the extensive depletion by NL4-3, the cytopathic effects of 107WT were

limited to the CCR5° subset of CD4 T-lymphocytes, as has been observed previously

(41, 43). Again, the Vpr—deficient 107 strain exhibited equivalent cytopathic activity

compared with wild-type 107. These findings demonstrate that Vpr is not essential for the

cytopathic effects of HIV-1 on CD4+ T-cells within lymphoid tissues.

To determine further whether the state of T-cell maturation influences the

susceptibility of these cells to depletion by Vpr-deficient viruses, we measured the loss of

naïve and memory CD4+ lymphocytes following infections with HIV-1. Both NL4-3WT

and NL4-3AVpr induced severe depletion of naïve and memory CD4+ lymphocytes (Fig.

5B), although the cytopathic effects of NL4-3AVpr were slightly reduced compared with

º
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that of NL4-3WT, consistent with our earlier finding of slightly reduced infectivity of

NL4-3AVpr. We also measured depletion in tissue that had been inoculated with 107WT

or 107AVpr. As is characteristic of all R5 viruses, overall depletion was not severe.

Nevertheless, the degree of depletion of the memory and naïve populations was

equivalent for both 107 variants (Fig. 5C). Thus, Vpr does not contribute to the

cytopathic activity of either HIV-1 R5 or X4 variants in T-lymphocytes.

Vpr contributes substantively to the productive infection of tissue macrophages as well as

to the viral burden in lymphoid tissue. In addition to infecting activated T-cells, R5

viruses also productively infect cells of the monocyte/macrophage lineage. We therefore

examined the putative role of Vpr in mediating the infection of non-dividing lymphoid

tissue macrophages. We inoculated tonsil histocultures with equivalent titers of 107WT

or 107AVpr. Following incubation, the tissue was dispersed and cells were

immunostained for specific macrophage (CD14 and CD68) and T-cell (CD3) markers as

well as intracellular p24. Because macrophages associate tightly with B- and T-cells in

lymphoid tissues, macrophages free of complexed T-cells (CD14’ or CD68’ and CD37)

were identified by flow cytometry and analyzed for productive infection. In contrast to

the behavior observed earlier in T-cells, 107AVpr exhibited a greater than 4-fold

reduction in infectivity in lymphoid tissue macrophages compared to 107WT (Fig. 6A).

A similar examination of the same tissue inoculated with NL4-3WT and NL4-3AVpr

revealed little detectable infection within macrophages by either virus (data not shown).
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These findings imply that Vpr contributes significantly to the productive infection of

tissue macrophages by R5 strains.

Interestingly, within the genomes of HIV-2 and SIV the arrest and nuclear import

functions of HIV-1 Vpr are divided between two related gene products, Vpr and viral

protein X (Vpx) (49). Cell-cycle arrest is mediated by Vpr in both HIV-2 and SIV,

whereas nuclear localization is mediated by Vpx in both species. The significance of this

functional division is not well understood; however, the evolutionary conservation of

both functions implies their importance in the viral life cycle. To determine if the

macrophage-specific defect we observed in 107AVpr was specifically attributable to the

nuclear entry activity of Vpr, we inoculated tonsil samples with SIV PBj6.6WT,

PBj6.6AVpx or PBj6.6AVpr. Cells were later dispersed and stained for macrophage

lineage markers and intracellular p27. FACS analysis revealed a greater than 6-fold

reduction in the number of productively infected macrophages in tissue that had been

inoculated with PBj6.6AVpx, compared to tissue infected with wild-type virus (Fig. 6B),

consistent with a role for Vpx in nuclear targeting. In contrast, tissue infected with

PBj6.6AVpr showed no significant decrease in the frequency of infected macrophages

(Fig. 6B). Indeed, across several experiments the frequency was either unchanged or

modestly increased compared with PBj6.6WT. Therefore, these results implicate the

nuclear targeting function of HIV-1 Vpr in the infection of macrophages by R5 HIV-1.

Finally, we measured the extent and kinetics of viral replication of wild-type and

Vpr—deficient viruses in lymphoid histocultures. Tissue was inoculated with equal titers
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of NL4-3WT or NL4-3AVpr (Fig. 7A) as well as 107WT or 107AVpr (Fig. 7B).

Supernatants were collected serially throughout 18-day incubations, and the

concentrations of p24 in the media were assessed by ELISA. As expected from their strict

T-cell tropism and the earlier findings of similar infectivity, NL4-3WT and NL4-3AVpr

exhibited similar replication profiles (Fig. 7A). Both the overall growth kinetics as well

as the total virus production were similar. In contrast, a substantially different pattern of

replication was found for 107WT compared with 107AVpr. 107AVpr exhibited an

approximately 50% reduction in viral replication compared to 107WT (Fig. 7B). Based

on the selective effects of Vpr we observed earlier in macrophages rather than T-cells, we

infer that the differential viral output in tissues infected with 107AVpr compared with

107WT is the result of decreased macrophage infection by Vpr-deficient viruses. Thus,

these results reveal the significant contribution of tissue macrophages to the viral burden

within human lymphoid tissues. Consistent with this conclusion, quantitation of soluble

p27 in the culture media of the SIV-infected tissues revealed an 8-fold reduction in viral

output from tissues inoculated with the Vpx-deficient strain of PBj6.6 compared to the

wild-type and Vpr deficient counterparts (data not shown). Thus, the Vpx-deficient SIV

strain behaved similarly to the Vpr-deficient R5 HIV-1 strain. Overall, these results

suggest that the major role of Vpr in HIV-1 pathogenesis is to facilitate infection of

macrophages, a population that may also contribute substantially to the viral burden in

infected individuals.
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Discussion

Peripheral blood mononuclear cells in culture typically require exogenous stimulation in

order to support productive infection by either wild-type or Vpr deficient viruses. This

dependency on activation appears to relate to the nuclear membrane breakdown

associated with activation-induced cellular division, which evidently abrogates the need

for Vpr to facilitate nuclear import of the PIC. In contrast, T-cells within the lymphoid

tissue microenvironment are permissive for productive HIV-1 infection independent of

exogenous stimulation or cytokines. Moreover, our previous studies have revealed no

absolute restriction to HIV-1 infection, replication, or depletion of T-cells within these

cultures on the basis of target cell maturation or proliferation (47). In particular, these

studies demonstrated de novo infection and depletion of resting, naïve lymphocytes,

which may explain the observation of productively infected resting T-cells in vivo (50

52). Because these cells divide very infrequently (Fig. 3), infection must proceed

independently of nuclear membrane dissolution. Multiple determinants of nuclear import

contribute to this unique property of HIV. The apparent redundancy of mechanisms

highlights the importance of nuclear entry in the HIV-1 life cycle. However, it is possible

that individual import signals may play a more or less dominant role in particular cellular

contexts. Thus, the multiple nuclear import signals may not be redundant after all. We

therefore examined the importance of one such nuclear import signal, Vpr, in mediating

nuclear import in diverse primary cell types including non-dividing T-cells and

macrophages.
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Surprisingly, these studies revealed equivalent infection of resting, naïve T-cells

within histocultures inoculated by matched wild-type or Vpr-deficient HIV-1 strains

despite differential infection of macrophages. This finding suggests that other host or

viral factors contribute to the nuclear import of the PIC in this subset of non-dividing T

lymphocytes. At least two additional viral gene products may be responsible. We

speculate that the weak nuclear localization signals (NLS) within MA (19-21) may

function relatively efficiently within T-cells, which would reduce the dependence on Vpr

mediated translocation mechanisms. In addition, multiple NLS have also been identified

within viral IN (22-24) that may also be relatively effective in T-cells. In particular, a

novel NLS within IN has recently been shown to contribute significantly to the infection

of dividing as well as growth-arrested cells (24). Finally the nucleophilic properties of the

central DNA flap may also play a more significant role in the nuclear import of the PIC

within infected T-cells (25). Thus, the individual nuclear import signals within the PIC

may each be optimized for a specific primary cell type.

The significance of other Vpr functions in viral expansion is less clear. For

example, our analysis of infected lymphoid cultures failed to detect specific G2 cell-cycle

arrest in samples inoculated with wild-type HIV-1 compared to Vpr-deficient virus,

suggesting that Vpr dependent arrest is not manifest in this tissue context. These

observations are also supported by equivalent virus replication of X4 viruses irrespective

of the presence of Vpr. Alternatively, it is possible that cells arrested in G, by Vpr may be

rapidly and selectively eliminated within lymphoid histocultures thereby preventing their
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detection. However, these studies did reveal a modest accumulation of p24’ cells in the

G, phase of the cell cycle in HIV-1-infected cultures independent of Vpr status. This

finding implies that selective elimination of Vpr-arrested cells is not a likely feature of

this system and suggests that viral factors in addition to Vpr may contribute to arrest in

this tissue context. Indeed, a previous study has demonstrated that envelope glycoprotein

may induce arrest in cultured cells (53). The individual contributions of these two

pathways remain to be determined.

We also detected equivalent depletion of T-cells by wild-type and Vpr-deficient

HIV-1 variants. Although earlier studies have reported a pro-apoptotic role for Vpr, our

findings suggest that Vpr is not required for such effects in lymphoid tissue. Indeed,

mutagenesis studies have revealed that the apoptotic function ascribed to Vpr seems to

segregate with the cell-cycle arrest activity (36), and we have found that neither activity

is evident in these histocultures. We conclude that neither cell-cycle arrest nor apoptosis

induced by Vpr contribute significantly to virus-induced T-cell death in this context.

The identical replication kinetics of wild-type and Vpr-deficient X4 viruses within

lymphoid tissue is consistent with our earlier conclusions regarding X4 HIV-1 infection

and depletion. However, we note that a slight trend towards reduced replication by Vpr

deficient strains was evident from these studies, which may correlate with the observed

trend toward slightly reduced infectivity and depletion by Vpr-deficient X4 virus.

Although few of these differences reached statistical significance, these patterns were
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observed in multiple tissue specimens, which may indicate a small contribution of Vpr to

the fitness and replication of X4 HIV-1 strains in vivo.

In contrast to the behavior of cultured peripheral blood T-cells (2, 4, 54),

monocyte-derived macrophages matured in vitro depend substantially on intact Vpr for

productive infection (2, 4, 6, 55). However, this effect is evident only at very low

multiplicity of infection and only after weeks of in vitro culture. Indeed, some

investigators have observed no effect of Vpr on infection of cultured monocyte-derived

macrophages (56). In addition, an important issue that remains unanswered by these

studies is the importance of Vpr for infection of macrophages residing within lymphoid

tissues. Lymphoid organs are the principal sites of HIV-1 replication in vivo and account

for greater than 90% of the viral load during HIV-1 infection (57), particularly during the

acute and asymptomatic phases of disease when viruses selectively utilizing CCR5

predominate. CCR5 is expressed on most tissue macrophages, dendritic cells, and a

subset of activated T-cells. The selection of CCR5-dependent viruses during acute

infection suggests that macrophage infection may be a key factor in the establishment of

HIV-1 infection as well as the subsequent development of functional immunodeficiency.

We therefore examined the role of Vpr in the establishment of HIV-1 infection in tissue

resident macrophages rather than artificially-matured blood-derived cells. Our results

revealed a substantial defect in the productive infection of macrophages by Vpr-deficient

viruses, which stands in sharp contrast to its lack of effect in T-cells. This macrophage

restricted phenotype was also apparent in tissues inoculated with Vpx-deficient, but not
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Vpr-deficient, strains of SIV. These observations confirm the specific importance of

nuclear import in the life cycle of HIV-1 and SIV within macrophages. Furthermore,

these findings suggest that the nuclear import signals within the viral PIC may be cell

type-specific and may not be completely redundant in all cellular environments. Indeed,

each NLS within the PIC may be conserved so as to preserve the ability of HIV-1 to

productively infect distinct cell types. We conclude that Vpr contributes substantially to

the replication of R5 HIV-1 within macrophages but does not play a significant role in T

cells.

Recent in vitro work has demonstrated that HIV-1 Nef expression within

macrophages induces production of the soluble CC-chemokines macrophage

inflammatory protein-10 and -13 and other unidentified soluble factors (58). These

chemokines may recruit and partially activate neighboring resting lymphocytes and

thereby render them permissive for infection by HIV-1, which would assign infection of

macrophages an important role in establishing infection in resting lymphocytes. Selective

impairment of macrophage infection, as is seen with the Vpr—deficient viruses tested here,

would be expected to interrupt this trans-activating function. However, this effect was

not evident in the histoculture system. Specifically, the frequency of infected resting,

naïve T-cells by 107AVpr or NL4-3AVpr was identical to that of their wild-type

counterparts. Therefore, experimental conditions or viral factors other than, or in

combination with, Nef may play key roles in the ability of HIV-1 to infect resting, naïve

lymphocytes in a lymphoid tissue microenvironment.
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Finally, macrophages may contribute substantially to plasma viral load during late

infection, particularly when CD4+ T-cells have been extensively depleted (57, 59,60).

However, the contribution of macrophages to viral load during other disease stages has

not been well characterized but is proposed to be minimal based on the viral and cellular

kinetics observed during acute antiviral treatment (61–64). Based on the assumption that

HAART completely suppresses virus replication, such studies suggest that plasma

viremia declines with a half-life of approximately 1 day, implying that the cells releasing

virus into the plasma must have a similar half-life. This conclusion implicates T-cells as

the principle source of plasma viremia rather than infected tissue macrophages, which are

believed to have a half-life of nearly 2 weeks (61–64). However, more recent studies have

generated evidence of other persistent viral reservoirs that may contribute to plasma

viremia (65-68). The studies reported herein address this controversy directly by

examining the replication kinetics of viruses that fail to infect macrophages productively

while their capacity to infect and replicate within lymphocytes is preserved. Thus, any

difference in viral output may be interpreted as the contribution of macrophage infection.

The results reveal a significant reduction in the concentration of soluble p24 in cultures

infected with 107AVpr as compared to wild-type virus. This finding is correlated with a

greater than 4-fold reduction in the frequency of infected macrophages and preserved

numbers of infected T-cells in these same samples. We therefore conclude that the

differential output between cultures infected with wild-type and Vpr-deficient R5 viruses

is attributable to the output of the productively infected macrophage pool.
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This conclusion implies that within lymphoid organs infected with R5 viruses the

contribution to cell-free virus by infected macrophages is equal to that of all infected

CCR5° CD4+ T-cells within the particular tissue—a population that significantly

outnumbers tissue macrophages by at least 10-fold. Therefore, on a per-cell basis, we

infer that productively infected macrophages cumulatively release at least 10-fold more

p24 than do productively infected T-cells within the same tissue over the 2-week time

interval of these experiments. Thus, it appears that HIV replication within macrophages

contributes significantly to tissue viral burden and may account for a substantial fraction

of plasma viremia to the extent that plasma virus derives from tissue sources. However, it

remains a theoretical possibility that T-cells infected by macrophage-derived virus or in

the proximity of infected macrophages may produce more p24 than cells infected by T

cell-derived or cell-free virus. Nevertheless, our conclusions agree well with recent work

demonstrating significant and sustained plasma viremia in SHIV-infected macaques

following virus-induced depletion of CD4+ T-cells, in which the authors concluded that

the viremia was supported by viral replication in productively infected macrophages (60).

Our results extend this observation by demonstrating the significant contribution of

human lymphoid macrophages to HIV-1 viral burden even when T-cells are present.

Given the close physical association between macrophages and T-cells within

lymphoid organs, it is possible that the majority of virus produced by macrophages may

be transmitted to neighboring lymphoid cells by means of cell-to-cell spread. Virus

produced by macrophages and transmitted in this manner may not contribute
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substantially to the cell-free virus detected in the plasma. As a consequence, the y

dynamics of viral decline within lymphoid tissues may differ from that of the plasma. sº
A.

Although few in number, productively infected lymph node macrophages have in the past 2 º'

been thought to play a large role in viral burden (57, 59). Our findings underscore the

potential importance of this relatively small cellular reservoir of virus. Spread of R5 virus

directly from macrophages to T-cells might contribute substantially to HIV-induced

immune pathogenesis during the early and asymptomatic stages of HIV-induced disease,

as well as later stages of disease when T-cells have been depleted. Tissue macrophages

may therefore represent a clinically important cellular reservoir of virus, as macrophage
L
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derived virus would be expected to contribute substantially to the progressive attrition of º,

T-cells that characterizes all stages of HIV disease. Sº
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Figure Legends

Figure 1. NL4-3- and 107-derived Vpr are functional and incorporated into mature

virions. (A) HIV-1 Vpr from NL4-3 is identical to the Bal-derived, macrophage-tropic

107 variant except at residues 78 and 83–85. (B and C) DNA encoding HA-tagged NL4-3

Vpr or 107 Vpr and GFP was transfected into 293T cells. (B) Cells were lysed 36 hours

later, and expression of Vpr was determined by western blot with anti-HA mab. (C)

Cells were harvested 36 hours later, and labeled with propidium iodide. DNA content

was measured in GFP cells by flow cytometry. (D) Cloning strategy for truncation of vpr

within both NL4-3 and 107 proviral constructs. Note that the sequences of vif, pol, and tat

are unaffected by these mutations within vpr. The shaded box identifies the deleted

region within vpr, (E) DNA encoding each of the HIV-1 recombinants was transfected

into 293T cells and supernatants were collected forty-eight hours later. Virus production

was normalized for p24 concentration, and equal amounts of virus were concentrated for

each strain by ultra-centrifugation. The viral pellet was then subjected to Western blot

analysis. Shown are representative experiments.

Figure 2. HIV-1 infection of CD4+ T-lymphocytes and blasts. (A) Productively infected

cell subsets in tonsil tissue following a 7-day infection with NL4-3WT (open bars) or

NL4-3AVpr (closed bars) as measured by intracellular p24 expression detected by FACS.

(B) Productively infected cell subsets in tonsil tissue following a 7-day infection with

107WT (open bars) or 107AVpr (closed bars). Presented are mean values with SEM
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(n=3)fromarepresentativeexperiment.

Figure3.Brd'UincorporationandHIV-1infectionofnaïveandmemoryCD4+T-cell

subsets.(A)TissuesampleswereculturedcontinuouslyinmediumcontainingBrd'Ufor7

days.Cellswereisolated,immunostainedforCD4,CD62L,CD45RAandBrd'Uand

analyzedbyFACS.ShownaremeanvalueswithSEM(n=3)fromarepresentative

experiment.(BandC)TonsilhistocultureswereinoculatedwithequivalenttitersofHIV

1,incubatedfor7daysandharvested.Cellsweredispersed,immunostainedforp24,

CD62L,CD45RAandCD4,andanalyzedbyFACS.T-cellswerealsostratifiedbasedon

forwardandsidescatterpropertiesdefininglymphocyteandblastmorphologies.(B)

ProductivelyinfectedsubsetsintissueinoculatedwithNL4-3WTorNL4-3AVpras

measuredbyintracellularp24expression.(C)Productivelyinfectedsubsetsintissue

inoculatedwith107WTor107AVpr.ShownaremeanvalueswithSEM(n=3)froma

representativeexperiment.

Figure4.Cell-cycleanalysisofp24’orp24.CD4+T-cells.(A)Tonsilspecimenswere

inoculatedwithequivalenttitersofHIV-1NL4-3WT(AandB)orNL4-3AVpr(Cand

D).Followinga7-dayincubation,samplesweredispersed,stainedforintracellularp24,

CD4andTo-Pro-3iodideandanalyzedbyFACS.DNAcontentispresentedforcells

stratifiedintop24”(AandC)andp24(BandD)fractions.Shownisarepresentative

experiment.
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Figure 5. Depletion of CD4+ T-cells by HIV-1 in lymphoid histoculture. (A) Following a

13-day infection, cells were isolated from histocultures and immunostained for surface

expression of CD4, CD3, CD8 and CCR5. The mean CD4° subset/CD8' ratio relative to

uninfected control tissue for CCR5 T-cells (open bars) and CCR5 T-cells (closed bars)

was then calculated. Shown are mean values with SEM (n=3) from a representative

experiment. (B and C) Depletion of naïve and memory CD4+ T-cell subsets by HIV-1.

Following a 12-day infection with NL4-3WT and NL4-3AVpr (B) or 107WT and

107AVpr (C) cells were dispersed from histocultures and immunostained for CD4,

CD62L, CD45RA and CD8. The mean CD4” subset/CD8” ratio relative to uninfected

control tissue for memory T-cells (open bars) and naïve T-cells (closed bars) was then

calculated. Shown are mean values with SEM (n=3) from a representative experiment.

Figure 6. Flow cytometric analysis of HIV-1 and SIV infection of macrophages in

lymphoid tissue. Following a 9-day incubation with 107WT or 107AVpr (A) or

PBj6.6WT, PBj6.6AVpr or PBj6.6Avpx (B), cells were dispersed and immunostained for

surface expression of CD3 and CD14 as well as intracellular CD68 and p24 or p27.

Shown are mean values with SEM (n=3) from a representative experiment.

Figure 7. Kinetic analysis of HIV-1 replication in lymphoid histoculture. Tissue was

inoculated with NL4-3WT or NL4-3AVpr (A) or 107WT or 107AVpr (B). Culture
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medium was sampled at the indicated time points and HIV-1 p24 concentration was

measured by ELISA. Shown are mean values with SEM (n=3) from a representative

experiment.
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I. IMPLICATIONS

The goal of these studies was to identify the host and viral factors that regulate

cellular tropism and viral replication. It is well established that the expression of the

coreceptors CXCR4 and CCR5 are a dominant determinant of cell tropism. However,

many factors apart from CD4 and coreceptor expression contribute to the efficiency of

viral replication. It has previously been shown that in some experimental settings many

cells expressing appropriate coreceptors are nevertheless refractory to infection. In

particular, resting, naïve cells in vitro permit viral entry, but do not complete reverse

transcription. Therefore, viral replication is blocked. However, we have demonstrated

that within the lymphoid microenvironment many of these cells support the complete life

cycle of HIV-1. Interestingly, although both memory and naïve T-cells may be

productively infected by HIV-1, we have found quantitative differences in the viral

output ("burst size") of these cells. That is, replication of HIV-1 within memory and

naïve T-cells results in the release of approximately 6-fold more virus compared to naïve

T-cells on a per-cell basis. Therefore, cell permissivity maybe thought of in relativistic

terms. Although we may define populations as "permissive" or "non-permissive," a more

informative approach may be to consider the average productive capacity of different

cells. While cells demonstrating small burst sizes are still sensitive to the cytopathic

effects of the virus, the destruction of the immune system results not just from the direct

loss of these cells, but may also relate to the systemic effects of HIV-1 replication (e.g.,
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bystander killing). A cataloguing and an appreciation of the relative "burst sizes" of

different permissive cell types may provide an insight into the mechanisms underlying

HIV-mediated immune destruction. Therefore, understanding the factors that modulate

proviral transcription and virion assembly and release is an important step towards the

continued development of effective anti-retroviral therapies and treatments.

We have shown that replication and T-cell destruction by X4 HIV-1 contributes to

the activation of uninfected bystander T-cells. We and others have also demonstrated that

activated and/or proliferating cells are the most suitable hosts for HIV replication.

Therefore, it appears that X4 replication manipulates the cellular microenvironment

within lymphoid organs to create an environment more suitable for viral spread. This may

lead to an acceleration of viral infection and replication, and may contribute to a

significant increase in viral load. Importantly, this surprising activity is a feature

exclusively of X4 viruses. Therefore, the emergence of X4 viruses during late-stage

disease may catalyze the production and output of new virions from the newly infected T

cells. That is, X4 viruses may feed-forward to potentiate their own replication. This

pathway may underlie the rapid and dramatic increases in the viral loads and severe

declines in CD4+ T-cell counts of patients with AIDS. Therefore, pharmocologic

inhibition of viral entry through CXCR4, which may prevent the specific emergence of

X4 viruses, may be an effective therapeutic strategy to control HIV-1 in vivo. Although

such treatments would undoubtedly be of little benefit to patients during acute and

asymptomatic disease, it may nevertheless delay progression of HIV-disease to AIDS (8,
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15). These results highlight the importance of continued pharmaceutical development of

coreceptor inhibitors.

We have also shown that infection of naïve T-cells by X4 viruses may result in

the latent infection of the host cell. The establishment of this reservoir contributes

significantly to the persistence of virus within infected individuals. Therefore control or

prevention of X4 viremia may also be an effective means of eradicating the virus within

infected individuals. Although it was formerly thought that generation of these cells

required a transition of activated cells to an inactive state, our findings indicate that

latency may result as a direct outcome of viral entry and reverse transcription of the

provirus. That is, latency within mature T-cells may arise independently of prior active

viral gene expression and independently of a cellular transition to quiescence. Such a

transition within infected cells occurs only rarely, and is not believed to have been

exploited as an essential strategy in the pathogenesis of HIV-1. However, our results

suggest that latency may result independently of such an uncommon event. Therefore,

latent infection must not be thought of as an abortive outcome of viral infection, but

rather as an integral part of the viral life cycle. However, the host and viral factors that

influence the "choice" between productive and latent infection have not been identified.

In addition to latently infected T-cells, macrophages may also provide a long

lived reservoir for HIV in vivo. Although R5 viruses are selectively transmitted and

predominate during much of clinical disease, the role of macrophages in these processes

has often been questioned. Some investigators posit that the infection of these cells may
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occur as a "byproduct" of the infection of CCR5 T-cells. It is suggested by some that the

importance of the aberrant infection is minimal. However, investigation of the functions

of Vpr revealed that tissue macrophages contributed approximately 50% of the total R5

viral output of the experimental lymphoid tissues. This surprising conclusion contradicts

the findings of Ho and others that implicated T-cells as the predominant source of

viremia. The basis for these different conclusions may lie in the initial assumptions

inherent in their mathematical models. Alternatively, the difference may be related to the

possible compartmentalization of the viral loads in the peripheral circulation and within

lymphoid organs. Nevertheless, it is clear that tissue macrophages are a substantial source

of replicating virus within tissue. The spread of this virus to neighboring permissive T

cells undoubtedly contributes to the pathogenesis of HIV in vivo. Furthermore, because of

the longevity of these tissue macrophages, they may serve as resilient and stable

reservoirs for HIV replication during all disease stages in vivo. Collectively, this suggests

a prominent role of macrophages as an important element in the evolutionary strategy and

cytopathicity of HIV-1.

We have demonstrated that Vpr contributes substantially to the infection of

macrophages, but does not play a role in the infection of T-cells regardless of the cellular

State of activation, proliferation, or maturation. We infer that other viral factors must

mediate the infection of these cells. This finding suggests that HIV-1 may have evolved

distinct and possibly redundant mechanisms of nuclear targeting of the PIC. Each of these

putative factors, including Vpr, may serve as suitable drug targets for therapeutic
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treatments. Thus, many potential targets may exist to inhibit the spread and replication of

HIV-1 in vivo. However, there is only limited evidence that a single viral factor may play

a dominant role in nuclear entry of the PIC within all cell types. Therefore, effective

inhibition of this step in the viral life cycle would depend on the development of multiple

different pharmaceutical agents. Thus, the efficacy of each drug alone would be limited,

and the cost of their collective development may be prohibitive.

Our findings also highlight the importance of continued anti-retroviral drug

development. We have shown that quiescent cells (including resting T-cells and tissue

macrophages) support active viral gene expression. Thus, these cells contribute

substantially to the local viral burden and may play an important role in the spread of

HIV-1. Many of these cells are also sensitive to the cytopathic effects of the virus.

Therefore, replication of HIV within these host cells likely ultimately contributes to

immune dysfunction and collapse. Unfortunately, many of the therapeutic agents in use

today exhibit limited penetration into these cells and/or are inefficiently activated within

these quiescent populations (2, 5, 10, 18). Thus, significant viral reservoirs may persist

within infected individuals receiving HAART. This conclusion is supported by the

finding that viral replication and evolution continue within these patients despite

reductions in viral loads to levels below detection (3, 4, 6, 20). This continued viral

production may contribute to the development of drug-resistant viruses and may also

contribute to continued immune destruction in infected individuals in whom viral

replication appears to be controlled. We have also shown that the infection of many of
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these non-dividing cells may result in a latent infection. This low-level replication of HIV

may continually "reseed" this important reservoir. Therefore, it is imperative that research

and development of new anti-retroviral drugs be directed at the control of virus within

these resistant cell populations. One possibility discussed above is the generation of

CXCR4 antagonists. Such agents would not depend on biochemical modification within

infected or susceptible cells (as is necessary for many reverse transcriptase inhibitors and

other drugs in use today), and therefore may be effective at inhibiting the establishment

of these important reservoirs. Without such clinical treatments, the eradication of virus

from infected individuals may remain an impossible goal.

Finally, we have demonstrated that HIV-1 can productively infect resting, non

proliferating cells. This suggests that HIV-1-based vectors may be suitable candidates for

experimental gene delivery vehicles. However, although we have shown that quiescent

cells (including those in G0 and G1a) are permissive for infection, we have also found

that the consequence of this infection is qualitatively different than that of activated cells.

That is, we have shown that the viral productive capacity of these resting cells is

substantially lower than that of activated cells. Therefore, although we may indeed be

technically capable of delivering genes to terminally differentiated cells via HIV-1

derived vectors, expression of these genes in these cells may be limited. Exchange of the

endogenous HIV-1 LTR with other, more "potent" promoters may effectively improve

gene expression. However, deletion of viral genes from the HIV-1 genome, which is

necessary to "carry" the therapeutic genes of interest, may inadvertently interfere with or
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ablate the unique ability of HIV-1 to infect non-dividing cells—ironically, the very

property that makes HIV-1 an attractive therapeutic tool. Before informed and rational

decisions may be made to engineer HIV-1-based vectors, a comprehensive examination

of the viral factors that contribute to the infection of divergent cell types must be

undertaken. Furthermore, we do not fully understand the mechanisms underlying and

contributing to HIV-1 pathogenesis, and until these pathways are completely understood,

HIV-1 is, of course, unsuitable for gene delivery. Although there is hope that HIV-1

might ultimately be used for clinical therapies, the need for much more scientific

investigation remains.

II. LIMITATIONS OF SCOPE OF PRESENT WORK BASED ON EX VIVO

MODEL SYSTEM

Although many different and complimentary experimental techniques were

utilized in the investigations included in this dissertation, the work described relies

exclusively on the study and manipulation of mature lymphoid tissues ex vivo. As we

have demonstrated, significant differences exist between mature lymphocytes present

within peripheral lymphoid organs and those isolated from peripheral circulation. We

infer that important differences may also characterize the cells and microenvironments of

other lymphoid organs, including thymic tissue and gut and mucosal-associated lymphoid

tissue, and the present work did not address these. These conclusions highlight the need

to study all relevant tissues that harbor HIV and contribute to viral pathogenesis in vivo.
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In addition, although we based our work on a single model system, a study of HIV

behavior at the cellular and tissue levels, investigations of HIV at the molecular and

organismic levels are also of great importance. Such investigations are complimentary to

the work described here, and are essential to our understanding of HIV biology.

III. SPECIFIC EXPERIMENTAL LIMITATIONS OF THE LYMPHOID

CULTURE TECHNIQUES

Although the HLH and HLAC models employed in these studies represent

valuable tools to investigate the behavior and pathogenesis of HIV, they nevertheless

suffer from some experimental limitations. In particular, lymphoid tissues in vivo are

dynamic organs with significant lymphocyte traffic through the tissue. Thus, they are part

of a systemic immune system. Excision of these tissues removes these linkages, and

isolates the tissues from the systemic affects and regulation normally imposed in vivo.

Therefore, these tissues ex vivo are static systems that do not recapitulate the full

behavior of lymphocytes and organs in vivo. The importance of these features absent

from HLH and HLAC to the biology of HIV has not been assessed.

HIV infection results in significant immune responses in vivo. Although HLH has

been shown to respond to recall antigens (tetanus toxoid), no evidence has been found for

the formation of novel immune responses within these tissues in vitro. It is believed that

the initial immune responses to HIV in vivo contribute to the early immune control of

viral replication and are responsible for the significant decline in viremia following acute
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infection. However, these responses may also contribute to the profound and widespread

immune dysfunction (involving cells in addition to CD4+ T-lymphocytes) observed in

infected individuals. These responses may include the capture of virions by the

reticuloendothelial system thereby altering dendritic and other cells, the generation of

activated HIV-specific effector cells that then become permissive for HIV infection and

replication, and the production of envelope-specific antibodies that may catalyze the

shedding of the viral envelope. However, the importance of these responses to the

dynamics of HIV within lymphoid tissues and the progression of disease in vivo is not

known, and because HLH and HLAC may not generate these responses, they are not

sufficient models in which to study the full spectrum of HIV pathogenesis.

Finally, these tissues are viable in vitro for only 2–3 weeks, whereas HIV

infection of individuals may persist for a decade or more. As such, HLH and HLAC serve

as effective models of acute viral infection. However, they may not fully reproduce the

characteristics of chronically-infected immune tissues. Consequently, we may employ

these models to study the initial behavior of HIV upon entering formerly uninfected

tissues in the absence of antiviral immune responses, but they may be inadequate to

investigate the complete set of viral dynamics during asymptomatic infection and AIDS.

Nevertheless, our study of the activating potential of X4 viruses within tissues that had

been extensively depleted of CD4+ T-cells by the virus suggests that these tissues may

recapitulate select aspects of progressive HIV disease. Collectively, these limitations

highlight the importance of exploiting existing and complementary models of HIV
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pathogenesis and also underscore the importance of developing small animal models of

HIV infection that recapitulate a broader range of virus-host interactions that

characterizes HIV disease in vivo.

IV. FUTURE DIRECTIONS

Perhaps the most striking result of these studies is the dramatic difference

between the behavior of mature lymphocytes in different organ systems. We have shown

that non-dividing, naïve T-lymphocytes are permissive for HIV-1 infection when present

within lymphoid tissues, despite the fact that these cells isolated from peripheral blood

are refractory to infection. In addition, we have also observed that tissue lymphocytes

isolated from the organ culture become resistant to productive infection. However, the

factors underlying these phenomena have not been determined. Identification of the

endogenous elements capable of transforming resistant cells to permissive targets is a

vital step in understanding the mechanism of viral spread and may prove to be helpful in

combating HIV replication and disease progression in vivo.

Furthermore, it is also essential that we identify the viral factors that contribute to

the infection of resting T-cells within these model systems and in vivo. Studies have

demonstrated reduced or delayed replication by Nef-deficient viruses, consistent with the

putative role of this factor in the spread of new virions (7, 9, 11, 13). However, virion

associated Nef is also postulated to contribute to the activation of newly infected host

cells (1, 12, 14, 16, 17, 19). Recent findings have also demonstrated that fully reverse
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transcribed but unintegrated provirus present within the nuclei of infected cells may be

transcribed into mRNA and translated into proteins by host machinery (21). Although not

all viral proteins may be made by this pathway, it permits significant expression of Nef,

Tat, and Rev. As with virion-associated protein, Nef produced in this manner may also

contribute to the activation of host cells. The importance of this function in the infection

of the diverse T-cell subsets identified in this dissertation has not been investigated. We

speculate that Nef may play a critical role in the productive infection of naïve and/or non

activated T-cells. Stimulation of these cells by Nef to an activation state above an

undetermined threshold may be an essential (but not sufficient) step in the life cycle of

HIV in these cells. Studies comparing the replication and tropism of matched wild-type

and nef-deleted HIV variants are necessary to investigate this possibility.

Our studies also demonstrated that Vpr contributes significantly to the ability of

HIV to infect non-dividing macrophages. However, Vpr does not play a role in the

productive infection of non-dividing T-cells. This suggests that other viral factors may be

responsible for this function alone or in combination with Vpr. Other investigators have

identified nucleophilic sequences and properties within both matrix (MA) and integrase

(Int). We speculate that these signals may play a dominant role in mediating infection of

non-cycling T-cells. Because these proteins are crucial for viral replication, they may not

be deleted from the virus without incapacitating replication. However, many of the

relevant signal sequences have now been identified within these proteins. Thus, we may

design and construct viruses incorporating limited deletions or amino acid substitutions
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within these sequences thereby generating virus strains deficient for these signals. Some

of this work has already been accomplished. Subsequent investigation of the behavior

and tropism of these viruses within human lymphoid tissues ex vivo are necessary to

determine the role of each of these signals. Identification of a dominant viral protein,

amino acid residue(s), or factor may provide therapeutic targets for drug discovery.

The same investigations of Vpr function also revealed that tissue macrophages

contribute substantially to local viral burden. However, despite the fact that only CCR5’

T-cells contributed to viral output in tissues inoculated with Vpr-deficient strains of R5

HIV-1, virus replicated within these tissues to a level approximately 50% of that seen in

tissues inoculated with wild-type strains of X4 HIV-1. Interestingly, the number of host

cells supporting X4 virus replication (the number of CXCR4' T-cells) is approximately 5

times greater than the number of host cells supporting R5 virus replication (the number of

CCR5 T-cells). This suggests that the productive capacity of virus within the CCR5°

subset of T-cells is much greater than the productive capacity of CXCR4' CCR5 T-cells.

Rough estimates suggest that the burst size of CCR5 T-cells may exceed that of CXCR4"

CCR5 T-cells by at least a factor of 4. If these estimates are correct, this finding may

have significant implications for the dominance of R5 viruses during transmission, acute,

and asymptomatic stages of HIV disease. We have begun to apply our techniques of

measuring viral burst sizes to quantitate the productive capacity of HIV-infected CCR5’

and CCR5 T-cells and also to compare the replication of representative X4 and R5

strains of HIV-1 within each of these host cells.
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Our studies have also revealed that a substantial fraction of naïve CD4+ T-cells

are latently infected by X4 HIV-1. Such inducible reservoirs of viral replication pose a

substantial challenge to the elimination of virus within infected individuals. Defining the

host and viral factors that direct HIV along the mutually exclusive pathways leading to

productive or latent infection of the host cell is an important step in controlling, flushing,

or eradicating this reservoir. Studies aimed at identifying phenotypic differences (such as

surface expression of activation markers) between productively infected and latently

infected naïve T-cells may be accomplished within HLH and HLAC models.

Furthermore, it is also important to identify endogenous signals that regulate the

induction of viral expression within latently infected T-cells in vivo. Our studies

concentrated on the cytokines IL-2, IL-6, and TNF-0, which are found in abundance

within lymphoid tissues. However other signals, such as those delivered by antigen

presenting cells, or those delivered upon encounter of the latently infected cell with its

responsive antigen, may also be important. Fractionation of the lymphoid subsets into

cellular subsets may be an effective way to identify cells that contribute to this process.

Finally, we discovered evidence for trans-activation of bystander T-cells within

lymphoid tissues inoculated with X4 strains of HIV-1 but not R5 strains. This activation

was not restricted to the CD4+ T-cell subset, and was not inhibited by the CXCR4

antagonist AMD3100. These findings imply, but do not prove, that the effect is mediated

by factors other than the viral envelope. Since the viruses in these experiments were

otherwise isogenic, we suspect that bystander activation is due to non-viral factors. We
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have inferred but not proven that activation is instead due to the release of

proinflammatory mediators following the massive T-depletion and cell death associated

with X4 infections. Identification of these factors through supernatant transfers and

fractionation may be revealing. Furthermore, significant controversy surrounds the

mechanism of T-cell loss in vivo. Numerous reports have demonstrated that a substantial

fraction of apoptotic cells within the lymphoid tissues of infected individuals is not

productively infected by HIV. The investigators have posited that HIV-1 may induce

cytopathic effects within bystander cells. Although we have not observed this

phenomenon directly, our results may be related to bystander killing. Specifically, we

have shown that activated and proliferating cells within HLH and HLAC exhibit the

highest rates of apoptosis. Therefore, activation of cells by HIV may set them on a course

ultimately resulting in cell death. We are now carefully investigating the dynamics of cell

death within these tissues and directly correlating the findings with the infection of T-cell

subsets. These studies are utilizing multiple strains of HIV-1, including molecular clones

and primary isolates, as well as various markers of T-cell apoptosis and necrosis.

Understanding these associations and pathways may illuminate important therapeutic

strategies that may help preserve T-cell diversity and numbers in vivo.

Collectively, these proposed experiments build on the understanding of the host

and cellular factors regulating T-cell infection that have been identified by the studies

within this dissertation. Ultimately, the goal of this work is to understand the mechanisms

of HIV-1 pathogenesis and the genesis and evolution of HIV-1-mediated
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immunodeficiency. We have demonstrated that nearly all T-cells are permissive hosts for

Viral replication, that macrophages contribute substantially to viral burden, and that HIV

! has evolved specialized features permitting infection of these diverse targets.

Hopefully, these insights will provide a foundation for future discoveries that will

advance our scientific understanding of HIV-1 biology and improve our therapeutic

approaches to HIV disease.

().
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