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Abstract 

 

 The HIV-1 protein Nef plays an important role in HIV-1 pathogenesis, 

both in humans and mouse models. Indeed, transgenic (Tg) mice expressing Nef 

under the control of the human CD4 promoter develop many phenotypes that 

closely resemble those of AIDS patients. Using these Tg mice, we have studied 

the effects of Nef on lymph node stroma, namely on fibroblastic reticular cells 

(FRCs), and blood and lymphatic endothelial cells (BECs and LECs, 

respectively). In human patients, a severe and irreversible loss of LN structure and 

function is observed, and this is correlated with the depletion of FRCs. We show 

that, in our model, Nef does not significantly change the size of the FRC 

population, nor does it affect its functions in resting lymph nodes (LNs). We 

hypothesized that FRCs are supported by lymphoid tissue inducer cells, which 

prevent their depletion. No fibrosis or loss of structure could be observed in the 

LNs of Tg mice, contrary to what is seen in human AIDS patients.  

Nef did, however, cause a localized expansion of BECs and LECs in 

medullary blood vessels and the subcapsular sinus, respectively, sometimes to the 

point of completely obstructing these structures. The mechanism driving this 

expansion is still under investigation. 

We also studied an unexpected effect of Nef expression on skin 

keratinocytes. This expression led to the development of an atopic dermatitis-like 

disease. Atopic dermatitis is one of the most prevalent skin diseases associated 

with AIDS but, to our knowledge, no HIV-1 protein had previously been directly 

linked to it. We show here that Nef causes this atopic dermatitis-like disease by 

inhibiting the Notch1 signalling pathway in keratinocytes. Thus, our data adds to 

the list of known Nef effects, and provides potential new insights for therapy. 
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Résumé 
 

 La protéine Nef du VIH-1 joue un rôle important dans la pathogenèse de 

ce virus, chez les humains et chez des modèles murins. En effet, des souris 

transgéniques (Tg) exprimant Nef sous le contrôle du promoteur CD4 humain 

développent des phénotypes très similaires à ceux retrouvés chez les patients 

atteints du SIDA. Nous avons étudié, chez ce modèle murin, les effets de Nef sur 

le stroma des ganglions lymphatiques (GL), c’est-à-dire sur les cellules 

réticulaires fibroblastiques (CRFs) et les cellules endothéliales vasculaires et 

lymphatiques (respectivement CEVs et CELs). Chez les humains infectés par le 

VIH-1, une perte sévère et irréversible de la structure et de la fonction des GLs est 

observée et est corrélée avec la déplétion des CRFs. Nous montrons ici que, dans 

notre modèle, Nef ne change pas significativement la taille de la population de 

CRFs et n’affecte pas ses fonctions. Nous proposons que la population de CRFs 

est maintenue par les cellules inductrices de tissu lymphoïde. Aucune fibrose ou 

perte de structure n’a été observée dans les GLs des souris Tg, contrairement à ce 

qui se retrouve chez les patients humains. 

Par contre, Nef cause une expansion localisée des CEVs et des CELs dans 

les vaisseaux sanguins médullaires et dans le sinus subcapsulaire, respectivement, 

parfois au point de complètement obstruer ces structures. Le mécanisme de cette 

expansion est à l’étude. 

Nous avons également étudié des effets inattendus de l’expression de Nef 

dans les kératinocytes de la peau. Cette expression a provoqué le développement 

d’une maladie similaire à la dermatite atopique. La dermatite atopique est l’une 

des maladies de peau les plus fréquentes chez les patients atteints du SIDA. 

Cependant, à notre connaissance, aucune protéine du VIH-1 n’y avait été 

directement associée à ce jour. Nous montrons ici que Nef cause cette maladie en 

inhibant la voie de signalisation de Notch1 dans les kératinocytes. Ainsi, nos 

résultats identifient de nouveaux effets de Nef et fournissent de nouvelles 

perspectives potentielles pour des thérapies. 
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Introduction  
 

Chapter 1: HIV-1 and AIDS  

 

 1.1 Epidemiology 

 

The Human Immunodeficiency Virus (HIV) is a retrovirus of the 

Lentivirinae subfamily. These viruses are characterized by an RNA genome and a 

reverse transcriptase (Gonda et al, 1986). HIV is responsible for the development 

of the acquired immunodeficiency syndrome (AIDS) in humans. The United 

Nations Organization estimates that, in 2011, 34 million people around the world 

lived with HIV. Although these figures have been steadily declining in the past 

decade, about 2,5 million adults and children were newly infected in 2011. HIV-1 

is mainly transmitted sexually, from mother to child during pregnancy, delivery, 

and breastfeeding, between drug users exchanging syringes and needles, and by 

transfusion of contaminated blood (UNAIDS World AIDS Day Report, 2012; 

www.unaids.org/).  

Infection leads to a progressive loss of immune cells. An individual is 

considered to be suffering from AIDS when their CD4+ T cell count drops below 

the threshold value of 200 cells/mm3 of blood (Pantaleo et al 1993a). By then, the 

immune system is severely compromised, which allows for the development of 

neoplasms and opportunistic infections. The UNAIDS 2012 report states that 

there were 1,7 million AIDS-related deaths in 2011. 

 

 1.2 Disease progression 

  

The evolution of the disease follows three main phases that are defined by 

the CD4+ T cell count: primary infection or acute phase, latency or chronic stage, 

and progression to AIDS. In the absence of therapy, this process can take about 
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ten to fifteen years (Gonda et al, 1986, Pantaleo et al, 1993a). Figure 1 

summarizes the different steps of the disease. 

The acute phase is characterized in most patients by non-specific 

symptoms resembling mononucleosis that arise 3 to 6 weeks post-infection 

(Gonda et al, 1986; Tindal and Cooper, 1991). Plasma virus titers rise to about 106 

to 107 virions/mL (Clark et al, 1991) as CD4 lymphocyte counts drop drastically 

(Gaines et al, 1990). It is during this phase that lymphoid organs are seeded and 

become reservoirs of virions (Pantaleo et al, 1993b). The plasma viral load then 

begins decreasing with the onset of specific humoral and cell-mediated immune 

responses (Tindal and Cooper, 1991; Koup et al, 1994; Safrit et al, 1994; Pantaleo 

et al 1995). This control of the infection allows for a partial or almost-complete 

reconstitution of the population of CD4+ T cells (Pantaleo et al, 1993b). This 

marks the transition into the chronic phase. 

The chronic phase, or latent phase, has a median length of ten years and is 

mostly asymptomatic (Pantaleo et al, 1993a). However, the viral load increases 

steadily and there is active HIV replication in the reservoir lymphoid organs, 

accompanied by a progressive loss of CD4+ T cells (Pantaleo et al, 1993c). As the 

disease progresses, the structure of the lymphoid organs is also lost, which further 

precipitates the deterioration of the immune system (Pantaleo et al, 1993b, 1995). 

The threshold for entry into the AIDS phase of the infection has been set 

to 200 CD4+ T cells/mm3. The viral load continues to rise, and neoplasms and 

opportunistic infections appear, that can lead to the patient’s death (Cheng-Mayer 

et al, 1988; Pantaleo et al, 1993a). 
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Figure 1: Evolution of CD4+ T cell counts and plasma viremia during HIV-1 
infection. Adapted from Pantaleo et al, 1993a. The acute phase appears in the first 
weeks after infection and is characterized by a marked increase in viremia and 
decrease in CD4+ T cell counts. The specific immune response that develops 
allows the host to regain control of the viremia, which allows the partial 
reconstitution of the CD4+ T cell population. This latent, asymptomatic phase can 
last several years and sees a progressive loss of CD4+ T cells. Eventually, T cell 
counts become too low to control the infection, and the patient progresses to 
AIDS, during which the plasma viremia increases and the patient becomes 
susceptible to opportunistic infections that can lead to their death. 
 
 

 1.3 Mechanism of infection 

 

  1.3.1 Tropism 

 

The main receptor for HIV-1 is the CD4 molecule (Dalgleish et al, 1984). 

The HIV-1 protein gp120 binds to CD4, but entry into the target cell also requires 

the expression of co-receptors. Two molecules preferentially fill this role: CCR5 

and CXCR4 (Paxton et al, 1996; Berger et al, 1999). Other co-receptors have been 

described and can be classified into two categories: chemokine receptors and C-

type lectins (Pollakis and Paxton, 2012). This array of co-receptors allows the 

virus to infect a large panel of cells of the immune system. Naïve and memory 
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CD4+ T cells (Centlivre et al, 2011), monocytes, macrophages, dendritic cells, 

Langerhans cells (Almodóvar et al, 2007; Boy et al, 2009; Vázquez et al, 2010), 

plasmacytoid dendritic cells (Centlivre et al, 2011), and mast cells (Steinsvoll et 

al, 2004) have all been shown to carry HIV-1. The virus has also been found in 

epithelial cells of the skin and digestive tract (Steinsvoll et al, 2004). 

During transmission and primary infection, HIV-1 virions use exclusively 

CCR5 as co-receptor and CXCR4-using strains appear later during the course of 

the disease (Rieder et al, 2011). The affinity of the envelope of the virus and the 

expression patterns of both co-receptors can explain this preference. For instance, 

high levels of CCR5 have been observed in mucosae of entry sites of the virus 

(McKinnon et al, 2011; Prodger et al, 2012; Meditz et al, 2012). The other 

chemokine receptors that can be used as co-receptors includes CCR1, CCR2b, 

CCR3, CCR4, CCR6, CCR8, APJ, CXCR6, CXCR3 or CXCR7 (Pollakis and 

Paxton, 2012). As is the case for CCR5 and CXCR4, their expression patterns 

through time and in the body determine which organs and cell types can be 

infected. These co-receptors allow the entry of HIV-1, but also of HIV-2 and the 

Simian Immunodeficiency Virus (SIV; Pollackis and Paxton, 2012). 

The other category of HIV-1 co-receptors is C-type lectins. These 

molecules bind the virus and thus increase the possibility of infection through the 

CD4/CCR5 or CXCR4 pathway (Pollakis and Paxton, 2012). C-type lectins such 

as DC-SIGN, L-SIGN, or DC-SIGNR play a role in the dendritic cell trafficking. 

They also promote the formation of immunological synapses (Pöhlmann et al, 

2011; Soilleux, 2003). This facilitates the dissemination of the virus through the 

body as well as the infection in trans of target cells (Wichukchinda et al, 2007; 

Hijazi et al, 2011). 

 

 1.3.2 Replication cycle 

  

Once the gp120 protein binds CD4 and a co-receptor, gp41, the other 

envelope protein of HIV, undergoes conformational changes that lead to the 

fusion of the viral membrane with that of the host cell (Chan and Kim, 1998). The 
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virus can also enter the cell by endocytosis followed by fusion of the viral 

membrane with the endosome membrane (Goto et al, 1998). Following this 

fusion, the viral RNA and the viral enzymes (reverse transcriptase, integrase, 

ribonuclease, and protease) are released into the cell’s cytoplasm (Chan and Kim, 

1998) and the RNA is transcribed into double-strand DNA by the reverse 

transcriptase.  

The double-strand DNA translocates to the nucleus in association with viral 

and host proteins, forming the preintegration complex. The viral integrase is part 

of this complex and inserts the viral DNA into the host cell’s genome, forming the 

provirus (Asante-Appiah and Skalka, 1999; Craigie, 2001). The viral DNA can 

then be transcribed. The viral DNA contains a promoter and an enhancer 

sequence, but they are weakly active in the basal state. Efficient elongation 

requires host transcription factors such as P-TEFb, which phosphorylates the C-

terminal domain of the host RNA polymerase II and favor elongation (Garber and 

Jones, 1999; Zheng et al, 2005). Purcell and colleagues (1993) have reported that 

one full-length, 9kb, mRNA can be spliced into 46 products, some single-spliced 

at 4,4 kb, others multiply-spliced (2,2 kb). The spliced mRNA are then exported 

into the nucleus, which again requires host proteins such as CRM1 and RanGTP, 

and translated in the cytoplasm (Cullen, 2003). 

The viral proteins are assembled into virions in glycolipid-enriched lipid 

rafts of the cellular membrane (Nguyen and Hildreth, 2000), and the viral 

particles are released. 

 

1.4 The HIV-1 genome 

 

 The HIV-1 genome consists of two identical copies of a plus strand of 

linear RNA. Each copy contains nine open reading frames (ORFs) that encode 15 

proteins. The HIV-1 genes can be separated into structural genes, regulatory 

genes, and accessory genes (Frankel and Young, 1998). 
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1.4.1 Structural genes (gag, env, pol)  

 

 The gag, pol, and env genes are common to all retroviruses. They are first 

transcribed and translated as polyproteins, Gag-Pol and Env, and then cleaved. 

Gag is synthetized as a precursor, Pr55Gag, that contains four protein domains and 

localizes to the cell membrane for virion assembly. The newly assembled virion is 

released as a non-infectious particle. Cleaving of Pr55Gag into p24 (capsid), p17 

(matrix), p7 (nucleocapsid), and p6 is necessary for the maturation of the virion. It 

acquires a condensed and conical core typical of an infectious virion (Ono et al, 

2000).  

The matrix protein of Gag is required for the targeting of Gag and Gag-Pol 

polyproteins to the cell membrane. Its N-terminal domain is myristoylated, which 

allows it to bind the cell membrane and anchor the virion during assembly (Hill et 

al, 1996). In addition to this, it also plays a role in the incorporation of the Env 

proteins gp41 and gp120 into viral particles (Freed and Martin, 1996).  

The full length, genomic viral mRNA is delivered to the assembling virion 

by the nucleocapsid protein bound to its ψ locus (Clever and Parslow, 1997). The 

nucleocapsid protein also coats it in the mature viral particle (Laughrea M et al, 

1997; Frankel and Young, 1998). It also binds single stranded nucleic acids 

present in a non-specific way to coat the genomic RNA and protect it from the 

nucleases of the host cell (Frankel and Young, 1998). 

In the assembled virion, the genomic RNA is localized within the core of 

the particle composed of about 2,000 capsid proteins (Frankel and Young, 1998). 

The last Gag protein is p6, which mediates an efficient particle release and 

incorporates Vpr into the virions (Huang et al, 1995). 

The env gene encodes a precursor protein, gp160, that transits through the 

endoplasmic reticulum to be glycosylated. It then moves on to the Golgi apparatus 

where is cleaved into gp120 and gp41 by host proteases. Both of these proteins 

subsequently undergo glycosylation modifications (Earl et al, 1991). These 

modifications play an important part in virus infectivity, as they are recognized 

and bound by DC-SIGN and other lectin receptors (Turville et al, 2002). Gp120 
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and gp41 remain linked by non-covalent bonds, and eventually transit to the 

plasma membrane for virion assembly (Corbitt et al, 1990). 

gp120 is the first viral protein to interact with the target cell. As mentioned 

earlier, it primarily binds CD4, for which it has a high affinity (KD ~ 4nM; Luciw, 

1996). This binding leads to conformation changes of both gp120 and gp41, 

which facilitate co-receptor binding and entry into the target cell (Clapham, 

1997).  

gp41 binds the co-receptors, usually CCR5 or CXCR4, and mediates the 

fusion of the viral membrane with that of the target cell (Frankel and Young, 

1998). 

The third gene common to all retroviruses is pol. It encodes the enzymes 

necessary to the viral life cycle.  

The first of these enzymes is the reverse transcriptase, which catalyzes 

both RNA-dependent and DNA-dependent DNA synthesis in order to generate a 

viral double stranded DNA (Telesnitsky and Goff, 1997). This process occurs in 

three steps: first, the enzyme synthetizes cDNA from the genomic RNA. It then 

degrades the RNA strand, and generates the second DNA strand (Huber et al, 

1989; Fuentes et al, 1996). The reverse-transcription of the viral RNA requires the 

host tRNALys3 that is used as a primer (Varmus and Swanstrom, 1991).  

The viral DNA is then integrated into the host cell’s genome by the viral 

integrase, which catalyzes the two steps of the process. While still in the 

cytoplasm of the cell, the integrase binds the 3’ end of the viral DNA and cleaves 

it to expose its hydroxyl group. Once in the nucleus, it acts as a ligase to join the 

3’ end of the viral DNA to the 5’ end of the host’s cleaved DNA. The integrase is 

also responsible for cleaving the cell’s DNA (Bushman and Craigie, 1991). 

The third enzyme is the viral protease. During assembly, the polyproteins 

Gag and Gag-Pol are used, instead of their cleaved products. Thus, the virion that 

is released from the host cell is immature and non-infectious. The protease 

catalyzes the cleaving of these polyproteins, which triggers conformational 

rearrangements and gives rise to the fully mature virus. As it is part of Pol, its 

own activity depends on Gag-Pol levels and the rate of autoprocessing (Zybarth 
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and Carter, 1995). The protease cleaves Gag into the matrix (p17), capsid (p24), 

nucleocapsid (p7), and p6 proteins, and Pol into the reverse transcriptase, the 

integrase, and more protease (Oroszlan and Luftig, 1990). 

 

  1.4.2 Regulatory genes (tat, rev)  

 

Initiation of transcription of the HIV-1 provirus depends on host factors 

such as NF-κB or TBP, which can bind the HIV-1 promoter found in the 5’ long 

terminal repeat (LTR) of the viral DNA (Jones and Peterlin, 1994). Still, even in 

the presence of these factors, the transcription of the viral genome is inefficient 

and blocked at the elongation phase. The transactivation protein Tat enhances the 

activity of RNA polymerase II. It can increase the production of viral mRNA by 

100-fold. To do so, Tat binds the transcription complex and recruits factors, such 

as TFIIH, cyclin T and CDK9, to phosphorylate the RNA polymerase II C-

terminal domain (Parada and Roeder, 1996; Cujec et al, 1997; García-Martínez et 

al, 1997; Karn, 1999). 

 

The protein Rev has been implicated in the export of viral RNAs out of the 

nucleus. It binds viral mRNAs via the Rev-Response Element (RRE) present on 

unspliced gag and gag-pol mRNA, and on single-spliced env mRNA. This allows 

for export into the cytoplasm through the interaction of Rev with the CRM-1-

mediated nuclear export pathway (Ullman et al, 1997; Grewe and Uberla, 2010). 

This increases the production of Gag, Gag-Pol, and Env polyproteins in the 

cytoplasm, as well as genomic RNA packaging, all necessary for virion assembly. 

In the absence of Rev, most viral mRNAs are doubly spliced and encode Tat, Nef, 

and Rev (Frankel and Young, 1998; Groom et al, 2009). 

 

  1.4.3 Accessory genes (vif, vpu, vpr, nef)  

 

The virion infectivity factor (Vif) plays a role in the production of 

infectious virions. Viral particles containing Vif mutants show defects in 
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infectivity, but only in certain cell types, which suggests that some cell 

populations produce a factor that has similar effects on virions (Cohen et al, 

1996). Vif also counters some of the cell’s defenses, as it blocks the antiretroviral 

effects of APOBEC proteins. In the absence of Vif, these proteins are 

encapsidated in the viral particles and restrict and disrupt the RNA reverse 

transcription by cytidine to uridine editing and by deaminase-dependent 

mechanisms, respectively. Vif prevents the encapsidation of certain APOBEC 

proteins, such as APOBEC3G and APOBEC3F, by inducing their ubiquitination, 

which leads to their degradation (Goila-Gaur and Strebel, 2008).  

 

The viral protein U (Vpu) also counters cellular defenses. Specifically, it 

antagonizes the effects of the host protein Tetherin. Tetherin is a glycosylated 

transmembrane protein that cross-links virions to the plasma membrane. It has 

been shown to have similar effects on many enveloped viruses, including 

retroviruses, filoviruses (Ebola and Marburg viruses), paramyxoviruses (Nipah 

virus), and Kaposi Sarcoma Herpes Virus (Neil et al, 2006; Van Damme et al, 

2008; Jouvenet et al, 2009; Mansouri et al, 2009; Sakuma et al, 2009), thus 

indicating that it does not need specific interactions with the virions to exert its 

effects. Vpu induces a downregulation of Tetherin at the cell surface by increasing 

its degradation in lysosomes and sequestering it in the trans Golgi network, thus 

facilitating the release of viral particles from the cell surface (Van Damme et al, 

2008).  

The other role of Vpu is to induce CD4 downregulation from the plasma 

membrane. Vpu binds the cytoplasmic domain of newly-synthetized CD4 in the 

endoplasmic reticulum (Willey et al, 1992; Bour et al, 1995) and targets it for 

degradation by the ubiquitin/proteasome pathway (Margottin et al, 1998). This 

depends on Vpu phosphorylation (Schubert and Strebel, 1994). The degradation 

of CD4 prevents it from binding gp160 as it traffics to the plasma membrane, 

which increases the efficiency of the production of viral proteins and of their 

assembly into virions. In addition, Vpu also promotes MHC I degradation, which 

can protect the infected cells from cytotoxic T lymphocytes (Kerkau et al, 1997). 
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Vpr, the viral protein R, is present in HIV-1 viral particles (Bachand et al, 

1999). It has been implicated in the migration to the nucleus of the preintegration 

complex (Cohen et al, 1996). It can also induce an arrest of the cell cycle in G2 

phase, prevent entry into mitosis (Emerman, 1996), and promotes apoptosis. In 

addition, Vpr has been shown to modulate the transcription of the viral DNA 

(Sawaya, 2000) and to reduce its mutation rate (Mansky, 1996). 

 

The last regulatory protein encoded by the HIV-1 genome is Nef. It plays a 

crucial role in HIV-1 pathology as humans and rhesus macaques infected with a 

Nef-deficient strain of HIV-1 or SIV, respectively, show a very slow progression 

of the disease (Kestler et al, 1991; Daniel et al, 1992; Deacon et al, 1995). The 

best-characterized effects of Nef are the downregulation of CD4 and of MHC I, 

which leads to their degradation, as well as its disruption of the TcR signaling 

pathway in CD4+ T cells (Mangasarian and Trono, 1997; Simmons et al, 2001, 

reviewed in Foster and Garcia, 2008). The structure of Nef allows it to interact 

with many host proteins and to mediate a great panel of effects. We are going to 

detail these, as well as the above-mentioned ones, in the next chapter. Figure 2 

represents the organization of the HIV-1 genome, as well as the localization of the 

different viral proteins in the virion. 
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HIV-1 LIFE CYCLE 3

Figure 1 Organization of the HIV-1 genome and virion.

as a molecular entity consisting of 15 proteins and one RNA. We first describe
how each component fits into the viral life cycle, and then we review selected
structural and biochemical studies to highlight important functional aspects of
each protein.
In our view, the HIV-1 replication cycle may be broken into 15 discrete

steps, as depicted in Figure 2. We begin the cycle with the viral genome inte-
grated into a host chromosome, and we describe the order of events that lead to
expression of the viral gene products, production of virus particles, infection
of a new cell, and reintegration of the viral genome. In step 1, viral transcripts
are expressed from the promoter located in the 50 long terminal repeat (LTR),
with Tat greatly enhancing the rate of transcription. In step 2, a set of spliced
and genomic-length RNAs are transported from the nucleus to the cytoplasm,
where they can be translated or packaged. This step is regulated by Rev. In
step 3, viral mRNAs are translated in the cytoplasm, and the Gag and Gag-
Pol polyproteins become localized to the cell membrane. The Env mRNA is
translated at the endoplasmic reticulum (ER). In step 4, the core particle is
assembled from the Gag and Gag-Pol polyproteins (later processed to MA,
CA, NC, p6, PR, RT, and IN), Vif, Vpr, Nef, and the genomic RNA, and an
immature virion begins to bud from the cell surface. To provide SU and TM
proteins for the outer membrane coat during budding, the Env polyprotein must
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Figure 2: Organization of the HIV-1 genome and viral particle. Adapted from 
Frankel and Young, 1998. The HIV-1 genome comprises 9 genes, which encode 
15 proteins. LTR: Long Terminal Repeat; MA: p17 (Matrix); CA: p24 (Capsid); 
NC: p7 (Nucleocapsid); PR: Protease; RT: Reverse transcriptase; IN: Integrase; 
SU: gp120 (Surface); TM: gp41 (Transmembrane). 
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Chapter 2: The HIV-1 protein Nef  

  

2.1 Structure of Nef 

  

 Nef is a 27-35 kDa protein found in HIV and SIV, and is one of the first 

viral proteins to be expressed after infection. Its structure has been resolved by 

NMR and X-ray crystallography. Numerous conserved motives have been 

identified in its sequence, as well as a wide array of interacting partners that allow 

it to mediate its many effects: enhancement of virion infectivity, support of viral 

replication, downregulation of CD4 and MHC I from the cell surface, activation 

of Pak kinases, and disruption of the TcR signaling pathway (Geyer et al, 2001). 

Nef possesses an N-terminal arm of ~70 residues, a core domain of ~120 

residues, and a C-terminal tail of 10-30 residues present only in HIV-2 and SIV. 

The core domain has the most conserved sequence, which suggests that it contains 

the different interaction domains necessary to Nef function (Arod and Baur, 

2001). Table 1 summarizes the different motifs found in the sequence of Nef and 

their known interaction partners. The signification and consequences of these 

interactions is discussed below. 

Nef also receives post-transcriptional modifications. It has a 

myristoylation motif in its N-terminal arm that is highly conserved. This indicates 

that Nef is targeted to the cellular membranes and that this association is critical 

to its function. In fact, N-myritoylation of Nef has been shown to be required for 

all of its biological effects (Harris, 1995), except the activation of the 

Hematopoietic Cellular Kinase, Hck (Briggs et al, 2001).  
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Table 1: Conserved motifs of HIV-1 Nef. Adapted from Geyer et al, 2001. 
Reviewed in Geyer et al, 2001, and Arold and Baur, 2001. 

 

 

2.2 Functions of Nef 

 

As shown in Table 1, Nef has a wide array of interaction partners. Foster 

and colleagues (2011) propose that Nef forms ternary complexes that result in 

abnormal associations between host proteins. This explains how Nef is able to 

mediate effects as different as the enhancement of virion infectivity and 

replication, the downregulation of CD4 and MHC I from the cell surface, the 

activation of Pak kinases, and the disruption of the TcR signaling pathway. All of 

these phenotypes, however, have one thing in common, in that they contribute to 

Motif in HIV-1 Nef (NL4-3) Interacting protein 

Protein Modification  

    MGxxxS(1) N-myrisoyl transferase 

    CAWLEA(55) HIV-1 protease 

Signaling  

    PxxPxR(72) SH3 domains of Src family kinases 
(Hck, Lck, Src, Fyn); TcR ζ 

    RR(105) PAK 1 and PAK2 

    DDPxxE(174) cRaf-1 kinase 

Trafficking  
    WL(57), L(110) Cytoplasmic tail of CD4 

    EEEE(62) PACS-1 

    FPD(121) Human thioesterase 

    EE(154) β-COP 
    ExxxLL(160) Adaptor proteins AP-1, AP-2, and AP-3 

    DD(174) V1H 
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the persistence of the HIV-1 infection (Geyer et al, 2001). We are now going to 

further detail the main effects of Nef. 

 

 2.2.1 Enhancement of viral infectivity 

 

A functional nef gene is necessary to maintain a high viral load, for virus 

replication, and for progression to AIDS (Kestler et al, 1991; Aldrovandi and 

Zack, 1996). Kimpton and Emmerman (1992) have demonstrated that Nef is also 

required for virion infectivity. This process is very complex and not yet fully 

understood, but several of the implicated mechanisms have been identified (Foster 

et al, 2011).  

Inhibition of lysosome and proteasome function can enhance HIV-1 

infectivity, which suggests that Nef acts by stabilizing the pre-integration complex 

(Wei et al, 2005). Functional PxxPxR and ExxxLL domains, that bind SH3 

domains and adaptor proteins, respectively, are also required to enhance virion 

infectivity. Thus, it appears that the modifications of cell signaling pathways and 

of protein trafficking are also involved in this process (Madrid et al, 2005; 

Coleman et al, 2006). In addition, the downregulation and degradation of CD4 

mediated by Nef also play a part. CD4 binds the HIV Env protein. It can therefore 

bind budding virions, thus preventing their release. CD4 can also accumulate into 

virions, which could prevent the incorporation of the Env protein during virion 

assembly (Lama et al, 1999; Lundquist et al, 2002). Nef counters these effects and 

enhances the release of viral particles.  

 

2.2.2 CD4 downregulation 

 

CD4 downregulation is one of the best well-known effects of Nef, and the 

best studied. Nef binds the cytoplasmic tail of CD4 via its WL(57), L(110) motif (KD 

~ 1 µM; Grzesick et al 1996; Preusser et al, 2001) and recruits AP-2 to mediate 

the internalization of CD4 (Chaudhuri et al, 2009). CD4 is then targeted to the 

lysosome for degradation (da Silva et al, 2009). 
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Of note, Vpu has also been shown to induce CD4 downregulation at the 

cell surface, but this HIV-1 protein acts by blocking its traffic to the cell 

membrane (Piguet et al, 1999). 

As CD4 is the primary receptor for HIV-1 particles, its downregulation at 

the cell surface prevents over-infection of the target cell, which would overload 

protein synthesis capacity without leading to the production of more viral particles 

(Harris, 1999). As mentioned earlier, it also facilitates the release of virions. In 

addition, the downregulation of CD4 disrupts its interaction with the Lymphocyte-

specific protein tyrosine Kinase (Lck) involved in the TcR signaling pathway. 

This leads to an accumulation of Lck to endosomes, which affects the activation 

of the TcR signaling pathway and the formation of efficient immunological 

synapses when CD4+ T cells come into contact with antigen-presenting cells 

(Thoulouze et al, 2006).  

 

2.2.3 MHC I downregulation 

 

MHC I downregulation presents similarities with CD4 downregulation. 

The proposed mechanism has Nef binding the cytoplasmic tail of MHC I and 

recruiting AP-1, thus leading to MHC I internalization (Noviello et al, 2008). 

MHC I first accumulates in endosomes, then transits to trans-Golgi vesicles from 

where it is targeted to lysosomes and degraded (Piguet et al, 1999 and 2000). In 

addition, newly-synthetized MHC I can also be rerouted to lysosomes instead of 

trafficking to the cell surface (Schaefer et al, 2008). This downregulation of MHC 

I prevents the display of HIV-specific antigens at the cell surface and protects the 

infected cell from recognition and lysis by cytotoxic T lymphocytes (Marsh, 

1999). This enhances viral persistence in infected individuals. 

 

2.2.4 Cellular activation 

 

The main function of Nef is to modify the cellular environment to promote 

HIV replication and persistence. Activation of infected T cells is necessary for 
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virus replication, and has been linked to disease progression (Hazenberg et al, 

2003). Indeed, activated T cells divide rapidly and die, most likely through 

activation-induced cell death, which accelerates the transition to AIDS (Meyaard 

et al, 1992). Nef has been shown to mediate such an effect (Simmons et al, 2001). 

Simmons and colleagues studied the changes in gene expression induced by Nef 

expression and crosslinking of CD3 in T cells, and found a striking 97% overlap. 

Activated T cells express factors such as NFAT and NF-κB, which can bind the 

viral promoter and thus upregulate the transcription of the provirus (Zack et al, 

1990). 

In addition, Nef enhances Lck activity in thymocytes, which mimics a 

constitutively active TcR signaling pathway. However, this limits the reactivity of 

the cells to TcR stimulus and the capacity of CD4 to contribute to TcR signaling 

(Chrobak et al, 2010), as well as disrupting the maturation of the thymocytes. Nef 

has also been shown to inhibit the formation of immune synapse (Thoulouze et al, 

2006). Thus, while an activated state of infected cells promotes viral replication, it 

also increases the perturbation of the immune system. 

 

2.2.5. Apoptosis and cell survival 

 

 While the state of chronic inflammation that results from HIV-1 infection 

leads to cell death by exhaustion, Nef itself influences survival and apoptosis of 

both infected and virus-free cells. Nef can bind the ζ chain of the TcR, which 

leads to Fas-ligand expression at the cell surface (Xu et al, 1999). It can bind the 

Fas receptor of a cytotoxic T lymphocyte (CTL), and thus induce the cell’s 

apoptosis before the CTL could recognize, and kill, the infected cell (Mueller et 

al, 2001). This, combined with the downregulation of MHC I, leads to evasion of 

the immune system and survival of the infected cell. In addition, it contributes to 

the general immune disruption induced by HIV infection, and prevents the 

development of an efficient HIV-specific immune response. 

 In addition to enhancing immune evasion, Nef promotes the survival of the 

infected cells by preventing their own apoptosis. Nef associates with and blocks 
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the activity of the Apoptosis Signaling Regulating Kinase 1, ASK 1, which is 

involved in Fas and TNF-receptor signaling pathways. By doing so, Nef 

effectively inhibits the induction of apoptosis through these pathways (Fackler 

and Baur, 2002). 

Nef has also been shown to bind both the PAK2 kinase and the PI-3 kinase 

simultaneously, which leads to the activation of PAK2. The Nef-PAK2-PI-3 

complex then phosphorylates Bad (Wolf et al, 2001). The pro-apoptotic Bad 

forms heterodimers with the anti-apoptotic Bcl-2. Upon phosphorylation of Bad, 

Bcl-2 is released and promotes cell survival (Gross et al, 1999). 

 

2.2.6 Remodelling of actin cytoskeleton 

 

 Nef has also been shown to interact with the actin cytoskeleton of infected 

cells, with different outcomes. It remodels the cortical actin barrier to facilitate the 

entry of the viral proteins and genome into the cell (Campbell et al, 2004). There 

is also evidence that Nef, through its interaction with PAK2 and the host Rho 

GTPase exchange factor Vav, both involved in actin cytoskeleton dynamics, 

enhances trafficking of the viral core to the microtubule network, where reverse 

transcription happens and which then transports the viral elements to the nucleus 

(Anderson and Hope, 2005). 

 In addition to their role in intracellular traffic, the interactions of Nef with 

the actin cytoskeleton also modulate the motility of the infected cells. Nef is 

necessary and sufficient to induce the formation of filopodia in HIV-infected T 

cells. Virions were shown to accumulate in these filopodia, which also established 

contact with neighboring T cells, infected or not. This likely has a role in virus 

dissemination (Nobile et al, 2010). In vitro, the infected T cells showed a reduced 

intrinsic motility and chemotaxis towards CXCL12, CCL19, and CCL3, although 

not because of reduced receptor levels at the cell surface (Nobile et al, 2010). This 

would affect T cell migration to and through secondary lymphoid organs. In the 

case of T cells infected directly in lymph nodes, defects in migration could 
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explain their sequestration to the organ, as seen in chronic HIV infection 

(Lederman and Margolis, 2008). 

 Immune system evasion and cellular activation are also modulated by actin 

remodelings mediated by Nef. As is the case with intracellular trafficking, these 

effects depend on the interaction of Nef with Vav and PAK2 (Niederman et al, 

1993; Fackler et al, 1999 and 2000). 

 

 Taken together, these results show that Nef is a major determinant of 

pathogenicity, and that it modulates the cellular environment to enhance viral 

survival and dispersal through the host’s body.  
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Part 1: Effects of the HIV-1 protein Nef on the stroma of 

peripheral lymph nodes 
 

Chapter 3: Peripheral lymph nodes 

  

3.1 Organogenesis of lymph nodes 

 

 Lymph nodes (LNs) are part of the secondary lymphoid organs (SLOs). 

They filter lymph and exist only in mammals (Lammerman and Sixt, 2008). In 

humans, about 450 LNs are spread throughout the body, while mice comprise 22 

identifiable LNs (Willard-Mack, 2006). In mice, LN development starts at around 

embryonic day (E) 10.5 with the formation of lymph sacs that result from 

endothelial cell budding from the larger veins. Connective tissue then invades the 

lymph sacs, thus forming the anlagen of LNs (Mebius, 2003). The first cells to be 

recruited to the LN anlagen are the CD45+ CD4+ CD3– Lymphoid Tissue 

Inducer cells (LTi), between E12.5 and E13.5 (Yoshida et al, 2002). These cells 

originate in the fetal liver and their development is RORγt-dependent (Eberl et al, 

2004; Spits and Di Santo, 2011).  

 LTi recruit Lymphoid Tissue Organizing cells (LTo) to the developing 

LN. LTo are stromal cells of mesenchymal origin that express both VCAM-1 and 

ICAM-1 (Yoshida et al, 2002). Signaling through both the IL-7 receptor and the 

TRANCE receptor induces the expression of Lymphotoxin-α1β2 (LTα1β2) at the 

surface of LTi (Mebius, 2003) – although only TRANCE-receptor signaling 

seems necessary for LN development (Yoshida et al, 2002). LTα1β2 expression 

triggers LTβ receptor signaling in the LTo, which upregulates their expression of 

chemokines such as CCL19, CCL21, CXCL12, and CXCL13, as well as that of 

VCAM-1 (Ngo et al, 1999; Yilmaz et al, 2003). LTi bind LTo via integrin-α4β1, 

and the close contact between the two cell types further increases the production 

of chemokines (Finke et al, 2002). These chemokines then attract hematopoietic 

cells. T and B cells also express LTα1β2 (Ansel et al, 2000), and therefore sustain 
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a positive-feedback loop that results in the accumulation of more immune cells to 

the nascent LN. High endothelial venules, blood vessels specialized in 

lymphocyte transmigration, develop in parallel, also in a LTα1β2-dependent way 

(Mebius, 2003). 

 The segregation of B and T cells into B follicles and the T zone, 

respectively, is mediated by CCL19, CCL21, CXCL12, and CXCL13 (Cyster, 

1999; Okada et al, 2002). The follicular stromal cells present in B follicles and the 

fibroblastic reticular cells of the T zone express these chemokines (Ngo et al, 

1999). This secretion of chemokines is sustained by the expression of LTα1β2 by 

both types of lymphocytes, but this is not required for the maintenance of the 

compartmentalization in the adult mouse, as the LTα1β2-expressing LTi seem to 

fulfill this position (Mebius, 2003). 

 Of note, it has been shown that mesenteric LNs can develop in LTβ-

deficient mice and in the absence of CXCL13 and CCR5, contrary to peripheral 

LNs (pLNs), which indicates that different LNs follow somewhat different 

development programs (Alimzhanov et al, 1997; Ansel et al, 2000). 

 

3.2 Lymph nodes structure and function in the adult mouse  

 

 3.2.1 Resting lymph nodes 

 

  3.2.1.1 Lymph node compartments 

 

In adult mice and humans, LNs are responsible for draining the lymph 

from all tissues and organs of the body. They represent a crossroad where antigen-

presenting cells (APCs), T and B lymphocytes, and lymph-borne antigens all 

meet, and play an active role in their homeostasis. This concentration of immune 

cells increases the chances that a naïve CD4+ T cell will recognize its cognate 

antigen and start an appropriate immune response. The structure of LNs is key to 

this function. They are divided into clearly marked compartments, each 

characterized by the immune and stromal cells found there (Figure 3). 
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involved in the formation of these fibres (TABLE 1; see 
Supplementary information S2 (table)). FRCs, simi-
lar to many fibro blasts in different tissues, express an 
antigen recognized by the antibody ER-TR7 (REF. 29) 
and can be differentiated from other (non-endothe-
lial) lymphoid stromal cells by their expression of  
podoplanin (also known as gp38)30. FRCs are also 
readily identified by their production of the chemo-
kines CCL19 and CCL21 (REF. 31), which are crucial for 
delineating the T cell zones and have important roles 
in promoting the migration of lymphocytes and DCs 
that express CC-chemokine receptor 7 (CCR7)32. FRCs 
in the T cell zones of humans and rodents express 
extra cellular matrix (ECM) components (such as the 
ER-TR7 antigen, fibrillin and the common basement 
membrane components laminin and fibronectin) and 
intracellular molecules that are found in some fibro-
blasts (such as desmin and α-smooth muscle actin). 
These products could be involved in the formation 
of FRC networks, the expansion and contraction of 
the cellular network and the presentation of mole-
cules such as chemokines. FRCs also express integrin 
subunits and the adhesion ligands intercellular adhe-
sion molecule 1 (ICAM1) and vascular cell adhesion 
molecule 1 (VCAM1). Nevertheless, so far no truly 
FRC-specific marker has been identified, and little is 
known about the expression of cytokines and mem-
brane receptors, such as pattern recognition receptors, 
by these cells.

FDCs. FDCs cluster in the centre of B cell follicles in 
the spleen, lymph nodes and other lymphoid tissues, 
including the Peyer’s patches. They form a dense net-
work in which B cells search for antigen and receive 
differentiation signals after they are activated. FDCs 
express Fc receptors (such as CD16, CD23 and CD32), 
complement receptors (such as CD21 and CD35) 
and complement components (such as C4) (TABLE 1). 
This facilitates the capture and presentation of unproc-
essed antigen, particularly in the form of immune com-
plexes. FDCs also express high levels of VCAM1 and 
mucosal vascular addressin cell adhesion molecule 1 
(MADCAM1), as well as molecules that are com-
mon to all subsets of stromal cells in the lymphoid 
tissues, such as desmin and laminin. Importantly, 
FDCs produce the chemokine CXC-chemokine lig-
and 13 (CXCL13), which attracts B cells expressing 
CXC-chemokine receptor 5 (CXCR5) into follicles in 
the steady state33. During an immune response, germi-
nal centre reactions drive the formation of long-lived 
plasma cells and memory B cells, the immunoglobulin 
genes of which have undergone somatic hypermutation 
and class switch recombination. Interactions between 
B cells, FDCs and follicular T helper cells occur in the 
germinal centre in a highly dynamic manner34,35. In 
the germinal centre ‘light zone’, B cells interact with 
FDCs expressing CXCL13, whereas interactions 
with CXCL12-expressing stromal cells occur in the 
germinal centre ‘dark zone’. It is unclear whether these 

Figure 2 | Organized architecture of the lymph nodes. a | Schematic representation of the organization of a 
lymph node. Afferent lymphatics enter lymph nodes and deliver lymph to the subcapsular sinus (SCS), which 
forms a channel around the periphery of the lymph node. Lymphatic sinuses run from the SCS through the cortex 
to the medulla and exit the lymph node via efferent lymphatic vessels on the opposite (or hilar) side of the organ. 
B cell follicles containing follicular dendritic cell (FDC) networks are arranged in the lymph node cortex and are 
separated from the SCS by a layer of marginal reticular cells (MRCs). The T cell zones in the paracortex, which 
contain many fibroblastic reticular cells (FRCs), are separated from the B cell follicles by the cortical ridge, an area 
rich in T cells, DCs, blood vessels and FRCs. Blood vessels enter and exit the lymph node on the hilar side and wind 
through the lymph node. Specialized high endothelial venules (HEVs) in the paracortex and cortical ridge allow 
the entry of leukocytes from the blood. b | An image of a cross section of mouse popliteal lymph node generated 
using multi-colour immunofluoresence microscopy. This illustrates the distribution of CD3+ T cells (white), B220+ 
B cells (blue), CD11c+ DCs (green), LYVE1+ lymphatics (cyan), PNAD+ HEVs (yellow) and ER-TR7+ stromal cells 
(red). c | The organization of stromal cells in different regions of the lymph node is shown by single-colour 
immunofluoresence staining with ER-TR7. Networks of stromal cells form in the lymph nodes, including FRCs in 
T cell zones and the cortical ridge, FDCs in B cell follicles (ER-TR7–) and MRCs under the SCS. A dense network  
of fibroblasts also forms in the medulla.
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Figure 3: Organization of a peripheral lymph node. Adapted from Mueller and 
Germain, 2009. APCs and lymph-borne antigens enter the LN via the afferent 
lymphatic vessel that opens into the subcapsular sinus (SCS). T and B 
lymphocytes enter via the high endothelial venules (HEVs), located at the 
periphery of T zones, before homing to their respective areas. Non-resident cells 
exit the LN via the lymphatic sinuses present in the medulla. FRCs: fibroblastic 
reticular cells; FDCs: follicular dendritic cells; MRCs: marginal reticular cells. 

 

 

Lymph, lymphocytes, APCs, antigens, and signaling molecules all reach 

the LN via the afferent lymphatic vessels. The lymphatic endothelial cells (LECs) 

present in the vessels secrete CCL21, a chemoattractant for both T cells and 

dendritic cells (Cueni and Detmar, 2008). The afferent vessels open into the 

subcapsular sinus (SCS), which is lined with LECs and macrophages that capture 

lymph-borne antigens (Mueller and Germain, 2009).  

Under the SCS, in the cortex of the LN, are the B follicles, where B 

lymphocytes home. CXCR5-expressing B cells are attracted to the follicles by 

follicular dendritic cells (FDCs) that secrete CXCL13 (Gunn et al, 1998a). FDCs 

express Fc receptors (CD16, CD23, and CD32), complement receptors (CD21 and 

CD35), and complement components (such as C4; Mueller and Germain, 2009). 
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They can capture and present unprocessed antigens to the B cells, especially 

antigens in the form of immune complexes. In addition, FDCs produce a dense 

network of desmin+ collagen+ fibers that supports B cell motility (Mueller and 

Germain, 2009).  

A specific subset of stromal cells, the marginal reticular cells (MRCs), is 

found between the SCS and the B follicles (Katakai et al, 2008). They express 

many markers in common with FDCs and the fibroblastic reticular cells found in 

the T zone (see below), but specifically express TRANCE (also known as 

RANKL, Katakai et al, 2008). They also build a conduit network that channels 

antigens from the SCS to the B follicle (Roozendal et al, 2008). 

The fibroblastic reticular cells (FRCs) are present in the paracortical T 

zone of the LN. They attract CCR7-expressing CD4+ and CD8+ T cells and 

dendritic cells by secreting the chemokines CCL21 and CCL19 (Gunn et al, 

1998b). Like the FDCs, FRCs build a reticular network of fibers (RN) that spreads 

throughout the T zone. Lymphocytes and dendritic cells use these fibers as a 

physical support for their migration through the LN. FRCs also surround the 

collagen-rich fibers, thus forming a conduit network that connects to the SCS and 

the HEVs. Small molecules carried to the LN by the lymph can enter this network 

from the SCS and quickly reach the T zone or the HEVs (Gretz et al, 2000). This 

allows for the rapid delivery of signal molecules coming from the organs and 

tissues drained by LNs. Molecules over 70 kDa cannot enter the conduits and are 

therefore trapped in the SCS, where they are sampled by the resident macrophages 

or drain through the efferent lymphatic vessels (Gretz et al, 2000). FRCs have a 

third important function in LN homeostasis, in that they secrete IL-7, a critical 

survival factor for naïve T cells.  

 

  3.2.1.2 Lymphocyte migration through lymph nodes 

 

The majority of T cells and B cells enter the LN via the high endothelial 

venules (HEVs) found at the periphery of the T zone (Anderson and Anderson, 

1975; Pfeiffer et al, 2008). These specialized blood vessels are the prolongation of 
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an afferent arteriole that enters the LN at its hilum (Willard-Mack, 2006). The 

blood endothelial cells (BECs) that line them have a distinct cuboidal morphology 

(Anderson and Anderson, 1976) – hence the name “high” endothelial venules – 

and express CCL21, thus attracting the immune cells, as well as specific adhesion 

molecules, such as the peripheral lymph node addressin PNAD in pLNs, or the 

mucosal vascular addressin cell adhesion molecule 1 (MadCAM-1) in mesenteric 

LNs (Cueni et al, 2008). Blood vessels are also found in the medulla: they are 

prolongations of the HEVs leaving the LN and converging into an efferent venule, 

and HEVs themselves forming a loop reaching farther than the T zone (Pfeiffer et 

al, 2008). While their preferred way of entry into the LNs is undeniably via the T 

zone HEVs, B and T lymphocytes have been shown to also extravasate out of the 

HEVs present in the medulla (Pfeiffer et al, 2008). 

About 25% of lymphocytes exit the blood circulation once they find 

themselves in a HEV. In pLNs, the first step of the extravasation is the binding of 

PNAD, expressed by BECs, by their L-selectin. In mesenteric LNs, the 

lymphocytes recognize and bind MadCAM-1 through their α4β7-integrin (Kraal 

and Mebius, 1997, Butcher et al, 1999). In both cases, this causes the lymphocytes 

to slow down and roll along the HEV endothelium. This leads to binding of 

ICAM-1 and ICAM-2, at the surface of BECs, by the β2-integrin lymphocyte 

function-associated antigen 1 (LFA-1) expressed by the lymphocytes, which 

activates it (Dustin and Springer, 1989). The lymphocytes then stop and migrate 

between adjacent BECs and through the basement membrane of the HEV to reach 

the T zone (Kraal and Mebius, 1997, Butcher et al, 1999).  

Interestingly, HEVs specifically allow the extravasation of lymphocytes, 

and, possibly, plasmacytoid dendritic cells (Cella et al, 1999). L-selectin, 

however, is expressed by other leukocytes, as is LFA-1. Granulocytes, for 

example, have been observed rolling along the endothelium of HEVs, but they 

failed to exit the blood circulation at this level (Warnock et al, 1998). This 

suggests that other factors act on lymphocytes to enable their extravasation. One 

of these factors is CCL21, which is expressed by BECs in HEVs. This chemokine 

is found on the luminal surface of HEVs (Gunn et al, 1998b; Vassileva et al, 
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1999), activates LFA-1, and increases its binding to ICAM-1 and MadCAM-1 

(Campbell et al, 1998; Tangemann et al, 1998; Pachynski et al, 1998). CCL19, 

which is produced by the FRCs of the T zone, is also transported to the lumen of 

HEVs via the conduit network (Baekkevold et al, 2001). Knockout mice lacking 

both chemokines show marked defects in T cell migration, which demonstrates 

that they are indeed important for lymphocyte extravasation (Förster et al, 1999). 

CXCL12 has also been shown to increase LFA-1 binding to ICAM-1 (Campbell 

et al, 1998). One team has suggested that CXCR5-signaling triggered by CXCL13 

had no effect on B cell migration (Okada et al, 2002), as they failed to detect this 

chemokine in HEVs, but this was contradicted by another team (Ebisuno et al, 

2003). This second study showed that CXCL13 was present on the luminal side of 

about 50% of HEVs and that B cell migration was partially impaired in CXCL13-

deficient mice.  

Once inside the LN, lymphocytes home to their respective compartments 

following a gradient of the corresponding chemokines.  

FRCs secrete high levels of CCL21 and CCL19, which provide guiding 

clues to migrating T cells (Bajénoff et al, 2008) and retain them into the T zone 

(Cyster, 2005). T cells connect with the reticular network of fibers built by the 

FRCs and move along it in a seemingly random manner (Bajénoff et al, 2006, 

2008). They have been shown to spend 12 hours on average in a given LN before 

recirculating (Cyster, 2005). 

If no immune response is started, the non-resident cells exit the LN via the 

lymphatic sinuses located in the medulla of the LN, which converge into an 

efferent lymphatic vessel. This requires the expression of the sphingosine 1-

phosphate receptor on the lymphocytes and of its ligand, sphingosine 1-

phosphate, which is secreted into the lymph by LECs (Pappu et al, 2007; 

Grigorova et al, 2009). T cells gradually increase their expression of sphingosine 

1-phosphate receptor while in the LN, until it overcomes the attraction and 

retention mediated by CCL21 (Lo et al, 2005). 

Like T cells, B cells enter the LN through the HEVs. Attracted by 

CXCL13 produced by FDCs, they migrate through the T zone on the reticular 
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network fibers to reach the B follicles (Bajénoff et al, 2006). And, like T cells, 

they upregulate sphingosine 1-phosphate receptor levels at their surface to exit the 

LN (Matloubian et al, 2004). 

Recirculating lymphocytes re-enter the blood circulation via the thoracic 

duct. Exit from the LN, however, happens through the lymphatic sinuses present 

in the medulla. 

 

 3.2.2 Lymph nodes during inflammation 

 

 As mentioned earlier, LNs are the crossroad where APCs, antigen, and 

lymphocytes meet, and this concentration of cells facilitates the development of 

an adaptive immune response. LN structure and function is modified after 

infection to optimize this immune response. Exit of cells from the organ is shut 

down for several days by the release of interferon-α/β, which lowers the 

expression level and sensitivity of sphingosine 1-phosphate receptor (Shiow et al, 

2006). Cell migration to the LN increases in parallel, to increase the pool of naïve 

lymphocytes sampling the antigens presented by APCs (Sodeberg et al, 2005). 

This accounts for the swelling of LNs observed during inflammation (Hall and 

Morris, 1965).  

 In order to attract more lymphocytes to the LN, the volume of the afferent 

arterioles increases. FRCs upregulate their production of vascular endothelial 

growth factor (VEGF), which induces the proliferation of BECs in HEVs and the 

growth of more blood vessels. BECs also upregulate CCL21 expression to 

enhance the migration of lymphocytes to the LN (Anderson et al, 1975; Webster 

et al, 2006). In addition, VEGF-A expression by B cells leads to the expansion of 

the lymphatic sinuses to increase the recruitment of APCs from surrounding 

tissues (Angeli et al, 2006). The FRC and FDC populations expand and mediate 

the expansion of the RN to accompany the increase in LN size (Katakai et al, 

2004; Peduto et al, 2009). 

 Inside the LN, the production of inflammatory chemokines such as CCL2 

and CCL5 is upregulated. Activated T cells decrease their expression of CCR7, 
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while FRCs downregulate their secretion of CCR7 ligands in an interferon-γ-

dependent way. Similarly, FDCs express less CXCL13 (Mueller et al, 2007). This 

could facilitate the exit of effector cells from the LN (Mueller and Germain, 

2009). 

 Interaction between activated T cells and B cells is also facilitated by the 

development of a new compartment within B follicles, the germinal center (GC), 

which contains proliferating B cells, macrophages, CD4+ T cells, and FDCs. The 

main function of GCs is to generate antibody-producing cells to carry out a 

humoral response to an invading pathogen (MacLennan, 1994). Activated T cells 

upregulate their expression of CXCR5 and migrate to the B follicles, attracted by 

CXCL13 produced by FDCs. Once in the GC, they adopt a follicular-helper T cell 

(Tfh) phenotype (Breitfeld et al, 2000; Schaerli et al, 2000). They secrete IL-4 and 

IL-21 and upregulate CD40-ligand (Nurieva et al, 2008; Vogelzang et al, 2008), 

which induces LTαβ in antigen-specific B cells, which in turn increases LTβ-

receptor signaling in FDCs. As a result to this, FDCs aggregate and form a niche 

optimal for antigen-capture and B cell help (Vu et al, 2008). The interaction 

between a Tfh cell and a B cell is specific, as it involves the T cell’s TcR and the B 

cell’s peptide-MHC II complex. Ligation of CD28 on the T cell by CD80 and 

CD86 on the B cell also plays a part (Zotos and Tarlinton, 2012). 

 GC B cells have three possible fates: apoptosis, further proliferation and 

somatic hypermutation, or differentiation into antibody-expressing memory B 

cells or plasma cells (Zotos and Tarlinton, 2012). Apoptosis occurs if a B cell fails 

to receive T cell help (Vinuesa et al, 2010). In addition, Tfh cells perform a 

positive selection of high-affinity B cells. GC B cells with a high affinity for a 

given antigen may be more efficient at capturing, processing, and presenting it 

and, indeed, Tfh cells concentrate on the B cells expressing the highest levels of 

antigen-MHC II complexes (Oprea and Peterson, 1997; Allen et al, 2007). 

Differentiation into plasma cells seems to be biased in favor of high-affinity B 

cells, whereas they can differentiate into memory cells regardless of MHC II 

affinity (Smith et al, 2000; Phan et al, 2006). 
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Somatic mutations, which result in the modification of the 

immunoglobulin variable region of the B cell receptor to increase its affinity, and 

class-switch recombination, which sees the activated B cell go from producing 

IgM or IgD to producing IgA, IgG, or IgE – depending on the characteristics 

required for the clearance of a particular antigen – also take place in GCs 

(Gowthaman et al, 2010).  

 FRCs are heavily involved in T cell homeostasis in resting LNs, and also 

play a part in the immune response. Indeed, they can negatively regulate the T cell 

response after infection. They increase their iNOS activity and secrete nitric oxide 

(NO) in response to interferon-γ and TNFα (Siegert et al, 2011). Kasic and 

colleagues (2011) have proposed that NO inhibits the T cell response by 

nitrosylating diverse amino acid residues, leading to the downregulation of the 

TcR complex. In addition, NO may prevent STAT5 phosphorylation and thus 

inhibit IL-2 signaling (Bingisser et al, 1998; Bogdan, 2011). Thus, FRCs decrease 

the proliferation of both CD4+ and CD8+ T cells (Siegert et al, 2011). 

Interestingly, crosstalk between dendritic cells and FRCs in the presence of 

activated T cells upregulates iNOS expression in both cell types (Siegert and 

Lutther, 2012). Inhibiting the T cell response after an infection seems 

counterintuitive, but it may help to limit tissue damage associated with acute 

inflammation or autoimmunity (Siegert and Luther, 2012). 
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Chapter 4: Effects of HIV-1 infection on lymph nodes  

  

 4.1 Effects of HIV-1 infection on lymph node structure and function 

 

 Because CD4+ T cells, the primary targets of HIV-1, home to LNs, these 

organs represent an important reservoir of virus. They are seeded during the acute 

infection phase, and thus represent a reservoir of HIV DNA and virions. Their 

structure and function also progressively degenerate as the disease progresses 

(Pantaleo et al, 1993b). We will review here what changes appear in LNs of 

infected patients. 

   

4.1.1 Establishment of an HIV reservoir 

  

As mentioned earlier, the HIV-1 virus manipulates the expression of 

surface markers, such as MHC I and Fas-ligand, by the infected cell, so that it will 

escape the immune system. While activation is necessary for virion production, 

the majority of infected T cells enters a quiescent state and persists for years in the 

patient’s body (Chun et al, 1997a, b). The formation of this reservoir is one of the 

main reasons why the complete eradication of the virus has so far been 

unsuccessful (Chun et al, 1997a, b; Finzi et al, 1997; Wong et al, 1997).  

CD4+ memory T cells are a major component of the HIV-1 reservoir. In 

fact, they are the first, and the most profoundly, depleted CD4+ T cell subset 

during the acute phase of the infection (Chomont et al, 2009).   

Tfh cells, present in GCs, expand during the acute phase of HIV-1 

infection. Perreau and colleagues (2013) even demonstrated that the expanding Tfh 

cells were predominantly HIV-specific. Furthermore, they showed that the 

proportion of these cells in LNs is actually correlated with the evolution of plasma 

viremia levels. This indicates that there is a connection between the two.  

HIV-specific cells have been shown to be preferential targets of infection 

(Douek et al, 2002). Tfh cells are susceptible to SIV infection (Brenchley et al, 

2012), and Perreau and colleagues found HIV DNA in about 5,1% of them, more 
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than twice the proportion of infected CD4+ memory T cells. Thus, Tfh cells 

represent the majority of cells in the viral reservoir. Tfh cells also had the highest 

levels of HIV replication and production, consistent with their activated state. Tfh 

cells are activated every time an adaptive immune response is started. This means 

that HIV replication and production would be reactivated each time as well, thus 

contributing to the maintenance and progression of the disease. In addition, 

macrophages and dendritic cells can be infected by the virus and are also part of 

the latent reservoir (Stevenson, 2003). 

 

  4.1.2 Effects on lymphocytes  

 

 The onset of an HIV-specific immune response following infection leads 

to activation of the immune system. This state of inflammation persists even into 

the chronic phase of the disease. At the cellular level, LNs in the chronic stage of 

infection contain fewer CD4+ T cells than non-infected controls, as well as fewer 

plasmacytoid and myeloid dendritic cells (Biancotto et al, 2007). As previously 

mentioned, memory T cells are severely depleted while the proportion of 

activated and effector T cells increases. The proportion of naïve T cells among 

total CD4+ T cells remains similar in patients and controls (Bianocotto et al, 

2007; Perreau et al, 2013). In CD8+ T cells as well, the proportion of the effector 

subset increases (Biancotto et al, 2007). Biancotto and colleagues also found a 

strong negative correlation between the frequencies of activated T cells and the 

absolute CD4 cell count.  

It has been known for well over a decade (Meyaard and Miedema, 1995; 

Finkel et al, 1995) that non-infected T cells also die. This can be attributed to the 

consequences of HIV infection on lymph node structure degeneration (see below, 

Schacker et al, 2006), and also to an impaired thymic function (decreased output 

of both CD4+ and CD8+ T cells, Douek et al, 2001), increased turnover not 

accompanied by proliferation (Fleury et al, 2000) and a lack of homeostatic 

proliferation of peripheral T cells (Sieg et al, 2005). As they also observed that 

naïve T cells expressed activation markers such as CD38, Biancotto and 
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colleagues propose that dysregulated activation underlies the expansion failure of 

circulating naïve T cells. 

 In the LN, the activation of T cells is accompanied by a profound 

perturbation of cytokine expression, as drastically increased levels of IL-1β, IL-2, 

IL-10, IL-12, and IL-15 were observed, accompanied by a significant decrease of 

MIP-1α, SDF-1β, and IP-10 levels. IL-2 levels, for example, can be multiplied by 

over 100 in HIV+ LNs compared to controls. Furthermore, these changes in 

cytokine secretion appear to drive the activation of T cells. They also contribute to 

an enhanced attraction to and retention of effector T cells in the LN, where they 

could further promote the activation of new cells (Biancotto et al, 2007). 

 In summary, HIV-1 infection induces a massive activation of LNs, and this 

has been showed to precipitate T cell depletion (Hazenberg et al, 2000, 2003; 

McCune, 2001). 

 

  4.1.3 Effects on lymph node structure  

 

The highly inflamed state of LNs causes the organ’s architecture to evolve 

and progressively degenerate during the course of the disease. Fibrosis, 

characterized by collagen deposits, is a major factor in this. In the LNs of HIV-

infected individuals, the collagen deposits are first observed in HEVs and 

eventually spread to the T zone while B follicles remain mostly spared (Schacker 

et al, 2002). The main consequence of this is the complete disruption, and 

subsequent loss, of the T zone network of fibers (Zeng et al 2011, 2012a, b, and 

c). Therefore, cell migration through the LN is greatly impaired. Fibrosis also 

prevents contact between CD4+ T cells and LN stroma, namely FRCs. The 

lymphocytes thus lose access to survival factors such as IL-7, which further 

compromises T cell homeostasis. The FRCs also lose contact with an important 

source of LTα1β2, which blocks their function, and are depleted as well. Thus, the 

development of fibrosis in the LN creates a feedback loop that precipitates the 

loss of a functional immune system (Zeng et al, 2011, 2012a, b, c). 
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Moreover, as it is irreversible, fibrosis limits the effects of antiretroviral 

therapy (Zeng et al, 2012c). Indeed, in the T zone, the extent of collagen 

deposition is inversely correlated with CD4+ T cell numbers (Schacker et al, 

2002). Furthermore, it is also negatively correlated with the recovery of the CD4+ 

T cell population after therapy (Zeng et al, 2011). While CD4+ T cells counts can 

be restored in the blood, the depletion is still evident in fibrotic LNs. Therefore, 

successful therapy depends on the time of initiation: the sooner the replication and 

propagation of the virus is stopped, the less damage lymphoid tissue will have 

sustained and, thus, the more effective the treatment will be.  

Blocking the development of fibrosis itself is also essential to improve the 

effectiveness of existing therapies. In SIV-infected rhesus macaques, transforming 

growth factor (TGF)-β1 by regulatory T cells drive the production of collagen 

(Estes et al, 2007). TGF-β inhibitors such as pirfenidone exist and have been 

tested in the context of pulmonary fibrosis (Schacker, 2008). More need to be 

developed and tested for HIV patients.  

Taken together, these results show that HIV-1 not only affects immune 

cells, but also mediates a complete degeneration of lymphoid organs. Preserving 

the structure of these organs is paramount in ensuring a complete reconstitution of 

the immune function during antiretroviral therapy. 

 

 4.2 The CD4C/HIVNef mouse model 

 

4.2.1 Generation of the CD4C/HIVNef mouse 

 

 The transgenic mouse used in this project has been generated in Dr Paul 

Jolicoeur’s laboratory, at the Institut de Recherches Cliniques de Montréal. It 

expresses the HIV-1 protein Nef under the control of the human CD4 promoter 

fused to the murine CD4 enhancer (Hanna et al, 1998). The transgene contains all 

HIV-1 genes, but the open reading frames of all genes except Nef have been 

interrupted (Figure 4). 
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Figure 4: Structure of the CD4C/HIVNef transgene. Adapted from Hanna et al, 
2006. The expression of the transgene is regulated by the murine enhancer 
sequence (mCD4 enh) and the human CD4 promoter (hCD4 prom). It contains all 
genes of HIV-1NL4-3, but the open reading frames of all genes except Nef have 
been interrupted (symbolized by an X). The 3’ long terminal repeat (LTR) of the 
HIV-1 genome and the polyadenylation sequence of the simian virus 40 (SV40) is 
also present.  
 

 

4.2.2. Phenotypes displayed 

 

 Expression of the transgene, as well as the presence of the Nef protein 

itself, has been reported in CD4+ CD8+ thymocytes, mature CD4+ T cells, 

dendritic cells, and macrophages (Hanna et al, 1998).  

The CD4C/HIVNef mice have a survival rate of 50% at 6 months of age. 

They present severe wasting and atrophy of lymphoid organs (thymus, spleen, and 

LNs). At the cellular level, they show severe depletion of thymocytes and 

peripheral T cells, defects in the maturation of thymocytes (Chrobak et al, 2010), 

downregulation of CD4, defective proliferation of peripheral T cells, increased 

activation and apoptosis of CD4+ T cells, loss of CD8+ T cells (Hanna et al, 

1998). Non-lymphoid organs are also affected: the lungs present an interstitial 

pneumonitis, and tubulo-interstitial nephritis and glomerulosclerosis were 

observed in kidneys (Hanna et al, 1998; Zuo et al, 2006). In mice that survive 

more than 4 months, damage to the liver in the form of necrotizing granulomas 

can also be seen (Hanna et al, 1998). Focal myocytolysis and coronary 

arteriospasm were also observed in the heart of these mice (Kay et al, 2002). 

The development of these phenotypes in the presence of only Nef 

highlighted the fact that this protein is a major determinant of pathogenicity. Of 
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note, an inducible mouse model was also generated in our laboratory to ensure 

that the phenotypes could not be attributed to developmental defects caused by the 

expression of Nef in embryos. Induction of Nef expression in adult mice caused 

similar phenotypes to those seen in the CD4C/HIVNef mouse (Rahim et al, 2009).   

In addition, the phenotypes seen in the presence of Nef are very 

reminiscent of those observed in human AIDS patients. As such, the 

CD4C/HIVNef mouse represents a good model to study the roles of Nef in the 

progression of AIDS, notably pediatric AIDS, as the mice constitutively express 

the protein throughout life. 

 

4.2.3 Rationale for Master’s project and hypothesis 

 

   4.2.3.1 Rationale 

 

 As previously mentioned, HIV-1 infection induces a gradual loss of LN 

architecture. Fibrosis first develops in HEVs and spreads to the T zone (Schacker 

et al, 2002). As the disease progresses, the structure of the reticular network of 

fibers built by the FRCs is gradually lost, and the cells are depleted (Zeng et al, 

2011). FRCs play a very central role in adaptive immunity as they regulate CD4+ 

T cell homeostasis and facilitate their encounters with APCs. Their loss would 

therefore precipitate the progression to AIDS.  

Humans infected with a strain of HIV-1 lacking a functional Nef gene 

have no, or very slow, disruption of the immune system (Daniel et al, 1992; 

Deacon et al, 1995). This shows that Nef is necessary for the development of 

AIDS. This is also found in rhesus monkeys infected with SIV, as Nef is essential 

for the maintenance of high viral loads and disease progression (Kestler et al, 

1991). The CD4C/HIVNef mouse model has shown that, at least in mice, Nef is 

sufficient to induce most of the AIDS phenotypes (Hanna et al, 1998). We 

therefore asked whether Nef could also affect FRCs and cause the degeneration of 

LN architecture.  
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   4.2.3.2 Hypothesis  

 

 Nef affects FRCs, thereby contributing to the perturbation of the immune 

system. 

 

4.2.3.3 Objectives 

  

The first objective of this work was to discover, in CD4C/HIVNef mice, 

whether FRCs express Nef. We then studied the FRC population itself, and 

assessed two of its main functions: building the reticular network of fibers, and 

secreting chemokines and survival factors regulating the homeostasis of CD4+ T 

cells. We also evaluated the structure of the T zone. 

Because HEVs are disrupted by HIV-1 infection and are supported by 

FRCs secreting VEGF, we also studied the endothelial cell populations of LNs.  

We centered our work on skin-draining peripheral LNs (pLNs). 

Differences exist between these pLNs and mesenteric LNs, for example in T cell 

homing. We focused on the skin-draining pLNs in order to work on more 

homogenous samples. Moreover, as AIDS is a progressive disease, we used 5 

month-old mice to ensure that phenotypes would have time to develop. 
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Chapter 5: Material and Methods  

 

 5.1 Material 

 

Mice 

 The CD4C/HIVNef, CD4C/GFP x CD4C/HIVNef, CD4C/HIV Nef, Rev, Env, 

and CD4C/HIVΔNef mice were all generated on a wild type C3H background 

(Harlan Laboratories) and kept in a sterile, specific pathogen free facility, 

according to the recommendations of the Canadian Council on Animal Care. All 

manipulations were approved by the Committee for Animal Protection (Comité de 

Protection des Animaux) of the Institut de Recherches Cliniques de Montréal.  

 

Antibodies and reagents 

 Table 2 lists the different antibodies that were used for each experiment. In 

flow cytometry, CD31-biotin was coupled with streptavidin-APC. 7-

Aminoactinomycin-D (7AAD) was used as a viability marker to distinguish live 

and dead cells. Lymph nodes were digested with DNAse 25 and collagenase IV.  

 In immunofluorescence, the nuclei of the cells were stained with 4’,6’-

diamino-2-phenylindol (DAPI; Vector Laboratories, Inc.).  

The primers used for Reverse Transcription Polymerase Chain 

Reaction (RT-PCR) are listed in table 3. 

The cells were always lysed in MLB buffer (50 mM Tris-HCl pH 7.8, 150 

mM NaCl, 1% Triton X-100, 2mM EDTA) to which we added 4 mM of sodium 

orthovanadate (Na3VO4), 10 mM of sodium fluoride (NaF), 1 mM of 

phenylmethylsulfonylfluoride (PMSF) and protease inhibitors. 
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Table 2: Antibodies used. The working dilutions are indicated. 
Antibodies (species) Dilution Company (catalog #) 

Primary antibodies   
Flow cytometry   
CD45.2-Pacific Blue 1/100 Molecular Probes (MCD4528) 
CD45.2-FITC (cell sorting) 1/100 Molecular Probes (MCD4501) 
gp38 (podoplanin)-PE 1/100 eBioscience (12-5381) 
CD31-biotin 1/400 BD Pharmingen (553371) 
CD4-APC 1/100 Cedarlane (CL013APC) 
CD3-PE 1/100 BD Pharmingen (553063) 
CD11c-FITC 1/100 BD Pharmingen (553801) 
CD25-PE 1/200 Cedarlane (CL8925PE) 
Human CD4 1/20 BD Pharmingen (555346) 
   
Immunofluorescence   
gp38 (clone 8.1.1, hamster) 1/150 Hybridoma 
Desmin (mouse) 1/80 Dako (M0760) 
ERTR7 (rat) 1/50 Hycult Biotechnology 

(HM1086) 
CCL21 (goat) 1/300 R&D Systems (AF457) 
CD31 (clone MEC13.3, rat) 1/100 BD Pharmingen (550274) 
α-smooth muscle actin (clone 1A4, mouse) 1/200 Sigma (A 2547) 
von Willebrand Factor (rabbit) 1/200 Dako (A 0082) 
LYVE-1-Alexa Fluor 488 1/150 eBioscience (53-0443) 
   
Western blot   
Desmin (clone D33, mouse) 1/500 Dako (M0760) 
Actin (rabbit) 1/500 Sigma (A 2066) 
Anti-Nef rabbit serum 3116 C/F 1/500 Developed by Dr Jolicoeur’s 

laboratory. 
   
Secondary antibodies   
Immunofluorescence   
Goat anti-hamster IgG Alexa Fluor 488 1/250 Molecular Probes (A-21110) 
Goat anti-mouse IgG Alexa Fluor 555 1/400 Molecular Probes (A-21422) 
Goat anti-rat IgG Alexa Fluor 488 1/300 Molecular Probes (A-11006) 
Goat anti-rat IgG Alexa Fluor 568 1/250 Molecular Probes (A-11077) 
Donkey anti-goat IgG Alexa Fluor 488 1/250 Molecular Probes (A-11055) 
   
Western blot   
Goat anti-mouse IgG Alexa Fluor 680 
 

1/2500 Molecular Probes (A-21057) 

Goat anti-rabbit IgG Alexa Fluor 680 1/2500 Molecular Probes (A-21076) 
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Table 3: Primers used for RT-PCR. 
Gene Sense primer (5’ to 3’) Anti-sense primer (5’ to 3’) 

CCL21 TGAGCTATGTGCAAACCCTGAGGA TAGCTCCCTCTTTGCCTGTGAGTT 
CCL19 GTGCTAATGATGCGGAAGACTGCT CCTTCTGGTGCTGTTGCCTTTGTT 
IL-7 TGGGAGTGATTATGGGTGGTGAGA TGATCATCAGTACACTCTCATATGCT 
LTβ CCTGGTGACCCTGTTGTT CCTGGAAGCATTGGATCTCT 
Nef GCACGGCAAGAGGCGAGGG CTAATCGAATGGATCTGTCTCTG 
HPRT GTTGGATACAGGCCAGACTTTGTTG GATTCAACTTGCGCTCATCTTAGGC 

 

 5.2 Methods 

 

Flow cytometry 

 Skin-draining peripheral lymph nodes were collected, pooled, and digested 

in ISCOVE medium with DNAse (DN25, Sigma-Aldrich, #9003-98-9) and type 

IV collagenase (Worthington Biochemical, #LS004188) for 30 minutes at 37°C. 

They were then homogenized with a pipette and the cell suspension was filtered 

on a nylon mesh and transferred to a STOP solution (ISCOVE medium + 25% 

inactivated foetal bovine serum (FBSI) to stop the digestion process. Cells were 

resuspended in 1 mL of blocking buffer (phosphate buffered saline (PBS) 1X + 

20% FBSI) for 30 minutes at 4°C and counted. They were then transferred to a 

96-well plate at a concentration of 0.5-1x106 cells/well, resuspended in 100 µL of 

FACS buffer (PBS 1X + 2% FBSI) and stained for 30 minutes at 4°C. After 

incubation, the cells were washed once in 100 µL of FACS buffer. Staining with 

streptavidin-APC and 7AAD was then performed in 100 µL of FACS buffer, for 

10-15 minutes at 4°C. The cells were then washed once in FACS buffer, 

resuspended in 100 µL of FACS buffer, transferred into micro test tubes (Bio-

Rad, catalog #223-9391) and diluted with an additional 200 µL of FACS buffer. 

Samples were run on a CyAn flow cytometer (Dako). The obtained data 

was analyzed with Flow Jo software (version 9.4.8, Tree Star, Inc.). 

 The combinations of markers used to identify the cell populations studied 

in this project were: FRCs: 7AAD– CD45.2– CD31– gp38+; BECs: 7AAD– 

CD45.2– CD31+ gp38–; LECs: 7AAD– CD45.2– CD31+ gp38+ (FRCs, BECs, 

and LECs were stained as described by Link and colleagues, 2007. Figure 7 

shows the gating strategy, represented by the pink rectangle); CD4+ T cells: 
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7AAD– CD45.2+ TcR+ CD4+; LTi: 7AAD– CD45.2+ CD11c– CD4+ CD3- 

(gating strategy shown on Figure 13, represented by the pink rectangle) and Treg: 

7AAD– CD45.2+ CD4+ CD25+ (gating strategy shown on Figure 16, represented 

by the pink rectangle). 

 

Cell Sorting 

 Lymph nodes were harvested and processed as for flow cytometry. After 

blocking, all the cells were stained with 7AAD, CD45.2-FITC, gp38-PE, and 

CD31-biotin coupled with streptavidin-APC as for flow cytometry, in 15mL-

Falcon tubes (Fisher Scientific).  

The cells were sorted using a MoFlo sorter (Beckam Coulter). After 

sorting, they were transferred into 2-mL Eppendorf tubes and centrifugated 5 

minutes at 1200 rpm at 4°C. The supernatant was discarded and the pellets were 

snap-frozen in liquid nitrogen. They were stored at -80°C until further use. 

 

Reverse Transcription Polymerase Chain Reaction (RT-PCR) 

 RNA extraction 

 RNA was extracted from sorted FRCs, BECs, and LECs using the RNEasy 

Plus Micro kit (QIAgen, #74034) and following the manufacturer’s instructions. 

At the final step, RNA was eluted with 16 µL of 0,2% diethylpyrocarbonate 

(DEPC) water and stored at -20°C. Because of the small yield, RNA integrity was 

not assessed. 

 

Reverse Transcription (RT) 

The purified RNA was reverse-transcripted into cDNA in RT buffer (1X 

reverse transcriptase buffer, 5 mM dNTP, 0,1 M dithiothreitol (DTT), 1 mM 

random hexamers (pdN6), 2-5 µg RNA, mixed in DEPC water). The RNA was 

denaturated 5 minutes at 65°C. An RNA inhibitor (RNA guard) was then added. 

The enzyme used was Moloney Murine Leukemia Virus (MMLV) reverse-

transcriptase (Invitrogen Life Technologies, #28025-013). The RT mix was 
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incubated 2 hours at 42°C, and the process was stopped by heating the samples 5 

minutes at 99°C. The samples were cooled on ice and stored at -20°C. 

 

Polymerase Chain Reaction (PCR)  

The cDNA was amplified by PCR. The mix contained 1X PCR buffer, 

1,25 mM dNTP, 5 pmol of each primer, and 2 µL of cDNA, mixed in nanopure 

water. The primers used for each gene are listed in table 3. The enzyme used was 

a Taq enzyme produced in Dr Jolicoeur’s laboratory. The amplified DNA was 

then run on a 1,5% agarose gel and stained with ethidium bromide. Pictures were 

taken with an AlphaImager (Alpha Innotech) and analysed with Image Quant 

software (version 5.0, Molecular Dynamics). 

 

Immunofluorescence and microscopy 

 Skin-draining peripheral lymph nodes were harvested, embedded into 

OCT compound (Sakura Tissue-Tek), and frozen by submerging them in 2-

methylbutane cooled with dry ice. The blocks obtained were stored at -80°C.

 Cryosections were performed by Dominique Lauzier of the Institut de 

Recherches Cliniques de Montréal histology facility and stored at -80°C. Prior to 

use, the sections were fixed in cold acetone for 20 minutes at -20°C, then left to 

dry at room temperature. All steps after this were performed at room temperature. 

 The slides were first rehydrated in PBS 1X for 10 minutes. When 

necessary, permeabilization was done with a 5-minute incubation in 0,1% Triton 

X-100 in PBS 1x (0,4% Triton X-100 in the case of CD31 staining), then washed 

in PBS 1X. 

 The slides were blocked in PBS 1X + 20% inactivated foetal calf serum 

(FCSI) for at least 1 hour. Primary antibodies were diluted in PBS 1X + 3% FCSI 

and incubated for 60-90 minutes. The slides were then washed twice 5 minutes in 

PBS 1X. Secondary antibodies were diluted in PBS 1X + 3% FCSI and incubated 

for 60 minutes. The slides were once again washed twice 5 minutes in PBS 1X, 

then mounted using Vectashield with DAPI (Vector Laboratories) and stored in 
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the dark at 4°C. They were imaged within 48 hours with a Leitz DMRB 

microscope (Leica) using Northern Eclipse software (version 7.0, EMPIX). 

 

Western blot  

 Skin-draining peripheral lymph nodes were harvested and homogenized in 

1mL of lysis buffer. The lysate was centrifuged at 12,000 rpm at 4°C for 15 

minutes and the supernatant was transferred into a new tube. Samples were 

diluted in 4X loading buffer and run on a 10% polyacrylamide gel. The proteins 

were transferred to a PVDF membrane (Immobilon-P, #IPVH00010).  

 The membranes were blocked in Tris Buffer Saline (TBS) 1X + 5% 

bovine serum albumin (BSA) for 1 hour at room temperature or overnight at 4°C. 

All subsequent steps were performed at room temperature. Primary antibodies 

were diluted in TBS 1X + 1,25% BSA and incubated for 1 to 4 hours (when 

blotting Nef) in the dark. The membranes were then washed twice 5 minutes in 

TBS 1X + 0,1% Tween 20, in the dark. Secondary antibodies were diluted in TBS 

1X + 1,25% BSA and incubated for 45 minutes in the dark. The membranes were 

then washed again twice 5 in TBS 1X + 0,1% Tween 20, and a third time in TBS 

1X. They were kept in TBS 1X in the dark at 4°C until they were scanned. 

 Scanning was done with the Odyssey Infrared Imaging system (LI-COR) 

using Odyssey software (version 3.0, LI-COR). 

 

Hematoxylin and eosin staining 

 The hematoxylin and eosin staining was performed on frozen sections of 

lymph nodes by Dominique Lauzier, of the Institut de Recherches Cliniques de 

Montréal histology facility. The slides were kept at room temperature and imaged 

using an Axiophot microscope (Zeiss) using Northern Eclipse software (version 

7.0, EMPIX). 
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Results 
 

Chapter 6: Results 

 

6.1 The population of FRCs in Nef-expressing mice 

 

Dr Ashley Haase’s team has extensively documented the changes that 

occur in the pLNs of rhesus macaques and human patients in the presence of SIV-

1 and HIV-1 infections (Schaker et al, 2006; Zeng et al, 2011). They describe the 

development of fibrosis triggered by the activation of regulatory T cells, which 

stimulates the production and deposition of collagen by fibroblasts in pLNs. This 

leads to a disruption of the reticular network (RN), which prevents contact 

between CD4+ T cells and fibroblastic reticular cells (FRCs). Thus, both cell 

populations lose access to survival factors produced by the other cell type, which 

precipitates their depletion. This process is summarized in Figure 5. As our 

CD4C/HIVNef mouse model recapitulates many phenotypes seen in AIDS 

patients, we expected to find a phenomenon similar to the one described by Dr 

Haase’s team in the pLNs of these mice: a loss of FRCs and of their functions 

triggered by the onset of fibrosis. The aim of this work was to study FRCs in the 

presence of Nef to verify this hypothesis.  

 

6.1.1 Expression of Nef by FRCs 

 

Previous studies have demonstrated the infection of FRCs by the Ebola 

virus (Davis et al, 1997) and the lymphocytic choriomeningitis virus (LCMV; 

Mueller et al, 2007). LCMV infection, for instance, results in the disruption of the 

conduit and reticular networks, which contributes to the development of 

immunosuppression by LCMV (Mueller et al, 2007). These infections are 

associated with severe immune defects. However, to our knowledge, the 

possibility of a direct infection of FRCs by HIV-1 has not yet been studied. The 

CD4C/HIVNef mouse developed in our laboratory presents many phenotypes that 



 49 

closely resemble those of human AIDS patients, especially pediatric AIDS 

(Hanna et al, 1998). We asked whether FRCs express Nef in this model. Because 

of the small numbers of FRCs present in pLNs that would require that we pool 

several mice for an RT-PCR study, we decided to first test the activity of the 

CD4C promoter in FRCs in two reporter lines, the CD4C/GFP x CD4C/HIVNef 

line and the CD4C/hCD4-CCR5 line.  

In the first mouse line, FRCs appeared clearly GFP-positive (fig. 6A), as 

GFP levels were comparable to those of the hematopoietic (CD45.2+) cells used 

as positive controls. In double-Tg mice, the presence of Nef induced no variation 

in the intensity of the GFP signal. The second reporter line expresses the human 

CD4 (hCD4) and CCR5 molecules under the control of the CD4C promoter. We 

stained for hCD4 and FRCs were, again, clearly positive (fig. 6B). These results 

show that the CD4C promoter is indeed active in FRCs. They should therefore 

express Nef in the CD4C/HIVNef model. 

We extracted RNA from sorted FRCs from pooled transgenic (Tg) 

CD4C/HIVNef mice and their wild type littermates. RT-PCR showed that FRCs 

from Tg mice do express Nef mRNA (fig 6C). Because of the number of mice 

that would have had to be pooled to perform a Western blot analysis, the presence 

of the Nef protein in FRCs could not be assessed. 

These results show that FRCs express Nef RNA and that the human CD4 

promoter is active in them. It is therefore likely that their human counterparts 

express CD4, which would mark them as potential direct targets for HIV-1 

infection. The expression of the co-receptors CXCR4 and CCR5 needs to be 

assessed to confirm or infirm this. 
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 6.1.2 The FRC population 

 

We then investigated whether the expression of Nef in Tg mice affected 

the population of FRCs itself. FRCs can easily be identified by flow cytometry by 

a very simple staining procedure, as described by Link and colleagues (2007). No 

differences in the percentage of FRCs or their absolute numbers in pLNs were 

observed (fig. 7A-B). The CD4+ T cells population was also measured in the 

same mice to make sure that Nef was indeed active in these mice (fig. 7C). These 

results show that despite inducing a severe depletion of CD4+ T cells, Nef does 

not affect the size of the population of FRCs.  

The FRC population was also studied by immunofluoresence by staining 

for gp38 and imaging the T zone of pLNs (fig. 8A). There was no difference in 

the gp38 signal area between Tg and control mice, which suggests that FRCs 

spread normally throughout the T zone even in Nef-expressing pLNs (fig. 8B). 

This also confirms that the cells are not depleted. A statistically significant 

decrease in the intensity of the signal was observed (fig. 8B). However, it is a 

1.45-fold decrease, which seems too small to be biologically significant. 

Furthermore, this decrease was not seen by flow cytometry. Thus, it is probably 

an artifact of the immunostaining.  

Taken together, these results suggest that Nef does not affect the size of 

the FRC population and its distribution in resting pLNs. 

 

  6.1.3 Production of reticular network fibers 

 

As Nef did not seem to affect the population of FRCs itself, we asked 

whether it could disrupt their function. The main functions of FRCs are to build 

the reticular network of fibers (RN) that T lymphocytes and non-resident dendritic 

cells use as support to migrate through pLNs, and to secrete chemoattractants and 

survival factors for these immune cells (Katakai et al, 2004; Link et al, 2007). 

 Immunostaining of desmin and of the yet-unknown antigen to the ERTR7 

antibody (hereafter ERTR7), two components of the RN fibers, was performed 
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and the T zone was imaged (fig. 9A). Both desmin and ERTR7 signals presented 

no differences in signal intensity or area. This shows that FRCs of Tg mice 

produce quantities of desmin comparable to those of their wild type, control 

littermates, and that the architecture of the RN is maintained (fig. 9B). Western 

blotting of desmin on the protein extract of total pLNs of Tg mice and control, 

wild type littermates confirmed that there is no difference in the quantity of 

desmin produced in Tg mice (fig. 9C). 

 These results show that RN-building by FRCs is preserved even in the 

presence of Nef. 

 

  6.1.4 Production of CCL21 

 

In murine pLNs, FRCs are the main source of CCL21, a chemoattractant 

for CD4+ T cells and dendritic cells (Link et al, 2007). We stained frozen sections 

of pLNs for CCL21 and imaged the T zone. Link and colleagues (2007) have 

reported that most CCL21 is located in the conduit system controlled by FRCs, 

which we see in our model as conduits appear clearly stained in both Nef– and 

Nef+ pLNs (fig. 10A). A 1.1-fold decrease in the signal intensity was observed 

but is likely too small to have any biological significance (fig. 10B). The area of 

the signal remained unchanged, which suggests that CCL21 localizes normally in 

Tg mice (fig. 10B). This result was confirmed by RT-PCR on RNA extracted 

from total pLNs (fig. 10C). No differences were found in the Tg animals 

compared to wild type controls. Therefore, Nef does not affect the production of 

CCL21 by FRCs, nor does it block its secretion and spread through the pLN. 

 

  6.1.5 Production of survival factors 

 

FRCs also are the main sources of CCL19 and IL-7, two survival factors 

key to CD4+ T cells homeostasis, especially naïve CD4+ T cells (Link et al, 

2007). The production of these two molecules was assessed by RT-PCR on RNA 

extracted from total pLNs (fig 11A). Given previous results, we expected no 
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differences between Tg pLNs and wild type controls and, indeed, we found that 

levels of CCL19 and of IL-7 mRNA remained unchanged in Tg mice compared to 

controls (fig 11B). 

 

Taken together, these results show that, although FRCs express Nef, the 

cells are not depleted and their main functions are preserved. While FRCs play a 

crucial role in CD4+ T cell homeostasis and in acquired immunity, they have also 

been shown to depend on Lymphotoxin-α1β2 (LTα1β2) for their own survival and 

function (Katakai et al, 2004). In murine pLNs, CD4+ T cells are the main source 

of LTα1β2 (Ohshima et al, 1999). As LTα1β2 is plasma membrane-bound and not 

secreted, contact between the two cell types is needed for signal transduction, via 

the LTβ-receptor expressed by FRCs (Katakai et al, 2004). We have shown that, 

in the CD4C/HIVNef mouse model, Nef induces a severe depletion of peripheral 

CD4+ T cells (Hanna et al, 1998). We therefore expected to see a loss of FRCs 

and of their functions, as they would lose contact with LTα1β2. However, this was 

not observed, which suggests that FRCs either manage to come in contact with 

enough LTα1β2 to ensure their functioning, or that other survival factors can 

compensate for the loss of LTα1β2.  

 

  6.1.6 LTα1β2 levels in pLNs 

  

We performed RT-PCR on RNA extracted from total pLNs of Tg mice 

and of their wild type littermates to measure the production of LTα1β2 in the organ 

(fig. 12A). Lymphotoxin exists in two forms: soluble LTα3, a homotrimer of LTα 

molecules, and plasma membrane-bound LTα1β2 formed by one LTα molecule 

bound to two transmembrane LTβ molecules (Ohshima et al, 1999). To make sure 

that we measured the expression of the plasma membrane-bound form, we 

amplified only the LTβ gene. 

This revealed that, in Tg animals, LTβ RNA is produced in amounts 

comparable to those of wild type controls (fig. 12B). Presumably, the levels of 

LTβ, and LTα1β2, proteins found at the cell surface in Tg animals would also be 
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similar to those found in controls, although we did not directly measure the 

quantity of cytokine produced. This result suggests that the population of FRCs 

and their functions are preserved in Tg mice because they do have access to 

enough LTα1β2 to trigger sufficient LTβ-receptor signaling. This LTα1β2 could 

come from the remaining CD4+ T cells or be provided by another cell population. 

The most likely candidate is the tissue-inducer cell population (LTi).  

  

  6.1.7 The LTi population 

 

LTi are CD45.2+, CD11c-, CD4+, CD3- cells that play a major part in LN 

development (reviewed in Mebius, 2003). In the adult, they activate the 

production of chemokines by stromal cells such as FRCs and sustain CD4+ T cell 

memory (Kim et al, 2003). Flow cytometry analysis (fig. 13A) revealed that while 

the percentage of LTi is preserved in pLNs of CD4C/HIVNef Tg mice, there is a 

significant 3.3-fold loss in the absolute number of these cells (fig. 13B). The 

proportion of LTi among total CD4+ cells also drastically increased in Tg mice, 

from 0.68% to 4.45%, which represents a 6.5-fold increase (fig. 13C). As this 

population does not seem to suffer as much as CD4+ T cells from Nef expression, 

it is conceivable that the remaining LTi, probably in association with the 

remaining CD4+ T cells, produce enough LTα1β2 to support the FRC population. 

However, their specific production of LTα1β2 still has to be assessed. 

 

  6.1.8 pLN phenotypes in other transgenic mouse strains 

 

Another possibility to explain the preservation of the FRC population and 

functions is that Nef is not sufficient to induce the phenotypes seen in human 

AIDS patients. Our laboratory developed a transgenic mouse expressing all HIV-1 

genes under the control of the human CD4 promoter, the CD4C/HIVWT mouse 

(Hanna et al, 1998). The pLNs of these mice showed fibrosis and a disrupted 

architecture, which tells us that HIV-1 can induce perturbations in murine pLNs. 

To investigate whether Nef was sufficient, or required at all, to trigger these 
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phenotypes, we analyzed pLNs of two other mouse strains also developed in our 

laboratory. The first strain, the CD4C/HIVΔNef mouse, expresses all HIV-1 genes 

except Nef under the control of the human CD4 promoter. Sections were stained 

with hematoxylin and eosin (fig. 14A). The transgenic pLNs were 

indistinguishable from the wild type ones. This suggests that Nef is required, but 

not sufficient, to induce the phenotypes seen in the CD4C/HIVWT mouse. To 

confirm this result, we looked at hematoxylin and eosin-stained sections of pLNs 

from CD4C/HIVNef, Rev, Env mice, which express Nef, Rev, and Env of HIV-1 

under the control of the human CD4 promoter. These mice show a clear 

hypocellularity and a potentially disrupted architecture (fig. 14B), while sections 

of CD4C/HIVNef pLNs also presented hypocellularity and no perturbation of the 

architecture (fig. 14C), which confirms previous results. However, Env and Rev 

are not known to have any functions that would increase the effects of Nef (Hanna 

et al, 1998; Vicenzi and Poli, 2013). We therefore hypothesized that the 

differences between CD4C/HIVNef and CD4C/HIVNef, Rev, Env pLNs were due to a 

difference in levels of expression of Nef between these two mouse strains. 

To test this hypothesis, we performed a Western blot analysis on protein 

extracts from total thymi of these mice. We chose to use the thymus because 

transgene expression has been shown to be much higher in this organ compared to 

pLNs (Hanna et al, 1998). It has also been shown, in an inducible system of Nef 

expression that also uses the CD4C promoter, that the CD4+ T cells that remain in 

the pLNs after several months of induction, present no CD4 downregulation 

(Rahim et al, 2009). These cells probably expressed very low levels of Nef 

compared to the CD4+ T cells that were depleted and showed CD4 

downregulation, and a CD4high T cell population has also been observed in 

CD4C/HIVNef mice (Rahim et al, 2009). Thus, we measured the amount of Nef in 

the thymus by Western blot (fig. 15A). It revealed no significant difference 

between the two mouse strains (fig. 15B). The phenotypes caused by Nef tend to 

evolve faster in the CD4C/HIVNef, Rev, Env mice than in the CD4C/HIVNef mice 

(Hanna et al, 1998). We show here that this is not caused by a difference in the 

levels of protein expressed. The two mouse lines were generated on the same 
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background, which therefore cannot account for the differences observed. They 

could be due to a founder effect. A more detailed comparison of the two mouse 

lines in regard to FRCs would be needed to answer this question. For example, the 

state of the RN fibers was not assessed in CD4C/HIVNef, Rev, Env mice.  

  

6.1.9 Increase in the proportion of regulatory T cells among total 

CD4+ cells 

 

A third hypothesis to explain the preservation of the FRC population is 

that fibrosis fails to develop in pLNs of Nef-expressing mice. In this event, the 

structure of the RN would be maintained and the contact between FRCs and the 

cells providing them with LTα1β2, be it the remaining CD4+ T cells or LTi, would 

also be preserved. In rhesus macaques infected with SIV and in human AIDS 

patients, the onset of fibrosis is triggered by activated regulatory T cells (Treg) 

that increase the collagen deposition of fibroblasts in a TGFβ1-dependent manner 

(Zeng et al, 2011). We analyzed the Treg population by flow cytometry (fig. 

16A). No significant differences in percentage or absolute numbers of Treg were 

observed (fig. 16B), but a clear 4-fold increase of the proportion of Treg among 

total CD4+ cells appeared (fig. 16C). This has been previously reported in Dr 

Jolicoeur’s laboratory by Pavel Chrobak (Chrobak et al, under review), as well as 

in human patients (Cao et al, 2009). TGFβ1 levels were not measured in our 

study, but an elevated Treg proportion has been linked with disease progression, 

particularly in fast-progressing patients (Cao et al, 2009). Our result suggests that 

fibrosis could in theory develop in pLNs of CD4C/HIVNef mice. Further research 

is needed to discover which step of this process is blocked and why, while Nef is 

responsible for many AIDS phenotypes on its own, it does not induce the 

expected loss of FRCs and of their functions. 

 

6.2 Effects of Nef on endothelial cells (BECs and LECs) 
 

 Other stromal cells essential to pLN function are the endothelial cells. T 

and B cells enter the pLN by extravasation across the high endothelial venules 
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(HEVs) located at the periphery of the T zone (Bajénoff et al, 2007). Blood 

endothelial cells (BECs) regulate this process by their expression of ICAM-1, 

which binds CD62L (also called L-selectin) on T cells (Bajénoff et al, 2007). For 

example, ICAM-1 expression is upregulated during inflammation and this has 

been linked to increased extravasation of lymphocytes across HEVs (Chen et al, 

2006). Dendritic cells (DCs) and macrophages can enter the pLN via the 

subcapsular sinus (SCS; reviewed in Förster et al, 2012) and all non-resident 

immune cells exit the pLN via the lymphatic sinuses. BECs and lymphatic 

endothelial cells (LECs) have also been shown to express CCL21 to direct the 

migration of the immune cells (Martín-Fontecha et al, 2003). Moreover, FRCs 

support them as they are the main source of VEGF in murine pLN (Chyou et al, 

2008; Kataru et al, 2011). Human patients infected with HIV-1 are at higher risk 

of suffering from coronary heart disease (Vittecoq et al, 2003) and acute 

myocardial infarction (Triant et al, 2007). Previous observations made in our 

laboratory have revealed an accumulation of immature dendritic cells in the SCS 

of Tg CD4C/HIVNef, Rev, Env mice (Poudrier et al, 2003). Because of this and of 

their link with FRCs, studying the BEC and LEC populations in the CD4C/HIVNef 

mouse appeared crucial. 

 

6.2.1 Effects of Nef on blood endothelial cells (BECs) 
 

CD31 and αSMA staining revealed that, in the T zone, there are no 

significant differences in the intensity or area of both signals between Nef-

expressing animals and their wild type littermates (fig. 17A and B). This 

suggested that, in pLNs, Nef does not perturb the structure of the HEVs. To 

confirm this, we examined every HEV imaged separately and counted the ones 

that appeared abnormally structured. An HEV was considered abnormally 

structured if it presented more than one layer of endothelial cells or if it did not 

include a clear αSMA signal – this would indicate a defect in pericyte recruitment 

to the perivascular sheath. As expected, we found no difference in the percentage 

of abnormally structured HEVs among total HEVs between transgenic and wild 
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type animals (fig. 17C). It is likely that some of these abnormally structured 

HEVs are in fact artifacts of the harvesting, cutting, and staining procedure.  

 The blood vessels of the medulla were imaged in parallel (fig. 18A). While 

there was no significant variation in the αSMA signal, we did find a significant 

2.4-fold increase of the CD31+ area (fig. 18B). The lumen of some of these 

vessels appeared partially, or even completely, obstructed by CD31+ cells, as seen 

on fig. 14A (white arrow). We counted the abnormally structured vessels using 

the same criteria as for HEVs (fig. 18C). There were 2.7 times more abnormally 

structured vessels in the medulla of Nef+ mice than in that of Nef– mice. As for 

HEVs, some of these may be artifacts of the procedure. However, the significant 

difference suggests that there is indeed a defect in the structure of medullary 

blood vessels in the pLNs of Nef+ mice, mostly because of an expansion of 

CD31+ cells. Since not all medullary blood vessels seemed affected, we propose 

that this is a focal phenotype. 

 To see whether the CD31+ cells were BECs, we performed a von 

Willebrand Factor (vWF, also known as Factor VIII) and CD31 co-staining on 

slides from these same pLNs (fig. 19A). We found medullary blood vessels that 

were obstructed by CD31+ cells. These cells were also vWF+, which suggests 

that they are indeed BECs (fig. 19B). There was no difference in the vWF signal 

area and, to our surprise, the increase in the CD31+ area could not be reproduced 

(fig. 19C). This is an argument in favor of a very local expansion of CD31+ cells, 

as it would not systematically be seen on all pLN sections. Of course, the 

possibility that the expansion was in fact merely an artifact of the procedure 

remained, and more experiments were needed to confirm or infirm it. 

 A study of the BEC population by flow cytometry (fig. 20A) revealed no 

increase or decrease of this population in Nef+ mice compared to their wild type 

littermates, be it in percentage or absolute number of cells (fig. 20B). In this 

experiment, we gated on CD45.2– 7AAD– CD31+ gp38– cells, as described 

previously (Link et al, 2007). The data was then reanalyzed by gating on CD45.2– 

CD31+ gp38– cells to see what percentage of BECs were 7AAD+ (fig. 20C). 

7AAD (7-Aminoactinomycin-D) does not normally pass through the plasma 
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membrane; only cells with compromised membranes (i.e. dead cells) will be 

stained. It is therefore an indicator of cell viability. We found a significant 2.5-

fold decrease in 7AAD+ BECs in Tg mice, which suggests a defect in apoptosis in 

these cells, or at least a better survival. A 3.3-fold decrease of the absolute number 

of 7AAD+ cells was also observed but was not significant (p-value = 0.087, 

Student’s T test). Thus, we propose that Nef can induce a local expansion of the 

BEC population, and that this expansion happens through preventing apoptosis of 

the cells. However, this data is preliminary and these results must be confirmed by 

staining for actual apoptosis and proliferation markers. It will also be important to 

investigate why only the BECs of the medullary blood vessels, and not those of 

the HEVs, are affected, and also whether this expansion of BECs concerns all the 

medullary blood vessels, or only a portion of them. 

 

6.2.2 Expression of Nef by BECs 
 

The expression of Nef by BECs in CD4C/HIVNef mice was also assessed. 

As is the case with the FRCs described previously, BECs are present in small 

numbers in pLNs. Therefore, we decided to first test the activity of the CD4C 

promoter in two reporter mouse lines. Like for the study of the FRCs, we used the 

CD4C/GFP x CD4C/HIVNef line and the CD4C/hCD4-CCR5 line.  

By flow cytometry, BECs of the CD4C/GFP x CD4C/HIVNef line 

appeared to be weakly GFP+ (fig. 21A). A staining for hCD4 in BECs from 

CD4C/hCD4-CCR5 mice also marked them as hCD4low (fig. 21B). These results 

indicate that the CD4C promoter is indeed active in these cells, albeit weakly. We 

therefore performed an RT-PCR on sorted BECs from pooled Nef– or Nef+ mice. 

BECs isolated from Nef-expressing animals were all clearly Nef+ (fig. 21C). 

However, because of the small number of cells obtained even after pooling the 

pLNs of several mice, the presence of the Nef protein in BECs could not be 

assessed. Taken together, these results nevertheless suggest that BECs do express 

Nef.  
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6.2.3 Effects of Nef on lymphatic endothelial cells (LECs) 
 

To ensure that the expanding CD31+ cells seen in immunofluorescence 

were not LECs, a LYVE-1 and CD31 co-staining was performed, as LECs are 

CD31+ and LYVE-1+ (Podgrabinska et al, 2002; fig. 22A). This staining revealed 

no difference in the signal intensity or signal area of LYVE-1 (fig. 22B), which 

indicates that the expanding cells of the medulla are not LECs.  

The same staining revealed a sometimes extensive expansion of CD31+ 

LYVE-1+ cells in the subcapsular sinus (SCS, fig. 23A). This expansion varied 

greatly from one pLN to another and only affected localized areas of the SCS (fig. 

23B). The quantification of the LYVE-1+ and of the CD31+ area in the SCS 

revealed significant 1.58- and 1.78-fold increases in Nef+ animals compared to 

their wild type littermates, respectively. These increases may seem too small to be 

biologically significant but, since we included the area measurements from all 

pictures and not just the ones showing an expansion, they most likely reflect the 

fact that the observed expansions are focal and never seem to affect the entire 

SCS of a given pLN.  

To confirm this result, we analyzed the LEC population by flow cytometry 

(fig. 24A). CD45.2– 7AAD– CD31+ gp38+ cells were considered to be LECs, as 

described previously (Link et al, 2007). This failed to show any significant change 

in the percentage or absolute number of LECs in pLNs (fig. 24B). The data was 

analyzed a second time by gating on CD45.2– CD31+ gp38+ cells to see whether 

we could observe any difference in the number of 7AAD+ LECs. None was found 

(fig. 24C).  

Taken together, these results suggest that Nef may induce an expansion of 

LECs specific to the SCS. This expansion would be too localized to be 

measurable by flow cytometry and, since there are no differences in the 

percentage or number of dead LECs between Nef– and Nef+ mice, it could be 

caused by a proliferation of the cells rather than a defect in apoptosis, contrary to 

what we found in BECs. However, as for BECs, these results need to be 

confirmed by staining for specific proliferation and apoptosis markers. More 
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experiments are also needed to discover why LECs in the SCS and not in the 

medullary sinuses are affected, and why this expansion is so localized. 

 

6.2.4 Expression of Nef by LECs 
 

A first step to answering these questions was to investigate whether the 

LECs themselves express Nef. As was the case for FRCs and BECs, we first 

tested the activity of the CD4C promoter in LECs on our two reporter mouse 

lines, the CD4C/GFP x CD4C/HIVNef line and the CD4C/hCD4-CCR5 line. By 

flow cytometry, we gated on CD45.2– 7AAD– CD31+ gp38+ LECs from pLNs 

of CD4C/GFP x CD4C/HIVNef mice (fig. 25A). These cells were GFPlow. The 

apparent heterogeneity of the GFP signal in this population may be due to the low 

number of cells obtained from each pLN. This result was confirmed by staining 

LECs for hCD4 in CD4C/hCD4-CCR5 mice (fig. 25B). The cells also expressed 

low levels of hCD4. These data indicate that the CD4C promoter is active in 

LECs. As expected, an RT-PCR performed on RNA extracted from sorted LECs 

showed that the cells do express Nef mRNA (fig. 25C).  

While the low cell yield prevented us from directly measuring the amount 

of Nef protein in LECs, all the results mentioned here are consistent. It is 

therefore safe to say that, in our CD4C/HIVNef mouse model, LECs express Nef.     

 

 

 In summary, we have demonstrated that, in the CD4C/HIVNef mouse 

model developed in our laboratory, FRCs, BECs, and LECs express Nef. To our 

knowledge, this is the first time that the expression of an HIV-1 protein is 

reported in FRCs. Contrary to what is seen in CD4+ T cells, for example, this 

expression of Nef does not appear to have direct effects on FRCs in resting pLNs. 

The cell population is maintained, as are its main functions.  

 Nef does seem to affect BECs and LECs by causing a localized expansion 

of these two cell populations. However, these results need to be confirmed. It is 

also unclear whether this expansion is a direct effect of Nef or whether other 

factors come into play. 
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Figures 
 
 
 

 
 
 
 
Figure 5: HIV-1 infection leads to loss of CD4+ T cells and FRCs, as well as 
development of fibrosis. By precipitating the apoptosis of CD4+ T cells, HIV-1 
deprives FRCs of Lymphotoxin-αβ (LTαβ), which leads to their own depletion. 
CD4+ T cells therefore lose access to IL-7, which further accelerates their 
depletion. In parallel, chronic inflammation induces the development of fibrosis, 
thus further blocking contact between CD4+ T cells and FRCs. Adapted from: 
Zeng et al (2011), Journal of Clinical Investigation, 121(3):998-1008, 
supplemental Figure 1A. 
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Figure 6: Expression of Nef in FRCs. . A cell suspension from lymph nodes of 
CD4C/GFP x CD4C/HIVNef reporter mouse line was analyzed (A). The flow 
cytometry profile shows the GFP signal in FRCs from wild type mice (black line), 
from Nef+ only mice (blue line), from GFP+ mice (green line), and from GFP+ 
Nef+ mice (red line). CD45.2– CD31– gp38+ cells were considered to be FRCs. 
The CD4C/hCD4-CCR5 mouse line was also used to verify the activity of the 
CD4C promoter in FRCs (B). A representative flow cytometry profile is shown 
(n=3) with the hCD4 signal in wild type C3H lymph node cell suspension (blue 
line, negative control), in CD45.2+ cells (black line, positive control), and in 
FRCs (red line). To assess the expression of Nef in FRCs, an RT-PCR on sorted 
FRCs was performed (C). Red stars indicate samples containing Nef. All come 
from Nef-expressing animals. bp: DNA base pair ladder.  
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Figure 7: Population of FRCs in pLN. The FRC population was analyzed by 
flow cytometry on total pLNs (A). CD45.2- CD31- gp38+ cells were considered 
to be FRCs, as described by Link and colleagues (2007). The profiles shown are 
representative of three separate experiments (n = 9 Nef– and 9 Nef+ animals). No 
differences in percentage or absolute number of cells were observed (B), despite a 
clear loss of CD4+ T cells in these same animals (C). ns: non significant 
difference, as determined by paired Student t test.  
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Figure 8: FRCs spread normally in pLNs of Tg animals. gp38 
immunofluorescent staining was performed on 5-µm thick sections of frozen 
pLNs and the T zone was imaged (A). Signal intensity and area were then 
measured (B). The signal intensity presents a significant 1.45-fold decrease by 
immunohistochemistry and a 1.22-fold decrease by flow cytometry (C), as 
determined by a paired Student t test. However, this decrease is probably too 
small to be biologically significant. No differences in signal area were observed 
by immunohistochemistry. Scale bar: 25 µm. ns: non significant. 
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Figure 9: Production of RN fibers by FRCs. 5-µm thick sections from frozen 
pLNs were stained for desmin and the unknown antigen to the ERTR7 antibody 
(thereafter ERTR7) and the T zone was imaged (A). The intensity and area of 
both signals were measured (B). There were no significant differences in desmin 
or ERTR7 signal, as determined by a paired Student t test. This result was 
confirmed by Western blot on protein extract from total pLNs (C). Actin was used 
as a normalizing control. Scale bar: 100µm. kDA: molecular weight marker. ns: 
non significant. 
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Figure 10: Production of chemoattractants. The production of CCL21 by FRCs 
was assessed by immunohistochemistry on 5µm-thick frozen sections of pLNs 
(A). The images are representative of the T zones of pLNs from Nef– (n=6) and 
Nef+ (n=6) animals.The difference observed in signal intensity (B) is likely too 
small to be biologically significant (1.1-fold difference). There is no difference in 
signal area (B). This result was confirmed by RT-PCR on RNA extracted from 
total pLNs of 3 Nef– mice and 3 Nef+ mice. The RNA was reverse-transcripted to 
cDNA and the CCL21 gene was amplified (C). HPRT was used as a normalizing 
control. ns: non significant difference, as determined by a paired Student t test. 
bp: DNA base pair ladder. 
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Figure 11: Production of survival factors. The production of CCL19 and IL-7 
was assessed by RT-PCR on RNA extracted from total pLNs from 3 Nef– mice 
and 3 Nef+ mice. The RNA was reverse-transcripted to cDNA and the CCL19 
and IL-7 genes were amplified (A). HPRT was used as a normalizing control. No 
differences were found in the quantities of mRNA produced for the two genes 
(B), as determined by a paired Student t test. bp: DNA ladder. ns: non significant. 



 68 

 
 
Figure 12: LTα1β2 production. The production of LTα1β2 was assessed by RT-
PCR on RNA extracted from total pLNs from 3 Nef– mice and 3 Nef+ mice. The 
RNA was reverse-transcripted to cDNA. As LTα also exists as a soluble 
homotrimer, only the LTβ gene was amplified (A). HPRT was used as a 
normalizing control. No differences were found in the quantities of mRNA 
produced (B), as determined by a paired Student t test. bp: DNA base pair ladder. 
ns: non significant. 
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Figure 13: Possible alternative source of LTα1β2. The LTi were likely 
candidates to explain the unchanged production of LTα1β2. We analyzed CD45.2+ 
CD11c– CD4+ CD3– cells  by flow cytometry (A). While there was no difference 
in the percentage of these cells, a significant 3.2-fold decrease in absolute 
numbers was observed (B). However, the proportion of LTi among total CD11c– 
CD4+ cells increased by 6.53 folds (C). Significance was assesed by a paired 
Student t test. ns: non significant. 
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Figure 14: pLN phenotypes in other transgenic (Tg) mouse strains. 5µm-thick 
sections from frozen pLNs of CD4C/HIVΔNef (A), CD4C/HIVNef, Rev, Env (B), and 
CD4C/HIVNef (C) mice were stained with hematoxylin and eosin. Representative 
images of the T zones of these pLNs are shown (the medulla also appears at the 
lower left of the NTg CD4C/HIVNef image). Non-transgenic (NTg) and transgenic 
(Tg) pLNs from CD4C/HIVΔNef mice are practically indistinguishable, while a 
clear hypocellularity and a possibly disrupted RN appear in Tg CD4C/HIVNef, Rev, 

Env mice. Hypocellularity is also apparent in the Tg CD4C/HIVNef image, but no 
modification of the RN is visible. 
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Figure 15: Comparison between levels of expression of Nef in CD4C/HIVNef 
and CD4C/HIVNef, Rev, Env mice. Thymi were harvested and meshed. The 
resulting cell suspension was then lysed and Western blot analysis was performed 
on the protein extract (A). Actin was used as a normalizing control. There was no 
significant difference in the levels of Nef in the two mouse strains (B), as 
determined by a paired Student t test. NTg: wild type control. ns: non significant. 
 



 72 

 
Figure 16: Population of Treg in pLN. The Treg population was analysized by 
flow cytometry on total pLNs. CD45.2+ CD4+ CD25+ cells were considered to 
be Treg. The profiles shown are representative of Nef– (n=6) and Nef+ animals 
(n=6) (A). No differences in percentage or absolute number of cells were 
observed (B), but the proportion of Treg among total CD4+ cells was increased 4-
fold (C). ns: non significant difference as determined by paired Student t test. 
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Figure 17: BECs of the HEVs of the T zone. Immunohistochemistry was 
performed on 5µm-thick sections of frozen pLNs. Representative images of the 
HEVs found in the T zone are shown (A). The intensity and the area of the CD31 
and αSMA signals were measured (B). No significant differences were observed. 
The percentage of abnormally structured HEVs was also evaluated (C). There was 
no significant difference between Nef– and Nef+ animals. Scale bar 50 µm. ns: 
non significant, as determined by a paired Student t test. 
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Figure 18: BECs of the medullary blood vessels. Immunohistochemistry was 
performed on 5µm-thick sections of frozen pLNs. Representative images of the 
medulla are shown (A). The white arrow indicates a vessel with a lumen 
completely obstructed by CD31+ cells. The intensity and the area of the CD31 
and αSMA signals were measured (B). No significant difference was observed in 
the intensity of the signal, but a significant 2.4-fold increase was found in the 
CD31+ area (paired Student t test). We also found a significant 2.7-fold increase 
in abnormally structured vessels (C). Scale bar 50 um. ns: non significant, as 
determined by a paired Student t test. 
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Figure 19: The expanding cells of the medullary blood vessels are BECs. vWF 
stains BECs specifically, and not LECs. We stained 5µm-thick sections of frozen 
pLNs and imaged the medulla (A). Representative images of Nef– and Nef+ 
animals are represented. Scale bar: 50µm. Expanding cells in a medullary blood 
vessel were cleary CD31+ vWF+ (B). Scale bar: 25µm. However, contrary to 
previous results, no significant difference was observed in CD31+ or vWF+ area 
(C). ns: non significant, as determined by a paired Student t test.  
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Figure 20: Expansion of BECs. A flow cytometry analysis on total pLNs was 
performed to confirm the immunohistochemistry results (A). CD45.2– CD31+ 
gp38– cells were considered BECs, as described previously (Link et al, 2007). 
The flow cytometry profiles shown are representative of Nef– (n=6) and Nef+ 
(n=6) animals. No significant difference in percentage or absolute number of 
BECs in pLNs was found (B). A second analysis of the same data revealed that 
there are about 2.5 times less 7AAD+ BECs in Nef+ mice than in control animals 
(C), which suggests a defect in or protection from apoptosis of these cells in 
transgenic mice. ns: non significant, as determined by a paired Student t test. 
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Figure 21: Expression of Nef in BECs. A cell suspension from lymph nodes of 
CD4C/GFP x CD4C/HIVNef reporter mouse line was analyzed (A). The flow 
cytometry profile shows the GFP signal in BECs from wild type mice (black line), 
from Nef+ only mice (blue line), from GFP+ mice (green line), and from GFP+ 
Nef+ mice (red line). As mentioned previously, CD45.2– CD31+ gp38– cells 
were considered to be BECs. The CD4C/hCD4-CCR5 mouse line was also used 
to verify the activity of the CD4C promoter in BECs (B). A representative flow 
cytometry profile is shown (n=3) with the hCD4 signal in wild type C3H lymph 
node cell suspension (blue line, negative control), in CD45.2+ cells (black line, 
positive control), and in BECs (red line). To assess the expression of Nef in 
BECs, an RT-PCR on sorted BECs was performed (C). Red stars indicate samples 
containing Nef. All come from Nef-expressing animals. bp: DNA base pair 
ladder.  
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Figure 22: LEC population in the medulla. To identify the LECs of the 
medullary sinuses, a LYVE-1 and CD31 co-staining was performed on 5µm-thick 
sections of frozen pLNs and the medulla was imaged (A). Representative images 
of Nef– (n=7) and Nef+ (n=10) animals are shown. The intensity and area for 
both the LYVE-1 and CD31 signals were measured (B). No significant 
differences were seen, as determined by a paired Student t test. Scale bar: 50 µm. 
ns: non significant. 
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Figure 23: LEC population of the subcapsular sinus. A CD31 and LYVE-1 co-
staining was also used to study the LECs present in the SCS of pLNs (A). 
Representative images of Nef– (n=5) and Nef+ (n=8) animals are shown. This 
revealed an expansion of LECs in Nef+ animals compared to controls. This 
expansion varied greatly from one pLN to another, as shown in (B). There was no 
significant difference in the intensity of signal of CD31 and LYVE-1, but a 
significant 1.78- and 1.58-fold increase in LYVE-1 and CD31 signal area, 
respectively (paired Student t test). ns: non significant.  
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Figure 24: Expansion of LECs. A flow cytometry analysis on total pLNs was 
performed to confirm the immunohistochemistry results (A). CD45.2– CD31+ 
gp38+ cells were considered to be LECs, as described previously (Link et al, 
2007). The flow cytometry profiles shown are representative of Nef– (n=9) and 
Nef+ (n=9) animals. No significant difference in percentage or absolute number 
of LECs in total pLNs was found (B). A second analysis of the same data revealed 
that there is no difference in the percentage of 7AAD+ LECs in Nef+ mice 
compared to control animals (C), which suggests that the expansion of the 
population, if confirmed, could be due to the proliferation of the cells. ns: non 
significant,  as determined by a paired Student t test. 
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Figure 25: Expression of Nef in LECs. A cell suspension from lymph nodes of 
CD4C/GFP x CD4C/HIVNef reporter mouse line was analyzed (A). The flow 
cytometry profile shows the GFP signal in LECs from wild type mice (black line), 
from Nef+ only mice (blue line), from GFP+ mice (green line), and from GFP+ 
Nef+ mice (red line). As mentioned previously, CD45.2– CD31+ gp38+ cells 
were considered to be LECs. The CD4C/hCD4-CCR5 mouse line was also used to 
verify the activity of the CD4C promoter in LECs (B). A representative flow 
cytometry profile is shown (n=3) with the hCD4 signal in wild type C3H lymph 
node cell suspension (blue line, negative control), in CD45.2+ cells (black line, 
positive control), and in LECs (red line). To assess the expression of Nef in LECs, 
an RT-PCR on sorted LECs was performed (C). Red stars indicate samples 
containing Nef. All come from Nef-expressing animals. bp: DNA base pair 
ladder.  
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Discussion 
 

Chapter 7: Discussion  

 

7.1 Effects of Nef on FRCs 

 

Our laboratory has developed a mouse model, the CD4C/HIVNef mouse, 

that presents many phenotypes associated with AIDS in humans, especially 

pediatric AIDS: among others, they die prematurely and present an increased 

activation and apoptosis of peripheral CD4+ T cells that leads to the depletion of 

these cells (Hanna et al, 1998; Weng et al, 2004). These phenotypes could at least 

partially be explained by defects in stromal cell function in lymph nodes, as they 

play key roles in CD4 T cell homeostasis. As such, we decided to study three of 

these populations – FRCs, BECs, and LECs – in the pLNs of this mouse model.  

 

FRCs express Nef but this does not affect their functions in resting 

pLNs. 

 

In our model, FRCs express Nef. The consistency of results between 

FACS analysis of different mouse lines and RT-PCR on sorted cells show that the 

human CD4 promoter is active in FRCs. To our knowledge, this is the first time 

that the expression of an HIV-1 protein has been reported in these cells.  

Surprisingly, however, we observed no loss of FRCs or of their functions 

in pLNs of transgenic CD4C/HIVNef mice. The population is maintained, both in 

percentage and absolute number of cells. The structure of the reticular network is 

also preserved, as is the production of chemokines and of IL-7. This suggests that, 

in FRCs, Nef does not interact with proteins in a significant way or that, if it does, 

redundancy of function can compensate for this perturbation. To this day, few 

direct interaction partners of Nef are known. The only host protein that has been 

shown to bind to Nef with high affinity is the kinase Hck (Lee et al, 1996). Nef 
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mediates most of its effects, such as the downregulation of CD4 or MHC I, by 

forming complexes that cause abnormal interactions between host proteins to 

favor virus replication (Foster et al, 2011). While CD4 and MHC I 

downregulation are well understood, the components of these complexes are 

mostly unknown. Hck is expressed in monocytes and would therefore not be 

present in FRCs. Another protein, the p21-activated kinase 2 (PAK2), is also 

known to interact with Nef and is ubiquitously expressed (Jaffer and Chernoff, 

2002). The interaction of PAK2 with Nef leads to an increased 

autophosphorylation of the kinase. This Nef-mediated activation of PAK2 has 

been shown to decrease apoptotic cell death and to promote the release of viral 

particles (Wolf et al, 2001). Nef alone might not induce significant changes in 

FRCs but, in the context of an HIV-1 infection, PAK2 activation could promote 

the survival of infected FRCs, which would then become a reservoir of virions. 

Because of their close contacts with them, this could increase infection of CD4+ T 

cells in trans.  

Furthermore, Nef is known to induce a downregulation of MHC I at the 

cell surface. FRCs are involved in the induction of antigen-specific T cell 

tolerance, as they present various peripheral tissue-restricted antigens to naïve 

CD8+ T cells and induce their proliferation (Fletcher et al, 2010). While this was 

not tested here, Nef could perturb this particular function of FRCs, leading to 

defects in peripheral tolerance.  

Nef is myristoylated post-transcriptionnally and is therefore localized to 

membranes, at least transiently. In fact, all of its functions, except the activation 

of Hck, are dependent of this myristoylation (Foster et al, 2011). A recent study 

by Kammula et al (2012) identified new membrane proteins that interact with Nef. 

Their study focused on targets found in the brain, but they did identify integrin β1, 

which is also expressed by FRCs (Fritz and Gommerman, 2011). However, the 

consequences of this interaction were not clear. 

Another aspect to consider is that this study was done on resting pLNs, as 

the phenotypes mentioned above develop with the expression of only one HIV-1 

gene, with no virus present, and the absence of an immune response against HIV-
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1 (Hanna et al, 1998). It has been shown that, upon immunization with OVA, 

CD4C/HIVNef, Env, Rev mice fail to develop germinal centers and an antigen-

specific antibody maturation (Poudrier et al, 2001), which shows defects in the 

development of acquired immune responses. It may be that Nef affects the FRCs 

of CD4C/HIVNef mice only in the event of an immune response. This was not 

studied here, but assuredly needs to be. For example, FRCs upregulate MHC I 

upon immune stimulation (Fletcher et al, 2010). This could be hampered by Nef. 

The active human CD4 promoter also marks FRCs as potential direct 

targets of HIV-1 infection in humans. Expression of the co-receptors CCR5 and 

CXCR4 was not assessed, but a dysfunction of FRCs would have severe 

consequences on CD4+ T cell homeostasis and on the development of acquired 

immune responses. Zeng and colleagues (2012c) have already highlighted that a 

damaged reticular network, normally produced by FRCs, limits the effectiveness 

of HAART therapy. As such, investigating whether or not they can indeed be 

infected by HIV-1 is of utmost importance, and could lead to changes in therapy. 

 

Fibrosis does not develop in the pLNs of CD4C/HIVNef mice, despite 

an increased proportion of Treg. 

 

In Rhesus macaques infected with SIV, the increase of the proportion of 

Treg among total CD4+ cells leads to the development of fibrosis, which disrupts 

the RN. This prevents contact between CD4+ T cells and FRCs and blocks their 

access to survival factors: CD4+ T cells do not have access to the IL-7 produced 

by the FRCs while the stimulation of the LTβ-receptor of FRCs by the LTα1β2 

present at the surface of CD4+ T cells is impeded (Zeng et al, 2011 and 2012a). In 

our mouse model, a very severe loss of CD4+ T cells and a 4-fold increase of the 

Treg proportion in pLNs are present. However, no fibrosis seems to develop and 

the structure of the RN is maintained.  

Zeng and colleagues have proposed a model in which Treg produce TGF-

β1, which activates collagen production by fibroblasts of the pLN (2011). In our 

Tg mice, this process appears to be blocked. Infection with HIV-1, or SIV, leads 
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to chronic inflammation, which promotes the development of fibrosis. The 

CD4C/HIVNef mice do not present this chronic inflammation (Hanna et al, 1998). 

This could explain why fibrosis does not develop in their pLNs. In addition, if 

FRCs are indeed infected by HIV-1, they could be affected by viral proteins other 

than Nef, which could trigger their loss or dysfunction, therefore “leaving room” 

for the development of fibrosis triggered by an increase of TGF-β1 levels. TGF-

β1 levels in pLNs were not measured in this study, and this hypothesis has yet to 

be investigated. Determining whether Nef is responsible for the development of 

fibrosis is important as fibrosis creates permanent lesions in pLNs of human 

AIDS patients and limits the efficiency of anti-retroviral therapy (Zeng et al, 

2012c).  

 

LTα1β2 levels are maintained despite the severe loss of CD4+ T cells. 

 

FRCs depend on LTα1β2 to function correctly. Stimulation of the LTβ-

receptor by LTα1β2 is required for their production of RN and of CCL19 and 

CCL21 (Ngo et al, 1999). The absence of apparent disruption of the FRC 

population raised the question of their access to this key factor. LTα1β2 is 

produced mainly by CD4+ T cells and FRCs gain access to it when they come 

into contact with T cells migrating through the pLN, and depletion of CD4+ T 

cells by blocking antibodies, HIV-1 infection, and other immunodeficiency 

conditions lead to a loss of FRCs and RN (Zeng et al, 2012a). As CD4+ T cells 

are severely depleted in transgenic mice, we expected to see much lower levels of 

LTα1β2 in their pLNs. However, RT-PCR on cDNA obtained from total pLNs 

revealed no difference in LTα1β2 levels in Tg mice compared to wild type 

controls. In five-month old transgenic mice, about 90% of CD4+ T cells have 

been depleted. It is unlikely that the remaining cells are able to produce enough 

LTα1β2, and come into contact with enough FRCs, to support the stromal cells. 

This suggests that another cell population is able to compensate for the loss of 

CD4+ T cells and provides the FRCs with sufficient LTα1β2 to maintain their 

function.  
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Lymphoid Tissue Inducer cells (LTi) also express LTα1β2, both in the 

embryo and in the adult, and have been shown to interact with VCAM-1+ stromal 

cells (Kim et al, 2007b). Like in the embryo, stimulation of the LTβ-receptor 

present on the stromal cells by the LTα1β2 present on LTi has been shown to 

stimulate the production of chemokines by the stromal cells to attract T and B 

lymphocytes and maintain their proper segregation (Kim et al, 2007b). The LTi 

Kim and colleagues observed were located mainly at the interface between the T 

zone and B follicles, but were also found in the T zone itself. The VCAM-1+ 

stromal cells are therefore likely to be FDCs (at the T zone / B follicle interface) 

and FRCs (in the T zone), as both cells types are VCAM-1+ (Fritz and 

Gommerman, 2011). 

Thus, LTi appeared to be very likely candidates. While no difference in 

the percentage of LTi was found in Tg mice, a significant 3.3-fold decrease of 

their absolute numbers was observed. Despite this loss, the proportion of LTi 

among total CD4+ CD11c– cells also drastically increased in Tg mice, from 

0.68% to 4.45% (6.5-fold increase). It is possible that the remaining LTi produce 

enough LTα1β2 to support the FRC population. Moreover, the LTi population in 

murine pLNs is heterogeneous, with about two thirds of the cells being CD4–, 

although no difference in function has been observed between these two types 

(Kim et al, 2007a). These particular CD4– LTi were not studied in our model. It is 

conceivable that they would also contribute to the production of LTα1β2. RT-PCR 

on sorted CD4– and CD4+ LTi is needed to confirm this hypothesis. Kim and 

colleagues located both CD4– and CD4+ LTi at the T zone / B follicle interface 

and in the T zone (2007a), but their exact location in pLNs of our Tg mice should 

also be assessed, to determine whether a significant interaction between FRCs and 

LTi is possible. In addition to CD4+ T cells and LTi, lymphotoxins are expressed 

by activated B lymphocytes and NK cells (Fu et al, 1999; Ware, 2005; 

Heilenwalder et al, 2008). However, it is unlikely that these cells can support the 

FRCs: B cells only come into contact with them when they migrate to B follicles, 

and NK cells represent barely 0,2%-0,4% of the total cells in resting pLNs 
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(Bajénoff et al, 2006). Therefore, in the absence of CD4+ T cells, LTi are the 

designated source of LTα1β2 in pLNs.  

Indeed, Ngo and colleagues (2001) have demonstrated that production of 

CCL19 and CCL21 in lymph nodes, which is induced by LTα1β2 (Ngo et al, 

1999), does not depend on T cells or B cells. Gp38 expression also occurred 

independently of B cells. The authors used BCR-/- and LTα-deficient mice, which 

do not develop lymph nodes, when measuring gp38-expression. They therefore 

could not conclude on the production of gp38 in the absence of T cells, but our 

results indicate that, in pLNs, T cells are not required either.  

Furthermore, in pLNs, the production of CCL19 and of CCL21 is provided 

by FRCs. The results Ngo and colleagues obtained also suggest that the function 

of the FRCs is maintained even in the absence of lymphocytes. This is an 

argument in favor of LTi being able to support them. 

 

LTi are potential HIV-1 targets in humans.  

 

In humans, all LTi appear to be CD4– or CD4low (Kim et al, 2009). 

However, they have been shown to express CXCR5 mRNA (Kim et al, 2009) and 

murine CD4+ LTi also express CXCR5 and CCR4 (Lane et al, 2008). Human LTi 

are therefore a potential direct target of HIV-1, although their actual infection by 

the virus has not yet been reported.  

Because of the central role they play in maintaining pLN architecture, 

their loss or a perturbation of their function would only precipitate the depletion 

of FRCs, and of CD4+ T cells, observed in humans. Human LTi being CD4– 

means that the human CD4 promoter would not be active in the LTi of our Tg 

mice. This population may therefore be preserved by not expressing Nef in our 

model, thus preventing the loss of FRCs. However, that some human LTi are 

CD4low could explain why we still see a depletion of about 30% of CD4+ LTi in 

our mice: the human CD4 promoter could be moderately active in these cells, and 

Nef expression could lead to their death. The next step in explaining the 
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preservation of FRCs in Tg pLNs would be to assess the specific expression of 

LTα1β2 by CD4+ and CD4– LTi, as well as remaining CD4+ T cells.  

Whether LTi express Nef in our model should also be investigated. And, 

like for FRCs, it is critical to discover whether or not LTi are indeed infected by 

HIV-1 in humans, as this would have drastic consequences on pLN functions and 

the immune system. 

 

Nef is required, but possibly not sufficient, to induce a perturbation of 

the pLN structure in mice. 

 

Our laboratory also developed a CD4C/HIVWT mouse, which expressed all 

of the HIV-1 genes. Its LNs presented hypocellularity and a disrupted architecture 

(Hanna et al, 1998). This shows that murine LNs can be affected by HIV-1 when 

it is expressed under the control of the human CD4 promoter. While there is a 

clear loss of CD4+ T cells, the normal structure of the pLNs of CD4C/HIVNef 

mice suggests that Nef alone is not sufficient to induce these phenotypes. It may 

not even be involved at all in the disruption of the pLN architecture. 

We could find no structural differences between wild type and Tg 

CD4C/HIVΔNef mice, which suggests that Nef is indeed required for the 

development of LN structure disruption. However, since it is not seen in 

CD4C/HIVNef mice, we hypothesized that Nef may be required, but not sufficient. 

Our laboratory also developed a CD4C/HIVNef, Rev, Env mouse. These mice develop 

a severe disease and die faster than CD4C/HIVNef mice. It is unlikely that Rev and 

Env would directly contribute to the progression of the disease. We therefore 

asked whether levels of Nef in these mice differed from those of HIVNef mice, and 

the difference in phenotypes were dose-dependent. To our surprise, there was no 

significant difference in the amount of Nef protein in these two mouse lines. This 

discrepancy is not yet explained. It could be an artifact due to increased 

hypocellularity that would make RN fibers appear more disrupted in 

CD4C/HIVNef, Rev, Env mice, or a founder effect. In fact, preliminary data (not 

shown) obtained by flow cytometry on total pLNs of CD4C/HIVNef, Rev, Env mice 
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were inconclusive: the first group (three Tg mice and two controls) showed a 

decrease in absolute numbers of FRCs as well as endothelial cells, but no 

difference in the percentage of these cells in Tg pLNs. The second group (again 

three Tg mice and two controls that were the same age as the mice of the first 

group) showed an increase in percentage of FRCs and endothelial cells that was 

only significant for the latter, and no difference in total numbers of cells. Thus, 

the pLN stroma could also be preserved in these mice. Understanding why the 

disease progresses faster in CD4C/HIVNef, Rev, Env mice than in CD4C/HIVNef mice 

is crucial to our comprehension of the exact effects of Nef in these models.  

Of note, the HIV-1 Env gene encodes the precursor protein gp160 that is 

then cleaved by a host protease into gp120 and gp41 (Willey et al, 1988). It would 

be of interest to investigate whether this cleavage occurs in our transgenic mice, 

as gp120 has been shown to induce endothelial cell apoptosis and to increase the 

permeability of blood vessels (Mu et al, 2007). These effects could explain, in 

part, the differences seen between CD4C/HIVNef and CD4C/HIVNef, Rev, Env mice 

mentioned above. 

 

In summary, we propose here that Nef does not affect the FRC population 

in CD4C/HIVNef mice despite being present in these cells. This could be explained 

by the preservation of LTi that produce enough LTα1β2, and thus trigger sufficient 

LTβ-receptor signaling in FRCs, to support them. In human patients, LTi are most 

likely infected by HIV-1 and depleted, which, in addition to the depletion of 

CD4+ T cells, leads to the loss of stromal cells and RN observed. Nevertheless, 

we cannot exclude that defects in FRC functions could arise after immunization of 

the mice, and this needs to be tested. 
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7.2 Effects of Nef on endothelial cells 

 

BECs and LECs both express Nef RNA. 

 

We found that both BECs and LECs express Nef RNA. Infection of BECs 

by HIV-1 has already been reported in the vessels of several organs: brain 

capillaries (Moses et al, 1993), kidney glomeruli (Green et al, 1991), hepatic 

sinusoid (Lafon et al, 1993) and bone marrow (Moses et al, 1996). Nef has also 

been linked to the development of pulmonary arterial hypertension in AIDS 

patients, although, in this case, BECs seem to uptake circulating Nef instead of 

being infected by HIV-1 (Voelkel et al, 2008). Thus, the infection of BECs 

depends greatly on the organ considered and on the specific features of the 

associated vasculature. To this day, there is no evidence of a direct infection of 

BECs in the pLN. While not definite, our results suggest that this could be the 

case, as they imply that human BECs express CD4. 

Direct infection of LECs by HIV-1 has not been reported, although Tat has 

been reported to stimulate angiogenesis (Rusnati and Presta, 2002) and increases 

leaking from lymphatic vessels (Zhang et al, 2012). Our results suggest that, like 

BECs, they could be infected. It is also possible that their susceptibility to HIV-1 

infection would vary according to the organ considered. 

 

The expression of Nef by BECs and LECs of pLNs leads to their 

expansion. 

 

IHC stainings have shown expansion of both BECs and LECs in pLNs of 

Tg mice, but only in specific areas of the organ. For BECs, this expansion is 

localized to the medullary blood vessels. In the case of LECs, only the 

subcapsular sinus seems concerned. Moreover, only parts of these structures are 

affected, which indicates that these modifications are focal.  

Endothelial cell proliferation associated with HIV-1 infection has been 

mostly studied in the context of Kaposi’s sarcoma. However, the development of 
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this cancer depends on infection with Human Herpesvirus 8 (Moore and Chang, 

1998), which is not present in our mice. Moreover, Kaposi’s sarcoma induces a 

reprogramming of the affected endothelial cells: they acquire an intermediary 

phenotype, with BECs developing LEC characteristics, and vice versa (Hong et 

al, 2004; Liu et al, 2010). The expanding cells we observed in CD4C/HIVNef mice 

seem to retain their respective characteristics, as BECs remain vWF+ and LECs 

remain LYVE-1+. These specific markers are both downregulated in Kaposi’s 

sarcoma cells (Hong et al, 2004; Liu et al, 2010). The lesions that develop in the 

pLNs of these Tg mice are therefore of another type. 

Nef has been shown to induce plexiform-like vascular lesions in the lungs 

of SHIV infected macaques (Marecki et al, 2006) similar to those seen in HIV-

related pulmonary hypertension. These lesions include endothelial cell 

proliferation that obstructs the lumen, which resembles what we found in the 

medulla of our Tg mice. The cells that Marecki and colleagues observed 

obstructing the lumen were Factor VIII (vWF) positive, as are the cells that we 

saw. Marecki and colleagues propose that the presence of Nef in BECs coupled 

with loss of immune function leads to the apparition of dysfunctional, apoptosis-

resistant BECs that secrete increased amounts of cytokines and growth factors, 

which leads to their proliferation. Our results suggest that there is indeed a defect 

in apoptosis in BECs in the pLNs of Nef-expressing mice, although we were not 

able to verify whether these abnormal BECs actually proliferate or express Nef.  

Marecki and colleagues also propose that BECs uptake Nef. We could not assess 

the presence of the protein in BECs because of an insufficient number of cells, but 

it is entirely conceivable that an uptake of Nef could happen. Our results indicate 

that, in addition to this, BECs also directly express Nef RNA. Nef could therefore 

affect BECs by different processes. If they can happen simultaneously, they could 

greatly increase the perturbations induced by Nef in these cells. 

 Interestingly, two other HIV-1 proteins have been linked with BEC 

dysfunction. Gp120 and Tat can both induce apoptosis of BECs in the human 

umbilical vein (Huang et al, 2001; Jia et al, 2001), the brain microvasculature 

(where they alter the blood-brain barrier, Kanmogne et al, 2002; Kim et al, 2003), 
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and in the lung (Kanmogne et al, 2005; Park et al, 2001), as well as increase the 

permeability of blood vessels. Gp120 can act as a soluble factor, virion-associated 

or membrane-bound (Huang et al, 2001), while Tat is secreted by infected cells 

and taken up by normal ones. Tat also stimulates growth of Kaposi’s sarcoma 

cells and angiogenesis (Mu et al, 2007). Thus, Nef contributes to the endothelial 

disruption that occurs during HIV-1 infection. While Marecki and colleagues 

(2006) showed that it has effects on BECs in the lung, we show that it also acts in 

pLNs.  

Like BECs, LECs have been mostly studied in the context of HIV-1 

infection for their involvement in Kaposi’s sarcoma, which is not the type of 

lesion we observed. While still preliminary, our results suggest that the LECs of 

the pLNs of Tg mice do not have a defect in apoptosis. Thus, their expansion 

could be due to proliferation.  

In normal pLNs, endothelial cell proliferation depends on vascular 

endothelial growth factors (VEGFs, Webster et al, 2006), with FRCs being the 

main source of both VEGF-A and VEGF-C (Chyou et al, 2008, Malhotra et al, 

2012). Based on previous results, we would expect the production of VEGFs by 

FRCs to not be affected in Nef-expressing pLNs. However, this has to be 

confirmed. The integrin α 7-expressing pericytes (IAPs) are cells found around 

blood vessels of the T zone and the medulla that also express VEGF, although at 

lower levels than FRCs. They are also strongly positive for α-smooth muscle actin 

(Malhotra et al, 2012). Interestingly, when identifying abnormally structured 

vessels in the medulla of Tg pLNs, we observed that some of them presented a 

dim or not-continuous α-smooth muscle actin signal surrounding the endothelial 

cells. Nevertheless, the vessels that presented an expansion of endothelial cells did 

not always present this defect in α-smooth muscle actin signal. Little is known 

about the function of the IAPs and it would be interesting to study them in greater 

detail, as our results show that they may be affected in the presence of Nef, but 

other factors must be at play. 

Another possible way to induce a proliferation of endothelial cells would 

be through the activation of the Notch signaling pathway. This phenomenon is 
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seen in Kaposi’s sarcoma, for example (Liu et al, 2010), and Nef may interfere 

with Notch signaling to cause HIV-associated nephropathy (Zuo et al, 2006; 

Sharma et al, 2010 and 2013).  

Nef is sufficient to induce HIV-associated nephropathy (Hanna et al, 

1998). In a transgenic rat model of this disease, Sharma and colleagues observed 

phenotypes similar to those known to be caused by Nef, such as proliferation and 

dedifferentiation of podocytes (Sharma et al, 2010; Zuo et al, 2006). They also 

showed that the Notch signaling pathway was activated in these cells. In vitro, 

podocytes treated with Nef also proliferated. Notch inhibitors were able to block 

this effect (Sharma et al, 2013). These results suggest that Nef and the Notch 

signaling pathway may interact to induce HIV-associated nephropathy. 

Moreover, another study performed in our laboratory strongly supports the 

idea that Nef may interact with the Notch1 pathway (see part 2 of this thesis). 

Thus, it appears that Nef may interfere with the Notch signaling pathway, which 

is known to induce endothelial cell proliferation (reviewed in Chappell and 

Bautch, 2010). Notch signaling should therefore be measured in our Tg mice, 

along with VEGF-A and VEGF-C levels. 

 

The expansion of BECs and LECs is focal. 

 

It is striking that the abnormal, expanding BECs seem to appear in the 

medullary blood vessels but not in the HEVs of the T zone. HEVs are specialized 

in the extravasation of lymphocytes and display specific adhesion markers, such 

as PNAd (von Adrian and Mempel, 2003). Lymphocyte entry into the pLN from 

the medulla is also possible, but much less frequent, and medullary blood vessels 

mostly comprise afferent arterioles and efferent venules (von Adrian and Mempel, 

2003; Pfeiffer et al, 2008). Our results indicate that, in addition to these functional 

differences, structural ones exist between these two blood vessel types. However, 

few studies comparing them exist.  

Pfeiffer and colleagues have analyzed the junctions found between 

endothelial cells of pLNs (Pfeiffer et al, 2008). Apart from PNAd expression, the 
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only difference they found between HEVs and medullary blood vessels was in the 

expression of claudins. All claudins were absent from HEV, while medullary 

blood vessels expressed only claudin 5. Claudins are required for the formation of 

tight junctions (Furuse and Tsukita, 2006). Their absence suggests that HEVs lack 

tight junctions and is in agreement with their support of the paracellular 

diapedesis of lymphocytes. Medullary blood vessels express claudin 5, which 

would indicate that the BECs of these vessels form a tighter barrier for 

lymphocytes. This is understandable as these vessels are not a site of entry or exit 

from the pLN for lymphocytes (reviewed in von Adrian and Mempel, 2003). 

Interestingly, Pfieffer and colleagues observed PNAd+ vessels in the medulla of 

pLNs, which marks them as HEVs. They showed that both B and T lymphocytes 

could enter the pLN through these medullary HEVs, albeit less efficiently than 

through T zone HEVs. Our own observations revealed that only certain vessels of 

the medulla presented expanding cells, and T zone HEVs never seemed affected. 

It is therefore possible that the preserved vessels of the medulla were these 

medullary HEVs, and that the affected vessels were either the afferent arterioles 

or efferent venules. A PNAd staining is needed to confirm this hypothesis. While 

they give us an idea why only some blood vessels were affected in the pLNs of 

Nef-expressing mice, these results do not explain how BECs started expanding.  

We have shown that BECs express low levels of Nef RNA. It could be that 

the cells expressing higher levels of the HIV-1 protein would be affected and start 

behaving in a way similar to what Marecki and colleagues described to form 

plexiform-like lesions. This phenotype could be cell-autonomous or involve a 

paracrine effect. A protocol to isolate these cells is needed to study them in 

greater detail.  

 In the pLNs of Nef-expressing mice, LECs expansion was localized to the 

SCS. In the most severe cases, expanding cells reached into the medulla and no 

clear separation between the two compartments could be observed, so we cannot 

completely exclude that LECs of the medulla may also proliferate. Nevertheless, 

the expansion started in the SCS. Our laboratory previously reported an 

accumulation of dendritic cells in the SCS of CD4C/HIVNef, Rev, Env mice, which 
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reflects a defect in cell migration through the pLN (Poudrier et al, 2003). An 

obstruction of the lumen of the SCS by expanding LECs could explain this defect. 

Since BEC expansion indicates that there are differences between HEVs and 

medullary blood vessels, the pattern of LEC expansion reveals differences 

between the SCS and the medullary sinuses. LECs from the SCS are the first 

endothelial cells encountered by migrating dendritic cells when they arrive at the 

pLN via the afferent lymphatic vessels. They also allow for sampling of lymph-

borne antigens by the macrophages located just beneath the SCS, and the conduits 

surrounded by FRCs connect to the SCS (Ushiki et al, 1995). Meanwhile, the 

medullary sinuses specialize in the egress of immune cells (reviewed in von 

Adrian and Mempel, 2003). The different functions of the two compartments 

suggest different patterns of expression of chemokines and adhesion proteins. 

However, the study by Pfeiffer and colleagues (2008) revealed no differences in 

the cell-cell junctions.  

Like BECs, LECs of CD4C/HIVNef mice express Nef RNA. It is 

conceivable that only the cells expressing higher levels of Nef would start 

expanding. As for BECs, this could be cell-autonomous, or the expanding cells 

could stimulate the expansion of their neighbors by a paracrine effect. We need to 

assess the production of growth and proliferation factors such as VEGFs in the 

total pLN and in these particular cells to evaluate this. It seems unlikely that this 

phenotype would be triggered by the interaction of the endothelial cells with Nef-

expressing T cells, as HEVs and medullary sinuses, where this contact is more 

frequent, are not affected.  

The CD4C/HIVNef mice display cardiac and renal diseases (Hanna et al, 

1998). It would be informative to investigate whether the blood and lymphatic 

vessels in these organs also present an expansion of endothelial cells, or whether 

it is confined to pLNs. Interestingly, while the blood vessels themselves were not 

studied at the time, the lesions observed in both cardiomyocytes and glomeruli 

were also focal (Kay et al, 2002; Zuo et al, 2006). Understanding why Nef affects 

some cells of a given population, but not all, would be key to understanding the 

HIV-1-associated organ diseases.  
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Thus, the exact causes of the expansion of BECs and LECs in 

CD4C/HIVNef mice remain unknown. Blocked vessels and sinuses would disrupt 

the migration of immune cells to and from the lymph node, thereby hindering 

their access to survival factors and preventing contact between them. In HIV-

infected patients, this would further compromise the survival of these immune 

cells, as well as the development of acquired immune responses. 
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Part 2: Expression of the HIV-1 protein Nef in basal keratinocytes 

induces the development of an atopic dermatitis-like disease. 
 

Introduction 
 

Chapter 8: Organization of murine skin 

 

 8.1 Structure of adult mouse skin 

 

 The second part of this project focuses on the effects of Nef on another 

organ, the skin. Mouse skin greatly resembles that of humans. It is composed of 

three layers: the hypodermis, dermis, and epidermis. The hypodermis, the 

innermost layer, consists mostly of adipose tissue. The dermis contains fibroblasts 

and a specialized extracellular matrix made of collagens, elastin, proteoglycans, 

and fibronectin, among other components. This matrix confers its mechanical 

properties to the skin. Blood and lymphatic vessels are also present in the dermis, 

as well as sensory nerve endings. The main cells found in the epidermis, the 

outermost layer, are keratinocytes, which act as a barrier between the body and its 

environment. Melanocytes and Langerhans cells can also be found in the 

epidermis. Lastly, sebaceous and sweat glands, as well as hair follicles, grow from 

the epidermis into the dermis (Wong and Chang, 2009). Figure 26 represents the 

anatomy of the skin. 

 Like the skin itself, the epidermis can be divided into several layers: the 

stratum basale, the innermost layer, the stratum spinosum, the stratum 

granulosum, and the stratum corneum. It is a self-renewing tissue. It comprises 

stem cells that are found in the bulge of hair follicles. These stem cells give rise to 

the epidermis, but also to hair follicles and sebaceous glands (Taylor et al, 2000; 

Oshima et al, 2001). The daughter cells they produce migrate up the hair follicle 

and populate the stratum basale, or basal layer, of the epidermis. These basal 

keratinocytes undergo a limited number of divisions before starting to 
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differentiate. They migrate to the next epidermis layer, the stratum spinosum or 

spinous layer, which causes them to stop proliferating and to undergo terminal 

division (Jones and Watt, 1993; Jones et al, 1995). The cells in the uppermost 

layer, the stratum corneum, are dead and enucleated cells that are eventually shed 

from the skin. Regulation of the production of new cells and of differentiation is 

therefore essential to maintain a healthy, functioning epidermis (Fuchs and 

Raghavan, 2002). Figure 27 represents this stratification of the epidermis. 

Keratins are intermediate filaments that can make up to 85% of fully 

differentiated keratinocytes (Fuchs, 1995). They attach to desmosomes to form 

cell-cell junctions and provide mechanical strength to the cells, and therefore to 

the skin (Green et al, 1992; Fuchs, 1995). 

The different layers of keratinocytes can be distinguished by their 

expression of keratins. The basal layer expresses keratins 5 and 14, which are 

restricted to cells that maintain their ability to proliferate (Byrne et al, 1994). As 

they move up the layers of the epidermis and differentiate, keratinocytes 

downregulate keratins 5 and 14 and start expressing keratins 1 and 10. (Fuchs and 

Green, 1980). Keratinocytes of the upper epidermal layers also express other 

differentiation markers such as involucrin and loricrin (Dotto, 1999). 

 The Wnt and Notch signaling pathways are both implicated in the 

differentiation of the epidermis, with Wnt being required for the separation of the 

hair lineage, which will give rise to hair follicles, and the epidermal lineage 

(Powell et al, 1998; Millar et al, 1999; Fuchs and Ranghavan, 2002). The 

importance of Notch signaling in the skin will be detailed below. 
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Skin tissue engineering

Figure 1. Anatomy of the skin. Skin is composed of three layers, starting with the outermost layer: the epidermis, dermis, and hypodermis. Epidermis is a
stratified squamous epithelium that is divided into four layers, starting with the outermost layer: stratum corneum (SC), stratum granulosum (SG), stratum
spinosum (SS), and stratum basale (SB). Outer root sheath of the hair follicle is contiguous with the basal epidermal layer. Stem cell niches include the basal
epidermal layer, base of sebaceous gland, hair follicle bulge, dermal papillae, and dermis.

is deep to the dermis, is composed primarily of adipose tissue of mesoderm origin, and separates the dermis from the
underlying muscular fascia.

4. Skin stem cells

In order to perform and maintain its barrier function while continually exposed to mechanical and chemical
trauma from the environment, skin must undergo constant turnover throughout adult life and have the ability for
wound repair to replace damaged cells. Similar to the role of hematopoietic stem cells in the bone marrow to
continuously generate mature blood cells, the ability for skin tissue to self-renew is conferred by skin-specific stem
cells. Multipotent or unipotent skin stem cells are slowly-cycling cells that reside in at least five distinct niches in the
skin: basal (innermost) layer of epidermis, hair follicle bulge, base of sebaceous gland, dermal papillae, and dermis
(see Figure 1). Not only are these stem cells critical for the long-term maintenance of the skin tissue but also are
activated by wounding to proliferate and regenerate the tissue.

3

stembook.org

 
 

Figure 26: Anatomy of the skin. Adapted from Wong and Chang, 2009. The 
epidermis itself is divided into four layers: the stratum basale (SB), stratum 
spinosum (SS), stratum granulosum (SG), and stratum corneum (SC). 
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KERATIN

A cytoskeletal filament that is
typically 10 nm in diameter.
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R E V I EW S

repressing the transcription of the epidermal growth
factor receptor (EGFR) gene and genes regulated by
p53 and the cell cycle11, and any of these functions
could maintain stem cells in a slow cell-cycling state.
That said, mice that lack Trp63, which encodes p63,
have a very thin epidermis and severe defects in epi-
dermal proliferation, stratification and differentia-
tion11,12. The early onset of these defects, together
with the normal expression pattern of Trp63 and its
null phenotype, indicates a role for p63 in maintain-
ing transit-amplifying epidermal-cell character rather
than that of a stem cell.

By contrast, the elevated expression of the cell-cycle
regulator, c-Myc (myelocytomatosis oncogene; also
known as Myc), in the stem and transit-amplifying
cells of transgenic mice leads to epidermal hyperprolif-
eration without loss of differentiation13,14. Additionally,
these animals lose their hair and have severely
impaired wound healing, which both indicate the
accelerated use and eventual depletion of the stem-cell
population of the skin. Whether c-Myc is naturally
activated as stem cells exit the bulge and convert to
transit-amplifying cells is an intriguing question that
remains unaddressed, although intense c-Myc expres-
sion in the bulge has recently been reported15.

Wnt signalling. The genes that encode c-Myc and
cyclin D1 (Ccnd1) have both been implicated as 

commit to terminal differentiation, detach from the
basement membrane and begin their trek towards 
the surface of the skin7 (reviewed in REF. 8). Cells that
reach the body surface are dead, enucleated, flattened
cells (squames) that are subsequently sloughed and are
continually replaced by inner cells that move out-
wards. So, the epidermis is in a constant state of
dynamic equilibrium, replenishing itself every two
weeks throughout life.

A remarkable feature of adult, human epidermal
stem cells is that they can be maintained and propa-
gated in vitro in primary human keratinocyte cul-
tures. But finding these stem cells and studying their
properties presents a more difficult challenge, because
such cultures contain a mixed population of cells
(reviewed in REF. 9). Nevertheless, stem-cell character
in vitro has been correlated with the selective down-
regulation of certain proteins, such as the transferrin
receptor9, 14-3-3σ (a nuclear-export protein), and the
cytoskeletal KERATINS, K19 and K15.

However, most of the genes that are associated
with skin epithelial stem cells are also expressed in
their transit-amplifying offspring, which raises the
question of whether these markers function to main-
tain stem-cell character or proliferative capacity. An
example of this is p63 — a p53 homologue that is
expressed throughout the basal layer of the
epidermis10. The p63 protein has been implicated in
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Figure 1 | The skin and its appendages. Mammalian skin consists of the
epidermis and dermis, separated by a basement membrane. The epidermis is a
stratified squamous epithelia that is composed of several cell layers. Resting on
the basement membrane is the basal layer (BL), consisting of proliferating, transit-
amplifying cells (see text). The basal layer stratifies to give rise to differentiated cell
layers of the spinous layer (SL), granular layer (GL) and the stratum corneum (SC).
Also shown is a cross-section of a hair follicle, which consists of an outer root
sheath that is contiguous with the basal epidermal layer. At the bottom of the
follicle is the hair bulb, made from proliferating matrix cells. The transit-amplifying
matrix cells terminally differentiate to generate the different cell types of the follicle.
Also shown is the bulge, which is part of the outer root sheath and is where
epidermal stem cells reside. The dermal component of the hair follicle is the dermal
papilla, which consists of specialized mesenchymal cells surrounded by the hair
matrix cells. 

 
Figure 27: Stratification of the epidermis. Adapted from Fuchs and Raghavan, 
2002. The epidermis is separated from the dermis by a basement membrane. The 
cells of the basal layer divide a limited number of times before undergoing 
differentiation and moving to the upper layers of the epidermis. When they reach 
the stratum corneum, they are dead and denucleated, and are eventually shed from 
the skin. 
 

 

8.2 The Notch signaling pathway in mouse skin 

 

  8.2.1 The Notch signaling pathway 

  

The Notch signaling pathway is remarkably conserved in all metazoans 

(Artavanis-Tsakonas et al, 1999). In mammals, this family of genes encodes four 

type 1 transmembrane receptors, named Notch1 to 4. Five ligands have been 

identified: Jagged 1 and 2, and Delta-like 1, 3, and 4 (Artavanis-Tsakonas et al, 

1999). Activation of this pathway is regulated by cell-cell interactions, in that the 

receptors present on one cell are activated by the ligands expressed by a 

juxtaposed cell. This triggers cleavage of the receptors. First, an ADAM 

metalloprotease releases the extracellular domain of Notch (Brou et al, 2000). 

Then, the γ-secretase cleaves the receptor within its transmembrane domain. The 
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Notch intracellular domain is then released into the cytoplasm and translocates to 

the nucleus. Once there, it associates with RBP-Jκ, named CBF1 in mammals. 

CBF-1 is a ubiquitous DNA-binding protein normally associated with a 

corepressor complex. It dissociates from this complex upon binding of the Notch 

intracellular domain. The two proteins then form a transcription activator complex 

and modulate the expression of Notch target genes such as the transcription 

factors of the HES and Hey (also called HERP) families (Iso et al, 2003; Lubman 

et al, 2004; Mammucari et al, 2005). 

Of note, the extracellular domain of Notch also plays a role after its 

cleavage. Indeed, it can remain bound to the ligand and be internalized into the 

ligand-expressing cell by trans-endocytosis. It then participates in the activation of 

signaling pathways, possibly by inducing conformational changes of the ligand 

(Parks et al, 2000; Hansson et al, 2010).  

 

 8.2.2 Notch can act as an oncogene and as a tumor suppressor 

 

 Notch receptors are widely expressed in mammals and are heavily 

implicated in cell-fate decisions (stem cell maintenance and differentiation), 

proliferation, and apoptosis (Radtke and Raj, 2003). For example, Notch1 is 

necessary to T-cell lineage commitment and T cell maturation, as loss of its 

signaling leads to the generation of double positive T cells stuck in this 

developmental stage (Radtke et al, 1999). In addition, overexpression of Notch1 is 

involved in T-cell leukemia (Reynolds et al, 1987). Notch signaling is also 

abnormally activated in many neoplasms, such as mouse mammary tumors 

(Dievart et al, 1999), human breast cancers (Weijzen et al, 2002), colon 

adenocarcinomas and cervical carcinoma (Zagouras et al, 1995), and non-small 

cell lung cancer (Guo et al, 2012).  

In the skin, Notch1 acts as a tumor suppressor, as mice with Notch1-

deficient epithelium spontaneously develop basal cell carcinoma-like lesions 

(Nicolas et al, 2003). These lesions are caused by the downregulation of p21 and 

by the aberrant expression of Gli2, a downstream component of the Sonic-
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hedgehog signaling pathway normally inhibited by Notch1 (Nicolas et al, 2003). 

Moreover, activation of Notch1 signaling reduces the growth of neuroendocrine 

tumors such as medullary thyroid tumors in vitro (Kunnimalaiyaan and Chen, 

2007), and also induces cell-cycle arrest in small cell lung cancer cells 

(Sriuranpong et al, 2001). Thus, Notch signaling can have either tumor promoting 

or tumor suppressing functions. As mentioned, its role in the skin falls into the 

second category. We will now discuss it in further detail. 

 

  8.2.3 Role of the Notch signaling pathway in the epidermis 

 

In mice, Notch 1 and Notch 2 are expressed in the spinous and granulous 

layers of the epidermis, as are their ligands Jagged 1 and Jagged 2 (Rangarajan et 

al, 2001). In humans, however, Notch1 is expressed in all epidermal cells. Notch2 

is restricted to the basal layer, and Notch3 is found in the spinous and granulous 

layers (Lowell et al, 2000; Nickoloff et al, 2002). Despite these differences in 

expression patterns, Notch signaling plays the same role in both murine and 

human skin, and that is to induce differentiation (Lowell et al, 2000; Rangarajan 

et al, 2001, Nickoloff et al, 2002).  

Notch signaling, and in particular Notch1 signaling, inhibits the 

proliferation of keratinocytes by upregulating the expression of p21 (WAF1, 

Rangarajan et al, 2001) and activating NF-κB (Nickoloff et al, 2002). It also 

increases the expression of differentiation markers such as keratin 1 and 

involucrin. 

Thus, in the skin, Notch acts as a tumor suppressor. As mentioned above, 

mice with Notch1-deficient epithelial cells spontaneously develop basal cell 

carcinoma-like lesions because of aberrant Sonic-hedgehog signaling (Nicolas et 

al, 2003). In addition, Notch1 also inhibits Wnt signaling, which is involved in 

epidermal stem cell renewal and lineage selection (Zhu and Watt, 1996, 1999), 

and is implicated in the development of basal-cell carcinoma (Boonchai et al, 

2000; Lo Muzio et al, 2002). Therefore, Notch1 signaling also promotes 

differentiation. 
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The Notch1 signaling pathway is activated by ligand-binding (Artavanis-

Tsakonas et al, 1999), but Dotto (1999) has reported that calcium levels play an 

important role in keratinocyte growth and differentiation control. It has been 

known for decades that adding 0.12 to 2 mM of calcium to the culture medium 

induces keratinocyte differentiation in vitro (Hennings et al, 1980). In vivo, an 

extracellular calcium gradient exists in the epidermis and shows an increase in 

concentration toward the stratum corneum (Menon et al, 1992; Forslind et al, 

1997). Increased extracellular calcium concentrations induce the upregulation of 

p21, and promotes withdrawal from the cell cycle (Missero et al, 1995; Prowse et 

al, 1997). This effect is mediated by the calcium/Calmodulin dependent 

phosphatase Calcineurin. It dephosphorylates the nuclear factors of activated T 

cells (NFATs, Crabtree and Olson, 2002), which then induce the transcription of 

the p21 gene (Santini et al, 2001).  

Mammucari and colleagues (2005) have demonstrated that mice lacking 

the CnB1 Calcineurin subunit have significantly lower p21 mRNA levels after 

Notch1 stimulation compared to wild type mice. They also show that Notch1 

directly activates this pathway, as Notch1 signaling leads to the inhibition of 

Calcipressin, a Calcineurin inhibitor, in a HES-1-dependent manner (Mammucari 

et al, 2005). Thus, through Calcineurin, calcium levels and Notch1 signaling are 

linked in the control of growth arrest and differentiation of mouse keratinocytes.   
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Chapter 9: HIV-1 skin pathogenesis 

 

 9.1 Skin diseases in AIDS patients 

 

 In addition to the effects it has on the immune system, HIV-1 infection is 

also associated with the development of many skin disorders. These disorders 

cause often-disfiguring lesions, and can thus severely undermine the patient’s 

self-esteem and induce depression (Zalia et al, 1992). Moreover, some of them, 

like Kaposi’s sarcoma, present a direct threat to the patient’s survival. Table 4 

recapitulates the most common skin diseases that develop in AIDS patients. The 

primary manifestations listed appear to be directly related to HIV-1 infection, 

while the secondary manifestations require infection with another pathogen.  

 By inducing the restoration of the immune system, highly active 

antiretroviral therapy has caused a decrease in the incidence of the secondary 

manifestations (Uthayakumar et al, 1997; Maurer et al, 2004; Maurer, 2005). The 

frequency of primary manifestations, however, did not change after the 

introduction of therapy (Maurer et al, 2004).  

Moreover, a direct link between HIV-1 gene products and the development 

of these diseases has yet to be found (Cedeno-Laurent et al, 2011). Several factors 

are thought to be implicated in this process: the loss of a functional immune 

system (Tschachler et al, 1996), the shift to a Th2 cytokine profile (Amerio et al, 

2001), and mimicry and expression of super-antigens and xenobiotics (Yarwood 

et al, 2000; Perl, 2003).  

The study of these primary manifestations is complicated by the lack of 

animal models that faithfully reproduce the phenotypes seen in human patients 

(Cedeno-Laurent et al, 2011). Reid and colleagues have developed a transgenic rat 

model that does present skin lesions, such as hyperkeratosis and infiltration of 

mononuclear cells (Reid et al, 2001). Cedeno-Laurent and colleagues further 

studied this model and reported that these lesions developed into epidermal 

hyperplasia with hemorrhage and necrosis of keratinocytes (Cedeno-Laurent et al, 

2009). They also recently reported that a newly-developed humanized mouse 
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model may prove useful to study HIV-associated skin diseases (Cedeno-Laurent 

et al, 2011), but more work is needed to fully elucidate the link between HIV-1 

and these diseases. 

 
Table 4: Skin diseases associated with HIV-1 infection. Adapted from Cedeno-
Laurent et al, 2011. The percentages in parenthesis indicate the prevalence of 
primary manifestations in HIV-1/AIDS patients, when available. 
 

Primary manifestations Secondary manifestations 
 Infections Neoplasms 

- Seborrheic dermatitis (40% - 80 %) - Herpes simplex - Kaposi’s sarcoma 
- Xerosis (20%) - Varicella-Zoster - T cell lymphoma 
- Atopic dermatitis (30% -50%) - HPV infection - Basal cell carcinoma 
- Eosinophilic folliculitis (seen 

almost exclusively in AIDS 
patients) 

- Molluscum contagiosum - Squamous cell 
carcinoma 

- Psoriasis (2%, but more severe than 
in seronegative patients) - S. aureus infections  

- HIV-1 related pruritus     - folliculitis  
- Drug induced     - bullous impetigo  

     - echtyma 
  

 - Mycobacterial cutaneous 
infection  

 - Bacillary angiomatosis  

 - P. aeruginosa cutaneous 
infection  

 - Candidiasis  
 - Dermatophyte infection  
 - Histoplasmosis  
 - Cryptococosis  
 - Pneumocystis  
 
 

 9.2 Involvement of the Notch1 signaling pathway in skin diseases 

associated with HIV-1 infection 

   

As previously mentioned, the inhibition of Notch1 signaling in the 

epidermis leads to the spontaneous development of basal cell carcinoma (Nicolas 

et al, 2003). Mice lacking epidermal Notch1 signaling also develop squamous cell 

carcinomas (Proweller et al, 2006). HIV-1-infected individuals have a higher risk 

of developing these cancers (Cedeno et al, 2011). In addition, Notch signaling is 

also decreased in psoriasis, which is characterized by aberrant keratinocyte 
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proliferation and lack of differentiation, as well as infiltration of leukocytes 

(Thélu et al, 2002). Atopic dermatitis is also prevalent in AIDS patients. 

Dumortier and colleagues (2010) were able to induce an atopic dermatitis-like 

disease in adult mice by inhibiting Notch1 and Notch2 signaling in basal 

keratinocytes.  

These results suggest that inhibition of the Notch signaling pathways could 

occur in HIV-1-infected individuals, and cause some of the skin pathologies 

observed. A possible interaction between Notch and HIV-1 proteins has 

previously been reported in HIV-associated nephropathy. Indeed, the HIV-1 

protein Nef causes a proliferation and dedifferentiation of podocytes (Zuo et al, 

2006). Sharma and colleagues have showed that the Notch signaling pathway is 

activated in this disease in vivo (Sharma et al, 2010). In vitro, cultured podocytes 

treated with Nef also proliferated and presented in active Notch pathway. The use 

of Notch signaling inhibitors blocked the effects of Nef on the cells (Sharma et al, 

2013). These results suggest that Nef could interact with Notch to induce HIV-

associated nephropathy. Tat is also known to interact with the EGF-like repeats 

present in the extracellular domain of Notch receptors of mice and humans, and 

could modulate their activation (Shoham et al, 2003).  

Given the many roles of Notch in the skin and other organs, studying the 

interactions between HIV-1 proteins and the Notch signaling pathways could 

therefore offer new insights into HIV-1 pathogenesis. 

 

9.3 The rThy1/rtTA x TRE/HIVNef mouse 

 

Our laboratory generated an rThy1/rtTA x TRE/HIVNef mouse. Nef 

expression is induced in the presence of doxycycline when the tetracycline-

controlled transactivator (rtTA) protein, expressed under the control of the rat 

Thy1 promoter, binds the tetracycline response element (TRE). This system also 

has the advantage of being reversible (Mansui et al, 1998). Our laboratory has 

developed other inducible systems to study the effects of Nef on adult mice 

(Rahim et al, 2009). Our other transgenic mice expressed the protein before birth, 
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and an inducible construct ensured that the phenotypes observed were not caused 

by an effect of Nef on the development of the embryo (Rahim et al, 2009).  

The induction of Nef expression led to the development of unexpected 

skin phenotypes, as described in the Results section (chapter 11). 

 

9.4 Rationale for Master’s project and hypothesis 

   

9.4.1 Rationale 

 

 A group of rThy1/rtTA x TRE/HIVNef mice was exposed to doxycycline 

diluted in their drinking water. They developed an extensive hair loss and 

thickening of the skin. They also presented enlarged lymph nodes and spleens. 

Closer inspection of the skin revealed an atopic dermatitis-like disease. Such a 

disease can be induced in mice by inhibiting the Notch signaling pathway in basal 

keratinocytes (Dumortier et al, 2010). This unexpected result led us to think that 

we had in fact generated a mouse model of HIV-1-related atopic dermatitis. We 

sought to further characterize the phenotypes observed. 

 

  9.4.2 Hypothesis 

 

Nef inhibits the Notch signaling pathway in basal keratinocytes, which 

leads to the development of an atopic dermatitis-like disease. 

 

  9.4.3 Objectives 

 

Our first objective was to further characterize the rThy1/rtTA x 

TRE/HIVNef mouse model. We studied the skin phenotypes as well as peripheral 

ones. We compared our mice with the model developed by Dumortier and 

colleagues (2010) to ensure that the rThy1/rtTA x TRE/HIVNef mice did indeed 

develop an atopic dermatitis-like disease.  
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The second objective was to demonstrate that Nef does inhibit Notch 

signaling in basal keratinocytes. 

 

 
 



 111 

 
Chapter 10: Material and Methods  

 

 10.1 Material 

 

Mice 

 The rThy1/rtTA x TRE/HIVNef mice were generated on a wild type C3H 

background (Harlan Laboratories) and kept in a sterile, specific pathogen free 

facility, according to the recommendations of the Canadian Council on Animal 

Care. Doxycycline was added to their drinking water to induce Nef expression, at 

2mg/mL. The mice were exposed to it for one or three months. 

All manipulations were approved by the Committee for Animal Protection 

(Comité de Protection des Animaux) of the Institut de Recherches Cliniques de 

Montréal.  

 

Cells 

 We used 293T cells for the transfection and infection experiments. The 

cell line was derived from human embryonic kidney cells and are known to be 

easily transfected (Graham et al, 1977). The cells were kept in 10 mm Petri dishes 

in a sterile incubator at 37°C with 5% CO2. The culture medium was DME 

medium (Gibco) + 5% inactivated foetal bovine serum (FBSI) + 1% penicillin- 

streptomycin (at 10,000 units/mL and 10,000 µg/mL, respectively). 293T cells 

stably transfected with the full-length Notch1 receptor were a kind gift from Dr 

Katarzyna Jesien, then a PhD candidate in Dr Jolicoeur’s laboratory. 

  

Antibodies and reagents 

 The antibodies used for this project are listed in table 5, along with their 

working dilutions. 
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10.2 Methods 

 

Hematoxylin and eosin staining 

 The hematoxylin and eosin staining was performed on frozen sections of 

skin by Dominique Lauzier, of the Institut de Recherches Cliniques de Montréal 

histology facility. The slides were kept at room temperature and imaged with an 

Axiophot microscope (Zeiss) using Northern Eclipse software (version 7.0, 

EMPIX). 

 
Table 5: Antibodies used. The working dilutions are indicated. 

Antibodies (species) Dilution Company (catalog #) 
Primary antibodies   
Western blot   
Rabbit anti-Nef serum 3116 C/F 1/500 Developed by Dr Jolicoeur’s 

laboratory. 
Rabbit anti-Notch1 intracellular domain 
serum 1727-B2 

1/500 Developed by Dr Jolicoeur’s 
laboratory. 

   
Immunofluorescence   
GFP (sheep) 1/100 Bio Genesis (4745-1057) 
   
Flow cytometry   
CD4-APC 1/100 Cedarlane (CL013APC) 
CD8-FITC 1/100 Cedarlane (CL169F) 
TcR-biotin 1/100 Cedarlane (CL7200B) 
B220-FITC 1/100 Cedarlane (CL8990F) 
CD19-biotin 1/100 BD Pharmingen (553784) 
CD11b-PE 1/100 Cedarlane (CL8941PE) 
GR1-FITC 1/100 Cedarlane (CL8991F) 
CD45.2-Pacific Blue 1/100 Molecular Probes (MCD4528) 
gp38 (podoplanin)-PE 1/100 eBioscience (12-5381) 
CD31-biotin 1/400 BD Pharmingen (553371) 
Ly51-PE 1/100 BD Biosciences (553735) 
Uea-1-FITC 1/100 Vector Laboratories (FL-1061) 
Notch1-PE 1/100 eBioscience (12-5765) 
   
Immunoprecipitation   
HA-tag 1/100 GenScript (A01244-100) 
   
Secondary antibodies   
Western blot   
Goat anti-rabbit IgG Alexa Fluor 680 1/2500 Molecular Probes (A-21076) 
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Immunofluorescence 

  

Donkey anti-sheep IgG Alexa Fluor 488 1/250 Molecular Probes (A-11015) 
 

 

Western blot  

 Keratinocytes were purified as previously described (Dlugosz et al, 1995) 

and lysed in lysis buffer 30 minutes on ice. The lysate was centrifuged at 12,000 

rpm at 4°C for 15 minutes and the supernatant was transferred into a new tube. 

Samples were diluted in 4X loading buffer and run on a 10% polyacrylamide gel. 

The proteins were transferred to a PVDF membrane (Immobilon-P, 

#IPVH00010).  

 The blotting procedure was performed as described on page 48, but the 

membrane was blocked overnight at 4°C. The anti-Nef serum was incubated for 4 

hours at room temperature. The secondary antibody was incubated for 60 minutes 

at room temperature. 

 Scanning was also done with the Odyssey Infrared Imaging system (LI-

COR) using Odyssey software (version 3.0, LI-COR). 

 

Subcutaneous injection of a viral vector expressing Nef-GFP or GFP only 

 A Moloney viral vector with an Eco envelope expressing either Nef-GFP 

or GFP only was generated by Ginette Massé and Benoît Laganière, both from Dr 

Jolicoeur’s laboratory. Its ability to infect cells was tested by infecting 293T cells 

and NIH 3T3 cells. Three days following infection, the cells were fixed in 1% 

paraformaldehyde for 1 hour and their GFP expression was assessed by flow 

cytometry. About 75% of the 293T cells infected with the vector containing GFP 

only were GFP+, as were 50% of those infected with the vector expressing Nef-

GFP. In the case of the NIH 3T3 cells, 85-90% of the cells were GFP+ for each 

vector (data not shown). 

 Following this test, wild type C3H mice were injected subcutaneously with 

the virus expressing either Nef-GFP or GFP only, as previously described 

(Okimoto and Fan, 1999). Ginette Massé did the infection. The mice were kept in 
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a confinement level 2 laboratory. Two mice infected with the Nef-GFP vector, 

and two infected with the GFP-only vector were euthanized 1 month post-

infection. The skins were collected and hair was removed with a hair removal 

cream (Veet). They were fixed for 1 hour in 4% paraformaldehyde, then overnight 

in a 10% sucrose solution in PBS 1X. The next morning, they were incubated in a 

20% sucrose solution in PBS 1X for 4 hours, then frozen in OCT compound 

(Sakura Tissue-Tek). The blocks obtained were stored at -80°C. This process was 

repeated 2 months after infection.  

Cryosections were performed by Dominique Lauzier and stored at -80°C. 

  

Immunofluorescence and confocal microscopy 

 Immunostaining was performed as described on page 47. As keratin is 

strongly autofluorescent, we stained the slides for GFP to minimize the 

background signal.  The cells were permeabilized in 0,4% Triton X-100 in PBS 

1X. The slides were imaged with a LSM 710 confocal microscope (Zeiss) using 

Zen software (2009 version, Zeiss). 

 

Flow cytometry 

 Peripheral and mesenteric lymph nodes, spleen, and thymus were 

harvested. Lymph nodes were digested as described on page 45. The spleen was 

meshed and red blood cells were lysed in Gey’s solution. Thymi were first 

meshed to collect the thymocytes. They were then digested with DNase and 

Liberase in RPMI medium (Gibco) to free the epithelial cells.  

All cell suspensions were filtered to remove debris. The cells were then 

incubated in blocking buffer for at least 30 minutes on ice. The staining procedure 

was as described on page 45. The Ly51 and Uea-1 antibodies were diluted in 

HBSS medium (Gibco). We used 0.5-1x106 cells in each well. The cells were 

fixed overnight in 0.5% paraformaldehyde in PBS 1X at 4°C. 

Samples were run the next morning on a CyAn flow cytometer (Dako). 

The obtained data was analyzed with Flow Jo software (version 9.4.8, Tree Star, 

Inc.). 
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 The combination of markers was as follows. In both peripheral and 

mesenteric lymph nodes: CD4+ T cells: CD4+ TcR+; CD8+ T cells: CD8+ 

TcR+; B lymphocytes: B220+ CD19+, granulocytes: CD11b+ Gr1+, FRCs: 

CD45.2- CD31- gp38+; BECs: CD45.2-, CD31+ gp38-, LECs: CD45.2- CD31+ 

gp38+. In the thymus: CD4+ single positive T cells: CD4+ TcR+; CD8+ single 

positive T cells: CD8+ TcR+; double positive thymocytes: CD4+ CD8+ TcR+, 

medullary thymic epithelial cells (mTECs): CD45.2- Ly51low Uea-1+, cortical 

thymic epithelial cells (cTECs): CD45.2- Ly51+ Uea-1-. In the spleen: 

immature myeloid cells: CD11b+ GR1int; mature myeloid cells: CD11b+ 

GR1high. B lymphocytes, granulocytes, and myeloid cells were stained using the 

same markers as Dumortier and colleagues (2010). 

 

Infection of 293 T cells expressing full length Notch1 

Two clones (6 and 17) of 293T cells stably transfected with full-length 

Notch1 were infected with a Moloney virus with a VSV envelope expressing Nef-

GFP. Ginette Massé, from Dr Jolicoeur’s laboratory, performed the infection in a 

Containment Level 2 laboratory. Three days post infection, the cells were stained 

for Notch1 then fixed in 1% paraformaldehyde for 1 hour. The samples were 

analysed on a CyAn flow cytometer (Dako) and the data obtained was analyzed 

with Flow Jo software (version 9.4.8, Tree Star, Inc.). 

 

Transfection of 293 T cells with Notch1 intracellular domain and Nef 

 We used a pcDNA3 vector containing the Nef gene or sequence coding for 

a HA-tagged Notch1 intracellular domain. We used 8x106 cells per transfection, 

in 100 mm Petri dishes. The cells were transfected with one vector, or both. 10 µg 

of DNA were mixed in 1 mL of sterile water containing 124 mM CaCl2.2H2O. It 

was then precipitated by mixing it with 1 mL of HBS solution (2X solution: 50 

mM HEPES pH 7.05, 10 mM KCl, 12 mM dextrose, 280 mM NaCl, and 1.5 mM 

Na2HPO4.7H2O).  
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The cells were first treated with 25 µM of chloroquine added to their 

culture medium. The DNA mix was then added, and incubation was continued for 

8 hours before the culture medium was changed to remove the chloroquine. 

 

Immunoprecipitation 

The cells were harvested 48h after transfection and lysed in 1 mL of lysis 

buffer. The anti-HA-tag antibody was added an incubated for 90 minutes at 4°C 

with agitation. G protein coupled to agarose beads was then added and incubated 

for 90 minutes at 4°C. The samples were centrifuged at 1,000 rpm for 30 seconds 

and washed in lysis buffer 3 times to prevent non-specific interactions. The 

samples were mixed with loading buffer and loaded on a 10% polyacrylamide gel. 

They were then transferred to a PVDF membrane (Immobilon-P, #IPVH00010) 

and blotted to reveal Nef. The efficiency of the immunoprecipitation was also 

assessed by blotting for the Notch1 intracellular domain. 
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Results 
 

Chapter 11: Results 

 

11.1 Skin phenotypes of transgenic rThy1/rtTA x TRE/HIVNef mice 

 

 The rThy1/rtTA x TRE/HIVNef double transgenic mice (hereafter 

rThy1 mice) were originally generated by our laboratory to study the kidney 

disease that develops in Nef-expressing mice. A rThy1/rtTA x TETO/GFP 

reporter mouse predicted expression in thymus, pLN, and spleen, as well as 

kidney, lung, and heart (this work was done by Nathalie Bouchard, former 

Research Assistant in Dr Jolicoeur’s laboratory). 

When a first group of rThy1/rtTA x TRE/HIVNef mice was put on 

doxycycline (DOX) for three months, double transgenic (double Tg) animals 

showed, as their most striking feature, an extensive hair loss, especially on the 

back and head, as well as a thickening of the skin (fig. 28A). The hair loss 

originated in the back of the neck and was clearly visible after less than a month 

on DOX (fig. 28A). Double Tg mice also had enlarged skin-draining pLNs. Their 

spleen was also slightly bigger than that of control mice (fig. 28B).   

 A hematoxylin and eosin staining of sections of the skin of double Tg mice 

revealed a thickened epidermis with an expansion of keratinocytes and the 

formation of cysts in the dermis and the adipose tissue (fig. 28C). The keratin 

layer at the surface of the skin also appeared thicker.  

 

11.2 Nef is responsible for the phenotypes seen in the skin of double Tg 

mice 

 

 To see whether Nef could be directly involved in the development of these 

phenotypes, we purified keratinocytes of double Tg mice and their control 

littermates (either wild type or having inherited only one of the two transgenes) as 
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previously described (Andrzej et al, 1995). Keratinocytes from double Tg mice 

clearly expressed Nef (fig. 29). 

We then injected wild type C3H mice subcutaneously with a Moloney 

murine leukemia virus vector expressing either Nef-GFP or GFP only, as 

described by Okimoto and colleagues (1999). We hoped to infect keratinocytes 

and recreate phenotypes similar to those of the rThy1 mice. Skins were collected 

and analyzed one week and one month post-infection (fig. 30). No skin phenotype 

was visible a month after infection, and we failed to detect infected, GFP+ cells 

(fig. 30A and B). It may have been masked by keratin autofluorescence, but there 

was also no visible hair loss of thickening of the skin in the mice that received 

Nef-GFP (fig. 30C). Therefore, the vector probably failed to infect keratinocytes. 

However, since we had no control over how the vector spread after the injection, 

it could simply be that the skin sections we used did not include any infected 

cells. We need to perform a deeper analysis, using whole mounts of skin, to 

investigate this. Nevertheless, we could still see no external phenotypes (hair loss 

or thickening of the skin) three months after injection (data not shown), which 

suggests that either the phenotypes take much longer to develop than in the rThy1 

double Tg mice or, more likely, the infection failed. 

 

11.3 The skin phenotypes of rThy1 double Tg mice are reminiscent of 

those seen when inhibiting Notch1 signaling in keratinocytes 

  

 11.3.1 Consequences of the inhibition of Notch1 signaling in 

keratinocytes 

 

By reviewing the literature to find how Nef could cause the phenotypes 

seen in double Tg rThy1 mice, we found that a mouse model developed by Dr 

Freddy Radtke’s group presented skin phenotypes very similar to those of our 

mice. In this model, an inhibition of the Notch1 and Notch2 signaling pathways 

was induced by Cre recombination under the control of the Keratin5 promoter 

(Dumortier et al, 2010). This promoter is expressed in keratinocytes of the basal 
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cell layer of the epidermis (Lane et al, 1985). In adult mice, specific inhibition of 

the Notch1 signaling pathway (N1K5 mice) induced a hyperproliferation of the 

basal cell layer of the epidermis, the formation of epidermal cysts, and hair loss. 

Inhibiting only the Notch2 (N2K5 mice) signaling pathway did not have any 

visible effect (no difference with control animals), but the simultaneous ablation 

of both Notch1 and Notch2 signaling (N1N2K5 mice) led to loss of subcutaneous 

fat, dermal hypercellularity, epidermoid cysts, thickening and hyperkeratinization 

of the epidermis, and hair loss (Dumortier et al, 2010). These phenotypes are 

highly reminiscent of those seen in our rThy1 double Tg mice (fig. 31A). 

Dumortier and colleagues also describe a number of systemic phenotypes 

that develop in the absence of Notch1 signaling in the skin. They observed a 

recruitment of mast cells and eosinophils to the dermis, which led to an atopic 

dermatitis-like disease, and a myeloproliferative disorder that affected mature and 

immature granulocytes in the spleen. The mice developed splenomegaly and also 

lymphadenopathy.  

The mechanism they propose is summarized in Figure 31B. Briefly, both 

the atopic dermatitis-like disease and the myeloproliferative disorder are triggered 

by a massive increase in thymic stromal lymphopoietin (TSLP) production by 

suprabasal keratinocytes, in response to the loss of Notch1 signaling in basal 

keratinocytes.  

Of note, another group has described that when Notch1 signaling is 

inhibited in the skin of newborn mice, a proliferation of immune cells is also 

observed, as well as splenomegaly and lymphadenopathy. However, it affected 

pre- and immature B cells instead of granulocytes (Demehri et al, 2008). 

 

 11.3.2 Systemic phenotypes of the rThy1 double Tg mice 

 

The remarkable similarities between the skins of N1K5 mice, N1N2K5 

mice, and the rThy1 double Tg mice led us to hypothesize that, in our model, Nef 

inhibits Notch1 signaling in keratinocytes. To further test this hypothesis, rThy1 

mice were put on DOX for a month and their thymi, spleens, peripheral, and 
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mesenteric lymph nodes (pLNs and mLNs, respectively) were analyzed by flow 

cytometry. The markers and gating used were the same as those used by 

Dumortier and colleagues. The results are summarized in tables 6 to 9.   

In pLNs (table 6), a significant 3.94-fold increase in absolute numbers of 

B220+ CD19+ B lymphocytes was observed. No significant differences in the 

percentage or the absolute numbers of CD11b+ GR1+ granulocytes were found. 

The N1N2K5 mice showed a clear lymphadenopathy. The total number of cells in 

the organs did increase in rThy1 double Tg mice (3.68 folds), but this was only a 

trend (p-value = 0.07, Student’s t test).  

The only significant differences found in mLNs (table 7) were a decrease 

in percentage of CD4+ and CD8+ T cells, while the percentage of B220+ CD19+ 

B lymphocytes increased. No increase in the total number of cells in the organ 

was observed. The FRC and LEC populations were also increased, but this was 

not significant. 

In the thymus (table 8), a clear loss of CD4+ and CD8+ single positive 

thymocytes occurred (2.89- and 2.16-fold decrease of the absolute number of 

cells, respectively), while a significant 2.89-fold increase in the number of CD4+ 

CD8+ double positive thymocytes was observed. This suggests a block in the 

maturation of double positive thymocytes. There were no differences in the 

percentage or absolute numbers of stromal cells, but a significant 2.55-fold 

decrease of the number of total cells in the organ was found.  

Finally, an expansion of the CD11b+ GR1high mature myeloid cells 

population, as well as of total myeloid cells, was observed in the spleen (table 9). 

Because of the large error bars, this did not translate to a significant increase in 

absolute cell numbers. No significant increase in the total number of cells in 

spleens was observed either.  

These results indicate that there are similarities between the systemic 

phenotypes of the rThy1 double Tg mice and those of the N1N2K5 mice: the 

rThy1 double Tg mice show an increase in the B lymphocyte and myeloid cell 

populations, which further suggests that Nef does indeed interfere with Notch1 

signaling in keratinocytes.  
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11.4 Interaction of Nef with Notch1 
 

To verify whether Nef does actually inhibit the Notch1 signaling pathway 

in rThy1 double Tg mice, we first tried to extract RNA from purified 

keratinocytes to test the expression of Hes1, a target gene of Notch1 in the skin 

(Dumortier et al, 2010). We were not able to get usable RNA for this experiment. 

We therefore used an in vitro system to test the possible interactions of Nef with 

Notch1. 

Nef has been shown to downregulate CD4 expression of proteins at the 

surface of CD4+ T cells (Garcia and Miller, 1991). It also interferes with the 

migration of proteins to the plasma membrane, notably Lck and MCH I (Chrobak 

et al, 2010). We hypothesized that Nef also caused a downregulation of Notch1 at 

the surface of keratinocytes. To test this hypothesis, we infected two clones of 

293T cells expressing the full length Notch1 protein with a Moloney murine 

leukemia virus vector containing either Nef-GFP or GFP only. We then analyzed 

the Notch1 signal at the cell surface by flow cytometry, by gating on infected, 

GFP+ cells (fig. 32A). The flow cytometry profiles clearly show that there is no 

decrease of the Notch1 signal in the cells expressing Nef-GFP compared to those 

expressing only GFP (fig. 32B). Therefore, Nef does not induce a downregulation 

of Notch1 at the cell surface.  

Nef is a myristoylated protein and localizes at the cytoplasmic side of the 

plasma membrane (Resh, 1999). We hypothesized that it may bind to the 

intracellular domain of Notch1 to prevent its cleavage or its migration to the 

nucleus. To test this hypothesis, we co-transfected 293T cells with an HA-tagged 

Notch1 intracellular domain (N1 IC) and Nef, then performed an 

immunoprecipitation of the HA-tagged N1 IC (fig. 33). While we did obtain a 

clear N1 IC signal, we could not detect Nef in the immunoprecipitate, which 

suggests that Nef does not bind directly to N1 IC. If it does indeed block Notch1 

signaling, Nef could act on Notch1 via an intermediary protein. Alternatively, its 

target could also be further down the Notch1 signaling pathway. 
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Taken together, these results suggest that Nef could be directly implicated 

in the development of skin diseases in human AIDS patients, notably atopic 

dermatitis. We also show here that it very likely interacts with the Notch1 

signaling pathway. This interaction could happen in different cell types in 

addition to keratinocytes, and have important consequences in the maturation and 

proliferation of certain cell populations or the development of cancers.  
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Figures 

 
Figure 28: Phenotypes of the rThy1/rtTA x TRE/HIV mouse. Hair loss started 
developing on the back of the mice (A). It was clearly visible after one month on 
DOX and spread to the entire body as exposure to DOX continued. After one 
month of treatment, double Tg mice also presented enlarged lymph nodes and 
spleen (B). An hematoxylin and eosin staining of the skin revealed that double Tg 
mice had a thickened, hyperkeratinized epidermis and dermal cysts (C).  
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Figure 29: Expression of Nef in keratinocytes. Purified keratinocytes of double 
Tg rThy1 mice (n=3) and controls (n=3) were lysed and the protein extracts were 
analyzed by Western blot. Nef was clearly present in Tg double samples. The 
lower band that appears in the control lanes is in fact the migration front. 
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Figure 30: Infection of keratinocytes by a viral vector containing GFP only 
or Nef-GFP. Wild type C3H mice were injected subcutaneously in the flank, as 
previously described (Okimoto and Fan, 1999) and skins were harvested 1 month 
after injection. No infected, GFP+ cell could be found in the dermis or epidermis, 
and the green signal is in fact keratin autofluorescence (A). The dashed rectangles 
represent the area that was magnified in (B). No proliferation of keratinocytes was 
observed in the epidermis. As shown in (C), there was also no hair loss in control, 
GFP-only mice (upper two mice) or in Nef-GFP mice (bottom two mice).  
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Figure 31: The phenotypes seen in rThy1 double Tg mice are reminiscent of 
those observed when inhibiting Notch1 signalling in keratinocytes. This model 
was generated by Dumortier et al (2010) and presented severe skin phenotypes 
(A). Selective abolition of Notch1 signalling led to hair loss, proliferation of the 
basal cell layer of the epidermis, and formation of epidermal cysts. Inhibiting 
Notch1 and Notch2 simultaneously induced hair loss, hyperkeratinization of the 
epidermis, dermal hypercellularity and cysts, and loss of subcutaneous fat. Mice 
in which only the Notch2 pathway had been inhibited were virtually 
indistinguishable from controls. The phenotypes that develop in the skin of 
N1N2K5 mice are very similar to those found in the skin of rThy1 mice. 
Dumortier and colleagues propose that the inhibition of Notch1 signaling leads to 
increased secretion of TSLP, which in turn induces an atopic dermatitis-like 
disease as well as a myeloproliferative disorder (B). Scale bar: 50µm.  
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Table 6: Immune and stromal cell populations in pLNs of rThy1 mice. pLNs 
were harvested from double Tg (n=5) and control (n=5) mice and digested after a 
one-month treatment on DOX. The cells were then stained as described. 
 

 
 
 
 
 
 
Table 7: Immune and stromal cell populations in mLNs of rThy1 mice. mLNs 
were harvested from double Tg (n=5) and control (n=5) mice and digested after a 
one-month treatment on DOX. The cells were then stained as described. 
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Table 8. Lymphoid and stromal cell populations in thymi of rThy1 mice. 
Thymi were harvested from double Tg (n=5) and control (n=5) mice after one 
month of DOX exposure. They were first meshed to collect the thymocytes, then 
digested to free the epithelial cells. The cells were then stained as described. SP: 
single positive; DP: double positive; mTECs: medullary thymic epithelial cells; 
cTECs: cortical thymic epithelial cells. 
 

 
 
 

 
 
 
Table 9. Myeloid cell populations in spleens of rThy1 mice. Spleens were 
harvested from double Tg (n=5) and control (n=5) mice after one month of DOX 
exposure. They were first meshed and red blood cells were lysed. The cells were 
then stained as described. 
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Figure 32: Nef expression does not lead to a downregulation of Notch1 at the 
cell surface. 293T cells expressing the full length Notch1 were infected with a 
Moloney virus containing either Nef-GFP or GFP only. Notch1 expression at the 
cell surface was assessed by FACS on infected, GFP+ cells (A). Two clones of 
Notch1-expressing cells were used in this experiment. Black line: unstained, 
uninfected cells; blue line: uninfected cells; green line: cells expressing GFP only; 
red line: cells expressing Nef-GFP. The fluorescence intensity of the Notch1 
signal at the cell surface was then quantified in cells having received the GFP 
gene only (left, n = 2), or Nef-GFP (right, n = 2) (B). No downregulation is 
observed.   
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Figure 33: Nef does not bind directly to Notch1. 293T cells were transfected 
with plasmids containing Nef and/or an HA-tagged N1 IC. Immunoprecipitation 
of the HA-tag was performed, followed by immunoblotting of Nef and N1 IC. No 
Nef signal could be detected even when N1 IC had clearly been 
immunoprecipitated, which indicates that Nef does not bind Notch1 directly. 
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Discussion 
 

Chapter 12: Discussion  

 

Nef is responsible for the development of an atopic dermatitis-like 

disease in rThy1 double Tg mice. 

 

The skin of mice expressing Nef in keratinocytes shows features very 

similar to those of human atopic dermatitis (AD). AD is one of the most prevalent 

skin diseases found in human AIDS patients. 30% to 50% of seropositive 

individuals develop it while it is present in 2% to 20% of the seronegative 

population (Cedeno-Laurent et al, 2011). We show here that Nef is involved in the 

development of an AD-like disease. In the N1N2K5 model, this disease was 

triggered by the inhibition of the Notch1 and Notch2 signaling pathways 

specifically in basal keratinocytes. We have shown that, in the rThy1 double Tg 

model, Nef is expressed in these cells. Thus, we propose that Nef acts directly to 

cause the disease. We need to investigate whether this is cell-autonomous or 

whether the Nef-expressing keratinocytes induce their neighbors to proliferate.  

 

The expression of Nef in rThy1 double Tg mice induces a systemic 

expansion of B lymphocytes and granulocytes.  

 

In the N1N2K5 model, the AD-like disease is caused by the loss of 

Notch1 and Notch2 signaling in keratinocytes. This leads to the drastic increase of 

TSLP levels in the blood, which induces the recruitment of mast cells and 

eosinophils to the dermis, thus contributing to inflammation and the development 

of the AD-like disease. High TSLP levels also trigger an increase in G-CSF by a 

yet-unknown cell, which causes the development of a myeloproliferative disease 

(Dumortier et al, 2010). While we did not measure TSLP production, the presence 

of systemic effects similar to those found in the N1N2K5 model suggests that the 
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same process takes place in our Tg mice. Moreover, while developing the 

N1N2K5 model, Dumortier and colleagues showed that the inhibition of Notch2 

alone had no visible effect, while the specific inhibition of Notch1 triggered skin 

phenotypes that greatly resembled those of N1N2K5 mice. We therefore 

hypothesized that the expression of Nef in keratinocytes blocked the Notch1 

signaling pathway in these cells, thus causing the AD-like disease.  

The rThy1 promoter, however, is active in several cell types, not just 

keratinocytes. Therefore, Nef is expressed in other cells, which causes its own 

phenotypes and could counter the ones triggered by the absence of Notch1 

signaling in the skin. For example, we observed an accumulation of CD4+ CD8+ 

thymocytes, which indicates a defect in their maturation to single positive 

thymocytes that Dumortier and colleagues did not report. The rThy1/rtTA x 

TETO/GFP reporter mouse showed that the rThy1 promoter is active in the 

thymus, and our result is consistent with the fact that Notch1 signaling promotes 

the maturation of double-positive thymocytes into both CD4+ and CD8+ single 

positive cells (Radtke et al, 1999; Deftos et al, 2000). Interestingly, a defect in the 

lineage-commitment of double positive thymocytes was also observed in 

transgenic CD4C/HIVNef mice (Chrobak et al, 2010). The Notch signaling 

pathway could also be targeted there.  

The expansion of B220+ CD19+ B lymphocytes and of CD11b+ GR1+ 

granulocytes is consistent with the results obtained by Demehri and colleagues 

(2008), and Dumortier and colleagues (2010), respectively. Nevertheless, they 

appear much less drastic than what these teams observed, as they are not lethal. 

Our mice survived over three months on DOX while the N1N2K5 mice died 

within two months of Notch1 inhibition. Demehri and colleagues’ mice survived a 

month post-inhibition. Both these teams used Cre recombination to completely 

abolish Notch1 and Notch2 signaling while our mice were exposed to DOX 

diluted in their drinking water. It probably led to a partial inhibition of Notch 

signaling only, sufficient to trigger an expansion of B cells and granulocytes, but 

not to render it lethal. We need to verify Notch1 signaling in these mice to 
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confirm this. Moreover, like mentioned before, the expression of Nef may have 

effects that counterbalance those of the inhibition of Notch signaling.  

Animal models that faithfully reproduce the skin phenotypes seen in 

human AIDS patients are lacking (Cedeno-Laurent et al, 2011). In the case of AD, 

the rThy1/rtTA x TRE/HIVNef mouse model developed in our laboratory is a first 

answer to this. A mouse model expressing Nef specifically in basal keratinocytes, 

for example under the control of the K5 promoter, would be even more useful to 

investigate whether this is sufficient to induce an AD-like disease and 

proliferative disorders. If it is, we would be showing for the first time how HIV-1 

could directly cause AD in human patients.  

 

Nef inhibits the Notch1 signaling pathway in keratinocytes. 

 

Perhaps the most striking discovery of this study was that Nef inhibits the 

Notch1 signaling pathway in keratinocytes. Previous studies suggest that there 

may be a link between Nef and the Notch signaling pathway in HIV-associated 

nephropathy. Indeed, Nef has been shown to induce a proliferation and 

dedifferentiation of podocytes, both of which are observed in HIV-associated 

nephropathy (Zuo et al, 2006). Another in vivo study by Sharma and colleagues 

revealed that Notch1 and Notch4 are activated in podocytes affected by this 

disease (Sharma et al, 2010). Cultured podocytes treated with Nef proliferated in 

vitro and also exhibited an activated Notch pathway (Sharma et al, 2013). These 

results suggest that Nef and Notch could interact to induce HIV-associated 

nephropathy. Our results strongly support the hypothesis that Nef can also inhibit 

Notch1 in keratinocytes. We are in the process of developing a triple transgenic 

reporter rThy1/rtTA x TRE/HIVNef x CBF-1/GFP mouse to directly visualize this 

phenomenon. We expect to observe a decrease of GFP signal in keratinocytes in 

animals expressing Nef, compared to controls. 

It is interesting to see that the effect of Nef on Notch1 signaling depends 

on the organ considered. It may reflect the diversity of the effects of Notch1: for 

example, Notch1 acts as a tumor-suppressor in the skin by promoting the 
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differentiation of keratinocytes (Rangarajan et al, 2001), but a constitutively 

active Notch1 inhibits the maturation of CD4+ and CD8+ thymocytes (Izon et al, 

2001) and leads to the development of T cell and B cell neoplasms in mice (Pear 

et al, 1996; Jundt et al, 2002, respectively). Thus, Nef may manipulate Notch 

signaling according to what would be more favorable to the replication and spread 

of HIV in the specific cell type considered. It will be important to take this into 

consideration when studying the etiology of AIDS-associated cancers. 

Indeed, skin cancers such as basal cell carcinoma (BCC), squamous cell 

carcinoma (SCC), or Kaposi’s sarcoma also appear frequently in AIDS patients 

(Cedeno-Laurent et al, 2011). Deletion of the Notch1 gene has been shown to 

cause the spontaneous development of BCC and to favor that of SCC and 

malignant papillomas (Nicolas et al, 2003). Moreover, BCC and SCC tumors 

present a marked decrease in Notch expression (Massi et al, 2006). In contrast, the 

activity of all four Notch receptors is increased in Kaposi’s sarcoma, and the use 

of a γ-secretase inhibitor resulted in the apoptosis of primary and immortalized 

Kaposi’s sarcoma cells (Curry et al, 2005). Kaposi’s sarcoma is caused by the 

infection with Human Herpesvirus 8 (Moore and Chang, 1998), but the HIV-1 

protein Tat has been shown to induce lesions in the dermis that resemble those of 

Kaposi’s sarcoma (Vogel et al, 1988) and to stimulate the growth of Kaposi’s 

sarcoma cells (Mu et al, 2007). It would be interesting to study whether Nef can 

also affect or facilitate the development of the disease, in a direct (by being taken 

up by malignant cells, for example) or indirect way. 

While highly active antiretroviral therapy (HAART) generally lowers the 

risks of developing AIDS-associated neoplasms, this is not true for all cancers. In 

a cohort of over 300,000 people studied between 1980 and 2002, for example, 

Hodgkin’s lymphoma incidence increased after the introduction of HAART 

(Biggar et al, 2006). This shows that, while HAART has undoubtedly greatly 

improved the lives of infected patients, more specific treatments are needed to 

control the development of HIV/AIDS-associated diseases. 

Despite obvious effects on its signaling pathway, our results indicate that 

Nef does not interact directly with Notch1, nor does it trigger its downregulation. 
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Because of its localization at the cell membrane, Nef could act by preventing 

Notch1 cleavage by the γ-secretase. It could also inhibit the translocation of the 

intracellular domain of Notch1 to the nucleus, or its binding to CBF-1. More 

studies are needed to understand exactly how Nef and Notch1 interact in our 

model. 

 

In summary, we show here that Nef interacts with the Notch1 signaling 

pathway in mouse keratinocytes. Its inhibition causes the development of an AD-

like disease as well as an expansion of both B lymphocytes and granulocytes. This 

work identifies Nef as a possible agent of several diseases and neoplasms 

associated with HIV-1 infection in human patients. In addition, few animal 

models exist to study HIV-associated skin pathogenesis. The rThy1/rtTA x 

TRE/HIVNef mouse developed in our laboratory constitutes one such model and 

could be used to study the onset of AD in HIV-1-infected individuals. 
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General Conclusion 
 

Preserving pLN functions is key to maintaining acquired immune 

responses, especially in the context of an immunodeficiency syndrome such as 

human AIDS. The consequences of an HIV-1 infection have been extensively 

studied for over thirty years. The accessory protein Nef has been identified as a 

major determinant of pathogenicity, as it single-handedly induces many 

phenotypes associated with HIV-1 infection in mice. Humans infected with HIV-1 

strains lacking a functional Nef are able to control the infection and do not 

progress to AIDS. We present here the results of our study on its effects on 

stromal cells of mouse pLNs. We demonstrate that, in resting pLNs, Nef does not 

affect the population of FRCs, nor its functions. We hypothesize that the 

preservation of the LTi population is what maintains them. The survival of these 

stromal cells also seems to prevent the development of fibrosis, as none could be 

observed in our transgenic CD4C/HIVNef pLNs. In human patients, LTi are most 

likely infected and depleted which, along with the loss of CD4+ T cells, deprives 

FRCs of their survival factors. Fibrosis causes irreversible lesions that further 

hinder the contact between these three populations, which limits the effectiveness 

of HAART. Our results indicate that maintaining both LTi and FRCs is key to 

increasing the long-term success of HAART. 

In addition to this comprehensive study on FRCs, we show that Nef causes 

the expansion of both BECs and LECs. This expansion can be so extensive that it 

completely obstructs the lumen of medullary blood vessels and of the SCS, 

respectively. If this were to occur in HIV-1-infected patients, it would greatly 

limit the circulation of cells through the pLNs, which would further compromise 

their survival and the development of acquired immune responses. 

We have also studied an unexpected effect of Nef on keratinocytes. Its 

expression in mouse epidermis led to the development of an atopic dermatitis-like 

disease, as well as systemic expansion of both B lymphocytes and granulocytes. 

To our knowledge, Nef had not been linked to atopic dermatitis before. Thus, we 
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provide here a model to study the onset of atopic dermatitis in the context of HIV-

1 infection. Moreover, these results suggest that Nef may interact with the Notch1 

signaling pathway. This effect had already been described in the context of HIV-

1-associated nephropathy. We describe here another setting in which this 

interaction occurs. Because of the role of Notch signaling in tumor development, 

this further identifies Nef as a potential agent for the onset of AIDS-associated 

neoplasms. 

Taken together, our results add to the long list of known Nef-mediated 

effects in HIV-1 pathogenicity, which make it a critical target of therapy. Assays 

to identify Nef inhibitors exist (Emert-Sedlark et al, 2009), and our laboratory has 

collaborated in the characterization of a mouse expressing a single-domain anti-

Nef antibody that already shows promise: it blocked the effects of Nef on CD4 

downregulation, actin remodeling, thymocyte maturation and peripheral CD4+ T 

cell activation (Bouchet et al, 2011). These represent new avenues in antiretroviral 

therapy, as patients would certainly greatly benefit from the inhibition of Nef. 
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