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Abstract

The hallmark of HIV/SIV infections is the progressive depletion of CD4+ T cells that ultimately
renders the host incapable of defending against AIDS defining opportunistic infections and
malignancies. Although many potential mechanisms have been proposed to explain CD4+ T cell
loss, we review here the growing evidence that fibrotic ‘scarring’ and consequent damage to the
lymphatic tissue niche contributes to CD4+ T cell decline and limits CD4+ T cell re-population with
retroviral therapy.

INTRODUCTION

As a consequence of CD4+ T cell depletion, individuals infected with the Human
Immunodeficiency Virus (HIV), the causative agent of the Acquired Immune Deficiency
Syndrome (AIDS) eventually succumb to opportunistic infections and malignancies if they do
not receive antiretroviral therapy (ART). The World Health Organization estimates 25 million
people have already died from AIDS since it was first recognized 25 years ago and that more
than 32 million people are currently living with HIV-1 infection (1).

Inhibiting viral replication with ART and reconstituting immunity, measured by increases in
peripheral blood CD4+ T cells has had great impact on this terrible morbidity and mortality of
HIV-1 infection. Patients are living longer-healthier lives and mortality in the treated
population of HIV+ patients has significantly declined. However up to 20% of treated
individuals receive no clinical benefit because, despite suppression of replicating virus in
plasma, immune reconstitution is limited or absent (2,3). Further, even among patients with
significant increases in peripheral blood CD4+ T cells, few reconstitute to normal levels. While
the data are clear that significant increases may be sufficient to avert opportunistic infections,
there is increasing recognition that these individuals may still be at risk for complications of a
subtler kind of immune suppression. Recent data indeed suggest that rates of malignancy appear
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to be increasing in the ARV treated HIV+ population, even among those with significant
reconstitution(4-8).

It is not clear why immune reconstitution is robust with ART in some individuals and not in
others. One potential explanation for the variable immune reconstitution with ART we review
here is inflammation induced structural damage to the lymphatic tissue niche that normally
maintains CD4+ T cell populations. We propose that this damaged niche is an important
mechanism both in limiting reconstitution and in CD4+ T cell loss.

DEPLETION OF CD4+ T CELLS INLYMPHATIC TISSUES AND THE DAMAGED
NICHE HYPOTHESIS

CDA4+ T cell depletion in peripheral blood and secondary lymphatic tissues of LN and GALT
where most (98%) of CD4+ T cells reside is the hallmark of HIV infection. Severe depletion
occurs within 14 days of HIV acquisition (i.e. during the period of seroconversion) in the lamina
propria of GALT (the effector site) and by the time the individual progresses to the chronic
stage of disease > 50% of CD4+ T cells in LN are lost (9-15).

Multiple mechanisms responsible for this depletion have been described, including virus
induced cytopathicity, antigen specific CTL-mediated lysis, reduced expansion of memory
cells, and increased cell turnover (16-18). Recently an additional mechanism of inflammatory
damage to the specialized structures in LN that support homestatic mechanisms used to
maintain normal population of CD4+ T cells has been described (19,20). This has been called
the damaged niche hypothesis and attributes CD4+ T cell depletion and limited reconstitution
to the deposition of collagen and consequent disruption and access to cytokines and growth
factors required for CD4+ T cell survival and proliferation.

Structure and function of secondary lymph nodes

The primary function of secondary lymphatic tissues is to bring together foreign antigens,
antigen presenting cells (APCs) and antigen-specific B and T cells. The anatomic structures
of these organs are uniquely suited to support this function. In LNs the APCs and lymphocytes
in lymphatic fluid enter through the afferent lymphatic vessels that drain into a subscapular
sinus and then into the medullary sinus (Figure 1). From there they enter the paracortical T cell
zone (TZ) that stretches from the base of B cell follicles to the medullary cords where APCs
are positioned to encounter and activate the rare antigen-specific T lymphocytes. The
superficial cortex consisting mostly of B lymphocytes in primary B cell follicles lies beneath
the subcapsular sinus and above and adjacent to the deeper cortical TZ. B cell follicles support
the formation of germinal centers and the development of effective memory B cell and high
affinity antibody responses following immunization with T cell-dependent antigens (21-27).

APCs and lymphocytes gain access to the TZ by two routes. APCs and memory lymphocytes
can enter through the afferent lymphatic vessels and then migrate across the floor of the
subcapsular sinus to enter the TZ. In contrast, intravascular lymphocytes, in particular naive
lymphocytes, enter the TZ via high endothelial venules (HEV), which are vessels specialized
to facilitate binding and transmigration of circulating lymphocytes (28). Once lymphocytes
enter the parenchyma of the LN via HEVS, they migrate along the fibers of fibroblast reticular
cells (FRCs), which collectively provide the three-dimensional network where T cells can
interact with DCs colocalized to the same network (29-33). This spatial organization facilitates
ameboid cellular crawling along preformed paths of least resistance, while the basement
membrane-like extracellular membrane of FRCs delimits a conduit system for fluid transport
for delivery of low molecular weight molecules to HEVs (32-34). Lymphocytes can spend 10
to 100 minutes in this FRC reticular network, receiving inflammatory mediators, cytokines
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and chemokines from the conduit system, interacting with hundreds of dendritic cells (30,
35).

B cells on the other hand move through the cords to the follicles where they interact with
antigens on the follicular dendritic cell network (FDCs) (30,31,36). Thus, the reticular network
and conduit system of LNs distributes chemokines, cytokines, and inflammatory mediators
within lymphoid organs that facilitate lymphocyte transmigration across HEVs and cellular
migration, localization and compartmentalization of lymphocyte populations after entering the
LN parenchyma that is critical for the efficient development of productive adaptive immune
responses.

Naive CD4+ T cells, depend on this complex structure of the TZ for signaling necessary for
survival, locomotion, stimulation and proliferation (37-43). Naive CD4+ T cells are the critical
reservoir for central memory CD4+ T cells, which in turn, provide immunologic memaory for
previously encountered antigens. The overall size of this population has recently been shown
to have prognostic significance in a non-human primate model of SIV infection with larger
populations associated with longer survival (44).

Several investigators have shown that one important factor in maintaining the size of the
population of naive CD4+ T cells is the integrity of the TZ. Dai and colleagues found in a
thymectomized adult mouse model that the maintenance of the naive CD4+ T cell populations
is dependent on the presence of secondary lymphoid tissues and trafficking of naive CD4+ T
cells through secondary lymphoid organs (45). In another study Link et al showed a critical
function for lymph node access in naive CD4+ and CD8+ T cell homeostasis and identified T
cell zone FRCs as the main source of the critical homeostatic signals (i.e. IL-7 and CCL19)
(46). Thus, the presence and integrity of secondary lymphatic tissues is critically important in
providing the microenvironment needed for the maintenance of CD4+ T cell populations.

HIV REPLICATION AND INFLAMMATORY DAMAGE TO LYMPH NODE
STRUCTURE

Transmission and establishment of the lymphatic tissue reservoir

HIV-1 is primarily transmitted across mucosal surfaces, globally now most commonly by
intravaginal exposure (1). More than 90 percent of the first productively infected cells are a
recently activated but ostensibly immunophenotypicaly ‘resting’ CD4+ T cells (47,48), and
expansion of infection from small founder populations of these infected cells ‘broadcasts’ virus
and infected cells, first to the draining lymph nodes and then systemically, in sufficient numbers
to establish and maintain virus production in the lymphoid tissues throughout the host (47,
48).

These secondary lymphatic tissues represent a reservoir of virus production and site of vast
viral storage (49-55). While ART can rapidly reduce the numbers of productively infected
cells in LN within weeks (56), recent work suggests that suppression is not complete, because
infected cells can still be found (albeit at a very low frequency) in LN and GALT of virtually
all HIV infected persons on ART, highlighting the importance of these sites as reservoirs of
persistent viral replication (57,58).

Pathological changes in the lymphatic tissue reservoir

HIV infection is thus primarily a disease of lymphatic tissues where ongoing replication
directly and indirectly causes pathologic damage to lymphatic structures. One of the first
descriptions of the lymphatic tissue pathology in HIV disease was of severe lymphadenopathy
with pathologic features of hyperplasia leading to follicular lysis and eventually involution
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(59,60). These changes were correlated with the clinical stage of HIV infection, with
hyperplasia most often seen in the early and presymptomatic stage of disease and lysis and
involution seen as the patient progresses to AIDS (53). By contrast, LNs from individuals
referred to as long-term non-progressors, because of their relatively good control of viral
replication and slower progression to disease, were shown to have less hyperplasia, preserved
integrity of the architecture and stromal environment of LNs, and little activation and minimal
germinal center formation when compared to LNs from HIV progressors (61,62). Thus,
persistent virus replication and deposition of virus onto the FDC structures in follicles
correlated with the destruction of the lymphatic tissue and the loss of the ability to respond to
HIV and other pathogens.

As early as 1985 it was recognized there were important pathological changes related to
inflammation and fibrotic processes in LN, particularly in the TZ, but the functional
consequences of these changes have only recently been appreciated (63). In HIV-1 and SIV
infections, it has been shown there is a gradual and progressive deposition of collagen into the
TZ of secondary LN and follicular aggregates and Peyer’s patches in GALT (20,64-67).
Staining LN and GALT specimens for collagen from HIV+ persons at all stages of infection
for comparison to HIV- individuals reveals this change (20,64) (Figure 2). The delicate
structures of the TZ niche are replaced by collagen, and quantitative image analysis of this
fibrotic process in LN shows that the amount of collagen in the TZ at any given time point is
correlated with stage of disease (20,66). By contrast, this relationship does not hold in GALT
because of the rapidity of collagen accumulation during acute infection (64).

Relationship between collagen deposition and size of CD4 T cell populations before and with

ART

There is a relationship between the size of the CD4+ T cell population and the amount of
fibrosis occupying that space (20,66). The greater the amount of collagen measured in the TZ,
the fewer numbers of total CD4+ T cells, and, most significantly, the smaller the naive CD4+
T cell population (Figure 3). In addition, the amount of collagen in the TZ of secondary LN
predicts the degree of reconstitution of the total CD4+ T cell population in peripheral blood
after 6 months of ART (67).

Collagen deposition, the damaged niche hypothesis and CD4 T cell depletion and limited
reconstiitution

These observations offer an explanation for why reconstitution of naive and memory CD4+ T
cell populations in lymphatic tissues is slow when ART was so effective in suppressing viral
replication in these tissues (56,68). The deposition of collagen disrupts migration and access
of CD4 T cells to cytokines such as IL-7 that are critical for their survival and proliferation,
and in this way contribute to CD4 T cell loss in proportion to the degree that different subsets
depend on IL-7, with greatest impact on naive CD4+ T cells, but also depletion of central
memory and effector memory CD4+ T cell populations generated from the naive population.
Unpublished data from our laboratories suggest that the fibrotic damage to the TZ does not
reverse with 6 months of ART, and thus the damage niche also limits repletion of these
populations.

Speculations on treatment strategies to limit or reverse fibrosis/early ART for GALT
reconstitution

Larger scale studies of longer duration are needed to determine if ART alone can reverse
fibrosis and improve reconstitution of particularly naive CD4+ T cell populations. We also
think there may be a role for adjunctive therapies to inhibit and reverse fibrosis, such as those
currently under study for idiopathic pulmonary fibrosis and other conditions associated with
pathologic fibrosis.
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Earlier initiation of ART may also be beneficial, as there are data to suggest that ART can limit
progression of fibrosis and preserve naive and central memory populations of CD4+ T cells in
LT in blood, and to a lesser extent in LNs (64). However, ART had to be initiated in the acute/
early stage of infection (within 2-3 months of HIV acquisition) for significant increase in the
central memory population in the Peyer’s Patch (64). This fact along with the observation of
early and more complete fibrosis of the inductive sites of GALT offer a potential explanation
for the rapid depletion of CD4+ T cells in GALT and lack of reconstitution with ART.

Role of TGFBL1in LT collagen deposition and CD4+ T cell depletion in early infection

Several animal models of fibrosis point to induction of TGFp as an important mediator of
pathologic fibrosis (reviewed in depth elsewhere (69-72)). Demonstration of TGFf as a
mechanism of collagen deposition in human HIV infection would be difficult because of the
rapidity with which the process occurs early after acquistion and the difficulty in obtaining
serial tissues as the patient progresses to AIDS. However, in a non-human primate model of
SIV infection, TGFp has been linked to collagen deposition in the TZ of LT (65), and in a
complex way to CD4 T cell depletion. In this model, fibrotic damage was already apparent by
7 days post-infection, with >8-fold increases in collagen levels compared with the pre-infection
levels. The deposition of collagen was both rapid and progressive, so that by 28 days after
infection (comparable to the beginning of the presymptomatic phase of human infection) the
mean fold increase from the preinfection level was 20.5 (65). Collagen deposition continued
unabated throughout all stages of disease in the absence of intervention until AIDS defining
illness and death ensued, and the extent of collagen deposition was significantly related to
decreased numbers of CD4 T cells.

As in HIV infections, immune activation and inflammation appeared to be the driving stimulus
to collagen deposition. The extent and timing of the deposition of collagen in the T cell zone
paralleled increases in immune activation (Ki67+ cells) and TGFp1+ cells, previously shown
to include Treg cells (65,73). TGFB1+ cells were spatially localized in the T cell zone within
regions of high collagen deposition during acute infection and correlated with the magnitude
of increases in collagen. Expression of TGFp by Tregs was directly linked to collagen
deposition in an in vitro model using TGF-expressing induced Tregs co-cultured with primary
autologous or allogeneic fibroblasts derived from human secondary lymphatic tissue, in which
TGFB1+ Treg cells, but not conventional activated T cells, stimulated collagen type | protein
expression in primary fibroblasts (65). The importance of immune activation driving the
induction of TGFp+ Tregs and collagen deposition in vivo was highlighted by the lack of these
processes in apathogenic infections of sooty mangabeys. Thus the TGFB1+ Treg response
appears to induce distinct deleterious outcomes by i) dampening the antiviral immune response
(73) and ii) causing harmful effects on CD4+ T cell homeostasis by inducing collagen
deposition in lymphatic tissues (65).

HOW FIBROSIS IN THE TZ NICHE MIGHT LIMIT CD4+ T CELL POPULATIONS

There are at least four potential ways that collagen deposition within secondary lymphatic
tissues might impact CD4+ T cell population sizes before and during ART (Figure 4). First,
collagen deposition and lymphatic tissue scarring could physically limit the space or ‘niche’
that T cells could occupy. Progressive collagen deposition in both HIV and S1V infections can
account for up to one-third of the area of the T cell zone (20,65-67), thus placing a physical
limitation on the space in which CD4+ T cells normally reside and migrate. Second, fibrotic
‘scarring’ of the T cell zone of secondary lymphatic tissue could limit/hinder CD4+ T cell
migration across high endothelial venules (HEVs). These structures are severely thickened
early in the infection (65) and thickening of HEVs might limit ingress of naive CD4+ T cells
into the TZ where cellular growth factors and cytokine signals needed for survival and
maintenance through homeostatic proliferation are located. This would explain (at least in part)
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the finding that the most substantial decrease in CD4+ T cells was within the naive CD4+ T
cell population(66), which was in turn strongly correlated with the extent of LT collagen
deposition (66).

The third and fourth possibilities are also migration and access-mechanisms related to the
critical roles FRCs play in LTs. It has recently been shown that FRCs constitute the main
stromal population in secondary lymphatic tissues and form the internal framework, the
reticular network (30,74-76), whose functions are required for lymphocyte cellular survival
and homeostatic maintenance (46). T cells migrate in constant contact with and along the
reticular fibers of FRCs, gaining access to such important survival and growth factors as IL-7
of which FRCs are major producers. One can therefore readily envision collagen deposition
disrupting this intricate network and pathway to access IL-7 as well as other growth factors
and guidance cues, with devastating consequences to T cell survival and proliferation.

CONCLUSION

Lymphatic tissues are the primary site of HIV replication and as a result sustain significant
architectural damage. There are significant functional sequelae with reduced numbers of CD4
+ T cells, particularly naive CD4+ T cells and likely impaired antigen response from changes
in trafficking. These changes are progressive and do not appear to reverse with antiretroviral
therapy alone. It is possible that therapies targeting TGFp might inhibit or reverse this process
and thus, aid efforts at immune reconstitution or even delay time to antiretroviral therapy.
Human studies will be necessary to investigate this hypothesis.
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Figure 1. Lymph Node Architecture and the T Cell Zone Niche

Normal anatomy of a secondary lymph node is presented in Panel A with an enlargement of
the T cell zone niche showing the High Endothelial Venules (HEV) and the reticulin network
of hollow fibers anchoring the HEV and the subcapsular sinus. The small black circles represent
lymphocytes rolling along the reticulin fibers using homing signals embedded in the fibers that
promote eventual interaction between antigen presenting cells and naive CD4 T cells. Panel B
shows the fibrotic damage to the lymph node as a result of HIV replication within the organ.
The capsule becomes thickened with collagen and collagen is deposited in the T cell zone
significantly disrupting the reticulin network. Associated with this change are significant
reductions in the size of the population of naive CD4 T cells (see Figure 3 below), likely the
result of impaired homeostatic mechanisms used to maintain this population. In Panel C a
section of lymph node from an HIV negative individual is stained with silver stain to identify
reticulin fibers (stained black). The network of reticulin fibers is complex and the HEV are
normal in appearance. In contrast, Panel D shows a similarly stained section from an individual
with HIV disease. The reticulin network is severely disrupted and the HEV’s are thickened.
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Figure 2. Representative Image of a T Cell Zone Stained With Trichrome

A section of lymph node from a patient with AIDS is stained with trichrome to reveal collagen
deposition in the tissues. In Panel A the T cell zone is evident by the numerous HEV’s (green
arrow) showing thickened walls and there is significant deposition of collagen in the tissues
of the T cell zone surrounding the HEV’s (more evident in the enlargement of the area around
the green arrow shown in Panel B). The yellow arrow shows an involuted, burned out follicle
that is characteristic in lymphatic tissues of individuals with advanced disease
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Figure 3. T Cell Zone Fibrosis is Correlated With the Size of the LT Naive Population

This figure (reprinted from reference 66) shows the relationship between collagen deposition
in the T cell zone and the size of the naive CD4 population. The greater the accumulation of
collagen in the T cell zone, the smaller will be the size of the naive CD4 T cell population
available to act as a reservoir for the critical central memory population of CD4 + T cells.
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