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Abstract 

Human immunodeficiency virus (HIV) infection causes the Acquired Immunodeficiency 

Syndrome (AIDS), a condition in which progressive failure of the immune system allows 

life-threatening opportunistic infections (OIs) and cancers to thrive. HIV primarily infects 

and depletes CD4+ T cells, a cell type that is central to the maintenance of host’s 

immunocompetency. The slow depletion of CD4+ T cells has been attributed to direct 

mechanisms such as viral killing and indirect mechanisms such as increased apoptosis 

accompanying the chronic immune activation associated with HIV infections. Highly 

active anti-retroviral therapy (HAART) can potently suppress HIV viral replication and 

largely normalize associated immune activation thereby significantly increasing the 

CD4+ T cell count and decreasing the morbidity and mortality in HIV infections. Yet 

more than a decade after the introduction of HAART, it is clear that relatively few 

individuals will achieve normal levels of peripheral blood CD4+ T cells, and up to 20% 

of the patients will have little or no increase at all despite the impact of HAART on the 

virological side of the equation. This limited immune reconstitution is most prevalent in 

patients starting HAART in the chronic stage of disease and in patients with older age 

and strongly correlates with significantly higher morbidity and mortality compared to 

uninfected populations. This suggests that there is a persistent defect in homeostasis in 

the CD4+ T cell population that is not fully corrected by HAART. However, the 

underlying mechanisms of this limited immune reconstitution after HAART are as yet 

unknown. More recently, there is increasing evidence showing that there is progressive 

fibrotic damage during HIV infection to the structure of lymphoid tissue (LTs) and the 

extent of this damage strongly correlates with the extent of depletion of naïve CD4+ T 

cells before HAART and the extent of immune reconstitution after HAART. Since LT 

structure is critical for the homeostasis of naïve T cells, we hypothesized that the LT 

damage during HIV infection contributes to CD4+ T cell depletion and limits immune 

reconstitution after HAART. In this dissertation, I tested this central hypothesis by 

providing experimental data to answer the following questions: 1) how does LT fibrosis 

deplete CD4+ T cells during HIV infection?  2) How does LT fibrosis limit the 
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restoration of CD4+ T cells?  3) What are mechanisms leading to LT fibrosis? 4) Could a 

therapeutic method be developed to avert/revert this pathological change? Collectively, 

the data presented here provide insights on the mechanisms of LT damage and how LT 

damage contributes to CD4+ T cell depletion and limited immune reconstitution. These 

insights point to novel avenues to improve immune reconstitution in HIV infected 

patients.  
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Chapter 1 Literature Review 

Introduction to HIV infection 

HIV was first isolated and identified in 1983 as the cause of AIDS [1-2].  In the following 

three decades, HIV spread rapidly and globally to cause a severe public health crisis. To 

date, the Joint United Nations Program on HIV/AIDS (UNAIDS) estimates that more 

than 65 million people have been infected with HIV and about 25 million people have 

died from AIDS [3-4]. Currently, a total of 33.4 million [31.1 million–35.8 million] 

adults and children are living with HIV, and in 2008, an estimated 2.7 million [2.4 

million–3.0 million] new HIV infections occurred with about 2 million [1.7 million–2.4 

million] deaths from AIDS-related illnesses worldwide [4].  

 

Sub-Saharan Africa is the most heavily affected region, accounting for 71% of all new 

HIV infections in 2008.  An estimated 20.4 million adults and 2.1 million children 

younger than 15 years are currently living with HIV infection in sub-Saharan Africa [4]. 

These children, among whom less than 10% are receiving public support and services, 

often live in severe poverty and are vulnerable to abuse [5], thereby increasing their risk 

of HIV transmission. 

  

Routes of HIV transmission 

HIV can be transmitted through contact with body fluid from HIV infected patients. The 

majority of HIV infections are acquired through unprotected sex. This route accounts for 

about 85% of the global HIV burden [4]. Other routes of HIV transmission include 

mother-to-child transmission and blood transmission.  

 

Stages of HIV infection  

The course of HIV infection can be generally classified into three stages: acute/primary 

infection stage, clinically asymptomatic stage, and AIDS stage [6-7].  

The first stage of HIV infection is called acute/primary infection stage and usually lasts 

for several weeks. This stage is characterized by rapid viral replication, leading to an 

abundance of virus in the peripheral blood called viremia. HIV plasma viremia usually 
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peaks at three to four weeks post exposure and can be as high as 10 million copies per µl 

[7-9]. The viral load then declines spontaneously, coincident with the cellular immune 

response, before reaching a steady state called the viral set point [10]. During the 

acute/primary infection stage, many patients develop an influenza or mononucleosis-like 

illness, whose symptoms may include fever, lymphadenopathy, pharyngitis, rash, 

myalgia, malaise, mouth and esophageal sores, and may also include, but less commonly, 

headache, nausea and vomiting, enlarged liver/spleen, weight loss, thrush, and 

neurological symptoms [11]. 

 

The second stage of HIV infection is the clinically asymptomatic stage. The length of this 

stage can vary between weeks and years among HIV-infected patients. As its name 

suggests, this stage is free from major symptoms, although there may be swollen lymph 

glands. Toward the middle and end of this period, the viral load begins to rise and the 

CD4+ cell count begins to drop. 

 

AIDS is the final stage of HIV infection, defined by low CD4+ T cell counts (fewer than 

200 cells/µl), various OIs, cancers and other conditions [12-13]. Common early OIs 

include oral candidiasis (thrush) caused by Candida species, pneumonia caused by the 

fungus Pneumocystis jiroveci infection, and tuberculosis due to Mycobacterium 

tuberculosis infection. Later, reactivation of latent herpes viruses, infection with or 

reactivation of cytomegalovirus or Mycobacterium avium complex, shingles, Epstein-

Barr virus-induced B-cell lymphomas, or Kaposi's sarcoma become more prominent [14-

15].  

 

HIV pathogenesis 

 

HIV replication cycle 

HIV belongs to the family of Retroviridae. Viruses in this family are called retroviruses 

(literally, "reverse viruses") because of the unique step during their replication cycle 
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called reverse transcription in which the usual flow of genetic information in cells-DNA 

to RNA-is reversed- from the RNA viral genome to DNA o  [1-2, 16-18]. 

More specifically, the HIV replication cycle can be divided into several major steps. 

These steps include viral entry into target cells, intracellular reverse transcription, 

integration and replication, assembly and budding from target cells [19]. The infection 

process starts from viral entry into target cells, mainly CD4+ T cells. When HIV virions 

meet target CD4+ T cells, the Env protein complex on the virions interacts with the CD4 

molecules and CCR5 (or CXCR4) chemokine receptors on CD4+ T cells. This allows the 

release of the viral capsid containing viral genomic RNA into the cytoplasm [20-21]. 

After entry into target cells, HIV uses a viral enzyme called reverse transcriptase to 

convert its RNA into DNA and integrate the viral DNA into host cell’s genome by 

another viral enzyme integrase [22-23]. Once integrated, the HIV DNA is known as a 

provirus. The provirus may lie dormant within a cell for a long time. But, when the 

infected CD4+ T cell becomes activated, it treats HIV genes in much the same way as 

human genes. First it converts HIV DNA into RNA by using the host cell enzyme RNA 

Pol III [24]. Then viral RNA is transported outside the nucleus to direct the translation of 

viral proteins while the full-length RNA itself serves as the genome for the production of 

new virions. Thereafter, viral genomic RNA, viral protein and enzymes are assembled 

together to form new virions and then released from the infected cell to begin the 

replication cycle anew. The viral protease plays a vital role at this stage of the HIV life 

cycle by cleaving viral structural protein into smaller pieces, which are used to construct 

mature viral cores [19, 25-29].  

Anti-retroviral therapy 

The understanding of these key steps of the HIV replication cycle provides a framework 

for the sites and mechanisms of action of anti-retroviral drugs. Based on the steps of HIV 

replication cycle that the drug inhibits, major anti-retroviral drugs can be classified as 

entry inhibitors, CCR5 receptor antagonists, reverse transcriptase inhibitors, protease 

inhibitors and integrase inhibitors [30-33].  
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Highly active anti-retroviral therapy (HAART) refers to the combination of several anti-

retroviral drugs to treat HIV infected patients and is the current standard treatment for 

HIV infected patients. HAART has been a great advance in HIV infection clinical 

management as it significantly decreases morbidity and mortality in HIV infections [34-

37]. In most industrialized nations, life expectancies associated with the infection have 

increased, and the rate of progression to AIDS has decelerated since the introduction of 

HAART [38-39].  

Despite these beneficial effects on HIV infected patients by HAART, one important 

clinical issue with HAART is that the immune reconstitution in most HAART treated 

patients is very slow and usually incomplete for reasons yet fully understood [40-45]. I 

will discuss this issue in the following sections in greater detail. 

Chronic immune activation and HIV infection 

The slow depletion of CD4+ T cells during HIV infection ultimately leads without 

treatment to AIDS defining illnesses and death. It was originally thought that direct 

killing of CD4+ T cells by the HIV virus is the major mechanism that leads to the 

depletion of CD4+ T cells. However, this mechanism can not fully explain the 

observations that HIV can only infect a small proportion of CD4 T cells (estimated at 1 in 

100 to 1 in 1,000) and yet still overwhelm the T cell renewal capacity of the immune 

system; and the observation that both naïve CD4+ and CD8+ T cells, rarely infected by 

HIV because their resistance to direct HIV infection, undergo severe depletion during 

HIV infection [46-48].  

 

Recently, there is emerging evidence suggesting that chronic immune activation, the 

strongest correlate of HIV disease progression [49-50],  plays a critical role in the 

pathogenesis of HIV infection. This chronic immune activation is believed to be caused 

by the high level of HIV viremia and translocation of microbial products from the 

intestinal mucosa into the circulation due to the loss of gut mucosal integrity [50-56]. It 

has been shown that persistent immune activation results in an increased turnover rate 
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and decrease in the overall half-life of T cells [50, 57]. Persistent immune activation also 

correlates with other immune defects, including exhaustion of CD8+ T cells [58-60]; 

hypergammaglobulinemia [56]; increased activation-induced cellular apoptosis of CD4+ 

and CD8+ T cells as well as B cells [61]; and increased susceptibility to the development 

of HIV-related malignancies, especially of the B cell type [62]. Furthermore, immune 

activation results in the generation of activated CD4+ T cell targets for the virus itself, 

further driving viral replication [63-64] and leading to further CD4+ T cell depletion [50, 

63].  

 

In support of the central role of immune activation in the pathogenesis of HIV infection, 

in natural SIV hosts (e.g., African green monkeys, sooty mangabeys), the avoidance of 

the chronic, generalized immune activation strongly correlates with the preservation of 

CD4+ T cells and immunocompetency [65-67]. Taken together, these findings suggest 

that the persistent immune activation plays a central role in the dysfunction of the whole 

immune system during HIV infection. 

 

HAART and immune reconstitution 

Based on the above observations, direct viral killing and persistent immune activation 

represent two principle mechanisms causing CD4+ T cell depletion and immune system 

dysfunction [50, 68-72]. In support of this view, HAART can efficiently control HIV 

plasma viremia and largely normalize the associated immune activation. These beneficial 

effects strongly correlate with a significant increase in CD4+ T cell count in most of the 

HAART treated patients. Yet more than a decade after the introduction of HAART, it is 

clear that relatively few individuals will achieve normal levels of peripheral blood CD4+ 

T cells, and up to 20% of these patients have little or no increase in CD4+ T cell count 

despite the impact of HAART on the virological side of the equation [40-45]. 

This limited immune reconstitution is most prevalent in patients starting HAART in the 

chronic stage of disease (CD4<350 cells/µl) and in patients with older age, and this 

failure of full immune reconstitution strongly correlates with significantly higher 
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morbidity and mortality compared to uninfected populations [40, 44-45, 73-75]. Further, 

the magnitude of CD4+ T cell reconstitution in peripheral blood does not reflect the real 

magnitude of immune reconstitution in LTs where CD4+ T cells mostly reside. Even 

with partial normalization of the peripheral blood CD4+ T cell count, populations of 

CD4+ T cells remain depleted by as much as 50% in secondary LNs and gut-associated 

lymphoid tissue (GALT) [76-79].  

This limited reconstitution of T cells also correlates with important functional 

immunologic abnormalities including: 1) persistently poor vaccine responses [80-81]; 2) 

increased frequency of reactivation of latent herpes simplex infection and human 

papilloma virus infections [82-84]; 3) increased incidence of non-AIDS related clinical 

events such as cardiovascular disease, liver disease and non-AIDS-related cancer 

compared to uninfected population [85-88], and 4) increased susceptibility to bacterial 

infections [89]. Taken together, these observations suggest that there are persistent 

abnormalities in T cell homeostasis in patients receiving HAART and these abnormalities 

cannot be fully corrected by HAART itself. 

Mechanisms of T cell homeostasis and survival 

The homeostasis and survival of T cells heavily depend on the niche in which they live at 

different stages of their differentiation. In the central LTs such as thymus, the life of a T 

cell begins as a thymic progenitor cell from the bone marrow.  In the thymus, 

CD3−CD4−CD8− triple negative thymocytes begin their differentiation and education 

through interaction with soluble and cellular components within thymic 

microenvironment such as self-peptide–MHC class I complexes signal as well as 

interleukin 7 (IL-7). Eventually, thymocytes become CD4 or CD8 single-positive naïve T 

cells and are exported to the periphery (reviewed in detail in [90] and [91]). 

 

The newly generated naïve T cells emigrate from the thymus and form the long-lived 

pool of naive T cells that re-circulate within the confines of the secondary LTs, such as 

LNs and spleen, for many weeks or months [91]. Typical naive T cells have a phenotype 
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characterized by low expression of CD44 and high expression of the lymph node–homing 

receptors CD62L and CCR7. These receptors are necessary for naïve T cells to enter the 

T-cell zone of secondary LTs and access survival signals such as self-peptide–MHC class 

I complexes and IL-7 to maintain their survival [91-93]. These survival signals can 

sustain the expression of anti-apoptotic molecules such as Bcl-2, therefore allowing the 

naïve T cells to survive during circulation and residence in LTs [90-91, 94].  

 

Collectively, the stable pool of mature naive T cells is maintained throughout life by both 

input from the thymus and homeostatic proliferation in the periphery. However, these two 

major mechanisms play different roles at different ages. Early in life, thymic export 

establishes the size and the diversity of the human naive T cell pool. By adolescence, 

thymopoiesis is greatly reduced. However, absolute numbers of naive T cells in young 

and elderly humans are relatively stable, despite decreased output from the thymus [95]. 

This implies that human naive T cells can proliferate in the periphery to balance the loss 

of production of naïve T cells from thymus during the aging process. In support of this 

view, experimental data derived from thymectomy experiments and analysis of T cell 

receptor excision circles (TRECs) (a marker of recent thymic emigrants) showed that the 

maintenance of the adult human naive T cell pool occurs almost exclusively through 

peripheral T cell division [96].  Collectively these observations show an age-dependent 

contribution of thymic emigrants and post-thymic T cell proliferation that maintains the 

peripheral T cell pool and contributes to T cell homeostasis.  The thymus contributes 

relatively more at younger ages and peripheral T cell expansion contributes more in older 

subjects. 

 

Mechanisms of limited immune reconstitution after HAART 

Since thymopoiesis and the homeostasis of mature post-thymic T cells in peripheral LTs 

are both important for the maintenance of naïve T cells, mechanisms that affect 

thymopoiesis and the homeostasis of mature post-thymic T cells in peripheral LTs might 
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both contribute to the depletion of T cells and the limited immune reconstitution after 

HAART.  

Impaired thymic output during HIV infection 

Impairment of thymic T cell production was proposed as one of the causes of CD4+ T 

cell depletion. It has been shown that thymus undergoes significant pathological changes 

in AIDS patients involving destruction of the thymic structure, a lack of thymocytes and 

infiltration of activated T cells [95]. In late HIV infection, the HIV infected thymus 

undergoes premature atrophic changes that are similar to, but more severe than, normal 

thymic atrophy [95, 97-98]. In SIV infection, there is an early stage of suppressed 

thymopoiesis, reflected by the increased rate of thymocyte apoptosis and a decrease in 

thymocyte numbers [99]. In support of impaired thymopoiesis in HIV infection as one of 

the mechanisms leading to depletion of naïve T cells, it was shown that recent thymic 

emigrants, measured as TREC levels, were significantly lower in both CD4+ and CD8+ T 

cells in blood and LNs after HIV infection compared to age-matched uninfected controls 

[70]. Similar results were observed in non-human primate models in which the decrease 

of TREC level was correlated with the peripheral CD4+ T cell decline [100]. 

Furthermore, it has been shown that the TREC proportion among total peripheral blood 

mononuclear cells is a marker of disease progression [101]. Suppression of viral 

replication by HAART can also induce significant improvement for the TREC+ cells in 

younger HIV-infected patients and this improvement correlates with the CD4+ T cell 

restoration [70].  It has been shown that HIV directly kills thymocytes or dendritic cells 

required for normal thymocyte development and may damage thymic epithelial cells 

required for normal thymopoiesis [95]. Thus, impaired thymic production of T cells 

during HIV infection could be a cause of CD4 T cell depletion and limit immune 

reconstitution after HAART. 

 

Peripheral maintenance of T cell populations and immune reconstitution 

Another important mechanism accounting for the increase of CD4+ T cells after 

introduction of HAART is the proliferation of T cells in periphery [102-103].  This 
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process may be a more important mechanism of CD4+ T cell reconstitution than 

thymopoeisis.  By comparing the kinetics of different subsets of CD4+ T cells in 

thymectomized and sham-operated juvenile rhesus macaques, Arron et al. found that 

thymic output in juvenile macaques has very little impact on the peripheral CD4+ T cell 

compartments, in both healthy and SIV-infected macaques [104]. Similar results were 

observed in HAART-treated HIV-infected humans thymectomized for myasthenia gravis 

[98]. It was further documented that the increases in CD4+ T cell number are mainly 

from the TREC-negative T cell population, and thus were likely due to peripheral T cell 

expansion [98]. Zhang et al. also showed that the quantity of newly generated TREC+ T 

cells is not sufficient to explain the post-HAART increase in peripheral T cells [105] and 

Walker et al. demonstrated that the CD4+ T cell pool in adults is maintained primarily by 

the proliferation of mature CD4+ T cells rather than by thymopoiesis [106].  Taken 

together, these findings suggest that homeostatic proliferation of CD4+ T cells in the 

periphery in response to viral suppression by HAART accounts for the more significant 

proportion of cells that contribute to immune reconstitution.  As the homeostatic 

proliferation of CD4+ T cells is largely dependent on the microenvironment of peripheral 

LTs, I will review the microenvironment of peripheral LTs and its impact of T cell 

homeostasis in the following sections.  

 

Structure and function of LTs 

Secondary LTs are organized to promote immune responses and maintain normal sized 

populations of the principal players of immune responses: T cells, B cells and antigen 

presenting cells (APCs). The anatomic structures of LTs are uniquely suited to support 

this function.  In general, secondary LTs such as LNs can be divided into three 

compartments: the B-cell zone, where most B cells reside; the T-cell zone where most T 

cells reside; and medullary sinuses, where plasma cells, APCs such as macrophages and 

dendritic cells (DCs) and other immune cells reside. Within LNs, the B-cell zone is 

located in the superficial cortex and is the site of development of effective memory B cell 

and high affinity antibody responses following immunization with T cell–dependent 

antigens [107-113]. The medullary sinuses are in the central part of LNs. The area 
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between B-cell zone and medullary sinuses is T-cell zone, where most naive CD4+ and 

CD8+ T cells reside and gain access to IL-7 and other survival signals required for their 

survival [93, 114-122]. 

 

The structure of T-cell zone is supported by a 3D network formed by a specialized 

stromal cell called the fibroblastic reticular cell (FRCs), and by collagen fibers. 

The FRCs ensheath collagen fibers to form a 3D conduit network system within T-cell 

zone. This network not only confers essential mechanical support to the LNs but also 

connects subcapsular and medullary sinuses with the perivascular spaces of high 

endothelial venules (HEVs). This conduit network transports soluble antigen, cytokines, 

and growth factors derived from the afferent lymph to the parenchyma of the LNs where 

APCs continuously sample the fluid content for lymph-borne antigens [114-115, 120, 

123]. This FRC network is also critical for the migration and encounters between T cells 

and APCs, activation and homeostasis of lymphocytes within LTs [120]. 

 

T cell entry into LNs occurs via migration through the HEVs in the T-cell zone [124]. 

This process involves a cascade of selectin- (or integrin-) mediated rolling, chemokine-

mediated integrin activation, and integrin-mediated adhesion regulated by the interaction 

between DCs and HEVs [125-128]. Once T cells migrate through HEVs, they enter the 

T-cell zone and migrate on the surface of FRC network. This process is dependent on the 

interactions between CCR7 on T cells and ligands of CCR7, namely CCL19 and CCL21 

mainly expressed by the FRCs [93, 124, 127-129].  Interactions between CCR7 on T cells 

and chemokine cues on FRCs facilitate the movement of T cells over the FRC network in 

the T-cell zone and the interactions between T cells and APCs [93, 124, 127-130]. While 

cells move along the FRC network, T cells are also interacting with survival signals such 

as IL-7 and self-peptide–MHC class I complexes produced and presented on the surface 

the FRC network [93, 120, 124]. This interaction is critical for the survival of T cells, 

particularly naïve T cells. Blocking interactions with IL-7, either by adoptive transfer of 

T cells into IL-7-deficient hosts, by injection of IL-7 monoclonal antibody into normal 

mice or by blocking the chemokine receptors required for entry into LTs, significantly 
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impairs the survival of naive T cells in murine model. In contrast, over-expression of IL-7 

increases the size of the naive T cell pool [91-92, 94, 118-119, 131]. Collectively, these 

findings suggest that the entry of naïve T cells into LTs and interaction with survival 

factors on the FRC network play a particularly critical role in maintaining populations of 

naïve T cells.  

 

Chronic immune activation and LT damage 

As mentioned above, HIV infection leads to persistent immune activation and 

inflammation, primarily in LTs. Similar to other chronic inflammatory diseases such as 

hepatitis C virus infection in the liver, the chronic inflammation caused by HIV infection 

in LTs has been shown to correlate with LT damage in the B-cell zone and T-cell zones.  

 

LT structure damage during HIV infection was recognized soon after HIV was identified. 

The pathologic features of the severe lymphadenopathy in HIV infected patients begin 

with hyperplasia. This hyperplasia leads to B-cell zone lysis and eventually involution 

[54, 132]. These changes correlate with the clinical stages of HIV infection, with 

hyperplasia most often seen in the early and asymptomatic stage of HIV infection and 

lysis and involution seen as the patient progresses to AIDS stage [133-138]. 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, have less hyperplasia 

and the integrity of the architecture of LNs is better preserved [139-140].  

 

The damage in the T-cell zone was first recognized in 1987. Damage was subsequently 

shown to be correlated with fibrotic deposition in LNs and GALT in a stage-dependent 

manner [77-78, 141-148]. But, the functional consequences of these changes have only 

recently been appreciated. 

 

Since the highly organized structure of the T-cell zone is critical for the maintenance of 

naïve T cells, the damage in the T-cell zone should impair naïve T cell homeostasis.  In 

support of this view, it has been shown that the extent of fibrosis within the T-cell zone 
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strongly correlates with the extent of loss of naïve CD4+ T cell population before 

HAART [77-78, 144-146] and the degree of reconstitution of the total CD4+ T cell 

population after 6 months of HAART [146]. These findings suggested that collagen-

induced fibrotic damage in LTs might impair the normal homeostasis of naïve T cells 

during HIV infection and limit the immune reconstitution after HAART.  However, 

several critical questions remained unanswered: 1) how does LT fibrosis deplete CD4+ T 

cells during HIV infection?  2) How does LT fibrosis limit the restoration of CD4+ T 

cells?  3) What are mechanisms leading to LT fibrosis? 4) Can therapies be developed to 

avert/revert this pathological change?  

 

Studies presented in the following chapters will provide insights into these critical 

questions. Specifically, Chapter 2 is devoted to an investigation of the mechanisms by 

which LT fibrosis depletes naïve T cells and the mechanisms of LT fibrosis; Chapter 3 

investigates the underlying mechanisms by which LT damage limits immune 

reconstitution; Chapter 4 provides data about the mechanisms that lead to the loss of LT 

structure; finally Chapter 5 discusses potential therapeutic interventions to revert/avert 

the pathological changes within LTs to enhance immune reconstitution after HAART. 
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Chapter 2 

Originally published in J Clin Invest. 2011 Mar 1;121(3):998-1008. Reprinted with 

permission; the format has been adjusted. 
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Introduction 

Depletion of CD4+ T cells, the defining characteristic for which the immunodeficiency 

viruses HIV and SIV were named, has been attributed to direct mechanisms of infection 

and cell killing and indirect mechanisms such as increased apoptosis accompanying the 

chronic immune activation associated with HIV and SIV infections. More recently, there 

is also increasing evidence that fibrosis induced by immune activation damages lymphoid 

tissue (LT) niches, thereby contributing to T cell depletion and impaired immune 

reconstitution upon institution of antiretroviral drug treatment [68, 78].  In HIV infection, 

fibrosis, measured as collagen deposition in LTs, strongly correlates with depletion of 

naïve CD4+ T cells and inversely correlates with the extent of immune reconstitution 

following suppression of viral replication by antiretroviral therapy [77-78, 144-147]. In 

pathogenic SIV infection as well, collagen deposition in the early stage of SIV infection 

of rhesus macaques (Macaca mulatta; RM) is associated with initial decreases in CD4+ T 

cells [143]. 

The mechanisms by which LT fibrosis depletes CD4+ T cells and impairs immune 

reconstitution in these immunodeficiency virus infections have not been well defined, but 

one previously advanced hypothesis [78], based on studies in mice [93, 124, 149-150], is 

that collagen deposition disrupts the architecture of the LT niche so that T cells have less 

access to self-antigen-major histocompatibility complex signals and IL-7 on the 

fibroblastic reticular cell (FRC) network on which they migrate. Since these factors are 

critical for T cell survival, particularly naïve T cells, decreased access to these 

homeostatic signals would result in increased apoptosis as a mechanism for T cell 

depletion associated with fibrosis in HIV and SIV infections.  

We tested this hypothesis in SIV-infected RMs, an animal model in which we could 

analyze lymph node (LN) biopsies obtained in longitudinal and cross-sectional studies. 

We first show that FRCs are the major source of IL-7, the primary survival factor for 

naïve T cells in RMs, and that LN fibrosis limits lymphocyte access to FRC-derived IL-7, 

resulting in depletion, particularly of naïve CD4+ T cells, through apoptosis.  T cell 
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apoptosis, along with other T cell killing mechanisms such as pathological immune 

activation that can lead to increased apoptosis of T cell, in turn diminishes the availability 

of T cell-derived lymphotoxin-β (LTβ) on which the FRC network depends. The 

decreased availability of LTβ-producing cells, along with collagen-restricted access to 

FRCs, results in loss of both the FRC network and IL-7 production. This further impairs 

the survival of naïve T cells, perpetuating a vicious cycle of continuous and cumulative 

loss of both T cells and the FRC network (diagrammed in Figure 2-19). 

These results suggest that therapeutic interventions to avert or moderate this pathological 

process of fibrosis could improve immune reconstitution following highly active 

antiretroviral therapy (HAART). To design effective interventions, we investigated the 

underlying mechanisms of fibrosis in LTs during HIV infection and found that increases 

in transforming growth factor beta 1 (TGF-β1) expression in T regulatory cells activate 

the TGF-β1 signaling pathway in fibroblasts to trigger the increase of production of pro-

collagen and chitinase 3-like-1 (CHI3L1), an enzyme that could enhance maturation of 

this pro-collagen into collagen fibrils in LT fibroblasts. We then show in vitro that 

targeting the TGF-β1 signaling pathway with the anti-fibrotic drug pirfenidone 

dramatically reduces collagen produced by primary human fibroblasts.  These data 

suggest that the TGF-β1 signaling pathway plays a key role in progressive LT fibrosis 

during HIV infection.  Therefore, early initiation of HAART to limit the viral replication-

dependent inflammation that drives this process, along with complementary therapeutic 

interventions directed at the TGF-β1 signaling pathway, could potentially avert or 

moderate this pathological process and improve immune reconstitution post HAART. 

Materials and Methods 

Ethics statement   

This human study was conducted according to the principles expressed in the Declaration 

of Helsinki.  The study was approved by the Institutional Review Board of the University 

of Minnesota.  All patients provided written informed consent for the collection of 

samples and subsequent analysis. 
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LN biopsy specimens   

Inguinal LN (LN) biopsies from 4 HIV negative individuals and 23 untreated HIV-

infected individuals at different clinical stages (Table 2-1) were obtained for this 

University of Minnesota Institutional Review Board-approved study.  Viral load 

measurements were obtained the same day as biopsies.  Each LN biopsy was immediately 

placed in fixative (4% neutral buffered paraformaldehyde or Streck's tissue fixative) and 

paraffin embedded. 

 

Animals, SIV infection, & LN biopsy specimens   

Adult RMs used in these studies were housed in accordance with the regulations of the 

American Association of Accreditation of Laboratory Animal Care and the standards of 

the Association for Assessment and Accreditation of Laboratory Animal Care 

International; all protocols and procedures were approved by the relevant Institutional 

Animal Care and Use Committee.  LTs were obtained in longitudinal studies from five 

RMs who were inoculated intravenously with 10,000 TCID50 of SIVmac239 (generous 

gift from R. Desrosiers), additional LTs from 11 RMs obtained in previously described 

cross-sectional studies [151].  Each LN biopsy was immediately placed in fixative (4% 

neutral buffered paraformaldehyde or Streck's tissue fixative) and paraffin embedded. 

 

Immunofluorescence, Immunohistochemistry, in situ Hybridization (ISH), & 

Quantitative Image Analysis (QIA)   

All staining procedures were performed as previously described [151-152] using 5-30 µm 

tissue sections mounted on glass slides.  Tissues were deparaffinized and rehydrated in 

deionized water.  Heat-induced epitope retrieval was performed using a high-pressure 

cooker (125oC) in either DIVA Decloaker or EDTA Decloaker (Biocare Medical), 

followed by cooling to room temperature.  Tissues for collagen type I staining required 

pre-treatment with 20 µg/ml proteinase K (Roche Diagnostics) in proteinase K buffer (0.2 

M Tris, pH 7.4, 20 mM CaCl2) for 15-20 min at room temperature.  Tissue sections were 

then blocked with SNIPER Blocking Reagent (Biocare Medical) for 30 min at room 
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temperature.  Primary antibodies were diluted in TNB (0.1M Tris-HCl, pH 7.5; 0.15M 

NaCl; 0.05% Tween 20 with Dupont blocking buffer) and incubated overnight at 4oC.  

After the primary antibody incubation, sections were washed with PBS and then 

incubated with fluochrome-conjugated secondary antibodies in TNB for 2 hr at room 

temperature.  For sections using two mouse primary antibodies, one of the antibodies was 

first biotinylated using the One-step Antibody Biotinylation kit (Miltenyi Biotec) 

according to the manufacturer’s instructions; an anti-biotin fluorophore-conjugated 

antibody was then used as the secondary reagent.  Finally, sections were washed with 

PBS, nuclei counterstained blue with TOTO-3 or DAPI, and mounted using Aqua 

Poly/Mount (Polysciences Inc.).  Immunofluorescent micrographs were taken using an 

Olympus FV1000 Fluoview confocal microscope with the following objectives: x20 

(0.75 NA), x40 (0.75 NA), and x60 (1.42 NA); images were acquired and mean 

fluorescence intensity was analyzed by using Olympus Fluoview software (version 1.7a).   

For combined immunohistochemistry/ISH, collagen type I (COL1alpha2) cDNA 

(I.M.A.G.E. clone 740269 from ATCC, Vector PT7T3D-Pac) was cut with EcoR I and 

transcribed with T3 polymerase (Promega) in the presence of S35 UTP to make the anti-

sense probe. The cDNA was cut with Not I and transcribed with T7 polymerase to make 

the control sense probe according to the manufacturer’s instructions.  IL-7 cDNA 

(IMAGE clone 5748841) was cut with Sal I and transcribed with T7 polymerase 

(Promega) in the presence of S35 UTP.  Tissues were deparaffinized in 60°C incubator for 

2 hours and rehydrated through graded ethanols.  Heat-induced epitope retrieval was 

performed using a water-bath (95°C for 25 min) followed by treatment with acetic 

anhydride.  Sections were hybridized with S35-labeled anti-sense or control sense RNA 

probes overnight at 45°C, washed in 2X SSC at 37°C, treated with RNase A at 37°C for 

60 min, washed in 50% formamide/2X SSC at 50°C for 5 min, 1X SSC at 50°C for 10 

min, and 0.5X SSC at 50°C for 15 min.  Tissues were then blocked with SNIPER 

Blocking Reagent (Biocare Medical), incubated overnight at 4°C with the primary 

antibody. Tissues were then washed. Endogenous peroxidase inactivated with 3% (v/v) 

H2O2 in methanol and signal detected with Mach-3 (Biocare Medical) and DAB (Vector) 
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kits.  Slides were dehydrated in ethanols containing 0.1M ammonium acetate and air 

dried.  Slides were dipped in nuclear track emulsion, dried, exposed at 4°C, developed, 

fixed, counterstained with Harris Hematoxylin (Surgipath), and mounted with Permount 

(Fisher Scientific).  Stained sections were examined by light microscopy at ambient 

temperatures.  Light micrographs were taken using an Olympus BX60 upright 

microscope with the following objectives: x10 (0.3 NA), x20 (0.5 NA), and x40 (0.75 

NA); images were acquired using a Spot color mosaic camera (model 11.2) and Spot 

acquisition software (version 4.5.9; Diagnostic Instruments).  Isotype-matched IgG/IgM 

negative control antibodies in all instances yielded negative staining results (see Table 2-

2, which lists the primary antibodies and antigen retrieval methodologies). 

QIA was performed using 10–20 randomly acquired, high-powered images (X200 or 

X400 magnification) by either manually counting the cells in each image or by 

determining the percentage of LT area occupied by a positive chromagen or fluorescence 

signal using an automated action program in Adobe Photoshop CS with tools from 

Reindeer Graphics. 

Ex vivo culture system   

The experimental protocols used here for human tissue samples had full IRB approval 

(Institutional Review Board: Human Subjects Committee, Research Subjects’ Protection 

Program, University of Minnesota) and informed written consent was obtained from 

individual patients, or the legal guardians of minors, for the use of tissue in research 

applications prior to the initiation of surgery.  Fresh human palatine tonsil tissues were 

obtained from routine tonsillectomies and processed within 1–2 h of completion of 

surgery.  Viable tonsil lymphocyte suspensions were prepared by forcing cut tissue pieces 

through a metal sieve and collecting the released single cell suspension in complete 

RPMI medium (10% heat inactivated fetal calf serum, 1x l-glutamine, penicillin & 

streptomycin; Invitrogen).  The cells were washed and immediately cryopreserved.  The 

remaining stromal cells left on the sieve were cultured in complete RPMI medium at 

37°C / 5% CO2 and adherent, proliferating fibroblasts were visible after 2–5 days in 

culture; confluent monolayers developed after 10–25 days.  These primary stromal 
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populations were readily released with trypsin and further expanded/passaged using 

routine procedures for adherent cells. 

Sub-confluent primary stromal cells (2 x 104 cells/well) were grown on Lab-Tek II 

chamber slides 2 day before experimental manipulation.  TGF-β1, CHI3L1, and other 

agents were added to the culture and incubated for 48 h before analysis.   For vimentin 

and p-smad2/3 staining, cells were first fixed by Streck's tissue fixative and then subject 

to secondary antibody staining as previously described.  For live cell staining, samples 

were directly incubated with primary antibodies against collagen type I and/or CHI3L1 at 

4°C overnight without antigen retrieval treatment; samples were then subject to 

secondary antibody staining as previously described.  To quantify levels of collagen type 

I or CHI3L1, 10 randomly stained confocal images from each specimen and condition 

were captured and the mean fluorescence intensities calculated by FV10-ASW software. 

Statistical analysis   

All associations involving SIV-infected monkeys were tested using linear mixed models. 

Restricted maximum likelihood was used to obtain parameter estimates and Wald tests of 

regression coefficients were used to test for an association between each independent 

variable and the response variable of interest. Random intercepts were used to model the 

animal correlation in the response variable.  More specifically, three different variables 

were used as response variables (percent area staining positive for IL-7, number of naïve 

T cells and number of naïve T cells undergoing apoptosis) and all other variables (namely 

percent area staining positive for desmin, the percent area staining positive for collagen 

and days post infection) were used as explanatory variables. Backward variable selection 

was used to remove non-significant covariates. This process led to models where: (i) days 

post infection and the percent area staining positive for desmin (p<0.0001) are predictive 

of percent area staining positive for IL-7; (ii) the percent area staining positive for 

collagen (p=0.002) and the percent area staining positive for desmin (p=0.0004) were 

predictive of the number of naïve T cells undergoing apoptosis; (iii) percent area staining 

positive for IL-7 is predictive of the number of naïve T cells (p=0.0004); and (iv) the 
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number of naïve T cells undergoing apoptosis is predictive of the number of naïve T cells 

(p=0.0001).  

Associations between continuous variables involving HIV-infected humans were 

estimated using Pearson’s correlation coefficient (after transforming to the log scale), and 

tests were conducted using the usual t-test for a correlation.  Differences in CHI3L1 

protein levels between HIV negative and positive subjects were tested using a 2 sample t-

test (after transforming to the logarithmic scale to stabilize the variance).  All calculations 

were performed with the software R, version 2.10.1
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Results 

The FRC network is the major source of IL-7 for T cells in the T cell zone  

We investigated the hypothesis that the mechanism by which LT fibrosis causes depletion 

of T cells is by decreasing access to the survival factor IL-7 by first showing in 

uninfected RMs that the FRC network is the major source of IL-7 for T cells.  We used 

antibodies to desmin to label both the FRC network in the T cell zone of LNs and the 

follicular dendritic cell (FDC) network in B cell follicles, antibodies to IL-7 to label IL-7-

positive cells, and antibodies to desmin and in situ hybridization (ISH) to detect and 

quantify IL-7 mRNA. We found that both IL-7 mRNA and protein predominantly co-

localize with not only the FRC and FDC cell bodies but also the dendritic processes that 

form their respective networks (Figure 2-1 and Figure 2-2, A-B), analogous to the 

localization of cytoskeletal and nervous system mRNAs and proteins [153-154]. 

Quantitatively, we conservatively estimate that ~70% of IL-7 mRNA co-localizes with 

the FRC network in the T cell zone and ~80% co-localizes with the FDC network in B 

cell follicles (Figure 2-3A). The co-localization of IL-7 protein and the FRC network is 

consistent with results reported in the mouse [93, 124], and the small portion of IL-7 we 

found associated with a subset of dendritic cells and macrophages (Figure 2-3B) is 

consistent with a study of human LTs [155].  

Collagen deposition and loss of the FRC network impede access to IL-7 while also 

depleting its source  

Under physiological conditions, FRCs ensheath collagen fibers to form a connective 

tissue and fibrous network on which lymphocytes, antigen presenting cells and other cells 

within LTs migrate [115, 117, 120, 124]. This architecture allows T cells to efficiently 

access chemokines and cytokines, including survival factors such as IL-7, “posted” on 

their path [93, 119, 150]. Thus, LT sections from uninfected RMs stained with antibodies 

to type I collagen, desmin and T cells reveal that the collagen and desmin co-localize and 

define the FRC network and three dimensional space in which the T cells migrate and 



 

  23

visibly contact the FRC network (Figure 2-4A and Figure 2-5A). In marked contrast, in 

chronically infected RMs (180 days post SIVmac239 infection, dpi), large deposits of 

collagen are evident outside the FRC network while the FRC network itself is greatly 

decreased (Figure 2-4B). As a consequence, few T cells visibly contact the FRC network 

and instead are only in contact with collagen (Figure 2-4B and Figure 2-5B). 

Increased naïve T cell apoptosis  

Since T cells migrate on the FRC network to access survival factors such as IL-7, the 

physical barrier created by collagen deposition and the loss of the FRC network itself 

would be expected to restrict IL-7 access and deplete the source of IL-7, thereby 

increasing apoptosis, particularly in the naïve T cell populations [93, 118-119]. We 

indeed found dramatic increases in apoptotic cells in the T cell zone in chronically 

infected animals. This is evident by comparison of an uninfected animal (SIV-) with an 

infected animal at 180 dpi, and is even more striking in an infected animal at 462 dpi 

(Figure 2-6, A-C).  While there are cells clearly undergoing apoptosis even when they are 

close to the residual FRC network (Figure 2-6B), consistent with the well-established 

mechanism of increased apoptosis associated with chronic immune activation, the great 

majority of activated caspase3+ apoptotic cells are located in apparent ”black holes” 

where the FRC network has been lost and replaced by collagen. As predicted, we found 

significant increases in naïve T cell apoptosis (Figure 2-6D and 2-7B), which is inversely 

associated with the quantity of FRCs and positively associated with the quantity of 

collagen (p=0.0004 and p=0.002, respectively).  

Depletion of naïve CD4+ and CD8+ T cell populations by increased apoptosis 

The increased apoptosis in naïve T cell populations was significantly associated with 

their depletion (Figure 2-7, A and B, p=0.0001). Significant increases were detectable 

after the acute stage of SIV infection, and accelerated markedly in the later chronic stages 

of infection. In the acute stage of infection, the FRC network and IL-7 were slightly 

increased (Figure 2-7C and Figure 2-8, A and B), coincident with the LT hyperplasia in 
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this stage of infection (Figure 2-8B), potentially compensating for collagen deposition 

occurring during the acute phase so that there is only a small decrease in naïve T cell 

numbers. However, after 90 dpi, there is a rapid and parallel decline in the FRC network, 

IL-7 (Figure 2-7C and Figure 2-8, A and B, p<0.0001), and naïve T cells (Figure 2-7, D 

and E, p=0.0004). Most of the surviving naïve T cells reside at the border of B cell and T 

cell zones (Figure 2-8C), where the majority of the residual FRC network and IL-7 was 

still detectable (Figure 2-8, A and B, arrow). Lastly, as our hypothesis predicts, the 

destruction of LT architecture not only decreased the naïve CD4+ T cell number in LNs 

but also had a similar impact on naïve CD8+ T cells, with similar and parallel losses of 

both naïve CD4+ and CD8+ cells (Figure 2-8, D-F). 

Survival interdependencies: Loss of FRCs caused by loss of LTβ+ T cells  

Collagen deposition and loss of the FRC network decreased both access to IL-7 and the 

major source of IL-7 in the T cell zone, resulting in increased apoptosis and loss of T 

cells.  However, what explains the loss of the FRC network itself?  We hypothesized that 

the loss of the FRC network was reciprocally related to depletion of T cells as a major 

source of lymphotoxin β (LTβ)  [156], based on ex vivo studies in the mouse in which 

maintenance of the FRC network has been shown to be dependent on LTβ signaling from 

T cells [157]. We confirmed this dependency in vivo by documenting loss of the FRC 

network in mice by separately blocking either the LTβ pathway or by depleting T cells 

(Figure 2-9), and then showed that T cells are a major source of LTβ (~80% of the LTβ+ 

cells are T cells) in the T cell zone of RMs (Figure 2-10A). Furthermore, the loss of 

LTβ+ T cells followed a parallel time course, consistent with the loss of the FRC network 

in SIV infection (Figure 2-10, B-D), further supporting the conclusion that the loss of 

FRCs is a consequence of the loss of LTβ-producing T cells.  

Fibroblasts are the major producers of collagen 

These findings establish a cooperative and cumulative mechanism of collagen deposition 

and naive T cell depletion, but leave unanswered the questions of the cellular sources and 
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mechanisms of collagen production and deposition. For answers to these questions that 

could provide insights to design interventions in HIV infection to minimize depletion and 

improve immune reconstitution, we turned to HIV infection in studies of LT and in vitro 

models. 

To determine the cellular source of collagen within LT in HIV infection, we utilized 

antibodies to CD3 (T cells), CD68 (macrophages), CD20 (B cells), CD11c (dendritic 

cells), and vimentin (fibroblasts) to identify which cell types were producing pro-

collagen, the precursor of mature collagen fibers [158-160].  As shown in a representative 

image in Figure 2-11A, pro-collagen mainly co-localized with vimentin+ fibroblasts.  To 

corroborate this finding, we used in situ hybridization combined with 

immunohistochemistry to show that type I collagen mRNA primarily co-localized with 

vimentin+ fibroblasts (Figure 2-11B).  Lastly, we isolated leukocyte and fibroblast 

subpopulations from human tonsil and compared their ability to produce collagen in an 

ex vivo culture system.  As shown in Figure 2-11C, cultured primary fibroblasts were 

able to synthesize type I collagen while leukocytes produced very little type I collagen 

(data not shown).  Taken together, these data confirm that fibroblasts are the major 

producers of collagen within LTs. 

Enhanced TGF-β1 signaling leads to increased production of collagen 

The TGF-β signaling pathway is a known, key mediator of fibrosis [161-163] while TGF-

β1+ regulatory T cells have been shown to be an important factor in increased fibrosis of 

LT during acute SIV infection [143].  We therefore examined the expression of various 

components of the TGF-β1 signaling pathway in the LTs from a cohort of HIV infected 

patients (Table 2-1), including TGF-β1, TGF-β1 receptor (R) II, and downstream 

signaling molecules such as phosphorylated smad2/3 (p-smad2/3).  We did detect an 

increase in TGF-β1+ T cells during HIV infection (Figure 2-12, A and B and Figure 2-

13A), identified mainly as CD3+/CD4+/Foxp3+ regulatory cells (Figure 2-13A and 

Figure 2-14).  This increase in TGFβ1+ regulatory T cells was accompanied by a parallel 
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increase in TGF-β1 RII expression in vimentin+ fibroblasts and increases in the 

downstream signaling molecules p-smad2/3 (Figure 2-12A and Figure 2-13, B and C).   

The increased frequency and spatial proximity of TGF-β1+ regulatory T cells and TGF-

β1 R+ fibroblasts (Figure 2-13D) suggested a potential mechanism for increased collagen 

deposition in which interactions between T cells and fibroblasts activate the TGF-β1 

signaling pathway.  In support of this hypothesis, we found a significant association 

between TGF-β1+ cells and fibrosis as measured by collagen type I deposition (r = 0.68, 

p = 0.0001) (Figure 2-12C).  Moreover, addition of TGF-β1 to primary fibroblasts 

cultured ex vivo resulted in increased production of type I collagen over basal levels 

(Figure 2-15).   

Blocking TGF-β1 signaling decreases production of collagen 

These results, linking LT fibrosis to activation of the TGF-b1 pathway from viral 

replication-related inflammation, with consequent disruption of the FRC and depletion of 

naïve T cells, suggested that interventions that disrupt these processes, even without 

directly affecting viral replication, might confer therapeutic benefits.  To begin to 

evaluate approaches for inhibition of LT fibrosis as a possible adjunctive therapy in HIV 

infection, we investigated the effects of the ant-fibrotic drug, pirfenidone, on the TGF-β1 

signaling pathway.  Addition of pirfenidone to TGF-β1-stimulated fibroblasts effectively 

blocked this signaling pathway and concomitantly decreased collagen production in an ex 

vivo culture system (Figure 2-15).  

Role of CHI3L1 in collagen deposition and relationship to TGF-β1 signaling 

In a previous microarray analysis of HIV-infected LT [164], we identified CHI3L1 as one 

of the genes with the greatest increase in expression during HIV infection.  Since 

CHI3L1 has been shown to play an important role in collagen formation, both by 

increasing the rate of fibrillogenesis during the collagen maturation process [165-166] 

and decreasing the rate of collagen degradation by inhibiting matrix metalloproteinase-1 

(MMP-1) [166], we explored the role that CHI3L1 might play in increasing collagen 
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deposition during HIV infection.  We found significant increases in the CHI3L1 

expression in LTs during HIV infection, consistent with the previously documented 

increases in mRNA (p = 0.034) (Figure 2-16, A and B) and identified vimentin+ 

fibroblasts as the cells that express CHI3L1 (Figure 2-16C).  As a number of cytokines 

induce CHI3L1 expression [167-168], we asked whether increased TGF-β1 expression 

was associated with increased CHI3L1 expression during HIV infection, and found that 

there was a significant positive association between TGF-β1+ cells and CHI3L1 

expression in LT (r = 0.49, p = 0.0092) (Figure 2-17A).  In addition, TGF-β1 treatment of 

primary LT fibroblasts resulted in enhancement of CHI3L1 expression compared to 

untreated cultures (Figure 2-17, B and C). 

As we had now shown that CHI3L1 and pro-collagen are both produced in LT fibroblasts 

and both increased during HIV infection, we hypothesized that CHI3L1 directly 

contributed to collagen deposition by facilitating the formation of collagen fibrils [165-

166].  Consistent with this hypothesis, we found: 1) CHI3L1 levels and collagen type I in 

LT are significantly correlated (r = 0.85, p < 0.0001) (Figure 2-18A); 2) addition of 

exogenous CHI3L1 to cultures of primary fibroblasts enhanced the formation of mature 

collagen type I (Figure 2-18B); and 3) CHI3L1-specific blocking antibodies reduced this 

effect.  We also found that pirfenidone treatment blocked the effects of CHI3L1 on 

collagen formation (Figure 2-18B), suggesting that the anti-fibrotic effects of the drug are 

cooperative: blocking the TGF-β1 signaling pathway inhibits both production of pro-

collagen and CHI3L1, thereby blocking fibril formation. 

Discussion 

The hallmark of untreated immunodeficiency virus infections is the cumulative depletion 

of CD4+ T cells that is most marked in the later stages of infection by the predominant 

depletion in blood and LT of naïve CD4+ T cells [46, 105, 144]. This has been attributed 

to impaired output from the thymus [69-70, 169] combined with loss in the periphery, 

where T cells die by direct and indirect mechanisms related to chronic immune 

activation: 1) activated naïve T cells become memory T cells that are susceptible to 
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infection in which they succumb or are killed by virus-specific CD8+ T cells; and 2) 

activated cells undergo activation-induced cell death [68, 71-72]. 

To these established mechanisms we now add another indirect mechanism of T cell 

depletion in which chronic immune activation elicits a T regulatory counter response with 

the adverse consequence of increased collagen production and deposition. This, in turn, 

sets in motion cooperative and cumulative mechanisms that contribute to the depletion of 

T cells, particularly naïve T cells in SIV-infected RMs (Figure 2-19A): Collagen disrupts 

T cell access to IL-7 provided on the FRC network, leading to increased apoptosis of T 

cells, particularly naïve T cells. The depletion of LTβ+ T cells, in turn, deprives the FRC 

network of the major source of LTβ+ [156] on which it depends [157]. This, along with 

the collagen-restricted access of LTβ+ T cells to the FRC network, results in loss of the 

FRC network and further decreases in IL-7 availability for T cells. Thus, a positive loop 

mechanism (Figure 2-19) is established that progressively and cumulatively causes T cell 

depletion, particularly in the naïve T cell populations. 

This mechanism provides a broadened perspective on the preferential depletion of naïve 

CD4+ T cells in late HIV infection in both peripheral blood and LTs [46, 48, 144] and 

helps explain why both naïve CD4+ and CD8+T cells are depleted in HIV infection [46, 

170], thereby impairing the ability to respond to new infections and malignancies. 

Because of resistance to viral infection by naïve CD8+ T cells and relative resistance to 

viral infection and killing of naïve CD4+ T cells [47, 171] compared to memory CD4+ T 

cells [172-173], depletion of these populations has heretofore been attributed to indirect 

mechanisms of apoptosis associated with chronic immune activation [68, 71-72], and to 

decreased thymic output [69-70, 169], rather than direct mechanisms. However, these 

indirect mechanisms do not fully account for the continued apoptosis and slow and 

incomplete restoration of the naïve CD4+ T cell populations after HAART has largely 

suppressed direct losses attributable to viral infection, and after immune activation has 

largely subsided with commensurate decreases in activation induced cell death [48] 

(Figure 2-19A). On the other hand, collagen deposition, which impairs access to IL-7 on 
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the FRC network and causes loss of the FRC network itself as an important source of IL-

7, provides mechanisms for: 1) depletion of both naïve CD4+ and CD8+ T cells [46, 

170]; 2) continued high level of apoptosis in LTs while on HAART; and 3) the 

correlation between the extent of fibrosis of LTs before the initiation of HAART and the 

extent of restoration of naïve CD4+ T cells after long term HAART [146] (Figure 2-

19B). 

Our findings suggest the potential benefit of IL-7 treatment during HIV infection. Indeed, 

studies have shown that complementing HAART with IL-7 during both SIV and HIV 

infection significantly increases the circulating naïve CD4+ T cell number [174-176]. 

Furthermore, ex vivo and in vivo studies with T cells from HIV infected patients showed 

that IL-7 treatment could significantly up-regulate Bcl-2 levels to normalize the extent of 

apoptosis in CD4+ and CD8+ T cells from HIV-infected individuals [177-178]. These 

data consistently suggest that insufficient IL-7 is a key contributor in the impaired T cell 

homeostasis in SIV/HIV infection. 

However, the immediate decline of  the absolute numbers of both naïve CD4+ and CD8+ 

T cells after termination of IL-7 therapy [174-176] suggests that complementing IL-7 

only provides transient survival benefit for naïve CD4+ and CD8+ T cells and strongly 

argues for the development of therapeutic interventions to provide long-term survival 

benefit for naïve T cells. Our findings here clearly suggest that collagen deposition and 

the loss of FRCs as the major source of IL-7 play critical roles in compromising 

homeostasis of naïve T cells and thus restoration of the LT niche could potentially 

provide long-term survival benefit for naïve T cells. 

Our findings on mechanisms of fibrosis in LTs during HIV infection also support a 

cooperative and cumulative mechanism of collagen deposition driven by immune 

activation (Figure 2-19A). The increased expressions of both TGF-β1 in regulatory T 

cells (responding to immune activation) and its cognate receptor in spatially proximate 

fibroblasts chronically activate the TGF-β1 signaling pathway.  This results in increased 

expression of pro-collagen, the immature, unprocessed form of collagen (Figure 2-20).  
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TGF-β1 also enhances the expression of CHI3L1, so that in this model, TGF-β1 plays a 

dual role—a cytokine which increases both an upstream substrate (pro-collagen) and its 

downstream effector (CHI3L1) within the same cell type (fibroblast), thereby 

establishing a cooperative process of collagen deposition and cumulative fibrosis in LT 

during HIV infection.  

The link established here between fibrosis, damage to the LT niche through loss of access 

and a source of IL-7 on the FRC network, and naïve T cell depletion clearly argues for 

therapeutic approaches targeting fibrosis and maintaining and restoring a functional FRC 

network. Because the underlying mechanisms of both fibrosis and damage to the FRC 

network operate cumulatively, the most straightforward way to do this would be through 

earlier initiation of HAART to limit the inflammation associated with viral replication 

that drives the process. In addition, development of adjunctive anti-fibrosis treatment 

might additionally avert or lessen the consequences of damage to the LT niche and 

improve immune reconstitution. As a proof of principle, we targeted the TGF-β1 

signaling pathway with the anti-fibrotic drug pirfenidone, currently in a phase II clinical 

trial in the treatment of pulmonary fibrosis [179],  and showed that we could dramatically 

reduce collagen production by primary human fibroblasts.  Thus, therapeutic 

interventions directed at theTGF-β1 signaling pathway, or other pathways involved in 

collagen formation, deposition, and degradation could potentially avert or moderate LT 

fibrosis and improve immune reconstitution post HAART. 
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Figure 2-1. 

 

Figure 2-1. Desmin is a marker of FRCs and FDCs. Confocal images of LN sections 

from uninfected RMs (representative image for one animal of 9) stained for desmin 

(green) and markers (red) for FDCs (CD35, CD21) and FRCs (ER-TR-7). Desmin 

staining co-localizes respectively with FDC markers and FRC marker. FDCs form a 

network with higher density than the FRC network in T cell zone. Scale bars, 50 µm. 
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Figure 2-2.  
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Figure 2-2. FRC and FDC networks are the major producers of IL-7. (A) LN 

sections (representative image for one animal of 3) stained for desmin (red) and IL-7 

(green). Merged confocal image shows co-localization of IL-7 and FRC and FDC 

networks in B cell follicle and T cell zones respectively. Scale bar, 20 µm. (B) ISH for 

IL-7 mRNA combined with desmin immunohistochemical staining (brown), showing the 

co-localization of IL-7 mRNA and FRCs. In the image taken in transmitted light (left 

panel), the FRCs and their processes have been stained brown. The red arrow points to 

the position of IL-7 mRNA shown in the right panel. In developed radioautographs, after 

hybridization to a S35 -labelled IL-7 specific riboprobe, the signals (with epipolarized 

light) are yellow appearing silver grains overlying the stained FRCs and FRC processes 

(red arrow). Magnification, 600x.  
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Figure 2-3. 
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Figure 2-3. FRCs and FDCs are the major sources of IL-7 in LTs. (A) Quantitative 

image analysis of the percentage of the IL-7 mRNA signal that co-localizes with desmin+ 

FRCs in T cell zone and FDCs in the B cell follicles. Values are the mean of the 

percentage of the IL-7 mRNA signal that co-localizes with desmin+ cells ± s.d. (B) 

Confocal image of LN sections from uninfected RMs (representative image for one 

animal of 3) double immunofluorescently stained for IL-7 (green) and CD1a, CD11c or 

CD68 (red), showing a small portion of IL-7 is produced by a subset of dendritic cells or 

macrophages. Scale bar, 30 µm. 

 

 

 

 

 

 

 

 

 



 

  37

Figure 2-4. 

 

Figure 2-4. Collagen deposition and loss of the FRC network lead to loss of contact 

between T cells and FRCs. (A) In the merged confocal image in an uninfected RM 

(representative image for one animal of 9), collagen (red) co-localizes with the FRC 

network (green), and the CD3+ T cells (blue) are in contact with the FRC network. (B) In 

an animal at 180 dpi (representative image for one animal of 4), there is abundant 

collagen staining that does not co-localize with the FRC network. Note the FRC network 

(green) is also greatly decreased, so that large numbers of T cells are not in contact with 

the FRC network, but instead mainly contact extra-FRC collagen. Scale bar, 10 µm.  
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Figure 2-5. 

 

Figure 2-5. T cells lose contact with FRCs during SIV infection. (A-B) Optical 3D 

slice showing green stained FRC network and red-stained CD3 T cells in (A) an 

uninfected RM (representative image for one animal of 3) and (B) a SIV-infected RM at 

180 dpi (representative image for one animal of 4). In the infected animal, much of the 

FRC network has been lost and T cells are not in contact with FRCs. Scale bar, 20 µm per 

divide.
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Figure 2-6. 
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Figure 2-6. Loss of FRC network leads to increased apoptosis of naïve T cells.  (A-C) 

Confocal images of LN sections from RMs at different time points post SIV infection 

double immunofluorescently stained for desmin (green) and activated caspase 3 (red), 

showing increased apoptosis associated with loss of the FRC network at (B) 180 dpi 

(representative image for one animal of 5) and (C) 462 dpi (representative image for one 

animal of 5 animals infected longer than 200 days) compared with (A) uninfected RMs 

(representative image for one animal of 9). Scale bar, 20 µm. (D) Confocal image of a LN 

section showing apoptotic naïve T cells (yellow arrows) (TUNEL+ (green) CD45RA+ 

(Red) CD3+ (blue)) at 180 dpi (representative image for one animal of 5). Scale bar, 20 

µm.
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Figure 2-7. 
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Figure 2-7. Loss of FRCs is associated with loss of naïve T cells within LTs. (A) 

Confocal images of LN sections from RMs at different time points post SIV infection 

double immunofluorescently stained for CD45RA (green) and CD3 (red), showing the 

gradual loss of CD45RA+CD3+ naïve T cells within LTs during SIV infection (total 

n=38, n=9 for uninfected RMs, n=5 for 7 dpi, n=5 for 14 dpi, n=5 for 30 dpi, n=4 for 90 

dpi, n=5 for 180 dpi, n=5 for 300 dpi). Scale bar, 30 µm. (B) Quantification of the 

number of apoptotic naïve T cells (TUNEL+CD45RA+CD3+) and the number of naïve T 

cells (CD45RA+CD3+), showing the statistically significant inverse association (total 

n=38, p=0.0001). Time point shown as 300 dpi represents the mean measurement of 5 

animals which were infected for 222 days, 280 days, 294 days, 462 days and 560 days 

respectively. (C) Quantitative image analysis of the percent area staining positive for 

desmin and the percent area staining positive for IL-7, showing the statistically 

significant association between the quantity of IL-7 and the quantity of the FRC network 

(total n=38, p<0.0001). (D) Quantitative image analysis of percent area staining positive 

for IL-7  and the number of CD45RA+CD3+ naïve T cells within LTs, showing the 

kinetics of IL-7 and the kinetics of naïve T cell number. Error bars represent the s.d. (E) 

Quantitative image analysis of percent area staining positive for IL-7  and the number of 

CD45RA+CD3+ naïve T cells for each animal, showing that the loss of naïve T cells is 

associated with loss of IL-7 production (total n=38, p=0.0004). 
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Figure 2-8. 
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Figure 2-8. Loss of FRCs is associated with decreased IL-7 and depletion of naïve T 

cells within LNs in SIV infection. (A-B) Immunohistochemical staining of (A) IL-7 and 

(B) desmin in LNs from RMs at different time points post infection. Red arrow points to 

residual IL-7 and residual FRCs at the B-T cell zone border (representative image for one 

of 4 animals at each time point). Scale bar, 40 µm. (C) Montage image of confocal 

images of LN section from RMs at 294 dpi stained for CD45RA (red) and CD3 (blue) 

showing that the residual naïve T cells reside at the B-T border. Scale bar in the inset, 20 

µm. (D-E) Confocal image of LN sections from uninfected RMs (representative image 

for one of 4 animals) and RM at 294 dpi stained for CD45RA (green) and CD4 or CD8 

(red), showing the progressive and parallel loss of naïve CD4+ and CD8+ T cells within 

LTs during SIV infection. Scale bar, 30 µm. (F) Quantification of the number of total 

CD4+ and CD8+ T cells and CD45RA+ naïve CD4+ and CD8+ T cells before and in the 

chronic phase of infection. Note the rate of the loss of naïve CD8+ T cells is parallel to 

the loss of naïve CD4+ T cells. (Two-tailed t test, n=5, values are the mean of the number 

of cells ± s.d.). 



 

  46

Figure 2-9. 
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Figure 2-9. LTβR-Ig treatment and T cell depletion leads to FRC depletion in mouse 

LNs. (A-C) ER-TR-7 staining in LN sections from mice (representative image for one 

animal of 3) treated with two weekly injections of control IgG (A), two weekly injections 

of LTβR-Ig (B), or with 8 weekly injections of CD3 depleting antibody (C). Scale bar, 

300 µm. (D-F) Magnified images of (A-C) respectively. Scale bar, 30 µm. (G) 

Quantification of percent area of FRCs in control, LTβR-Ig treated or CD3 depleting 

antibody-treated mice. Data are expressed as the mean ± s.d..
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Figure 2-10. 
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Figure 2-10. LTβ+ T cells are depleted during SIV infection in RMs. (A) Confocal 

images (representative image for one animal of 5) showing CD3+ T cells (red) are the 

major producers of LTβ (green) in the T cell zone in an uninfected RM LN. (B-C) 

Progressive depletion of LTβ+ T cells (green) in RM LTs at (C) 180 dpi (representative 

image for one animal of 5) compared to (B) 30 dpi and (A) uninfected animal. Scale bar, 

30 µm. (D) Quantitative image analysis of number of LTβ+ T cells and  the percent area 

staining positive for desmin for each animal, showing the correlation between LTβ+ T 

cells and FRCs (p<0.0001. n=9 for uninfected RMs, n=5 for 30 dpi, n=5 for 180 dpi, n=5 

for 300 dpi).  
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Figure 2-11.   
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Figure 2-11.  Fibroblasts are the major producers of type I collagen within LT 

during HIV infection.  (A) Immunofluorescent images of pro-collagen (red staining) and 

vimentin (green staining) in the LT from an HIV infected individual in the 

presymptomatic stage of disease, showing co-localization between pro-collagen and 

vimentin+ fibroblasts (representative image for one of 4 subjects).  Scale bars: 50 µm. 

(B) Immunohistochemical images of vimentin staining (brown) combined with ISH of 

type I collagen mRNA (yellow/green appearing silver grains due to epipolarized reflected 

light). Red arrows indicate co-localization between vimentin+ fibroblasts and collagen 

type I mRNA (representative image for one of 4 subjects in presymptomatic stage). Sense 

probe shows the negative control staining. Scale bars: 20 µm. (C) Immunofluorescent 

images of vimentin (green staining) and type I collagen (red staining) in primary human 

fibroblasts isolated from tonsillar tissue  from an uninfected individual, revealing basal 

levels of extracellular type I collagen from an ex vivo culture system 2 days post 

isolation.  Cell nuclei appear blue (DAPI).  Scale bars: 30 µm. 
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Figure 2-12.   
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Figure 2-12.  The TGF-β1 signaling pathway is activated in LTs during HIV 

infection.  (A) Immunofluorescent images of TGF-β1 (green staining, top panels), TGF-

β1 RII (red staining, upper-middle panels), p-SMAD2/3 (red staining, lower-middle 

panels), and pro-collagen (blue staining, bottom panels) in LTs from HIV infected 

individuals, showing a parallel increase in TGF-β1 and its cognate receptor, leading to 

activation of the TGF-β1 signaling pathway (p-SMAD2/3) and resulting synthesis of pro-

collagen (representative image for one of 4 subjects at each stage). Scale bars: 50 µm.  

(B) TGF-β1+ cells were quantified in each LN biopsy and reported as number of TGF-

β1-expressing cells per mm2 of tissue.  Mean values for each group are indicated by 

horizontal black bars.  (C) TGF-β1-expressing cells were significantly correlated with 

collagen type I deposition in the inguinal LN.   
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Figure 2-13.   
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Figure 2-13.  TGF-β1 expression occurs predominantly in CD3+ T cells while 

components of the TGF-β1 signaling pathway (TGF-β1 RII, p-SMAD2/3) are 

expressed in vimentin+ fibroblasts. Immunofluorescent images of (A)TGF-β1 (green 

staining) and CD3 (red staining), (B) TGF-β1 RII (red staining) and vimentin (blue 

staining), (C) p-SMAD 2/3 (red staining) and vimentin (green staining) and (D) TGF-β1 

(green staining) and vimentin (blue staining) in LT from HIV infected individuals 

(representative image for one of 4 subjects), showing the close spatial proximity between 

TGF-β1-expressing CD3+ T cells and vimentin+ fibroblasts expressing the TGF-β1 RII. 

Scale bars: 20 µm. 
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Figure 2-14.   
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Figure 2-14.  TGF-β1 is mainly produced by CD4+ / Foxp3+ T regulatory cells.  (A) 

Immunofluorescent images of TGF-β1 (green staining) and CD4 (red staining), (B) TGF-

β1 (green staining) and CD8 (red staining), (C) TGF-β1 (green staining) and Foxp3 (red 

staining) in LTs from HIV infected individuals (representative image for one of 4 

subjects), showing TGF-β1 expression primarily in CD4+ Foxp3+ T regulatory cells.  

Scale bars: 20 µm.
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Figure 2-15.   
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Figure 2-15.  TGF-β1 stimulates the production of type I collagen by LT fibroblasts.  

(A) Immunofluorescent images of p-SMAD2/3 (green staining) and collagen type I (red 

staining) in primary human fibroblasts treated with or without TGF-β1 (250 ng/ml) for 48 

hr.  Addition of the anti-fibrotic drug, pirfenidone (0.1 or 0.5 mg/ml), inhibits the TGF-β1 

signaling pathway and decreases collagen type I production (representative image of 10 

images).  Cell nuclei appear blue (DAPI).  Side views of individual collagen type I fibers 

were captured to display the relative thickness of the extracellular collagen networks in 

primary LT fibroblasts.  Scale bars: 50 µm.  (B) The extracellular collagen type I 

networks of primary human fibroblasts were quantified for each condition and reported as 

collagen type I Mean Fluorescence Intensity (MFI).  Data are expressed as the mean ± 

s.d., where 3 independent experiments were performed in quadruplicate.  The results are 

shown with significance where applicable (p < 0.05). 
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Figure 2-16.   
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Figure 2-16.  CHI3L1 progressively increases within LTs during HIV infection.  (A) 

Immunofluorescent images reveal progressive increases in CHI3L1 (green staining) 

within LT during HIV infection (representative image for all the subjects at each stage). 

Scale bars: 200 µm.  (B) CHI3L1 expression was quantified in each LN biopsy and 

reported as percent tissue area positive for CHI3L1. The results are shown with 

significance where applicable (p < 0.05).  Mean values for each group are indicated by 

horizontal black bars.  (C) Immunofluorescent images of CHI3L1 (green staining) and 

vimentin (red staining) in the LT from an HIV infected individual in the presymptomatic 

stage of disease (representative image for one of 4 subjects), showing co-localization 

between CHI3L1 and vimentin+ fibroblasts.  Scale bars: 50 µm.  



 

  63

Figure 2-17.   

 

 

 



 

  64

Figure 2-17.  TGF-β1 stimulates the production of CHI3L1 by LT fibroblasts. (A) 

TGF-β1-expressing cells were significantly correlated with CHI3L1expression in the 

inguinal LN.  (B) Immunofluorescent images of CHI3L1 (green staining) in primary 

human fibroblasts treated with or without TGF-β1 (250 ng/ml) for 48 hr (representative 

image of 10).  Cell nuclei appear blue (DAPI staining).  Scale bars: 50 µm.  (C) The 

extracellular CHI3L1 networks of primary human fibroblasts were quantified for each 

condition and reported as CHI3L1 Mean Fluorescence Intensity (MFI).  Data are 

expressed as the mean ± s.d., where 3 independent experiments were performed in 

quadruplicate.  The results are shown with significance where applicable (p < 0.05).
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Figure 2-18.   
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Figure 2-18.  CHI3L1 facilitates type I collagen formation.  (A) CHI3L1 expression 

was significantly correlated with collagen type I deposition in the inguinal LN.  (B) The 

extracellular collagen type I networks of primary human fibroblasts were quantified for 

fibroblasts treated with or without CHI3L1 (500 ng/ml) for 48 hr.  Addition of the anti-

fibrotic drug, pirfenidone (0.5 mg/ml), or a CHI3L1-blocking antibody decreased 

collagen type I production.  The extracellular collagen type I networks were quantified 

for each condition and reported as collagen type I Mean Fluorescence Intensity (MFI).  

Data are expressed as the mean ± s.d., where 3 independent experiments were performed 

in quadruplicate. The results are shown with significance where applicable (p < 0.05).
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Figure 2-19. 
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Figure 2-19. Mechanisms of LT fibrosis and damage to the LT niche and depletion 

of T cells. (A) Chronic immune activation in HIV and SIV infections is thought to 

deplete T cells through increased activation-induced cell death, but immune activation 

also elicits a T regulatory response that activates TGF-β1 signaling in fibroblasts 

resulting in cumulative collagen deposition. Collagen deposition impedes access of T 

cells to the survival factor IL-7 on the FRC network to cause increased apoptosis, which, 

along with activation- induced cell death, depletes T cells. Depletion of T cells decreases 

LTβ, which, along with collagen-impeded access to LTβ for FRCs, results in loss of FRC 

network and IL-7. This vicious cycle of survival interdependencies and collagen 

deposition cause progressive T cell depletion, particularly in the naïve T cell populations. 

(B) HAART can suppress the loss of CD4+ T cells due to the direct effects of infection 

and normalize immune activation to reduce losses of CD4+ T cells due to activation-

induced cell death. However, pre-existing collagen, loss of FRC network and T cell 

depletion will limit immune reconstitution by the continued cyclical mechanisms shown 

in (A). 
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Figure 2-20.   
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Figure 2-20.  A model of fibrosis within LT during HIV infection.  Increases in TGF-

β1-expressing T regulatory cells and its cognate receptor in fibroblasts result in 

amplification of the TGF-β1 signaling pathway.  This leads to increased production of 

pro-collagen and CHI3L1, a protein which can enhance the maturation of pro-collagen 

into collagen fibrils.  Collectively, these changes accelerate the pathological process of 

fibrosis.
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Tables 

Table 2-1 Demographic characteristics and clinical information of subjects 

Patient Disease Stage Gender Age Race 

Peripheral 

Blood 

CD4+ T  

Cell 

Count 

(Cells/µl) 

Plasma 

HIV     

RNA Levels   

(Copies/ml) 

1425 Uninfected Male 43 Caucasian 1,351 Undetectable

1442 Uninfected Female 45 Caucasian 485 Undetectable

1476 Uninfected Female 28 Caucasian 704 Undetectable

1472 Uninfected Female 52 Caucasian 837 Undetectable

1455 Acute Male 23 African 

American 

209 19,400 

1391 Acute Male 37 African 

American 

234 24,718 

1389 Acute Male 32 Caucasian 824 32,173 
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1449 Acute Male 30 Caucasian 333 > 100,000 

1484 Acute Male 49 Caucasian 301 23,721 

1469 Acute Male 44 Caucasian 201 >100,000 

1458 Acute Male 51 Caucasian 400 439,000 

1435 Acute Male 42 Caucasian 410 > 100,000 

1086 Asymptomatic Male 30 Caucasian 512 20,562 

1293 Asymptomatic Male 36 Caucasian 905 14,225 

1419 Asymptomatic Male 37 Caucasian 245 61,432 

1428 Asymptomatic Male 30 Caucasian 363 38,600 

1436 Asymptomatic Male 63 Caucasian 248 46,400 

1459 Asymptomatic Male 36 Caucasian 286 > 100,000 

1317 Asymptomatic Male 31 Caucasian 399 120,469 

1479 Asymptomatic Male 42 Caucasian 273 1,650 
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1413 AIDS Male 50 African 

American 

42 59,401 

1438 AIDS Male 49 Caucasian 147 4,960 

1462 AIDS Male 43 Caucasian 81 35,000 

1327 AIDS Female 40 African 

American 

112 12,046 

1446 AIDS Female 45 Caucasian 200 150,500 

1474 AIDS Male 40 African 

American 

98 10,000 

1263 AIDS Male 44 Caucasian 3 > 100,000 
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Table 2-2 List of primary antibodies and antigen retrieval methodologies 

 

Antibody 

Clone/ 

Manufacturer & 

Catalog # 

Antigen-

retrieval 

Pretreatment 

Antibody 

Dilution 
Species 

Desmin D33 / 

 Lab Vision & 

# MS-376-S1 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/200 Mouse 

Desmin Polyclonal / 

Lab Vision & 

# RB-9014-P1 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/200 Rabbit 

CD35 Ber-MAC-DRC / 

Dako & 

# M0846 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/100 Mouse 
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CD21 1F8 / 

Dako / 

# M0784 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/100 Mouse 

ER-TR7 ER-TR7 / 

Acris Antibodies 

& 

# BM4018 

Frozen tissue, 

Diva 

Decloaker; 

Water bath for  

5 min at 95°C. 

1/200 Rat 

CD3 MCA147 /  

AbD Serotec & 

# MCA1477  

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/200 Rat 

CD3 SP7 / 

Thermo Scientific 

& 

# RM-9107-S1 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C.  

1/100 Rabbit 
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IL-7 7417 / 

R & D Systems & 

# MAB207 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

Proteinase K 

treatment for 

15 min 

1/100 Mouse 

CD45RA 4KB5 / 

Dako & 

# M0754 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/100 Mouse 

Activated 

Caspase-3 

8G10 / 

Cell Signaling 

Tech.  & # 9665 

1mm EDTA 

(ph 8); High 

pressure 

cooker for 30 

seconds at 

125°C. 

1/100 Rabbit 

Collagen 1 COL-1 / 

Sigma & 

# C2456 

Diva 

Decloaker; 

High pressure 

cooker for 30 

1/100 Mouse 
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seconds at 

125°C.  

Protease K (10 

µg/ml). 

Lymphotoxin-β 135105 / 

R & D Systems & 

# MAB1684 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/100 Mouse 

CD4 Polyclonal / 

R & D Systems & 

# AF-379-NA 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/100 Goat 

CD4 1F6 / 

Novacastra & 

# NCL-CD4–1F6 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/100 Mouse 

CD8 SP16 /  

Neomarkers &  

Diva 

Decloaker; 

High pressure 

1/100 Rabbit 
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# RM-9116-s cooker for 30 

seconds at 

125°C. 

Lymphotoxin-β Polyclonal / 

Santa Cruz 

Biotech. & # sc-

23561 

 Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/100 Goat 

Vimentin Vim 3B4 / 

 DAKO & 

 # M7020 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/100 Mouse 

Vimentin Polyclonal / 

Neomarkers & 

       # Rb-9063-P1

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/100 Rabbit 

TGF-β1 Polyclonal / 

Santa Cruz & 

Diva 

Decloaker; 

High pressure 

cooker for 30 

1/100 Goat 
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# SC-146-G seconds at 

125°C.  

Protease K (10 

µg/ml). 

Collagen I Polyclonal / 

Abcam & 

 # ab292 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C.  

Protease K (10 

µg/ml). 

1/200 Rabbit 

Pro-collagen M-58 / 

Millipore & 

# MAB1912 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C.  

Protease K (10 

µg/ml). 

1/50 Rat 

TGF-β RII 

 

Polyclonal / 

R & D Systems & 

# AF-241-NA 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C.  

1/100 Goat 
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Protease K (10 

µg/ml). 

Ki-67 SP6 / 

Neomarkers & 

# RM-9106-S1 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C. 

1/200 Rabbit 

p-SMAD2/3 Polyclonal / 

Santa Cruz & 

# SC-11769 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C.  

Protease K (10 

µg/ml). 

1/50 Goat 

CHI3L1 Polyclonal / 

Quidel & 

# 4815 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C.  

Protease K (10 

µg/ml). 

1/200 Rabbit 
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IgG Isotype 

Controls  

Dako,  

Jackson 

ImmunoResearch 

Diva 

Decloaker; 

High pressure 

cooker for 30 

seconds at 

125°C.  

Protease K (10 

µg/ml). 

1/50-1/200 Mouse, 

Rabbit, 

Rat, Goat
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Chapter 3 

Originally published in PLoS Pathog. 2012 Jan;8(1):e1002437. Reprinted with 

permission; the format has been adjusted. 
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Introduction 

The hallmark of HIV infection, depletion of CD4+ T cells, has been largely attributed to 

direct mechanisms of infection and cell death from viral replication or killing by virus-

specific cytotoxic T-lymphocytes (CTLs), and to indirect mechanisms such as increased 

apoptosis accompanying chronic immune activation associated with HIV infections [68]. 

It is thus puzzling that if these were the sole mechanisms responsible for CD4+ T cell 

depletion, why 20% of HIV infected patients have no significant increase in their 

peripheral blood CD4 count after initiation of HAART, since treatment can suppress viral 

replication to undetectable levels and normalize much of the chronic immune activation 

associated with infection [48, 180]. Moreover, even among patients with significant 

increases in peripheral blood CD4+ T cells, few reconstitute to normal levels after years 

of HAART, and this incomplete immune reconstitution is associated with significantly 

higher rates of malignancy and other morbidities compared with HIV-uninfected 

individuals [181-188].  

The preferential depletion of naïve T cells in blood and lymphoid tissues (LT) [48], 

where they mainly reside, also poses particular difficulties for attributing depletion 

simply to direct mechanisms of viral infection or indirect mechanisms of activation 

induced cell death (AICD), since (1) naïve CD4+ T cells are resistant to HIV infection 

and (2) AICD should primarily affect the activated effector and memory populations [47, 

171, 173]. Furthermore, the similar extent of depletion of not only naïve CD4+ T cells 

but also naïve CD8+ T cells that are not usually infected by HIV[46, 170], suggests that 

there is a general mechanism impacting naïve T cell populations unrelated to direct 

infection. 

The incomplete restoration of naïve T cell populations with HAART also points to 

mechanisms in addition to AICD in depletion of CD4+ T cells, since suppression of this 

“drain” should enable repopulation of naïve CD4+ T cell populations by thymopoiesis 

and homeostatic proliferation of existing naïve T cells in secondary LT, but this does not 

happen [70, 98, 106, 189]. Cumulative observations therefore suggest that there may be 

additional mechanisms that impair the survival of naïve T cells, thereby restricting 

immune reconstitution [48, 68].  
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To account for the preferential loss of naïve T cells, and failure of HAART to restore 

both naïve and memory populations by thymopoesis and homeostatic proliferation, we 

have proposed a damaged LT niche hypothesis in which collagen deposition disrupts the 

FRC network on which naïve T cells migrate and gain access to survival factors such as 

interleukin-7 (IL-7). This results in elevated levels of naïve T cell apoptosis [93, 119, 

124] before treatment and impairs the reconstitution of naïve T cells after treatment. We 

recently showed in the SIV-rhesus macaque animal model that the critical disruption in 

LT architecture caused by collagen deposition and decreased access of T cells to survival 

factor IL-7 “posted” on the FRC network was in fact associated with increased apoptosis 

and depletion of both naïve CD4+ and CD8+ T cells. We also showed that this 

mechanism is a cooperative and cumulative vicious cycle in which the mutual 

interdependencies for survival of naïve T cells on IL-7, and the FRC network on 

lymphotoxin-beta (LTβ) supplied by the T cells, perpetuate depletion of both T cells and 

the FRC network [190].  

One implication of this model is that because the impact of LT fibrosis on CD4+ T cell 

depletion is progressive and cumulative, initiating HAART in the early stages of 

infection should improve immune reconstitution because there should be less collagen 

deposition and loss of the FRC network at this stage.  We tested this hypothesis by 

examining LTs from HIV infected individuals at baseline and 6 months after initiating 

HAART in the acute, pre-symptomatic and AIDS stages of infection. We first document 

the same damaged LT niche mechanism described in the SIV-rhesus macaque model of 

collagen deposition and loss of the FRC network with depletion of naïve T cells through 

increased apoptosis as a consequence of decreased access to IL-7. We then show that the 

extent of loss of the FRC network and collagen deposition predict the extent of inhibition 

of naïve T cell apoptosis and restoration of the naïve T cell population in LT after 6 

months of HAART, and total CD4+ T cell counts in peripheral blood after 12 months of 

HAART. Furthermore, we find that the extent of restoration of FRC network after 6 

months of HAART is highly dependent on the stage of disease at which the therapy is 

initiated, with greatest restoration only when HAART is initiated during the early stage of 

infection. This directly correlates with optimal inhibition of naïve T cell apoptosis and 



 

  86

restoration of naïve T cells in the patients receiving HAART during the early stage of 

infection.  This mechanism explains why initiation of HAART during the early stage of 

infection is associated with more rapid and complete CD4+ T cell restoration, and thus 

strongly argues for early initiation of HAART [44, 191]. It also argues for a potential use 

of adjunctive therapies such as anti-fibrotic therapy to avert and/or revert the LT structure 

to improve immune reconstitution. 

 

Materials and Methods 

Ethics statement   

This human study was conducted according to the principles expressed in the Declaration 

of Helsinki.  The study was approved by the Institutional Review Board of the University 

of Minnesota.  All patients provided written informed consent for the collection of 

samples and subsequent analysis. 

 

LN biopsy specimens  

Inguinal LN (LN) biopsies from HIV negative individuals and HIV-infected individuals 

at different clinical stages (7 at acute/early stage, 18 at presymptomatic stage and 8 at 

AIDS stage. Table 3-1) were obtained for this University of Minnesota Institutional 

Review Board-approved study.  Viral load measurements were obtained the same day as 

biopsies.  Each LN biopsy was immediately placed in fixative (4% neutral buffered 

paraformaldehyde or Streck's tissue fixative) and paraffin embedded. 

 

Immunofluorescence staining and Quantitative Image Analysis (QIA) 

All staining procedures were performed as previously described [151, 190] using 5-30 

µm tissue sections mounted on glass slides.  Tissues were deparaffinized and rehydrated 

in deionized water.  Heat-induced epitope retrieval was performed using a high-pressure 

cooker (125oC) in either DIVA Decloaker or EDTA Decloaker (Biocare Medical), 

followed by cooling to room temperature.  Tissues for collagen type I staining required 

pre-treatment with 20 µg/ml proteinase K (Roche Diagnostics) in proteinase K buffer (0.2 

M Tris, pH 7.4, 20 mM CaCl2) for 15-20 min at room temperature.  Tissue sections were 
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then blocked with SNIPER Blocking Reagent (Biocare Medical) for 30 min at room 

temperature.  Primary antibodies were diluted in TNB (0.1M Tris-HCl, pH 7.5; 0.15M 

NaCl; 0.05% Tween 20 with Dupont blocking buffer) and incubated overnight at 4oC.  

After the primary antibody incubation, sections were washed with phosphate buffered 

saline (PBS) and then incubated with fluorochrome-conjugated secondary antibodies in 

TNB for 2 hr at room temperature.  Finally, sections were washed with PBS, nuclei were 

counterstained blue with DAPI, and mounted using Aqua Poly/Mount (Polysciences 

Inc.).  Immunofluorescent micrographs were taken using an Olympus BX61 Fluoview 

confocal microscope with the following objectives: x20 (0.75 NA), x40 (0.75 NA), and 

x60 (1.42 NA); images were acquired and mean fluorescence intensities  were analyzed  

using Olympus Fluoview software (version 1.7a).   

Isotype-matched negative control antibodies in all instances yielded negative staining 

results (see Table 3-2, which lists the primary antibodies and antigen retrieval 

methodologies). 

Quantitative image analysis (QIA) was performed using 10–20 randomly acquired, high-

powered images (X200 or X400 magnification) by either manually counting the cells in 

each image or by determining the percentage of LT area occupied by positive 

fluorescence signal using an automated action program in Adobe Photoshop CS with 

tools from Reindeer Graphics. 

 

Ex vivo culture system   

The experimental protocols used here for human tissue samples had full IRB approval 

(Institutional Review Board: Human Subjects Committee, Research Subjects’ Protection 

Program, University of Minnesota) and informed written consent was obtained from 

individual patients, or the legal guardians of minors, for the use of tissue in research 

applications prior to the initiation of surgery. Fresh human palatine tonsil tissues were 

obtained from routine tonsillectomies and processed within 1–2 h of completion of 

surgery. Viable tonsil lymphocyte suspensions were prepared by forcing cut tissue pieces 

through a metal sieve and collecting the released single cell suspension in complete 

RPMI medium (10% heat inactivated fetal calf serum, 1x l-glutamine, penicillin, and 
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streptomycin solution; Invitrogen). The cells were washed and immediately 

cryopreserved. By culturing the stroma left on the metal sieve in complete RPMI 

medium, adherent proliferating fibroblasts were first visible after 2–5 days in culture, and 

confluent monolayers developed after 10–25 days. These primary stromal populations 

were readily released with trypsin, and the cells were further expanded and passaged 

using routine procedures for adherent cells. Some stromal cells were fixed in  Streck's 

tissue fixative at one day prior to co-culture for analysis of intracellular desmin and IL-7 

expression. For live stromal cells staining and imaging, stromal cells were directly 

incubated with antibody against IL-7 at 4°C without heat antigen retrieval and subject to 

secondary fluorochrome-conjugated-antibody staining. For co-culture of lymphocytes 

and stromal cells, 2x105 lymphocytes isolated from human tonsil were cultured in 

chamber slides without stromal cells, with autologous stromal cells (2x104cells/well), 

with stromal cells and IL-7 blocking antibody or with stromal cells but separated by 

transwells for 2 to 3 days. After co-culture, the slides were fixed in Streck's tissue fixative 

and stained for activated caspase3, CD45RA and CD3 to quantify the number of 

apoptotic naïve T cells by QIA as described above. 

 

Statistical analysis   

To test for differences in FRCs and collagen across all stages a 1-way ANOVA was used 

and post-hoc comparisons were made with Welch’s modified 2 sample t-tests with a 

Bonferroni correction (hence p-values are reported for differences between stages). A 

similar analysis was used to test for differences from the data that arose from the ex vivo 

culture system.  

To test for associations between FRCs and apoptotic naïve cell counts mixed models 

were used with FRCs as the explanatory variable in addition to clinical stage of infection 

(since it is associated with both FRCs and apoptotic naïve cell counts). Random effects 

were included in these models since all of the data (i.e. all time points) were used to fit 

these models and random effects provide a simple way to incorporate correlation among 

measurements from the same subject into the model. Continuous variables were log 

transformed prior to fitting the model and restricted maximum likelihood was used to 
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obtain parameter estimates. The same approach was used to test for an association 

between apoptotic naïve cell counts and naïve counts. A similar approach was used to test 

for an association between both Ki67 levels and viral load and apoptotic naïve cell counts 

and naïve counts except that FRCs and collagen were included in the model in addition to 

clinical stage of infection. 

To test if baseline FRCs or collagen are predictive of apoptotic naïve cell counts and 

naïve counts at 6 months post initiation of HAART, linear regression models were used 

that included the baseline value of the variable we were trying to predict at 6 months 

since such baseline values are potentially related to the value of the variable at 6 months 

and the baseline levels of FRCs or collagen. All continuous variables were first log 

transformed and standard model diagnostics were conducted. 

One sample t-tests were used to test for changes over the first 6 months of therapy for 

each stage.   Spearman's rank correlation was used to test for associations that were 

potentially nonlinear (but monotone). 
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Results 

Collagen deposition and loss of the FRC network impede access to and source of IL-7 

in HIV infection  

To evaluate this hypothesis, we first show that the FRC network is the major source of 

IL-7 for T cells in human LTs, as has been demonstrated in mice and monkeys [93, 190]. 

In LT sections from uninfected individuals stained for IL-7 and desmin, a marker for 

FRCs, IL-7 largely co-localizes with the FRC network on which lymphocytes, antigen 

presenting cells and other cells within LTs migrate (Figure 3-1A).  This architecture 

allows T cells to efficiently access survival factors such as IL-7 and self-antigen-major 

histocompatibility complex as well as chemokines “posted” on their path. Thus, in the 

lymph node (LN) sections from HIV-uninfected individuals stained for type I collagen, 

desmin and T cells, the collagen within the FRC network co-localizes with desmin, and 

the T cells visibly contact the FRC network (Figure 3-1B). In contrast, HIV infection is 

associated with stage-specific progressive decreases in the FRC network (Figure 3-1D-E) 

and thus the available source of IL-7 (Figure 3-1F). The depletion of FRCs correlates 

with a parallel increase in collagen deposited outside the FRC network, so that as 

infection progresses, fewer and fewer T cells are in contact with and have access to IL-7 

on the FRC network (Figure 3-1C) compared with uninfected populations (Figure 3-1B). 

 

T cell apoptosis increases with decreased availability of IL-7  

Because survival of naïve T cells is dependent on access to IL-7 [93, 119, 124], the 

collagen deposition-restricted access to and loss of the FRC network itself should result 

in an increase in apoptosis proportional to the extent of collagen deposition and decreased 

IL-7 source as infection progresses. We first demonstrate that contact with FRCs as a 

source of IL-7 is critical for T cell survival in an ex vivo culture system. We established 

monolayers of desmin+ IL-7+ FRC-like cells from stromal cells isolated from human 

tonsils (Figure 3-2A-B), and show that IL-7 localizes to the surfaces of live cells stained 

without permeabilization (Figure 3-2C) . Only about 10% of naïve T cells underwent 

apoptosis if co-cultured with autologous IL-7+FRC-like cells compared to about 30-40% 

of naïve T cells cultured for 2-3 days without stromal cells. We show that the enhanced 
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survival is contact dependent and is mediated mainly via IL-7, as antibody blocking of 

IL-7 or separation of T cells and the FRCs by transwells leads to increased apoptosis in 

naïve T cells (Figure 3-2D-E). However, the blockade of IL-7 does not fully recapitulate 

the apoptosis level in the naïve T alone culture, suggesting that other survival factors 

such as CCL19 produced by FRCs may independently support the survival of naïve T 

cells [93]. 

 

These ex vivo co-culture results support the concept that naïve T cells need to contact 

FRCs in order to gain access to IL-7 to maintain their survival. Therefore, the loss of 

FRCs as well as the loss of the contact between naïve T cells and FRCs together in vivo 

would be expected to increase apoptosis and thereby deplete naïve T cells. We tested this 

hypothesis in LTs from HIV infected patients and found that the stage-dependent 

increases in naïve T cell apoptosis (Figure 3-3A) were associated with depletion of both 

naïve CD4+ and CD8+ T cells (Figure 3-3B-C), and that stage-dependent decreases in 

the FRC network (Figure 3-1D) were associated both with apoptosis and naïve T cell 

depletion (Figure 3-3D-E). 

 

Restoration of LT structure and increases in naïve T cells depend on the timing of 

initiation of HAART  

Because the LT damage-mediated naïve T cell depletion mechanism now documented in 

both HIV infection and SIV infection [190] is cumulative and progressive, the later stage 

of infection, the greater the damage  to LT structure. Thus, if treatment does not restore 

the LT structure that supports survival of naïve CD4+ T cells, the LT damage mediated 

naïve T cell depletion could adversely affect immune reconstitution, even with 

suppression of viral replication and immune activation by HAART. Conversely, the 

lesser extent of LT damage in early infection could improve immune reconstitution with 

HAART, if initiating treatment were to restore LT structure and improve naïve T cell 

survival. 

To test these predictions, we examined the effects of HAART initiated in the acute/early, 

pre-symptomatic and AIDS stages of infection on LT structure, naïve T cell apoptosis 
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and restoration of naïve CD4+ T cell populations. Because  loss of the FRC network and 

fibrosis are less in the acute/early stage than at later stages of HIV infection (Figure 3-1), 

we would expect that the preservation of LT structure in acute/early HIV infection would 

result in decreased apoptosis and greater increases in naïve T cells if HAART is initiated 

at this stage. We indeed found that the loss of the FRC network and collagen deposition 

prior to initiating HAART are associated with significantly increased naïve T cell 

apoptosis after 6 months of HAART (p=0.0016 and p=0.0292 respectively) (Figure 3-4A-

B). Furthermore, the level of naïve T cell apoptosis both before and after treatment is 

significantly associated with fewer naïve T cells in LTs (p=0.0012). Taken together, these 

data suggest the extent of LT damage is associated with the extent of inhibition of naïve 

T cell apoptosis after HAART.  We note that this now documents in LTs the previously 

reported predictive relationship between collagen in LTs and naïve CD4+ T cell increases 

in peripheral blood [146]. 

 

We also find that HAART initiated in the acute/early stage infection results in the 

greatest restoration of FRCs after 6 months of HAART, albeit not to the level in HIV 

uninfected population (Figure 3-5A-B). The restoration of LT structure is a slow process 

as even after 36 months of HAART the area occupied by the FRC network increases but 

still remains significantly less than in HIV uninfected individuals. Minimal recovery of 

the FRC network is seen in HIV infected patients starting HAART at chronic stages 

(Figure 3-5A). At 6 months, there is no significant effect on removal of collagen 

deposition in LTs (Figure 3-5A-B), but there is increased collagen co-localizing with the 

FRC network, as opposed to collagen deposits outside the network, albeit not to the same 

levels seen in HIV uninfected individuals where 90 percent of collagen is within the FRC 

network (Figure 3-5C-D). We further found that the new WHO guidelines for initiating 

HAART at CD4 counts of 350 cells/ul have a sound rationale in preservation of the FRC 

network, since only when therapy had been initiated at or above 350 cells/ul could we 

detect significant improvement of FRCs after 6 month HAART (Figure 3-6).  
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HAART initiated in acute/early stage of infection is also associated with greatest 

decreases in apoptosis and optimal restoration of naïve T cell populations in LTs (Figure 

3-7). In contrast, naïve T cell numbers in patients who initiated HAART in the AIDS 

stage of infection did not increase significantly, and apoptosis in naïve T cell populations 

remained high (Figure 3-7). These stage-related correlations apply as well to peripheral 

CD4+ T cell counts in patients receiving HAART for 12 months. The increase in 

peripheral CD4+ T cell counts to the level of counts in HIV uninfected individuals 

depended on initiating HAART during the acute/early stage of infection (Figure 3-8A). 

We also found that this stage-dependent restoration of peripheral CD4+ T cells can be 

predicted by the extent of fibrosis before initiation of HAART, again suggesting that 

fibrosis is one key factor that limit immune reconstitution after long-term HAART 

(Figure 3-8B).. 

 

We also assessed the relationships between viral load and the residual Ki67 level to the 

extent of restoration of naïve T cells when HAART was initiated at different stages. We 

found that increases in naïve T cells and decreases in apoptosis do not correlate with 

HAART-mediated suppression of viral replication and immune activation. HAART 

initiated at all stages of infection can potently and comparably inhibit viral replication 

and associated chronic immune activation (Figure 3-9A and B). There is therefore no 

evidence that these processes are playing important roles in the stage-specific effects of 

time of initiation on apoptosis and recovery of naïve T cells within LTs. We in fact found 

no significant association between viral load and the number of naïve T cells or the 

number of apoptotic naïve T cells, nor any association between activation represented by 

the number of Ki67+ cells and the number of naïve T cells or the number of apoptotic 

naïve T cells after 6 month HAART (Figure 3-9C-F). 

 

Discussion  

It has generally been thought that viral and immune-cell mediated killing of CD4+ T cells 

and AICD accompanying chronic immune activation are respectively the major direct 

and indirect mechanisms of CD4+ depletion in HIV infection, and that the slow and 
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incomplete restoration of naïve CD4+ T cells is a consequence of the restricted capacity 

of the adult thymus to re-supply naive T cells [68]. Here we describe a novel mechanism 

that depletes CD4+ T cells, particularly naïve CD4+ T cells before HAART and 

determines the pace and extent of  naïve CD4+ T cell restoration after HAART. 

 

Naïve T cells depend on IL-7 produced and presented by the FRC network for survival. 

Our IL-7 staining is consistent with a large literature on the FRC network as the site and 

source of most of the IL-7 [93, 190, 192-193] but different from one reported human IL-7 

staining in LTs [155], which probably due to different reagents and methodologies used.  

As HIV infection advances, collagen deposition increases and the FRC network is 

destroyed, which decreases the amount of IL-7 available to support T cell survival. As a 

consequence, increased apoptosis depletes naïve T cells prior to HAART in proportion to 

the progressive destruction of LT structure from early to later stages of HIV infection. 

Because of the progressive and cumulative nature of this pathological process, apoptosis 

of naïve T cells continues at elevated levels after HAART has been initiated, even though 

HAART can potently suppress viral replication and at least partially normalize immune 

activation. The elevated apoptosis level in naïve T cell populations is in proportion to 

pre-existing damage to LT structure, which is greater in the chronic stages of infection. 

Thus, predictably, early treatment results in better preservation and restoration of LT 

structure, which leads to improved survival of naïve T cells and greater increases in naïve 

T cell numbers. While the limited capacity of the thymus in the adult to supply naïve T 

cells will certainly limit the pace and extent of reconstitution, the LT structure to which 

thymic emigrants home will also determine their subsequent survival. By analogy to 

earlier tap-and-drain models [194], restoration of naïve T cells will be dependent not only 

on thymic output and from homeostatic proliferation of naïve T cell populations in LT, 

but also on the drain of overall apoptosis in this population. In such a model, the elevated 

level of apoptosis in naïve T cells in secondary LTs limits both the extent and pace of 

immune reconstitution. 
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As the diversity of the naïve T cell repertoire is critical to defend against new infections 

and malignancies, the loss and slow restoration of the naïve T cell population creates 

“holes” in the T cell repertoire and therefore impairs host defenses even after HIV 

replication has largely been suppressed [182, 185-186]. Thus, therapeutic approaches to 

prevent or moderate damage to the LT niche and restore a functional FRC network could 

be particularly beneficial in increasing and preserving naïve T cell populations after 

HAART. The most straightforward way to do this is through earlier treatment. Our 

findings also suggest the potential clinical benefit of complementing IL-7 treatment 

during HIV infection in the restoration of naïve T cell population. Indeed, studies have 

shown that complementing HAART with IL-7 during both SIV and HIV infection 

significantly increases the circulating naïve CD4+ T cell number [174-176]. Furthermore, 

it has been shown that IL-7 treatment could normalize the extent of apoptosis in CD4+ 

and CD8+ T cells from HIV-infected individuals via up-regulation of Bcl-2 levels [177-

178]. These data consistently suggest that insufficient IL-7 is a key contributor in the 

impaired T cell homeostasis in SIV/HIV infection and limits the reconstitution of T cells. 

  

However, the immediate decline of  the absolute numbers of both naïve CD4+ and CD8+ 

T cells after termination of IL-7 therapy [174-176] suggests that complementing IL-7 

only provides transient survival benefit for naïve CD4+ and CD8+ T cells and strongly 

argues for the development of therapeutic interventions to provide long-term survival 

benefit for naïve T cells. Our findings here clearly suggest that collagen deposition and 

the consequential loss of FRCs as the major source of IL-7 play critical roles in 

compromising homeostasis of naïve T cells. Therefore, the restoration of the lymphoid 

tissue niche could potentially provide long-term survival benefits for naïve T cells. 

Therefore, the development of adjunctive anti-fibrosis treatment such as pirfenidone and 

losartan [190, 195-200] might additionally avert or revert the consequences of damage to 

the LT niche and improve immune reconstitution. 
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Figure 3-1.  
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Figure 3-1. Collagen deposition and loss of the FRC network impede access to and 

source of IL-7 in HIV infection. (A) FRCs are the major producers of IL-7. LN sections 

(representative image for one HIV negative subject of 5) stained for desmin (red) and IL-

7 (green). Merged confocal image shows co-localization of IL-7 and FRCs in T cell area. 

Scale bar, 10 µm. (B-C) Collagen deposition and loss of the FRC network disrupts 

interaction between T cells and FRCs. Confocal images of LN sections from an 

uninfected subject (representative image for one subject of 5) immunofluorescently 

stained for desmin (green), collagen (red) and CD3 (blue). The merged image shows that 

FRCs colocalize with collagen and T cells are in contact with the FRC network (B). 

Confocal images of LN sections from a subject at AIDS stage (representative image for 

one subject of 6). The merged image shows that the loss of FRCs and associated collagen 

deposition leads to loss of the contact between FRCs and T cells, which instead contact 

mainly extra-FRC collagen. Scale bar, 20 µm (C).  (D) Confocal images of LN sections 

from HIV negative subjects and from subjects at different stage of HIV infection 

immunofluorescently stained for desmin (green) and collagen (red), showing the gradual 

loss of FRCs in the T cell zone within LTs, which is associated with extensive collagen 

deposition during HIV infection. Scale bar, 20 µm. (E) Quantification of average amount 

of FRCs and collagen deposition at each stage of infection, showing the gradual loss of 

FRCs and collagen deposition. Error bars represent the s.d. (F) Confocal images of LN 

sections from HIV negative subjects and from subjects at different stage of HIV infection 

immunofluorescently stained for IL-7 (green), showing that the gradual loss of IL-7 in the 

T cell zone is associated with gradual depletion of FRCs (E). Scale bar, 20 µm. 
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Figure 3-2. 

 



 

  101

Figure 3-2. Naïve T cells need to contact FRCs to get access to IL-7 for survival. (A-

C) IL-7 is produced and presented on the surface of stromal cells. (A-B) Confocal images 

of monolayer of fixed and permeablized stromal cells isolated from human tonsil 

immunofluorescently stained for (A) IL-7 (green) or (B) desmin (green) and DAPI (blue) 

at one-day post passage. Scale bar, 30 µm. C. Confocal image of live stromal cells 

(DAPI: blue) staining showing the IL-7 (green) on the surface of stromal cells. Scale bar, 

10 µm. (D-E) FRC-like stromal cells enhance the survival of naïve T cells via IL-7. (D) 

Triple fluorescently stained activated caspase 3+ (green), CD45RA+ (red) and CD3+ 

(blue) cells in an ex vivo culture system showing that stromal cells enhance the survival 

of naïve T cell by mechanisms dependent on IL-7 and cell contact. 2x105 lymphocytes 

from human tonsil were cultured with or without stromal cells for 2-3 days. Naïve T cell 

apoptosis is reduced in co-cultures with stromal cells (+stromal cells) compared to 

cultures without stromal cells. Apoptosis in the naïve T cell population increases with IL-

7 blocking antibody (anti-IL-7) or when lymphocytes are separated from stromal cells by 

a transwell filter (Filter) compared to co-cultures with stromal cells. Scale bar, 60 µm. (E) 

Quantification of the percentages of activated caspase 3+CD45RA+CD3+ naïve T cells 

in total T cell population at day 2 and day 3 cultures. Values are the mean of the percent 

apoptotic naïve T cells ± s.d. ANOVA comparison was done on the average percentages 

of day 2 and day 3. 



 

  102

Figure 3-3. 
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Figure 3-3. Loss of FRCs is associated with loss of naïve T cells within LTs. (A) 

Confocal images of LN sections from subjects at different stage of HIV infection triple 

immunofluorescently stained for TUNEL (green), CD45RA (red) and CD3 (Blue), 

showing the gradual loss of CD45RA+CD3+ naïve T cells is associated increased 

apoptosis in the naïve T cell population within LTs during HIV infection. Scale bar, 10 

µm. (B) Confocal images of LN sections from subjects at different time points post HIV 

infection double immunofluorescently stained for CD45RA (green) and CD4 or CD8 

(red), showing both naïve CD4+ and CD8+ T cells are depleted within LTs. Scale bar, 20 

µm. (C) Quantitative image analysis of the number of apoptotic naïve T cells and the 

number of naïve T cells (CD45RA+CD3+), showing that increased apoptosis in the naïve 

T cell population is associated with depletion of naïve T cells (total n=37, p<0.0001, 

R2=0.5373). (D) Quantification of FRCs (the percent area staining positive for desmin in 

T cell zone) and the number of apoptotic naïve T cells (TUNEL+CD45RA+CD3+), 

showing that the depletion of FRCs is associated with increased apoptosis in naïve T cell 

populations (total n=37, p<0.0001, R2=0.5843). (E) Quantitative image analysis of FRCs 

and the number of naïve T cells within LTs, showing that the loss of naïve T cells is 

associated with loss of FRCs (total n=37, p<0.0001, R2=0.5166). Values are the mean of 

measurement ± s.d.



 

  105

Figure 3-4. 
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Figure 3-4. The extent of LT destruction before HAART predicts the extent of 

restoration of naïve T cells after HAART. (A) The area that FRCs occupy before 

HAART is negatively associated with the number of apoptotic naïve T cells after 6 

months of HAART. (B) The collagen area before HAART is positively associated with 

the number of apoptotic naïve T cells after 6 months of HAART. 
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Figure 3-5. 
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Figure 3-5. Restoration of LT structure is slow and incomplete after HAART and is 

associated with the timing of initiation of HAART. (A) Representative confocal 

images of immunofluorescent staining for desmin (green) and collagen (red), showing the 

different extent of restoration of stromal cell network and collagen normalization after 6 

months of HAART. Scale bar, 20 µm. (B) Quantification of the average area of FRCs and 

collagen before and after 6 months of HAART in patients receiving the HAART at 

different stages of infection, showing the different extent of restoration of LTs is 

associated with the timing of initiation of HAART. Error bars represent the s.d. (C) 

Representative confocal images of immunofluorescent staining for desmin (green) and 

collagen (red), showing that the different extent of restoration of the FRC network and 

collagen normalization after 6 months of HAART as represented by the percent area not 

covered by FRCs. Scale bar, 20 µm. (D) Quantification of the percent area covered by 

FRCs.  
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Figure 3-6. 
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Figure 3-6. Significant restoration of FRCs is associated with early initiation of 

HAART.  Bar plot shows that the increase of FRCs is significant when HAART is 

initiated when peripheral CD4+ T cells is above 350 cells/µl. In contrast to that, the 

increase of FRCs is insignificant when HAART is started when peripheral CD4+ T cells 

is below 350 cells/µl (*, p<0.05; ns, not significant).  
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Figure 3-7. 
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Figure 3-7. Incomplete LT restoration is associated with high level of apoptosis in 

naïve T cell populations and incomplete restoration of naïve T cells. (A) Confocal 

images of LN sections from uninfected subjects and patients receiving 6 months of 

HAART at either acute or AIDS phase of infection, immunofluorescently stained for 

CD45RA (red) and CD3 (blue), showing the different extent of restoration of naïve T 

cells. Scale bar, 10 µm. (B) Quantification of number of naïve T cells before and after 

HAART at each stage of infection, showing the different kinetics of restoration of naïve 

T cells. Error bars represent the s.d. (C) Confocal images of LN sections from patients 

receiving 6 months of HAART at either acute or AIDS phase of infection 

immunofluorescently stained for CD45RA (red), CD3 (blue) and TUNEL staining of 

apoptotic cells (green), showing the higher level of apoptosis in naïve T cell populations 

after 6 months of HAART when HAART was started during chronic phase of infection. 

Scale bar, 10 µm. (D) Quantification of average number of apoptotic naïve T cells before 

and after HAART at each stage of infection, showing the different kinetics of decrease of 

apoptotic naïve T cells.  
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Figure 3-8.          
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Figure 3-8. Incomplete restoration of peripheral CD4 count after 12 month HAART 

is associated with initiation of HAART during chronic stage of infection. (A) Plot 

shows that the level of peripheral CD4 count is not significantly different from that in 

uninfected subjects when HAART is initiated during acute/early stage of infection after 

12 month HAART. In contrast to that, when HAART is started during chronic stage of 

infection, the level of peripheral CD4 count is still significantly lower than that in 

uninfected subjects after 12 month HAART (*, p<0.05; **, p<0.01; ***, p<0.0001; ns, 

not significant). (B) The percent area of collagen before HAART is negatively associated 

with the number of peripheral CD4 count after 12 months of HAART. 
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Figure 3-9. 
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Figure 3-9. The extent of restoration of naïve T cells after HAART is not associated 

with viral load or immune activation. (A) Viral load before and after HAART in 

patients receiving HAART at different stages of infection, showing the inhibition of viral 

replication is similar for patients at different stage of infection. (B) Quantification of the 

number of Ki67+ cells before and after HAART in patients receiving HAART at 

different stages of infection, showing the inhibition of immune activation by HAART is 

similar for patients at different stage of infection (ns, not significant). (C, E) Association 

between the viral load and number of naïve T cells and association between viral load 

and the number of apoptotic naïve T cells after HAART are not significant. (D, F) 

Association between the number of Ki67+ cells and naïve T cells and association 

between the number of Ki67+ cells and the number of apoptotic naïve T cells after 

HAART are not significant.
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Tables 

Table 3-1. Demographic characteristics and clinical information of subjects 

Pati

ent 

Disease 

Stage 

Time 

after 

HAAR

T 

Race Gender Age Peripher

al Blood 

CD4+ T 

Cell 

Count 

(Cells/µl

) 

Plasma  

HIV 

RNA 

Levels 

(Copies/

ml) 

Opportu

nistic 

Infectio

ns  

(n = 

none 

reported

) 

129

2 

Uninfect

ed 

N/A Cauca

sian 

Male 28 925 Undetec

table N/A 

147

6 

Uninfect

ed 

N/A Cauca

sian 

Female 28 704 Undetec

table N/A 

147

2 

Uninfect

ed 

N/A Cauca

sian 

Female 52 837 Undetec

table N/A 

142

5 

Uninfect

ed 

N/A Cauca

sian 

Male 43 1351 Undetec

table N/A 

144

2 

Uninfect

ed 

N/A Cauca

sian 

Female 45 1124 Undetec

table N/A 

143

0 

Acute D0 Cauca

sian 

Male 26 683 3610 

n 

143

0 

Acute M6    702 17400 

 

145

8 

Acute D0 Cauca

sian 

Male 51 400 439000 

n 

145

8 

Acute M6    671 <50 

 

132 Acute D0 Cauca Male 59 370 484694 n 
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9 sian 

132

9 

Acute M6    871 <50 

 

132

9 

Acute M36    789 <50 

 

146

9 

Acute D0 Cauca

sian 

Male 44 180 >100,00

0 n 

146

9 

Acute M6    321 7547 

 

144

9 

Acute D0 Cauca

sian 

Male 30 333 >100000 

n 

143

5 

Acute D0 Cauca

sian 

Male 42 410 >100,00

0 

Unknow

n 

143

5 

Acute M6    663 <50 

 

139

1 

Acute D0 Black 

or 

Africa

n 

Ameri

can 

Male 37 414 24718 

n 

139

1 

Acute M6    765 <50 

 

143

7 

AIDS D0 Cauca

sian 

Male 47 214 656 

n 

143

7 

AIDS M6    235 <50 

 

143

8 

AIDS D0 Cauca

sian 

 49 147 4960 

n 

143

8 

AIDS M6    151 <50 

 

143 AIDS M36    216 <50  
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8 

140

6 

AIDS D0 Black 

or 

Africa

n 

Ameri

can 

Male 45 188 10684 

n 

140

6 

AIDS M6    209 11438 

 

141

3 

AIDS D0 Black 

or 

Africa

n 

Ameri

can 

Male 50 42 59401 

Unknow

n 

141

3 

AIDS M6    121 8 

 

146

2 

AIDS M6    143 <50 

n 

132

7 

AIDS D0 Black 

or 

Africa

n 

Ameri

can 

Female 40 112 12046 

n 

132

7 

AIDS M6    180 14 

 

141

9 

AIDS D0 Cauca

sian 

Male 37 157 61432 

n 

141

9 

AIDS M6    320 79 

 

146 Pre D0 Black Male 23 259 27200 n 
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3 or 

Africa

n 

Ameri

can 

146

3 

Pre M6    599 <50 

 

144

7 

Pre D0 Cauca

sian 

Male 37 640 12100 Unknow

n 

144

7 

Pre M6    776 24300 

 

146

8 

Pre D0 Cauca

sian 

Male 30 875 2150 

n 

133

5 

Pre D0 Cauca

sian 

Male 32 400 15284 

n 

133

5 

Pre M36    458 <50 

 

142

8 

Pre D0 Cauca

sian 

Male 30 363 38600 Unknow

n 

142

8 

Pre M6    379 <50 

 

147

9 

Pre D0 Cauca

sian 

Male 42 273 1650 

n 

147

9 

Pre M6    479 < 75 

 

146

4 

Pre D0 Cauca

sian 

Male 34 202 122000 

n 

146

4 

Pre M6    450 72 

 

166

9 

Pre D0 Cauca

sian 

Male 23 434 6506 

n 

166 Pre M6    524 85  



 

  121

9 

129

3 

Pre D0 Cauca

sian 

Male 36 905 14225 Unknow

n 

129

3 

Pre M6    1842 <50 

 

129

3 

Pre M36    2251 <50 

 

140

8 

Pre D0 Cauca

sian 

Male 39 685 20014 

n 

140

8 

Pre M6    592 9815 

 

168

0 

Pre M6 Cauca

sian 

Male 38 539 <48 

n 

144

8 

Pre D0 Black 

or 

Africa

n 

Ameri

can 

Male 51 543 10000 

Unknow

n 

144

8 

Pre M6    335 2790 

 

172

7 

Pre D0 Cauca

sian 

Male 39 336 17600 

n 

143

6 

Pre D0 Cauca

sian 

Male 63 248 46400 

n 

143

6 

Pre M6    297 893 

 

140

7 

Pre D0 Cauca

sian 

Male 35 372 31922 

n 

140

7 

Pre M6    353 108996 

 

167 Pre D0 Cauca Male 36 620 17388 n 
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Note: Definition of classification of HIV infection stage: Acute/Early stage: patients are 

RNA+ and antibody negative or have serologic proof of infection within the previous 4 

months. AIDS stage: patients whose CD4 count is <200cells/µL. Presymptomatic stage: 

patients between acute/early stage and AIDS stage. 

 

9 sian 

167

9 

Pre M6    721 <48 

 

131

7 

Pre D0 Cauca

sian 

Male 31 399 120469 

n 

131

7 

Pre M6    779 303 

 

176

6 

Pre D0 Black 

or 

Africa

n 

Ameri

can 

Male 36 389 6810 

n 

145

5 

Pre D0 Black 

or 

Africa

n 

Ameri

can 

Male 23 209 19400 

n 

145

5 

Pre M6    324 <50 

 

145

9 

Pre D0 Cauca

sian 

Male 36 286 >100000 

n 
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Table 3-2. List of primary antibodies and antigen retrieval methodologies 

 

Antibody 

Clone/ 

Manufacturer & 

Catalog # 

Antigen-retrieval 

Pretreatment 

Antibody 

Dilution Species 

Desmin D33 / 

 Lab Vision & 

# MS-376-S1 

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

1/200 Mouse 

Desmin Polyclonal / 

Lab Vision & 

# RB-9014-P1 

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

1/200 Rabbit 

CD3 MCA147 /  

AbD Serotec & 

# MCA1477  

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

1/200 Rat 

CD3 SP7 / 

Thermo Scientific 

& 

# RM-9107-S1 

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

1/100 Rabbit 

IL-7 7417 / 

R & D Systems & 

# MAB207 

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

Proteinase K 

treatment for 15 min 

1/100 Mouse 

CD45RA 4KB5 / 

Dako & 

# M0754 

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

1/100 Mouse 
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Activated 

Caspase-3 

8G10 / 

Cell Signaling 

Tech. & # 9665 

1mm EDTA (ph 8); 

High pressure cooker 

for 30 seconds at 

125°C. 

1/100 Rabbit 

Collagen 1 COL-1 / 

Sigma & 

# C2456 

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

Protease K (10 

µg/ml). 

1/100 Mouse 

Collagen I Polyclonal / 

Abcam & 

 # ab292 

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

Protease K (10 

µg/ml). 

1/200 Rabbit 

CD4 Polyclonal / 

R & D Systems & 

# AF-379-NA 

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

1/100 Goat 

CD4 1F6 / 

Novacastra & 

# NCL-CD4–1F6 

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

1/100 Mouse 

CD8 SP16 /  

Neomarkers &  

# RM-9116-s 

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

1/100 Rabbit 

Ki-67 SP6 / 

Neomarkers & 

# RM-9106-S1 

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

1/200 Rabbit 
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IgG 

Isotype 

Controls  

Dako,  

Jackson 

ImmunoResearch 

Diva Decloaker; High 

pressure cooker for 

30 seconds at 125°C. 

Protease K (10 

µg/ml). 

1/50-

1/200 

Mouse, 

Rabbit, 

Rat, 

Goat 

 

A list of ID numbers for genes and proteins used in the paper: Desmin: 1674, CD3: 916, 

Interleukin-7: 3574, CD45RA: 151460, Caspase3: 600636, Collagen Type I: 120150, 

CD4: 186940, CD8: 925, Ki-67: 176741.
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Chapter 4  

 

"This research was originally published in Blood Online. Zeng M, Paiardini M, 

Engram JC, et al. Critical role for CD4 T cells in maintaining lymphoid tissue 

structure for immune cell homeostasis and reconstitution. Blood. Prepublished 

May 21, 2012; DOI 10.1182/blood-2012-03-418624." 
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Introduction 

Highly active anti-retroviral therapy (HAART) has had a great beneficial impact on 

suppressing human immunodeficiency virus (HIV) replication to undetectable levels in 

peripheral blood, and the associated increases in peripheral CD4+ T cell counts are 

correlated with decreased morbidity and mortality in HIV infection [34]. However, 

controlling viral replication has not necessarily led to full reconstitution of the immune 

system. More than a quarter of the patients after years of HAART still have CD4 T cell 

counts not significantly increased from pre-treatment levels and/ or below the critical 

threshold of 200 cell/mm3, and even in patients with significant increases in peripheral 

CD4 T cell counts, few reach the levels in uninfected populations after long-term 

HAART [40-42, 44-45, 84, 183, 201-202]. Limited immune reconstitution is most 

prevalent in patients starting HAART in the chronic stage of disease (CD4<350 cells/µl) 

and in patients with older age, and this failure strongly correlates with significantly 

higher morbidity and mortality [40, 44-45, 73-75, 203]. Further, the magnitude of CD4+ 

T cell reconstitution in peripheral blood does not necessarily reflect the real magnitude of 

immune reconstitution in lymphoid tissues (LTs) where these cells mostly reside. 

Compared to the pace and extent of restoration of peripheral blood CD4+ T cells, the 

normalization of peripheral blood CD4+ T cell is significantly slower and less significant 

[48, 77-79, 145, 204-206].  There are several important functional immunologic 

abnormalities that accompany the limited restoration of T cells including: 1) persistently 

poor vaccine responses [80-81] and 2) increased frequency of reactivation of latent 

herpes simplex infection and human papilloma virus infections [82-84].  These persistent 

defects in immune function likely contribute to the increasing incidence of non-AIDS 

related clinical events such as cardiovascular disease, liver disease and non-AIDS-related 

cancer [85-88, 185, 207], and increased susceptibility to bacterial infections [89]. These 

enduring and pervasive defects in immune surveillance despite the great benefits 

conferred by suppression of viral replication point to the importance of understanding the 

mechanisms that limit immune reconstitution after HAART to devise strategies to 

improve outcomes.  
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Within the LTs, HIV and SIV infections have their greatest impact on naïve T cell 

populations in depletion and immune reconstitution and this is also the case in 

immunodeficiencies caused by chemotherapy and irradiation treatment of cancer or 

patients receiving allogeneic hematopoietic stem cell transplantation [46, 48, 144, 208-

213]. In these conditions, the loss of naïve T cells is greater than in other T cell 

populations, and the restoration of naïve T cells is slower and to lower levels than other T 

cell subsets with HAART or cessation of cancer treatments [48, 144, 208-209, 212-214]. 

While the mechanisms underlying depletion and impaired immune reconstitution 

particularly of naïve T cells have yet to be fully defined, damage to LT structure plays an 

important role because naive T cells within secondary LTs rely for their survival on 

interacting with the fibroblastic reticular cell (FRC) network in the T cell zone (TZ) to 

supply factors such as interleukin-7 (IL-7) and self-antigen-major histocompatibility 

complex signals [93, 118-119, 124, 149]. We previously showed that LT damage due to 

the losses of the FRC network and collagen deposition in HIV and pathogenic SIV 

infection of rhesus macaques (Macaca mulatta; RM) leads to loss of production of IL-7 

and limits the access of naïve T cells to the source of IL-7, thereby impairing the survival 

of naïve T cells [190, 214]. We also found that the damaged LT structure recovers very 

slowly and incompletely after 3 year HAART when HAART is initiated during the 

chronic stage of infection, which perpetuates the elevated level of apoptosis in naïve T 

cells to thereby limit the reconstitution of naïve T cells after HAART [214].   

These findings suggest that restoration of LT structure is critical for the successful 

immune reconstitution. However, little is known about what contributes to the loss of 

FRC networks during HIV infection. Lymphotoxin beta (LTbeta) is a key factor that 

together with lymphotoxin alpha (LTalpha) can trigger the LTbeta receptor signaling 

pathway to maintain the stromal FRC network in TZ and follicular dendritic cell (FDC) 

network in B cell follicles [157, 190, 215-219]. We previously found that the T cell-

derived LTbeta significantly decreased during SIV infection in RMs and the loss of LT 

beta correlated with depletion of FRC network [190]. These data created a model in 

which loss of T cell-derived LTbeta during HIV infection leads to loss of FRC network, 
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which in turn depletes the naïve T cells population and the interdependencies between T 

cells and stromal cell networks perpetuate the cycle of loss of both networks and T cells 

[190].    

To test this model and dissect the causal relationship between T cell depletion and loss of 

FRC network, we used anti-CD4 and anti-CD8 antibody depletion of CD4+ and CD8+ T 

cells in non-human primate models to understand how each subset affects FRC networks. 

We first showed that LTbeta is mainly produced by naïve CD4+ T cells. The depletion of 

CD4+ T cells but not CD8+ T cells in RMs reproduces the depletion of FRC network in 

SIV infected RMs and HIV infection. Interestingly, the depletion of CD4+ T cells also 

leads to the depletion of FDCs, suggesting that FDCs also rely on CD4+ T cells for their 

maintenance. Furthermore, we found that in the non-pathogenic model of SIV infection 

of sooty mangabeys (Cercocebus atys) (SMs), despite similar levels of viral replication 

compared to SIV infection of RMs [65, 220], the maintenance of CD4+ T cells in SMs 

correlated with maintenance of FRC network. When CD4+ T cells are depleted by 

antibody in uninfected SMs, the FRC and FDC networks are also significantly depleted, 

which reproduce the pathogenic effect in SIV infected RMs. The loss of FRC network 

leads to loss of production of IL-7, which further affects the survival of CD8 T cells. We 

also found that the loss of CD4+ T cells in LTs correlates with the depletion of FRC 

network before HAART and also correlates with the extent of restoration after HAART. 

Last, we extend the conclusions to the more general case of CD4+ T cell depletion 

induced by chemotherapy and irradiation in cancer patients. We thus provide in vivo 

evidence to show depletion of CD4+ T cells leads to loss of stromal cell networks in 

various immunodeficiency conditions and these insights point to potential therapeutic 

approaches to restore LT structure and improve immune reconstitution. 

Materials and methods 

Ethics statement 

This human study was conducted according to the principles expressed in the Declaration 

of Helsinki. The study was approved by the Institutional Review Board of the University 
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of Minnesota. All patients provided written informed consent for the collection of 

samples and subsequent analysis. 

 

LN biopsy specimens 

Inguinal LN (LN) biopsies from HIV negative individuals and HIV-infected individuals 

at different clinical stages (7 at acute/early stage, 18 at presymptomatic stage and 8 at 

AIDS stage.) [214] were obtained for this University of Minnesota Institutional Review 

Board-approved study. Viral load measurements were obtained the same day as biopsies. 

Each LN biopsy was immediately placed in fixative (4% neutral buffered 

paraformaldehyde or Streck's tissue fixative) and paraffin embedded. LN biopsies from 

cancer patients are provided by the University of Minnesota Biological Materials 

Procurement Network (BioNet). 

 

Animals, SIV infection, & LN biopsy specimens   

Adult RMs and SMs used in these studies were housed in accordance with the regulations 

of the American Association of Accreditation of Laboratory Animal Care and the 

standards of the Association for Assessment and Accreditation of Laboratory Animal 

Care International; all protocols and procedures were approved by All animal studies 

were approved by the University of Pennsylvania and Emory University Institutional 

Animal Care and Use Committees.  For the chronically infected RM and SM study, LTs 

were obtained in longitudinal studies from five RMs who were inoculated intravenously 

(i.v.) with 10,000 TCID50 of SIVmac239 (generous gift from R. Desrosiers), additional 

LTs from 5 RMs obtained in previously described cross-sectional studies [151, 190].  

Infection of five SMs by i.v. innoculation with 1 ml of plasma from an experimentally 

SIVsmm-infected SM sampled at day 11 post infection with a viral load of 1 x 107 

copies/mL of plasma. In addition, 4 naturally SIV-infected and 3 uninfected SMs were 

included in the cross-sectional analysis. Blood collection was performed by venipuncture. 

Each LN biopsy was immediately placed in fixative (4% neutral buffered 

paraformaldehyde or Streck's tissue fixative) and paraffin embedded. For the CD4+ and 

CD8+ T cell depletion study, the animals and LTs isolation were previously described in 



 

  132

detail [221]. Briefly, depletion of CD4+ and CD8+ lymphocytes was76 performed using 

10 mg/Kg intravenous anti-CD4 mAb (OKT4A) on day -10 and 5 mg/Kg on days -7, -3, 

and 0, while for CD8+ lymphocyte depletion animals were treated with 4 mg/Kg 

intravenous anti-CD8 mAb (OKT8F) on days -2, -1, and 0, a protocol that has been 

shown to deplete CD4+ and CD8+ lymphocytes in vivo in both RMs and SMs [221]. 

Blood and LN collection were performed at baseline and at different time points after the 

last antibody administration. Each LN biopsy was immediately place into 70% ethanol 

immediately upon collection, then 24 hours later transferred to 4% PFA or Streck 

fixativeplaced in fixative (4% neutral buffered paraformaldehyde) and paraffin 

embedded. 

 

Immunofluorescence staining, immunohistochemistry staining and quantitative 

image analysis (QIA) 

All staining procedures were performed as previously described using 5-10 µm tissue 

sections mounted on glass slides [151, 214]. Tissues were deparaffinized in 60°C 

incubator for 2 hours and rehydrated through graded ethanols and rehydrated in deionized 

water. Heat-induced epitope retrieval was performed using a high-pressure cooker 

(125oC) in either DIVA Decloaker or EDTA Decloaker (Biocare Medical), followed by 

cooling to room temperature. Tissue sections were washed with PBS with 0.5% tween 20 

(Sigma-Aldrich) and then blocked with Fc receptor blocker (Innovex) for 30min and 

SNIPER Blocking Reagent (Biocare Medical) for 30 min at room temperature. Primary 

antibodies were diluted in TNB (0.1M Tris-HCl, pH 7.5; 0.15M NaCl; 0.05% Tween 20 

with Dupont blocking buffer) and incubated overnight at 4oC. After the primary antibody 

incubation, sections were washed with phosphate buffered saline (PBS) with 0.5% tween 

20 for 3 times and then incubated with fluorochrome-conjugated secondary antibodies 

(Alexa-fluor 488, 586, and 647-conjugated antibodies) in TNB for 2 hr at room 

temperature. Finally, sections were washed with PBS, nuclei were counterstained blue 

with DAPI, and mounted using Aqua Poly/Mount (Polysciences Inc.). 

Immunofluorescent micrographs were taken at room temperature using an Olympus 
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FV1000 Fluoview confocal microscope with the following objectives: x20 (0.75 NA), 

x40 (0.75 NA), and x60 (1.42 NA).  

For immunohistochemistry staining.  After overnight incubation of primary antibody at 

4oC, tissues were then washed with PBS with 0.5% tween 20 for 3 times. Endogenous 

peroxidase inactivated with 3% (v/v) H2O2 in PBS for 10 min. Tissues were then washed 

with PBS with 0.5% tween 20 for 3 times. Primary antibody was detected with Mach-3 

(Biocare Medical) and DAB kits (Vector).  Stained sections were examined by light 

microscopy at ambient temperatures.  Light micrographs were taken at room temperature 

using an Olympus BX60 upright microscope with the following objectives: x10 (0.3 NA), 

x20 (0.5 NA), and x40 (0.75 NA); images were acquired using a Spot color mosaic 

camera (model 11.2) and Spot acquisition software (version 4.5.9; Diagnostic 

Instruments). 

Isotype-matched negative control antibodies in all instances yielded negative staining 

results (see Table 1, which lists the primary antibodies and antigen retrieval 

methodologies). 

QIA was performed using 10–20 randomly acquired, high-powered images (X200 or 

X400 magnification) by either manually counting the cells in each image or by 

determining the percentage of LT area occupied by positive fluorescence signal using an 

automated action program in Adobe Photoshop CS with tools from Reindeer Graphics. 

Statistical analysis 

Data analysis using a Student’s t-test, one-way analysis of variance with a Bonferroni 

correction and linear regression analysis was performed using GraphPad Prism 

(GraphPad Software, San Diego, CA). 

Results 

Naïve CD4+ T cells are the major producers of LTβ 
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As LTbeta has been shown in vitro to be critical for the maintenance of FRC networks 

[157, 190], we first tested which subsets of T cells are the major producers of LTbeta 

within secondary LTs in vivo. We found that about 60-70% of the LTbeta is produced by 

CD4+ T cells and it is mainly produced by CD45RA+ naïve subset (Figure 4-1), which is 

consistent with previous findings on LTalpha, suggesting that naïve CD4+ T cells are the 

key cell subset for the maintenance of FRC network [156]. However, given the fact that a 

minor subset of memory CD4 T cells (~1%) are also expressing CD45RA, this minor 

memory population might also composes as a potential minor source of lymphotoxin-beta 

[222]. 

Sparing of FRC and FDC networks in SIV-infected SM and loss of both networks 

with CD4+ T cell depletion  

To evaluate this hypothesis, we used antibodies to desmin to label the FRC network in 

the TZ of LNs [120, 124], and antibodies to CD35 to label the FDC network in the B cell 

follicles [223]. In support of the hypothesis that CD4+ T cells are critical for the 

maintenance of the FRC network, we found that the FRC network was destroyed in 

pathogenic SIV infection of RMs, which correlates with the depletion of CD4+ T cells 

within LTs. Interestingly, there is a parallel depletion of   the FDC network in the B cell 

follicles after CD4+ T cell depletion due to SIV infection, suggesting that FDC network 

also relies on CD4+ T cells for their maintenance.   By contrast, the FRC and FDC 

networks were maintained in the non-pathogenic animal model of SIV-infected SMs in 

which CD4+ T cell counts are preserved despite the similar level of viral replication to 

SIV-infected RMs (Figure 4-2). To further test the hypothesis that CD4+ T cells are 

necessary for the maintenance of the FRC and FDC networks, we depleted CD4+ T cells 

in uninfected SMs and RMs with anti-CD4 antibodies, with the prediction that this would 

result in the loss of both networks. We had previously reported that the majority of CD4+ 

T cells in both peripheral blood and LTs  could be depleted by repeated treatment of 

animals with CD4+ T cell depleting antibody, assessed by flow cytometric analysis 

[221], and we now show by immune-fluorescence analysis of tissue sections from these 

animals that 1) the CD4+ T cells in the TZ and B cell follicles are both severely depleted 
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(Figure 4-3A); and that 2) depletion of CD4+ T cells leads to the loss of both FDC and 

FRC networks and loss of IL-7 production  in RMs and SMs (Figure 4-3A). In contrast to 

CD4+ depletion, the depletion of CD8+ T cells with CD8-depleting-antibody did not 

significantly affect FDC and FRC networks (Figure 4-3B), further supporting the 

hypothesis that the CD4+ T cell population is playing the principal role in the 

preservation of the FRC and FDC networks.  

Consequences of loss of the FRC network for CD4+ T cell restoration and depletion 

of CD8+ T cells  

The FRC network is critical for the maintenance of homeostasis of T cell populations by 

providing critical survival factors such as IL-7, so that the concomitant loss of the 

network and IL-7 (Figure 4-3A) should slow the restoration of CD4+ T cell populations 

after termination of CD4 depleting antibody treatment.  We indeed found that there was 

no significant increase of CD4+ T cells within LTs 28 days after the last administration 

of CD4 depleting antibody (Figure 4-4A), and there was also little restoration of the FRC 

network in SMs and RMs (Figure 4-4A and B). Since IL-7 is a survival factor particularly 

critical for both naïve CD4+ and CD8+ T cells [93, 118-119], the loss of the FRC 

network and IL-7 would also be expected to be associated with depletion of CD8+ T cells 

through increased apoptosis. We indeed found that CD8+ T cells are also significantly 

depleted within LTs in both CD4+ T cell depleted RMs and SMs coincident with 

increased apoptosis (Figure 4-5, A and B), which was sustained to account for continued 

lower CD8+ T cell counts 30 days after the end of the CD4+ T cell depleting treatments 

(Figure 4-5B).  

Depletion of CD4+ T cells and FRCs and FDCs in HIV infection and other 

immunodeficiency conditions 

In support of the hypothesized CD4-depletion mediated mechanism of depletion of FRC 

and FDC networks, we found that the number of CD4+ T cells significantly correlated 

with the sizes of the FRC and FDC networks in HIV infection before the initiation of 
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anti-retroviral therapy (ART), and that the slow restoration of CD4+ T cells after 

initiation of ART correlated with the slow restoration of FRC and FDC networks (Figure 

4-6).  

Amongst the significant issues in chemotherapy and irradiation for cancer treatment are 

1) severe depletion of CD4+ T cells and other lymphocytes and 2) the slow and 

incomplete immune reconstitution, particularly for naïve T cells after cessation of therapy 

[209, 224]. Since we have found that these same major impacts on T cell homeostasis in 

HIV infection are related to the “health” of the supportive FCR network, we tested the 

hypothesis that chemotherapy and irradiation lead to loss of FRC networks to thereby 

deplete T cells and restrict immune reconstitution after the cessation of the therapy. To 

test this hypothesis, we examined effects of chemoradiotherapy on depletion of FDCs and 

FRCs in cancer patients receiving chemoradiotherapy compared to age, gender and 

cancer type matched patients without chemoradiotherapy. We found that chemotherapy 

and irradiation depleted CD4+ T cells and diminished FRC and FDC networks in treated 

cancer patients compared to patients who had not been treated (Figure 4-7).  These 

findings again strongly support the model that loss of lymphocytes, particularly CD4+ T 

cells, leads to LT structure damage including loss of FRC network, which in turn impairs 

the survival of lymphocytes and restricts their restoration.  

Discussion 

The depletion of naïve CD4 T has been well documented during HIV and SIV infections  

[46, 48, 225-228]. Studies showed that this depletion strongly correlates with the 

depletion of memory CD4 T cell population and disease progression [227, 229-230], 

increasing incidence of non-AIDS related clinical events such as cardiovascular disease, 

liver disease and non-AIDS-related cancer [85-88, 185, 207, 229] and increased 

susceptibility to bacterial infections [89]. These suggest that naïve T cells might play a 

critical role in the pathogenesis of HIV infection. In support of this view, it has been 

recently reported in a non-human primate model that naïve T cell depletion markedly 

impaired SIV-specific CD4+ T cell responses, SIV env-specific antibody responses, SIV-
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specific CD8+ T cell responses but did not affect the homeostasis of the memory T cell 

population [231]. This suggests that the depletion of naïve T cell population may have a 

broader negative impact on the other arms of immune functions during HIV infection. 

Therefore, given the importance of naïve T cells in immune defense and 

immuocompetency, it is extremely critical to understand the mechanisms that lead to 

naïve T cells depletion during HIV infection. We have previously shown that there is a 

vicious cycle mechanism of CD4+ T cell depletion in SIV infection of RM in which 1) 

collagen deposition impedes access of naïve T cells to IL-7 on the FRC network and loss 

of IL-7 production by loss of FRC network itself, leading to the depletion of naïve T cells 

through increased apoptosis; and 2) depletion of naïve T cells as the source of LTbeta on 

which the FRC network depends for survival, leads to loss of the network, thereby 

amplifying and perpetuating the cycle of depletion of both naïve T cells and stromal cells 

[190, 214]. Since both CD4+ and CD8+ T cells were depleted in infected RMs, we could 

not unequivocally identify the source (s) of LTbeta and other FRC survival factors, and 

therefore in the studies we now report we compared the FRC network in pathogenic and 

non pathogenic models of SIV infection in which CD4+ T cells are depleted or preserved, 

analyzed changes in the FRC network in uninfected animals depleted of CD4+ and CD8+ 

T cells with antibodies, and examined the general relationships between CD4+ T cells 

and the FRC network in HIV infection and cancer patients.  

We show that 1) preservation of CD4+ T cells in SIV-infected SMs correlates with the 

maintenance of FRC network; 2) depletion of CD4+ T cells, but not CD8+ T cells, in 

uninfected SMs and RMs by antibody recapitulates the LT damage occurring in 

pathogenic SIV infection in RMs; and 3) CD4+ T cell depletion in HIV infection or 

chemotherapy and irradiation in cancer patients is associated with loss of the FRC 

network. Taken together, these findings support the general concept that naïve CD4+ T 

cell population are the source for LTbeta and other FRC survival factors that are critical 

for the maintenance of FRC network and the depletion of naïve CD4+ T cells thereby 

leads to the loss of FRC network during immunodeficiency conditions. 
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The link established here between CD4+ T cell depletion and damage to the LT niche 

clearly argues that therapeutic approaches for maintaining and restoring functional 

stromal cell networks should be beneficial in improving immune reconstitution. Because 

the CD4+ T cell depletion and damage to the stromal cell networks operate cumulatively 

during HIV infection, the most straightforward way to do this would be through earlier 

initiation of HAART to limit the depletion of both CD4+ T cells and FRC (and FDC) 

networks. Furthermore, these findings strongly suggest that activation of lymphotoxin-

beta receptor signaling pathway might be helpful for the restoration of stromal cell 

network during HAART. With availability of reagents such as the soluble form of 

lymphotoxin-alpha1beta2 or with a specific anti- lymphotoxin-beta receptor agonistic 

monoclonal antibody [232], it will be worth to test if the treatment of these reagents in 

SIV-infected rhesus macaques could improve the restoration of LTs. Lastly, devising 

treatment regimens that minimize CD4 T cell loss and that preserve/restore LT structure 

may also help to improve immune reconstitution for other immune cell subsets, including 

naïve CD8 T cell populations and B cell populations. Taken together, our findings have 

identified a novel mechanism by which HIV infection depletes FRC and FDC networks, 

and pointed potential therapeutic approaches to restore the functional stromal cell 

networks needed for immune reconstitution. 
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Figure 4-1.  
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Figure 4-1. CD4+ T cells are the major producers of LTbeta. (A-B) 

Immunofluorescent staining of LTbeta (Red), CD4 or CD8 (Green) in in LNs from RMs, 

showing that LTbeta is mainly expressed by CD4+ T cells. (C) Immunofluorescent 

staining of CD45RA (Red), LTbeta (Green) in LNs from RMs, showing that LTbeta is 

mainly expressed by naive T cells.
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Figure 4-2. 

 

                                  



 

  143

Figure 4-2. Maintenance of FRC and FDC networks within LTs in chronically SIV 

infected sooty mangabeys (SMs) but not in rhesus macaques (RMs).  (A) 

Immunohistochemical staining of desmin (left panel) and CD35 (right panel) in LNs from 

uninfected and chronically infected SMs and RMs, showing the intact FRC and FDC 

network in SMs during chronic infection compared to RMs. Original magnification x200. 

(B) Quantitative image analysis of the percent area of stromal cells, showing the 

preservation of both FDC and FRC networks in SMs but not in RMs. Bars represent the 

mean ± s.e.m.
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Figure 4-3. 
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Figure 4-3. Depletion of CD4+ T cells leads to depletion of both FDC and FRC 

networks in both RMs and SMs. (A) Immunofluorescent staining of CD4, CD35, 

desmin and IL-7 in LNs from RMs and SMs before and after CD4+ T cells depletion, 

showing that CD4+ T cell depletion leads to depletion of FRC and FDC networks and 

loss of IL-7 production in both SMs and RMs. Dotted circles represents the position of B 

cell follicles. (B) Immunofluorescent staining of desmin, a marker for both FRCs and 

FDCs in LNs from RMs and SMs before and after CD8+ T cell depletion, showing that 

the preservation of FDC and FRC networks after CD8+ T cell depletion in both RMs and 

SMs. Dotted circles represent the position of B cell follicles.
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Figure 4-4. 
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Figure 4-4. Slow restoration of CD4+ T cells correlates with slow restoration of FRC 

and FDC networks. (A) Immunofluorescent staining of CD4 and desmin in LNs from 

RMs before and at different time points after stopping CD4 depleting antibody treatment, 

showing that the slow restoration of CD4+ T cells after stopping antibody treatment 

correlates with slow restoration of FRC and FDC networks. 
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Figure 4-4B.  
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Figure 4-4. Slow restoration of CD4+ T cells correlates with slow restoration of FRC 

and FDC networks. (B) Quantitative image analysis of the number of CD4+ T cells in 

LNs and the percent area of stromal cells, showing the slow restoration of both CD4+ T 

cells and stromal cells. Bars represent the mean ± s.e.m and the dotted lines indicate the 

timing of anti-CD4 antibody administrations. All the comparisons are made between 

labeled time point and pre-depletion. Star color matches line color.  *P<0.05. **P<0.01. 

***P<0.001. 
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Figure 4-5. 
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Figure 4-5. Depletion of both FDC and FRC networks leads to depletion of CD8+ T 

cells in both RMs and SMs. (A) Immunofluorescent staining of CD8 (blue) and TUNEL 

(green) in LNs before and after CD4+ T cells depletion, showing that apoptosis level in 

CD8 population within LTs is elevated after CD4+ T cell depletion, which correlates with 

depletion of blue staining CD8+ T cells. (B) Quantitative image analysis of the number of 

apoptotic CD8+ T cells (left panel) and the number of CD8+ T cells (right panel) in RMs 

and SMs before and after receiving CD4-depleting-antibody , showing that CD4+ T cell 

depletion leads to increased apoptosis in CD8+ T cell populations therefore depleting 

CD8+ T cells. Bars represent the mean ± s.e.m and the dotted lines indicate the timing of 

anti-CD4 antibody. All the comparisons are made between labeled time point and pre-

depletion. Star color matches line color. ns, not significant. *P<0.05. **P<0.01. 

***P<0.001. 
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Figure 4-6. 
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Figure 4-6. Depletion of CD4+ T cells correlates with depletion of FRC and FDC 

networks in HIV infection. (A) Immunohistochemical staining of CD4, CD35 and 

desmin in LNs from uninfected and chronically HIV infected subjects, showing the 

depletion of CD4+ T cells in B cell follicles and TZ correlates with depletion of FDCs 

and FRCs in B cell follicles and TZ. Dotted circles represent the position of B cell 

follicles. Original magnification x200. (B) Correlation between the percent area of 

stromal cells and peripheral blood CD4+ T cell counts (cells/ul) before (upper panel) and 

after (lower panel) the initiation of ART.
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Figure 4-7. 

 

 



 

  155

Figure 4-7. Depletion of CD4+ T cells by chemoradiotherapy leads to depletion of 

FRC and FDC networks in cancer patients. (A) Immunohistochemical staining of 

CD4, CD35 and desmin in LNs from chemoradiotherapy treated patients and untreated 

patients, showing the depletion of CD4+ T cells in B cell follicles and T cell zone 

correlates with depletion of FDCs and FRCs. Dotted circles represent the position of B 

cell follicles. Original magnification x200.  (B) Quantitative image analysis of number of 

CD4+ T cells (upper panel) and amount of stromal cells (middle panel) within LNs of 

chemoradiotherapy treated patients and untreated patients, showing that both CD4+ T 

cells and stromal cells are depleted during chemoradiotherapy. The depletion of CD4+ T 

cells significantly correlates with the depletion of stromal cells within chemoradiotherapy 

treated patients.
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Table 4-1 List of primary antibodies and antigen retrieval methodologies 

 

Antibody Clone/ 

Manufacturer & 

Catalog # 

Antigen-retrieval 

Pretreatment 

Antibody 

Dilution 

Species 

Desmin D33 / 

 Lab Vision & 

# MS-376-S1 

Diva Decloaker; 

High pressure cooker 

for 30 seconds at 

125°C. 

1/200 Mouse 

Desmin Polyclonal / 

Lab Vision & 

# RB-9014-P1 

Diva Decloaker; 

High pressure cooker 

for 30 seconds at 

125°C. 

1/200 Rabbit 

CD35 Ber-MAC-DRC / 

Dako & 

# M0846 

Diva Decloaker; 

High pressure cooker 

for 30 seconds at 

125°C. 

1/100 Mouse 

CD21 1F8 / 

Dako / 

# M0784 

Diva Decloaker; 

High pressure cooker 

for 30 seconds at 

125°C. 

1/100 Mouse 

IL-7 7417 / 

R & D Systems & 

# MAB207 

Diva Decloaker; 

High pressure cooker 

for 30 seconds at 

125°C. Proteinase K 

treatment for 15 min 

1/100 Mouse 

Lymphotoxin

-beta 

135105 / 

R & D Systems & 

# MAB1684 

Diva Decloaker; 

High pressure cooker 

for 30 seconds at 

125°C. 

1/100 Mouse 

CD4 Polyclonal / 

R & D Systems & 

Diva Decloaker; 

High pressure cooker 

1/100 Goat 
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# AF-379-NA for 30 seconds at 

125°C. 

CD4 1F6 / 

Novacastra & 

# NCL-CD4–1F6 

Diva Decloaker; 

High pressure cooker 

for 30 seconds at 

125°C. 

1/100 Mouse 

CD8 SP16 /  

Neomarkers &  

# RM-9116-s 

Diva Decloaker; 

High pressure cooker 

for 30 seconds at 

125°C. 

1/100 Rabbit 

Lymphotoxin

-β 

Polyclonal / 

Santa Cruz Biotech. 

& # sc-23561 

 Diva Decloaker; 

High pressure cooker 

for 30 seconds at 

125°C. 

1/100 Goat 

In Situ Cell 

Death 

Detection Kit 

Roche Applied 

Science 

Cat. No. 1 684 817 

   

IgG Isotype 

Controls  

Dako,  

Jackson 

ImmunoResearch 

Diva Decloaker; 

High pressure cooker 

for 30 seconds at 

125°C.  Protease K 

(10 µg/ml). 

1/100 Mouse,  

Rabbit, 

Goat 
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Table 4-2. Demographic characteristics and clinical information of subjects 

 

Patien

t  

ID 

Disease 

(grade) 

Chemotherapy 

drugs history 

(drug doses) 

Radiat

ion 

therap

y dose 

Time 

since 

chem

o-

thera

py 

and 

radia

tion 

Races 
Gende

r 
Age 

Breast carcinoma-Chemotherapy group 

4915 Breast 

carcinoma 

(T2, N1/2, 

M0) 

4 cycles of 

Adriamycin 

(105mg) + 

Cytoxan 

(1050mg) 

N/A 18 

week

s 

Caucasia

n 

Female 70 

8871 Breast 

carcinoma 

(Grade 1) 

4 cycles of 

Adriamycin (103 

mg) + Cytoxan 

(1000 mg), 

followed by 4 

cycles of Taxol 

(300mg) and 

Neulasta (6mg) 

N/A 25 

week

s 

Caucasia

n 

Female 49 

4700 Breast 

carcinoma 

(T3, N1, 

M0) 

4 cycles of 

Adriamycin + 

Cytoxan 

(performed off-

site and the 

dosing 

information was 

N/A 14 

week

s 

Unknow

n 

Female 57 
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not available) 

9942 Breast 

carcinoma 

(T4, N1c, 

M0) 

4 cycle so 

fIdamycin + 

Cytoxan 

(performed off-

site and the 

dosing 

information was 

not available) 

N/A 14 

week

s 

Caucasia

n 

Female 59 

9576 Breast 

carcinoma 

(stage not 

available) 

4 cycles of 

Fluorouracil (280 

mg) + Epirubicin 

(140mg) + 

Cytoxan 

(920mg) + 

Herceptin 

(140mg). 

Followed by 

weekly 

Herceptin 

(140mg) + Taxol 

(150mg) for 12 

weeks 

N/A 30 

week

s 

Caucasia

n 

Female 38 

9493 Breast 

carcinoma 

(T2, N1, 

M0) 

3 cycles of Taxol 

dose 2 (300mg) 

+ Neulasta 

(6mg), followed 

by Adriamyacin 

(102mg) + 

Cytoxan 

N/A 25 

week

s 

Caucasia

n 

Female 51 
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(1020mg) + 

Neulasta (6mg) 

1594 Breast 

carcinoma 

(T3, N3c, 

M0) 

4 cycles of 

Adriamyacin and 

Cytoxan + 

Neulasta (6mg), 

followed one 

Taxol (175 

mg/m^2) 

N/A 16 

week

s 

Unknow

n 

Female 36 

7204 Breast 

carcinoma 

(T2, N0, 

M0) 

4 cycles of 

Taxotere 

(130mg) and 

Cytoxan 

(1044mg) + 

Neulasta (6mg) 

N/A 22 

week

s 

Caucasia

n 

Female 68 

4060 Breast 

carcinoma 

(T2, N1) 

Femar 2.5 

mg/day for 13 

weeks, followed 

by 1 cycle of 

Taxotere 

(130mg) 

Cytoxan 

(1000mg) and 1 

cycle of Nuelasta 

(6mg) 

N/A 23 

week

s 

Caucasia

n 

Female 64 

3438 Breast 

carcinoma 

(T3, N1, 

grade 2) 

4 cycles of 

Adriamycin 

Cytoxan (the 

dosing 

information was 

not available), 

N/A 26 

week

s 

Caucasia

n 

Female 42 
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followed by 12 

doses of weekly 

Paclitaxel (the 

dosing 

information was 

not available), 

followed by 1 

cycle of Neulasta 

(6mg), followed 

by weekly Taxol 

(122mg) for 12 

weeks. 

Breast carcinoma-Control group (no chemoradiotherapy before lymph node 

biopsy) 

4914 Breast 

carcinoma 

(T2.5, N0, 

M0) 

N/A N/A N/A Caucasia

n 

Female 32 

3873 Breast 

carcinoma 

(T2, N0, 

M0) 

N/A N/A N/A Caucasia

n 

Female 40 

9492 Breast 

carcinoma 

(pT1c, N0, 

M0) 

N/A N/A N/A Caucasia

n 

Female 47 

5333 Breast 

carcinoma 

(T1c, N0, 

Mx) 

N/A N/A N/A Caucasia

n 

Female 76 
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4197 Breast 

carcinoma 

(T2, N0, 

M0) 

N/A N/A N/A Black Female 51 

4934 Breast 

carcinoma 

(T2, N0, 

M0) 

N/A N/A N/A Caucasia

n 

Female 39 

2021 Breast 

carcinoma 

(grade 1) 

N/A N/A N/A Caucasia

n 

Female 62 

1979 Breast 

carcinoma 

(T1c, N0, 

M0) 

N/A N/A N/A Caucasia

n 

Female 57 

1626 Breast 

carcinoma 

(pT1c, 

N0(i-)(sn), 

MX) 

N/A N/A N/A Caucasia

n 

Female 42 

4131 Breast 

carcinoma 

pTis, N0, 

MX G2) 

N/A N/A N/A Caucasia

n 

Female 44 

Esophageal carcinoma-Chemoradiotherapy group 

5491 Esophagea

l 

carcinoma 

(stage not 

available) 

Treatment was 

performed off-

site and the 

information was 

not available 

N/A 11 

week

s 

Caucasia

n 

Male 46 
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3445 Esophagea

l adeno-

carcinoma 

(stage not 

available) 

Cisplatin and 

infusional 5FU 

(performed off-

site and the 

dosing 

information was 

not available) 

N/A Unkn

own 

Unknow

n 

Male 66 

9921 Adeno-

carcinoma 

of the 

gastro-

esophagea

l junction 

(T3, N0, 

M0) 

Epirubicin (50 

mg/m2), 

Oxaliplatin (130 

mg/m2) and 

Xeloda (625 

mg/m2), 

followed by one 

cycle Neulasta 

(6mg) 

N/A 23 

week

s 

Caucasia

n 

Male 75 

2670 Distal 

esophagea

l adeno-

carcinoma 

(T3, N0, 

M0) 

Two cycles of 

concurrent 

chemotherapy 

(performed off-

site and the drug 

information was 

not available) 

Area of 

tumor 

involve

-ment 

and 

regiona

l lymph 

nodes 

receive

d a 

dose of 

4500 

cGy in 

25 

fraction

s using 

11 

week

s 

Caucasia

n 

Male 56 
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a four 

field 

techniq

ue with 

10 MV 

photon

s 

2409 Adeno-

carcinoma 

of the 

gastro-

esophagea

l junction 

(T3, N1-2) 

 4 cycles of 

cisplatin 

(75mg/m2), 5-

FU 

(2300mg/day) 

25 

fraction

s1.8 Gy 

to 

gastro-

esopha

geal 

junctio

n, 

regiona

l lymph 

nodes 

and 

margin. 

50.4 

Gy 

total 

dose to 

primar

y site 

27 

week

s 

Caucasia

n 

Male 40 

7852 Esophagea

l 

carcinoma 

(stage not 

available) 

3 cycles 

carboplatin, taxol 

and 5-FU, 

followed by 

concurrent 

Dosing 

inform

ation 

was not 

availab

Unkn

own 

Caucasia

n 

Male 51 
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cisplatin and 5-

FU (performed 

off-site and the 

dosing 

information was 

not available) 

le 

5595 Esophagea

l 

carcinoma 

(stage not 

available) 

Treatment was 

performed off-

site and the 

information was 

not available 

Dosing 

inform

ation 

was not 

availab

le 

22 

week

s 

Caucasia

n 

Male 59 

2341 Esophagea

l adeno-

carcinoma 

(T3, N1, 

MX)  

2 cycles of 

Cisplatin (75 

mg/m2), 5-FU 

(100mg/m2) 

Dosing 

inform

ation 

was not 

availab

le 

26 

week

s 

Caucasia

n 

Male 78 

7932 Esophagea

l adeno-

carcinoma 

(T3, N1, 

M0) 

3 cycles of 

Carboplatin (658 

mg), Taxol 

(125mg) 

Radiati

on 25 

fraction

s with 

dose of 

45 Gy 

31 

week

s 

Caucasia

n 

Male 54 

Esophageal carcinoma-Control group (no chemoradiotherapy before lymph node 

biopsy) 

6669 Moderatel

y 

differentia

ted adeno-

carcinoma. 

(T1, N0) 

N/A N/A N/A Caucasia

n 

Male 55 
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4818 Esophagea

l 

leiomyom

a (T3, N0) 

N/A N/A N/A Caucasia

n 

Male 48 

4917 Adeno-

carcinoma, 

moderatel

y to poorly 

differentia

ted (T2, 

N0) 

N/A N/A N/A Caucasia

n 

Male 75 

4307 Adeno-

carcinoma, 

poorly 

differentia

ted, with 

papillary 

and clear 

cell 

features 

(T2, N0) 

N/A N/A N/A Caucasia

n 

Female 78 

5924 Adeno-

carcinoma, 

poorly 

differentia

ted (stage 

not 

available) 

N/A N/A N/A Caucasia

n 

Female 44 

3159 Moderatel

y 

differentia

ted adeno-

N/A N/A N/A Caucasia

n 

Male 57 
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carcinoma 

(T1, N0) 

6067 Moderatel

y to poorly 

differentia

ted adeno-

carcinoma 

(stage not 

available) 

N/A N/A N/A Not 

available 

Female 67 

4602 Multifocal 

high-grade 

dysplasia  

(stage not 

available) 

N/A N/A N/A Caucasia

n 

Male 51 

6669 Moderatel

y 

differentia

ted adeno-

carcinoma. 

(T1, N0) 

N/A N/A N/A Caucasia

n 

Male 55 

Note: If the patients also had radiation therapy, the lymph node biopsy is included in the 

radiation field. 
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Text in this chapter extracted from paper originally published by Trends in Immunology. 

Volume 33, Issue 6, June 2012, Pages 306–314 

Chapter 5 Medical Implications and Future Directions 

Introduction 

Despite the potent suppression of viral replication by HAART, limited immune 

reconstitution represents an important clinical issue.. Here we show that LT damage plays 

an important role in depletion of naïve T cells and limited immune reconstitution after 

HAART.  

Naïve T cells need to physically interact with the FRC network to access to survival 

factors such as IL-7 presented by the FRC network [93, 124, 190]. Conversely, the FRC 

network must also physically interact with T cells to receive lymphotoxin signals from 

CD4+ T cells to activate the lymphotoxin beta (LTβ) receptor-mediated signaling 

required to maintain the FRC network (Chapter 4) [156-157, 190, 233]. These 

interdependencies between the FRC network and CD4+ T cells set in motion a vicious 

cycle in HIV/SIV infection:, TGF-β1+ regulatory T cells stimulate collagen deposition 

within LTs (Chapter 2); collagen deposition in the T- cell zone (TZ) disrupts FRC 

network and limits T cells’ access to IL-7, leading to increased apoptosis of T cells, 

particularly naïve T cells (Chapter 2 and 3); this leads to depletion of LTβ+ T cells that in 

turn, deprives the FRC network of LTβ+ on which the network depends. This, along with 

the collagen-restricted access of LTβ+ T cells to the FRC network (Chapter 3 and 4), 

results in loss of the FRC network and further decreases in IL-7 availability for T cells. 

Thus, a positive loop mechanism is established that progressively and cumulatively 

causes T cell depletion, particularly in the naïve T cell populations and FRC network 

(Figure 5-1). 

 

Implications of the LT damage vicious circle model for improving immune 

reconstitution 
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This model suggests that the most straightforward way to improve immune reconstitution 

is by initiating HAART in early infection. In fact, early treatment does correlate with 

better restoration of naïve T cell populations and lower morbidity and mortality [74, 214, 

234-235]. 

 

This model also suggests the potential benefit of IL-7 as an adjunctive treatment in HIV 

infection. Indeed, studies have shown that complementing HAART with IL-7 during both 

SIV and HIV infection significantly increases naïve CD4+ T cell numbers [174, 176]. 

Furthermore, ex vivo and in vivo studies with T cells from HIV infected patients showed 

that IL-7 treatment could significantly up-regulate Bcl-2 levels to lessen the extent of 

apoptosis in CD4+ and CD8+ T cells from HIV-infected individuals [177-178]. These 

data consistently suggest that insufficient IL-7 is a key contributor in the impaired T cell 

homeostasis in SIV/HIV infection. However, the immediate decline of the absolute 

numbers of both naïve CD4+ and CD8+ T cells after termination of IL-7 therapy [174, 

176] suggests that complementing IL-7 only provides transient survival benefit for naïve 

CD4+ and CD8+ T cells and strongly argues for the development of therapeutic 

interventions to inhibit fibrosis thereby restoring a functional FRC network to provide 

long-term survival benefit for naïve T cells. 

 

There are several therapeutic targets that could be exploited in an effort to prevent or 

reduce fibrosis to preserve or restore the integrity of the FRC network during HIV 

infection. It has been shown that therapeutic interventions directed at the TGFβ signaling 

pathway could potentially avert or moderate this pathological process. Agents that can 

interfere or block the TGFβ pathway in animal models of fibrosis have been shown to be 

able to successfully prevent the development of fibrosis in various tissues or organs. 

TGFβ itself can be blocked by decorin, an endogenous glycoprotein capable of 

inactivating TGFβ by preventing access to its receptor [236]. The latent activation of 

TGFβ can be blocked by antibodies against the alphavbeta6 integrin, which is critical for 

the activation of TGFβ [237]. TGFβ signal transduction can be prevented by Imatinib 

mesylate and related tyrosine kinase inhibitors [238-239]. We recently identified that an 
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anti-fibrotic drugs called pirfenidone, which is currently in a phase II clinical trial in the 

treatment of pulmonary fibrosis (See: http://clinicaltrials.gov/ct2/show/NCT00080223), 

can potently block the TGFβ signaling pathway in an ex vivo model (Figure 2-15 and 2-

18). Our preliminary data in SIV infected RMs showed that treatment by pirfenidone can 

indeed preserve LT FRC network (Figure 5-2) and correlates with better CD4 

reconstitution (Estes J. et al. manuscript submitted). Another important parameter that has 

been shown to determine the amount of collagen is the degradation of collagen 

determined by matrix metalloproteases (MMPs) and their inhibitor tissue Inhibitor of 

metalloproteinases (TIMPs), which has been shown to be also dysregulated during HIV 

infection [48] and may also contribute to collagen deposition during HIV infection [76-

79]. Therefore, exploring strategies to restore the balance between MMPs and TIMPs 

may also help to remove the collagen deposition within LTs during HIV infection [76-

79]. 

 

Besides inhibition of fibrosis, another key therapeutic target is the disrupted FRC 

network. It has been shown that accumulation of CD4+CD3- lymphoid tissue inducer 

(LTi) cells in secondary LTs helps restore the FRC network after virus-mediated FRC 

network damage [240]. We have tested whether the LTi cells can help restore damaged 

LT structure in an ex vivo co-culture system. We found that the co-culture of autologous 

CD4+CD3- LTi cells and LT pieces helps restore FRC and FDC networks. This rescuing 

impact is dependent on the LTβ expressed by CD4+CD3- LTi cells and the physical 

interactions between CD4+CD3- LTi cells and LT stroma as LTβ blocking antibody or 

physical isolation of CD4+CD3- LTi cells from LT pieces by transwell can abolish this 

rescuing impact (Figure 5-3). This preliminary study suggests that CD4+CD3- LTi have a 

strong capability in re-initiating the generation of the FRC network. Therefore it would 

be worthwhile to explore whether this population of LTi cells could additionally restore 

the stromal cell network in SIV infected RMs model. 

 

Concluding remarks 
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The LT niche is critical for the homeostasis of naïve T cell population and damage to the 

niche contributes to the loss of naïve T cell during HIV infection and limits immune 

reconstitution after initiation of HAART. Thus, therapeutic interventions targeting these 

damaged niches could facilitate the restoration of HIV infected patients’ immune systems. 

Further elucidation of the molecular mechanisms underlying the finely regulated 

pathways involved in collagen formation, deposition, and degradation and the 

understanding of the molecular and cellular mechanisms that dictate the differentiation of 

FRC network will be crucial for developing potential LT structure-based therapies to 

improve immune reconstitution for HIV infected patients. Furthermore, the 

understanding of the impact LT damage on host immune function will provide more 

insights into the role of these pathological processes in the pathogenesis of HIV infection.
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Figure 5-1: 
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Figure 5-1. Collagen deposition and damage to the FRC network in HIV infection. 

(a) In the TZ of LN, naïve T cell survival depends on interacting with IL-7 produced and 

“posted” on the surface of FRC network. (b) During the acute phase of HIV infections, T 

cells are depleted due to direct viral killing and other mechanisms such as activation 

induced cell death (AICD). But immune activation also elicits a T regulatory response 

that activates TGFβ signaling in fibroblasts resulting in cumulative collagen deposition. 

Collagen deposition disrupts the FRC network and impedes access of T cells to the 

survival factor IL-7 on the FRC network, thereby causing increased apoptosis in naïve T 

cell populations, which, along with AICD, depletes T cells. (c) As infection progresses, 

depletion of T cells decreases LTβ, which, compounded by collagen-impeded access to 

LTβ for FRC network, results in further loss of FRC network and IL-7. Loss of the FCR 

network leads to further T cell depletion, particularly in the naïve T cell populations.  (d) 

This vicious cycle of survival interdependencies and collagen deposition cause 

progressive T cell depletion, particularly in the naïve T cell populations during the course 

of infection. (e) HAART can suppress the loss of CD4+ T cells due to the direct effects of 

infection and normalize immune activation to reduce losses of CD4+ T cells due to 

AICD. However, pre-existing collagen deposition, loss of FRC network and T cell 

depletion will limit immune reconstitution by the continued cyclical mechanisms shown 

in (d). Reproduced by permission from Trends in Immunology.
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Figure 5-2: 

 

                
 

Figure 5-2. Preservation of the FRC network with pirfenidone treatment. (a) 

Representative image of LN sections stained with anti-desmin antibody. These images 

are from RM that received pirfenidone and an RM that did not.  (b) Quantitative amount 

of FRCs in perfenidone-treated RMs and control RMs showing pirfenidone treatment 

helps to preserve FRC network..
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Figure 5-3: 
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Figure 5-3. LTi cells partially rescue the damaged FRC and FDC networks. (a) 

Experimental design of ex vivo co-culture of LTi cells with damaged LNs taken from 

chronically SIV infected RMs. (b) Immunofluorescent staining of desmin (green) and 

CD3 (blue) in LNs from chronically SIV infected RMs, showing LTi cells can partially 

rescue the depleted FDC and FRC networks in B-cell follicles and TZ (second panel 

compared to first panel). This rescue is dependent on LT beta and contact as blocking 

LTβ signaling pathway by anti- LTβ antibody or isolating from LTi cells from LN by 

transwell diminishes the rescuing effect. Dotted circles represent the position of B cell 

follicles.  
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