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Abstract 

Title of Dissertation: Human T Helper 17 Cells Are Highly Permissive to Productive 
Human Immunodeficiency Virus Infection 

Aaron Christensen-Quick, Doctor of Philosophy, 2015 

Dissertation Directed by: Alfredo Garzino-Demo, Associate Professor,  
     Department of Microbiology and Immunology 
 

Human Immunodeficiency Virus (HIV) infects and depletes CD4+ T cells, but subsets of 

CD4+ T cells vary in their susceptibility and permissiveness to infection. For example, HIV 

preferentially infects effector/memory T cells in the Gut Associated Lymphoid Tissue (GALT). 

IL-17-producing “T helper 17” (Th17) cells are enriched within the GALT, and are highly 

susceptible to HIV. The preferential depletion of Th17 cells during the acute phase of infection is 

associated with impairment of the integrity of the gut mucosal barrier, which drives chronic 

immune activation - a key determinant of disease progression. The preferential loss of Th17 cells 

has been attributed to high CD4, CCR5, and CXCR4 receptor expression, paired with low 

expression of HIV-inhibitory co-receptor ligands. Here we show that Th17 cells also exhibit 

heightened permissiveness to productive HIV infection. Primary human CD4+ T cells were 

sorted, activated in Th17- or Th0-polarizing conditions and infected, then analyzed by flow 

cytometry. Th17-polarizing cytokines increased HIV infection, and HIV infection was 

significantly higher among Th17 cells compared with IL-17- or IFNγ+ cells, even upon infecting 

with a replication-defective, envelope-pseudotyped HIV vector. Further, Th17-polarized cells 

produced more virus. Based on these observations, we hypothesized that the presence of positive 

effectors of HIV replication (such as a favorable transcriptional environment) in Th17 cells, 

and/or a relative lack of negative effectors (such as antiviral immune defenses) could contribute 

to their permissiveness to HIV. Microarray and immunoblot analyses performed on Th17- or Th0-

polarized CD4+ T cells reveal that Th17-polarized cells have diminished expression of HIV-



	  

	  

inhibitory members of the RNase A superfamily. Our findings demonstrate that human, 

peripheral blood Th17 cells are not only susceptible but also permissive to HIV infection. Our 

data link gene expression in Th17 cells to increased HIV production, suggesting that Th17 cells 

might be major sources of viral production during acute infection.   
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Chapter 1: Background and Specific Aims 
 
Introduction 
 
 The discovery in the last decade of a new subset of CD4+ T helper lymphocytes 

inspired a re-examination of T cell involvement in a diverse array of chronic diseases 

such as cancer, autoimmunity and Human Immunodeficiency Virus (HIV) 

immunopathology. Dubbed “T helper 17” (Th17) cells, this subset is enriched within 

mucosal tissues, especially in the Gut Associated Lymphoid Tissue (GALT). Th17 cells, 

so named for their secretion of Interleukin-17 (IL-17), require several cytokines for their 

differentiation that have long been known to be expressed at high levels during HIV 

infection.  

In 2008, work by Brenchley and colleagues suggested that the rapid and 

preferential loss of Th17 cells from the GALT during acute Human Immunodeficiency 

Virus (HIV) infection represented a critical aspect of HIV immunopathology. Several 

other studies have since been published that further link the HIV-induced preferential 

depletion of Th17 cells to AIDS-associated opportunistic infections, gut mucosal barrier 

perturbation, and chronic immune activation. Our lab studies mucosal immune defenses 

against HIV, especially antimicrobial peptide expression and their signaling through the 

chemokine receptor C-C-motif containing Chemokine Receptor 6 (CCR6). Upon learning 

that Th17 cells express CCR6 and are key drivers of antimicrobial peptide expression, we 

became interested in the mechanisms that belie the preferential loss of Th17 cells during 

acute HIV infection. 

 Th17 cells, like other GALT effector/memory T cells, express high levels of HIV 

receptors, thus conferring susceptibility to infection. Even upon successful viral entry, 
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though, CD4+ T cells vary in their permissiveness to successful viral integration and 

replication. Differences in the intracellular environment ultimately determine whether an 

HIV-infected cell will die, become latently infected, or become a factory for the 

production of viral progeny.  

Our studies indicate that Th17 cells are highly permissive to HIV infection and 

replication, and that Th17-polarizing cytokines enhance viral replication in vitro. The data 

demonstrate that HIV more readily infects IL-17-expressing CD4+ T cells from human 

peripheral blood, compared with IL-17- or IFNγ+ cells, and that infected, IL-17+ cells 

express more HIV capsid protein than infected, IL-17- cells. The absence of HIV-

inhibitory RNases from Th17 cells may contribute to their preferential infection. Our in 

vitro findings raise the possibility that Th17 cells could be a major source of viral 

production during acute HIV infection, and may inform therapeutic approaches aimed at 

preventing the loss of Th17 cells.  
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Th17 cells and their emerging role in mucosal immunity 

Discovery  

A new lineage of CD4+ T helper lymphocytes has ignited a revolution in our 

understanding of lymphocyte development and mucosal immunology. In less than a 

decade since their discovery, Th17 cells have been established as crucial mediators of 

immunity and inflammation against extracellular bacteria and fungi, and have already 

yielded novel therapeutic approaches to treat diseases. 

Until the identification of Th17 cells as a distinct T cell lineage in 20051-4, 

pathogenic CD4+ T lymphocyte responses had been thought for decades to arise from one 

of only two lineages: Th1 or Th2. While Th1 cells facilitate inflammation and cell-

mediated immunity against intracellular pathogens by secreting Interferon-γ (IFNγ), Th2 

cells mediate humoral and allergic responses to extracellular pathogens/allergens, such as 

helminthes5.  

A third T helper subtype, Regulatory T helper cells (Tregs), suppresses rather than 

induces inflammation, primarily via secretion of anti-inflammatory Interleukin-10 (IL-

10). Tregs were not established as a distinct T helper lineage until 2003, but unlike Th17 

cells, the existence and functions of T cells capable of suppressing inflammation had 

been hypothesized as early as 19706. 

 Given the confines of the existing paradigm, researchers initially ascribed the 

inflammation-associated tissue pathology observed in mouse models of Experimental 

Autoimmune Encephalitis (EAE) to Th1 cells. Antibodies to Interleukin-12 (IL-12) - a 
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heterodimeric cytokine that drives Th1 differentiation - were able to block tissue damage. 

Genetic ablation of the p40 subunit of IL-12 also prevented EAE7, 8. 

But other groups had conflicting results. For example, mice lacking either the 

receptor for IL-12 or the p35 subunit of IL-12 were still susceptible to EAE, suggesting 

that the pathology did not require IL-12 signaling9, 10.  

 The apparent discrepancy in these findings was resolved upon the identification of 

a new cytokine, Interleukin-23 (IL-23)11. IL-23, a heterodimer, shares the p40 subunit of 

IL-12. Studies linking IL-23 Receptor (IL-23R) mutations to other inflammatory diseases 

led to a re-evaluation of its role in EAE, and shortly thereafter, Cua and colleagues 

reported that IL-23, and not IL-12, is required for EAE pathology12. 

 The ensuing characterization of IL-23-dependent T cell function led to the 

discovery of a distinct lineage of T cells, complete with its own differentiation pathways 

and unique effector functions1-4. Subsequent work, described below, showed 

developmental and functional overlap between Th17 cells and other T helper subsets, 

introducing an element of plasticity to a previously rigid paradigm of lineage 

commitment. Thus, Th17 cells have inspired a dramatic reworking of our models of T 

helper cell development and function.  

Differentiation 

In our current understanding, naïve CD4+ T cells - depending on their 

localization, antigen specificities, co-stimulatory signals, and cytokine environment 

during activation - differentiate into several functionally distinct T helper cell subtypes, 

as depicted below in Figure 1.1: 
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Figure 1.1. CD4+ T cell differentiation 
 
Naïve CD4+ T cells, upon recognizing cognate antigens presented by an antigen-presenting cell, undergo 
unique developmental programs depending on the cytokine environment present during activation. 
Cytokines can induce the activation of Signal Transducer and Activator of Transcription (STAT) proteins, 
which guide the expression of lineage-specific transcription factors and effector cytokines, shown above. 
Tfh, T follicular helper cells. Th1/Th2/Th17: T helper 1/2/17 cells. iTreg, inducible T regulatory cells.  
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Upon the engagement of T cell receptors (TCRs) on naïve CD4+ T cells with their 

cognate peptide antigens, which are bound to Major Histocompatibility Complex class II 

(MHC-II) proteins on the surface of antigen-presenting cells (APCs), an interface known 

as an immune synapse forms between the T cell and APC. Co-stimulatory molecules on 

the surface of each cell stabilize the TCR-MHC interaction. These receptors then 

transduce an activating signaling cascade within the T cell that drives a multi-staged 

differentiation process involving chromatin remodeling, epigenetic silencing, altered 

transcriptional regulation, and ultimately the production of lineage-specific cytokines13, 

14. The local environment and APC also provide cytokines, which customize the 

differentiation process and functionality of the activating T cell.  

The staged differentiation of human Th17 cells from naïve precursors requires 

several signals in addition to TCR-induced signaling that is shared among subtypes 

during activation. However, cytokines that promote other lineages destabilize Th17 

differentiation (Figure 1.2).  

First, TCR and Transforming Growth Factor beta (TGF-β) signaling induce 

Mothers Against Decapentaplegic Homologs 2 and 3 (SMAD2/3)-mediated expression of 

Basic leucine zipper transcription factor, ATF-like (BATF) and IL-1 Receptor (IL-1R). 

IL-6 and IL-21, in conjunction with TGF-β signaling, prime naïve T cells to express IL-

1R and IL-23R via transient STAT3 signaling15, 16.  

IL-1R expression renders the cells responsive to Interleukin-1beta (IL-1β)-

induced Interferon Regulatory Factor 4 (IRF4) activation- a necessary step for human 

Th17 differentiation from naïve T cells. BATF and IRF4 cooperatively orchestrate  
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Figure 1.2. Th17 differentiation 
The lineage commitment of Th17 cells requires the activation of multiple transcription factor pathways, 
which are subject to both Th17-promoting and Th17 inhibiting regulation, depicted above. The presence of 
the cytokines TGF-β, IL-1β, IL-6, and IL-23 during activation tips the balance toward Th17 differentiation. 
Negative regulators of Th17 differentiation such as IL-2, IL-4, IL-12, and IFNγ activate non-Th17 lineage 
STAT proteins, thus promoting the destabilization of Th17 development. 
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chromatin remodeling, simultaneously providing access to Th17-defining genes and also 

restricting the accessibility of Treg-, Th1- and Th2- associated loci. 

The BATF/IRF4-dependent chromatin remodeling provides access to the RORC 

gene locus, which encodes Retinoic Acid-like Orphan Receptor gamma t (RORγt) - the 

lineage-defining, master regulatory transcription factor of Th17 cells13. This constitutes 

the first durable layer of specification toward the Th17 lineage commitment. 

In addition to IRF4 activation, pro-inflammatory signals from Interleukin-6 (IL-

6), Interleukin-21 (IL-21) or IL-23 are required to activate Signal Transducer and 

Activator of Transcription-3 (STAT3)15, 17. IRF4 and STAT3 reinforce and stabilize Th17 

development by recruiting transcriptional activation complexes to the RORC locus, while 

repressing expression of Foxp318. Subsequent expression of RORγt further commits the 

cell to the Th17 lineage by directing the expression of Th17 cytokines (described in the 

next section), and by silencing of the genes linked to other lineages19. 

Finally, STAT3 signaling and RORγt activity direct the expression of IL-23 and 

the IL-23 Receptor (IL-23R), providing a homeostatic signaling axis that is uniquely 

required for the continued proliferation, survival, and functionality of Th17 cells1. Similar 

to the IL-23 heterodimer sharing the p40 subunit of IL-12, the complete IL-23R 

heterodimer shares the p40-binding subunit of the IL-12R, IL-12 Receptor beta1 (IL-

12Rβ1). The IL-23R binds to the IL-23-specific p19 subunit, and signals through Janus-

Associated Kinase 2 (JAK2) to activate STAT3 in Th17 cells20. 

The expression and activity of the transcription factor Retinoic Acid Receptor-

related Orphan Receptor gamma t (RORγt), and the secretion of Interleukin-17A (IL-17) 

distinguish Th17 cells from other subsets21. However, upon full maturation, Th17 cells 
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have redundant transcriptional activators acting upon their cytokine promoters. Nuclear 

Factor kappa-light-chain-enhancer of activated B Cells (NF-κB) and RORγt provide 

baseline levels of cytokine production throughout differentiation. STAT3 and IRF4 - 

which are responsive to extracellular pro-inflammatory signals - stabilize Th17 

differentiation by inducing RORγt expression and activation, promoting Th17 survival 

and expansion, and increasing the production of Th17 effector cytokines16. 

Unlike other lineages, human Th17 cells do not require Interleukin-2 (IL-2) for 

their survival and proliferation. In mice, genetic ablation of the IL-2 receptor CD25 

resulted in impaired Th1 differentiation, but normal Th17 development compared to wild 

type controls22. IL-2 promotes STAT5-mediated inhibition of STAT3 signaling, thus 

destabilizing human Th17 lineage commitment23. Instead, IL-1β and either IL-21 or IL-23 

are required for Th17 expansion and survival via activation of Akt/mTOR, p38/MAPK 

and STAT3. 

Plasticity 

As shown in Figure 1.2, the lineage commitment process is subject to both 

reinforcing and disrupting programs of transcriptional regulation. Although the staged 

differentiation process introduces multiple levels of positive regulatory feedback 

mechanisms to maintain the unique characteristics of each T cell lineage, there are 

several noteworthy developmental overlaps between Th17 cells and other effector 

subtypes (Figure 1.3).  

In the absence of IL-1β-induced IRF4 activation, TGF-β skews differentiation 

toward the Treg phenotype, because BATF and TGF-β-induced SMADs also provide  
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Source: The National Institute of Allergy and Infectious Diseases 
 
Figure 1.3. Plasticity of T helper subsets 
 
Overlapping developmental pathways dependent on continued cytokine signaling result in a less rigid 
model of lineage commitment, depicted above. The solid white arrows show known differentiation 
pathways from naïve T cells or prerequisite progenitors to their indicated effector phenotype, and dotted 
arrows represent pathways by which cells of one subset have been shown to be able to become like another 
in response to cytokines. 
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access to and transcription of the gene encoding the Treg master regulatory transcription 

factor Forkhead Box protein p3 (FOXP3). 

Foxp3 and RORγt have cross-inhibitory activity, a feature shared with the Th1 and 

Th2 master regulators T-bet and GATA3. Thus, the absence of pro-inflammatory signals 

at any stage of Th17 differentiation favors the development of Tregs
24. 

Even upon successful differentiation into a Th17 cell, the local cytokine milieu 

can play a powerful role in shaping T helper cell function. For example, either a lack of 

TGF-β signaling or the presence of Interleukin-12 (IL-12) readily induces Th17 cells to 

express the Th1 cytokine IFNγ via IL-12R and Tyrosine Kinase 2 (Tyk2)-mediated 

STAT1 activation. IFNγ, itself an inhibitor of Th17 differentiation, can also be expressed 

by the Th1 transcription factor T-bet in “Th17Th1” cells. Further, IL-23R is expressed on 

some Th1 cells, rendering Th1 cells capable of secreting IFNγ in response to IL-23-

mediated STAT activation.  

Further, Ciofani and colleagues recently identified a key regulator of Th17 

plasticity: Fos-like antigen 2 (Fosl2)13. Interestingly, IL-2-induced STAT5 signaling 

directs the expression of Fosl2 in human CD4+ T lymphocytes, suggesting that IL-2 may 

modulate Th17 plasticity rather than inhibit Th17 differentiation25. 

Although RORγt expression is a defining characteristic Th17 differentiation, its 

expression is not unique to Th17 cells. Follicular T helper cells (TFH) also require both 

RORγt and STAT3 for their differentiation. Moreover, RORγt is required for proper 

secondary lymphoid tissue development. 
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Trafficking, markers and cytokine expression 
 

Human Th17 cells express an array of chemokine receptors common to other 

effector lineages. Like Tregs, Th17 cells express C-C Chemokine Receptors 4, 5 and 6 

(CCR4, CCR5 and CCR6), directing their trafficking to mucosal tissues in response to 

chemokines such as Chemokine Ligands 4, 5, and 20 [CCL4, CCL5 and CCL20, also 

called Macrophage Inflammatory Protein 1 alpha (MIP-1α), RANTES, and MIP-3α, 

respectively]. Some Th17 cells express Th1-associated chemokine receptor CCR2 and/or 

C-X-C motif-containing Chemokine Receptor 3 (CXCR3). Th17 cells are also enriched in 

their expression of lymphoid-trafficking chemokine receptors such as CCR7 and 

CXCR426. 

 The overall distribution and localization of Th17 cells has been most extensively 

characterized in mice and primates. In both, Th17 cells are enriched among the 

CD3+CD4+ T cell compartments of the gut, skin, and lungs, relative to peripheral blood 

or secondary lymph tissues27. In humans, Th17 cells are enriched within the CD4+ T cells 

present in gut and cervical mucosal tissue, but constitute less than 10% of total CD4+ T 

cells in either tissue28, 29. In either species Th17 cells constitute only 1-2% of total 

peripheral blood CD4+ T cells. 

 Mature Th17 cells express the quintessential markers of an effector/memory, gut-

homing CD4+ T lymphocyte. In addition to the chemokine receptors already mentioned, 

Th17 cells are characterized by high expression of Cluster of Differentiation 45RO 

(CD45RO) expression, a marker of antigen-experienced T cells, and α4β7 integrin, an 

addressin further promoting localization to the gut30, 31.  
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IL-17 was first described in 199532, a decade prior to the identification of Th17 

cells as a distinct T cell subset. Phylogenetically, the IL-17 cytokine family predates the 

evolutionary appearance of the T cell lineage in jawed vertebrates33. In humans, innate 

lymphocytes and γδ T cells can also secrete IL-17. The IL-17 family of cytokines consists 

of six members: IL-17A-D, IL-17E (also known as IL-25) and IL-17F. IL-17B-E are not 

expressed by Th17 cells34.  

IL-17A, which consistently with related literature is heretofore referred to as 

simply IL-17, is the namesake cytokine produced by Th17 cells. IL-17 is a homodimer of 

two IL-17A subunits, but IL-17A can also form heterodimers with IL-17F. IL-17A 

homodimers and heterodimers both signal through the same IL-17 Receptor (IL-17R)32. 

In addition to IL-17A and F, Th17 cells secrete IL-21, IL-22, IL-26, Granulocyte 

Macrophage Colony-Stimulating Factor (GM-CSF), Tumor Necrosis Factor alpha 

(TNFα) and the CCR6 ligand CCL2035. These effector cytokines potentiate the key 

mucosal immunity functions of Th17 cells: neutrophil recruitment, induction of 

antimicrobial peptide expression, and enterocyte proliferation36-38.  

Downstream effector functions of Th17 cytokines 

 Depending on the context, the cytokines produced by human Th17 cells can be 

either critical mediators of innate immunity or partners in pathogenesis that wreak 

inflammatory havoc. In health, they recruit neutrophils to sites of infection, support tissue 

damage repair and lymphogenesis, and increase the expression of antimicrobial peptides 

by epithelial cells. In disease, they induce chronic inflammation in response to self-

antigens or otherwise harmless stimuli.  
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Of all the IL-17 family receptors, IL-17RA has the longest cytoplasmic tail, 

containing a SEF/IL-17R (SEFIR), a TIR-like loop (TILL) and a C/EBPβ-activating 

domains (CBAD), which act as docking sites for downstream signaling. Upon ligand 

binding, an adaptor protein known as ACT1 binds the cytoplasmic tail and mediates 

canonical NF-κB signaling and p38/MAPK/ERK activation. IL-17RA signaling thus 

induces the NF-κB- and C/EBP-mediated transcriptional activation of chemokines, 

cytokines and anti-inflammatory genes.  

IL17R, a heterotrimer comprised of two IL-17RA and one IL-17RC subunits, is 

expressed by lymphoid cells, neutrophils, epithelial cells, endothelial cells, keratinocytes, 

and fibroblasts39. Its ubiquitous expression in most tissues - especially at mucosal barriers 

such as the skin, gut, lung, vaginal, urethral and oral mucosae – result in pleiotropic 

effects in response to IL-17. In response to either IL-17A or IL-17F, epithelial, 

endothelial and fibroblast cells express antimicrobial peptides, mucins, matrix 

metalloproteinases, IL-6, GM-CSF and/or neutrophil-attractive chemokines40. 

As previously mentioned, IL-17 is not the only effector cytokine produced by 

Th17 cells. Other key Th17 cytokines and their downstream effects on target cells are 

depicted below in Figure 1.5. 

In addition to providing Th17-promoting autocrine signaling, IL-21 promotes the 

cytotoxicity of CD8+ T cells and NK cells. IL-21, which is secreted by both Th17 and Tfh 

cells, aids in the maturation and class switching of B cells as well. IL-22 further promotes 

epithelial barrier function, and synergizes with IL-17 to induce the expression of 

antimicrobial peptides by epithelial cells36, 41. CCL20 acts as a chemoattractant for the  
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Source: Nature Reviews Immunology 9, 556-567 (2009) 
 
Figure 1.4. IL-17 Receptor Signaling  
The IL-17 receptor consists of a heterotrimeric, transmembrane protein complex of two IL-17RA subunits 
and one IL-17RC subunit. Both IL-17A and IL-17F bind IL-17R and transduce their signal through adaptor 
proteins that interact with the IL-17R cytoplasmic domains. Upon ligand binding, the adaptor protein 
ACT1 mediates the activation of ERK and the canonical Nuclear Factor kappa-light-chain-enhancer of 
activated B Cells (NF-κB) pathway. Subsequent activity of NF-κB and CCAAT-enhancer-binding proteins 
(C/EBPs) drives the expression of target genes, which depend exquisitely on the cell type. 
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recruitment of CCR6+ T cells, immature dendritic cells and myeloid to sites of 

inflammation42, 43. 

Th17 cells secrete several other cytokines that are not depicted in Figure 1.5, such 

as IL-26, GM-CSF, and TNFα. IL-26 rapidly induces STAT1 and STAT3 signaling in 

epithelial cells, thereby promoting IL-8 and IL-10 secretion44. Similar to IL-22, IL-26 

promotes intestinal epithelial cell proliferation and expression of pro-inflammatory 

genes45. RORγt-driven GM-CSF secretion by Th17 cells constitutes a positive feedback 

loop for Th17 differentiation, as it induces the expression of IL-1, IL-6, IL-23 and MHC-

II by myeloid APCs46, 47. TNFα induces NF-κB and MAPK activation upon binding the 

homotrimeric TNF Receptor 2 (TNFR2), which is expressed primarily on other T cells. 

The TNFR2 mediates NF-κB and MAPK activation via the adaptor TNF Receptor-

Associated Factor 2 (TRAF2). TNFα can also trigger TRAF2 activation upon binding to 

the ubiquitously expressed TNF Receptor 1 (TNFR1), but the death domains of the 

TNFR1 cytoplasmic tail are capable of mediating the induction of CASPASE8-dependent 

apoptosis. 
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Figure 1.5. Downstream target effects of Th17 cytokines 
The cytokines secreted by Th17 cells and their effects on target cells are shown above. IL-17 has pleiotropic 
effects on many downstream target cells. IL-17 and IL-22 synergistically facilitate wound healing and the 
expression of antimicrobial peptides by epithelial cells. IL-21 promotes the differentiation and IgG class 
switching of B cells, and can also act on Natural Killer (NK) cells and CD8+ T cells to increase their 
cytotoxic capabilities. Macrophage inflammatory protein 3alpha (MIP-3α, also known as CCL20) is a 
chemokine that attracts CCR6-expressing cells to sites of inflammation. Tumor necrosis factor alpha 
(TNFα) promotes inflammation, and Granulocyte Macrophage Colony Stimulating Factor (GM-CSF) 
recruits and activates granulocytes. 
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HIV Immunopathology 

Origins, replication cycle and transmission 

HIV, Type 1 (HIV-1) was first isolated in 1983and identified as the causative agent 

of Acquired Immune Deficiency Syndrome (AIDS) in 198448, 49. As of 2012, 

approximately 2.3 million people become infected with HIV each year, and another 1.6 

million people die from AIDS-related illnesses. Globally, over 35 million people 

worldwide are infected with HIV50.  

HIV-1, group M (Major) accounts for over 90% of HIV infections, and originated 

in the early 1900s from a zoonotic transmission of a Simian Immunodeficiency Virus 

(SIVcpz) from a chimpanzee to a human51, 52. A schematic drawing of a mature HIV virion 

is shown in Figure 1.6.  

HIV is a retrovirus, and its envelope glycoproteins gp120 and gp41 mediate target 

cell entry53, 54. The matrix protein, p17, provides structural support the inner face of the 

virion membrane. The capsid protein, p24, forms a complex lattice structure around the 

nucleocapsid-coated viral genome and Reverse Transcriptase and Integrase proteins55. 

HIV virions also contain the accessory proteins Viral Infectivity Factor (Vif), Viral 

protein R (Vpr), Negative regulative factor (Nef), and p7. The viral protease is required 

for virion maturation, a process involving the proteolytic cleavage of the Gag, Pol, and 

Env polyproteins, discussed in more detail below. Three other HIV proteins, Trans-acting 

activator of transcription (Tat), Viral protein U, and Regulator of virion expression of 

viral proteins (Rev), interact with host factors to modulate viral production, but are not 

efficiently packaged into virions56-58.  
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Source: The National Institute of Allergy and Infectious Disease 

Figure 1.6. Schematic representation of a mature HIV Virion 
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HIV has a diploid, + single-stranded RNA genome containing 9 genes encoding 16 

proteins, depicted below in Figure 1.7.  

HIV is most often transmitted at mucosal barriers, where, upon breaching the 

epithelial layer, it primarily infects CD4+ T cells, macrophages and dendritic cells59-70. Its 

viral replication cycle, illustrated below in Figure 1.8, can be divided into an early and a 

late phase. During the early phase, trimers of the viral glycoprotein120 (gp120), a product 

of the env gene, bind with high affinity to the primary HIV receptor, CD471. CD4 binding 

induces a conformational change in the gp120 trimer that exposes a co-receptor binding 

site, which can bind to either C-C Chemokine Receptor 5 (CCR5) or C-X Chemokine 

Receptor 4 (CXCR4)72, 73.  

In addition to the primary HIV receptor, CD4, transmitted HIV utilizes CCR5 as a 

required co-receptor for T cell entry, described in more detail below. However, as few as 

three amino acid changes in the viral envelope can lead to a change in viral tropism, 

whereby CXCR4 rather than CCR5 acts as the viral co-receptor74, 75. CXCR4 is more 

widely expressed among CD4 T cells than CCR5, and promotes homing to secondary 

lymphoid tissues76, 77. A switch in viral tropism from CCR5 to CXCR4 therefore expands 

the repertoire of HIV-susceptible target cells. 
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Source: Los Alamos National Laboratory, HIV Sequence Database. http://www.hiv.lanl.gov/  
 
Figure 1.7. The HIV-1 Genome  

Like other retroviruses, the HIV genome encodes Gag, Pol, Env polyproteins flanked by 
two long terminal repeats (LTRs), which are indispensible for viral replication. The 6 non-
structural proteins Tat, Nef, Rev, Vif, Vpr, and Vpu are reviewed in the “Accessory proteins and 
restriction factors” section. 
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Figure 1.8. Establishing a productive HIV infection: Susceptibility vs. Permissiveness 
In order to establish an infection, HIV must first bind to its primary target cell receptor, CD4 (depicted in 
purple beneath an illustrated HIV virion coming into contact with a target cell). CD4 binding induces a 
conformational change in the viral envelope glycoproteins that exposes a co-receptor binding site for CCR5 
or CXCR4. Receptor and co-receptor binding drive fusion of the viral and host membranes, resulting in the 
expulsion of the virion contents into the host cell (shown here as step 1). As the viral capsid disassociates 
(step 2), pre-packaged viral proteins reverse-transcribe a DNA copy of the viral genome (step 3), which is 
then transported to the nucleus (step 4). Next, the viral Integrase protein mediates a double-stranded break 
in the host genome (shown in blue), where it inserts the viral DNA (red, step 5). Once inserted, proviral 
DNA can be transcribed and translated into viral proteins, which then assemble at the host membrane. Once 
assembled, the nascent virions bud off from the host cells and undergo a final, Protease-dependent 
maturation. 
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Co-receptor binding drives the insertion of a hydrophobic β-sheet from the N-

terminal gp41 portion of the Env protein into the host membrane and thereby facilitates 

membrane fusion (Reviewed in 78).  

Surface expression of HIV receptors - and in the secretion of HIV-blocking 

chemokines that bind HIV co-receptors - confer differences in target cell susceptibility to 

HIV infection.  

Once inside a target cell, the viral capsid dissociates, and pre-packaged viral reverse 

transcriptase begins to reverse transcribe a DNA copy of the viral RNA genome. At this 

stage, the virus is susceptible to recognition by innate, intracellular host restriction 

factors. These post-entry factors affect another aspect of cellular vulnerability to HIV 

infection: permissiveness (Figure 1.8). 

During reverse transcription, the nascent viral DNA is susceptible to hypermutation 

by the host intracellular HIV restriction factor APOlipoprotein B mRNA Editing enzyme, 

Catalytic polypeptide-like 3G (APOBEC3G)79.  Interestingly, both the Th17-secreted 

chemokine CCL20 and human Beta-Defensin 2 (hBD2), which is secreted by epithelial 

cells in response to IL-17 or IL-22, induce the expression of APOBEC3G via CCR6-

dependent NFAT and ERK activation80. Naïve T cells also express SAMHD1, which 

depletes cellular dNTPs to inhibit viral reverse transcription, resulting in incomplete, 

abortive RT products81. Recently, IFI16 and cGAS were also identified as innate 

intracellular DNA sensors that are capable of initiating cell death in response to HIV 

early reverse transcripts82, 83. 

The product of a successful reverse transcription is a double-stranded DNA version 

of the viral genome that is then circularized in a complex with Integrase, a pre-packaged 
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viral protein derived from the Pol polyprotein. The human lentiviral restriction factor 

MxB inhibits HIV infection at this stage by blocking nuclear import and disrupting post-

nuclear trafficking of the viral pre-integration complex84, 85. 

Following successful migration to the nucleus, Integrase introduces a double-

stranded break in the host genome, where it then ligates in the re-linearized proviral 

DNA. The DNA-damage response protein DNA-PK can trigger cell death in response to 

the detection of free DNA ends during strand transfer, representing an additional layer of 

innate protection before HIV is able to permanently become part of the host genome86. 

A successful integration marks the beginning of the late-phase of infection. Upon 

provirus integration, expression of the viral proteins requires the host transcriptional and 

translational machinery in order to complete the HIV replication cycle. Whereas most 

infected cells actively express virus, a small subset of infected, long-lived, self-renewing 

memory T cells enter a latent state in which no detectible virus is produced. The proviral 

DNA residing in these quiescent, latently infected cells is resistant to recognition by 

immune surveillance, and thus acts as a permanent viral reservoir, capable of producing 

virus upon cellular reactivation. The integrated DNA copy of the viral LTR functions as a 

promoter, and contains highly-conserved, tandem NF-κB binding sites that, upon NF-κB 

binding, can mediate transcriptional activation87, 88. The viral LTR also interacts with 

other important host cell transcription factors including SP1, AP1 and NFAT, though 

their role in modulating the transcription activity of viral genes is less clear.  

Once expressed, genomic copies of the viral RNA and proteins encoded by 

integrated, proviral DNA assemble at the cell membrane, where immature HIV particles 

bud off from the host membrane. At this step, the membrane-bound host restriction factor 
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Tetherin (also called BST-2) can disrupt budding by physically linking the budding virion 

to the host membrane or to other virions. Nascent virions, having successfully budded off 

from the host cell, undergo a final step of protease-dependent maturation to become 

infectious HIV virions.  

Fluorescently labeled antibodies to p24 - the viral capsid protein and most 

abundantly expressed HIV antigen (>1300 copies/virion89) – can be used to detect 

infected cells by flow cytometry. Expression of p24 indicates that at least one virion has 

successfully infected the cell, and that it has undergone host-driven transcription and 

translation of proviral DNA after the initial viral entry, uncoating, reverse transcription, 

and integration. Differences in permissiveness at any of these stages can affect both the 

number and type of cells that become productively infected and thus express p24. 

Accessory proteins and restriction factors 

While some non-structural HIV proteins provide essential functions for viral 

replication, others are involved in an evolutionary arms race between HIV accessory 

proteins and HIV-inhibitory host restriction factors. 

For example, Vif blunts APOBEC3G-mediated hypermutation of the viral 

genome by targeting APOBEC3G for ubiquitination and subsequent proteasomal 

degradation90. Vpr facilitates cell cycle arrest and nuclear import of the pre-integration 

complex91, 92. Vpu, an integral membrane protein, promotes the budding of nascent HIV 

virions by inhibiting Tetherin activity and CD4 expression93. Nef decreases surface CD4 

and MHC class I (MHC-I) expression, and blocks virus-induced apoptosis94-98. HIV 

could also readily acquire a capsid mutation that conferred resistance to MxB-mediated 

restriction during in vitro passage in MxB-expressing cells84. Tat expression is required 
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for the efficient transcription of proviral genes, and thus acts as a modulator of viral 

replication during latency or productive infection. 

Target cells and resulting immunopathology 

An initial spike in viral load is often associated with flu-like symptoms, and is 

immediately followed by a rapid and profound loss of CD4+ T cells, especially from the 

gut, as shown below in Figure 1.9. Following the acute phase of infection, the peak viral 

load drops to a lower, more stable, “setpoint” viral load, which gradually increases and 

spikes a second time during AIDS in the absence of antiretroviral therapy. HIV viremia 

leads to chronic overexpression of many pro-inflammatory cytokines, including the Th17-

polarizing cytokines IL-1β, IL-6 and TGF-β. 

After peak viremia, the peripheral CD4 population recovers to varying degrees in 

the absence of therapy. The GALT, however, remains chronically depleted of CD4+ T 

cells; even antiretroviral therapy and viral suppression often fail to restore normal levels 

of effector T cells within the gut99. 

Antiretroviral therapy drug combinations target different stages of the viral 

replication cycle, and are effective at reducing the viral loads of HIV-infected individuals 

to undetectable levels. Yet, despite their efficacy, the degree to which the CD4+ T cell 

compartment recovers following treatment varies greatly among individuals. In the 

absence of treatment, progression to AIDS stems from the chronic effects of HIV 

pathogenesis on the innate and adaptive immune defenses. 

HIV readily infects gut-resident, effector-memory T cells, which are enriched in 

their expression of HIV receptors and co-receptors and constitute a major site of viral 

replication. Their rapid and profound loss during acute HIV infection is well 
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established100, 99, 101. HIV has also been shown to preferentially deplete CD4+ T cells that 

express the effector/memory marker CD45RO102. 

After decades of research on the HIV-induced depletion of Th1 or Th2 cells, the 

recent addition of Th17 cells and other subsets to our models of lineage commitment led 

to a re-examination of the role of T cell subsets in the pathogenesis of HIV infection.  

Indeed, Th17 cells play a pivotal role in shaping HIV immunopathogenesis, due to 

their roles in maintaining the integrity of mucosal barriers and in limiting HIV-associated 

opportunistic infections. Th17 cells are enriched within the gut, and express the gut-

homing chemokine receptor CCR6. CCR6+ cells, regardless of their effector phenotype, 

are preferentially infected by HIV, which is due in part to their enriched co-expression of 

the HIV receptors CD4, CXCR4 and CCR5103, 104.  

However, post-entry mechanisms – permissiveness - also contribute to 

preferential infection. Naïve CD4+ T cells are relatively impervious to productive HIV 

infection, and were recently shown to be abortively infected upon intracellular sensing of 

viral nucleic acids, resulting in cell death through either apoptosis or pyroptosis83, 86. 

Further studies comparing the expression and activity of intracellular HIV-sensing 

pathways among different T cell subsets are necessary to define the contribution of either 

mechanism to the preferential loss of Th17 cells.  
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Source: Grossman et al. Nature Medicine 12, 289-295 (2006) 
 
Figure 1.9. HIV Viremia and CD4 T cell Depletion 
The graph above depicts the kinetics of viremia, CD4+ T cell loss and overall immune activation during a 
typical case of acute or chronic HIV infection and AIDS, in the absence of treatment.  
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HIV-susceptible effector/memory CD4 T cell subsets in the GALT vary in their 

regenerative capacities and permissiveness to productive infection. Studies performed 

prior to the discovery of Th17 cells produced conflicting findings regarding the role of 

Th1 and Th2 cells during HIV infection, especially those before the advent of effective 

antiretroviral therapy105, 106. Decreased expression of the Th1-associated cytokines IL-2 

and IFNγ during AIDS, concomitant with increased expression of IgE and IL-4 led many 

groups to believe that Th1 cells were preferentially depleted by HIV107, 108. In contrast 

other studies demonstrated that HIV preferentially replicates in Th2 (and “Th0”…) cells, 

compared with Th1 cells109, 110. All of these studies were limited by the consensus at the 

time that IL-2 and IL-10 were primarily secreted by Th1 and Th2 cells, respectively; these 

cytokines were subsequently associated with Treg function6.  

Brenchley and colleagues were the first to demonstrate that Th17 cells are 

preferentially lost from the peripheral blood and gut mucosae of HIV-infected patients 

during acute infection111. Among HIV+ subjects, post-infection restoration of the CD4 

compartment correlates with the accumulation of Th17 cells in gut associated lymphoid 

tissue28, but a failure to reconstitute a proper balance of CD4 T cells drives chronic 

immune dysregulation and high CD4 T cell turnover- the hallmarks of progression to 

AIDS112, 113. The chemokine receptors expressed by Th17 cells allow trafficking between 

secondary lymphoid organs and effector sites in mucosal tissues, providing opportunities 

for HIV to traffic between the lymph and periphery. Early antiviral intervention may 

prevent the pathological effects of Th17 loss during acute infection, as two recent studies 

suggest that patients given cART sooner following infection preserved their GALT Th17 
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compartment, correlating with conserved gut mucosal function, a more robust CD4 T cell 

recovery, and maintenance of Th17 polyfunctionality114, 115. 

Pathogenic and nonpathogenic primate models differ in their Th17 loss, and their 

differences suggest a central role of Th17 loss in driving HIV pathogenesis. For example, 

In SIV-infected macaques, the peak and setpoint viral loads are restricted by the initial 

size of the Th17 compartment116, and a higher initial Th17:Th1 ratio at mucosal sites 

predicts a more rapid disease progression to AIDS117. Further, The SIV-induced loss of 

the gut Th17 compartment is associated with mucosal damage and the 

translocation/dissemination of the enteric pathogen Salmonella typhimurium118, 119. In 

contrast, Sooty Mangabeys, which do not progress to AIDS, maintain healthy mucosal 

function and levels of Th17 cells following SIV infection111 119. HIV-induced Th17 

depletion thus facilitates the mucosal damage and subsequent chronic immune 

dysregulation associated with progression to AIDS. 

In addition to their role in gut barrier maintenance, Th17 cells also restrict the 

burdens of bacterial and fungal opportunistic infections at mucosal barriers that are 

common to AIDS patients, such as Candida albicans (reviewed in 120). While CD4+ T 

cell responsiveness to the Th17-susceptible fungal pathogen C. albicans is lost early 

during HIV infection, responses to other HIV-associated pathogens such as 

Cytomegalovirus remain intact until more advanced disease stages when total CD4+ 

counts are low121.  

Tfh cells share with Th17 cells their requirement of IL-6 and IL-21 signaling and 

RORγt and STAT3 activity, and constitute a major site of viral production during HIV 

infection122. There are several notable differences between Th17 and Tfh cells, though: Tfh 
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cells express their own master transcription factor, Bcl6, and the Th17-destabilizing 

transcription factor c-Maf123. Tfh cells also express the chemokine receptors CXCR5 and 

CCR7, which promote Tfh homing to germinal centers.  

Nonetheless, both cell types are preferentially lost during acute HIV infection, 

and the resulting, combined loss of IL-21-producing Th17 and Tfh cells during HIV 

infection deals a crippling blow to B cell development124. Intriguingly, a recent study 

suggests that TGF-β plus either IL-12 or IL-23 can directly promote the development of 

Tfh-like cells from Th17 cells125.  

Several other types of cells, such as CD8+ cytotoxic T 17 (Tc17) cells, Innate 

Lymphoid Cells (ILCs) and Mucosal Associated Invariant T (MAIT) cells also have IL-

17+ subsets that are preferentially lost during HIV infection126-130, discussed further in 

Chapter 6. 

HIV may even prime APCs to promote Th17 differentiation: the HIV proteins Tat, 

GP120, and Nef have all been shown to induce STAT3 activation and IL-6 secretion by 

dendritic cells or macrophages131-136. 

Collectively these findings underscore the central role of IL-17+ cells in host 

defenses against opportunistic pathogens that arise during HIV pathogenesis, and suggest 

that HIV-induced Th17 depletion drives key events in the immunopathology of HIV. 

The mechanisms underlying the preferential loss of Th17 cells in vivo during HIV 

infection remain unclear. Several groups recently reported that high CD4, CCR5, and 

CXCR4 receptor expression, paired with low expression of HIV-inhibitory co-receptor 

ligands, are associated with high susceptibility of Th17 cells to HIV infection. 

Interestingly, CCR6+ and Th17-polarized cells also showed higher rates of infection when 
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infected with replication-defective, pseudotyped HIV vectors in a VSVG envelope, 

suggesting that post-entry mechanisms may also contribute to the preferential loss of 

Th17 cells104, 137. In the following chapters, we explore this possibility.  
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Ribonuclease A Superfamily 
 
Evolution and divergence of RNase A genes 
 
 Several human host factors directly inhibit HIV infection at various stages in its 

replication cycle. Defensins, a family of cationic antimicrobial peptides expressed by 

epithelial cells at mucosal surfaces, directly decrease HIV virion infectivity138. The 

CCR5- binding ligands MIP-1α, MIP-1β and RANTES block HIV entry139. Intracellular 

DNA sensors IFI16 and cGAS induce cell death in response to the detection of abortive 

HIV reverse transcripts82, 83. The HIV restriction factors APOBEC3G and SAMHD1 

block HIV replication by G-A hypermutation and dNTP depletion, respectively79, 140. 

Nevertheless, they confer incomplete protection from HIV infection.  

 Another type of host proteins with antiviral activity, known as ribonucleases 

(RNases), are broadly classified into three distinct families based on their homology and 

unique functions: RNase A, RNase H, and RNase L. Members of the RNase A 

superfamily directly inhibit a broad range of pathogens, and also modulate our immune 

system, discussed in more detail below. RNase H members catalyze the degradation of 

RNA-DNA complexes, and homologs have been identified in a diverse array of 

organisms, including Archaea, bacteria, eukaryotes, humans, and even lentiviruses such 

as HIV. Type I Interferons induce RNase L expression, which degrades both viral and 

host RNAs to block viral replication and promote cell death.  

During the 1950s and 1960s, the first member of the RNase A superfamily, 

Bovine pancreatic RNase or RNase A, became the subject of extensive structural and 

enzymatic studies. Three decades later, proteins from other mammals were found to have 

high sequence homology with RNase A: a superfamily was born141. Current studies are 
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still elucidating the multiple antimicrobial and immunological functions of human RNase 

A members. 

Humans have 13 RNase A genes, whose loci and phylogenetic relationships are 

depicted below in Figure 1.10. 

The 13 human RNase A genes (and one RNase A pseudogene) share a common 

locus on chromosome 14q11.2. Interestingly, the RNase A family of genes evolved 

through rapidly arising duplications and high positive selective pressure among primate 

homologues142. For example, RNase2 and RNase3 (also called Eosinophil-Derived 

Neurotoxin and Eosinophil Cationic Protein, respectively) arose from a gene duplication 

event that occurred after the divergence of AIDS-susceptible old world monkeys and 

AIDS-resistant new world monkeys. Despite acquiring non-silent mutations at rates 

among the highest of all coding sequences studied in primates, their structural and 

catalytic residues remain conserved. During their divergence, human RNase2 has evolved 

to be more cationic, and RNase3 has acquired enhanced ribonucleolytic activity143. 

RNase A proteins are each encoded by a single exon. In contrast to the 

intracellular ribonucleases belonging to the RNase H or RNase L superfamilies, RNase 

A-member proteins have a 20-28aa N-terminal signal sequence typical of secreted 

proteins. Structurally, the human RNases that have been studied share eight conserved 

cysteine residues that form four disulphide linkages, except for RNase5, which only has 

six conserved cysteines and three disulphide bonds.  

  



	  
	  

35	  

 

 

 
Source: Dyer and Rosenberg. Molecular Diversity, 10: 585-597 (2006) 
 
Figure 1.10. Human RNase A gene loci and phylogeny 
The genes for all 13 human RNase A homologues are on chromosome 14q11.2. The locus also contains an 
EDN pseudogene (EDNps), which is not expressed. The bottom panel shows the phylogenetic relationships 
of the human RNase A genes and their corresponding bootstrap scores. The scale bar is in units of amino 
acid changes per site. 
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Human RNases also share three catalytic residues, comprised of two conserved histidines 

and a conserved lysine-containing motif.   

As their original names suggest, human RNase2 and RNase3 expression were first 

detected in eosinophil granules. Although the RNase2 and 3 genes share a remarkable 

85% sequence identity and both encode small, cationic proteins, their functions appear to 

be distinct. The potency of ribonuclease and antimicrobial activities are not necessarily 

related to each other. For example, the ribonuclease activity of RNase2 appears to be 

dispensable for its potent cytotoxicity against bacteria and helminthes. In contrast, 

RNase3 function seems to be linked to its potent ribonuclease activity against RNA 

viruses143.  

 RNase1 expression is restricted to pancreatic tissue. RNase4 and RNase5 (which 

is also called Angiogenin) are most closely related to RNase1, and have both been shown 

to inhibit HIV infection via multiple mechanisms (reviewed in the next section). 

 The expression profile and functions of RNase6 (sometimes referred to as RNase 

k6) remain unclear, but the RNase6 gene RNS6 has been characterized in relation to 

other RNaseA genes144. The RNS6 gene encodes the conserved cysteines and catalytic 

residues typical of other RNaseA members. Although it shares most sequence identity 

with RNase2 and RNase3, the RNase6 gene has accumulated non-synonymous mutations 

as a much slower rate145.   

 RNase7 was first isolated and identified in a study of antimicrobial agents in 

healthy skin. Purified RNase7 exhibits heightened catalytic activity, and exhibits broad 

antimicrobial activity against gram-positive bacteria, gram-negative bacteria and the 
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fungal pathogen C. albicans. RNase7 is widely expressed, and its transcription can be 

induced by keratinocytes in vitro in response to bacteria, IFNγ, IL-1β or TNFα146. 

Despite its close phylogenetic relation to RNase 7, RNase8 has poor ribonuclease 

activity, and shares none of the known antimicrobial activities of RNase7. Also, human 

RNase8 expression is reportedly restricted to placental tissue147. The expression and 

functions of RNases9-13 have yet to be characterized. 

The regulation RNase gene expression has only been functionally evaluated for 

several human RNase A members. The eosinophil-associated GATA-family transcription 

factors GATA-1 and GATA-2 induce the expression of RNase2148. Functional Myc 

Associated Zinc finger protein (MAZ) and SV-40 protein 1 (SP-1) binding sites are 

present in the promoter of primate RNase2 and RNase3149. RNase4 and RNase5 

promoters share RNA Polymerase III elements and CCCTC Binding Factor (CTCF) 

binding sites150.  

Antiviral activity 
 
 Of the eight human RNase proteins that have been functionally characterized, four 

have already been shown to have HIV-inhibitory activity.  

RNase2 was the first human ribonuclease linked to HIV inhibition. Soluble 

factors secreted in response to HLA alloantigens were found to inhibit HIV, but RNase2-

specific antibodies blunted HIV inhibition151.  

RNase3 has not been shown to inhibit HIV, but RNase2 and RNase3 inhibit the 

RNA virus Respiratory Syncytial Virus (RSV). Unlike RNase3 however, the anti-RSV 

activity of RNase2 is not completely abolished by the genetic ablation of its ribonuclease 

domain152, 153.  
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The secretion of RNase4 and RNase5/Angiogenin by T cells was recently 

identified as a mechanism of HIV inhibition154
.  

Recombinant human RNase1, RNase2 and RNase5 each inhibit the HIV infection 

of primary human T cells in vitro, whether added before or after infection. The 

mechanisms of viral inhibition remain unclear, but antibodies to either RNase blocked 

HIV-inhibitory activity155. 
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Scope and Specific Aims 

 Recent changes in our knowledge of T helper cell development have shed new 

light on how HIV pathogenesis causes AIDS. Th17 cells act as a critical bridge between 

innate and adaptive immune signaling at mucosal surfaces, and their preferential loss 

during HIV infection undermines immune recovery via multiple mechanisms. 

 Th17 depletion occurs despite the increased secretion of IL-1β, IL-6 and TGF-β 

during HIV-induced chronic immune activation. The vulnerability of Th17 cells to HIV 

infection has been attributed to susceptibility conferred by high expression of HIV 

receptors and low expression of HIV-inhibitory chemokines. However, the contribution 

of post-entry mechanisms to the preferential depletion of Th17 cells has not been 

evaluated. 

 Preliminary observations from infections with pseudotyped HIV vectors that enter 

cells independently of CD4, CCR5 or CXCR4 suggested that IL-17+ cells are 

intracellularly permissive to HIV replication. We therefore hypothesized that post-entry 

mechanisms contribute to the preferential infection of Th17 cells by HIV. 

 In order to test this hypothesis, we had three specific aims:  

Aim 1:  To compare rates of infection among different T cell subsets from various 

culture conditions.  

Aim 2: To determine the contribution of post-entry mechanisms to the enhanced 

infection of Th17 cells.  

Aim 3: To identify intracellular factors that account for the increased rate of 

productive HIV infection in Th17 cells. 
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. We used a combination of cell culture, flow cytometry, microarray, and 

immunoblotting techniques to analyze the dynamics of HIV infection among T cells from 

different polarizing conditions. We show that Th17-polarizing cytokines enhance HIV 

infection, regardless of being added prior to or after infection. Our findings also indicate 

that IL-17+ cells exhibit heightened production of p24. Both of these effects were 

independent of differences in viral entry, because infection with an env-pseudotype HIV 

vector in an AMLV envelope yielded similar results. We also find that Th17-polarized 

cells lack HIV-inhibitory RNases relative to Th0-activated T cells.  
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Chapter 2: Materials and Methods 

CD4+ T cell isolation and CCR6 sorting  

Human peripheral blood mononuclear cells were purified from leukapheresis-

processed blood (NY Blood Center) using Lymphoprep™, and CD4+ T lymphocytes 

were then isolated by negative selection using Easy Sep™ CD4+ Human T cell 

enrichment kit, per manufacturers protocol (Stem Cell Technologies Inc., 570 West 

Seventh Avenue, Suite 400, Vancouver, BC, Canada). To enrich for Th17 cells, CD4+ T 

cells were sometimes stained with an α-CCR6 antibody (clone 11A9, BD Bioscience, 

2350 Qume Drive, San Jose, CA 95131), then sorted by Fluorescently-Activated Cell 

Sorting (FACS).  

Cell culture conditions 

Cells were maintained at 37ºC and 5% CO2 in sterile-filtered RPMI media 

supplemented with 10% human serum (Gemini Bio-Products, 930 Riverside Parkway, 

Sacremento CA), Penicillin/streptomycin/gentamicin, L-glutamine MEM amino acids 

and sodium pyruvate (Life Technologies, 3175 Staley Road, Grand Island, NY). 

For PHA-activation, total CD4 T cells were cultured in complete media 

containing PhytoHaemAgglutinin (PHA, Sigma-Aldrich, 3050 Spruce St., St. Louis, MO) 

and IL-2 (10ng/mL, R&D systems, 613 McKinley Place NE, Minneapolis, MN) for three 

days, then washed and cultured overnight in complete media containing only IL-2 prior to 

HIV infection. After HIV infection (described below), cells were washed in Phosphate 

Buffered Saline (PBS) and then resuspended in media containing IL-2 (10ng/mL) or the 

Th17-polarizing cytokines IL-1β (10ng/mL), IL-6 (10ng/mL) TGF-β (2ng/mL) and IL-23 

(10ng/mL, Peprotech, P.O. Box 275 Rocky Hill, NJ). 
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CCR6+ or CCR6- -sorted cells from each donor were activated with antibodies to 

CD3 (plate-bound, 5ug/mL) and CD28 (soluble, 1ug/mL, eBioscience, 10255 Science 

Center Drive, San Diego, CA) for 3 days in the presence of IL-1β (5ng/mL), TGF-β 

(1ng/mL) and IL-23 (20ng/mL, Peprotech, P.O. Box 275 Rocky Hill, NJ). Following 

activation, cells were washed, then resuspended in fresh media containing only IL-2 

(2ng/mL) and IL-23 (10ng/mL). Cells from all polarizing conditions were maintained in 

IL-2/IL-23 media after HIV infection. 

Virus Preparation  

HIV-1BAL stocks were prepared by infecting human macrophages in complete 

RPMI-1640 media supplemented with 20% heat-inactivated fetal bovine serum (Gemini 

Bio-Products, 930 Riverside Parkway, Sacramento CA). HIV-1IIIB was produced in PM1 

cells (AIDS Reagent Program, catalog #3038) in IL-2-containing, complete RPMI-1640 

media. Stocks of HIV-1TF, which was also produced in PM1 cells, were kindly provided 

by Dr. Anthony DeVico (Institute of Human Virology, University of Maryland – 

Baltimore, 725 W Lombard St., Baltimore MD 21201). Pseudotyped virions were 

generated by Fugene® (Promega, 2800 Woods Hollow Road, Fitchburg, WI) 

cotransfection of 293T cells with two plasmids: one expressing an envelope-deficient 

HIV backbone obtained through the NIH AIDS Reagent Program (Catalog #4692, 

Division of AIDS, NIAID, NIH), and the other expressing an amphotropic murine 

leukemia virus (AMLV) envelope. Supernatants were analyzed by p24 ELISA, and 

stored at -80ºC.  
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HIV infections 

Equal numbers of PHA-activated and CCR6-sorted cells were infected with 

HIVBAL, HIVIIIB, and HIVTF for 2.5 hours at a TCID of 1330, and then washed and 

resuspended in media containing IL-2 or Th17-polarizing cytokines (PHA-activated), or 

IL-2 and IL-23 (CCR6-sorted, pre-polarized cells), as indicated in the results section. For 

replication-defective, pseudotype virus infections, 500uL of supernatant virus 

(p24=130ng/mL) was added per million cells in 1.5mL of the indicated media, and cells 

were then analyzed by flow cytometry 4 days post-infection. 

Flow Cytometry Staining and Analysis 

Four to six days after infection (unless otherwise noted), cells from each condition 

were stimulated with PMA (50ng/mL), Ionomycin (500ng/mL, Sigma Aldrich) and BD 

Golgiplug™ (BD Bioscience) for 5 hours, stained for extracellular markers (CD3, CD4, 

and CD45RO, BD Bioscience), washed, fixed in 4% paraformaldehyde for 10 minutes at 

4°C, washed again, and stored at 4°C. For intracellular staining, cells were permeablized 

following the BD Perm/Wash™ protocol, then stained for p24 (Beckman Coulter, clone 

KC57), IL-17A and IFN-γ (eBioscience and Biolegend, respectively) and then washed 

prior to analysis. 

As noted in the results section, the proliferation and viability of CCR6-sorted cells 

was also evaluated. We stained cells prior to or immediately after activation with the BD-

V450-labeled proliferation dye (BD Bioscience), and measured changes in the percentage 

of cells with diminished dye intensity over time. To assess viability, cells were stained 

with Live/Dead® aqua (Life Technologies) per manufacturers instructions, immediately 

prior to extracellular marker staining and fixation. 



	  
	  

44	  

Compensation and data collection were achieved using BD CompBeads™ (BD 

Bioscience) and BD FACSDiva™ Software version 6.0 (BD Bioscience). Data analysis 

and flow cytometry plots were generated using FlowJo software version 9.7.2 (FlowJo, 

LLC, 385 Williamson Way, Ashland OR) 

RNA purification and Microarray 

 Total RNA was extracted from cell lysates using Qiagen Quickspin® columns 

and DNase treatment, per manufacturers protocol (Qiagen Inc., 27220 Turnberry Lane, 

Suite 200, Valencia, CA). RNA quality assessment and microarray were performed by 

the University of Maryland Greenebaum Cancer Center Translational Genomics core 

facility (Bressler Research Building, University of Maryland - Baltimore), using 

Affymetrix® HuGene 2.0 chips (Affymetrix Inc., 3420 Central Expressway, Santa Clara, 

CA). Data were normalized and rendered using Affymetrix HuGene 2.0 software, and 

Log2 values were normalized to show fold changes in expression among Th17-polarized 

cells, relative to Th0-polarized cells. 

Immunoblot protein analysis 

CCR6+ or CCR6- cells were activated for 3 days using anti-CD3/CD28 as 

described above, under Th0- or Th17-polarizing conditions, then maintained in media 

containing IL-2 or IL-23 for an additional 3 days. Cells were then washed in PBS and 

pelleted, then lysed in RIPA buffer containing an EDTA-free protease and phosphatase 

inhibitor cocktail (Sigma-Aldrich), flash-frozen, and stored at -80°C. Equal amounts of 

total protein were boiled for 10 minutes in the presence of DTT 4X loading buffer and 

loading dye then loaded into 1% polyacrylamide gels (Life Technologies). Protein from 
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the gel was transferred to PVDF membranes (Life Technologies), blocked with a 5% 

weight/volume solution of powdered milk, washed, and then incubated at 4°C overnight 

in the presence of anti-human RNase antibodies (Abnova Inc., 108 Jhuozih st., Taipei, 

Taiwan). Bound RNase antibodies were probed with α-mouse or α-rabbit Horse Radish 

Peroxidase (HRP)-linked secondary antibodies, depending on the source of the primary 

antibody. As a loading control, blots were also probed with a HRP-conjugated antibody 

to Glyceraldehyde 3-Phosphate DeHydrogenase (GAPDH) (ThermoFisher Scientific Inc., 

12354 Carroll Ave., Rockville, MD). 

p24 ELISA 

Four days post-infection, infected cells were pelleted by centrifugation at 300xg 

for 7 minutes, and supernatant was then collected and frozen at -80°C. Several dilutions 

of each supernatant were diluted into 1X lysis buffer in a 96-well plate, in triplicate. The 

Institute of Human Virology Core Facility (University of Maryland – Baltimore, 725 W 

Lombard St., Baltimore MD 21201) performed The ELISA analysis using commercially 

available p24 ELISA plates (Perkin Elmer Inc., 549 Albany St., Boston, MA). Measured 

p24 values were normalized to a standard curve of known concentrations, and were only 

used if they fell within the detectable range. 

Luciferase Assays 

 TZM-BL cells (AIDS reagent program, catalog #8129) were seeded at 5000 

cells/well in a 96-well plate (Sigma-Aldrich) and incubated overnight at 37°C (5% CO2) 

in Dulbecco’s Modified Eagle Medium (DMEM) containing penicillin/streptomycin, L-

glutamine (Life Technologies), and 10% FBS (Gemini Bio-Products).Thawed 
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supernatant from sorted, polarized, infected T cells was added to the pre-seeded TZM-BL 

cells such that the final p24 concentration was 5ng/mL. As controls, an equivalent 

volume of donor- and polarization-matched supernatants from uninfected cells was 

added. Each condition was done in triplicate, and samples were then incubated at 37°C 

(5% CO2) for 48 hours. Finally, the TZM-BL cells were washed and lysed in Steady-

Glo® luciferase detection buffer (Promega), per manufacturer’s instructions. Luciferase 

activity was measured in a Veritas™ luminometer (Promega). The p24-specific luciferase 

activity was evaluated by subtracting the Relative Light Units (RLUs) of the uninfected 

supernatant-treated cells from the RLUs of the condition-matched, infected supernatants. 

Statistical Analyses and Figure Generation 

Raw experimental data were analyzed, graphed and rendered using Microsoft 

Excel (Microsoft Inc., 1 Microsoft Way, Redmond, WA), GraphPad Prism (GraphPad 

Inc., 7825 Fay Ave., Suite 230, La Jolla, CA) and Microsoft Powerpoint software. 

Depending on whether we were analyzing data from different conditions or different 

donors, paired and unpaired student T tests were used to measure significant differences 

among normally distributed datasets. Asterisks in figures denote the following p-value 

ranges: *0.01<p<0.05; **0.001<p<0.01; ***p<0.001. 
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Chapter 3: Th17-polarizing cytokines exacerbate HIV infection 

Introduction 

 A plethora of cytokines becomes chronically dysregulated in response to HIV 

viremia or pathology - especially IL-1β, IL-6, and IL-21156-164, as summarized in Table 

3.1.  

In spite of the profound loss of Th17 cells despite therapy and viremia 

suppression, it is intriguing that many Th17-polarizing cytokines are chronically over-

produced in the course of HIV infection. The Th17 polarizing cytokines IL-1β and IL-6 

have been reported to exacerbate HIV infection in vitro165, 166. A recent in vitro study 

suggested that Th17-polarizing cytokines, in the presence of antiretroviral therapy, could 

replenish the Th17 cells lost during HIV infection167. This study, however, did not address 

the effects of the Th17-polarizing cytokines on infection in the absence of antiretroviral 

treatment. Further, their Th17-polarizing cytokines were added in addition to IL-2. IL-2 

(which is also overexpressed during HIV infection) promotes the differentiation, survival 

and proliferation of Th1, Th2 and Treg cells. IL-2 also increases HIV infection in vitro 

more than the Th1- or Th2- polarizing cytokines IL-12 and IL-4, respectively168. 

Moreover, IL-2 inhibits IL-17 expression, and promotes the plasticity of Th17 cells25.  

Therefore, we set out to compare the dynamics of T cell function and HIV 

infection in the presence of IL-2 or Th17-polarizing cytokines. We hypothesized that 

Th17 polarization would increase the rate of infection of T cells. 
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Table 3.1. Dysregulation of cytokines during HIV infection156-164  

Cytokine 
Cellular 

sources of 
cytokine 

Receptors 
and primary 
target cells 

Main 
signaling 
pathways 

Cytokine effects 
Known HIV-induced 
changes in cytokine 

expression 

IL-1β APC, 
epithelial cells 

IL-1R1 on 
activated T cells, 

B cells, 
monocytes 

JAK2/Tyk2, 
IRF4, PI-3K/
AKT, AP-1, 

NF-kB 

Inflammation, Th17 
differentiation 

HIV directly induces IL-1β 
secretion by CCR5+ T cells, 

APCs, paneth cells, microglial 
cells  

IL-2 APC, Th1, 
Treg 

IL2Rα/β/γ on 
lymphocytes STAT5 T cell survival and 

proliferation 
Plasma IL-2 is decreased in HIV- 

infected patients 

IL-4 APC, Th2 
IL-4R on T cells, 

B cells, 
macrophages 

STAT6 

B cell maturation 
and IgE class 
switch, Th2 

differentiation 

Plasma IL-4 is increased in HIV- 
infected patients 

IL-6 APC, Th17 
IL-6R/GP130 on 
T cells, myeloid 

cells 
STAT3 Inflammation, Th17 

differentiation 

HIV directly increases IL-6 
expression by APCs. Plasma 

IL-6 is increased in HIV- infected 
patients 

IL-10 APC, Treg IL-10Rα/β on T 
cells, APCs 

JAK1/Tyk2, 
PI-3K/AKT, 

STAT5 

Suppression of 
inflammation 

Plasma IL-10 is increased in 
HIV- infected patients 

IL-12 APC, Th1 IL-12Rα/β on T 
cells 

STAT1, 
STAT4 

IFNγ secretion, Th1 
differentiation 

Plasma IL-12 is decreased in 
HIV- infected patients 

IL-21 APC, Th17, 
Tfh 

IL-21R on T cells, 
B cells, cytotoxic 

cells 

JAK1/3, 
MAPK, PI-3K/
AKT, STAT3 

Th17 differentiation, 
B cell development, 

cytotoxicity 

Plasma IL-21 is decreased in 
HIV- infected patients 

IL-22 APC, Th17, 
epithelial cells 

IL-22R on 
epithelial cells 

JAK1/Tyk2, 
STAT1/3/5 

Antimicrobial 
peptide expression 

Plasma IL-22 is increased during 
acute HIV infection, followed by 

a decrease during chronic 
infection 

IL-23 APC, Th17 IL-23R on Th17 
cells 

STAT3, 
STAT4 Th17 survival 

IL-23 production by APCs is 
increased in HIV-infected 

patients 

IFNγ 
Th1, CD8 T 
cells, NK, 

APCs 

IFNγR1/2 on 
APCs, 

lymphocytes, 
granulocytes 

JAK1/2, 
STAT1 

Promotes antigen 
presentation, Th1 

differentiation, 
antiviral defenses 

Plasma IFNγ is increased during 
acute HIV infection, followed by 

a decrease during chronic 
infection 

GM-CSF APCs, Th17, 
epithelial cells 

GM-CSFR on 
myeloid cells, 
granulocytes 

STAT3, 
STAT5 

Differentiation of 
granulocytes 

Plasma GM-CSF is deceased in 
HIV-infected patients 

TNFα APCs, Th17, 
epithelial cells 

TNFR1, TNFR2, 
widely expressed NF-κB Inflammation, 

Apoptosis 
Plasma TNFα is increased 
during acute HIV infection 

TGF-β 
APCs, Tregs, 

many non-
immune cells* 

TGFBR1, widely 
expressed SMADs Th17, Treg and Tfh 

differentiation 
Plasma TGF-β is increased in 

HIV- infected patients 
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Results  

In vitro HIV infection of PHA-activated T cells expands rapidly upon the addition of 

Th17-polarizing cytokines 

 First we wanted to examine the kinetics of cytokine expression and HIV infection 

when IL-2 or Th17-polarizing cytokines were added after HIV infection. Figure 3.1A 

depicts our T cell activation and infection protocol. Briefly, primary CD4+ T cells from 

peripheral blood of HIV-negative donors were polyclonally activated with PHA and IL-2 

for 2-3 days, then washed and resuspended in IL-2-containing media for one additional 

day. The following day, cells were infected with HIVBAL for 2.5 hours, washed, and then 

resuspended in media containing IL-2 or the Th17-polarizing cytokines IL-1β, IL-6, IL-23 

(all 10ng/mL), and TGF-β (2ng/mL). We then analyzed cells for expression of T cell 

markers, IL-17, p24, IFNγ, CD45RO and CCR6 by flow cytometry at the indicated days. 

 Cells from two donors were analyzed 3, 5, and 7 days post infection (Figures 

3.1B, 3.1D). Initially, the percentages of p24+ cells among IL-2-treated or Th17-

polarizing cytokine-treated samples were similar.  Three days post-infection, 2.3% and 

3.7% of total CD4+ cells were infected in IL-2 and Th17-polarizing conditions, 

respectively. 

By five days after infection, however, the percentage of cells expressing p24 was 

four-fold higher in the presence of Th17-polarizing cytokines, compared with IL-2-treated 

cells (Figure 3.1B).  
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Figure 3.1. Kinetics and day 5 analysis of p24 and IL-17 expression in the presence of Th17-
polarizing cytokines 
(A) Schematic depiction of experimental approach. PHA-activated T cells were infected with HIVBAL for 
2.5 hours washed, and then resuspended in media containing IL-2 (10ng/mL) or the Th17-polarizing 
cytokines IL-1β, IL-6, IL-23 (all 10ng/mL) and TGF-β (2ng/mL) for the indicated days. (B-E) Percentages 
of total T cells from each condition expressing p24 or IL-17 are shown. For panels C and E, percentages of 
cells expressing the indicated marker were measured five days post infection. 
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Overall, HIV infection was significantly higher five days post infection in T cells 

treated with Th17-polarizing cytokines, compared with IL-2 treatment: the percentage of 

infected cells nearly tripled from 3.18 to 8.75 (p<0.0002, n=10) (Figure 3.1C).  

Consistent with other studies using total peripheral blood T cells167, we observed 

a 26.8% (p<0.02) increase in the percentage of IL-17+ cells in response to Th17-

polarizing cytokines, in the absence of infection. The HIV-induced loss of IL-17-

expressing cells was similar (33.1%, p<0.002), and occurred despite the addition of Th17-

polarizing cytokines (25.3%, p<0.002, Figure 3.1d and 3.1e). 

The percentage of IL-17-expressing cells was similar among HIVBAL-infected 

cells until day 5 post-infection, when IL-17 expression decreased by 11% compared with 

uninfected controls. By day 7, the percentage of IL-17 expressing cells decreased to less 

than half of that seen in uninfected cells (Figures 3.1D, E). 

We assessed cell viability as well. Live/Dead® aqua, a fixable fluorescent 

viability dye that is impermeable to intact cell membranes, is taken up by dying cells with 

disrupted membranes, thus allowing their detection by flow cytometry. For both 

uninfected and infected samples, the percentage of cells in the “live” cell gate (negative 

for viability dye staining) steadily decreased from days 3-7 after activation from >90% to 

~75%. By day 12 after activation, only 32% of cells from all conditions remained alive, 

on average. Infected samples had more dying cells, but viability was generally within 

10% of their respective uninfected controls during the first six days after infection (not 

shown). 
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Based on our preliminary kinetics experiments, we chose day 5 after infection as a 

time point at which the effects of Th17-polarizing cytokines were most representative. 

While evaluating the effects of several protocols and reagents on HIV-induced Th17 loss, 

we accumulated flow cytometry data from 26 unique donors. Accordingly, all data 

presented from this point forward are from days 4-6 after infection.  

Subsequently, we determined the relative contribution of each of the polarizing 

cytokines to our observed changes in IL-17 and p24 expression. Accordingly, we infected 

PHA-activated cells from three donors, and then added either IL-2 or one of the fifteen 

possible combinations of Th17-polarizing cytokines. The resulting effects on IL-17 and 

p24 expression are shown in Figure 3.2. Our data corroborate reported effects of 

individual cytokines on IL-17 expression and HIV infection. For example, the addition of 

IL-1β and IL-6 or IL-23 increased the number of IL-17-producing cells, but the addition 

of TGF-β suppressed IL-17 expression (Figure 3.2A). The combination of IL-1β and IL-

23 generally produced the greatest increase in the percentage of HIV-infected cells, 

especially in the presence of TGF-β (Figure 3.2B).  

To determine whether our findings were specific to the CCR5-tropic HIVBAL lab 

isolate, we repeated our experiments using two other isolates: HIVIIIB, a CXCR4-tropic 

lab isolate, and HIVTF, a CCR5-tropic clone of a clinical transmitted-founder virus169. 

The effects of Th17-polarizing cytokines on p24 expression occurred regardless of the 

HIV isolate used to infect the PHA-activated T cells. In addition the HIVBAL experiment, 

cells from three donors were infected with HIVIIIB or HIVTF and analyzed 5 days post 

infection; representative plots are shown in Figure 3.3.   
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Figure 3.2. Effects of Th17-polarizing cytokines on IL-17 and p24 expression among 
PHA-activated, CD4+ T cells 

PHA-activated, CD4+ T cells were infected with HIVBAL, washed, then resuspended in media containing 
the indicated cytokines (same concentrations as in Figure 3.1), as detailed in methods. (A) Percentage of 
IL-17+ cells was compared among uninfected samples, whereas (B) p24 expression was measured in 
infected samples.  
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Figure 3.3. Representative plots of p24 and IL-17 expression in PHA-activated cells infected 
with HIVBAL, HIVIIIB, or HIVTF 
 
Flow cytometry plots comparing p24 expression among PHA-activated CD4 T cells infected with the 
indicated isolates of HIV in the presence of IL-2 or Th17-polarizing cytokines. Cells from at least three 
donors for each HIV isolate were stained and fixed five days post infection. Representative plots of one 
donor for each HIV isolate are shown. 
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The lower number of donors for HIVIIIB and HIVTF preclude meaningful 

statistical analysis, but we observed similar changes in the percentage of infected cells 

using these three viral isolates. 

Th17 polarization renders T cells more likely to become productively infected by 

HIV 

To help us achieve greater Th17 polarization and discern between pre- and post-

infection effects of our polarizing cytokines, we also polarized cells before infection as 

shown in Figure 3.4A. As previously mentioned, Th17 cells express the chemokine 

receptor CCR6. Accordingly, primary human CD4+ T cells were sorted according to their 

CCR6 expression, activated with anti-CD3 and anti-CD28 in the presence of IL-2 or 

Th17-polarizing cytokines, then washed, infected and resuspended in media containing 

only IL-2 and IL-23.  

Very few (mean= 0.43%, n=6) of TCR-activated, CCR6- cells expressed IL-17, 

even when activated in Th17-polarizing conditions (0.74%). Roughly a third (30.9%) of 

CCR6+ cells expressed IL-17 upon activation in the presence of Th17-polarizing 

cytokines. 20.5% of CCR6+ cells produced IL-17 when activated in the presence of IL-2. 

However, donor variability was high among CCR6+ cells in Th0 conditions, with some 

producing very few IL-17+ cells and others expressing nearly as many as in donor-

matched CCR6+ cells from Th17 polarizing conditions (representative plots shown in 

Figure 3.4B, averages among HIVBAL- infected cells from five donors shown in Figure 

4.1G). The percentage of IL-17-expressing cells peaked 3-5 days after initial TCR 
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stimulation, and then gradually decreased to less than half of the initial peak level by day 

9 (not shown). 

IFNγ expression was highest among cells from Th0 conditions, and was similar 

between donor-matched CCR6+ and CCR6- cells (16.3% and 18.2%, respectively). 

Activation in Th17-polarizing conditions yielded fewer IFNγ+ cells (7.5% for CCR6-, 

10.0% for CCR6+) (Figures 3.4B and 4.1G). Similar to IL-17- expressing cells, the 

percentage of IFNγ+ cells peaked immediately after activation, and gradually waned over 

the following week. 

CCR6+ cells from either polarizing condition proliferated more readily than 

CCR6- cells. After three days of activation, total CCR6+ cell counts increased by 19.4%, 

compared with a 4.1% increase for CCR6- cells. Flow cytometry analysis revealed that 

26% and 8.1% of CCR6+ and CCR6- cells had diminished fluorescence of a proliferation 

dye, respectively (n=4, not shown). However, proliferative capacity waned following 

activation. From days 3-7 post activation – the window during which infection spread for 

HIV-infected samples – cell numbers remained steady or decreased, and fewer than 4% 

of cells from any condition proliferated. 

Upon establishing our culture system and analyzing T cells from the sorted, 

polarized conditions, we compared rates of HIVBAL, HIVIIIB and HIVTF infection among 

various subpopulations. We chose days 7-8 (4 and 5 days post-infection) to maximize the 

percentage of live, polarized cells present during infection, and to ensure the detectability 

of p24+ cells by flow cytometry (Figure 3.5). 
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Figure 
3.4. Polarization of CCR6-sorted cells 

(A) Depiction of our empirically optimized Th17 polarization protocol (B) Representative flow cytometry 
plots of IL-17 and IFNγ expression among uninfected CD4+ T cells from the indicated polarizing 
conditions. PHA-activated cells were treated as described in previous figures. CCR6-sorted cells were 
activated for 3 days with plate-bound α-CD3 and soluble α-CD28 antibodies in the presence of IL-2 
(5ng/mL) or the Th17-polarizing cytokines IL-1β (10 ng/mL), IL-6 (5ng/mL), IL-23 (20ng/mL) and TGF-β 
(1ng/mL).    
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Figure 3.5. Infection of CCR6-sorted, polarized cells with three HIV isolates 

CCR6-sorted cells from the indicated polarizing conditions were activated as described in Figure 3.4. 
Following activation, cells from all conditions were infected with the indicated HIV isolates for 2.5 hours, 
then washed and resuspended in media containing IL-2 (2ng/mL) and IL-23 (10ng/mL). On day five post 
infection, cells were stimulated and stained for intracellular cytokines as described in Figure 3.1, and then 
analyzed by flow cytometry. Representative plots of cells from one donor for each HIV isolate are shown, 
but at least three donors for each infection type were evaluated.  
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 Th17-polarizing cytokines increased the percentage of infected cells, even when 

they were washed away prior to infection. Further, the effects of Th17-polarizing 

cytokines on HIV infection occurred universally among CCR6+ and CCR6- cells, and 

with all HIV isolates used (Figure 3.5). Among HIVBAL-infected cells, Th17 polarization 

increased the percentage of p24+ cells by 8.9- and 5.8-fold in CCR6- and CCR6+ cells, 

respectively (p<0.02). CCR6+ cells had 4.0-fold (p<0.07) and 2.6-fold (p<0.04) higher 

percentages of total infected cells in Th0- and Th17-polarized cells, respectively. Sorted, 

polarized cells from four donors were infected with HIVIIIB, and another three were 

infected with HIVTF and analyzed. The effects of Th17 polarization on HIV infection 

were similar among all three HIV isolates (Figure 3.5 and data not shown). 

 Upon examining which populations of cells expressed p24, we consistently 

observed an increase in p24 fluorescence from infected cells in Th17-polarizing 

conditions, relative to IL-2-treated cells. While p24 expression from uninfected controls 

was unaffected by the addition of Th17-polarizing cytokines (not shown), the expression 

of p24 was higher among cells from infected conditions, even those gated as p24- (Figure 

3.5).  
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Discussion 

The data presented in this chapter compares the effects of IL-2 and Th17-

polarizing cytokines on the HIV infection of human CD4+ T cells. Prior studies on the 

effects of Th1- or Th2- polarizing cytokines on HIV infection showed that in PHA-

activated human PBMCs, the Th1-polarizing cytokine IL-12 slightly enhances in vitro 

HIV infection, but much less so than IL-2. IL-4 increased supernatant p24 more than IL-

12, but less than IL-2168. In addition, IL-1 and IL-6 increase HIV replication in human 

PBMCs via NF-κB and STAT3 activation, respectively165, 170.  

Whether added prior to or after HIV infection, Th17-polarizing cytokines 

dramatically increased the percentage of infected cells (Figures 3.1, 3.2, 3.3, 3.5). 

Increased HIV co-receptor expression on CCR6+ or IL-17-expressing cells, reported by 

others, may have contributed to our observed susceptibility to infection. If heightened 

susceptibility contributed significantly to our observed Th17 polarization-induced 

increases in HIV infection, we would expect noticeable differences in rates of infection 

by day 3. However, that we observed similar rates of infection at day 3 suggests that 

initial differences in viral entry contributed little to the differences we observed by day 5 

(Figure 3.1B). 

Therefore, we hypothesized that Th17-polarizing cytokines could promote 

infection also through other mechanisms, such as the inhibition of antiviral defenses or 

increased production of viral proteins. These possibilities are explored further in the next 

section. 
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Our observed increases in p24 fluorescence intensity resulting from the addition 

of Th17-polarizing cytokines (which is further analyzed among p24+ cells in the next 

chapter) occurred even among cells we gated as p24- (Figure 3.5). Although uninfected 

cells were among those in the p24--gated cells, Th17 polarization may have resulted in a 

larger population of HIV-infected cells expressing low levels of p24. This finding is 

consistent with our hypothesis that Th17-polarizing cytokines promote HIV infection. 

Which CD4+ T cells become infected and depleted? For over a decade, 

incomplete knowledge of T cell differentiation limited studies attempting to identify CD4 

T cell subsets that are preferential targets for HIV infection. Th1 and Th2 cells were both 

shown to be susceptible to HIV, but HIV had been hypothesized to preferentially 

replicate in Th2 cells, because Th1 cells were less permissive171. 

Consistent with other studies, we found that CCR6+ T cells exhibited high 

susceptibility to HIV infection, regardless of polarizing conditions during activation104, 

172. IL-17-expressing cells also appeared to be enriched in the co-expression of p24 

(Figure 3.5), so in next chapter we analyze data from over a dozen donors to determine if 

post-entry mechanisms contribute to the heightened vulnerability of Th17 cells to 

productive HIV infection. 
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Chapter 4: Th17 cells are highly permissive to HIV replication 

Introduction 

 Prior studies examining the infection of Th17 cells by HIV focus on factors that 

affect entry such as HIV receptor expression. Th17 cells reportedly lack the expression of 

the HIV-inhibitory chemokine MIP-1β, and also express high levels of the HIV-binding 

proteins α4β7 integrin, CD4, and CXCR4173. Th17 cells are enriched in CCR6 expression, 

and CCR6+ cells express significantly higher levels of the HIV co-receptor CCR5 

compared with CCR6- cells104, 137. However, CCR6 expression is not unique to Th17 

cells, and the expression of HIV receptors is enriched on other effector/memory subsets 

within the GALT 104, 174.  

 Interestingly, CCR6+ cells are also preferentially infected by pseudotyped HIV 

virions complemented with Vesicular Stomatitis Virus glycoprotein (VSV-G) envelope, 

which does not require HIV receptors for entry. The authors concluded that CCR6+ cells 

are preferentially infected, but did not address the potential contribution of post-entry 

mechanisms to preferential infection104. 

 We found that Th17-polarizing cytokines rendered T cells remarkably more 

permissive to HIV infection, even when washed away prior to infection. Based on this 

observation and our review of the relevant literature, we hypothesized that Th17 signaling 

pathways promote HIV replication intracellularly, through post-entry mechanisms. 

 Our data, presented below, reveals that Th17 cells are indeed highly vulnerable to 

HIV infection, compared with IL-17- or Th1 cells.  
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 Here we demonstrate for the first time that post-entry mechanisms contribute to 

the preferential infection of Th17 cells. Regardless of polarizing conditions, Th17 cells 

were more likely to become infected, even upon infection with replication-defective, 

pseudotyped HIV that does not require HIV receptors for entry. Furthermore, Th17-

polarized cells produce higher levels of viral proteins in vitro. These findings show that 

Th17 cells are both susceptible and permissive to HIV, and suggest that Th17 cells may 

constitute a major source of viral production in vivo.  
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Results 

Th17 cells are highly susceptible to HIV infection 

In order to determine which cells were most susceptible to HIV infection, we 

analyzed the co-expression of a panel of cytokines, T cell markers and p24 in human T 

cells activated with PHA (Figure 4.1).  

IL-17-expressing cells were enriched among infected cells, and the co-enrichment 

of IL-17- and p24-expressing cells was significantly higher than that observed in IFNγ+ 

cells. When infected in IL-2-containing media, IL-17+ cells made up only 3.1% of PHA-

activated T cells, but accounted for 18.4% of total HIV-1BAL-infected cells (p<0.0001). 

Intriguingly, 19.8% of IL-17+ cells became p24+, compared with only 3.2% of total T 

cells or 9.4% of IFNγ+IL-17- cells (p<0.0001 and p<0.003, respectively) (Figure 4.1A). 

The observed co-enrichment of IL-17 and p24-expressing cells was even more 

pronounced in Th17-polarizing conditions. Whereas 19.8% of IL-17+ cells became 

infected in Th0 conditions, 42.1% became infected in the presence of Th17-polarizing 

cytokines (p<0.001, n=11). Despite a higher percentage of IL-17+ cells becoming 

infected, the addition of Th17-polarizing cytokines after infection did not change the 

proportion of infected cells that express IL-17 (18.5% and 16.3%, p<0.65. Figures 4.1C, 

D). Cells that had been treated with Th17-polarizing cytokines also had a lower 

proportion of IFNγ+, infected cells (Figures 4.1E, F, G). 
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Figure 4.1. Comparison of total and infected IL-17- or IFNγ-producing cells  

PHA-activated CD4+ T cells were infected with HIVBAL for 5 days in IL-2 or the Th17-polarizing cytokines 
IL-1β, IL-6, IL-23 (10ng/mL) and TGF-β (2ng/mL). (A-B) Comparison of p24 expression among total, IL-
17-IFNγ-, IL-17+ and IL-17-IFNγ+ T cells. (C-D) Comparison of IL-17 expression among total, p24- or p24+ 
T cells. (E) Fold enrichment of p24+ cells among cells that either express or lack IFNγ or IL-17. (F) Fold 
enrichment of IFNγ- or IL-17- single-positive cells among p24+ cells, relative to p24- cells. (G) Pie charts 
depicting average percentages of IL-17+ (red) or IFNγ+ (yellow) cells among total or p24+ cells infected 
with HIVBAL. For PHA-activated cells, n=10; for CCR6-sorted cells, n=5.  
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 Th17 cells from T cells that were sorted based on their expression of CCR6 and 

activated with TCR stimulation also showed a heightened susceptibility to HIV infection. 

Both IL-17+ and CCR6+ cells exhibited a higher percentage of HIV-infected cells (Figure 

3.5 and Figure 4.1G).  

Regardless of the activation/polarizing protocol used, IFNγ+ and IL-17+ cells were 

both enriched among infected cells from Th0 conditions (Figure 4.1A, B). Nevertheless, 

when accounting for the proportion of total cells, IL-17+ cells were significantly more 

likely to become productively infected by HIV than IFNγ+ cells.  (Figure 4.1 E, F). In 

PHA-activated T cells, HIV disproportionately infected IL-17+ cells, even relative to 

IFNγ+ cells. Pre-polarized cells from all conditions showed similar patterns of infectivity 

(Figure 4.1G, n=5). The increasing percentage of IL-17+ cells among p24+ cells resulting 

from Th17 polarization was proportional to that seen in total T cells. 	  

HIV replicates more efficiently in IL-17-expressing cells 

Our hypothesis that Th17 cells are more permissive to HIV replication predicts 

that IL-17 expressing cells would produce more virus than IL-17- cells. We noticed that 

infected Th17 cells had, in general, a higher fluorescence intensity of p24 (Figure 3.5 and 

Figure 4.2A) as determined by flow cytometry. Therefore, we compared the geometric 

mean intensities of p24 from HIVBAL–infected Th17 cells or IL-17- cells. 

Indeed, upon analysis of the p24 fluorescence intensity among IL-17+ cells in 

PHA-activating conditions, we found a significant increase in cell-associated p24 

compared with IL-17- (Figure 4.2B, p<0.04) or IFNγ+ cells (not shown, p<0.03). The 

addition of Th17-polarizing cytokines during infection also resulted in heightened p24 
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MFI among IL-17+ cells, and in increased overall p24 fluorescence intensity, regardless 

of IL-17 expression (Figures 3.5 and 4.3, p<0.02). 

Pre-polarized cells exhibited the same pattern of p24 expression, regardless of 

CCR6 expression or polarizing conditions (Figure 4.2C). Moreover, infections with 

HIVIIIB and HIVTF yielded similar results (Figure 3.5). 

 To determine whether Th17-polarized cells also produced more secreted virus, we 

infected equal numbers of sorted, polarized cells, and then measured the concentration of 

p24in supernatants by ELISA. Consistent with our hypothesis that HIV replicates more 

efficiently in Th17 cells, supernatant p24 was highest from Th17-polarized cells (Figure 

4.3A). 

Among the five donors tested, we detected an average 6.9-fold increase 

(p<0.0008) in supernatant p24 from infected, Th17-polarized, CCR6+ cells. This increase 

was relative to donor-matched, Th0-polarized CCR6- cells, which were relatively devoid 

of Th17 cells (mean %IL-17+ was 30.9 and 0.4, respectively). Supernatant p24 from 

CCR6+ Th17-polarized cells was also 2.7 (p<0.02) and 3.5 (p<0.007) fold higher 

compared with donor-matched Th17-polarized, CCR6- cells and Th0-polarized CCR6+ 

cells, respectively (Figure 4.3A).  

 CCR6 expression alone did not confer significantly higher production of virus:  

supernatant p24 levels among CCR6+ and CCR6- cells were similar in the absence of 

Th17-polarizing cytokines. In contrast, Th17 polarization increased p24 production 

regardless of CCR6 expression (Figure 4.3A), although it reached its highest level in 

Th17 induced CCR6+ cells.
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Figure 4.2. p24 Mean Fluorescent Intensity among HIVBAL-infected Th17 cells or IL-17- cells 

(A-B) Mean fluorescence intensities of p24 among IL-17+ and IL-17-, PHA-activated cells that were 
infected for five days in the presence of IL-2 or Th17-polarizing cytokines (C) Mean fluorescence 
intensities of p24 among IL-17+ and IL-17- cells from CCR6-sorted, pre-polarized cells. 
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Figure 4.3. Supernatant p24 from sorted, polarized cells infected with HIVBAL and 
luciferase activity of p24-normalized infection of TZM-BL cells 

(A) Supernatants from polarized, infected cells were collected and frozen at -80C five days post infection. 
Left panel: Supernatant levels of p24, as measured by Enzyme-linked Immunosorbent Assay (ELISA, n=5). 
(B) Based on the p24 concentrations by ELISA, we added 5ng/mL p24 (or the equivalent volume of 
supernatant from condition-matched uninfected cells) to pre-seeded TZM-BL cells in triplicates, and then 
measured luciferase activity 48 hours later. Relative light unit (RLU) measurements from infected 
supernatants were adjusted by subtracting the RLUs from their corresponding uninfected supernatants. 
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Virus from Th17-polarized cells could also be more infectious than that produced 

by Th0-polarized cells. To address this possibility, we added a standardized p24 

concentration (5ng/mL) from supernatants of sorted, polarized, HIVBAL-infected cells to 

TZM-BL cells. TZM-BL cells express luciferase, dependent on HIV LTR promoter-

driven transcriptional activity (Figure 4.4, lower panel). HIV-dependent luciferase 

activity was measured in triplicate samples of supernatants from three donors. To correct 

for luciferase activity that could be due cellular effects resulting from differences in the 

volume or polarizing treatments of supernatant added, we subtracted the luciferase 

activity of uninfected control supernatants from their corresponding infected samples. 

Two of the donors showed increased luciferase activity in samples treated with 

supernatants from Th17-polarized cells, relative to Th0-polarized cells (Figure 4.3B).  

These results suggest that Th17-polarized cells produce higher amounts of 

secreted, infectious virus than Th0-polarized cells. 

Th17 cells are highly permissive to productive HIV infection by a pseudotyped HIV 

vector, HIVAMLV 

The increased virus production and p24 MFI among Th17-polarized cells 

suggested that Th17 cells are also relatively permissive to viral replication. However, 

differences in susceptibility could still have accounted for some of our observations. 

Therefore, to control for the contribution of susceptibility differences to HIV 

vulnerability, we infected Th0- or Th17-polarized cells with a replication-defective, 

AMLV-pseudotyped HIV, HIVAMLV, which lacks the Env gene. Despite using an HIV 

vector that enters cells independently of HIV receptors, the non-spreading infection still 
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produced a disproportionately high percentage of productively infected IL-17+ cells 

(Figure 4.4).  

IL-17+ cells from all polarizing conditions were more likely to become 

productively infected by HIVAMLV, compared with IL-17- or IFNγ+ cells (Figures 4.4A, 

B). On average, Th17 cells were overrepresented among p24+ cells by 2.9-fold (p<0.001, 

range= 1.5 - 45.6-fold increases in percent IL-17+ cells among p24+, relative to total T 

cells). IL-17+ cells had greater than a twofold higher percentage in p24+ cells than total 

cells in 21 out of 24 samples (six donors, four conditions). IL-17- cells made up 94% of 

total T cells from all conditions, but accounted for only 82% of infected cells (p<0.002). 

PHA-activated IL-17+ cells were also more likely to become productively infected by 

HIVAMLV than IL-17- cells (representative plots shown in Figure 4.4C). 

Fewer cells became productively infected by HIVAMLV, relative to HIVBAL, 

HIVIIIB and HIVTF (Figure 4.4D). Unlike our replication-competent viral isolates, the 

HIVAMLV-infected cells are unable to produce virus that could carry out subsequent 

rounds of infection, and this likely contributes to our observed reduction in the 

percentage of cells that express p24. 

Overall, IFNγ+IL-17- cells were also more likely to become productively infected 

by HIVAMLV (1.6-fold enrichment in p24+ cells, p<0.03). However, IFNγ+IL-17- from 

only 8/24 samples had greater than twofold increases in their percentage among p24+ 

cells (range= 2.2-6.3-fold), and 5/24 samples had fewer IFNγ+IL-17- cells among p24+ 

cells, relative to their total abundance. 
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Figure 4.4. IL-17 and IFNγ expression among CCR6-sorted, pre-polarized cells infected 
with a pseudotype HIV vector, HIVAMLV  

(A) Pie charts of average percentages of IL-17- and IFNγ-expressing cells among CCR6-sorted cells that 
were Th0- or Th17-polarized, then infected with an ENV-deficient HIV vector in an Amphotropic Murine 
Leukemia Virus (AMLV) envelope for four days. Total and p24+-gated cells are shown. (B) Flow 
cytometry plots from the donor whose cells became most Th17-polarized. (C) Representative plots of IL-17 
and p24 expression in Phytohemagglutinin (PHA)-activated CD4 T cells infected for four days with 
HIVAMLV in the presence of IL-2 or Th17-polarizing cytokines. (D) Total percentages of p24+ cells from 
CCR6-sorted, polarized cells.  

Th0 Th17 

IL
-1

7 

IFNγ 

Total 

p24+ 

CCR6- CCR6+ 

Th0 Th17 

18.0 6.6 

58.5 16.9 

22.3 13.2 

42.3 21.5 

34.7 11.7 

42.6 11.1 

24.6 7.5 

55.2 12.6 

0.06 0.05 

83.5 16.4 

1.6 3.1 

66.8 26.3 

0.13 0.01 

89.0 10.9 

2.1 1.5 

79.2 17.2 

Th0 Th17 Th0 Th17 

Total 

p24+ 

0.0

0.1

0.2

0.3

0.4

* 

Th0 Th17 
CCR6 + - + - 

0.1 

0.2 

0.3 

0 

IL-2 Th17 

p2
4 

IL-17 

PHA-Activated 

0.23 0.04 

97.7 2.02 

0.64 0.20 

95.6 3.59 

%p24+ 

A 

B 

C 

D 
IL-17- 
IFNγ- 

IFNγ+ 
IL-17+ 



	  
	  

73	  

Notably, Th17-polarizing cytokines increased the percentage of cells infected by 

HIVAMLV, whether present before or during infection. When added post-infection to 

PHA-activated T cells, Th17-polarizing cytokines increased the percentage of 

productively infected cells by 262% (Figure 4.4C, n=2). CCR6 expression alone did not 

confer significantly higher production of virus:  supernatant p24 levels among CCR6+ 

and CCR6- cells were similar in the absence of Th17-polarizing cytokines. In contrast, 

Th17 polarization increased the percentage of p24-expressing cells from CCR6+- and 

CCR6--sorted conditions (Figure 4.4D). 

Moreover, HIVAMLV-infected Th17 cells had higher p24 MFIs (Figure 4.5). IL-17+ 

CD4 T cells, independently of their CCR6 expression or polarizing conditions, had a 

higher p24 MFI than p24+IL-17- cells. This was especially true for CCR6+-sorted cells, 

which had 2.9-fold (p<0.01) and 3.1-fold (p<0.008) higher p24 MFI than IL-17- cells. 

Th17 polarization generally increased overall p24 MFI, but this trend did not reach 

statistical significance, perhaps due to a relatively small number of donors (p<0.09). 

PHA-activated T cells exhibited a similar pattern of p24 expression (Figure 4.4C).  
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Figure 4.5. Mean Fluorescence Intensity of p24 among HIVAMLV-infected cells  

Mean fluorescent intensities of p24 among IL-17- and IL-17+ cells. CCR6-sorted Th0- or Th17-polarized 
cells were infected with an ENV-deficient HIV vector in an Amphotropic Murine Leukemia Virus (AMLV) 
envelope for four days.  
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Discussion 

 Human peripheral blood T cells that express IL-17 were more likely to become 

productively infected by HIV than IL-17- or IFNγ+ cells. Regardless of CCR6 expression, 

activation method, polarizing conditions or viral tropism, a disproportionately high 

percentage of Th17 cells became p24+ (Figures 4.1G, 4.4). From these findings we 

conclude that Th17 are not only susceptible to HIV entry, but are also more permissive to 

viral infection and production. 

 Our analysis of p24 fluorescence intensities among IL-17+ cells revealed that 

Th17 cells also express more intracellular p24 than IL-17- cells. Moreover, Th17-

polarizing cytokines increased overall p24 MFI, even for a non-spreading infection with 

HIVAMLV (Figures 4.2 and 4.5).  

Our flow cytometry data was corroborated by our ELISA analysis of supernatant 

p24 levels resulting from a spreading HIVBAL infection of pre-polarized T cells. Whether 

or not cells expressed CCR6, Th17 polarization significantly increased the amount of 

secreted viral capsid protein (Figure 4.3A). In every donor we tested, Th17-polarization 

increased the magnitude of secreted virus, based on supernatant p24 levels 4-5 days post 

infection. Preliminary experiments suggested heightened infectivity of the viruses 

produced after Th17 polarization, as measured by TZM-BL luciferase activity in response 

to 5ng/mL p24 from each supernatant (Figure 4.4B).  

A previous study showed higher numbers of integrated proviral DNA in CCR6+ T 

cells that were infected with a VSV-G-pseudotyped HIV isolate, compared with CCR6- T 

cells. In contrast with this finding, CCR6+-sorted cells were not more likely to become 
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productively infected by HIVAMLV, as detected by p24 expression (Figure 4.4D). 

Nonetheless, cells with high rates of viral integration can still vary in their production of 

viral proteins, assembly, budding and maturation, which may account for the differences 

between observations and data obtained with the VSV-G- enveloped virus. 

Th1 cells constitute the largest subset of GALT effector/memory T cells, but 

despite early studies on HIV showing a loss of IFNγ+ cells, the preferential loss of Th17 

cells is most profound. IFNγ inhibits both HIV replication and Th17 differentiation. 

However, IFNγ+IL-17+ CD4 T cells are much more permissive than IFNγ+IL-17- cells (175 

and data not shown). Relative to Th17 cells, Th1 cells demonstrate diminished 

proliferative capacity and express higher levels of markers of terminally differentiated, 

exhausted cells14. Thus, Th1 cells might be more susceptible to abortive HIV infections.  

These observations imply that the transcriptional and translational environment of 

Th17 cells may directly promote the expression of HIV proteins. Another possibility is 

that Th17 cells lack intracellular antiviral defenses. Both potential explanations are 

explored further in the next chapter. 

Taken together with our findings from the last chapter, our in vitro data suggest a 

direct link between Th17 signaling and productive HIV infection. Th17 cells were more 

likely to become productively infected by HIVAMLV, demonstrating that Th17 cells are not 

only susceptible, but also permissive to productive HIV replication. In the next chapter, 

we explore potential mechanisms of Th17 permissiveness to HIV.  
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Chapter 5: Th17 cells lack antiviral Ribonucleases 3 and 6 

Introduction 

 The links between Th17 differentiation and HIV infection begged an important 

question: how does Th17 signaling confer permissiveness to HIV? 

 Likely mechanisms by which Th17 could promote infection generally fall into one 

of two categories. Th17 signaling components or transcription factors, in response to 

Th17-polarizing cytokines, might directly promote HIV replication. An alternative, but 

not mutually exclusive hypothesis, is that Th17 polarization inhibits the expression of 

necessary antiviral effectors. 

 In support of the first explanation, a sequence analysis of several HIV-1 LTRs by 

our lab suggested the presence of putative RORγt consensus sequence binding sites (not 

published). If functional, these binding sites suggest that the expression of proviral HIV 

may be directly modulated by RORγt activity. Additionally, STAT3 has been shown to 

promote HIV replication in human neonatal cord-blood mononuclear cells, and short 

hairpin RNA inhibition of STAT3 diminished HIV gene expression170.  

 Accordingly, we attempted to pharmacologically inhibit RORγt or STAT3 

activity during HIV infection with several putative Th17 inhibitors.  

In order to evaluate the possibility of diminished antiviral defenses among Th17 

cells, we polarized CCR6-sorted cells and performed a genome-wide evaluation of their 

expression of known antiviral protein-encoding mRNAs. The microarray data and 
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confirmatory immunoblots revealed a sharp decrease in the expression of HIV-inhibitory 

members of the RNaseA superfamily upon Th17 polarization.  
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Results 

Several putative inhibitors of Th17 differentiation failed to inhibit IL-17 expression 

and/or HIVBAL infection 

 In attempting to determine whether the inhibition of Th17 pathways had any effect 

on HIV replication, we examined the effects of eight putative inhibitors of Th17 

differentiation on p24 expression when added after infection with HIVBAL (Figure 5.1). 

We first evaluated the commercially available RORγt/RORα antagonist SR1011 

for its effects on the HIVBAL infection of PHA-activated T cells. We observed modest 

HIV inhibition in the presence of SR1011 in cells from five of the six donors tested 

(Figure 5.1A). However, SR1011 had inconsistent effects on IL-17 expression (not 

shown).  

Ursolic Acid is another reported inhibitor of RORγt activity176. Nonetheless, upon 

treating cells from three donors with Ursolic acid, we did not observe any significant 

changes in p24 or IL-17 expression (Figure 5.1A and data not shown).  

SR2211 is a derivative of SR1011 reported to have improved RORγt specificity 

and inhibition177. Again, we observed no reproducible changes in IL-17 expression or 

HIV infection upon adding SR2211 post-infection to CCR6-sorted, polarized cells 

(Figure 5.1B and data not shown). 
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Figure 5.1. Effects of putative Th17 inhibitors on the HIVBAL infection of Th17-polarized 
cells 

(A) Th17-polarizing cytokines were added to PHA-activated cells post-infection, as previously described. 
In addition to Th17-polarizing cytokines, cells were treated with SR1011 (5µM), Ursolic Acid (1µM) or 
Celastrol (300nM) immediately following infection. p24 expression was evaluated five days post infection, 
and percent changes in p24+ cells (relative to Th17-polarizing cytokine treatment alone) for each donor are 
shown (patterned bars). (B) CCR6+ sorted, Th17-polarized cells were infected with HIVBAL as previously 
described, and then treated with SR2211 (1µM), Dihydrodigoxin (H2Dig, 5µM), Cryptotanshinone (10µM) 
or Stattic (10µM). 
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One class of RORγt inhibitors is derived from the molecule Digoxin, a 

cardiotonic steroid used to treat heart failure. A drug screen revealed that digoxin 

specifically antagonizes the transcriptional activity of both RORγ and RORγt, but is 

highly cytotoxic (data not shown and 178). Thus, efforts have been made to synthesize less 

toxic Digoxin derivatives with improved RORγt specificity. Dihidrodigoxin (H2Dig) is a 

novel digoxin derivative that was synthetically produced and supplied by Dr. Joseph Kao 

(Figure 5.1B).  

Among 3 of the 4 donors’ cells we infected in the presence of 5µM H2Dig, we 

observed a mean decrease in the percentage of p24+ cells of 30.2%. We also observed an 

overall mean decrease in IL-17+ cells (18%) and IFNγ+ cells (14%) that coincided with a 

12% increase in the percentage of viable cells, relative to vehicle-treated controls. 

However, cells from one donor showed a 77% increase in the percentage of infected cells 

concomitant with a 4.8% increase in the percentage of IL-17+ cells (Figure 5.1 and data 

not shown). 

At the concentration we tested (twice the reported IC50), the STAT3 Inhibitors 

Cryptotanshinone and Stattin also failed to inhibit HIV infection or IL-17 expression in 

our experimental system (Figure 5.1B). 

Due to the variable effects of these putative Th17 inhibitors on IL-17 production, 

we were not able to make definitive conclusions on the role of IL-17-induced signaling 

and permissiveness of Th17 cells for HIV infection. 
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Celastrol inhibits the differentiation of human Th17 cells 

In the presence of Th17-polarizing cytokines, 0.3µM Celastrol did not affect the 

percentage of PHA-activated T cells that became infected with HIVBAL (Figure 5.1A). 

However, Celastrol - a plant-derived triterpenoid used in Traditional Chinese 

Medicine to relieve arthritis-associated inflammation – inhibited the in vitro 

differentiation of human Th17 cells dose-dependently, in three different donors (Figure 

5.2, data published in179).  

Th17-polarized cells have diminished expression of RNase A genes and proteins 

Another potential reason for the heightened permissiveness of Th17 cells could be 

a relative lack of antiviral effectors, so we compared global relative gene expression by 

microarray from CCR6-sorted cells in Th0- or Th17-polarizing conditions. While the 

RNA expression of several previously identified HIV-1 restriction factors was similar 

among cells from the two polarizing conditions, several members of the RNAse A 

superfamily were among the most downregulated genes in Th17-polarized cells (Table 

5.1) 

Based on our flow cytometry data comparing the infectivity of polarized, CCR6-

sorted T cells, we chose to compare CCR6-, Th0-polarized cells with donor-matched 

CCR6+, Th17-polarized cells. We had also performed a similar microarray on freshly 

sorted CCR6+ and CCR6- cells prior to activation, but wanted to maximize our 

enrichment of Th17 cells and compare it with a strongly Th17-depleted cell population.  
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Figure 5.2. Effects of Celastrol on Th17 differentiation 

CCR6+ cells were activated in the presence of Th17-polarizing cytokines, plus the indicated concentrations 
of Celastrol for 3 days, and then analyzed by flow cytometry. DMSO: Dimethyl Sulfoxide (Vehicle). 
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To confirm that our sorting and polarization produced meaningful changes in 

gene expression, we normalized and calculated the fold changes in the relative mRNA of 

several key Th17 transcription factors from our two conditions. Non-Th17 lineage-

specific transcription factors are also shown, along with a selected array of potentially 

important antiviral effectors (Table 5.1). As expected, the Th17-associated genes for IL-

1R, IL-23R, CCR6, RORC, BATF and CCL20 were among the most strongly up-

regulated genes in Th17-polarized cells (Table 5.1).  

The expression of the genes for many established HIV restriction factors and 

intracellular antiviral detection components were similar between cells from our two 

conditions. To our surprise, though, the genes for several RNaseA members were some of 

the most strongly down-regulated genes in Th17-polarized cells (Table 5.1). 

Based on these findings, we polarized CCR6-sorted cells, harvested protein, and 

compared their expression of RNase 2, 3, and 6 by immunoblot. While RNase 2 was 

undetectable in T cells from our experimental system, RNase3 and 6 were expressed at 

much higher levels in the Th0-polarized cells than in donor-matched cells from Th17-

polarizing conditions (Figure 5.3).  

Congruent with our microarray data, the immunoblot detection of steady state 

RNase3 and RNase6 protein expression was respectively 57% and 41% lower in Th17-

polarized cells (n=5). 

While our RNA and immunoblot analyses showed decreased intracellular RNase 

expression in Th17 cells, RNase A proteins are also secreted. It remains unclear whether 

RNase3 and 6 exert their antiviral activity intracellularly, extracellularly or both. 
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Table 5.1. Fold changes in the RNA expression of selected genes by Th17-polarized cells of 3 
donors, compared with donor-matched Th0-polarized cells 

Total RNA was isolated from the CD4 T cell lysates of CCR6-, Th0-polarized cells and CCR6+, Th17-
polarized cells after 3 days in the presence of TCR stimulation and polarizing cytokines. Affymetrix 
HuGene 2.0 ST chips and software were used to normalize and compare the relative expression of mRNA 
transcripts present in cells from each condition, detailed in Chapter 2. A selected array of relevant changes 
in gene expression is shown above in Table 5.1. 

  

Relative Fold Change in Gene Expression 

Gene Name Donor 1 Donor 2 Donor 3 
IL-23R 10.65 8.02 11.12 

PTPN13 5.15 22.08 7.99 
ADAM12 2.65 6.23 4.96 

CCR6 1.67 9.49 3.99 
RORC 1.89 5.76 5.05 
CCL20 2.41 2.46 4.04 
IL-1R1 2.32 3.67 2.13 
CCR5 3.41 1.68 1.82 

PPARG 4.17 1.42 1.58 
IL-1R2 2.54 2.17 1.47 
BATF 3.07 1.35 1.30 
IFI16  0.59 0.96 -1.05 

MB21D1 0.48 0.96 -1.10 
APOBEC3G  0.53 -1.20 -1.33 

SAMHD1  -1.25 -1.15 -1.17 
GATA3  -1.13 -1.34 -2.89 
CCL4 -2.20 -2.62 0.85 

IL4 -1.09 -1.20 -4.86 
IL4R -1.00 -2.22 -2.55 

CX3CR1  -4.46 -1.62 -1.85 
CD38  0.43 -5.51 -6.86 

RNASE6 -1.61 -2.43 -2.33 
RNASE3 -1.96 -8.57 -9.92 
RNASE2 -2.95 -57.28 -114.56 
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Figure 5.3. Immunoblots detecting RNase protein expression in Th0- or Th17-polarized cell 
lysates 

Cell lysates of CCR6-, Th0-polarized and CCR6+, Th17-polarized CD4 T cells from three donors were 
frozen at -80C. 30µg of total protein (measured spectrophotometrically) was denatured and separated 
according to size by SDS-PAGE, and transferred to a PVDM membrane, which was then probed for the 
indicated RNase expression with anti-RNase antibodies. Loading control: GlycerAldehyde 3-Phosphate 
DeHydrogenase (GAPDH). 
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In preliminary studies, we added recombinant human RNase3 and RNase6 

(commercially available from Novoprotein Scientific, 47 Maple St., Summit, NJ; source: 

HEK293 cells) to polarized cells infected with HIVBAL. The recombinant RNase3 we 

used increased the percentage of p24+ cells from sorted, polarized conditions in two 

donors, while the addition of up to 1ug/mL of RNase 6 had no apparent effect on HIV 

infection (not shown). 
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Discussion 

 After establishing that Th17 cells are more likely to become productively infected 

by HIV, we sought to test our hypothesis that differences in the expression of positive 

and negative effectors of HIV replication among Th17 cells contribute to their relative 

permissiveness. We evaluated several inhibitors of Th17 signaling pathways for their 

ability to inhibit IL-17 expression and/or HIV infection in our experimental system. 

Further, we compared global changes in gene expression among CCR6-sorted, polarized 

cells, and verified observed changes in gene expression by immunoblot analyses.  

The pathogenic roles of Th17 cells in inflammatory diseases such as Rheumatoid 

Arthritis and Psoriasis have recently led to the development of several types of inhibitors 

of Th17 differentiation. We therefore assessed the effects of two STAT3 inhibitors, five 

RORγt inhibitors and an additional plant derivative that has demonstrated Th17-inhibitory 

activity in a Lewis rat model of Adjuvant-induced arthritis. 

The lack of observable decreases in IL-17 expression could have potentially been 

attributable to the relative dearth of Th17 cells among total PHA-activated T cells, 

incomplete inhibition of RORγt, effects of the presence of Th17-polarizing cytokines, or 

RORγt-independent IL-17 expression. Issues with concentrations or timing of inhibitor 

addition might also help to explain our data. 

H2-Dig was not cytotoxic at concentrations up to 5µM, unlike its parent molecule. 

Interestingly, H2-Dig inhibited both HIV infection and overall cellular activation in cells 

from several donors, but increased the percentage of viable T cells (Figure 5.1, data not 
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shown). These may be therapeutically desirable qualities for a small molecule, potentially 

making H2Dig a lead candidate to develop molecules with higher specific activity. 

Our global search for changes in cellular gene expression led to our finding that 

Th17 cells have diminished expression of RNase3 and RNase6. Several members of the 

RNaseA family were lacking from Th17-polarized cells, both at the RNA and protein 

level (Table 5.1, Figure 5.1). Given the established HIV-inhibitory effects of several 

RNaseA members (see introduction), we hypothesized that the absence of RNases may 

contribute to the relative permissiveness of Th17 cells to HIV, an RNA virus.  

The lack of detectable HIV inhibition by the commercial forms of RNase3 and 

RNase6 was unexpected, but may have been due to improper folding, or to impurities in 

the protein samples. Nonetheless, our finding that Th17-polarized cells have diminished 

expression of RNaseA proteins suggests that RNaseA proteins might provide protection 

against the HIV infection of human CD4+ T cells.  

We found similar expression of RNAs encoding proteins involved in cell death 

pathways among Th0- and Th17-polarized cells (Table 5.1). However, analyses of protein 

expression may reveal differences that our RNA microarrays could not detect. Thus, we 

cannot rule out the possibility that impaired viral sensing contributes to the 

permissiveness of Th17 cells during early replication cycle events.  
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Chapter 6: Discussion 

Collectively, our data implicate Th17 cells as important mediators of HIV 

immunopathogenesis during acute HIV infection, as depicted in Figure 6.1. 

Our first aim was to evaluate the effects of Th17 polarization on HIV infection. In 

addition to increasing the percentage of IL-17+ cells (Figure 6.1A), the Th17-polarizing 

cytokines IL-1β, IL-6, IL-23 and TGF-β consistently increased HIV infection (relative to 

IL-2-treated cells), even when washed away prior to infection. We also noticed that the 

populations of cells gated as p24- had higher p24 MFI in the presence of Th17-polarizing 

cytokines, relative to IL-2 treated cells (Figures 3.3, 3.5). Thus, Th17 polarization may 

generally heighten the susceptibility of cells to HIV infection, even in the absence of high 

p24 production. In support of this notion, previous findings showed that Th17 cells are 

susceptible to HIV infection due to their high expression of viral receptors and low 

expression of HIV-inhibitory CCR5 ligands (Figure 6.1B).  

The work presented here demonstrates that Th17 cells are also highly permissive 

to HIV replication (Figure 6.1C). This is an important distinction, since HIV receptor and 

co-receptor expression is common to the GALT CD4+ effector/memory compartment, 

which makes up a majority of total gut CD4+ T cells180, 181. We show here that differences 

in susceptibility are not sufficient to account for our observed preferential viral 

replication in Th17 cells, and that infected Th17 cells produce more virus than non-Th17 

subsets in vitro.  
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Figure 6.1. Model illustration depicting potential mechanisms and effects of Th17 
permissiveness during acute HIV infection 

(A) Th17 cells develop from naïve T cells in the presence of IL-1β, IL-6, IL-21, IL-23 and TGF-β, and have 
a critical role in maintaining the integrity of mucosal barriers via their secretion of effector cytokines. (B) 
Others have shown that Th17 cells express HIV receptors, and are thus susceptible to infection (C-D) Our 
studies show that Th17 cells have increased HIV production in vitro. We propose that this may be due to 
increased proviral expression within Th17 cells, and/or the absence of HIV-inhibitory RNases. Green lines 
depict antiviral defenses; Red lines denote known (solid) or potential (dashed) mechanisms that promote 
HIV replication; Blue arrows show pathways involved in Th17 and Tfh differentiation. (E) Potential 
mechanisms to explain the loss of Th17 cells during acute HIV infection. (F) The loss of Th17 cells is 
associated with impaired mucosal barrier function. 
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After linking Th17 polarization to enhanced HIV infection, we next wanted to 

determine if intracellular factors contributed to the heightened ability of Th17 cells to 

become productively infected. 

Perhaps our most important finding is that IL-17+ cells express higher levels of 

p24 on a per-cell basis than IL-17- cells, even when infecting with HIVAMLV. By using a 

replication-defective, pseudotype HIV vector that enters cells independently of CD4, 

CCR5 and CXCR4 expression, we could rule out the effects of differential entry in our 

experimental system. Th17 cells were not only more likely to become productively 

infected by HIVAMLV, but they also expressed higher levels of intracellular p24 (Figures 

4.4, 4.5). Further, Th17-polarizing cytokines increased the percentage of cells that became 

productively infected by HIVAMLV infection, suggesting that the cytokines exert their 

effects through mechanisms other than the induction of HIV receptor expression (Figure 

6.1D). In other words, Th17-polarized cells are more permissive to HIV infection than 

non-polarized cells.  

In their original work establishing the preferential loss of Th17 cells in HIV-

infected patients, Brenchley et al. noted that peripheral blood Th17 cells were not 

preferentially infected when compared to Th1 cells, as measured by the copy number of 

integrated provirus in stimulated CD27+ memory T cells111. This seems to contradict the 

heightened susceptibility and permissiveness we observed, but it remains possible that 

cells with similar rates of successful viral integration could vary in their production of 

viral progeny. Consistent with this explanation, infected Th17-polarized cells yielded 

higher levels of supernatant virus than that of Th0-polarized cells (Figure 4.4). It is also 

possible that unintegrated viral DNA might contribute to p24 expression182. 
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Given their relative abundance at sites of HIV sexual transmission, our findings 

suggest the possibility that Th17 cells could be a major source of viral production during 

acute infection in vivo (Figure 6.1D).  

Our data supports our hypothesis that the signaling pathways associated with Th17 

differentiation directly facilitate the cellular establishment and spread of HIV infection by 

not only increasing HIV receptor expression, but also by increasing viral replication 

among infected cells and thereby promoting the spread of HIV infection to other cells 

(Figures 4.2, 4.3, 6.1D). Consistent with this notion, combined antiretroviral therapy 

initiated early during acute HIV infection prevents the loss of Th17 cell numbers and 

polyfunctionality, and fully reverses systemic and gut immune activation115. 

Our hypothesis that Th17 transcriptional pathways directly promote viral 

replication is further supported by studies linking HIV infection to the loss of other IL-

17-producing cell types. IL-17-producing CD8+ T cells are depleted during acute HIV 

infection 127, 128, and mucosal innate lymphoid cells that express IL-17 are depleted in 

SIV-infected macaques130. Mucosal Associated Invariant T cells MAIT cells develop 

from CD8+, IL-17+ progenitors, and are preferentially lost during acute HIV infection126, 

129. It remains to be seen whether other cellular sources of IL-17, such as γδ T cells or NK 

cells, are also preferentially depleted during HIV infection. 

In contrast, Th22 cells, which share many characteristics with Th17 cells except 

for their dependence on RORγt expression, are also depleted from the gut during acute 

infection, but recover following effective antiretroviral treatment114, 183, 184.  
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Reports linking HIV-infection to other IL-17-expressing cells further supported 

our hypothesis that post-entry mechanisms may contribute to enhanced viral replication 

within Th17 cells. Tfh cells have several transcription factors in common with Th17 cells, 

and were recently shown to be major sites of HIV infection, replication and 

production122, despite their lack of CCR5 expression. A subset of Tfh cells also express 

RORγt during development125. Moreover, a recent study suggests that mucosal Th17 cells 

can migrate to lymphoid tissue and become IgA-promoting Tfh cells185. The migration 

and conversion of Th17 cells into Tfh cells might therefore contribute to their observed 

loss in vivo. Alternatively, cytopathic post-infection effects of high viral protein 

expression could belie the preferential loss of Th17 cells (Figure 6.1E). 

Our lab has shown that the antimicrobial peptides beta-Defensin 2 and 3, which 

are robustly expressed in the oral mucosae of healthy individuals, are markedly decreased 

in HIV-infected subjects186. The Th17 cytokines IL-17 and IL-22 synergistically induce 

the expression of antimicrobial peptides36. Th17 cells are not preferentially lost from the 

BAL of HIV-infected patients, but whether a loss of IL-17-producing cells from oral 

mucosal sites is responsible for this decrease is an area of ongoing investigation. 

Lastly, we wanted to identify intracellular factors that contribute to the 

permissiveness of Th17 cells. Our genome-wide search for missing antiviral defenses 

within Th17 cells revealed that members of the RNase A superfamily were among the 

most strongly down-regulated genes in Th17-polarized cells; RNase3 and RNase6 protein 

expression was also diminished (Table 5.1 and Figure 5.3). Our findings suggest that they 

may constitute an overlooked immune defense against the HIV infection of resting or 

non-Th17-cells CD4 T cells (as depicted in Figure 6.1C-D). 
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While the activity of RORγt is necessary and sufficient to direct the hallmark 

functionalities of Th17 cells, the activation of other transcription factors such as Basic 

leucine zipper transcription factor, ATF-Like (BATF), Interferon Regulatory Factor 4 

(IRF4), and Signal Transducer and Activator of Transcription 3 (STAT3) direct and 

stabilize Th17 differentiation120, 187, 188. Interestingly, the HIV-1 accessory protein 

Transactivator of Transcription (Tat) activates STAT3 in infected antigen-presenting 

cells, thereby driving the expression of Th17-polarizing cytokines132. HIV-pulsed 

dentritic cells also activate STAT3 in T cells in vitro131. GP120 and Nef activate STAT3 

as well. Thus, HIV directly activates the Th17-related transcription factor STAT3, and 

supports the production of Th17-polarizing cytokines. 

Although it is unclear from our data on RORγt and STAT3 inhibitors if Th17-

associated transcription factors directly facilitate the expression of viral genes, our 

observations reported here suggest that Th17 signaling confers permissiveness to HIV 

infection, perhaps by blunting the expression of HIV-inhibitory RNases.  Some of our 

efforts to inhibit Th17 signaling and thus HIV infection did not produce reliable results. 

High donor variability and toxic side effects of our selected pharmacological inhibitors 

confounded our attempts to directly link Th17 transcription factors to our observed 

increase in viral protein expression. 

The depletion of Th17 cells represents a central mechanism by which HIV 

disrupts mucosal immunity during the early stages of infection, and promotes the 

opportunistic infections at mucosal sites that are associated with chronic immune 

activation and disease progression (Figure 6.1F). Despite effective viral suppression with 

combined antiretroviral therapy - and the heightened in vivo availability of Th17-
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polarizing cytokines and antigens following HIV infection - the Th17 compartment often 

fails to reconstitute to pre-infection levels in the gut and cervical mucosae29, 115. The early 

loss of the enterocyte-proliferative, antimicrobial peptide-inducing cytokines produced by 

Th17 cells impairs the integrity of the gut mucosal barrier, driving microbial translocation 

and chronic immune activation – the key determinants of disease progression to AIDS189.  

Our findings provide deeper insight into the mechanisms underlying the spike in 

viremia that accompanies a preferential loss of Th17 cells during acute HIV infection. 

Recently published findings report multiple links between AIDS-associated ailments and 

the preferential depletion of several different subsets of cells by HIV, including Th17 

cells and those with similar phenotypes. The loss of these cells compromises mucosal 

barriers, impedes B cell maturation, and undermines the capacity of our immune system 

to defend against AIDS-associated opportunistic infections. The links between HIV 

replication and Th17 differentiation presented here could be of great importance to the 

design of novel therapeutic approaches aimed at blunting the initial spike and spread of 

HIV viremia during acute HIV infection. 

  



	  
	  

97	  

References  
 
1. Aggarwal, S., et al., Interleukin-23 promotes a distinct CD4 T cell activation state 

characterized by the production of interleukin-17. J Biol Chem, 2003. 278(3): p. 
1910-4. 

2. Harrington, L.E., et al., Interleukin 17-producing CD4+ effector T cells develop 
via a lineage distinct from the T helper type 1 and 2 lineages. Nat Immunol, 2005. 
6(11): p. 1123-32. 

3. Langrish, C.L., et al., IL-23 drives a pathogenic T cell population that induces 
autoimmune inflammation. J Exp Med, 2005. 201(2): p. 233-40. 

4. Park, H., et al., A distinct lineage of CD4 T cells regulates tissue inflammation by 
producing interleukin 17. Nat Immunol, 2005. 6(11): p. 1133-41. 

5. Romagnani, S., The Th1/Th2 paradigm. Immunol Today, 1997. 18(6): p. 263-6. 

6. Sakaguchi, S., K. Wing, and M. Miyara, Regulatory T cells - a brief history and 
perspective. Eur J Immunol, 2007. 37 Suppl 1: p. S116-23. 

7. Leonard, J.P., K.E. Waldburger, and S.J. Goldman, Prevention of experimental 
autoimmune encephalomyelitis by antibodies against interleukin 12. J Exp Med, 
1995. 181(1): p. 381-6. 

8. Becher, B., B.G. Durell, and R.J. Noelle, Experimental autoimmune encephalitis 
and inflammation in the absence of interleukin-12. J Clin Invest, 2002. 110(4): p. 
493-7. 

9. Zhang, G.X., et al., Induction of experimental autoimmune encephalomyelitis in 
IL-12 receptor-beta 2-deficient mice: IL-12 responsiveness is not required in the 
pathogenesis of inflammatory demyelination in the central nervous system. J 
Immunol, 2003. 170(4): p. 2153-60. 

10. Gran, B., et al., IL-12p35-deficient mice are susceptible to experimental 
autoimmune encephalomyelitis: evidence for redundancy in the IL-12 system in 
the induction of central nervous system autoimmune demyelination. J Immunol, 
2002. 169(12): p. 7104-10. 

11. Oppmann, B., et al., Novel p19 protein engages IL-12p40 to form a cytokine, IL-
23, with biological activities similar as well as distinct from IL-12. Immunity, 
2000. 13(5): p. 715-25. 

12. Cua, D.J., et al., Interleukin-23 rather than interleukin-12 is the critical cytokine 
for autoimmune inflammation of the brain. Nature, 2003. 421(6924): p. 744-8. 

13. Ciofani, M., et al., A validated regulatory network for Th17 cell specification. 
Cell, 2012. 151(2): p. 289-303. 



	  
	  

98	  

14. Muranski, P. and N.P. Restifo, Essentials of Th17 cell commitment and plasticity. 
Blood, 2013. 121(13): p. 2402-14. 

15. Yang, X.O., et al., STAT3 regulates cytokine-mediated generation of 
inflammatory helper T cells. J Biol Chem, 2007. 282(13): p. 9358-63. 

16. Chen, Z., A. Laurence, and J.J. O'Shea, Signal transduction pathways and 
transcriptional regulation in the control of Th17 differentiation. Semin Immunol, 
2007. 19(6): p. 400-8. 

17. Zhou, L., et al., IL-6 programs T(H)-17 cell differentiation by promoting 
sequential engagement of the IL-21 and IL-23 pathways. Nat Immunol, 2007. 
8(9): p. 967-74. 

18. Huber, M., et al., IRF4 is essential for IL-21-mediated induction, amplification, 
and stabilization of the Th17 phenotype. Proc Natl Acad Sci U S A, 2008. 
105(52): p. 20846-51. 

19. Bettelli, E., et al., Reciprocal developmental pathways for the generation of 
pathogenic effector TH17 and regulatory T cells. Nature, 2006. 441(7090): p. 
235-8. 

20. Parham, C., et al., A receptor for the heterodimeric cytokine IL-23 is composed of 
IL-12Rbeta1 and a novel cytokine receptor subunit, IL-23R. J Immunol, 2002. 
168(11): p. 5699-708. 

21. Ivanov, II, et al., The orphan nuclear receptor RORgammat directs the 
differentiation program of proinflammatory IL-17+ T helper cells. Cell, 2006. 
126(6): p. 1121-33. 

22. Fujimura, K., et al., CD4 T cell-intrinsic IL-2 signaling differentially affects Th1 
and Th17 development. J Leukoc Biol, 2013. 94(2): p. 271-9. 

23. Yang, X.P., et al., Opposing regulation of the locus encoding IL-17 through 
direct, reciprocal actions of STAT3 and STAT5. Nat Immunol, 2011. 12(3): p. 
247-54. 

24. Laurence, A., et al., Interleukin-2 signaling via STAT5 constrains T helper 17 cell 
generation. Immunity, 2007. 26(3): p. 371-81. 

25. Rani, A., et al., FRA2 is a STAT5 target gene regulated by IL-2 in human CD4 T 
cells. PLoS One, 2014. 9(2): p. e90370. 

26. Lim, H.W., et al., Human Th17 cells share major trafficking receptors with both 
polarized effector T cells and FOXP3+ regulatory T cells. Journal of 
immunology, 2008. 180(1): p. 122-9. 



	  
	  

99	  

27. Cecchinato, V., et al., Altered balance between Th17 and Th1 cells at mucosal 
sites predicts AIDS progression in simian immunodeficiency virus-infected 
macaques. Mucosal Immunol, 2008. 1(4): p. 279-88. 

28. Macal, M., et al., Effective CD4+ T-cell restoration in gut-associated lymphoid 
tissue of HIV-infected patients is associated with enhanced Th17 cells and 
polyfunctional HIV-specific T-cell responses. Mucosal immunology, 2008. 1(6): 
p. 475-88. 

29. McKinnon, L.R., et al., Characterization of a human cervical CD4+ T cell subset 
coexpressing multiple markers of HIV susceptibility. J Immunol, 2011. 187(11): p. 
6032-42. 

30. Wang, C., et al., Retinoic acid determines the precise tissue tropism of 
inflammatory Th17 cells in the intestine. J Immunol, 2010. 184(10): p. 5519-26. 

31. Liu, H. and C. Rohowsky-Kochan, Regulation of IL-17 in human CCR6+ effector 
memory T cells. J Immunol, 2008. 180(12): p. 7948-57. 

32. Yao, Z., et al., Herpesvirus Saimiri encodes a new cytokine, IL-17, which binds to 
a novel cytokine receptor. Immunity, 1995. 3(6): p. 811-21. 

33. Roberts, S., et al., Rapid accumulation of an interleukin 17 homolog transcript in 
Crassostrea gigas hemocytes following bacterial exposure. Dev Comp Immunol, 
2008. 32(9): p. 1099-104. 

34. Johansen, C., et al., Characterization of the interleukin-17 isoforms and receptors 
in lesional psoriatic skin. Br J Dermatol, 2009. 160(2): p. 319-24. 

35. Wilson, N.J., et al., Development, cytokine profile and function of human 
interleukin 17-producing helper T cells. Nat Immunol, 2007. 8(9): p. 950-7. 

36. Liang, S.C., et al., Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells 
and cooperatively enhance expression of antimicrobial peptides. The Journal of 
experimental medicine, 2006. 203(10): p. 2271-9. 

37. Kolls, J.K. and A. Lindén, Interleukin-17 family members and inflammation. 
Immunity, 2004. 21(4): p. 467-76. 

38. Kao, C.Y., et al., IL-17 markedly up-regulates beta-defensin-2 expression in 
human airway epithelium via JAK and NF-kappaB signaling pathways. J 
Immunol, 2004. 173(5): p. 3482-91. 

39. Gaffen, S.L., Structure and signalling in the IL-17 receptor family. Nat Rev 
Immunol, 2009. 9(8): p. 556-67. 

40. Oh, H. and S. Ghosh, NF-κB: roles and regulation in different CD4(+) T-cell 
subsets. Immunol Rev, 2013. 252(1): p. 41-51. 



	  
	  

100	  

41. Zheng, Y., et al., Interleukin-22 mediates early host defense against attaching and 
effacing bacterial pathogens. Nat Med, 2008. 14(3): p. 282-9. 

42. Greaves, D.R., et al., CCR6, a CC chemokine receptor that interacts with 
macrophage inflammatory protein 3alpha and is highly expressed in human 
dendritic cells. J Exp Med, 1997. 186(6): p. 837-44. 

43. Power, C.A., et al., Cloning and characterization of a specific receptor for the 
novel CC chemokine MIP-3alpha from lung dendritic cells. J Exp Med, 1997. 
186(6): p. 825-35. 

44. Hor, S., et al., The T-cell lymphokine interleukin-26 targets epithelial cells 
through the interleukin-20 receptor 1 and interleukin-10 receptor 2 chains. J Biol 
Chem, 2004. 279(32): p. 33343-51. 

45. Dambacher, J., et al., The role of the novel Th17 cytokine IL-26 in intestinal 
inflammation. Gut, 2009. 58(9): p. 1207-17. 

46. El-Behi, M., et al., The encephalitogenicity of T(H)17 cells is dependent on IL-1- 
and IL-23-induced production of the cytokine GM-CSF. Nat Immunol, 2011. 
12(6): p. 568-75. 

47. Codarri, L., et al., RORgammat drives production of the cytokine GM-CSF in 
helper T cells, which is essential for the effector phase of autoimmune 
neuroinflammation. Nat Immunol, 2011. 12(6): p. 560-7. 

48. Gallo, R.C., et al., Isolation of human T-cell leukemia virus in acquired immune 
deficiency syndrome (AIDS). Science, 1983. 220(4599): p. 865-7. 

49. Barre-Sinoussi, F., et al., Isolation of a T-lymphotropic retrovirus from a patient 
at risk for acquired immune deficiency syndrome (AIDS). Science, 1983. 
220(4599): p. 868-71. 

50. UNAIDS, UNAIDS Report on the Global AIDS Epidemic 2010. 2010. 

51. Gao, F., et al., Origin of HIV-1 in the chimpanzee Pan troglodytes troglodytes. 
Nature, 1999. 397(6718): p. 436-41. 

52. Hahn, B.H., et al., AIDS as a zoonosis: scientific and public health implications. 
Science, 2000. 287(5453): p. 607-14. 

53. Brasseur, R., et al., Mode of insertion into a lipid membrane of the N-terminal 
HIV gp41 peptide segment. AIDS Res Hum Retroviruses, 1988. 4(2): p. 83-90. 

54. Weiss, R.A., et al., Human immunodeficiency viruses: neutralization and 
receptors. J Acquir Immune Defic Syndr, 1988. 1(6): p. 536-41. 



	  
	  

101	  

55. Gelderblom, H.R., et al., Fine structure of human immunodeficiency virus (HIV) 
and immunolocalization of structural proteins. Virology, 1987. 156(1): p. 171-6. 

56. Cullen, B.R., Regulation of HIV-1 gene expression. FASEB J, 1991. 5(10): p. 
2361-8. 

57. Haseltine, W.A., Molecular biology of the human immunodeficiency virus type 1. 
FASEB J, 1991. 5(10): p. 2349-60. 

58. Schwartz, S., B.K. Felber, and G.N. Pavlakis, Expression of human 
immunodeficiency virus type 1 vif and vpr mRNAs is Rev-dependent and regulated 
by splicing. Virology, 1991. 183(2): p. 677-86. 

59. Gartner, S., et al., Virus isolation from and identification of HTLV-III/LAV-
producing cells in brain tissue from a patient with AIDS. JAMA, 1986. 256(17): 
p. 2365-71. 

60. Gartner, S., et al., The role of mononuclear phagocytes in HTLV-III/LAV 
infection. Science, 1986. 233(4760): p. 215-9. 

61. Gyorkey, F., et al., Retrovirus resembling HTLV in macrophages of patients with 
AIDS. Lancet, 1985. 1(8420): p. 106. 

62. Ho, D.D., T.R. Rota, and M.S. Hirsch, Infection of monocyte/macrophages by 
human T lymphotropic virus type III. J Clin Invest, 1986. 77(5): p. 1712-5. 

63. Armstrong, J.A. and R. Horne, Follicular dendritic cells and virus-like particles 
in AIDS-related lymphadenopathy. Lancet, 1984. 2(8399): p. 370-2. 

64. Koenig, S., et al., Detection of AIDS virus in macrophages in brain tissue from 
AIDS patients with encephalopathy. Science, 1986. 233(4768): p. 1089-93. 

65. Nicholson, J.K., et al., In vitro infection of human monocytes with human T 
lymphotropic virus type III/lymphadenopathy-associated virus (HTLV-III/LAV). J 
Immunol, 1986. 137(1): p. 323-9. 

66. Cameron, P.U., et al., Dendritic cells exposed to human immunodeficiency virus 
type-1 transmit a vigorous cytopathic infection to CD4+ T cells. Science, 1992. 
257(5068): p. 383-7. 

67. Spina, C.A., H.E. Prince, and D.D. Richman, Preferential replication of HIV-1 in 
the CD45RO memory cell subset of primary CD4 lymphocytes in vitro. J Clin 
Invest, 1997. 99(7): p. 1774-85. 

68. Langhoff, E., et al., Replication of human immunodeficiency virus type 1 in 
primary dendritic cell cultures. Proc Natl Acad Sci U S A, 1991. 88(18): p. 7998-
8002. 



	  
	  

102	  

69. Pope, M., et al., Dendrite cell-T cell mixtures, isolated from the skin and mucosae 
of macaques, support the replication of SIV. AIDS Res Hum Retroviruses, 1997. 
13(10): p. 819-27. 

70. Pope, M., et al., Low levels of HIV-1 infection in cutaneous dendritic cells 
promote extensive viral replication upon binding to memory CD4+ T cells. J Exp 
Med, 1995. 182(6): p. 2045-56. 

71. Sattentau, Q.J., et al., The human and simian immunodeficiency viruses HIV-1, 
HIV-2 and SIV interact with similar epitopes on their cellular receptor, the CD4 
molecule. AIDS, 1988. 2(2): p. 101-5. 

72. Chan, D.C. and P.S. Kim, HIV entry and its inhibition. Cell, 1998. 93(5): p. 681-
4. 

73. Wyatt, R. and J. Sodroski, The HIV-1 envelope glycoproteins: fusogens, antigens, 
and immunogens. Science, 1998. 280(5371): p. 1884-8. 

74. Lu, Z., et al., Evolution of HIV-1 coreceptor usage through interactions with 
distinct CCR5 and CXCR4 domains. Proc Natl Acad Sci U S A, 1997. 94(12): p. 
6426-31. 

75. Speck, R.F., et al., Selective employment of chemokine receptors as human 
immunodeficiency virus type 1 coreceptors determined by individual amino acids 
within the envelope V3 loop. J Virol, 1997. 71(9): p. 7136-9. 

76. Loetscher, M., et al., Cloning of a human seven-transmembrane domain receptor, 
LESTR, that is highly expressed in leukocytes. J Biol Chem, 1994. 269(1): p. 232-
7. 

77. Unutmaz, D. and D.R. Littman, Expression pattern of HIV-1 coreceptors on T 
cells: implications for viral transmission and lymphocyte homing. Proc Natl Acad 
Sci U S A, 1997. 94(5): p. 1615-8. 

78. Clapham, P.R. and A. McKnight, Cell surface receptors, virus entry and tropism 
of primate lentiviruses. The Journal of general virology, 2002. 83(Pt 8): p. 1809-
29. 

79. Mangeat, B., et al., Broad antiretroviral defence by human APOBEC3G through 
lethal editing of nascent reverse transcripts. Nature, 2003. 424(6944): p. 99-103. 

80. Lafferty, M.K., et al., CCR6 ligands inhibit HIV by inducing APOBEC3G. Blood, 
2010. 115(8): p. 1564-71. 

81. Goldstone, D.C., et al., HIV-1 restriction factor SAMHD1 is a deoxynucleoside 
triphosphate triphosphohydrolase. Nature, 2011. 480(7377): p. 379-82. 



	  
	  

103	  

82. Gao, D., et al., Cyclic GMP-AMP synthase is an innate immune sensor of HIV 
and other retroviruses. Science, 2013. 341(6148): p. 903-6. 

83. Jakobsen, M.R., et al., IFI16 senses DNA forms of the lentiviral replication cycle 
and controls HIV-1 replication. Proc Natl Acad Sci U S A, 2013. 110(48): p. 
E4571-80. 

84. Liu, Z., et al., The interferon-inducible MxB protein inhibits HIV-1 infection. Cell 
Host Microbe, 2013. 14(4): p. 398-410. 

85. Matreyek, K.A., et al., Host and viral determinants for MxB restriction of HIV-1 
infection. Retrovirology, 2014. 11(1): p. 90. 

86. Cooper, A., et al., HIV-1 causes CD4 cell death through DNA-dependent protein 
kinase during viral integration. Nature, 2013. 498(7454): p. 376-9. 

87. Nabel, G. and D. Baltimore, An inducible transcription factor activates 
expression of human immunodeficiency virus in T cells. Nature, 1987. 326(6114): 
p. 711-3. 

88. Osborn, L., S. Kunkel, and G.J. Nabel, Tumor necrosis factor alpha and 
interleukin 1 stimulate the human immunodeficiency virus enhancer by activation 
of the nuclear factor kappa B. Proceedings of the National Academy of Sciences 
of the United States of America, 1989. 86(7): p. 2336-40. 

89. Zhao, G., et al., Mature HIV-1 capsid structure by cryo-electron microscopy and 
all-atom molecular dynamics. Nature, 2013. 497(7451): p. 643-6. 

90. Goila-Gaur, R. and K. Strebel, HIV-1 Vif, APOBEC, and intrinsic immunity. 
Retrovirology, 2008. 5: p. 51. 

91. Rogel, M.E., L.I. Wu, and M. Emerman, The human immunodeficiency virus type 
1 vpr gene prevents cell proliferation during chronic infection. J Virol, 1995. 
69(2): p. 882-8. 

92. Di Marzio, P., et al., Mutational analysis of cell cycle arrest, nuclear localization 
and virion packaging of human immunodeficiency virus type 1 Vpr. J Virol, 1995. 
69(12): p. 7909-16. 

93. Neil, S.J., T. Zang, and P.D. Bieniasz, Tetherin inhibits retrovirus release and is 
antagonized by HIV-1 Vpu. Nature, 2008. 451(7177): p. 425-30. 

94. Garcia, J.V. and A.D. Miller, Serine phosphorylation-independent 
downregulation of cell-surface CD4 by nef. Nature, 1991. 350(6318): p. 508-11. 

95. Schwartz, O., et al., Endocytosis of major histocompatibility complex class I 
molecules is induced by the HIV-1 Nef protein. Nat Med, 1996. 2(3): p. 338-42. 



	  
	  

104	  

96. Robichaud, G.A. and L. Poulin, HIV type 1 nef gene inhibits tumor necrosis factor 
alpha-induced apoptosis and promotes cell proliferation through the action of 
MAPK and JNK in human glial cells. AIDS Res Hum Retroviruses, 2000. 16(18): 
p. 1959-65. 

97. Yoon, K., J.G. Jeong, and S. Kim, Stable expression of human immunodeficiency 
virus type 1 Nef confers resistance against Fas-mediated apoptosis. AIDS Res 
Hum Retroviruses, 2001. 17(2): p. 99-104. 

98. Geleziunas, R., et al., HIV-1 Nef inhibits ASK1-dependent death signalling 
providing a potential mechanism for protecting the infected host cell. Nature, 
2001. 410(6830): p. 834-8. 

99. Brenchley, J.M., et al., CD4+ T cell depletion during all stages of HIV disease 
occurs predominantly in the gastrointestinal tract. J Exp Med, 2004. 200(6): p. 
749-59. 

100. Guadalupe, M., et al., 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. J Virol, 2003. 77(21): 
p. 11708-17. 

101. Mehandru, S., et al., Primary HIV-1 infection is associated with preferential 
depletion of CD4+ T lymphocytes from effector sites in the gastrointestinal tract. 
J Exp Med, 2004. 200(6): p. 761-70. 

102. Schnittman, S.M., et al., Preferential infection of CD4+ memory T cells by human 
immunodeficiency virus type 1: evidence for a role in the selective T-cell 
functional defects observed in infected individuals. Proceedings of the National 
Academy of Sciences of the United States of America, 1990. 87(16): p. 6058-62. 

103. Gosselin, A., et al., Peripheral blood CCR4+CCR6+ and CXCR3+CCR6+CD4+ 
T cells are highly permissive to HIV-1 infection. J Immunol. 184(3): p. 1604-16. 

104. Monteiro, P., et al., Memory CCR6+CD4+ T cells are preferential targets for 
productive HIV type 1 infection regardless of their expression of integrin beta7. 
Journal of immunology, 2011. 186(8): p. 4618-30. 

105. Romagnani, S., E. Maggi, and G. Del Prete, An alternative view of the Th1/Th2 
switch hypothesis in HIV infection. AIDS Res Hum Retroviruses, 1994. 10(5): p. 
iii-ix. 

106. Clerici, M. and G.M. Shearer, The Th1-Th2 hypothesis of HIV infection: new 
insights. Immunol Today, 1994. 15(12): p. 575-81. 

107. Barcellini, W., et al., TH1 and TH2 cytokine production by peripheral blood 
mononuclear cells from HIV-infected patients. AIDS, 1994. 8(6): p. 757-62. 



	  
	  

105	  

108. Meyaard, L., et al., Changes in cytokine secretion patterns of CD4+ T-cell clones 
in human immunodeficiency virus infection. Blood, 1994. 84(12): p. 4262-8. 

109. Romagnani, S., E. Maggi, and G. Del Prete, HIV can induce a TH1 to TH0 shift, 
and preferentially replicates in CD4+ T-cell clones producing TH2-type 
cytokines. Res Immunol, 1994. 145(8-9): p. 611-7; discussion 617-8. 

110. Maggi, E., et al., Ability of HIV to promote a TH1 to TH0 shift and to replicate 
preferentially in TH2 and TH0 cells. Science, 1994. 265(5169): p. 244-8. 

111. Brenchley, J.M., et al., Differential Th17 CD4 T-cell depletion in pathogenic and 
nonpathogenic lentiviral infections. Blood, 2008. 112(7): p. 2826-35. 

112. Gandhi, R.T., et al., Effect of baseline- and treatment-related factors on 
immunologic recovery after initiation of antiretroviral therapy in HIV-1-positive 
subjects: results from ACTG 384. Journal of acquired immune deficiency 
syndromes, 2006. 42(4): p. 426-34. 

113. Anthony, K.B., et al., Incomplete CD4 T cell recovery in HIV-1 infection after 12 
months of highly active antiretroviral therapy is associated with ongoing 
increased CD4 T cell activation and turnover. Journal of acquired immune 
deficiency syndromes, 2003. 33(2): p. 125-33. 

114. Kök, A., et al., Early initiation of combined antiretroviral therapy preserves 
immune function in the gut of HIV-infected patients. Mucosal Immunol, 2014. 

115. Schuetz, A., et al., Initiation of ART during Early Acute HIV Infection Preserves 
Mucosal Th17 Function and Reverses HIV-Related Immune Activation. PLoS 
Pathog, 2014. 10(12): p. e1004543. 

116. Hartigan-O'Connor, D.J., et al., SIV replication in the infected rhesus macaque is 
limited by the size of the preexisting TH17 cell compartment. Science translational 
medicine, 2012. 4(136): p. 136ra69. 

117. Cecchinato, V., et al., Altered balance between Th17 and Th1 cells at mucosal 
sites predicts AIDS progression in simian immunodeficiency virus-infected 
macaques. Mucosal immunology, 2008. 1(4): p. 279-88. 

118. Klatt, N.R., et al., Loss of mucosal CD103+ DCs and IL-17+ and IL-22+ 
lymphocytes is associated with mucosal damage in SIV infection. Mucosal 
Immunol, 2012. 5(6): p. 646-57. 

119. Raffatellu, M., et al., Simian immunodeficiency virus-induced mucosal 
interleukin-17 deficiency promotes Salmonella dissemination from the gut. Nature 
medicine, 2008. 14(4): p. 421-8. 

120. Hirota, K., et al., Regulation and function of innate and adaptive interleukin-17-
producing cells. EMBO reports, 2012. 13(2): p. 113-20. 



	  
	  

106	  

121. Hu, H., et al., Distinct gene-expression profiles associated with the susceptibility 
of pathogen-specific CD4 T cells to HIV-1 infection. Blood, 2013. 121(7): p. 
1136-44. 

122. Perreau, M., et al., Follicular helper T cells serve as the major CD4 T cell 
compartment for HIV-1 infection, replication, and production. J Exp Med, 2013. 
210(1): p. 143-56. 

123. Kroenke, M.A., et al., Bcl6 and Maf cooperate to instruct human follicular helper 
CD4 T cell differentiation. J Immunol, 2012. 188(8): p. 3734-44. 

124. Boswell, K.L., et al., Loss of circulating CD4 T cells with B cell helper function 
during chronic HIV infection. PLoS Pathog, 2014. 10(1): p. e1003853. 

125. Schmitt, N., et al., The cytokine TGF-beta co-opts signaling via STAT3-STAT4 to 
promote the differentiation of human TFH cells. Nat Immunol, 2014. 15(9): p. 
856-65. 

126. Cosgrove, C., et al., Early and nonreversible decrease of CD161++ /MAIT cells 
in HIV infection. Blood, 2013. 121(6): p. 951-61. 

127. Gaardbo, J.C., et al., CD3+CD8+CD161high Tc17 cells are depleted in HIV-
infection. AIDS, 2013. 27(4): p. 659-62. 

128. Guillot-Delost, M., et al., Human CD90 identifies Th17/Tc17 T cell subsets that 
are depleted in HIV-infected patients. J Immunol, 2012. 188(3): p. 981-91. 

129. Walker, L.J., et al., Human MAIT and CD8alphaalpha cells develop from a pool 
of type-17 precommitted CD8+ T cells. Blood, 2012. 119(2): p. 422-33. 

130. Xu, H., et al., IL-17-producing innate lymphoid cells are restricted to mucosal 
tissues and are depleted in SIV-infected macaques. Mucosal Immunol, 2012. 5(6): 
p. 658-69. 

131. Che, K.F., et al., p38 Mitogen-activated protein kinase/signal transducer and 
activator of transcription-3 pathway signaling regulates expression of inhibitory 
molecules in T cells activated by HIV-1-exposed dendritic cells. Mol Med, 2012. 
18: p. 1169-82. 

132. Zeng, Y., et al., Intracellular Tat of human immunodeficiency virus type 1 
activates lytic cycle replication of Kaposi's sarcoma-associated herpesvirus: role 
of JAK/STAT signaling. J Virol, 2007. 81(5): p. 2401-17. 

133. Briggs, S.D., et al., HIV-1 Nef promotes survival of myeloid cells by a Stat3-
dependent pathway. J Biol Chem, 2001. 276(27): p. 25605-11. 



	  
	  

107	  

134. Messmer, D., et al., Human immunodeficiency virus type 1 Nef mediates 
activation of STAT3 in immature dendritic cells. AIDS Res Hum Retroviruses, 
2002. 18(14): p. 1043-50. 

135. Percario, Z., et al., Human immunodeficiency virus type 1 (HIV-1) Nef activates 
STAT3 in primary human monocyte/macrophages through the release of soluble 
factors: involvement of Nef domains interacting with the cell endocytotic 
machinery. J Leukoc Biol, 2003. 74(5): p. 821-32. 

136. Del Corno, M., et al., HIV-1 gp120 activates the STAT3/interleukin-6 axis in 
primary human monocyte-derived dendritic cells. J Virol, 2014. 88(19): p. 11045-
55. 

137. El Hed, A., et al., Susceptibility of human Th17 cells to human immunodeficiency 
virus and their perturbation during infection. J Infect Dis, 2010. 201(6): p. 843-
54. 

138. Sun, L., et al., Human beta-defensins suppress human immunodeficiency virus 
infection: potential role in mucosal protection. J Virol, 2005. 79(22): p. 14318-29. 

139. Alkhatib, G., et al., HIV-1 coreceptor activity of CCR5 and its inhibition by 
chemokines: independence from G protein signaling and importance of 
coreceptor downmodulation. Virology, 1997. 234(2): p. 340-8. 

140. Laguette, N., et al., SAMHD1 is the dendritic- and myeloid-cell-specific HIV-1 
restriction factor counteracted by Vpx. Nature, 2011. 474(7353): p. 654-7. 

141. Rosenberg, H.F., RNase A ribonucleases and host defense: an evolving story. J 
Leukoc Biol, 2008. 83(5): p. 1079-87. 

142. Rosenberg, H.F., et al., Rapid evolution of a unique family of primate 
ribonuclease genes. Nat Genet, 1995. 10(2): p. 219-23. 

143. Rosenberg, H.F. and K.D. Dyer, Eosinophil cationic protein and eosinophil-
derived neurotoxin. Evolution of novel function in a primate ribonuclease gene 
family. J Biol Chem, 1995. 270(50): p. 30234. 

144. Rosenberg, H.F. and K.D. Dyer, Molecular cloning and characterization of a 
novel human ribonuclease (RNase k6): increasing diversity in the enlarging 
ribonuclease gene family. Nucleic Acids Res, 1996. 24(18): p. 3507-13. 

145. Deming, M.S., et al., Ribonuclease k6: chromosomal mapping and divergent rates 
of evolution within the RNase A gene superfamily. Genome Res, 1998. 8(6): p. 
599-607. 

146. Harder, J. and J.M. Schroder, RNase 7, a novel innate immune defense 
antimicrobial protein of healthy human skin. J Biol Chem, 2002. 277(48): p. 
46779-84. 



	  
	  

108	  

147. Zhang, J., K.D. Dyer, and H.F. Rosenberg, RNase 8, a novel RNase A superfamily 
ribonuclease expressed uniquely in placenta. Nucleic Acids Res, 2002. 30(5): p. 
1169-75. 

148. Qiu, Z., et al., GATA transcription factors regulate the expression of the human 
eosinophil-derived neurotoxin (RNase 2) gene. J Biol Chem, 2009. 284(19): p. 
13099-109. 

149. Wang, H.Y., et al., Transcriptional regulation of human eosinophil RNases by an 
evolutionary- conserved sequence motif in primate genome. BMC Mol Biol, 
2007. 8: p. 89. 

150. Sheng, J., et al., Transcription of angiogenin and ribonuclease 4 is regulated by 
RNA polymerase III elements and a CCCTC binding factor (CTCF)-dependent 
intragenic chromatin loop. J Biol Chem, 2014. 289(18): p. 12520-34. 

151. Rugeles, M.T., et al., Ribonuclease is partly responsible for the HIV-1 inhibitory 
effect activated by HLA alloantigen recognition. AIDS, 2003. 17(4): p. 481-6. 

152. Domachowske, J.B., et al., Recombinant human eosinophil-derived 
neurotoxin/RNase 2 functions as an effective antiviral agent against respiratory 
syncytial virus. J Infect Dis, 1998. 177(6): p. 1458-64. 

153. Domachowske, J.B., et al., Eosinophil cationic protein/RNase 3 is another RNase 
A-family ribonuclease with direct antiviral activity. Nucleic Acids Res, 1998. 
26(14): p. 3358-63. 

154. Cocchi, F., et al., Soluble factors from T cells inhibiting X4 strains of HIV are a 
mixture of beta chemokines and RNases. Proc Natl Acad Sci U S A, 2012. 
109(14): p. 5411-6. 

155. Bedoya, V.I., et al., Ribonucleases in HIV type 1 inhibition: effect of recombinant 
RNases on infection of primary T cells and immune activation-induced RNase 
gene and protein expression. AIDS Res Hum Retroviruses, 2006. 22(9): p. 897-
907. 

156. Thea, D.M., et al., Plasma cytokines, cytokine antagonists, and disease 
progression in African women infected with HIV-1. Ann Intern Med, 1996. 
124(8): p. 757-62. 

157. Ilyin, S.E. and C.R. Plata-Salaman, HIV-1 envelope glycoprotein 120 regulates 
brain IL-1beta system and TNF-alpha mRNAs in vivo. Brain Res Bull, 1997. 
44(1): p. 67-73. 

158. Ketlinskii, S.A., et al., [Tumor necrosis factor-alpha and interleukin-1beta in the 
blood plasma of patients with HIV infection]. Vestn Ross Akad Med Nauk, 
1992(9-10): p. 36-41. 



	  
	  

109	  

159. Creemers, P.C., M. O'Shaughnessy, and W.J. Boyko, Increased interleukin-2 
receptor expression after mitogen stimulation on CD4- and CD8-positive 
lymphocytes and decreased interleukin-2 production in HTLV-III antibody-
positive symptomatic individuals. Immunology, 1986. 59(4): p. 627-9. 

160. Hirao, L.A., et al., Early mucosal sensing of SIV infection by paneth cells induces 
IL-1beta production and initiates gut epithelial disruption. PLoS Pathog, 2014. 
10(8): p. e1004311. 

161. Alfano, M., et al., New players in cytokine control of HIV infection. Curr 
HIV/AIDS Rep, 2008. 5(1): p. 27-32. 

162. Kedzierska, K. and S.M. Crowe, Cytokines and HIV-1: interactions and clinical 
implications. Antivir Chem Chemother, 2001. 12(3): p. 133-50. 

163. Louis, S., et al., IL-23 and IL-12p70 production by monocytes and dendritic cells 
in primary HIV-1 infection. J Leukoc Biol, 2010. 87(4): p. 645-53. 

164. McMichael, A.J., et al., The immune response during acute HIV-1 infection: clues 
for vaccine development. Nat Rev Immunol, 2010. 10(1): p. 11-23. 

165. Poli, G., et al., Interleukin 6 induces human immunodeficiency virus expression in 
infected monocytic cells alone and in synergy with tumor necrosis factor alpha by 
transcriptional and post-transcriptional mechanisms. J Exp Med, 1990. 172(1): p. 
151-8. 

166. Al-Harthi, L., et al., Inhibition of cytokine-driven human immunodeficiency virus 
type 1 replication by protease inhibitor. J Infect Dis, 1997. 176(5): p. 1175-9. 

167. Alvarez, Y., et al., In vitro restoration of Th17 response during HIV infection with 
an antiretroviral drug and Th17 differentiation cytokines. AIDS Res Hum 
Retroviruses, 2012. 28(8): p. 823-34. 

168. Foli, A., et al., Effects of the Th1 and Th2 stimulatory cytokines interleukin-12 
and interleukin-4 on human immunodeficiency virus replication. Blood, 1995. 
85(8): p. 2114-23. 

169. Gonzalez, M.W., et al., Conserved molecular signatures in gp120 are associated 
with the genetic bottleneck during SIV, SHIV, and HIV-1 transmission. J Virol, 
2015. 

170. Sundaravaradan, V., et al., Differential expression and interaction of host factors 
augment HIV-1 gene expression in neonatal mononuclear cells. Virology, 2010. 
400(1): p. 32-43. 

171. Romagnani, S., et al., Role of TH1/TH2 cytokines in HIV infection. Immunol Rev, 
1994. 140: p. 73-92. 



	  
	  

110	  

172. Gosselin, A., et al., Peripheral blood CCR4+CCR6+ and CXCR3+CCR6+CD4+ 
T cells are highly permissive to HIV-1 infection. J Immunol, 2010. 184(3): p. 
1604-16. 

173. Alvarez, Y., et al., Preferential HIV infection of CCR6+ Th17 cells is associated 
with higher levels of virus receptor expression and lack of CCR5 ligands. J Virol, 
2013. 87(19): p. 10843-54. 

174. Yang, X., et al., High CCR5 density on central memory CD4+ T cells in acute 
HIV-1 infection is mostly associated with rapid disease progression. PLoS One, 
2012. 7(11): p. e49526. 

175. Bernier, A., et al., Transcriptional profiling reveals molecular signatures 
associated with HIV permissiveness in Th1Th17 cells and identifies peroxisome 
proliferator-activated receptor gamma as an intrinsic negative regulator of viral 
replication. Retrovirology, 2013. 10: p. 160. 

176. Xu, T., et al., Ursolic acid suppresses interleukin-17 (IL-17) production by 
selectively antagonizing the function of RORgamma t protein. J Biol Chem, 2011. 
286(26): p. 22707-10. 

177. Kumar, N., et al., Identification of SR2211: a potent synthetic RORgamma-
selective modulator. ACS Chem Biol, 2012. 7(4): p. 672-7. 

178. Huh, J.R., et al., Digoxin and its derivatives suppress TH17 cell differentiation by 
antagonizing RORgammat activity. Nature, 2011. 472(7344): p. 486-90. 

179. Astry, B., et al., Celastrol, a Chinese herbal compound, controls autoimmune 
inflammation by altering the balance of pathogenic and regulatory T cells in the 
target organ. Clin Immunol, 2015. 

180. Mowat, A.M., Anatomical basis of tolerance and immunity to intestinal antigens. 
Nat Rev Immunol, 2003. 3(4): p. 331-41. 

181. Schieferdecker, H.L., et al., T cell differentiation antigens on lymphocytes in the 
human intestinal lamina propria. J Immunol, 1992. 149(8): p. 2816-22. 

182. Jurriaans, S., et al., Increased number of single-LTR HIV-1 DNA junctions 
correlates with HIV-1 antigen expression and CD4+ cell decline in vivo. J Med 
Virol, 1995. 45(1): p. 91-8. 

183. Duhen, T., et al., Production of interleukin 22 but not interleukin 17 by a subset of 
human skin-homing memory T cells. Nat Immunol, 2009. 10(8): p. 857-63. 

184. Kim, C.J., et al., A role for mucosal IL-22 production and Th22 cells in HIV-
associated mucosal immunopathogenesis. Mucosal Immunol, 2012. 5(6): p. 670-
80. 



	  
	  

111	  

185. Hirota, K., et al., Plasticity of Th17 cells in Peyer's patches is responsible for the 
induction of T cell-dependent IgA responses. Nat Immunol, 2013. 14(4): p. 372-9. 

186. Sun, L., et al., Human beta-defensins suppress human immunodeficiency virus 
infection: potential role in mucosal protection. Journal of virology, 2005. 79(22): 
p. 14318-29. 

187. Hirahara, K., et al., Signal transduction pathways and transcriptional regulation 
in Th17 cell differentiation. Cytokine & growth factor reviews, 2010. 21(6): p. 
425-34. 

188. Sato, K., et al., Marked induction of c-Maf protein during Th17 cell 
differentiation and its implication in memory Th cell development. The Journal of 
biological chemistry, 2011. 286(17): p. 14963-71. 

189. Mayuzumi, H., et al., Interleukin-17A is required to suppress invasion of 
Salmonella enterica serovar Typhimurium to enteric mucosa. Immunology, 2010. 
131(3): p. 377-85. 

 


