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ABSTRACT 

In the gut-associated lymphoid tissues, Th17 cells mediate mucosal homeostasis and 

inflammation.  During HIV infection, Th17 cells become depleted and functionally impaired, 

which is implicated in the pathogenesis of chronic inflammation in patients treated with 

highly active antiretroviral therapy.  IL-7 is a cytokine that mediates homeostatic responses 

in T lymphocytes, such as proliferation and survival, which are dysregulated during HIV 

infection.  Whether similar dysregulation occurs in Th17 cells has yet to be reported.  IL-7 

receptor α (CD127) expression and IL-7 responses were therefore measured in blood-derived 

Th17 cells from uninfected individuals and effectively treated, HIV-infected individuals by 

flow cytometry.  Th17 cells from uninfected individuals expressed CD127 and, in response 

to IL-7, exhibited phosphorylation of STAT5, upregulation of Bcl-2, and proliferation.  

During HIV infection, expression of CD127 and pSTAT5 in Th17 cells was comparable to 

that observed in cells from uninfected individuals.  Interestingly, expression of Bcl-2 was 

upregulated while proliferation was dramatically impaired.  These findings may provide 

further insight into the mechanisms by which Th17 cells fail to become restored during HIV 

infection. 
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1.0 INTRODUCTION 

1.1 The innate and adaptive immune system:  Innate and adaptive immunity are the two 

main branches that constitute the immune system, which protects the host from infectious 

disease and repairs damaged tissue [1].  First, innate lymphoid cells (ILCs), which constitute 

the innate immune system, trigger several inflammatory responses upon pathogen 

recognition [2].  Foreign antigens are recognized by patter-recognition receptors (PRRs), 

which are expressed on the surface of ILCs [3].  ILCs have been divided into different 

groups based on function.  Cytotoxic ILCs, such as natural killer cells, provide defense 

against intracellular pathogens, or against host cells that have been altered, such as malignant 

cells [4].  The remaining ILCs, of which are non-cytotoxic, mediate immune responses 

against various infectious agents through cytokine secretion, and repair damaged tissue [5].  

In addition, granulocytes, such as neutrophils, kill pathogens by oxidative stress [6].  Finally, 

antigen-presenting cells (APCs), including dendritic cells and macrophages, engulf 

pathogens through a process known as phagocytosis, and function as a liaison between the 

innate and adaptive branches [7]. 

The second main branch, known as the adaptive immune system, becomes activated 

in the lymph nodes [8].  The main role of the adaptive immune system is to establish 

“immunological memory,” in which stronger responses are elicited against the same antigen 

following first-time exposure, resulting in rapid clearance [9].  Adaptive immune cells are 

therefore able to recognize subtle differences between antigens [10], unlike innate cells, 

which only recognize whether antigens are foreign, and thus elicit responses of the same 

intensity against the same antigen regardless of prior exposure [11].  It has recently been 

suggested, however, that innate immune cells are also capable of retaining immunological 

memory [12].   
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The adaptive immune system is composed of B cells and T cells.  B cells function as 

APCs and regulate humoral immunity through antibody-mediated responses [13, 7].  T cells, 

on the other hand, are further divided into two major subgroups. Cellular immunity is 

regulated by CD8+ T cells, which eliminate infected and altered cells through immune-

mediated death [14, 15].  The other subgroup consists of CD4+ T cells, known as helper T 

(Th) cells, which regulate a plethora of effector functions carried out by both innate and 

adaptive immune cells [16].  

1.2 CD4+ T cells: development and function:  T cell precursors originate in the bone 

marrow, then enter the thymus to undergo maturation into either CD4+ or CD8+ T cells [17].  

Once early development is complete, naïve CD4+ T cells, which have yet to be exposed to 

antigens, enter circulation and migrate to the secondary lymphoid organs [18].  Naïve CD4+ 

T cells then undergo clonal expansion into short-lived CD4+ effector T cells following 

antigen-mediated activation.  This process involves interactions between the T cell receptor 

(TCR) and segments of antigens, which are bound to the surface of APCs via the major 

histocompatibility complex II (MHC II) [19, 20].  Antigen-induced activation is further 

enhanced by co-stimulatory signals mediated through the surface protein CD28, expressed 

by T cells [21].  CD4+ effector T cells induce several immune responses through secretion of 

pro-inflammatory cytokines.  Once the infection is cleared, the CD4+ effector T cells 

undergo immune-mediated apoptosis, which marks the contraction phase of the 

inflammatory response [22].  A small percentage of CD4+ effector T cells remain viable and 

transition into CD4+ memory T cells, which are resting cells that retain immunological 

memory and provide life-long protection to the host [23].  These memory cells consist of 

CD4+ effector-memory T cell and CD4+ central-memory T cell intermediates, which 

provide immunosurveillance in various tissues and lymph nodes, respectively [24].    
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Once activated, a small percentage of CD4+ effector and memory T cells become 

polarized into one of two classical Th cell lineages, represented by Th1 or Th2 cells.  

Lineage polarization is dependent on antigen-mediated TCR stimulation as well as the 

cytokine milieu secreted by surrounding immune cells, such as dendritic cells [25, 24].  

These different lineages are reactive to specific antigens and thus exert unique effector 

functions.  Moreover, each lineage is identified based on the differential production of 

cytokines, and expression of transcription factors and surface markers, which will be 

discussed below.   

The differentiation of Th1 cells is dependent on IL-12, which is secreted by dendritic 

cells and macrophages [26, 27].  Th1 cells initiate cytotoxic responses against intracellular 

pathogens, including Listeria monocytogenes [27], Toxoplasma gondii [28], and hepatitis B 

through secretion of IFNγ [29].  Th1 cells are also identified based on expression the Th1-

specific transcription factor T-bet [30] and surface marker CXCR3 [31], a chemokine 

receptor also expressed by CD8+ T and natural killer cells [32, 33]. In turn, Th2 cells 

activate macrophages to defend the host from extracellular parasites, such as helminths and 

nematodes [34], and are identified by expression of the chemokine receptor CCR4 [35] and 

Th2-specific transcription factor GATA3 [30].  Th2 polarization is dependent primarily on 

IL-4 [36], which is produced by various immune cells, including eosinophils and T cells [37, 

38].  The main effector cytokines secreted by activated Th2 cells are IL-4, IL-5 and IL-13 

[39].   

More recently, two additional Th cell lineages have been established, which are 

represented by the immunosuppressive regulatory T cells (Tregs) and pro-inflammatory Th17 

cells.  The co-existence of these two lineages is essential for proper health and immune 

function, and some cytokines that foster polarization of one lineage will antagonize 
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polarization of the other lineage [40, 41, 42].  Induced by TGFβ [41], Tregs promote tolerance 

to self antigens and prevent allergenic and autoimmune responses [43].  Tregs are identified 

by expression of the Treg-specific transcription factor Forkhead box P3 (FoxP3) and the IL-2 

receptor α component CD25 [44].  Finally, Th17 cells are defined by expression of their 

main effector cytokine, IL-17A, and the Th17-specific transcription factor retinoic acid-

related orphan receptor γt (RORγt) [45].  Th17 cells are also largely implicated in the 

pathogenesis of autoimmune diseases [46].   

1.3 The roles of Th17 cells:  Th17 cells mainly reside in the gut-associated lymphoid tissue 

(GALT), but are also located in the bloodstream, tonsils, bronchioles and cervical tissues [47, 

48, 49].  Through secretion of several effector cytokines, including IL-17A and IL-22, Th17 

cells regulate mucosal homeostasis and immune responses in the GALT [50].  When cultured 

in the presence of pathogens including Staphylococcus aureus, Candida albicans and 

Staphylococcus pneumonia, Th17 cells undergo variable degrees of proliferation [51], 

indicating that these cells exhibit different degrees of antigen specificity.   Moreover, 

culturing CD4+ T cells with Staphylococcus aureus, Streptococcal kinase, tetanus toxoid, or 

Candida albicans induces IL-17A production [48].   

IL-17A, the main Th17 effector cytokine, initiates several homeostatic and pro-

inflammatory responses [50].  IL-17A maintains the structural integrity of the intestinal 

epithelium [52], and is essential for defense against various pathogens, such as S. 

typhimurium, Pseudonomas aeruginosa and C. albicans [53, 54, 55].  IL-17A induces 

production of antimicrobial peptides and chemokines in epithelial cells [56, 57], which 

promote neutrophil chemotaxis [58].  In rhesus macaques, IL-17A prevents intestinal S. 

typhimurium infection from becoming systemic [59].  Moreover, IL-17A is involved in the 

onset and severity of autoimmunity [60].  
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1.4 Th17 cell development and the intestinal microenvironment:  Th17 cell 

differentiation occurs as a result of multiple processes, which have mostly been characterized 

in mice.  In vitro, IL-6, TGFβ and IL-21 promote Th17 cell development by inducing IL-17A 

gene expression in naïve CD4+ T cells [42, 61].  Together, in murine CD4+ T cells, IL-6 and 

TGFβ trigger expression of RORα and RORγt, transcription factors that upregulate IL-17A 

gene expression [62].  TGFβ promotes Th17 cell polarization by suppressing that of Th1 

cells [63].  Interestingly, in small concentrations, TGFβ favors Th17 polarization, while in 

larger concentrations, it promotes Treg polarization by inducing gene expression of FoxP3 

and simultaneously antagonizing that of IL-17A [41].  On the contrary, IL-6 promotes 

RORγt expression, thereby favoring Th17 cell differentiation [41].  IL-6 also induces 

phosphorylation of signal transducer and activator of transcription 3 (STAT3), a transcription 

factor that enhances RORγt expression [64].  Furthermore, IL-6 induces IL-21 production in 

the polarizing CD4+ T cells, which further enhances Th17 development through 

phosphorylation of STAT3 and activation of RORγt, while simultaneously increasing its own 

production through mechanisms of positive feedback [42].  In addition to IL-6, IL-21 and 

TGFβ, IL-1β also promotes Th17 cell development.  Specifically, in mice, IL-1β has been 

shown to downregulate suppressor of cytokine signaling 3 (SOCS3), which inactivates 

STAT3, to promote Th17 cell differentiation and simultaneously prevent Treg differentiation 

[65].   

Finally, IL-23, which is produced by dendritic cells and macrophages [66, 67], also 

regulates Th17 cell polarization and effector function by inducing IL-17A expression [68].  

In murine CD4+ T cells, IL-23 induces phosphorylation of STAT3 and simultaneously 

inhibits Th1 and Treg polarization [69].  IL-23 also promotes expression of RORγt and 

multiple Th17 effector cytokines, such as IL-17A, IL-17F and IL-22 [70, 69].  IL-23 is also 
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implicated in Th17-mediated autoimmunity, as gut-derived CD4+ T cells from patients with 

colitis express elevated levels of IL-23R, IL-17A and RORC, the gene encoding RORγt [71].     

The symbiotic interplay between intestinal immune cells and the microbiota is 

influential in regulating mucosal homeostasis and immune responses.  In the intestine, the 

microbiota promotes immunoglobin secretion and prevents pathogen growth on the 

epithelium [72].  In particular, Th17 differentiation is dependent on the microenvironment in 

the intestines.  In mice, adenosine triphosphate (ATP) generated by the micro flora in the 

small intestine induces IL-17A production in CD4+ T cells, thereby favoring Th17 cell 

polarization [73].  Studies have shown that segmented filamentous bacteria, presented by 

dendritic cells and macrophages, play a pivotal role in Th17 polarization [74, 75].  

Furthermore, in mice, gut-residing microbes were shown to regulate IL-23 production in 

both dendritic cells and macrophages [76].  In summary, Th17 cell development is regulated 

by a discrete cytokine milieu, which is influenced by the intestinal microenvironment. 

1.5 Th17 cell phenotype and plasticity: Th17 cells are CD4+ T cells defined primarily by 

their production of IL-17A [77], although evidence suggests that this definition is not 

entirely accurate (to be described below).  As Th17 cells are functionally volatile, they are 

difficult to study as a single population [78].  Moreover, no single surface marker has been 

established to be expressed exclusively by Th17 cells and, consequently, a definitive 

phenotype remains to be defined.  Despite these limitations, others have studied unique 

combinations of surface markers on different Th lineages and established that CD4+ memory 

T cells bearing the CCR6+ CCR4+CXCR3- phenotype exhibit characteristics of Th17 cells, 

as exemplified by expression of IL-17A and RORγt [79, 80, 81]. 
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CCR6 is a chemokine receptor that promotes the chemotaxis of Th17 cells to the 

GALT upon interaction with its ligand, macrophage inflammatory protein-3α (MIP-3α) [82, 

83].  CCR6 is a well-established surface marker for Th17 cells [51, 80], mainly because IL-

17A expression [84, 85] and RORC expression [86] are primarily evident in CCR6+ cells but 

rare among CCR6- cells.  Moreover, CCR6+ cells play an active role in autoimmunity and 

hypersensitivity [87, 88].  IL-17A and CCR6 expression do not exclusively identify Th17 

cells, however, as different Th subsets occur within CCR6+ cells [78].   

First, Th1/Th17 cells, which are related to, but different from, conventional Th17 

cells, demonstrate Th17 characteristics through expression of CCR6, IL-23R, RORγt and IL-

17A.  Unlike Th17 cells, however, Th1/Th17 cells simultaneously demonstrate Th1 

characteristics through expression of IFNγ, T-bet and CXCR3 [51].  Accordingly, Th1/Th17 

cells could be distinguished from Th17 cells based on expression of CXCR3 [51].  

Furthermore, Th1/Th17 cells exhibit antigen specificity different than that of Th17 cells, as 

they become activated by Chlamydia muridarum [89], and Mycobacterium tuberculosis 

antigen [80], whereas Th17 cells become activated by different antigens, such as tetanus 

toxoid [48].  In addition, while both Th17 and Th1/Th17 cells are responsive to C. albicans 

and S. aureus, Th17 cells exhibit a higher degree of reactivity, defined by DNA synthesis, in 

response to the two pathogens [51].  Furthermore, a small frequency of Th17 cells 

(approximately 10%) was found to be responsive to Escherichia coli stimulation, which is 

lower than what was observed for Th1/Th17 cells (roughly 40%) [51].   

Next, CCR4 identifies Th2 cells [35], but also identifies Th17 cells when expressed 

in combination with CCR6 [80, 81].  One study has shown that Th17 cells can be further 

characterized by expression of CCR4 and CCR6 in the absence of CXCR3 and CCR10 [51].  
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CCR10 is a marker that identifies Th22 cells, which represent a newly-discovered lineage 

involved in epidermal protection [90].  In addition, Th2/Th17 cells, which express both IL-4 

and IL-17A, as well as GATA3 and RORγt [91], can potentially be identified by co-

expression of CCR6 and CCR4 [92].  Th2/Th17 cells mediate bronchial inflammation, and 

are implicated in the pathogenesis of asthma [91].  

As mentioned, Th17 cells exhibit functional fluidity and polarize into other Th 

subsets [78], such as Th1 cells [93].  One study has shown that Th17 cells can be stimulated 

to express IFNγ in the absence of T-bet [51].  To further support the notion of Th17 cell 

plasticity, CD4+CCR6+ memory T cells expressing CCR4 or CXCR3 were found to express 

RORC mRNA in combination with T-bet mRNA or GATA3 mRNA, respectively.  In 

addition to IL-17A, IFNγ and IL-4 expression was also evident in the aforementioned cells 

[80, 81].  In addition, IL-17A, RORγt CCR6 and CCR4 expression has also been reported in 

Tregs, suggesting that these immunosuppressive cells can also acquire a pro-inflammatory 

role [94].   

Evidence indicates that cytokines and different antigens induce Th17 cell plasticity.  

For example, one study demonstrated that Th17 cells undergo polarization into Th1/Th17 

cells in response to Th1-polarizing cytokines [95].  In agreement with this finding, Duhen et 

al. reported that culturing Th17 cells in the presence of IL-1β and IL-12 promotes their 

polarization into Th1/Th17 cells [51].  Furthermore, another study has shown that in vitro-

generated Th17 cells primed with C. albicans take on a Th1/Th17 functional role by co-

expressing IL-17A and IFNγ, whereas those primed with S. aureus take on a Th17 functional 

role by expressing IL-17A in the absence of IFNγ [96].   
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In summary, IL-17 expression is only evident in CCR6-expressing CD4+ T cells [84, 

85].  Furthermore, on CD4+ memory T cells, the Th17 cell phenotype is characterized as 

being CCR6+CCR4+CXCR3- [79, 80, 81].  In this study, Th17 cells will be identified as 436 

cells (CD4+CXCR3-CCR6+ memory T cells), and those that produce IL-17A will be defined 

as functionally active Th17 cells. 

1.6 Consequences of HIV infection:  HIV infection results in a continuous decline in CD4+ 

T cell populations and immune system dysfunction, leading to overall impairment of the 

immune system and a compromised ability of the host to clear infections [97].  Lower CD4 

counts and higher plasma viremia are standard markers of disease progression and are thus 

associated with a greater possibility of developing acquired immunodeficiency syndrome 

(AIDS) in a shorter period of time [98].  Patients who have progressed to the AIDS stage of 

infection typically present with extremely low CD4 counts (<200) and develop rare, 

opportunistic infections that cannot be efficiently cleared [99].  Furthermore, HIV establishes 

a life-long latent infection in CD4+ cells, defined as an inactive state of infection in which 

the viral DNA is integrated into the host genome [100].   

While there is currently no cure, the progression of HIV infection to AIDS has been 

dramatically delayed over the past few years by highly active anti-retroviral therapy 

(HAART), which suppresses life cycle progression of the virus and increases circulating 

CD4+ T cells in most patients [101].  Despite the major advances with HAART, some 

patients are unable to exhibit increased peripheral CD4+ T cells despite successful 

suppression of plasma viral loads [102].  Moreover, in the GALT, CD4+ T cell restoration is 

often delayed and incomplete, even with long-term therapy [103, 104].      
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1.7 Non-AIDS complications and implications of Th17 cells:  Despite the advances of 

HAART in preventing AIDS-associated illnesses, a high mortality rate remains evident 

among most individuals living with HIV due to other, non-AIDS-related complications, such 

as cardiovascular and metabolic disorders [105].  Such complications are thought to develop 

as a result of chronic inflammation, an additional indicator of disease progression 

characterized by upregulated markers of immune cell activation as well as pro-inflammatory 

cytokines [105, 106].  Furthermore, patients often present with circulating microbial 

components, including lipopolysaccharide (LPS) and LPS-binding protein (LBP) [107], 

which are implicated in causing systemic inflammation [108].   

While the causes of inflammation and circulating microbial products are poorly 

understood, evidence suggests that abnormalities in the GALT act as a driving factor.  In the 

context of both Simian Immunodeficiency Virus (SIV) and HIV infections, studies suggest 

that damage to the intestinal mucosa allows for the translocation of bacterial components into 

circulation [108, 109, 110], which is associated with altered GALT immunity [111].  

Furthermore, alterations in the composition of intestinal microbial populations in patients, 

such as increased frequencies of Proteobacteria and reduced frequencies of Bacteroides, are 

correlated with increased markers of microbial translocation and indicators of immune 

activation [112].   

In addition to the above complications, Th17 cells become functionally impaired and 

rapidly diminished from the GALT following HIV infection, which is associated with 

microbial translocation and chronic inflammation [113, 48, 114].  Furthermore, Th17 cells 

have also been reported to be depleted from the bloodstream [113, 115] and cervical tissue 

[49] during HIV infection.  Importantly, maintaining functional Th17 cells and overall 

GALT immunity is implicated in controlling chronic inflammation during HIV infection 



 

- 11 - 
 

[113, 114, 116, 117].  While others have presented evidence suggesting that Th17 cells are 

more liable to HIV infection than other Th cells [81, 118, 119], the mechanisms by which 

Th17 cells become depleted are poorly understood.  Th17 dysfunction may occur as a result 

of impaired IL-23 signalling, as previous members in our lab have shown that patient-

derived Th17 cells exhibit reduced STAT3 gene expression and phosphorylation in response 

to IL-23 (Fernandes et al., manuscript in preparation), while others have shown that Th17 

polarization in patient-derived naïve CD4+ T cells is impaired [120].  Alternatively, some 

evidence indicates that Th17 cells may acquire immunosuppressive roles during HIV 

infection [113], and even become polarized into Tregs [121].   

Generally, a longer duration of HAART leads to more promising outcomes, such as a 

higher degree of Th17 cell recovery and considerable suppression of associated microbial 

translocation and inflammation [113].  In particular, such outcomes are observed when 

HAART is commenced during the earliest stages of infection, before HIV-specific antibodies 

can be measured [114].  As it may be difficult and sometimes impractical to detect HIV 

infection at such an early stage, alternative therapeutic approaches resulting in complete 

Th17 cell reconstitution would be essential for treated patients who are unable to fully 

restore Th17 cells [114].     

1.8 Mechanisms underlying Th17 cell apoptosis during HIV infection: While the events 

resulting in CD4+ T cell depletion are under continued investigation, studies have concluded 

cell death to be a major cause, resulting from several mechanisms, including those directly 

mediated by the virus or inflammation [122, 123].  These phenomena are less characterized 

in Th17 cells, although one study has documented increased levels of pro-apoptotic and pro-

pyroptotic mediators in Th17 cells following in vitro HIV infection [119].  This finding 
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suggests that Th17 cells also undergo apoptosis and pyroptosis during infection, although the 

causative mechanisms are unknown.   

As a result, many studies have been focusing on the potential effects of HIV infection 

on mechanisms of homeostasis and survival in T cells.  In particular, IL-7 is well known to 

regulate T cell homeostasis [124], and has frequently been studied in the context of HIV 

infection [125].  Responses to IL-7 become dysregulated in both CD8+ and CD4+ T cells 

during infection, which in turn negatively affects the mechanisms that regulate cell growth 

and survival [126, 127].  These mechanisms have been scarcely reported in Th17 cells. 

1.9 IL-7 biology and homeostatic responses:  IL-7, which is generated by stromal cells and 

intestinal epithelial cells [128, 129], regulates T cell growth and survival [124], and even 

promotes lymph tissue development in the GALT [129]. IL-7 also regulates Th17 cell 

polarization, although whether it favors or disfavors Th17 polarization remains debatable.  

One study has shown that IL-7 further upregulates IL-17A expression in murine CD4+ T 

cells [130], while another study has found that IL-7 reduces RORγt and IL-17A expression in 

murine CD4+ T cells, and instead promotes Th1 cell polarization [131].  Furthermore, IL-7 

enhances IL-17A production in human Th17 cells [86].  In summary, the roles of IL-7 in 

Th17 cell homeostasis require further characterization.   

IL-7 mediates its effects through interaction with the IL-7 receptor, consisting of the 

unique α chain CD127 and common γc chain CD132 [124].  Virtually all CD4+ memory T 

cells express CD127 [132, 133].  Furthermore, CD127 expression has even been reported on 

murine and human Th17 cells [130, 131, 51, 134].  In lymphopoenic conditions, IL-7 levels 

become upregulated to promote T cell expansion, which is observed in parallel with 

suppressed expression of CD127 [135].  Following receptor binding, IL-7 has been shown to 
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downregulate CD127 through mechanisms of homeostasis [136, 137].  Upon T cell 

reconstitution, IL-7 levels and CD127 expression revert back to normal [135,136].     

Upon interaction with CD127, IL-7 elicits its homeostatic effects by inducing 

phosphorylation of JAK1 & 3/STAT5 [138].  Phosphorylated STAT5 (pSTAT5) is mainly 

involved T cell survival [139], but has also been shown to enhance proliferation [140].  IL-7 

induces pSTAT5 expression in murine Th17 cells [130], although whether the same 

phenomenon occurs in human Th17 cells is unknown.  IL-7 also induces phosphorylation of 

phosphoinositide 3-kinase (PI3K) and Akt [138], which promotes T cell metabolism and 

expansion [141, 142].  In murine CD4+ T cells, TCR-mediated PI3K/Akt signalling 

promotes IL-17A and IL-23 receptor gene expression [143], although the effects of IL-7 in 

this matter have not been investigated.  Furthermore, another study has demonstrated that IL-

7 enhances IL-17A expression in Th17 cells through PI3K/Akt signalling [86]. 

 In addition, B cell lymphoma 2 (Bcl-2) is a protein that prevents mitochondria-

induced apoptosis [144].  Following IL-7 stimulation, Bcl-2 becomes further upregulated, 

which is dependent on JAK1 & 3/STAT5, but not PI3K/Akt [132].  Others have 

demonstrated, however, that this particular response is, in fact, dependent on PI3K/Akt 

[145].  While IL-7 has been shown to upregulated Bcl-2 in murine Th17 cells [130], this 

particular response has yet to be characterized in human Th17 cells. 

1.1.0 HIV infection and IL-7 responses: As spontaneous apoptosis plays an active role in 

reducing CD4+ T cell counts during HIV infection [122, 123], many have studied CD127 

expression and IL-7 responses in T cells in this regard.  It is well known that CD127 

becomes downregulated on both CD8+ and CD4+ T cells, while CD132 and circulating 

levels of IL-7 become upregulated [146, 147, 148].  The degree of CD127 downregulation is 

associated with inflammation and reduced CD4+ T cell counts, and therefore indicates the 
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degree of disease progression [147].  Furthermore, HIV tat protein has been shown to 

directly downregulate CD127 on CD8+ and CD4+ T cells, suggesting a direct role for viral 

components in altering receptor expression [149, 133].  The effects of HAART on CD127 

are somewhat promising, as some studies report complete or near complete restoration on 

CD4+ memory T cells [127], while others report complete recovery on CD8+ memory T 

cells but partial recovery on central memory CD4+ T cells [150].  In Th17 cells, the effects 

of HIV infection on CD127 expression are unknown.       

During HIV infection, IL-7 effector functions also become dysregulated in T cells, 

which is associated with decreased CD4+ T cell counts [151].  Furthermore, evidence 

suggests that these perturbations in IL-7 responses occur independently of CD127 expression 

[152, 153].   In blood-derived CD127+ CD8+ T cells from treated patients, IL-7-induced 

proliferation and phosphorylation of STAT5 become reduced [126].  STAT5 

phosphorylation and Bcl-2 expression in CD4+ memory T cells are also altered in response 

to IL-7, and become completely and partially normalized by HAART, respectively [127].  

Furthermore, IL-7-mediated proliferation of CD4+ effector memory T cells derived from 

HIV-infected individuals becomes suppressed [154].  These findings collectively 

demonstrate that dysfunctional IL-7 signalling occurs in CD8+ and CD4+ T cells during HIV 

infection.  Whether HIV infection compromises IL-7 responses in Th17 cells has not yet 

been studied. 
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1.1.1 Hypothesis: HIV infection dysregulates IL-7 responses in Th17 cells. 

1.1.2 Rationale: Characterizing CD127 expression and IL-7 signalling mechanisms in Th17 

cells will improve our understanding of the basic homeostatic responses that regulate 

survival and proliferation in this lineage.  Determining whether such phenomena become 

altered in HIV-infected individuals receiving HAART may delineate the mechanisms 

accountable for preventing the complete reconstitution of Th17 cells, and may therefore 

provide alternative targets for therapeutic intervention.  As indicated elsewhere [113, 114], 

maintaining functional Th17 cells during HIV infection may substantially control the degree 

of microbial translocation and chronic inflammation, which could ultimately reduce the 

mortality rate associated with non-AIDS complications. 
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1.1.3 Statement of Objectives:  

i) To characterize CD127 expression on Th17 cells: 

Specific aim i) a: To measure CD127 expression on all Th17 cells, defined as 436 cells 

Specific aim i) b: To measure CD127 expression on active, IL-17A-producing Th17 cells 

ii) To evaluate IL-7 signalling in Th17 cells:  

Specific aim ii) a: To measure the effects of IL-7 on expression of pSTAT5 in Th17 cells 

Specific aim ii) b: To investigate the effects of IL-7 on Bcl-2 expression in Th17 cells 

Specific aim ii) c: To determine the role of IL-7 in Th17 cell proliferation 

iii) To examine the effects of HIV infection on IL-7 responses in Th17 cells from 

patients receiving HAART 

Specific aim iii) a: To measure CD127 expression on Th17 cells from patients 

Specific aim iii) b: To determine the ability of IL-7 to induce pSTAT5, Bcl-2, and   

                               proliferation in Th17 cells derived from patients 
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2.0 MATERIALS AND METHODS:  

2.1 Study participants: Uninfected individuals (N=23) and HIV-infected individuals 

receiving HAART (presenting with total CD4 counts > 250 cells/µL of blood, and viral loads 

<50 copies/mL for > six months) (N=27) were recruited at the Ottawa General Hospital and 

Faculty of Medicine at the University of Ottawa, Ottawa, Ontario, Canada.  The study was 

approved by the Ottawa Health Science Network Research Ethics Board.  Clinical 

parameters of patients are summarized in Table 1.   

2.2 PBMC isolation and cell culture: Heparin (100 international units (i.u.)/mL) (LEO 

Pharma, Thornhill, ON) was added to the syringes at 1 mL/60 mL of blood.  Blood was 

collected from consenting participants, then poured over Lymphoprep
TM

 (STEMCELL 

Technologies, Vancouver, BC) and centrifuged at 1600 rpm (revolutions per minute) for 30 

minutes (brakes off).  Buffy coat (containing PBMCs) was collected and topped to 50 mL 

with 1x Hank’s Balanced Salt Solution (HBSS):phosphate buffered saline (PBS) (Gibco® 

Life Technologies, Waltham, MA), then centrifuged at 1200 rpm for 20 minutes.  In some 

cases, cells were washed again with 50mL 1x HBSS:PBS at 1600 rpm for 10 minutes.  

PBMCs were then resuspended in 10mL 1x HBSS:PBS and centrifuged at 1600 rpm for 10 

minutes, then stored or used immediately to sort bulk CD4+ T cells or Th17 cells.  All cells 

were stored at 37˚C and 5% CO2 conditions in 1x Roswell Park Memorial Institute (RPMI) 

supplemented with 10% fetal bovine serum (FBS), 10% L-glutamine, and 5% 

penicillin/streptomycin (Gibco® Life Technologies, Waltham, MA).  Furthermore, all 

stimulation assays were carried out one day following isolation, unless otherwise specified.   

2.3 CD4+ T cell isolation: Bulk CD4+ T cells were purified from PBMCs by negative 

selection using the EasySep
TM

 Human CD4+ T cell Enrichment Kit (STEMCELL 

Technologies, Vancouver, BC).  The manufacturer’s protocol [155] had been slightly 



 

- 18 - 
 

modified to increase CD4+ T cell purity, represented as the percentage of cells expressing 

CD4 (Fig. 1B).  PBMCs were resuspended in CD4+ T cell separation buffer (2% FBS and 

2mM EDTA in PBS) at 50 million cells/mL.  The enrichment cocktail (containing antibodies 

targeting CD8, CD14, CD16, CD19, CD20, CD36, CD56, CD66b, CD123, TCRγ/δ, 

glycophorin A, and dextran) was added to the cells at 50μL/mL for 10 minutes at room 

temperature.  D magnetic particles (TRIS buffer containing dextran-coated, magnetic iron 

particles) were added to the cells at 100μL/mL for 5 minutes at room temperature.  Cells 

were topped with CD4+ T cell separation buffer to a total volume of 2.5mL (25 – 100 

million starting PBMCs), 5mL (100-200 million starting PBMCs) or 10mL (200-400 million 

starting PBMCs).  Cells were incubated in the magnet for 5 minutes at room temperature.  

The supernatant (containing CD4+ T cells) was collected and incubated in the magnet for an 

additional 5 minutes.  The CD4+ T cells were centrifuged at 1600rpm for 10 minutes, then 

resuspended in 1x RPMI at a concentration of 1 or 2 million cells/mL.  Cells were either 

immediately assessed for expression of surface markers or stored overnight for use in future 

experiments.   

2.4 Th17 cell enrichment: CD4+CXCR3-CCR6+ memory T cells (Th17 cells) were 

enriched from PBMCs using EasySep
TM

 Th17 Human Enrichment Kit (STEMCELL 

Technologies, Vancouver, BC).  The manufacturer’s protocol involves two steps, with the 

first being negative selection of CD4+CXCR3- memory T cells, and the second being 

positive selection of CCR6+ cells [156].  The manufacturer’s protocol was slightly modified 

to increase Th17 cell purity. 

To purify CD4+CXCR3- memory T cells, PBMCs were resuspended in the 

recommended buffer (referred to as Th17 enrichment buffer, which is composed of 2% FBS 

and 1mM EDTA in PBS, free of Ca
+2

 and Mg
+2

) at 50 million cells/mL.  The CD4+CXCR3- 
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memory T Cell Pre-Enrichment Cocktail (TACs targeting CD8, CD14, CD16, CD19, CD20, 

CD36, CD56, CD66b, CD123, TCRγ/δ, glycophorin A, CD45RA
high

, CXCR3 and dextran) 

was added to the cells at 50 μL/mL for 10 minutes at room temperature.  Magnetic D2 

particles (Tris buffer containing dextran coated, magnetic iron particles) were then added to 

the cells at 100 μL/mL for 5 minutes at room temperature.  Cells were topped with Th17 

enrichment buffer to a total volume of 2.5 mL (25-100 million starting PBMCs), 5 mL (100-

200 million starting PBMCs), or 10 mL (200-400 million starting PBMCs), then placed in 

the magnet for 10 minutes at room temperature.  The supernatant, containing the 

CD4+CXCR3- memory T cells, was collected then placed in the magnet for an additional 5 

minutes.  The CD4+CXCR3- memory T cells were centrifuged at 1100rpm for 10 minutes 

then used for the positive selection of CCR6+ cells. 

To sort CCR6+ cells, the CD4+CXCR3- memory T cells were resuspended in Th17 

enrichment buffer (250 μL for 25-125 million starting PBMCs, 1 mL for 125-200 million 

starting PBMCs, or 2 mL for 200-400 million starting PBMCs).  The CCR6 Positive 

Selection Cocktail (TACs targeting CCR6 and dextran) was added to the cells at 50 μL/mL 

for 15 minutes at room temperature.  Next, nanoparticles (Tris buffer containing dextran-

coated, magnetic iron nanoparticles) were added to the cells at 100 μL/mL for 10 minutes at 

room temperature.  Cells were topped with Th17 enrichment buffer to a total volume of 2.5-5 

mL (25-100 million starting PBMCs), 5 mL (100-200 million starting PBMCs), or 8-10 mL 

(200-400 million starting PBMCs).  Cells were then placed in the magnet for 5 minutes at 

room temperature.  The supernatant containing the CCR6- cells was discarded, and the 

remaining CCR6+ cells were resuspended in Th17 cell enrichment buffer (same volumes as 

described) and incubated in the magnet for a total of three times.  The sorted Th17 cells were 
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then washed, resuspended in 1x RPMI, and either assessed for expression of surface markers 

or stored overnight for use in experiments.   

The CCR6 positive selection protocol was modified separately for patient-derived 

cells.  CD4+CXCR3- memory T cells, which were always sorted from <100 million PBMCs, 

were resuspended in 250 µL Th17 enrichment buffer.  The CCR6 Positive Selection Cocktail 

and nanoparticles were added at the same concentrations as described above.  Cells were 

topped to 2.5 mL using Th17 enrichment buffer, then incubated in the magnet for a total of 

two times.  Cells were stored as described.   

2.5 Measuring expression of surface markers: To analyze expression of surface markers 

and thus characterize phenotypes of given cells, PBMCs, CD4+ T or Th17 cells were 

resuspended in 1% bovine serum albumin (BSA):PBS at 1 million cells/mL.  A total of 

50,000 cells per condition were stained in 50 μL 1% BSA:PBS for 30 minutes at 4˚C using 

anti-CD4-PC7 (clone A161A1, 2.5 μL), anti-CXCR3-Alexa Fluor 488 (clone G025H7, 2.5 

μL of 1:10 dilution in 1% BSA:PBS), anti-CCR6-APC (clone G034E3, 5 μL), anti-CCR4-PE 

(clone L291H4, 2.5 μL), anti-CD161-PC7 (clone HP-3G10, 2.5μL), anti-CXCR4-PE (clone 

12G5, 2.5 μL), anti-CCR5-PE (clone J418F1, 2.5 μL), anti-CD25-FITC (clone BC96, 2.5 

μL) (BioLegend, San Diego, CA), or anti-CD127-PE (clone R34.34, 5 μL) (Beckman 

Coulter) as indicated in the Results/Figures section.  Cells were washed once (centrifuged at 

1600 rpm for 5 minutes unless otherwise indicated) with 1% BSA:PBS and resuspended in 

400 μL PBS.  Patient-derived cells were fixed using 1% paraformaldehyde (PFA) prior to 

flow cytometric analysis.   

2.6 Gating strategies: All events were analyzed within the live cell gate.  To set markers for 

multi-colored stains, fluorescence minus one (FMO) controls were used, which represent 

cells that have been stained with all antibodies used in one experiment except for the one 
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targeting the protein of interest.  FMO controls were established using PBMCs or bulk CD4+ 

T cells, depending on availability, as sorted Th17 cells were limited in number.  Unstained 

cells, or cells that had been stained with an isotype control, as indicated in each figure, were 

used to set auto-fluorescence for single-color stains.  Depending on availability, these 

controls were established using Th17 cells, CCR6- cells, bulk CD4+ T cells, or PBMCs. 

To measure Th17 frequencies within the cell population of interest, gating strategies 

described by the manufacturer were used (STEMCELL Technologies, Vancouver, BC) 

[156].  First, using the one-dimensional histogram, PBMCs were gated on total CD4+ 

lymphocytes.  This gate was then applied to the two-dimensional scatter plot representing 

CXCR3 and CCR6 expression in order to determine the frequencies of CD4+ T cells 

expressing these two markers, in PBMCs and within gated, total CD4+ lymphocytes.  The 

same gating strategy was applied to sorted Th17 cells to determine CD4+CXCR3-CCR6+ 

frequencies within the gated CD4+ lymphocytes.   

To measure CD127 expression on Th17 cells, a Th17+ gate was created using the 

CXCR3-CCR6+ quadrant from the two-dimensional scatter plot, which had already been 

gated on CD4+ lymphocytes.  On sorted Th17 cells, CD127 expression was represented as 

the percentage of gated Th17+ cells.  On bulk CD4+ T cells, CD127 expression was 

represented as the percentage of gated CD4+ lymphocytes.   

2.7 Measuring expression of intracellular IL-17A: The IL-17A staining protocol has been 

adapted from the manufacturer’s (BD Biosciences, San Jose, CA) [157].  To quantify 

expression of intracellular cytokines, Th17 cells were stimulated at 1 million cells/mL in 1x 

RPMI for 6 hours (at 37˚C and 5% CO2) using 50 ng/mL PMA and 1000 ng/mL ionomycin 

(R&D Systems, Minneapolis, MN).   Golgi transport inhibitor Brefeldin A was added for the 

entire duration at 1 μL/1 mL of media, in accordance with the manufacturer’s instructions 
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(BD Biosciences, San Jose, CA).  Cells were washed once with 1% BSA:PBS and fixed for 

10 minutes at 37˚C in 4% PFA (50 μL per 100,000 cells) (BDH GPR
TM

, NASDAQ: VWR, 

Radnor, PA).  Cells were washed once with 1% BSA:PBS and permeabilized for 30 minutes 

at room temperature using 0.5% saponin:PBS (150 μL/100,000 cells) (Sigma Aldrich, 

Oakville, ON).  Cells were washed once with 0.5% saponin:PBS and resuspended in 0.5% 

saponin:PBS (60 μL  per 100,000 cells).  Cells were stained for 30 minutes at room 

temperature using anti-IL-17A-PC7 (clone eBio64DEC17) or isotype-PC7 (mouse IgG1к, 

clone P3.6.2.8.1) (both 5 μL) (eBioscience, San Diego, CA).  Cells were washed once with 

0.5% saponin:PBS and resuspended in 400 μL PBS.  To measure CD127 expression on Th17 

cells that actively produce IL-17A, cells were stimulated as described, washed once with 

1%BSA:PBS, and stained in 100 μL 1% BSA:PBS for 30 minutes at 4˚C using anti-CD127-

PE (10 μL).  Cells were washed once with 1% BSA:PBS, then subjected to the intracellular 

IL-17A staining protocol as described.   

2.8 Measuring phosphorylation of STAT5:  This staining protocol was modified from the 

one kindly provided by Dr. Angela Crawley and a Master’s thesis (personal communication) 

at the Ottawa General Hospital/University of Ottawa [158].  To induce phosphorylation of 

STAT5, Th17 cells were stimulated at 1 million cells/mL 1x RPMI for 15 minutes (at 37˚C 

and 5% CO2) using 0.01, 0.1 or 1 ng/mL IL-7 (R&D Systems, Minneapolis, MN), either one 

or two days following cell separation.  Cells were washed once with PBS and fixed for 10 

minutes at 37˚C using 4% PFA (50 μL per 100,000 cells).  Cells were washed once with PBS 

and permeabilized for 10 minutes on ice using cold, 100% methanol (100 μL per 100,000 

cells) (Fisher Scientific, Waltham, MA).  Cells were washed once with PBS, resuspended in 

100 μL 1% BSA:PBS, then stained for 30 minutes at room temperature using anti-pSTAT5-

Alexa Fluor 488 (pY694, clone 47/Stat5(pY694) (RUO), 5 μL) (BD Phosflow, BD 
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Biosciences, San Jose, CA).  Cells were washed once with 1% BSA:PBS and resuspended in 

400 μL PBS prior to analysis.   

2.9 Measuring expression of Bcl-2:  This protocol was adapted from one kindly provided 

by Dr. Angela Crawley and a Master’s thesis at the Ottawa General Hospital/University of 

Ottawa [158] (personal communication).  To upregulate Bcl-2, Th17 cells were stimulated at 

1 million cells/mL in 1x RPMI for 48 and 72 hours (at 37˚C and 5% CO2) using 0.1, 1 or 5 

ng/mL IL-7.  Cells were washed once with PBS and fixed for 20 minutes at room 

temperature using 4% PFA (100 μL per 100,000 cells).  Cells were washed once with PBS 

and permeabilized for 20 minutes at room temperature using 0.5% saponin:PBS (100 μL per 

100,000 cells) in the presence of anti-Bcl-2-FITC (clone Bcl-2/100) or the isotype-FITC 

(mouse BALB/c IgG1к, clone MOPC-21) (both 5 µL) (BD Pharmingen
TM

, BD Biosciences, 

San Jose, CA).  Cells were washed once with PBS and resuspended in 400μL PBS. 

2.1.0 Measuring Th17 cell proliferation: To measure cell proliferation, Th17 cells were 

subjected to a carboxyfluorescein succinimidyl ester (CFSE) dilution assay, which was 

modified from the manufacturer’s protocol (Molecular Probes - Cell Trace, Life 

Technologies, Waltham, MA) [159].  Cells were resuspended in PBS at 20 million cells/mL 

and stained for 8 minutes at 37˚C and 5% CO2 using 2.5 μM CFSE (lyophilized powder was 

prepared in dimethyl sulfoxide (DMSO) at 5 mM then added to PBS at 1:1000, which was 

then added to the cells at equal volume) (Molecular Probes - Cell Trace, Life Technologies).  

Cold FBS was added at equal volume and cells were incubated for 10 minutes on ice.  Cells 

were topped to 50 mL total volume with PBS and centrifuged at 1400 rpm for 10 minutes.  

Cells were resuspended at 1 million cells/mL in 1x RPMI and stimulated at 500,000 cells/mL 

for 5 days (at 37˚C and 5% CO2) using 0.25 μg phytohemagglutinin (PHA) (R&D Systems, 

Minneapolis, MN) alone, or combined with 0.1, 1 or 10 ng/mL IL-7.  This stimulation 
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protocol has been adapted from another study showing that IL-7-mediated proliferation is 

enhanced in the presence of PHA [126].  Following stimulation, cells were then diluted in 

400 μL PBS then analyzed.  Patient-derived cells were fixed in 2% PFA and topped to a total 

volume of 500 uL using PBS prior to flow cytometric analysis. 

2.1.1 Data and Statistical analysis: All results were acquired using Beckman Coulter 500 

flow cytometer (Beckman Coulter, Pasadena, CA), then analyzed using FCS Express 4 Flow 

Research Edition (De Novo Software
TM

, Los Angeles, CA).  Bar and line graphs were 

constructed using GraphPad Prism 5 (GraphPad Software, San Diego, CA).  Results are 

expressed as mean values + standard error of the mean (SEM), or median values with 

interquartile range (IQR) as indicated in each figure.   

Statistical tests were also calculated using GraphPad Prism 5 based on GraphPad 

Statistics Guide (GraphPad Software, San Diego, CA) [160], and are indicated in each figure.  

Student’s Unpaired and Paired T Tests (parametric) were used to calculate statistical 

significance between two sets of data, either from matched subjects or between two different 

groups of subjects, respectively.  One-way ANOVA was used to determine whether IL-7 

exerted a significant effect in a dose-dependent manner, while Dunnett’s Post Hoc Test was 

used to determine which dose of IL-7 elicited a statistically significant effect.  In each case, 

the distribution of the data was assumed to be normal.  Finally, Mann Whitney Test (non-

parametric) was used to determine whether two sets of data obtained from two different 

groups of study subjects reached statistical significance.  In this case, the distribution of the 

data was not assumed to be normal. 
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3.0 RESULTS:   

3.1 Characterizing the phenotype of Th17 cells.  Th17 cell (436 cell) frequencies were 

evaluated in cells from uninfected individuals prior to and following magnetic separation by 

measuring expression of CD4, CXCR3 and CCR6.  First of all, approximately 7% of PBMCs 

represented Th17 cells (Fig. 1A).  Next, when analyzing Th17 cell frequencies within total 

CD4+ lymphocytes, roughly 15% expressed the Th17 phenotype (Fig. 1B), which is similar 

to previous findings [51, 81].  Following Th17 cell isolation, approximately 80% of the 

sorted cells represented Th17 cells (Fig. 1C), with values ranging between roughly 60-92% 

among the different donors.  Despite this variation, CD4 expression was evident on roughly 

95% of the cells, while CXCR3 expression was evident on approximately 1% of the cells 

(Fig. 1C).  Overall, the majority of sorted cells demonstrate the Th17 cell phenotype. 

Next, additional surface markers were measured on Th17 cells to further characterize 

their phenotype.  First, CCR4 identifies Th17 cells when co-expressed with CCR6 [79 80], 

and was therefore measured on sorted cells.  Next, CD161 is another characteristic marker of 

Th17 cells [79, 161], and was also evaluated on sorted cells.  Approximately 65% Th17 cells 

expressed CCR4, while roughly 30% expressed CD161 (Fig. 1D).  Furthermore, as CD25
hi

 

cells identify Tregs [162], expression of CD25 was measured to exclude the possibility of Tregs 

being present within the sorted population.  Notably, CD25 was expressed by approximately 

10% Th17 cells (Fig. 1D).  Next, CXCR4 and CCR5 were also measured on the sorted cells, 

as their expression has been previously established on Th17 cells [81].  Nearly 90% Th17 

cells expressed CXCR4, while roughly 20% Th17 cells expressed CCR5 (Fig. 1D).   
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Figure 1: Sorted Th17 cells express a variety of Th17 lineage-associated surface 

markers.  A) PBMCs are demonstrated in the FS Lin/SS Lin scatter plot, which represents 

size and granularity, respectively.  Total CD4+ lymphocytes are represented in the 

histogram, and all CD4+ lymphocytes expressing CXCR3 and CCR6 are represented in the 

orange scatter plot.  The frequency of Th17 cells (436 cells) within PBMCs is represented in 

the lower right-hand corner of the yellow scatter plot, in which CD4+ cells are CXCR3-

CCR6+, representative of one donor (mean=5% +0.35%, N=17).  B)  PBMCs were gated on 

CD4+ lymphocytes then evaluated for the Th17 (4
3
6) phenotype, representative of one 

donor.  The mean frequency of Th17 cells within total CD4+ lymphocytes is 14% +1.17 

(N=17).  C) The Th17 cell frequency following magnetic separation is represented in the 

histogram and orange scatter plot (mean=78% +1.77%, N=17).  D) Expression of CCR4 

(N=4), CD161 (N=6), CD25 (N=5), CXCR4 (N=5) or CCR5 (N=5) on sorted Th17 cells is 

demonstrated in the histograms, representative of one donor, and summarized in the bar 

graph.  The mean frequency was 64% +4.38% for CCR4+ cells, 31% +4.23% for CD161+ 

cells, 11% +0.85% for CD25+ cells, 88% +4.55% for CXCR4+ cells, and 19% +4.16% for 

CCR5+ cells.  Error bars represent SEM.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 29 - 
 

In conclusion, based on phenotypic analysis, these results confirm that 436 cells 

sorted from PBMCs accurately represent Th17 cells. 

3.2 Th17 cells express CD127.  Total CCR6+CD4+ memory T cells [118] and murine Th17 

cells [130, 131] express high levels of CD127.  Furthermore, others have indicated that Th17 

cells occur amongst human CD127+ CD4+ memory T cells, respectively [51, 134].  CD127 

expression has not been directly quantified on sorted, human Th17 cells, however.  

Therefore, to characterize CD127 expression on Th17 cells, expression of CD4, CXCR3, 

CCR6 and CD127 was measured on the sorted cells using flow cytometry.  Notably, surface 

CD127 was expressed by 45% +4.32% Th17 cells (Fig. 2A), varying from roughly 10-75% 

between donors.  Next, to compare CD127 expression on Th17 cells to that of CD4+ T cells, 

CD127 was evaluated bulk CD4+ T cells by measuring expression of both CD4 and CD127.  

Accordingly, CD127 expression was comparable to that of bulk CD4+ T cells, as 58% 

+5.64% cells expressed CD127 (Fig. 2B).  Moreover, the mean fluorescence intensity (MFI) 

values for CD127 were approximately 7 in both groups of cells (Fig. 2B).   
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Figure 2: Th17 cells express CD127. A) CD127 expression on Th17 cells is identified in 

the histogram, representative of one donor.  B) Comparative frequency of CD127+ Th17 

cells (mean=45% +4.32%, N=17) and CD127+ CD4+ T cells (mean=58% +5.64%, N=6) 

(left) and CD127 MFI of Th17 cells (mean=7.54 +0.79, N=17) and bulk CD4+ T cells 

(mean=7.08 +0.31, N=6) (right) are summarized in the bar graphs.  p values were calculated 

using Student’s Unpaired T Test.  Error bars represent SEM.   
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Next, CD127 expression was measured on functionally active, IL-17A-producing 

Th17 cells.  Similar to what others have done [51, 54], cells were first stimulated for six 

hours with 50 ng/mL PMA and 1000 ng/mL ionomycin to induce IL-17A production.  

Brefeldin A was added for the entire six hours (1 µL/1 million cells) to contain IL-17A 

inside the cells [163], in accordance with the manufacturer’s instructions (BD Biosciences).  

Once the cells were stimulated, they were stained for surface CD127 then intracellular IL-

17A.  CD127 expression was compared between total, unstimulated Th17 cells (Th17 

unstim.), total, PMA/ionomycin-stimulated Th17 cells (Th17 STIM.), IL-17A+ cells and IL-

17A- cells.  Notably, 60% +6.82% unstimulated Th17 cells expressed CD127, while 32% 

+4.41% of total, stimulated Th17 cells  expressed CD127 (Fig. 3B).  Furthermore, 45% 

+4.73% IL-17A+ cells and 31% +4.42% IL-17A- cells expressed CD127 (Fig. 3B).  Overall, 

CD127 expression became downregulated upon stimulation with PMA/ionomycin (p<0.01 

by Student’s Paired T Test).  Interestingly, amongst the three groups of stimulated Th17 

cells, the highest proportion of CD127+ cells was evident amongst the IL-17A+ cells 

(p<0.05 by Student’s Paired T Test).  

In conclusion, Th17 cells express CD127, both in resting and in activated states. 
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Figure 3: IL-17A-producing Th17 cells express CD127. A) The frequency of active, IL-

17A+ Th17 cells expressing CD127 is represented in the red scatter plot, representative of 

one donor.  B) Frequencies of CD127+ cells between total, unstimulated Th17 cells (Th17 

unstim.), total, PMA/ionomycin-stimulated Th17 cells (Th17 STIM.), IL-17A+ Th17 cells 

(IL-17A+) and IL-17A- Th17 cells (IL-17A-) (N=4) are summarized in the bar graph.  The 

mean CD127+ cell frequency was 60% +6.82% in unstimulated Th17 cells, 32% +4.41% in 

stimulated Th17 cells, 45% +4.73% in IL-17A+ cells, and 31% +4.42% in IL-17A- cells.  

**p<0.01 and * p<0.05 by Student’s Paired T Test.  Error bars represent SEM.   
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3.3 Th17 cells are responsive to IL-7.  Responses to IL-7, indicated by phosphorylation of 

STAT5, expression of Bcl-2, and cell proliferation, have been previously characterized in 

CD4+ T cells [132, 154].  Furthermore, such responses have been reported in murine Th17 

cells [130], although not in human Th17 cells.  Therefore, Th17 cells from healthy 

individuals were assessed for their ability to respond to IL-7 by measuring phosphorylation 

of STAT5, expression of Bcl-2, and proliferation.   

Since the Tyr694 site on STAT5 becomes phosphorylated upon stimulation with IL-7 

[132, 138], an antibody targeting this specific epitope was used to detect IL-7-inducible 

pSTAT5 in Th17 cells.  First of all, very few (less than 5%) Th17 cells expressed basal levels 

of pSTAT5.  Following stimulation with a low dose of IL-7 (0.01 ng/mL), roughly 30% 

Th17 cells expressed pSTAT5.  Next, the frequency of pSTAT5+ cells doubled to 60% in 

response to a higher dose of IL-7 (0.1 ng/mL), and plateaued at 60% in response to the 

highest dose of IL-7 (1 ng/mL) (p<0.001 by one-way ANOVA and p<0.05 by Dunnett’s Post 

Hoc Test) (Fig. 4).  Overall, IL-7 induces a dose-dependent increase in STAT5 

phosphorylation in Th17 cells.   
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Figure 4: IL-7 induces phosphorylation of STAT5 in Th17 cells. STAT5 phosphorylation 

in Th17 cells following stimulation with IL-7 (0.1 ng/mL) is demonstrated in the histogram, 

representative of one donor.  The dose response to IL-7 is summarized in the line graph.  The 

mean frequency of pSTAT5+ Th17 cells was 3% +0.93% in unstimulated cells, 28% +8.69% 

in cells stimulated with IL-7 (0.01 ng/mL), 64% +4.52% in cells stimulated with IL-7 (0.1 

ng/mL), and 63% +7.52% in cells stimulated with IL-7 (1 ng/mL).  * p<0.001 by one-way 

ANOVA and p<0.05 by Dunnett’s Post Hoc Test.  Error bars represent SEM.   
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CD4+ memory T cells express basal levels of Bcl-2, which become increased in 

response to IL-7 [132, 133].  Following analysis of basal Bcl-2 after 48 and 72 hours, 

expression was evident in roughly 10% and 15% Th17 cells, respectively.  Next, stimulation 

with IL-7 (5 ng/mL) for 48 and 72 hours increased the mean frequency of Bcl-2+ Th17 cells 

to 35% +5.73% and 41% +6.55%, respectively (p<0.01 and p<0.05, respectively, by 

Student’s Paired T Test) (Fig. 5).  In summary, a small percentage of Th17 cells exhibit Bcl-

2 expression at the basal level, which is further upregulated in response to IL-7. 
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Figure 5: IL-7 upregulates Bcl-2 in Th17 cells.  Bcl-2 expression in Th17 cells following 

stimulation with IL-7 (5 ng/mL) after 48 (left) and 72 hours (right) is represented in the 

histograms, representative of one donor.  The frequencies of Bcl-2+ Th17 cells at the basal 

level and in response to IL-7 (5 ng/mL) for 48 hours (N=6) and 72 hours (N=8) are 

summarized in the bar graph.  The mean frequency of unstimulated Bcl-2+ cells was 12% 

+3.43% after 48 hours and 14% +2.69% after 72 hours, while the mean frequency of IL-7-

stimulated Bcl-2+ cells was 35% +5.73% after 48 hours and 41% +6.55% after 72 hours.  ** 

p<0.01 and * p<0.05 by Student’s Paired T Test.  Error bars represent SEM.  
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CFSE is widely used to measure T cell proliferation by flow cytometry [164] and was 

thus used to measure Th17 cell proliferation.  IL-7-mediated T cell proliferation is 

significantly enhanced in combination with sub-optimal TCR signalling [165].  PHA is a 

lectin that induces cell division by upregulating CD25 [166, 167], and thus enhances the 

proliferative effects of IL-7 [168].  Th17 cells were therefore stimulated with a low dose of 

PHA (0.25 µg/mL) in combination with increasing doses of IL-7 (0.1, 1 or 10 ng/mL).  

While this small dose of PHA did not induce proliferation on its own, it permitted 

proliferation when used in combination with IL-7.  In this regard, the proliferative response 

elicited by IL-7 would be better represented.  The ability of IL-7 to induce Th17 cell 

proliferation was distinguished from that of PHA by setting the marker on cells that had been 

stimulated with PHA alone, similar to a strategy reported elsewhere [126].   

When cultured in either media or PHA alone, fewer than 5% Th17 cells proliferated, 

as represented by CFSE
lo

 cells (Fig. 6).  Addition of 1 and 10 ng/mL IL-7 to PHA induced 

proliferation in approximately 30% and 60% Th17 cells, respectively (p<0.001 by one-way 

ANOVA and p<0.05 by Dunnett’s Post Hoc Test) (Fig. 6).  As some studies have reported 

that, in the absence of co-stimulation through the TCR, higher doses of IL-7 (10-100 ng/mL) 

induce T cell proliferation [169], Th17 cells were also stimulated with 100 ng/mL IL-7, in 

the absence of PHA, for five days.  On its own, IL-7 did not induce a proliferative response 

in the Th17 cells (Fig. 6B).  In summary, IL-7, when used in combination with a sub-optimal 

dose of PHA, induces Th17 cell proliferation in a dose-dependent manner.   
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Figure 6: IL-7 induces Th17 cell proliferation. A) Th17 cell granularity (SS Lin) and size 

(FS Lin) following 5 days of cell culture either in media alone, PHA (0.25 μg/mL) alone, or 

IL-7 (10 ng/mL) + PHA (0.25 μg/mL), are represented in the scatter plots, representative of 

one donor.   B) Proliferating Th17 cells (CFSE
lo

 Th17 cells) following stimulation with IL-7 

(100 ng/mL) (top), PHA (0.25 μg/mL) (bottom left), or PHA (0.25 μg/mL) and IL-7 (10 

ng/mL) (bottom right) are demonstrated in the histograms, representative of one donor.  C) 

The degrees of Th17 cell proliferation, represented by the percentages of CFSE
lo

 cells, in 

response to 0.25 μg/mL PHA, either on its own (mean=1.8% +0.48) or in combination with 

IL-7 (0.1 ng/mL) (mean=3% +0.42%), IL-7 (1 ng/mL) (mean=27% +5.57%), or IL-7 (10 

ng/mL) (mean=63% +6.52%) (N=6), are summarized in the bar graph.  * p<0.001 by one-

way ANOVA and p<0.05 by Dunnett’s Post Hoc Test.  Error bars represent SEM.   
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3.4 Th17 cell frequencies are reduced in PBMCs but maintained in total CD4+ 

lymphocytes HIV-infected, HAART-treated subjects.  Demographics and clinical 

parameters of HIV-infected, HAART-treated subjects are outlined in Table 1.  First, Th17 

cell frequencies were measured in PBMCs from uninfected individuals and HIV-infected 

subjects.  Notably, 3% +0.5% PBMCs in HIV-infected subjects were Th17 cells (Fig. 7A), 

which is approximately 40% lower than those observed in uninfected individuals (p<0.05 by 

Student’s Unpaired T Test).  These results are similar to previous reports obtained elsewhere 

[81].  Next, the frequencies of Th17 cells within total CD4+ lymphocytes were also 

compared between uninfected individuals and HIV-infected subjects.  Notably, roughly 17% 

+2.3% CD4+ lymphocytes were Th17 cells in HIV-infected subjects (Fig. 7B), which is 

similar to those present in uninfected individuals.  Overall, while Th17 cell frequencies are 

reduced in PBMCs from HIV-infected, HAART-treated subjects, their frequencies within 

total CD4+ lymphocytes are similar to those observed in uninfected individuals.   
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Male 54 616 37.8 278 <40 5.5

Male 55 282 10 4 <50 4

Male 47 728 31.4 344 <40 3

Male 49 298 21.7 297 <40 1

Male 64 657 40.7 N/A <40 N/A

Female 49 786 30.5 486 <40 17

Male 51 324 22 211 <50 1

Male 61 395 41 111 <50 4

Male 63 488 32.2 99 <40 17

Male 45 1093 37.4 311 <40 5

Male 27 946 43 321 <50 1

Female 51 1290 52 308 <40 17

Male 45 490 25 301 <50 1

Male 53 603 32.9 250 <40 5

Female 52 616 41 117 <50 1

Male 44 475 36.4 68 <50 2

Male 50 443 22.6 N/A <40 N/A

Male 69 315 27 198 <40 20

Female 60 274 12 222 <40 0.5

Female 72 493 50.7 462 <40 2

Male 53 335 27 223 <50 1

Male 45 569 23.9 442 <50 4

Male 33 697 32 225 <50 0.5

Male 25 719 32 N/A <50 2

Male 67 745 39.5 N/A <50 >7

Male 51 328 40.3 128 <40 11

Male 32 801 47.8 322 <40 1

Sex Age

CD4 Count

(cells/mm3) CD4 %

Nadir CD4 Count 

(cells/mm3)

Duration of Undetectable 

Viremia (Years)

Viral Load 

(RNA/mL)
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Table 1: Demographics and clinical parameters of HIV-infected, HAART-treated 

subjects.  Demographics, as characterized by sex and age as of year 2015, are listed in the 

above table.  Furthermore, clinical parameters, including total CD4 counts (cells/mm
3
 of 

blood) and frequencies, nadir CD4 counts (cells/mm
3
 of blood), viral loads (material 

RNA/mL of blood), and the duration for which plasma viremia has been undetectable 

(represented in years), are also presented. 
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Figure 7: Total Th17 cell frequencies are reduced in PBMCs but maintained in total 

CD4+ lymphocytes in HIV-infected, HAART-treated subjects.  A) Th17 frequencies 

within PBMCs in uninfected individuals (grey dots) (mean=5% +0.34%, N=16) and HIV-

infected subjects (red triangles) (mean=3% +0.5%, N=7), (* p<0.05 by Student’s Unpaired T 

Test) and B) Th17 frequencies within total CD4+ lymphocytes in uninfected individuals 

(mean=14% +1.17%, N=16) and HIV-infected subjects (mean=17% +2.3%, N=7) are 

summarized in the bar graphs (p=0.2402 by Student’s Unpaired T Test).  Error bars represent 

SEM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 49 - 
 

3.5 Sorted cells are primarily representative of Th17 cells in both HIV-infected, 

HAART-treated individuals and uninfected individuals.  Th17 cell purity, defined as the 

frequency of Th17 cells (CD4+CXCR3-CCR6+ cells) within the sorted population of cells, 

was measured in cells from HIV-infected individuals.  The average Th17 cell purity of cells 

from HIV-infected individuals was approximately 60%, which is lower than the approximate 

80% observed in uninfected individuals (p<0.001 by Student’s Unpaired T Test) (Fig. 8A & 

8B).  Next, the mean frequency of CD4+ and CXCR3+ cells was comparable between sorted 

cells from both HIV-infected and uninfected individuals (Fig. 8C), indicating that the first 

step of the Th17 isolation protocol (negative selection of CXCR3-depleted CD4+ memory T 

cells) was effective.  Furthermore, the frequency of Th17 cells occurring amongst total 

CD4+ lymphocytes (prior to separation) (T) and sorted cells (post separation) (S) was 

compared in both groups of subjects.  The mean frequency of Th17 cells within total CD4+ 

lymphocytes was approximately 15% in both groups, and increased to approximately 60% in 

HIV-infected individuals (p<0.001 by Student’s Paired T Test) and 80% in uninfected 

individuals (p<0.001 by Student’s Paired T Test) (Fig. 8D), indicating that Th17 cells were 

significantly enriched following cell separation.  

 Overall, these observations suggest that, despite the variation in Th17 cell purity, 

sorted cells were primarily enriched in Th17 cells in both HIV-infected and uninfected 

individuals.     
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Figure 8: Sorted cells are primarily representative of Th17 cells in both HIV-infected, 

HAART-treated individuals and uninfected individuals.  A) Th17 cell purity, defined as 

the frequency of CD4+CXCR3-CCR6+ cells, is represented in uninfected individuals (top) 

and HIV-infected individuals (bottom) is demonstrated in the sample histograms and orange 

scatter plots, representative of one participant from each group.  B) Th17 cell purity is 

summarized in uninfected individuals (gray circles) (mean=78% +1.77%, N=17) and HIV-

infected individuals (red triangles) (mean=58% +5.36%, N=12) (*** p<0.001 by Student’s 

Unpaired T Test).  C) Expression of CD4 (left) and CXCR3 (right) was measured in sorted 

Th17 cells, both from uninfected individuals (gray circles, N=17) and HIV-infected 

individuals (red triangles, N=12).  The mean frequency of Th17 cells expressing CD4 was 

96% +0.72% in uninfected individuals and 95% +0.82% in HIV-infected individuals.  The 

mean frequency of Th17 cells expressing CXCR3 was 1% +0.2% in uninfected individuals 

and 2% +0.57% in HIV-infected individuals.  D) Th17 cell frequencies are demonstrated in 

total CD4+ lymphocytes (T) and sorted cells (S) in uninfected individuals (gray circles, 

N=17) and HIV-infected individuals (red triangles, N=7).  In uninfected individuals, the 

mean Th17 cell frequency within total CD4+ lymphocytes and sorted cells is 14% +1.17% 

and 78% +1.77%, respectively, while, in HIV-infected individuals, the mean Th17 cell 

frequency within total CD4+ lymphocytes and sorted cells is and 17% +2.3% and 61% 

+3.79%, respectively. *** p<0.001 by Student’s Paired T Test.  Error bars represent SEM. 
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3.6 CD127 is not downregulated on Th17 cells from HIV-infected, HAART-treated 

subjects.  HIV infection results in CD127 downregulation on CD8+ and CD4+ T cells, 

which becomes restored to variable degrees in patients receiving HAART [146, 127].  How 

CD127 becomes affected in the context of Th17 cells, however, remains unknown.  CD127 

expression on Th17 cells from uninfected individuals and HIV-infected, HAART-treated 

subjects was measured.  Notably, the mean percentage of CD127+ Th17 cells and mean 

CD127 MFI value were comparable between both groups (p=0.961 and 0.4223, respectively, 

by Student’s Unpaired T Test) (Fig. 9).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 54 - 
 

        

  

 

 

 

 

     

 

 

0

20

40

60

80

HIV- HIV+

p=0.961
%

 C
D

1
2
7
+

 c
e
ll

s

0

5

10

15

20

HIV- HIV+

p=0.4223

C
D

1
2
7
 M

F
I



 

- 55 - 
 

Figure 9: CD127 is not downregulated on Th17 cells from HIV-infected, HAART-

treated subjects.  The frequencies of CD127+ Th17 cells from uninfected individuals (gray 

circles) (mean=45% +4.32%, N=17) and HIV-infected subjects (red triangles) (mean=45% 

+15.68%, N=4) are summarized in the top bar graph (p=0.961, Student’s Unpaired T Test), 

while the CD127 MFI values from uninfected individuals (mean=7.54 +0.79, N=17) and 

HIV-infected subjects (mean=9 +1.38, N=4) are summarized in the bottom bar graph 

(p=0.4223, Student’s Unpaired T Test).  Error bars represent SEM.   
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3.7 Th17 cells from HIV-infected, HAART-treated subjects exhibit altered responses to 

IL-7.  Responses to IL-7 become altered in both CD8+ and CD4+ memory T cells during 

HIV infection [126, 127, 154].  In CD4+ memory T cells, HAART completely normalizes 

IL-7-mediated phosphorylation of STAT5 while partially restoring expression of Bcl-2 

[127].  Moreover, studies suggest that impaired IL-7 responses do not arise solely as a result 

of downregulated CD127 [152, 153].  In Th17 cells, IL-7 responses have yet to be studied in 

the context of HIV infection.  Therefore, the effects of IL-7 on phosphorylation of STAT5, 

expression of Bcl-2, and proliferation were evaluated in Th17 cells derived from HIV-

infected, HAART-treated subjects.   

First of all, the median frequency of pSTAT5+ Th17 cells obtained from HIV-

infected subjects was similar to that obtained from uninfected individuals when cultured in 

media alone (Fig. 10A).  When stimulated with a lower dose (0.01 ng/mL) of IL-7, roughly 

25% Th17 cells from HIV-infected subjects expressed pSTAT5, which is similar to what was 

observed in uninfected individuals (Fig. 10A).  When cultured with a higher dose of IL-7 

(0.1 ng/mL), approximately 80% Th17 cells from HIV-infected subjects expressed pSTAT5, 

while roughly 65% from uninfected individuals expressed pSTAT5 (p=0.2571 by Mann 

Whitney Test) (Fig. 10A).  Furthermore, the MFI values of basal and IL-7-induced pSTAT5 

were similar between Th17 cells from both groups of subjects (Fig. 10B).  In summary, IL-7-

mediated phosphorylation of STAT5 in Th17 cells from HIV-infected, HAART-treated 

subjects is not impaired.   
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Figure 10: STAT5 phosphorylation in Th17 cells is not impaired in HIV-infected, 

HAART-treated subjects.  A) The frequencies of pSTAT5+ Th17 cells are summarized.  In 

uninfected individuals (gray circles, N=6), the median pSTAT5+ cell frequency was 2% 

(1.06%, 6.58%) in unstimulated cells, 21% (12.18%, 67.83%) in cells stimulated with IL-7 

(0.01 ng/mL), and 66% (48.54%, 79.8%) in cells stimulated with IL-7 (0.1 ng/mL).  In HIV-

infected subjects (red triangles, N=4), the median pSTAT5+ cell frequency was 3% (1.86%, 

3.67%) in unstimulated cells, 27% (4.84%, 43.36%) in cells stimulated with IL-7 (0.01 

ng/mL), and 82% (30.49%, 86.06%) in cells stimulated with IL-7 (0.1 ng/mL).  p=0.2571 by 

Mann Whitney Test.  B) The pSTAT5 MFI values in Th17 cells are represented.  In 

uninfected individuals (N=6), the median MFI value was 2.91 (2.32, 6.11) in unstimulated 

cells, 8.74 (4.5, 12.41) in cells stimulated with IL-7 (0.01 ng/mL), and 15.77 (12.81, 24.28) 

in cells stimulated with IL-7 (0.1 ng/mL).  In HIV-infected subjects (N=4), the median MFI 

value was 3.17 (2.3, 3.8) in unstimulated cells, 6.79 (4.42, 8.4) in cells stimulated with IL-7 

(0.01 ng/mL), and 16.52 (6.41, 20.73) in cells stimulated with IL-7 (0.1 ng/mL).  Error bars 

represent IQR values.  
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Next, following 72 hours of cell culture, the mean frequency of unstimulated Bcl-2+ 

Th17 cells from HIV-infected subjects was roughly 40%, which is approximately three-fold 

higher than what was observed in uninfected individuals (p<0.05 by Student’s Unpaired T 

Test) (Fig. 11A).  When stimulated with IL-7 (5 ng/mL) for 72 hours, Bcl-2 expression was 

observed in approximately 70% of Th17 cells from HIV-infected subjects, which is almost 

50% higher than the results obtained in Th17 cells from uninfected individuals (p<0.05 by 

Student’s Unpaired T Test).  Furthermore, the mean Bcl-2 MFI value in unstimulated Th17 

cells from HIV-infected subjects was roughly 6, which is similar to what was observed in 

uninfected individuals (Fig. 11B).  Following IL-7 stimulation, the mean MFI value 

increased to approximately 9 and 11 in Th17 cells from uninfected individuals and HIV-

infected subjects, respectively (Fig. 11B).  Overall, the percentage of Bcl-2+ Th17 cells is 

increased both at the basal level and following stimulation with IL-7 in HIV-infected 

individuals, while the mean MFI values for Bcl-2 do not change. 

Next, to determine whether the ability of IL-7 to upregulate Bcl-2 was altered in 

Th17 cells from HIV-infected, HAART-treated subjects, the mean relative increase in 

frequencies of Bcl-2+ cells (Δ % cells) following IL-7 stimulation was calculated for both 

groups of individuals.  After 72 hours, the mean relative increase in the frequency of Bcl-2+ 

Th17 cells was approximately 3 in Th17 cells from both uninfected individuals and HIV-

infected subjects (Fig. 11C).  Furthermore, the mean relative increase in Bcl-2 MFI values in 

response to IL-7 (Δ MFI) was also calculated for each group.  The mean relative increase in 

MFI was approximately 2 for both uninfected and HIV-infected individuals (Fig. 11D).  

Overall, these observations confirm that the ability of IL-7 to upregulate Bcl-2 in Th17 cells 

is not impaired during treated HIV-infection.   
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Figure 11: Bcl-2 expression is upregulated in Th17 cells derived from HIV-infected, 

HAART-treated subjects.  A) The frequencies of Bcl-2+ Th17 cells at the basal level and in 

response to 72 hours of stimulation with IL-7 (5 ng/mL) are represented in the top, left bar 

graph.  In uninfected individuals (gray circles, N=8), the mean Bcl-2+ cell frequency was 

14% +2.69% in unstimulated cells and 41% +6.55% in IL-7-stimulated cells.  In HIV-

infected subjects (red triangles, N=5), the mean Bcl-2+ cell frequency was 37% +12.16% in 

unstimulated cells, and 66% +7.73% in IL-7-stimulated cells.  * p<0.05 by Student’s 

Unpaired T Test).  B)  MFI values of Bcl-2 in Th17 cells at the basal level and in response to 

72 hours of stimulation with IL-7 (5 ng/mL) are summarized in the bottom bar graph.  In 

uninfected individuals (N=8), the mean MFI value was 5.62 +1.5 in unstimulated cells and 

10.55 +3.45 in IL-7-stimulated cells.  In HIV-infected subjects (N=5), the mean MFI value 

was 6.29 +1.21 in unstimulated cells and 8.98 +1.25 in IL-7-stimulated cells.  C) The mean 

relative changes in frequencies of Bcl-2+ Th17 cells (Δ % cells) in response to 72 hours of 

stimulation with IL-7 (5 ng/mL) are represented in the bottom, left dot plot.  The mean 

relative change in Bcl-2+ cell frequency is 3.44 +0.61 in uninfected individuals (N=8) and 

2.9 +0.93 in HIV-infected subjects (N=5). D) The mean relative changes in the MFI values 

of Bcl-2 (Δ MFI) in response to 72 hours of stimulation with IL-7 (5 ng/mL) are depicted in 

the bottom, right bar graph.  The mean relative change in MFI is 1.74 +0.22 in uninfected 

individuals (N=8) and 1.5 +0.15 in HIV-infected subjects (N=5).  Error bars represent SEM. 
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In summary, in the context of treated HIV infection, the frequency of Bcl-2+ Th17 

cells becomes elevated at the basal level and in response to IL-7, while the ability of IL-7 to 

upregulate Bcl-2 in Th17 cells is not impaired. 

Finally, following five days of stimulation with IL-7 (1 ng/mL) and PHA (0.25 

µg/mL), roughly 30% Th17 cells from uninfected individuals had undergone proliferation, 

whereas approximately 5% Th17 cells from HIV-infected, HAART-treated subjects had 

(p<0.01 by Student’s Unpaired T Test) (Fig. 12A).  Since virtually none of the Th17 cells 

from HIV-infected subjects had undergone a proliferative response, they were next 

stimulated with a higher dose of IL-7 (10 ng/mL) combined with PHA (0.25 µg/mL) to 

determine whether proliferation could be recovered using a maximal concentration of IL-7.  

Notably, while roughly 60% Th17 cells from uninfected individuals had undergone 

proliferation, approximately 20% Th17 cells from HIV-infected subjects had undergone 

proliferation (Fig. 12B), indicating that Th17 cell proliferation in response to IL-7 (10 

ng/mL) and PHA is reduced by over 50% in the context of treated HIV infection (p<0.01 by 

Student’s Unpaired T Test).  Overall, Th17 cell proliferation in response to IL-7, combined 

with a sub-optimal dose of PHA, is severely impaired in HIV-infected, HAART-treated 

subjects. 
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Figure 12: Th17 cell proliferation in HIV-infected, HAART-treated subjects is severely 

impaired.  A) Th17 cell proliferation in response to IL-7 (1 ng/mL) and PHA (0.25 μg/mL) 

is represented.  The mean frequency of proliferating Th17 cells (CFSE
lo

 cells) was 27% 

+5.57% in uninfected individuals (gray circles, N=6) and 6% +3.23% in HIV-infected 

subjects (red triangles, N=6).  ** p<0.01 by Student’s Unpaired T Test.  B) Th17 cell 

proliferation in response to IL-7 (10 ng/mL) and PHA (0.25 μg/mL) is depicted.  The mean 

frequency of proliferating Th17 cells (CFSE
lo

 cells) was 63% +6.52% in uninfected 

individuals and 22% +8.21% in HIV-infected subjects (N=5).  ** p<0.01 by Student’s 

Unpaired T Test.  Error bars represent SEM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 65 - 
 

3.8 Conclusions: Th17 cells from uninfected individuals express CD127 and are responsive 

to IL-7, as demonstrated through phosphorylation of STAT5, expression of Bcl-2, and 

proliferation.  While CD127 expression on Th17 cells from HIV-infected, HAART-treated 

subjects is similar to that of Th17 cells from uninfected individuals, certain IL-7 responses 

are preserved while others are altered.  First of all, phosphorylation of STAT5 is not 

impaired in Th17 cells from HIV-infected individuals.  Next, Bcl-2 expression becomes 

upregulated at the basal level and in response to IL-7.  Finally, IL-7- and PHA-mediated 

proliferation of Th17 cells is dramatically impaired.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 66 - 
 

4.0 DISCUSSION:  

4.1 Limitations of defining and purifying Th17 cells:  The definition of Th17 cells being 

IL-17A+ CD4+ T cells [77] provides obstacles to this area of study, as some IL-17-

producing cells also exhibit functional activity of Th cells from other lineages, such as IL-

17A+IFNγ+ cells, which represent Th1/Th17 cells [51], or IL-17A+IL-4+ cells, which 

represent Th2/Th17 cells [91].  To induce cytokine production, CD4+ T cells would first 

need to be stimulated with PMA and ionomycin, then fixed and permeabilized to be purified 

based on cytokine expression [170, 171].  As a result, it would not be possible to study the 

effects of IL-7 on fixed, IL-17A+ Th17 cells.  To avoid the limitations of using 

fixed/permeabilized cells, others in our lab have generated Th17 cells from naïve CD4+ T 

cells in vitro.  It was found that pSTAT3, which is upregulated by IL-6 or IL-23 [69, 64], did 

not revert to normal baseline levels in in vitro-generated Th17 cells, as they had been 

cultured in polarizing and expansion conditions (Fernandes et al., manuscript in preparation).  

Ultimately, using in vitro-generated cells could misrepresent the ability of any given 

cytokine to activate any corresponding signalling mediator downstream of its receptor.   

An alternative method of obtaining Th17 cells would involve isolating these cells 

based on surface marker expression.  As this approach would not require stimulation, it 

would better represent the cells that naturally occur in vivo [79].  As mentioned, studies have 

concluded that Th17 cells are identified as CCR4+CCR6+CD4+ T cells that do not express 

CXCR3 [80, 81].  In addition, others have further identified these cells as also being CCR10- 

[51] or CD161+ [79].  In this study, Th17 cells were defined as 436 cells (CD4+CXCR3-

CCR6+ memory T cells) and, functional Th17 cells were defined as IL-17A+ 436 cells.   

4.2 Sorting Th17 cells by magnetic separation: Th17 cells were sorted from PBMCs using 

the Human Th17 Enrichment Kit (STEMCELL Technologies, Vancouver, BC) [156].  Th17 
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cell purity, defined as the percentage of Th17+ (436+) cells present within the population 

following magnetic separation, was determined on the isolated cells by analyzing surface 

expression of CD4, CXCR3, and CCR6.  Th17 cell purity was always measured immediately 

after the isolation, as we have previously determined that CXCR3 expression becomes 

upregulated on up to 24% of the cells following overnight cell culture (Fig. S1).   

Th17 cell purity has typically ranged between 60%-92% among 17 uninfected blood 

donors, averaging at approximately 80% (Fig. 1C).  This wide range likely resulted from 

variation in Th17 cell frequencies within PBMCs, which we had found to range between 

approximately 3-7% in healthy individuals (Fig. 1A).  Despite the fluctuation in CCR6+ cell 

frequencies resulting from magnetic cell separation, isolation of CD4+CXCR3- cells was 

always successful, as CD4 expression was evident on 96% of the cells, while CXCR3 

expression was evident on 1% of the cells (Fig. 8C).   

In HIV-infected subjects undergoing HAART, Th17 cell purity averaged to 

approximately 60%, and was thus lower than that of Th17 cells sorted from uninfected 

donors (Fig. 8A and 8B).  Moreover, in patient-derived cells, CD4+ cells constituted 

approximately 95% of the population, while CXCR3+ cells constituted roughly 2% of the 

population (Fig. 8C).  The lower degree of Th17 cell purity is likely a consequence of altered 

immune cell frequencies in HAART-treated subjects, as we and others have shown that Th17 

cell frequencies are reduced in PBMCs by roughly 40% (Fig. 7) [81].  To determine the 

degree by which Th17 cells were enriched from CD4+ T cells, Th17 cell frequencies were 

measured in total CD4+ lymphocytes and in sorted cells.  In uninfected individuals, Th17 

cell purity was approximately four times higher in sorted cells, while in HIV-infected 

subjects, Th17 cell purity was roughly three times higher in sorted cells (Fig. 8D).  

 Overall, despite the variation in Th17 cell purity, Th17 cells were still enriched 
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within the sorted population, and the data acquired in this study is therefore primarily 

representative of Th17 cells.   

4.3 IL-17A expression in Th17 cells: IL-17A, like other cytokines, is induced by 4-6 hours 

of stimulation with PMA and ionomycin [51, 54] and contained inside the cells using 

Brefeldin A [163].  IL-17A expression can be maximized by subjecting CD4+CCR6+ 

memory T cells to 3-12 days of in vitro expansion conditions (anti-CD3/CD28, further 

maximized with IL-2), followed by 4-6 hours of PMA/ionomycin stimulation.  Moreover, 

Th17 polarizing cytokines may also be added to the culture conditions to further prime IL-

17A expression [51, 80, 119].  Roughly 1% IL-17A+IFNγ- CD4+ T cells occur within 

PBMCs, whereas roughly 2.5-5% IL-17A+IFNγ- cells occur within blood-derived CD4+ 

memory T cells [48, 80, 172].   

Approximately 10% CD4+CCR6+ memory T cells become IL-17A+IFNγ- (Th17) in 

response to PdBU and ionomycin [80].  This frequency becomes maximized to 

approximately 30% following expansion of CD4+CCR6+ memory T cells [119].  In 

CD4+CXCR3-CCR10-CCR4+CCR6+ memory T cells, PMA and ionomycin stimulation 

induces IL-17A expression in roughly 20% of the cells, while IFNγ becomes expressed in 

less than 1% of the cells [51].  Furthermore, up to 50% CD4+CXCR3-CCR4+CCR6+ 

memory T cells acquire an IL-17A+IFNγ- functional phenotype following in vitro expansion 

[80].  Using the same cell type, others managed to induce IL-17A expression in 

approximately 70% of the cells, and IFNγ expression in roughly 3% of the cells [79].  In 

summary, a minority of these cells have been shown to typically express IL-17A following in 

vitro stimulation, and for reasons that remain elusive.   

In this study, the IL-17A+ cells within the population were identified by stimulating 

Th17 cells with PMA and ionomycin, with Brefeldin A included, for six hours, which is 
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similar to what has been done in other studies [51,54] and by the manufacturer of the Human 

Th17 Cell Enrichment Kit [156].  On average, roughly 10% Th17 cells expressed IL-17A 

(Fig. 3A), which can be expected based on data reported in other studies and by the 

manufacturer [51, 80, 156].  Despite the variation in Th17 cell purity obtained in this study, 

these minimal stimulation conditions induced IL-17A production in a small percentage of the 

cells, which is similar to the results others have obtained using purified, FACS-sorted Th17 

cells [51,80], suggesting that the variation in Th17 cell purity did not result in the loss of 

functional (IL-17A+) Th17 cells.   

As mentioned previously, it is unknown why the majority of Th17 cells acquire an 

IL-17A- functional phenotype following PMA and ionomycin stimulation.  Interestingly, in 

one study, IL-17A production was triggered in IL-17A- Th17 cells following 48 hours of 

stimulation with IL-2, IL-7 or IL-15 prior to PMA/ionomycin stimulation, while IL-17A was 

further upregulated in IL-17A+ Th17 cells [86].  Both the IL-17A- and IL-17A+ Th17 cells 

were found to express equal amounts of RORC, indicating that the IL-17A- cells are Th17 

lineage-committed [86].  Furthermore, Wan et al. also proposed that IL-17A expression 

evident in vitro is lower than IL-17A expression in vivo, most likely due to lack of 

appropriate stimulation conditions [86].  In accordance with Wan et al.’s findings, it can be 

speculated that the IL-17A- Th17 cells obtained in this study are mature Th17 cells unable to 

effectively respond to mitogen stimulation in vitro.   

4.4 Expression of Th17-associated surface markers:  To further evaluate the phenotype of 

sorted Th17 cells, CCR4, CD161, CD25, CXCR4 and CCR5 were also measured on the 

cells.  CCR4, when expressed by CCR6+CD4+ T cells, further identifies Th17 cells [79, 80].  

In addition, CD161 has been established as a Th17 surface marker [161], especially when 

expressed by CCR6+CCR4+CXCR3- cells [79].  CCR4 was evident on roughly 65% Th17 
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cells (Fig. 1D), which further confirms the notion that the cells sorted in this study were 

representative of Th17 cells based on phenotypic analysis.  Furthermore, CD161 was 

expressed by roughly 30% of the Th17 cells (Fig. 1D), which is lower than what others have 

reported [161].  This discrepancy could be due to variation in methods of analysis, as 

Kleinschek et al. measured CCR6 expression on total CD161+ CD4+ memory T cells that 

had not been depleted of CXCR3+ cells [161].  Furthermore, the variation in Th17 cell purity 

observed in our study could also account for this discrepancy.   

Next, high levels of CD25 expression identify Tregs [162].  Since a minority (roughly 

10%) of Th17 cells expressed CD25 (Fig. 1D), it is most probable that CD25
hi

 Tregs are 

completely absent from or present at low frequencies within the population.  Finally, CXCR4 

and CCR5 are co-receptors that facilitate HIV entry into the cell [173], and have been 

previously measured on Th17 cells by others [81].  In particular, it was found that almost 

50% Th17 cells express CXCR4 while almost 20% express CCR5 [81].  In this study, the 

majority of Th17 cells (roughly 90%) expressed CXCR4 (Fig. 1D), which is higher than the 

value reported by Gosselin et al [81].  Furthermore, approximately 20% Th17 cells expressed 

CCR5 (Fig. 1D), which is consistent with what Gosselin et al. reported.  While Th17 cells 

were sorted based on the CD4+CXCR3-CCR4+CCR6+ memory T cell phenotype in the 

study performed by Gosselin et al. [81], Th17 cells were sorted based on the CD4+CXCR3-

CCR6+ memory T cell phenotype in this study, which could account for this discrepancy.  

Furthermore, as mentioned previously, Th17 cell purity was variable between donors. 

 Overall, these findings provide further insight into the phenotype of sorted Th17 cells 

used in this study, and suggest that the population was mainly representative of Th17 cells.      

4.5 Characterization of IL-7 responses in Th17 cells from healthy individuals: This 

project involved characterizing CD127 expression and functional IL-7 responses in blood-
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derived Th17 cells from healthy individuals, then determining whether CD127 expression or 

any of the above responses became dysregulated in Th17 cells from HIV-infected, HAART-

treated subjects.  Responses to IL-7 were characterized by measuring phosphorylation of 

STAT5, expression of Bcl-2, and cell proliferation, as these responses have been previously 

established in both CD4+ and CD8+ T cells [132, 138]. 

Others have reported that murine Th17 cells express CD127 [130, 131], and that 

Th17 cells are present within total CD127+ CD4+ memory T cells [51, 134].  One study has 

even reported that the majority of total, human CD4+CCR6+ memory T cells express CD127 

[118].  Expression of CD127 has not yet been measured on an isolated population of human 

Th17 cells, however.  In this study, CD127 expression was measured on human, blood-

derived Th17 cells, which was found to be comparable to that of bulk CD4+ T cells (Fig. 2).  

Furthermore, CD127 was expressed by total, PMA/ionomycin-stimulated Th17 cells, IL-

17A+ cells and IL-17A- cells (Fig. 3B).  CD127 becomes downregulated on activated T cells 

[174], which could account for the reduction in the mean frequency of total, stimulated 

CD127+ Th17 cells.  It is unknown, however, why the IL-17A+ cells contained the highest 

frequency of CD127+ cells amongst the three groups of stimulated Th17 cells.  Overall, 

resting and activated human Th17 cells express the IL-7 receptor α component.   

Next, functional IL-7 responses were evaluated in human Th17 cells.  First of all, IL-

7 induced STAT5 phosphorylation in human Th17 cells in a dose-dependent manner (Fig. 4).  

These results could be expected, as IL-7 plays a pivotal role in STAT5 phosphorylation in 

murine IL-17A+ Th17 cells [130].  Next, Bcl-2 was expressed by a small frequency of Th17 

cells, which became upregulated following 48 and 72 hours of stimulation with IL-7 (Fig. 5).  

These results can be expected, as murine IL-17A+ Th17 cells have also been reported to 

express Bcl-2, which becomes downregulated when CD127 is inhibited in vivo [130].  
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Finally, while neither IL-7 nor PHA induced Th17 cell proliferation on their own, IL-7 

induced Th17 cell proliferation in a dose-dependent manner when used in combination with 

a sub-optimal dose of PHA (Fig 6).  As mentioned previously, using a sub-optimal dose of 

PHA enhanced the response elicited by IL-7 without causing proliferation on its own.  Some 

have reported that T cells treated with higher doses of IL-7 (10-100 ng/mL) proliferate 

without TCR stimulation [169].  Others have reported, however, that T cell proliferation in 

response to IL-7 on its own occurs to a lower degree than when IL-7 is complimented with 

TCR stimulation [175].  Despite these reports, IL-7 (100 ng/mL) on its own was unable to 

induce proliferation in Th17 cells (Fig. 6B), which confirms the requirement for co-

stimulation.   

In summary, human Th17 cells are responsive to IL-7.   

4.6 Characterization of IL-7 responses in Th17 cells from HIV-infected, HAART-

treated subjects: In this study, while CD127 expression and IL-7 responses have been 

characterized in Th17 cells from uninfected individuals, these responses were found to be 

altered in Th17 cells from HIV-infected individuals receiving HAART.  Since Th17 cells are 

not always normalized in patients receiving HAART [113,115], we hypothesized that Th17 

cells exhibiting any abnormalities in IL-7 responses during treated HIV infection could, in 

part, account for their incomplete recovery.  Accordingly, Th17 cells were only studied from 

HAART-treated patients.   

CD127 expression on Th17 cells was found to be similar between HIV-infected 

subjects and uninfected individuals (Fig. 9).  As HAART restores CD127 expression on 

CD4+ memory T cells from treated patients [127], it could be possible that similar 

phenomena also occur in the context of Th17 cells.  Whether HIV infection initially 

downregulates CD127 on Th17 cells prior to initiation of treatment, however, is unknown.   
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While others have suggested that disturbances in IL-7 signalling occur in T cells 

irrespective of normal or abnormal CD127 expression [152, 153], we have proposed that IL-

7 responses may also be perturbed in Th17 cells regardless of normal CD127 expression.  

Interestingly, Th17 cells from HIV-infected, HAART-treated subjects exhibited alterations in 

certain IL-7 responses.  First of all, following stimulation with a higher dose of IL-7 (0.1 

ng/mL), the frequency of pSTAT5+ cells appeared to be slightly higher in HIV-infected 

subjects, although statistical significance was not observed (Fig. 10A).  Accordingly, no 

definite conclusions may be formulated at this time.  Since pSTAT5 was only measured in 

Th17 cells from four different patients, increasing this sample size could lead to a 

statistically significant result.  Interestingly, the pSTAT5 MFI values were similar in Th17 

cells between HIV-infected subjects and uninfected individuals (Fig. 10B), indicating that 

the degree of STAT5 phosphorylation was not affected.  Overall, IL-7-mediated 

phosphorylation of STAT5 was not impaired in Th17 cells from treated patients.  Moreover, 

whether this particular response to IL-7 is initially suppressed in Th17 cells from untreated 

patients is unknown. 

The percentages of Bcl-2+ Th17 cells were significantly higher in HIV-infected 

subjects compared to uninfected individuals, both at the basal level and following stimulation 

with IL-7, while MFI values of Bcl-2 expression were similar between both groups (Fig. 11A 

and 11B).  Furthermore, the relative increase in both the frequencies of Bcl-2+ Th17 cells 

and Bcl-2 MFI values was not impaired in HIV-infected individuals (Fig. 11C and 11D), 

confirming that the ability of IL-7 to upregulate Bcl-2 is not impaired in Th17 cells during 

treated HIV infection.  Overall, during HAART-treated HIV infection, a higher proportion of 

Th17 cells express Bcl-2 at the basal level and in response to IL-7.   
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It is unknown why Bcl-2 is upregulated in Th17 cells from patients receiving 

HAART.  Aìro et al. proposed that HAART restores naïve CD4+ T cells by upregulating cell 

survival in a Bcl-2-dependent manner [176].  Alternatively, others have suggested that HIV 

infection persists in target cells by upregulating Bcl-2 and thus maintaining viability [144, 

177].  Th17 cells have been found to be susceptible to HIV infection [81, 118, 119].  

Moreover, Th17 cells from HAART-treated patients have been shown to carry integrated 

viral DNA, which could be indicative of latent HIV infection [81].  It is therefore possible 

that the increase in Bcl-2+ Th17 cells from HAART-treated patients observed in this study 

could be caused by the virus as a means to maintain latent infection, although this 

relationship would need to be established. 

Finally, Th17 cell proliferation from HIV-infected subjects was dramatically 

suppressed (Fig. 12), which could be a result of multiple events.  This can be expected, as 

CD8+ T cells from treated patients also exhibit impaired proliferative responses when 

stimulated with PHA and IL-7 [126].  Furthermore, T cell proliferation in treated patients 

was also shown to be impaired following combined stimulation with anti-CD3 and IL-7 

[165].  While perturbations in cytokine signalling could partially account for the suppressed 

proliferative response, it is unclear whether signalling events induced specifically by IL-7 

and/or PHA become dysregulated during HIV infection.  One study has shown that IL-7-

mediated proliferation is suppressed in CD4+ effector memory T cells from untreated 

patients [154], while another study has shown that expression of cyclins indicative of the S 

and G1 phases of the cell cycle are impaired in Vβ3-TCR-stimulated CD4+ T cells from 

HIV-infected individuals [178].  These studies independently demonstrate that HIV infection 

results in perturbations in both TCR- and IL-7-mediated proliferation.   
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4.7 Potential causes of impaired Th17 cell proliferation:   While Sieg et. al had concluded 

that CD4+ T cells from patients failed to proliferate in response to Vβ3-TCR stimulation, it 

was noted that events involved in early activation did not become altered during HIV 

infection, indicated by comparable expression of CD25 and CD69 between cells from HIV-

infected individuals and uninfected individuals [178].  In this study, it has not been 

confirmed whether the Th17 cells were being sufficiently stimulated in order to undergo 

proliferation.  If signalling mechanisms resulting in activation were impaired, it could be 

possible that proliferation became suppressed as a result.  IL-2 is a γc cytokine that promotes 

T cell proliferation, and its responses become enhanced through increased expression of 

CD25, the α component of the IL-2 receptor [179].  While high CD25 expression identifies 

Tregs [162], it also identifies activated T cells [166, 167].  In CD4+ T cells, IL-7 promotes 

responses to IL-2 by upregulating CD25 [180].  PHA also increases CD25 expression on T 

cells, which further facilitates a proliferative response [166].  During HIV infection, 

however, the ability of IL-7 to upregulate CD25 becomes suppressed in T cells, which was 

also observed with impaired proliferation [165].  Therefore, deducing the effects of IL-7 on 

CD25 expression in Th17 cells, from both uninfected and HIV-infected individuals, may 

provide further insight into the mechanisms by which proliferation becomes impaired during 

HIV infection.  

In Th17 cells, the cell signalling events leading to proliferation are poorly 

characterized.  In T cells, IL-7 triggers proliferation through PI3K/Akt signalling [142].  

Moreover, IL-7 enhances IL-17A expression in Th17 cells in a PI3K-dependent manner [86], 

although the direct effects of IL-7 on phosphorylation of PI3K and Akt have not been 

characterized in this lineage.  In CD4+ effector memory T cells, however, IL-7 was shown to 

induce low levels of Akt phosphorylation [132].  Notably, Akt may play a pivotal role in 
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Th17 cell proliferation, as it has been shown to promote Th17 cell differentiation in a TCR-

dependent manner [143].  In CD4+ T cells from untreated, HIV-infected individuals, the 

ability of IL-2 to induce phosphorylation of Akt was shown to be impaired [181], although 

the particular effects of IL-7 have yet to be examined in this regard.  In summary, 

characterizing the effects of Akt phosphorylation on Th17 cell proliferation in healthy 

individuals and HIV-infected, HAART-treated individuals may provide insight into the 

mechanisms by which Th17 cells are impaired in their ability to undergo proliferation, as has 

been determined in this study. 

 In conclusion, the impaired proliferative response observed in Th17 cells may 

provide insight into the mechanisms by which these cells fail to become completely restored 

in the context of HAART-treated HIV infection. 

4.8 Overview:  In this study, we have established functional roles for IL-7 in human, blood-

derived Th17 cells, and elucidated how these roles become altered in the context of treated 

HIV infection.  As we have demonstrated that Th17 cells from HIV-infected, HAART-

treated subjects exhibit impaired proliferation in response to IL-7 combined with a sub-

optimal dose of PHA, promising outcomes may result from targeting the specific 

mechanisms underlying this impairment.  It is therefore crucial to first characterize the 

signalling events responsible for Th17 cell proliferation, and then determine how their 

activity may become affected in HIV-infected individuals receiving HAART.  Furthermore, 

as these results were generated from Th17 cells obtained from the bloodstream, they could 

provide insight into the basic mechanisms that regulate homeostasis in this particular Th 

lineage, although they may or may not be reflective of such mechanisms occurring in the 

GALT.  Therefore, it may be of interest to next determine whether similar phenomena also 

occur in Th17 cells derived from the GALT, and how the microenvironment in the GALT 
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may influence the normal, homeostatic responses to IL-7 occurring in Th17 cells from both 

uninfected individuals and HIV-infected, HAART-treated individuals.   

Overall, as indicated by others [113, 114], normalizing and maintaining functional 

Th17 cells during HIV infection may in turn significantly alleviate microbial translocation 

and chronic inflammation, which could potentially reduce the associated risk factors of 

developing non-AIDS complications and thus improve quality of life.  Developing 

therapeutics targeted towards restoring homeostatic Th17 cell proliferation could facilitate 

their complete restoration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 78 - 
 

REFERENCES 

[1] Strbo, N., Yin, N., and Stojadinovic, O. 2014. Innate and Adaptive Immune Responses   

      in Wound Epithelialization. Advances in Wound Care (New Rochelle) 3(7): 492-501. 

 

[2] Kumar, V 2014. Innate lymphoid cells: new paradigm in immunology of inflammation.   

      Immunology Letters 157(1-2): 23-37. 

 

[3] Kumagai, Y., Takeuchi, O., and Akira, S. 2008. Pathogen recognition by innate  

      receptors. Journal of Infection and Chemotherapy 14(2): 86-92. 

 

[4] Fietta, P. and Delsante, G. 2009. Focus on human natural killer cells. Rivista di  

      Biologia 102(2): 219-235. 

 

[5] Sonnenberg, G. F. and Artis, D. 2015. Innate lymphoid cells in the initiation, regulation   

      and resolution of inflammation. Nature Medicine 21(7): 698-708. 

 

[6] Manda-Handzlik, A. and Demkow, U. 2015. Neutrophils: The Role of Oxidative and  

      Nitrosative Stress in Health and Disease. Advances in Experimental Medicine and  

      Biology 857: 51-60. 

 

[7] Mann, E. R. and Li, X. 2014. Intestinal antigen-presenting cells in mucosal immune  

      homeostasis: crosstalk between dendritic cells, macrophages and B-cells. World Journal  

      of Gastroenterology 20(29): 9653-9664. 

 

[8] Lian, J. and Luster, A. D. 2015. Chemokine-guided cell positioning in the lymph node  

     orchestrates the generation of adaptive immune responses. Current Opinion in Cell  

     Biology 36: 1-6. 

 

[9] Gasper, D.J., Tejera M.M., and Suresh M. 2014. CD4 T-cell memory generation and  

      maintenance. Critical
TM

 Reviews in Immunolology 34(2): 121-146. 

 

[10] Kraemer, T., Blasczyk, R., Bade-Doeding, C. 2014. HLA-E: a novel player for  

        histocompatibility. Journal of Immunology Research 2014: 352160. 

 

[11] Akira, S. 2011. Innate immunity and adjuvants. Philosophical Transactions of the  

        Royal Society of London B: Biological Sciences 366(1579): 2748-2755. 

 

[12] Sun, J. C., Ugolini, S., and Vivier E. 2014. Immunological memory within the innate  

        immune system. European Molecular Biology Organization Journal 33(12): 1295- 

       1303. 

 

[13] Cooper, M.D. 2015. The early history of B cells. Nature Reviews Immunology 15(3):  

        191-197. 

 

[14] Cox, M.A., Kahan, S.M., and Zajac A.J. 2013. Anti-viral CD8 T cells and the  

        cytokines that they love. Virology 435(1): 157-169. 



 

- 79 - 
 

[15] Levey, D.L., Udono, H., Heike, M., and Srivastava, P.K. 2001. Identification of a   

        tumor-associated contact-dependent activity which reversibly downregulates cytolytic   

       function of CD8+ T cells. Cancer Immunity 1: 5. 

 

[16] Yamane, H. and Paul, W.E. 2013. Early signaling events that underlie fate decisions of  

        naive CD4(+) T cells toward distinct T-helper cell subsets. Immunological Reviews  

        252(1): 12-23. 

 

[17] Sitnicka, E. 2009. From the bone marrow to the thymus: the road map of early stages  

       of T-cell development. Critical Reviews
TM

 in Immunology 29(6): 487-530. 

 

[18] Xu, X. and Ge, Q. 2014. Maturation and migration of murine CD4 single positive  

       thymocytes and thymic emigrants. Computational and Structural Biotechnology Journal  

       9: e201403003. 

 

[19] Jelley-Gibbs, D.M., Lepak, N.M., Yen, M., and Swain, S.L. 2000. Two distinct stages  

        in the transition from naive CD4 T cells to effectors, early antigen-dependent and late  

        cytokine-driven expansion and differentiation. Journal of Immunology 165(9): 5017- 

       5026. 

 

[20] Weenink, S.M. and Gautam, A.M. 1997. Antigen presentation by MHC class II  

        molecules. Immunology and Cell Biology 75(1): 69-81. 

 

[21] Croft, M. and Dubey, C. 1997. Accessory molecule and costimulation requirements  

        for CD4 T cell response. Critical Reviews
TM

 in Immunology 17(1): 89-118. 

 

[22] Misumi, I., Alirezaei, M., Eam, B., Su, M.A., Whitton, J.L., and Whitmire, J.K. 2013.  

        Differential T cell responses to residual viral antigen prolong CD4+ T cell contraction  

        following the resolution of infection. Journal of Immunology 191(11): 5655-5668. 

 

[23] van Leeuwen, E.M., Sprent, J., and Surh, C.D. 2009. Generation and maintenance of  

        memory CD4(+) T Cells. Current Opinion in Immunology 21(2): 167-172. 

 

[24] Sallusto, F. and Lanzavecchia, A. 2009. Heterogeneity of CD4+ memory T cells:  

       functional modules for tailored immunity. European Journal of Immunology 39(8):  

       2076-2082. 

 

[25] Feili-Hariri, M., Falkner, D.H., Morel, P.A. 2005. Polarization of naive T cells into  

        Th1 or Th2 by distinct cytokine-driven murine dendritic cell populations: implications  

        for immunotherapy. Journal of Leukocyte Biology 78(3): 656-664. 

 

[26] Macatonia, S.E., Hosken, N.A., Litton, M., Vieira, P., Hsieh, C.S., Culpepper, J.A.,  

        Wysocka, M., Trinchieri, G., Murphy, K.M., and O'Garra, A. 1995. Dendritic cells  

        produce IL-12 and direct the development of Th1 cells from naive CD4+ T cells.  

        Journal of Immunology 154(10): 5071-5079. 

  

 



 

- 80 - 
 

[27] Hsieh, C.S., Macatonia, S.E., Tripp, C.S., Wolf, S.F., O'Garra, A., Murphy, K.M.  

       1993. Development of TH1 CD4+ T cells through IL-12 produced by Listeria-induced  

        macrophages. Science 260(5107): 547-549. 

 

[28] Gazzinelli, R.T., Hayashi, S., Wyoscka, M., Carrera, L., Kuhn, R., Muller, W., Roberge,  

        F., Trinchieri, G., and Sher., A. 1994. Role of IL-12 in the initiation of cell mediated  

        immunity by Toxoplasma gondii and its regulation by IL-10 and nitric oxide. Journal of  

        Eukaryotic Microbiology 41(5): 9S. 

  

[29] Rossol, S., Marinos, G., Carucci, P., Singer, M.V., Williams, R., and Naoumov, N.V.  

        1997. Interleukin-12 induction of Th1 cytokines is important for viral clearance in  

        chronic hepatitis B. Journal of Clinical Investigation 99(12): 3025-3033. 

 

[30] Zhu, K., Ye, J., Wu, M., and Cheng, H. 2010. Expression of Th1 and Th2 cytokine- 

        associated transcription factors, T-bet and GATA-3, in peripheral blood mononuclear  

        cells and skin lesions of patients with psoriasis vulgaris. Archives of Dermatological  

        Research 302(7): 517-523. 

 

[31] Turner, J.E., Steinmetz, O.M., Stahl, R.A., and Panzer, U. 2007. Targeting of Th1- 

        associated chemokine receptors CXCR3 and CCR5 as therapeutic strategy for  

        inflammatory diseases. Mini Reviews in Medicinal Chemistry 7(11): 1089-1096. 

 

[32] Kobayashi, N., Kondo, T., Takata, H., Yokota, S., and Takiguchi, M. 2006. Functional  

        and phenotypic analysis of human memory CD8+ T cells expressing CXCR3. Journal  

        of Leukocyte Biology 80(2): 320-329. 

 

[33] Fu, X., Yang, B., Lao, S., Fan, Y., and Wu, C. 2013. Human memory-like NK cells  

        migrating to tuberculous pleural fluid via IP-10/CXCR3 and SDF-1/CXCR4 axis   

        produce IFN-gamma in response to Bacille Calmette Guerin. Clinical Immunology  

       148(1): 113-123. 

 

[34] Liu, Z., Liu, Q., Pesce, J., Anthony, R.M., Lamb, E., Whitmire, J., Hamed, H.,  

       Morimoto, M., Urban, J.F. Jr., and Gause, W.C. 2004. Requirements for the  

       development of IL-4-producing T cells during intestinal nematode infections: what it  

       takes to make a Th2 cell in vivo. Immunology Reviews 201: 57-74. 

 

[35] Imai, T., Nagira, M., Takagi, S., Kakizaki, M., Nishimura, M., Wang, J., Gray, P.W.,  

       Matsushima, K., and Yoshie, O. 1999. Selective recruitment of CCR4-bearing Th2  

       cells toward antigen-presenting cells by the CC chemokines thymus and activation- 

       regulated chemokine and macrophage-derived chemokine. International Immunology  

       11(1): 81-88. 

 

[36] Chu, D.K., Mohammed-Ali, Z., Jiménez-Saiz, R., Walker, T.D., Goncharova, S., Llop- 

        Guevara, A., Kong, J., Gordon M.E., Barra, N.G., Gillgrass, A.E., Van Seggelen, H.,  

        Khan, W.I., Ashkar, A.A., Bramson, J.L., Humbles, A.A., Kolbeck, R., Waserman, S.,  

        and Jordana, M. 2014. T helper cell IL-4 drives intestinal Th2 priming to oral peanut  

        antigen, under the control of OX40L and independent of innate-like lymphocytes.  



 

- 81 - 
 

        Mucosal Immunology 7(6): 1395-1404. 

 

[37] Melo, R.C., Spencer, L.A., Perez, S.A., Ghiran, I., Dvorak, A.M., and Weller, P.F.  

        2005. Human eosinophils secrete preformed, granule-stored interleukin-4 through  

       distinct vesicular compartments. Traffic 6(11): 1047-1057. 

 

[38] Oeser, K., Maxeiner, J., Symowski, C., Stassen, M., and Voehringer, D. 2015. T cells  

       are the critical source of IL-4/IL-13 in a mouse model of allergic asthma. Allergy 27. 

 

[39] Kelly, B.L. and R.M. Locksley. 2000. Coordinate regulation of the IL-4, IL-13, and IL- 

        5 cytokine cluster in Th2 clones revealed by allelic expression patterns. Journal of  

        Immunology 165(6): 2982-2986. 

 

[40] Park, M.K., Park, J.S., Park, E.M., Lim, M.A., Kim, S.M., Lee, D.G., Baek, S.Y., Yang,   

        E.J., Woo, J.W., Lee, J., Kwok, S.K., Kim, H.Y., Cho, M.L., and Park, S.H. 2014.  

        Halofuginone ameliorates autoimmune arthritis in mice by regulating the balance  

        between Th17 and Treg cells and inhibiting osteoclastogenesis. Arthritis and  

        Rheumatology 66(5): 1195-1207. 

 

[41] Zhou, L., Lopes, J.E., Chong, M.M., Ivanov, I.I., Min, R., Victora, G.D., Shen, Y., Du.,  

        J., Rubtsov, Y.P., Rudensky, A.Y., Ziegler, S.F., and Littman, D.R. 2008. TGF-beta- 

        induced Foxp3 inhibits T(H)17 cell differentiation by antagonizing RORgammat  

        function. Nature 453(7192): 236-240. 

 

[42] Zhou, L., Ivanov, I.I., Spolski, R., Min, R., Shenderov, K., Egawa, T., Levy, D.E.,  

        Leonard, W.J., and Littman, D.R. 2007. IL-6 programs T(H)-17 cell differentiation by  

        promoting sequential engagement of the IL-21 and IL-23 pathways. Nature  

        Immunology 8(9): 967-974. 

[43] Vignali, D. A., Collison, L.W., and Workman, C.J. 2008. How regulatory T cells  

        work. Nature Reviews Immunology 8(7): 523-532. 

 

[44] Waid, D.M., Vaitaitis, G.M., Pennock, M.D., and Wagner, D.H. Jr. 2008. Disruption  

       of the homeostatic balance between autoaggressive (CD4+CD40+) and regulatory  

       (CD4+CD25+FoxP3+) T cells promotes diabetes. Journal of Leukocyte Biology 84(2):  

       431-439. 

 

[45] Ivanov, I.I., McKenzie, B.S., Zhou, L., Tadokoro, C.E., Lepelley, A., Lafaille, J.J., Cua,  

       D.J., and Littman, D.R. 2006. The orphan nuclear receptor RORgammat directs the  

       differentiation program of proinflammatory IL-17+ T helper cells. Cell 126(6): 1121- 

       1133. 

 

[46] Yang, J., Sundrud, M.S., Skepner, J., and Yamagata, T. 2014. Targeting Th17 cells in  

        autoimmune diseases. Trends in Pharmacological Sciences 35(10): 493-500 

 

 

 

 



 

- 82 - 
 

[47] Annunziato, F., Cosmi, L., Santarlasci, V., Maggi, L., Liotta, F., Mazzinghi, B., Parente,  

        E., Filì, L., Ferri, S., Frosali, F., Guidici, F., Romagnani, P., Parronchi, P., Tonelli, F.,  

       Maggi, E., and Romagnani, S. 2007. Phenotypic and functional features of human  

       Th17 cells. Journal of Experimental Medicine 204(8): 1849-1861. 

 

[48] Brenchley, J.M., Paiardini, M., Knox, K.S., Asher, A.I., Cervasi, B., Asher, T.E.,   

       Scheinberg, P., Price, D.A., Hage, C.A., Kholi, L.M., Khoruts A., Frank, I., Else, J.,  

       Schacker, T., Silvestri, G., and Douek, D.C. 2008. Differential Th17 CD4 T-cell  

       depletion in pathogenic and nonpathogenic lentiviral infections. Blood 112(7): 2826- 

       2835. 

 

[49] McKinnon, L.R., Nyanga, B., Kim, C.J., Izulla, P., Kwatampora, J., Kimani, M.,  

        Shahabi, K., Mugo, N., Smith, J.S., Anzala, A.O., Kimani, J., and Kaul, R. 2015.  

        Early HIV-1 infection is associated with reduced frequencies of cervical Th17 cells.  

        Journal of Acquired Immune Deficiency Syndromes 68(1): 6-12. 

 

[50] Muranski, P. and Restifo, N. P. 2013. Essentials of Th17 cell commitment and  

        plasticity. Blood 121(13): 2402-2414. 

 

[51] Duhen, T., and Campbell, D. J. 2014. IL-1beta promotes the differentiation of  

        polyfunctional human CCR6+CXCR3+ Th1/17 cells that are specific for pathogenic  

        and commensal microbes. Journal of Immunology 193(1): 120-129. 

 

[52] Kinugasa, T., Sakaguchi, T., Gu, X., and Reinecker, H.C. 2000. Claudins regulate the  

        intestinal barrier in response to immune mediators. Gastroenterology 118(6): 1001- 

        1011. 

 

[53] Mayuzumi, H., Inagaki-Ohara, K., Uyttenhove, C., Okamoto, Y., and Matsuzaki, G.   

        2010. Interleukin-17A is required to suppress invasion of Salmonella enterica serovar  

        Typhimurium to enteric mucosa. Immunology 131(3): 377-385. 

 

[54] Liu, J., Feng, Y., Yang, K., Li, Q., Ye, L., Han, L., and Wan, H. 2011. Early  

        production of IL-17 protects against acute pulmonary Pseudomonas aeruginosa  

        infection in mice. FEMS Immunology and Medical Microbiology 61(2): 179-188. 

 

[55] Gaffen, S.L., Hernandez-Santos, N., and Peterson, A.C. 2011. IL-17 signaling in host  

        defense against Candida albicans. Immunologic Research 50(2-3): 181-187. 

 

[56] Inoue, D., Numasaki, M., Watanabe, M., Kubo, H., Sasaki, T., Yasuda, H., Yamaya, M.,  

        and Sasaki, H. 2006. IL-17A promotes the growth of airway epithelial cells through  

        ERK-dependent signaling pathway. Biochemical and Biophysical Research  

        Communications 347(4): 852-858. 

 

[57] Lee, J.W., Wang, P., Kattah, M.G., Youssef, S., Steinman, L., DeFea, K., and Straus,  

        D.S. 2008. Differential regulation of chemokines by IL-17 in colonic epithelial cells.  

        Journal of Immunology 181(9): 6536-6545. 

 



 

- 83 - 
 

[58] Laan, M., Cui, Z.H., Hoshino, H., Lötvall, J., Sjöstrand, M., Gruenert, D.C., Skoogh,  

        B.E., and Lindén, A. 1999. Neutrophil recruitment by human IL-17 via C-X-C  

        chemokine release in the airways. Journal of Immunology 162(4): 2347-2352. 

 

[59] Raffatellu, M., Santos, R.L., Verhoeven, D.E., George, M.D., Wilson, R.P., Winter,  

        S.E., Godinez, I., Sankaran, S., Paixao, T.A., Gordon, M.A., Kolls, J.K., Dandekar, S.,  

        and Bäumler, A.J. 2008. Simian immunodeficiency virus-induced mucosal  

        interleukin-17 deficiency promotes Salmonella dissemination from the gut. Nature  

        Medicine 14(4): 421-428. 

 

[60] Komiyama, Y., Nakae, S., Matsuki, T., Nambu, A., Ishigame, H., Kakuta, S., Sudo, K.,  

        and Iwakura, Y. 2006. IL-17 plays an important role in the development of  

       experimental autoimmune encephalomyelitis. Journal of Immunology 177(1): 566-573. 

 

[61] Yang, L., Anderson, D.E., Baecher-Allan, C., Hastings, W.D., Bettelli, E., Oukka, M.,  

        Kuchroo, V.K., and Hafler, D.A. 2008. IL-21 and TGF-beta are required for  

        differentiation of human T(H)17 cells. Nature 454(7202): 350-352. 

 

[62] Yang, X.O., Pappu, B.P., Nurieva, R., Akimzhanov, A., Kang, H.S., Chung, Y., Ma, L.,  

        Shah, B., Panopoulos, A.D., Schluns, K.S., Watowich, S.S., Tian, Q., Jetten, A.M., and  

        Dong, C. 2008. T helper 17 lineage differentiation is programmed by orphan nuclear  

        receptors ROR alpha and ROR gamma. Immunity 28(1): 29-39. 

 

[63] Santarlasci, V., Maggi, L., Capone, M., Frosali, F., Querci, V., De Palma, R., Liotta, F.,  

       Cosmi, L., Maggi, E., Romagnani, S., and Annunziato, F. 2009. TGF-beta indirectly  

       favors the development of human Th17 cells by inhibiting Th1 cells. European Journal  

       of Immunology 39(1): 207-215. 

 

[64] Nishihara, M., Ogura, H., Ueda, N., Tsuruoka, M., Kitabayashi, C., Tsuji, F., Aono, H.,  

        Ishihara, K., Huseby, E., Betz, U.A., Murakami, M., and Hirano, T. 2007. IL-6-gp130- 

       STAT3 in T cells directs the development of IL-17+ Th with a minimum effect on that  

       of Treg in the steady state. International Immunology 19(6): 695-702. 

 

[65] Basu, R., Whitley, S.K., Bhaumik, S., Zindl, C.L., Schoeb, T.R., Benveniste, E.N., Pear,  

       W.S., Hatton, R.D., and Weaver, C.T. 2015. IL-1 signaling modulates activation of  

       STAT transcription factors to antagonize retinoic acid signaling and control the TH17  

       cell-iTreg cell balance. Nature Immunology 16(3): 286-295. 

 

[66] Gerosa, F., Baldani-Guerra, B., Lyakh, L.A., Batoni, G., Esin, S., Winkler-Pickett, R.T.,  

       Consolaro, M.R., De Marchi, M., Giachino, D., Robbiano, A., Astegiano, M.,  

       Sambataro, A., Kastelein, R.A., Carra, G., and Trinchieri, G. 2008. Differential  

       regulation of interleukin 12 and interleukin 23 production in human dendritic cells.  

       Journal of Experimental Medicine 205(6): 1447-1461. 

 

 

 

 



 

- 84 - 
 

[67] Park, S.Y., Lee, S.W.,  Lee, W.S., Rhim, B.Y., Lee, S.J., Kwon, S.M., Hong, K.W., and  

        Kim, C.D. 2013. RhoA/ROCK-dependent pathway is required for TLR2-mediated IL- 

        23 production in human synovial macrophages: suppression by cilostazol. Biochemical  

        Pharmacology 86(9): 1320-1327. 

 

[68] McGeachy, M.J., Chen, Y.,  Tato, C.M., Laurence, A., Joyce-Shaikh, B., Blumenschein,  

        W.M., McClanahan, T.K., O'Shea, J.J., and Cua, D.J. 2009. The interleukin 23  

        receptor is essential for the terminal differentiation of interleukin 17-producing effector  

        T helper cells in vivo. Nature Immunology 10(3): 314-324. 

 

[69] Mus, A.M., Cornelissen, F., Asmawidjaja, P.S., van Hamburg, J.P., Boon, L., Hendriks,  

        R.W., and Lubberts, E. 2010. Interleukin-23 promotes Th17 differentiation by  

        inhibiting T-bet and FoxP3 and is required for elevation of interleukin-22, but not  

        interleukin-21, in autoimmune experimental arthritis. Arthritis and Rheumatology  

        62(4): 1043-1050. 

 

[70] Li, H., Hsu, H.C., Wu, Q., Yang, P., Li, J., Luo, B., Oukka, M., Steele, C.H. 3rd, Cua,  

        D.J., Grizzle, W.E., and Mountz, J.D. 2014. IL-23 promotes TCR-mediated negative  

        selection of thymocytes through the upregulation of IL-23 receptor and RORgammat.  

        Nature Communications 5: 4259. 

 

[71] Kobayashi, T., Okamoto, S., Hisamatsu, T., Kamada, N., Chinen, H., Saito, R.,  

        Kitazume, M.T., Nakazawa, A., Sugita, A., Koganei, K., Isobe, K., and Hibi, T. 2008.  

        IL23 differentially regulates the Th1/Th17 balance in ulcerative colitis and Crohn's  

        disease. Gut 57(12): 1682-1689. 

 

[72] Blaschitz, C. and Raffatellu, M. 2010. Th17 cytokines and the gut mucosal barrier.  

        Journal of Clinical Immunology 30(2): 196-203 

 

[73] Kusu, T., Kayama, H., Kinoshita, M., Jeon, S.G., Ueda, Y., Goto, Y., Okumura, R.,  

        Saiga, H., Kurakawa, T., Ikeda, K., Maeda, Y., Nishimura, J., Arima, Y., Atarashi, K.,  

        Honda, K., Murakami, M., Kunisawa, J., Kiyono, H., Okumura, M., Yamamoto, M.,  

        and Takeda, K. 2013. Ecto-nucleoside triphosphate diphosphohydrolase 7 controls  

        Th17 cell responses through regulation of luminal ATP in the small intestine. Journal of  

         Immunology 190(2): 774-783. 

 

[74] Geem, D., Medina-Contreras, O., McBride, M., Newberry, R.D., Koni, P.A., and  

        Denning, T.L. 2014. Specific microbiota-induced intestinal Th17 differentiation  

        requires MHC class II but not GALT and mesenteric lymph nodes. Journal of  

        Immunology 193(1): 431-438. 

 

[75] Goto, Y., Panea, C., Nakato, G., Cebula, A., Lee, C., Diez, M.G., Laufer, T.M.,   

        Ignatowicz, L., and Ivanov, I.I. 2014. Segmented filamentous bacteria antigens  

        presented by intestinal dendritic cells drive mucosal Th17 cell differentiation. Immunity  

        40(4): 594-607. 

 

 



 

- 85 - 
 

[76] Xue, X., Cao, A.T., Cao, X., Yao, S., Carlsen, E.D., Soong, L., Liu, C.G., Liu, X., Liu,  

        Z., Duck, L.W., Elson, C.O., and Cong, Y. 2014. Downregulation of microRNA-107  

        in intestinal CD11c(+) myeloid cells in response to microbiota and proinflammatory  

        cytokines increases IL-23p19 expression. European Journal of Immunology 44(3): 673- 

        682. 

 

[77] Harrington, L.E., Hatton, R.D., Mangan, P.R., Turner, H., Murphy, T.L., Murphy,   

        K.M., and Weaver, C.T. 2005. Interleukin 17-producing CD4+ effector T cells   

        develop via a lineage distinct from the T helper type 1 and 2 lineages. Nature   

        Immunology 6(11): 1123-1132 
 

[78] Sundrud, M.S. and C. Trivigno. 2013. Identity crisis of Th17 cells: many forms, many  

       functions, many questions. Seminars in Immunology 25(4): 263-272. 

 

[79] Crome, S.Q., Clive, B., Wang, A.Y., Kang, C.Y., Chow, V., Yu, J., Lai, A., Ghahary,  

        A., Broady, R., and Levings, M.K. 2010. Inflammatory effects of ex vivo human Th17  

        cells are suppressed by regulatory T cells. Journal of Immunology 185(6): 3199-3208. 

 

[80] Acosta-Rodriguez, E.V., Rivino, L., Geginat, J., Jarrossay, D., Gattorno, M.,  

        Lanzavecchia, A., Sallusto, F., and Napolitani, G. 2007. Surface phenotype and  

       antigenic specificity of human interleukin 17-producing T helper memory cells. Nature  

       Immunology 8(6): 639-646. 

 

[81] Gosselin, A., Monteiro, P., Chomont, N., Diaz-Griffero, F., Said, E.A., Fonseca, S.,  

       Wacleche, V., El-Far, M., Boulassel, M.R., Routy, J.P., Sekaly, R.P., and Ancuta, P.  

       2010. Peripheral blood CCR4+CCR6+ and CXCR3+CCR6+CD4+ T cells are highly  

       permissive to HIV-1 infection. Journal of Immunology 184(3): 1604-1616. 

 

[82] Wang, C., Kang, S.G., Lee, J., Sun, Z., Kim, C.H. 2009. The roles of CCR6 in  

        migration   of Th17 cells and regulation of effector T-cell balance in the gut. Mucosal  

        Immunology 2(2): 173-183. 

 

[83] Liao, F., Rabin, R.L., Smith, C.S., Sharma, G., Nutman, T.B., and Farber, J.M. 1999.  

       CC-chemokine receptor 6 is expressed on diverse memory subsets of T cells and  

       determines responsiveness to macrophage inflammatory protein 3 alpha. Journal of  

       Immunology 162(1): 186-194. 

 

[84] Kagami, S., Rizzo, H.L., Lee, J.J., Koguchi, Y., and Blauvelt, A. 2010. Circulating  

        Th17, Th22, and Th1 cells are increased in psoriasis. Journal of Investigative  

        Dermatology 130(5): 1373-1383. 

 

[85] Singh, S.P., Zhang, H.H., Foley, J.F., Hedrick, M.N., and Farber, J.M. 2008. Human T  

        cells that are able to produce IL-17 express the chemokine receptor CCR6. Journal of  

        Immunology 180(1): 214-221. 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Hatton%20RD%5BAuthor%5D&cauthor=true&cauthor_uid=16200070
https://www.ncbi.nlm.nih.gov/pubmed/?term=Mangan%20PR%5BAuthor%5D&cauthor=true&cauthor_uid=16200070
https://www.ncbi.nlm.nih.gov/pubmed/?term=Turner%20H%5BAuthor%5D&cauthor=true&cauthor_uid=16200070
https://www.ncbi.nlm.nih.gov/pubmed/?term=Murphy%20TL%5BAuthor%5D&cauthor=true&cauthor_uid=16200070


 

- 86 - 
 

[86] Wan, Q., Kozhaya, L., ElHed, A., Ramesh, R., Carlson, T.J., Djuretic, I.M., Sundrud,  

        M.S., and Unutmaz, D. 2011. Cytokine signals through PI-3 kinase pathway modulate  

        Th17 cytokine production by CCR6+ human memory T cells. Journal of Experimental  

        Medicine 208(9): 1875-1887. 

 

[87] Hirota, K., Yoshitomi, H., Hashimoto, M., Maeda, S., Teradaira, S., Sugimoto, N.,  

        Yamaguchi, T., Nomura, T., Ito, H., Nakamura, T., Sakaguchi, N., and Sakaguchi, S.  

        2007. Preferential recruitment of CCR6-expressing Th17 cells to inflamed joints via  

        CCL20 in rheumatoid arthritis and its animal model. Journal of Experimental Medicine  

        204(12): 2803-2812. 

 

[88] Blazquez, A.B., Knight, A.K., Getachew, H., Bromberg, J.S., Lira, S.A., Mayer, L., and  

        Berin, M.C. 2010. A functional role for CCR6 on proallergic T cells in the  

        gastrointestinal tract. Gastroenterology 138(1): 275-284 e271-274. 

 

[89] Shekhar, S., Peng, Y., Gao, X., Joyee, A.G., Wang, S., Bai, H., Zhao, L., Yang, J., and  

        Yang, X. 2015. NK cells modulate the lung dendritic cell-mediated Th1/Th17  

         immunity during intracellular bacterial infection. European Journal of Immunology  

        45(10): 2810-2820.  

 

[90] Duhen, T., Geiger, R., Jarrossay, D., Lanzavecchia, A., and Sallusto, F. 2009.  

        Production of interleukin 22 but not interleukin 17 by a subset of human skin-homing  

        memory T cells. Nature Immunology 10(8): 857-863. 

 

[91] Irvin, C., Zafar, I., Good, J., Rollins, D., Christianson, C., Gorska, M.M., Martin, R.J.,  

        and Alam, R. 2014. Increased frequency of dual-positive TH2/TH17 cells in  

        bronchoalveolar lavage fluid characterizes a population of patients with severe asthma.   

        Journal of Allergy and Clinical Immunology 134(5): 1175-1186 e1177. 

 

[92] Wang, Y.H., Voo, K.S., Liu, B., Chen, C.Y., Uygungil, B., Spoede, W., Bernstein, J.A.,  

        Huston, D.P., and Liu, Y.J. 2010. A novel subset of CD4(+) T(H)2 memory/effector  

        cells that produce inflammatory IL-17 cytokine and promote the exacerbation of chronic  

        allergic asthma. Journal of Experimental Medicine 207(11): 2479-2491. 

 

[93] Maggi, L., Cimaz, R., Capone, M., Santarlasci, V., Querci, V., Simonini, G., Nencini,  

        F., Liotta, F., Romagnani, S., Maggi, E., Annunziato, F., and Cosmi, L. 2014. Brief  

        report: etanercept inhibits the tumor necrosis factor alpha-driven shift of Th17  

        lymphocytes toward a nonclassic Th1 phenotype in juvenile idiopathic arthritis.  

        Arthritis and Rheumatology 66(5): 1372-1377. 

 

[94] Ayyoub, M., Deknuydt, F., Raimbaud, I., Dousset, C., Leveque, L., Bioley, G., and  

        Valmori, D. 2009. Human memory FOXP3+ Tregs secrete IL-17 ex vivo and  

        constitutively express the T(H)17 lineage-specific transcription factor RORgamma t.  

        PNAS 106(21): 8635-8640. 

 

 

 



 

- 87 - 
 

[95] Lexberg, M.H., Taubner, A., Albrecht, I., Lepenies, I., Richter, A., Kamradt, T.,  

       Radbruch, A., and Chang, H.D. 2010. IFN-gamma and IL-12 synergize to convert in  

       vivo generated Th17 into Th1/Th17 cells. European Journal of Immunology 40(11):  

       3017-3027. 

 

[96] Zielinski, C.E., Mele, F., Aschenbrenner, D., Jarrossay, D., Ronchi, F., Gattorno, M.,  

        Monticelli, S., Lanzavecchia, A., and Sallusto, F. 2012. Pathogen-induced human  

        TH17 cells produce IFN-gamma or IL-10 and are regulated by IL-1beta. Nature  

        484(7395): 514-518. 

 

[97] Okoye, A.A. and Picker, L.J. 2013. CD4(+) T-cell depletion in HIV infection:  

        mechanisms of immunological failure. Immunological Reviews 254(1): 54-64. 

 

[98] Mellors, J.W., Munoz, A., Giorgi, J.V., Margolick, J.B., Tassoni, C.J., Gupta, P.,  

        Kingsley, L.A., Todd, J.A., Saah, A.J., Detels, R., Phair, J.P., and Rinaldo, C.R. Jr.  

        1997. Plasma viral load and CD4+ lymphocytes as prognostic markers of HIV-1  

        infection. Annals of Internal Medicine 126(12): 946-954. 

 

[99] Lane, H.C. 1992. Immunoregulation, immune defects, and clinical strategies in HIV  

        infection. Mount Sinai Journal of Medicine 59(3): 244-252. 

 

[100] Marcello, A. 2006. Latency: the hidden HIV-1 challenge. Retrovirology 3: 7. 

 

[101] Sension, M.G. 2007. Long-Term suppression of HIV infection: benefits and  

          limitations of current treatment options. Journal of the Association of Nurses in AIDS  

         Care 18(1 Suppl): S2-10. 

 

[102] Aiuti, F. and Mezzaroma, I. 2006. Failure to reconstitute CD4+ T-cells despite  

          suppression of HIV replication under HAART. AIDS Reviews 8(2): 88-97. 

 

[103] Guadalupe, M., Reay, E., Sankaran, S., Prindiville, T., Flamm, J., McNeil, A., and  

          Dandekar, S. 2003. Severe CD4+ T-cell depletion in gut lymphoid tissue during  

          primary human immunodeficiency virus type 1 infection and substantial delay in  

          restoration following highly active antiretroviral therapy. Journal of Virology 77(21):  

         11708-11717. 

 

[104] Chun, T.W., Nickle, D.C., Justement, J.S., Meyers, J.H., Roby, G., Hallahan, C.W.,  

          Kottilil, S., Moir, S., Mican, J.M., Mullins, J.I., Ward, D.J., Kovacs, J.A., Mannon,  

          P.J., and Fauci, A.S. 2008. Persistence of HIV in gut-associated lymphoid tissue  

          despite long-term antiretroviral therapy. Journal of Infectious Diseases 197(5): 714- 

          720. 

 

[105] Aberg, J.A. 2012. Aging, inflammation, and HIV infection. Topics in Antiviral  

         Medicine 20(3): 101-105. 

 

 

 



 

- 88 - 
 

[106] Hazenberg, M.D., Otto, S.A., van Benthem, B.H., Roos, M.T., Coutinho, R.A., Lange,  

          J.M., Hamann, D., Prins, M., and Miedema, F. 2003. Persistent immune activation in  

          HIV-1 infection is associated with progression to AIDS. Aids 17(13): 1881-1888. 

 

[107] Abad-Fernandez, M., Vallejo, A., Hernández-Novoa, B., Díaz, L., Gutiérrez, C.,  

         Madrid, N., Muñoz, M.A., and Moreno, S. 2013. Correlation between different  

         methods to measure microbial translocation and its association with immune activation   

         in long-term suppressed HIV-1-infected individuals. Journal of Acquired Immune  

         Deficiency Syndromes 64(2): 149-153. 

 

[108] Brenchley, J.M., Price, D.A., Schacker, T.W., Asher, T.E., Silvestri, G., Rao, S.,  

          Kazzaz, Z., Bornstein, E., Lambotte, O., Altmann, D., Blazar, B.R., Rodriguez, B.,  

          Teixeira-Johnson, L., Landay, A., Martin, J.N., Hecht, F.M., Picker, L.J., Lederman,  

          M.M., Deeks, S.G., and Douek, D.C. 2006. Microbial translocation is a cause of  

          systemic immune activation in chronic HIV infection. Nature Medicine 12(12): 1365- 

          1371. 

 

[109] Estes, J.D., Harris, L.D., Klatt, N.R., Tabb, B., Pittaluga, S., Paiardini, M., Barclay,  

          G.R., Smedley, J., Pung, R., Oliveira, K.M., Hirsch, V.M., Silvestri, G., Douek, D.C.,  

          Miller, C.J., Haase, A.T., Lifson, J., and Brenchley, J.M. 2010. Damaged intestinal  

          epithelial integrity linked to microbial translocation in pathogenic simian  

          immunodeficiency virus infections. PLoS Pathogens 6(8): e1001052. 

 

[110] Nazli, A., Chan, O., Dobson-Belaire, W.N., Ouellet, M., Tremblay, M.J., Gray-Owen,  

          S.D., Arsenault, A.L., and Kaushic, C. 2010. Exposure to HIV-1 directly impairs  

          mucosal epithelial barrier integrity allowing microbial translocation. PLoS Pathogens  

          6(4): e1000852. 

 

[111] Gordon, S.N., Cervasi, B., Odorizzi, P., Silverman, R., Aberra, F., Ginsberg, G., Estes,  

          J.D., Paiardini, M., Frank, I., and Silvestri, G. 2010. Disruption of intestinal CD4+ T  

          cell homeostasis is a key marker of systemic CD4+ T cell activation in HIV-infected  

          individuals. Journal of Immunology 185(9): 5169-5179. 

 

[112] Vujkovic-Cvijin, I., Dunham, R.M., Iwai, S., Maher, M.C., Albright, R.G., Broadhurst,  

          M.J., Hernandez, R.D., Lederman, M.M., Huang, Y., Somsouk, M., Deeks, S.G., Hunt,  

          P.W., Lynch, S.V., and McCune, J.M. 2013. Dysbiosis of the gut microbiota is  

          associated with HIV disease progression and tryptophan catabolism. Science   

          Translational Medicine 5(193): 193ra191. 

 

[113] Kim, C.J., McKinnon, L.R., Kovacs, C., Kandel, G., Huibner, S., Chege, D., Shahabi,  

          K., Benko, E., Loutfy, M., Ostrowski, M., and Kaul, R. 2013. Mucosal Th17 cell  

          function is altered during HIV infection and is an independent predictor of systemic  

          immune activation. Journal of Immunology 191(5): 2164-2173. 

 

 

 

 



 

- 89 - 
 

[114] Schuetz, A., Deleage, C., Sereti, I., Rerknimitr, R., Phanuphak, N., Phuang-Ngern, Y.,  

          Estes, J.D., Sandler, N.G., Sukhumvittaya, S., Marovich, M., Jongrakthaitae, S.,   

          Akapirat, S., Fletscher, J.L., Kroon, E., Dewar, R., Trichavaroj, R., Chomchey, N.,  

          Douek, D.C., O Connell, R.J., Ngauy, V., Robb, M.L., Phanuphak, P., Michael, N.L.,  

          Excler, J.L., Kim, J.H., de Souza, M.S., and Ananworanich, J.; and RV254/SEARCH  

          010 and RV304/SEARCH 013 Study Groups. 2014. Initiation of ART during early  

          acute HIV infection preserves mucosal Th17 function and reverses HIV-related  

          immune activation. PLoS Pathogens 10(12): e1004543. 

 

[115] Chege, D., Sheth, P.M., Kain, T., Kim, C.J., Kovacs, C., Loutfy, M., Halpenny, R.,  

         Kandel, G., Chun, T.W., Ostrowski, M., and Kaul, R; and Toronto Mucosal  

         Immunology Group. 2011. Sigmoid Th17 populations, the HIV latent reservoir, and  

         microbial translocation in men on long-term antiretroviral therapy. Aids 25(6): 741-         

         749. 

 

[116] Kӧk, A., Hocqueloux, L., Hocini, H., Carrière, M., Lefrou, L., Guguin, A., P  

         Tisserand, P., Bonnabau, H., Avettand-Fenoel, V., Prazuck, T., Katsahian, S., Gaulard,  

         P., Thiébaut, R., Lévy, Y., and Hüe, S. 2015. Early initiation of combined antiretroviral 

         therapy preserves immune function in the gut of HIV-infected patients. Mucosal  

         Immunology 8(1): 127-140 

 

[117] d'Ettorre, G., Baroncelli, S., Micci, L., Ceccarelli, G., Andreotti, M., Sharma, P.,  

          Fanello, G. Fiocca, F., Cavallari, E.N., Giustini, N., Mallano, A., Galluzzo, C.M.,  

          Vella, S., Mastroianni, C.M., Silvestri, G., Paiardini, M., and Vullo, V. 2014.  

          Reconstitution of intestinal CD4 and Th17 T cells in antiretroviral therapy suppressed  

          HIV-infected subjects: implication for residual immune activation from the results of a  

          clinical trial. PLoS One 9(10): e109791. 

 

[118] Monteiro, P., Gosselin, A., Wacleche, V.S., El-Far, M., Said, E.A., Kared, H.,  

          Grandvaux, N., Boulassel, M.R., Routy, J.P., and Ancuta, P. 2011. Memory  

          CCR6+CD4+ T cells are preferential targets for productive HIV type 1 infection  

          regardless of their expression of integrin beta7. Journal of Immunology 186(8): 4618- 

          4630. 

 

[119] Alvarez, Y., Tuen, M., Shen, G., Nawaz, F., Arthos, J., Wolff, M.J., Poles, M.A., and  

          Hioe, C.E. 2013. Preferential HIV infection of CCR6+ Th17 cells is associated with  

          higher levels of virus receptor expression and lack of CCR5 ligands. Journal of  

          Virology 87(19): 10843-10854. 

 

[120] DaFonseca, S., Niessl, J., Pouvreau, S., Wacleche, V.S., Gosselin, A., Cleret-Buhot,  

          A., Bernard, N., Tremblay, C., Jenabian, M.A., Routy, J.P., and Ancuta, P. 2015.   

          Impaired Th17 polarization of phenotypically naive CD4(+) T-cells during chronic  

          HIV-1 infection and potential restoration with early ART. Retrovirology 12: 38. 

 

 

 

 



 

- 90 - 
 

[121] Favre, D., Mold, J., Hunt, P.W., Kanwar, B., Loke, P., Seu, L., Barbour, J.D., Lowe,  

          M.M., Jayawardene, A., Aweeka, F., Huang, Y., Douek, D.C., Brenchley, J.M.,  

          Martin, J.N., Hecht, F.M., Deeks, S.G., and McCune, J.M. 2010. Tryptophan  

          catabolism by indoleamine 2,3-dioxygenase 1 alters the balance of TH17 to regulatory  

          T cells in HIV disease. Science Translational Medicine 2(32): 32ra36. 

 

[122] Cooper, A., Garcia, M.,  Petrovas, C., Yamamoto, T., Koup, R.A., and Nabel, G.J.  

          2013. HIV-1 causes CD4 cell death through DNA-dependent protein kinase during  

          viral integration. Nature 498(7454): 376-379. 

 

[123] Doitsh, G., Galloway, N.L., Geng, X., Yang, Z., Monroe, K.M., Zepeda, O., Hunt,  

          P.W., Hatano, H., Sowinski, S., Muñoz-Arias, I., and Greene, W.C. 2014. Cell death  

          by pyroptosis drives CD4 T-cell depletion in HIV-1 infection. Nature 505(7484): 509- 

         514. 

 

[124] Jiang, Q., Li, W.Q., Aiello, F.B., Mazzucchelli, R., Asefa, B., Khaled, A.R., and  

          Durum, S.K. 2005. Cell biology of IL-7, a key lymphotrophin. Cytokine Growth  

          Factor Reviews 16(4-5): 513-533. 

 

[125] Crawley, A.M. and Angel. J.B. 2012. The influence of HIV on CD127 expression  

          and its potential implications for IL-7 therapy. Seminars in Immunology 24(3): 231- 

          240. 

 

[126] Vranjkovic, A., Crawley, A.M., Patey, A., Angel, J.B. 2011. IL-7-dependent STAT-5  

          activation and CD8+ T cell proliferation are impaired in HIV infection. Journal of  

          Leukocyte Biology 89(4): 499-506. 

 

[127] Juffroy, O., Bugault, F., Lambotte, O., Landires, I., Viard, J.P., Niel, L., Fontanet, A.,  

          Delfraissy, J.F., Thèze, J., and Chakrabarti, L.A. 2010. Dual mechanism of  

          impairment of interleukin-7 (IL-7) responses in human immunodeficiency virus  

          infection: decreased IL-7 binding and abnormal activation of the JAK/STAT5  

          pathway. Journal of Virology 84(1): 96-108. 

 

[128] Pillai, M., Torok-Storb, B., and Iwata, M. 2004. Expression and function of IL-7  

          receptors in marrow stromal cells. Leukocyte Lymphoma 45(12): 2403-2408. 

 

[129] Laky, K., Lefrancois, L., Lingenheld, E.G., Ishikawa, H., Lewis, J.M., Olson, S.,  

          Suzuki, K., Tigelaar, R.E., and Puddington, L. 2000. Enterocyte expression of  

          interleukin 7 induces development of gammadelta T cells and Peyer's patches. Journal  

          of Experimental Medicine 191(9): 1569-1580. 

 

[130] Liu, X., Leung, S., Wang, C., Tan, Z., Wang, J., Guo, T.B., Fang, L., Zhao, Y., Wan,  

          B., Qin, X., Lu, L., Li, R., Pan, H., Song, M., Liu, A., Hong, J., Lu, H., and Zhang, J.Z.  

          2010. Crucial role of interleukin-7 in T helper type 17 survival and expansion in  

          autoimmune disease. Nature Medicine 16(2): 191-197. (Note: this article has been  

          retracted due to erroneous information presented in two of the figures.  In this study,  

          the information cited was not obtained from those two figures.)    



 

- 91 - 
 

[131] Arbelaez, C.A., Glatigny, S., Duhen, R., Eberl, G., Oukka, M., and Bettelli, E. 2015.  

          IL-7/IL-7 Receptor Signaling Differentially Affects Effector CD4+ T Cell Subsets  

          Involved in Experimental Autoimmune Encephalomyelitis. Journal of Immunology  

         195(5): 1974-1983. 

 

[132] Chetoui, N., Boisvert, M., Gendron, S., and Aoudjit, F. 2010. Interleukin-7 promotes  

          the survival of human CD4+ effector/memory T cells by up-regulating Bcl-2 proteins  

          and activating the JAK/STAT signalling pathway. Immunology 130(3): 418-426. 

 

[133] McLaughlin, D., Faller, E., Sugden, S., and MacPherson, P. 2014. Expression of the  

          IL-7 receptor alpha-chain is down regulated on the surface of CD4 T-cells by the HIV- 

          1 Tat protein. PLoS One 9(10): e111193.  

 

[134] Zaunders, J.J., Lévy, Y., and Seddiki, N. 2014. Exploiting differential expression of  

          the IL-7 receptor on memory T cells to modulate immune responses. Cytokine Growth  

          Factor Reviews 25(4): 391-401. 

 

[135] Mackall, C.L., Fry, T.J., and Gress, R.E. 2011. Harnessing the biology of IL-7 for  

          therapeutic application. Nature Reviews Immunology 11(5): 330-342. 

 

[136] Park, J.H., Yu, Q., Erman, B., Appelbaum, J.S., Montoya-Durango, D., Grimes, H.L.,  

          and Singer, A. 2004. Suppression of IL7Ralpha transcription by IL-7 and other  

          prosurvival cytokines: a novel mechanism for maximizing IL-7-dependent T cell  

          survival. Immunity 21(2): 289-302. 

 

[137] Ghazawi, F.M., Faller, E.M., Sugden, S.M., Kakal, J.A., and MacPherson, P.A. 2013.  

          IL-7 downregulates IL-7Ralpha expression in human CD8 T cells by two independent  

          mechanisms. Immunology and Cell Biology 91(2): 149-158. 

 

[138] Crawley, A.M., Vranjkovic, A., Faller, E., McGuinty, M., Busca, A., Burke, S.C.,  

          Cousineau, S., Kumar, A., Macpherson, P.A., and Angel, J.B. 2014. Jak/STAT and  

          PI3K signaling pathways have both common and distinct roles in IL-7-mediated  

          activities in human CD8+ T cells. Journal of Leukocyte Biology 95(1): 117-127. 

 

[139] Seki, Y., Yang, J., Okamoto, M., Tanaka, S., Goitsuka, R., Farrar, M.A., and Kubo, M.  

         2007. IL-7/STAT5 cytokine signaling pathway is essential but insufficient for  

         maintenance of naive CD4 T cell survival in peripheral lymphoid organs. Journal of  

         Immunology 178(1): 262-270. 

 

[140] Hand, T.W., Cui, W., Jung, Y.W., Sefik, E., Joshi, N.S., Chandele, A., Liu, Y., and  

         Kaech, S.M. 2010. Differential effects of STAT5 and PI3K/AKT signaling on  

         effector and memory CD8 T-cell survival. PNAS 107(38): 16601-16606. 

 

[141] Wofford, J.A., Wieman, H.L., Jacobs, S.R., Zhao, Y., and Rathmell, J.C. 2008. IL-7  

          promotes Glut1 trafficking and glucose uptake via STAT5-mediated activation of Akt  

          to support T-cell survival. Blood 111(4): 2101-2111. 

 



 

- 92 - 
 

[142] Lali, F.V., Crawley, J., McCulloch, D.A., and Foxwell, B.M.. 2004. A late,  

          prolonged activation of the phosphatidylinositol 3-kinase pathway is required for T  

          cell proliferation. Journal of Immunology 172(6): 3527-3534. 

 

[143] Kurebayashi, Y., Nagai, S., Ikejiri, A., Ohtani, M., Ichiyama, K., Baba, Y., Yamada,  

          T., Egami, S., Hoshii, T., Hirao, A., Matsuda, S., and Koyasu, S. 2012. PI3K-Akt- 

          mTORC1-S6K1/2 axis controls Th17 differentiation by regulating Gfi1 expression and  

          nuclear translocation of RORgamma. Cell Reports 1(4): 360-373. 

 

[144] Zhang, M., Li, X., Pang, X., Ding, L., Wood, O., Clouse, K.A., Hewlett, I., and  

          Dayton, A.I. 2002. Bcl-2 upregulation by HIV-1 Tat during infection of primary  

          human macrophages in culture. Journal of Biomedical Science 9(2): 133-139. 

 

[145] Barata, J.T., Silva, A., Brandao, J.G., Nadler, L.M., Cardoso, A.A., and Boussiotis,  

          V.A. 2004. Activation of PI3K is indispensable for interleukin 7-mediated viability,  

          proliferation, glucose use, and growth of T cell acute lymphoblastic leukemia cells.  

          Journal of Experimental Medicine 200(5): 659-669. 

 

[146] MacPherson, P.A., Fex, C., Sanchez-Dardon, J., Hawley-Foss, N., and Angel, J.B.  

         2001. Interleukin-7 receptor expression on CD8(+) T cells is reduced in HIV  

          infection and partially restored with effective antiretroviral therapy. Journal of  

          Acquired Immune Deficiency Syndromes 28(5): 454-457. 

 

[147] Koesters, S.A., Alimonti, J.B., Wachihi, C., Matu, L., Anzala, O., Kimani, J., Embree,  

          J.E., Plummer, F.A., and Fowke, K.R. 2006. IL-7Ralpha expression on CD4+ T  

          lymphocytes decreases with HIV disease progression and inversely correlates with  

          immune activation. European Journal of Immunology 36(2): 336-344. 

 

[148] Sasson, S.C., Zaunders, J.J., Zanetti, G., King, E.M., Merlin, K.M., Smith, D.E.,  

          Stanley, K.K., Cooper, D.A., and Kelleher, A.D. 2006. Increased plasma interleukin- 

          7 level correlates with decreased CD127 and Increased CD132 extracellular  

          expression on T cell subsets in patients with HIV-1 infection. Journal of Infectious   

          Diseases 193(4): 505-514. 

 

[149] Faller, E.M., Sugden, S.M., McVey, M.J., Kakal, J.A., and MacPherson, P.A. 2010.  

          Soluble HIV Tat protein removes the IL-7 receptor alpha-chain from the surface of  

          resting CD8 T cells and targets it for degradation. Journal of Immunology 185(5):  

          2854-2866. 

 

[150] Benito, J.M., López, M., Lozano, S., González-Lahoz, J., and Soriano, V. 2008.  

          Down-regulation of interleukin-7 receptor (CD127) in HIV infection is associated with  

          T cell activation and is a main factor influencing restoration of CD4(+) cells after               

          antiretroviral therapy. Journal of Infectious Diseases 198(10): 1466-1473. 

 

 

 

 



 

- 93 - 
 

[151] Camargo, J.F., Kulkarni, H., Agan, B.K., Gaitan, A.A., Beachy, L.A., Srinivas, S., He,   

          W., Anderson, S., Marconi, V.C., Dolan, M.J., and Ahuja, S.K. 2009.   

          Responsiveness of T cells to interleukin-7 is associated with higher CD4+ T cell  

          counts in HIV-1-positive individuals with highly active antiretroviral therapy-induced  

          viral load suppression. Journal of Infectious Diseases 199(12): 1872-1882. 

 

[152] Young, C.D. and J.B. Angel. 2011. HIV infection of thymocytes inhibits IL-7  

          activity without altering CD127 expression. Retrovirology 8: 72. 

 

[153] Colle, J.H., Moreau, J.L., Fontanet, A., Lambotte, O., Delfraissy, J.F., and Thèze, J.  

          2007. The correlation between levels of IL-7Ralpha expression and responsiveness to  

          IL-7 is lost in CD4 lymphocytes from HIV-infected patients. Aids 21(1): 101-103. 

 

[154] Pacheco, Y., Solé, V., Billaud, E., Allavena, C., Plet, A., Ferré, V., Garrigue-Antar, L.,  

          Raffi, F., Jacques, Y., and McIlroy, D. 2011. Despite an impaired response to IL-7,  

         CD4+EM T cells from HIV-positive patients proliferate normally in response to IL-15  

         and its superagonist, RLI. Aids 25(14): 1701-1710. 

 

[155] STEMCELL Technologies.  EasySep
TM

 Human CD4+ T Cell Enrichment Kit 

 

[156] STEMCELL Technologies. EasySep
TM

 Th17 Human Enrichment Kit 

 

[157] BD Biosciences - Support protocols - Immunofluorescent staining of intracellular   

          cytokines for flow cytometric analysis 

 

[158] Burke, S. 2015. Generalized Impairment of CD8+-T cells in HCV mono- and HIV-  

          HCV co-infection (Ottawa: University of Ottawa). 

 

[159] Molecular Probes - Cell Trace, Life Technologies. 

 

[160] GraphPad Statistics Guide – GraphPad Software © 1995-2015 

 

[161]  Kleinschek, M.A., Boniface, K., Sadekova, S., Grein, J., Murphy, E.E., Turner, S.P.,  

          Raskin, L., Desai, B., Faubion, W.A., de Waal Malefyt, R., Pierce, R.H., McClanahan,   

          T., and Kastelein, R.A. 2009. Circulating and gut-resident human Th17 cells express  

          CD161 and promote intestinal inflammation. Journal of Experimental Medicine  

          206(3): 525-534. 

 

[162] Niu, Q., Huang, Z.C., Cai, B., Wang, L.L., and Feng, W.H. 2011. [Analysis of  

          frequency of peripheral blood CD4+; CD25(high);Tregs and CD4+; CD25(low);T  

          cells and expression of PD-1 in SLE and RA patients]. Xi Bao Yu Fen Zi Mian Yi Xue  

          Za Zhi (Chinese Journal of Cellular and Moleular Biology) 27(1): 23-25. 

 

[163] Lore, K. and Andersson, J. 2004. Detection of cytokine- and chemokine-expressing  

          cells at the single cell level. Methods in Molecular Biology 249: 201-218. 

 

 



 

- 94 - 
 

[164] Parish, C.R., Glidden, M.H., Quah, B.J., and Warren, H.S. 2009. Use of the  

          intracellular fluorescent dye CFSE to monitor lymphocyte migration and proliferation.  

          Current Protocols in Immunology Chapter 4: Unit4 9. 

 

[165] Colle, J.H., Moreau, J.L., Fontanet, A., Lambotte, O., Joussemet, M., Jacod, S.,  

          Delfraissy, J.F., and Thèze, J. 2009. Regulatory dysfunction of the interleukin-7  

          receptor in CD4 and CD8 lymphocytes from HIV-infected patients--effects of  

          antiretroviral therapy. Journal of Acquired Immunodeficiency Syndrome 42(3): 277- 

          285 

 

 [166] Zenin, V.V., Aksenov, N.D., Shatrova, A.N., and Marakhova, I.I. 2009. [The  

          expression of CD25 in phytohemagglutinin- or interleukin-2-stimulated human  

          peripheral blood lymphocytes]. Tsitologiia 51(6): 506-510. 

 

[167] Shatrova, A.N., Mityushova E.V., Aksenov, N.V., and Marakhova, L.L. 2015. [The  

          Induction of CD25 Expression in Jurkat T Cells. Tsitologiia 57(5): 345-352 

 

[168] Armitage, R.J., Namen, A.E., Sassenfeld, H.M., and Grabstein, K.H. 1990.  

          Regulation of human T cell proliferation by IL-7. Journal of Immunology 144(3): 938- 

          941. 

 

[169] Swainson, L., Kinet, S., Mongellaz, C., Sourisseau, M., Henriques, T., and Taylor, N.  

          2007. IL-7-induced proliferation of recent thymic emigrants requires activation of the  

          PI3K pathway. Blood 109(3): 1034-1042. 

 

[170] Foster, B., Prussin, C., Liu, F., Whitmire, J.K., and Whitton, J.L. 2007. Detection of  

          intracellular cytokines by flow cytometry. Current Protocols in Immunology Chapter  

          6: Unit 6 24. 

 

[171] Brucklacher-Waldert, V., Steinbach, K., Lioznov, M., Kolster, M., Hölscher, C., and  

          Tolosa, E. 2009. Phenotypical characterization of human Th17 cells unambiguously   

          identified by surface IL-17A expression. Journal of Immunology 183(9): 5494-5501. 

 

[172] Zhou, M., Yang, B., Ma, R., and Wu., C. 2008. Memory Th-17 cells specific for C.  

          albicans are persistent in human peripheral blood. Immunology Letters 118(1): 72-81. 

 

[173] Lee, B., Doranz, B.J., Ratajczak, M.Z., and Doms, R.W. 1998. An intricate Web:   

         chemokine receptors, HIV-1 and hematopoiesis. Stem Cells 16(2): 79-88. 

 

[174] Hammerbeck, C.D. and Mescher, M.F. 2008. Antigen controls IL-7R alpha  

          expression levels on CD8 T cells during full activation or tolerance induction. Journal  

          of Immunology 180(4): 2107-2116. 

 

[175] Monti, P., Brigatti, C., Heninger, A.K., Scirpoli, M., and Bonifacio, E. 2009.  

          Disengaging the IL-2 receptor with daclizumab enhances IL-7-mediated proliferation  

          of CD4(+) and CD8(+) T cells. American Journal of Transplantation 9(12): 2727- 

          2735. 



 

- 95 - 
 

[176] Airo, P., Torti, C., Uccelli, M.C., Malacarne, F., Palvarini, L., Carosi, G., and Castelli,  

          F. 2000. Naive CD4+ T lymphocytes express high levels of Bcl-2 after highly active  

          antiretroviral therapy for HIV infection. AIDS Research and Human Retroviruses  

          16(17): 1805-1807. 

 

[177] Guillemard, E., Nugeyre, M.T., Chêne, L., Schmitt, N., Jacquemot, C., Barré-Sinoussi,  

          F., and Israël, N. 2001. Interleukin-7 and infection itself by human  

          immunodeficiency virus 1 favor virus persistence in mature CD4(+)CD8(-)CD3(+)  

          thymocytes through sustained induction of Bcl-2. Blood 98(7): 2166-2174. 

 

[178] Sieg, S.F., Harding, C.V., and Lederman, M.M. 2001. HIV-1 infection impairs cell  

          cycle progression of CD4(+) T cells without affecting early activation responses.  

          Journal of Clinical Investigation 108(5): 757-764. 

 

[179] Letourneau, S., Krieg, C., Pantaleo, G., and Boyman, O. 2009. IL-2- and CD25- 

          dependent immunoregulatory mechanisms in the homeostasis of T-cell subsets.  

          Journal of Allergy and Clinical Immunology 123(4): 758-762. 

 

[180] Chung, I.Y., Dong, H.F., Zhang, X., Hassanein, N.M., Howard, O.M., Oppenheim,  

          J.J., and Chen, X. 2004. Effects of IL-7 and dexamethasone: induction of CD25, the  

          high affinity IL-2 receptor, on human CD4+ cells. Cellular Immunology 232(1-2): 57- 

          63. 

 

[181] Zheng, C.F., Jones, G.J., Shi, M., Wiseman, J.C., Marr, K.J., Berenger, B.M., Huston,  

          S.M., Gill, M.J., Krensky, A.M., Kubes, P., and Mody, C.H. 2008. Late expression  

          of granulysin by microbicidal CD4+ T cells requires PI3K- and STAT5-dependent  

          expression of IL-2Rbeta that is defective in HIV-infected patients. Journal of  

          Immunology 180(11): 7221-7229. 

 

 

 

 

 

 

 

 

 

 



 

- 96 - 
 

 

APPENDICES 

 

Supplementary figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bulk CD4+ T cells

CD4 - PC7
10

0
10

1
10

2
10

3
10

4

0

21

43

64

85

93.01%

Bulk CD4+ T cells

FS Lin

S
S

 L
in

0 256 512 768 1024
0

256

512

768

1024

FMO control 

Stained 

Live cell 

gate 



 

- 97 - 
 

Figure S1: Verification of CD4 expression on purified, bulk CD4+ T cells.  CD4+ T cell 

purity, defined as the percentage of CD4+ cells, is demonstrated as a representative of one 

donor.  The mean frequency of CD4+ cells is 93% +0.88 (SEM) (N=6).  
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Figure S2: CXCR3 expression is upregulated on sorted Th17 cells following overnight 

cell culture.  Sorted Th17 cells from two different individuals are represented in the 

histograms and orange scatter plots.  Expression of CD4, CXCR3 and CCR6 were measured 

A) immediately after enrichment and B) one day following the enrichment. 
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