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Abstract 

Herein we detail the progress made in understanding the overall process of the 

CD8+ T-lymphocyte noncytolytic antiviral response (CNAR).  This response is 

comprised of 3 key components, the virus, the effector cell and the target cell, each of 

which contribute to noncytolytic suppression.  During the course of CNAR, the effector 

cells express antiviral factors that induce intracellular events in the target cell, resulting in 

host-pathogen interactions that inhibit HIV-1 gene expression.   The goal of this work 

was to clarify each step of the process of noncytolytic suppression.   

The effector cell was examined to understand the regulation of antiviral factors 

and to construct a profile of the factors expressed during CNAR.  CD8+ T-lymphocytes 

from HIV-1 infected individuals express unidentified factors that suppress viral 

replication by inhibiting HIV-1 gene expression. Understanding the regulation of these 

antiviral CD8+ T cell-derived factors can provide important insights into how to elicit 

these factors with therapeutic regimens. For a small subset of human genes, histone 

deacetylases (HDACs) are epigenetic regulators that condense chromatin to repress 

transcription. We examined the role of epigenetics in modulating the HIV-1 suppressive 

factors expressed by primary CD8+ T cells from subjects naturally controlling virus 

replication.  HIV-1 suppression by CD8+ T-lymphocytes from virus controllers was 

reversed up to 40% by the addition of an HDAC inhibitor. Therefore, histone 

deacetylation within CD8+ T-lymphocytes was necessary for potent suppression of HIV-1 

infection. 
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Blocking HDACs impairs the ability of CD8+ T-lymphocytes to repress HIV-1 

transcription, demonstrating that the expression of the suppressive factors is regulated by 

epigenetics. We used this tool to identify the potential antiviral factors that result in 

decreased noncytolytic suppression.  Through real-time PCR analyses of 164 genes, we 

identified 4 genes in primary CD8+ T-lymphocytes from a virus controller, and 12 genes 

in a CD8+ T-cell line that were greatly downregulated in response to a HDAC inhibitor.  

Additionally, we analyzed the chemokine and cytokine profiles of these two cell types to 

characterize what molecules these cells secrete during CNAR.  MIP-1 Beta, MIP-1 

Alpha, IP-10, and MIG correlated most strongly with the magnitude of CNAR (p < 

0.0001).   

The response of the target cell to the antiviral factors was analyzed to better 

understand how CD8+ T cell antiviral factors exert suppressive activity on the HIV-1 

genome in an infected cell.  Noncytolytic suppression was not dependent on epigenetic 

changes within the target cells, as HDAC1 within the target cell was dispensable, and 

histone acetylation at the HIV-1 LTR remained unchanged in the presence of CD8+ T-

lymphocytes.  

The genetic elements within HIV-1 and the viral protein Tat were investigated to 

provide insight into resistance to CNAR. Two virus isolates from the same individual 

with contrasting sensitivities to CNAR were investigated to identify the genetic elements 

that confer these phenotypes. Sequence analysis of the two isolates identified mutations 

in the exon splicing silencers (ESS) 2 and 3 in these viruses.  ESS2 and 3 are thought to 
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control splicing of HIV-1 Tat, however levels of spliced Tat RNA levels did not differ 

between the two isolates.   The introduction of the ESS2 mutation into a heterologous 

HIV-1 isolate moderately boosted resistance to CNAR, suggesting a function for the 

mutation apart from spliced Tat RNA levels.   

In total, a comprehensive analysis of each component of CNAR is discussed here 

to enhance the overall understanding of the mechanisms of CNAR. 
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Chapter 1.  Introduction.  

1.1 HIV-1 Pathogenesis 

1.1.1 HIV-1 Tropism/Target Cells 

Human immunodeficiency virus type-1 (HIV-1) is an immunopathogenic human 

retrovirus that causes Acquired Immunodeficiency Syndrome (AIDS, 16, 77).  Among 

the target cell types of HIV-1 are dendritic cells, macrophages and CD4+ T-lymphocytes. 

The tropism of HIV-1 is influenced by the expression of cellular receptors on the plasma 

membrane.  HIV-1 uses the cellular protein CD4 as its primary receptor (168), in 

conjunction with several co-receptors.  The two principal co-receptors are C-C 

chemokine receptor 5 (CCR5, 64) and CXC chemokine receptor 4 (CXCR4, 71).  CCR5 

is presumed to be the co-receptor used for infection of macrophage-tropic HIV-1 isolates-

designated as M-Tropic or R5 viruses.  CXCR4 is engaged on the surface of CD4+ T-

lymphocytes by T-tropic or X4 viruses.  These simplified classifications do not 

accurately represent the complex biology of HIV-1 in its entirety, for an individual HIV-1 

isolate may bind both CCR5 and CXCR4, and R5 viruses can infect CD4+ T 

lymphocytes. Also, other coreceptors have been identified such as CCR3 (97) and CCR8 

(140), indicating a plethora of molecules that can aid in HIV-1 infection. Moreover, HIV-

1 can infect cells other than macrophages and CD4+ T-lymphocytes such as astrocytes in 

the central nervous system (60).  

1.1.2 Immunopathogenesis of HIV-1 

It was recognized early in the AIDS pandemic that HIV-1 infected individuals had 

a decline in circulating CD4+ T-lymphocytes (207).  However, in the gut mucosa, the site 
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where the majority of the body’s immune cells reside (177), the pathogenic effects of 

early HIV-1 infection are most striking (169).  The depletion of CD4+ T-lymphocytes is 

more severe in the gut-associated lymphoid tissue compared to the peripheral blood 

during primary HIV-1 infection (90, 169). The majority of cells in the gut mucosa are 

more activated than in the blood (205), which may account for the more severe depletion 

of mucosal CD4+ T-lymphocytes (206).  Also, HIV-1 binds to the gut homing molecules 

alpha 4/beta 7 on CD4+ T-lymphocytes (41), which may help in the preferential 

destruction of these cells.  

Several factors appear to lead to CD4+ T-lymphocyte depletion.  Cytolysis due to 

viral infection is suggested to be the chief mechanism in the elimination of gut mucosa 

CD4+ T-lymphocytes (28).  However, apoptosis is another key mediator of CD4+ T -

lymphocyte depletion (86).  Concurrent expression of the HIV-1 envelope proteins gp120 

and gp41 is sufficient for inducing apoptosis in infected CD4+ T-lymphocytes (86, 137).  

Also, the amino terminal tail of CD4 signals to activate the src kinase p56lck resulting in 

apoptosis in the infected T-lymphocyte (49).   

The massive depletion of CD4+ T-lymphocytes in the gut mucosa continues to 

eclipse the decline of CD4+ T-lymphocytes in the blood throughout the course of HIV-1 

infection (30).  To replenish the gut associated lymphoid tissue CD4+ T-lymphocytes, 

highly active antiretroviral therapy (HAART) has to be initiated early in infection (90), 

although this point is heavily debated among clinicians.  Perhaps linked to the massive 

cell death, there is an increase in intestine permeability (118, 210) followed by 

translocation of microbial products into the plasma (29).  It has been proposed that 
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microbial products induce chronic immune activation (29), which correlates with a 

decline in CD4+ T-lymphocytes (142). 

 

1.2 Asymptomatic HIV-1 Infection 

The typical course of HIV-1 infection includes an acute phase with marked 

depletion of CD4+ T cells and a mononucleosis-like illness, followed by an asymptomatic 

state where viremia is held at a consistent level by host immunity (188).  Most untreated 

individuals will progress to severe immunodeficiency followed by the acquisition of 

opportunistic infections, which is indicative of AIDS (188).  However, a small subset (5-

15%) of individuals infected with HIV-1 do not progress to AIDS (57, 199).  These 

individuals lack the typical decline in CD4+ T-lymphocytes characteristic of the 

progression to AIDS, and generally do not exhibit symptoms from HIV-1 infection (189).   

In most HIV-infected individuals the CD8+ T-lymphocytes become exhausted as 

determined by a lack of proliferation after stimulation and loss of multiple cellular 

functions (17, 56).  However this impairment is not seen with asymptomatic, non-

progressing HIV-1 infection (17, 56).   

There are several classifications for asymptomatic, non-progressing HIV-1 

infections.  These individuals are generally classified by the viral load, CD4+ T-

lymphocyte counts, and the length of time since first diagnosis of HIV-1 infection (133, 

242).  These parameters vary among study groups, distorting the distinction between 

individuals that control infection.  The most universal classifications are long-term non-

progressors (LTNPs) and controllers.  LTNPs were the first group to be described, and 
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are designated as individuals with asymptomatic infection for greater than 10 years, that 

are antiviral therapy-naïve, and maintain CD4 counts above 500 cells/µL (35, 199). 

Controllers are a more recent asymptomatic group of HIV-infected individuals, who can 

be further subcategorized based on viral load, antiviral therapy and CD4 counts (57, 76, 

133).  Virus controllers have been infected for at least 1 year and maintain viral loads 

below 5,000 copies/mL and CD4 counts above 385 cells/µL in the absence of antiviral 

therapy (76). Viremic controllers have viral loads below 2,000 copies/mL, are antiviral 

therapy-naïve the year preceding classification, and CD4 counts are not considered (242).  

HIV-1 controllers are classified regardless of CD4 count, are antiviral therapy-naïve, 

maintain viral loads below 500 copies/mL, and must have been infected for more than 5 

years (133).  The most universal group is elite controllers who have below detectable 

viral loads, and could not have been on therapy the year preceding classification (57, 

242). High CD4 counts and more than 10 years of infection are not requirements of this 

group, although many of the subjects in this group possess both of these criteria (57). 

Elite controllers have been heavily studied to understand the mechanism of potent 

suppression of HIV-1 infection that should be elicited with a HIV-1 vaccine.  It is 

believed that the sustained control of viremia in elite controllers is due to the immune 

response and not decreased virus replication capacity (174).  Sequencing of plasma virus 

isolates from 60 different elite controllers showed these viruses to be full-length viruses 

without large deletions (174).  HIV-1 isolates from elite controllers appear to be fully 

replication competent, as virus can be produced from elite controller CD4+ T-

lymphocytes in vitro (135), and there are reports of sudden emergence of viremia in elite 
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controllers (15).  In at least one study, the gag sequence from elite controllers has been 

hypermutated suggesting APOBEC proteins may contribute to reduced replication in 

these individuals (248).  Subsequent sequencing studies did not corroborate these 

findings (78), and elite controller virus isolates encode functional Vif proteins that 

presumably antagonize of APOBEC (21).  

The contribution of the humoral response in elite controllers is still unclear.  Elite 

controllers have very low titers of HIV-specific antibodies, but these antibodies are of 

high avidity (132).  There does not appear to be a particularly high frequency or titer of 

heterologous or autologous neutralizing antibodies in elite controllers (190), however 

these antibodies may be better mediators of antibody-dependent cellular cytotoxicity 

(134).  Thus, the importance of the humoral response remains to be determined.     

There is evidence that the cellular response contributes to the control of viremia in 

elite controllers.  CD4+ T-lymphocytes from elite controllers proliferate better and secrete 

more IL-2-a cytokine important for T-lymphocyte function-than HIV-infected individuals 

progressing towards disease (68).  However, CD4+ T-lymphocyte proliferation and IL-2 

secretion is not different between elite controllers and antiviral therapy treated 

individuals, implying that the increased proliferation and IL-2 secretion may be a 

consequence of low virus replication (228).  For the CD8+ T-lymphocyte response in elite 

controllers, frequency of HIV-1 specific CD8+ T-lymphocytes does not correlate with 

control of virus replication (2).  However, elite controllers appear to have a higher quality 

HIV-specific CD8+ T-lymphocyte response.  CD8+ T-lymphocytes from these individuals 

possess better proliferation and more effector functions, including secretion of IL-2 (17, 
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68, 170, 190).  These cells also load more granzyme B into granules, which can be 

delivered to infected cells to lyse them (171).  The location of these cells is perhaps as 

important as their function.  Elite controllers have polyfunctional CD8+ T-lymphocytes 

not only in their peripheral blood, but also at mucosal sites-a place within the body where 

HIV-1 replication can be rampant (72).  These mucosal T cell responses are often 

stronger than those in progressors and antiviral therapy treated subjects (72).  Elite 

controllers tend to have fewer Env-specific CD8+ T-lymphocytes than Gag-specific cells 

(201, 242).  This observation may be due to an overrepresentation of HLA-B*57-positive 

individuals in many of these cohorts (21).  Nonetheless, a Gag-specific CD8+ T-

lymphocyte response is believed to be more suppressive since Env protein is usually 

more variable (242).  The emergence of viremia in one elite controller was associated 

with two mutations in gag T cell epitopes, further demonstrating the potential 

significance of the Gag-specific T cell response (15).  Despite, this evidence for the CD8+ 

T-lymphocyte response being the response that controls viremia, it is most likely not the 

only contributing factor.  Many elite controllers have very low frequencies of HIV-

specific CD8+ T-lymphocytes, which are usually inept at suppressing HIV-1 replication 

in vitro (190, 201).   Thus, further study is warranted to understand the type of immune 

response necessary to suppress viremia to undetectable levels. 
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1.3 HIV-1 Transcription 

1.3.1 HIV-1 Genome 

The HIV-1 genome is 9.8 kb in length and flanked on each end with long terminal 

repeat regions (LTRs, Figure 1.1A).  In between the two LTRs, the HIV-1 genome 

harbors 9 open reading frames.  Three of these open reading frames encode Gag, Pol and 

Env polyproteins, which are processed into numerous smaller proteins.  The other six 

open reading frames encode the accessory genes Vif, Vpr, Vpu, Tat, Rev, and Nef.  Apart 

from these proteins the genome also encodes a 9.7 kb RNA that is packaged inside 

virions (Figure 1.1, Reviewed in 75). 

1.3.2 Long Terminal Repeat (LTR). 

The LTR governs virus gene expression through the multiple transcription 

regulation sites it contains (219).  The LTR is divided into 3 segments, which starting 

from the 5’ end of the LTR are U3, R, and U5 (Figure 1.1A).  U3, R, and U5 are 453, 98, 

and 83 bases in length making the LTR a total 634 bases long.  U3 begins at the 5’ most 

end of the genome and ends at the transcription initiation site-designating the beginning 

of the R region of the LTR.  The U3 region contains a conventional TATA box located 

27 base pairs upstream of the transcription start site (219).  U3 encodes several other 

sequences that bind host cell factors and are important for virus transcription.  At 105 

bases upstream of the transcription start site the viral enhancer element is encoded (100).  

This site is 24 bases long with two binding sites for NF-κB (100, 180). Activation of T-

lymphocytes leads to nuclear translocation of NF-κB, which binds these sites in the 
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enhancer element leading to a 50-fold increase in transcription (180). In between the 

enhancer element and the transcription start site lay three binding sites for Sp1 (100).  

The Sp1 sites act synergistically with the enhancer region to activate transcription (226).  

Both the enhancer element and Sp1 sites are critical for HIV-1 transcription, as deletion 

of these elements severely diminishes transcription (100, 226).  Several other host cell 

factors bind the HIV-1 LTR, such as GATA-2 and NFAT to positively affect virus 

transcription (219).  In contrast, there is a negative regulatory element in U3 that is 

proposed to bind several factors, such as USF, to downmodulate HIV-1 transcription 

(149).  U3 also encodes the polyadenylation signal that is included on the 3’ end of RNA 

transcripts due to the LTR at the 3’ end of the genome (219).   The R region of the LTR 

contains the transcription start site (219) and is important for augmentation of viral 

transcription by the viral protein Tat (195).   

1.3.3 Tat Trans-activation of HIV-1 Transcription. 

Sodroski and colleagues initially observed that introduction of HIV-1 LTR 

reporter constructs into HIV-1 infected cells resulted in higher transcription than 

uninfected cells (217). The increase in transcription was specific for the HIV-1 LTR, as 

HIV-1 infection of the cell did not increase transcription directed by other viral promoters 

(217).  Therefore, it was suggested that HIV-1 infection produced a HIV-1 specific trans-

acting factor that could activate HIV-1 transcription.  It was later determined that a 

spliced gene immediately before the envelope gene of HIV-1 encoded the trans-activating 

protein Tat (216).  Tat is a 86 amino acid, 14 kilodalton protein that had features 

resembling nucleic acid binding proteins (11, 12, 162, 216).  HIV-1 Tat trans-activates 
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only the HIV-1 LTR (185), and is required for HIV-1 infectivity (73).  The mechanism 

for Tat trans-activation relies on the sequence of viral DNA between 17 bases upstream 

and 44 bases downstream of the transcription start site (94, 195).  Within this portion of 

the genome is the trans-activating response (TAR) element that is present at the 5’ end of 

all HIV-1 RNA transcripts (179).  The TAR element forms a 2-fold symmetry loop 

structure that Tat utilizes to trans-activate viral transcription (179). Tat is a nuclear 

protein where it increases viral transcription without affecting RNA stability or 

translation (95). In the absence of Tat, most HIV-1 RNA transcripts terminate at 59 bases 

downstream (117). Tat interacts with a cellular kinase complex, positive transcription 

elongation factor b (P-TEFb) to trans-activate viral transcription (103, 164, 249).  P-

TEFb is comprised of Cyclin T1 and Cdk9, the latter of which is a RNA polymerase II 

kinase (249).  Cdk9 phosphorylates the carboxyl terminal domain of RNA polymerase II 

increasing the processivity of RNA polymerase (167).  Whether Tat affects transcription 

downstream is still debated.  It is proposed that Tat becomes acetylated after recruiting P-

TEFb (123), which leads to Tat disassociating with the TAR element and associating with 

the elongating RNA polymerase II (113).  However, the importance of the association 

between RNA polymerase II and Tat is still controversial. 

 

1.4 Epigenetic Regulation of Transcription 

1.4.1 Chromatin is comprised of DNA and histones 

DNA inside the nucleus is arranged into several high order structures.  At the 

simplest level the DNA exists as nucleic acid wrapped around lysine rich core histone 
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proteins, which is designated as chromatin (Figure 1.2, 236).  The histone proteins form 

an oligomeric structure where 147 bases of DNA wraps around the histones (150).  The 

core histone complex consists of two 4-protein structures where two oligomers of histone 

2A, 2B, 3, and 4 are complexed together (150).  Specialized histone proteins can also be 

incorporated into this complex to create distinct core histones (161).  Each core histone 

with DNA wrapped around it is referred to as a nucleosome (126). Perhaps equally 

important are the linker histone molecules such as histone 1, which bind the DNA in 

between the core histones and provide adequate spacing between nucleosomes (reviewed 

in 36).  The changes in the structure of the chromatin affects gene expression, which is 

called epigenetics (reviewed in 36).  Epigenetics encompasses modification of the DNA 

and histones to alter gene expression without changing the sequence of the DNA 

(reviewed in 36).  The most pertinent component of epigenetics, histone modification, is 

discussed further below. 

1.4.2 Intrinsic, extrinsic, and effector-mediated dynamic regulation of 
chromatin structure  

The core histone proteins are important for the secondary structure of the DNA 

that is associated with them (Figure 1.2).  Changes in the chromatin structure are 

mediated in part by modifications to the core histones-also called intrinsic effects. The 

core histone contains N-terminal tails that are modified post-translationally by 

acetylation, sumolylation, phosphorylation, and methylation. Also, the core histones can 

be modified by the incorporation for histone variants, such as H3.3 and H2A.Z.  Extrinsic 

dynamics influence chromatin structure through the interactions between nucleosome 

particles.  Effector-mediated dynamics are mediated by the recruitment of trans-acting 
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factors to the chromatin to affect structure and gene expression. It is important to note 

that these mechanisms are not mutually exclusive, as many intrinsic changes affect 

extrinsic and effector-mediated regulation.  Collectively, the modifications of core 

histones is thought to generate a “histone code” that determines the transcriptional 

activity at the specified site (reviewed in 36).  Below histone acetylation and 

deacetylation is discussed as it relates to all three regulation mechanisms. 

1.4.3 Acetylation of histones 

Acetylation has been heavily studied and is a key example of regulation of gene 

expression by chromatin modifications (222).   The core histone proteins contain 

protruding “tails” that are post-translationally modified by several enzymes (222).  These 

tails are protease sensitive and highly disordered, and contain regularly spaced lysine 

residues (reviewed in 222).  Specifically, histone 3 has lysines at position 4, 9, 13, 18, 23, 

and 27 and histone 4 has lysines at position 5, 8, 12, 16, and 20 (222).  These lysines are 

acetylated by histone acetyl transferases (HATs), which catalyze the transfer of an acetyl 

group from acetyl CoA onto a lysine of these histone tails (104, 128).  HATs can broadly 

facilitate the acetylation of lysines on histones, or preferentially target a specific lysine 

(128). There are two different types of HATs, A-type and B-type, which can be further 

divided into groups based on the homology of each member (104). There are numerous 

nuclear or A-type HATs such as the GCN5 family, the MYST family, p300/CBP, 

TAFII250, and ATF-2 (104).  In contrast, the less characterized B-type HATs are 

generally present in the cytoplasm (104).  Within the nucleus, HATs can complex with 

other cellular proteins to form large transcription activators (88).  The specificity of the 
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HATs is altered when in these complexes, such that HATs will preferentially acetylate 

histones associated with DNA instead of free histones (88).   Also, the formation of 

complexes may regulate the recruitment of HATs to specific genes.  For example, 

p300/CBP is associated with RNA polymerase II (181), providing a recruitment 

mechanism for this HAT to genes that are initiating transcription (Figure 1.2).   

Acetylation of core histones has been correlated with the activation of 

transcription (34, 99).  HAT overexpression studies determined that HATs effected gene 

expression of a subset of genes (129).  Acetylation was implicated as the cause of this 

change in gene expression, as histone acetylation increased for genes that were up-

regulated, but did not for those genes whose expression was unaltered (129). Changes in 

gene expression may be due to the fact that acetylation of the histone tails neutralizes 

their positive charge, which leads to the DNA wrapping less tightly around the core 

histone (Figure 1.2, 105, 196).  The weaker interaction is thought to allow better access to 

that DNA by polymerases and other DNA binding molecules that act in transcription 

(139, 240).  Furthermore, the interaction between nucleosomes seems to be lessened 

when the histone tails are acetylated, which exposes the DNA in between the 

nucleosomes (214). This more accessible structure of chromatin is referred to as the open 

confirmation of chromatin, and is thought to be overall a better template for transcription 

(Figure 1.2, 241).  However, DNA accessibility is proposed to be only part of the effect 

of histone acetylation (222).  Another consequence of acetylation of histone tails is the 

removal of trans-acting factors that repress transcription (222). For example, Tup1 is a 

transcription repressor that binds to unacetylated or monoacetylated histone tails, but not 
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hyperacetylated histone tails (65).  Additionally, acetylated lysines on the histone tails act 

as a binding substrate for trans-acting factors that promote transcription (222). A 

proposed mechanism for these effector-mediated effects is the use of bromodomains to 

bind acetylated lysines (reviewed in 239).  This binding motif may establish a positive 

feedback mechanism where histone acetyl transferases, such as PCAF and TAFII250, can 

bind acetylated lysines and further perpetuate the acetylation of histones (Figure 1.2, 61, 

222).  Moreover, ATP-dependent chromatin remodeling complexes use bromodomains to 

bind acetylated tails (50).  Thus, acetylation of histones tails has multiple effects on 

chromatin structure and transcription activation. 

 

1.4.4 Deacetylation of histones 

To reverse histone acetylation, the cell contains histone deacetylases (HDACs) to 

remove the acetyl groups from the core histones (104, 261).  Histone deacetylases are 

divided into four classes based on sequence homology and their substrates.  The four 

classes of HDACs are as follows: class I contains HDAC 1, 2, 3, and 8; class IIa consists 

of HDAC 4, 5, 7, and 9; class IIb is comprised of HDAC 6 and 10; class III is composed 

of the sirtuins; and class IV includes only HDAC 11 (104).  Classes I, II, and IV have 

structurally similar catalytic domains that do not require NAD as a cofactor like class III 

HDACs (107). The similarities in catalytic site structure allows for broad inhibition of 

histone deacetylases with a single chemical inhibitor (104, 261). Like HATs, HDACs 

also occur in large protein complexes, and display substrate preferences (259).  HDAC1 

complexes with several DNA binding repressors, such as Mad (93), in addition to nuclear 
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receptors like SMRT (116) and N-Co-R (259).  These factors may aid in repression of 

transcription by recruiting HDAC1 to specific sites through their DNA-binding motifs 

(223).  Once at these sites HDAC1 preferentially deacetylates lysines 5 and 12 on histone 

4 (197, 227).   

In contrast to HATs, HDACs are important for removing acetyl groups to restore 

the chromatin to a closed state (Figure 1.2, 241). The deacetylation activity of HDACs is 

required for their repressive function, as mutant HDACs lacking deacetylase activity do 

not repress transcription despite being incorporated into their normal complexes (112). 

Thus, histone deacetylation is correlated with transcription repression (Figure 1.2, 223).  

Microarray profiles and differential display analysis have implicated HDACs in the 

regulation of up to 9% of the human transcriptome (3).  Hence, these molecules play an 

important role in transcription regulation. 

1.4.5 HIV-1 Proviral Latency. 

HIV-1 DNA can be detected in 0.01% of quiescent CD4+ T-lymphocytes in HIV-

1 infected individuals (102).   These cells comprise the latently-infected cell population 

and lack detectable viral transcription from the integrated provirus (102).  Virus 

transcription can be reactivated in about 1% of latently infected cells (102), thus making 

eradication of HIV-1 infection very difficult.  Transcriptional repressors have been 

studied as mediators of HIV-1 latency (165).  HIV-1 proviral latency results in a 

transcriptionally silent integrated provirus (reviewed in 191).  There is evidence that host 

factors, such as NF-κB p50, contribute to repressing HIV transcription within latently 

infected cells (220, 256).  NF-κB p50 homodimers bind to the NF-κB sites within the 
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HIV LTR, and subsequently recruit histone deacetylase 1 (HDAC1, 256).  Activation of 

HIV-1 transcription is dependent on histone acetylation (237), thus HDAC1 recruitment 

impairs HIV-transcription (51, 256).  The suppression of HIV transcription can be 

reversed by stimulating NF-κB p65/p50 heterodimers to bind to the LTR or by inhibiting 

HDAC1 function (220, 255, 260).  The NF-κB p65/p50 heterodimers recruit HATs to the 

LTR to reverse the effects of HDAC1 (220).  In addition to NF-κB p50 homodimers, c-

myc:Sp1 (110) and LSF:YY1 (51) complexes recruit HDAC1 to the HIV-1 LTR.  

Inhibitors of HDAC1 reactivate virus transcription in vitro (260), suggesting histone 

deacetylation is important for maintenance of proviral latency.  However, treatment of 

HIV-1 infected individuals with inhibitors of HDAC1 does not generally eliminate the 

HIV-1 latent reservoir (213), although a reduction in the number of latently infected cells 

has been reported (141).  Nonetheless, HIV-1 gene expression, like host gene expression 

is regulated by epigenetics. 

 

1.5 The Regulation of HIV-1 RNA splicing 

HIV-1 RNA splicing utilizes the general splicing mechanisms of most host genes 

(221). Pre-mRNA splicing is regulated by several cis elements that define exon-intron 

borders (reviewed in 82).  Among the cis elements are the 5’ splice site (ss), 3’ ss, branch 

point, and polypyrimidine tract. The 5’ ss and 3’ ss are usually flanked by GU and AG 

nucleotides respectively.  These sequences are part of the recognition sequences for 

cellular splicing factors.  One of the factors that recognizes the 5’ ss is U1 snRNP, which 

binds in conjunction with U1 snRNA.  U1 snRNP also interacts with SR proteins to 
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recognize the 5’ ss.  The 3’ ss is recognized by a heterodimer of U2AF35 and U2AF65, 

which binds to the AG nucleotides and polypyrmidine tract respectively.  The branch 

point is bound by SF1, which is also called the branch point-binding protein. SF1 also 

binds U2AF65, and this complex is important for defining borders of the intron.  The 

splicing machinery forms in a step-wise fashion, where the early complex grows into the 

pre-spliceosome followed by the spliceosome complex. The mature spliceosome and 

associated splicing factors work together to excise the intron and join the two exons 

together in an ATP-dependent process (reviewed in 82).   

Through the use of five different 5’ ss and nine 3’ ss HIV-1 generates nearly 40 

different mRNA species (Figures 1.1B and 1.1C, 183).  These species include full-length 

genome transcripts that encode the gag and pol gene products (reviewed in 54).  The full-

length genome transcript can also be packaged into new virions as the viral genome 

(reviewed in 54).  Since this species of RNA is unspliced it requires the viral protein Rev 

for export out of the nucleus (67, 163, 215).  Rev binds to the Rev response element at 

the 3’ end of HIV-1 RNA to facilitate nuclear export (163).  Rev is among the first viral 

proteins made, along with Tat and Nef from a multiply spliced species of RNA that is 1.8 

kb in length (124).  Additionally, a singly spliced 4 kb class of RNA encoding Env, Vif, 

Vpu, and Vpr relies on Rev for nuclear export (10, 209). This dependency on Rev for 

export results in the early expression of the regulatory genes and late expression of the 

structural genes (124, 221). 

The balance of all three classes of RNA is determined, in part, by the conservation 

of the cis elements recognized by splicing factors.  The sequence of the 5’ ss are more 
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well conserved than the 3’ ss, but only the 5’ ss D1 and D4 are efficiently used. All of the 

3’ ss have poor efficiency, which contributes to the diversity of HIV-1 RNA species.  

This poor efficiency is a consequence of the mutations within the splicing regulatory cis 

elements, as mutation of these sites to the human consensus sequence improves their 

splicing efficiencies (183).  

There are heterogeneous species of RNA within each size class (Figure 1.1C, 192, 

208).  These variants are disproportionately represented within each size class suggesting 

that regulatory elements apart from splice sites existed in the HIV-1 genome.  Exon 

splicing silencers (ESS) are one type of element that dictates the variability within the 

size classes by repressing the use of immediate upstream 3’ ss (Figure 1.1B, 221).  There 

are 4 ESS elements, ESS2 (5), ESS2p (39), ESS3 (6), and ESSV (160) that have been 

identified in the HIV-1 genome (Figure 1.1B).  ESS2, 3, and V are bound by hnRNP A/B 

proteins, which block the binding of the U2AF heterodimer and perhaps the branch point-

binding protein SF1 (55, 63).  ESS2p is recognized by hnRNP H, differentiating it from 

the other ESS elements (39). The activity of ESS elements are counteracted by exon 

splicing enhancers, which recruit splicing factors to 5’ and 3’ ss (Figure 1.1B, 221).  

Thus, HIV-1 RNA splicing is a complex balance of positive and negative cis elements, 

with differing affinities for their ligands, that create a heterogeneous mixture of viral 

RNAs important for virus replication (221). 
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1.6 CD8+ T-lymphocyte Noncytolytic Antiviral Response (CNAR) 
to HIV-1 

1.6.1 Discovery of a novel CD8+ T-lymphocyte response 

The immune system has several mechanisms for combating immunopathogenic 

HIV-1 infection.  Among these mechanisms is the CD8+ T-lymphocyte response (246). 

CD8+ T-lymphocytes that can lyse HIV-1 infected cells are present during the initial 

decline in viral load, implicating this response in the initial resolution of peak viremia 

(25, 127).  This early CD8+ T-lymphocyte response exerts selective pressure on the virus 

resulting in virus evolution within the first fifty days of infection (84).   In vitro studies 

by Levy and colleagues demonstrated that CD8+ T-lymphocytes could sustain 

suppression of HIV-1 replication for 23 days (246).  However, HIV-1 replication 

reemerged in the cultures after removal of the CD8+ T-lymphocytes (246).  This result 

suggested that the infected cells were not eliminated from the culture by cytolysis, and 

that HIV-1 replication was suppressed by a novel noncytolytic mechanism (31, 246).  

1.6.2 The clinical significance of CNAR.  

CNAR is present early in infection and may provide in vivo control of HIV-1 

infection (159).  In vivo control of HIV-1 infection is seen in a small portion of 

asymptomatic, infected individuals (57).  The CD8+ T-lymphocytes from these patients 

suppress HIV-1 infection through a noncytolytic mechanism (156).  The magnitude of the 

noncytolytic antiviral response in asymptomatic individuals is higher compared to 

progressing individuals (20).  More specifically, it took fewer CD8+ T-lymphocytes from 

asymptomatic individuals to suppress HIV-1 infection when compared to individuals 

either progressing to or diagnosed with AIDS (156). The strong CNAR from these 
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individuals was present over a year without any decline (156).  Infected individuals with 

higher peripheral blood CD4+ T-lymphocyte counts possess more potent CNAR (20, 83, 

156), thus CNAR decreases as a subject’s CD4+ lymphocytes decline and the individual 

progresses to AIDS (136).  Similarly, the potency of CNAR increases as viral load 

declines in the plasma (159).  Although, these findings have not been found in all of the 

cohorts studied (46), they provide insight into possible mechanisms of natural immune 

control of HIV-1 infection. 

1.6.3 CNAR inhibits retroviruses  

After the initial description of CNAR in HIV-1 infection, similar observations 

were made with other retroviruses.  Human immunodeficiency virus type 2 (HIV-2) is 

genetically related to HIV-1, but causes a less severe infection in humans than HIV-1 

(166, 252).  Similar to HIV-1, HIV-2 replication is inhibited by CD8+ T-lymphocytes in 

vitro (247). Also, secreted factors from CD8+ T-lymphocytes suppress Human T-cell 

leukemia virus and Rous sarcoma virus LTR driven transcription (47). The mechanism of 

inhibition of HIV-1 and the other retrovirus is likely to be similar since the same CD8+ T-

lymphocytes can inhibit multiple viruses (19, 247).  

In the non-human primate precursor of HIV-1, simian immunodeficiency virus 

(SIV) infectivity increased by 100-fold upon depletion of CD8+ T-lymphocytes from 

macaque peripheral blood cells (115). Therefore, CD8+ T-lymphocytes were proposed to 

control SIV infection, however the mechanism was unknown (115).  It was later 

demonstrated that human and macaque CD8+ T-lymphocytes could suppress SIV 

infection through noncytolytic mechanisms (79, 247).  Gaudin et al. established that live 
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attenuated SIV-vaccinated macaques generated CD8+ T-lymphocytes that could inhibit 

live attenuated SIV in vitro through noncytolytic mechanisms (79).  Closer analysis of 

this response showed that CD3 stimulation of the CD8+ T-lymphocytes was necessary for 

the antiviral activity.  This study and others sparked a debate on the role of Nef in 

suppression of SIV. Truncation or deletion of Nef in SIV reduced resistance to 

noncytolytic suppression by human (18) and macaque (79) CD8+ T-lymphocytes. 

However, later studies have demonstrated the ability of macaque (62, 79) and human 

(247) CD8+ T-lymphocytes to suppress Nef-expressing SIV strains without lysis of the 

infected cell.   

1.6.4 The cellular mechanisms of CNAR of HIV-1 

In the initial observation of CNAR, which is also referred to as noncytolytic 

suppression, CD8+ T-lymphocytes were cultured in direct contact with infected 

autologous CD4+ T-lymphocytes. CD8+ T-lymphocytes can inhibit HIV-1 replication by 

lysing infected cells presenting viral peptides on their surface (243); therefore, it was 

possible that major histocompatability class I-restricted cell killing could have accounted 

for a portion of the suppression.  Indeed, less suppression was seen when the same CD8+ 

T-lymphocytes attempted to suppress heterologous infected CD4+ T-lymphocytes (246).  

To further distinguish noncytolytic suppression from cytotoxic responses, CD8+ T-

lymphocytes and HIV-1 infected CD4+ T-lymphocytes were separated in the same 

culture by a semi-permeable membrane and HIV-1 infectivity was assessed.  CD8+ T-

lymphocytes could suppress HIV-1 replication through the semi-permeable membrane 

suggesting a soluble secreted molecule mediated the response (245).  However, in some 
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instances CD8+ T-lymphocytes displayed modest suppression across semi-permeable 

membranes, but nearly complete suppression when the cells are allowed direct contact 

(245).  Several different explanations have been proposed to account for this result.  First, 

allowing cell contact may prevent the soluble factor from dissipating in the media prior to 

exerting the suppressive effects. Second, cell-contact mediated noncytolytic suppression 

may function through a different mechanism than the soluble factor-mediated response 

(245).  Lastly, cytotoxic effects of the CD8+ T-lymphocytes have to be examined to 

ensure that cell contact is not allowing for cell killing.  The first two explanations remain 

to be resolved, however the third has been investigated.  Wiviott et al. demonstrated that 

CD4+ T-lymphocytes were not killed by culture with CD8+ T-lymphocytes despite potent 

noncytolytic suppression (257).   Moreover, it was later shown that CD8+ T-lymphocytes 

lacking the ability to lyse heterologous HIV-infected or uninfected CD4+ T-lymphocytes 

could still suppress HIV-1 replication in the same cells by greater than 80% (244). 

1.6.5 The molecular mechanisms of CNAR 

The work of Chen et al. demonstrated that both CD8+ T-lymphocytes or their culture 

supernatant could inhibit HIV-1 transcription (40).  CNAR was specific for the promoter 

region of HIV-1-known as the long terminal repeat (LTR)-as CMV immediate early 

promoter-driven transcription was unaffected by CD8+ T-lymphocytes.  This work was 

followed by Mackewicz and colleagues who determined that HIV-1 infected CD4+ T-

lymphocytes in the presence of CNAR lacked HIV-1 RNA, suggesting CNAR blocked 

virus gene expression (153).  More specifically, multiply spliced tat RNA decreases as 

well as unspliced gag RNA, while ribosomal protein S9 (186), GAPDH and IL-2 receptor 
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alpha (153, 157) RNA levels were not significantly decreased. The lack of HIV-1 RNA 

transcripts was not due to inhibition of earlier stages of the virus lifecycle as integrated 

provirus could be detected in the suppressed infection cultures (138, 157).  Furthermore, 

CNAR is less potent once virus gene expression has begun, consistent with transcription 

inhibition being the mechanism of CNAR (230).  A more detailed analysis of HIV-1 

transcription inhibition by CD8+ T-lymphocytes elucidated a block at transcription 

initiation, with little effect on viral transcription elongation (186).  Therefore, the 

proposed mechanism of CNAR is that CD8+ T-lymphocyte antiviral factors exert an 

effect that does not hinder reverse transcription or integration of the HIV-1 provirus into 

the host chromatin, but blocks HIV-1 LTR mediated transcription initiation. 

1.6.6 HIV-1 promoter genetic elements required for CNAR 

As discussed above, the HIV-1 LTR contains binding sites for numerous host cell 

factors that modulate virus gene expression.  Several of these host factors have been 

investigated for their role in CNAR, by removing the sites and examining whether the 

plasmid construct or virus isolate is suppressed as well as the consensus sequence.  The 

transcription factor nuclear factor of activated T cells (NFAT) has been described to be 

required for noncytolytic suppression of Tat trans-activated HIV-1 LTR constructs (48).   

However, this requirement of NFAT for CNAR was not evident in basal HIV-1 

transcription (48).  Moreover, HIV-1 viruses with mutated NFAT binding sites in the 

LTR are still inhibited by CD8+ T-lymphocytes (24). Thus, the requirement of NFAT-1 is 

still debatable. Nuclear Factor Kappa B (NF-κB) binding sites have been investigated in 

two separate studies. Locher et al. examined the in vitro noncytolytic suppression of a 
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simian immunodeficiency virus from macaques (SIVmac239/T1) containing deleted NF-

κB and Sp1 sites (146).  This virus was as sensitive to CNAR as the parental SIVmac239 

that encoded intact NF-κB and Sp1 sites (146).  In a second study, mutant HIV-1 isolates 

possessing deleted NF-κB sites in the LTR were generated and tested for resistance to 

CNAR (24).  The NF-κB HIV-1 mutants showed no significant decrease in their 

susceptibility to CNAR exhibited by several different HIV-1 infected subjects when 

compared to two lab-adapted HIV-1 isolates (24). Thus, the intracellular mediators of 

CNAR remain unresolved. 

1.6.7 CD8+ T-lymphocyte derived anti-HIV factors 

The search for the soluble secreted mediator of CNAR has yielded numerous anti-

HIV molecules, but none of which have solely accounted for noncytolytic suppression 

(143). Beginning with virus entry, the β-chemokines RANTES (regulated on activation, 

normal T cell expressed and secreted), macrophage immflammatory protein 1 (MIP-1) α 

and β were identified as CD8+ T-lymphocyte derived factors that inhibited virus entry 

(43). These chemokines directly competed with HIV-1 for one of its co-receptors CCR5 

(43).  Later, a similar mechanism was proposed for stromal cell derived factor 1 (SDF-1) 

(8, 22, 184).  These chemokines were quickly shown by several groups not to be the 

mediators of CNAR.   The amounts of SDF-1 (130), RANTES, MIP-1α, and MIP-1β 

produced by CD8+ T-lymphocytes does not correlate with their suppressive capacity 

(152). Also, SDF-1 or the β-chemokines inhibited CXCR4-tropic viruses or CCR5-tropic 

viruses respectively, but were not cross-reactive across strains with different tropisms 

(22, 152).  
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 Another β-chemokine secreted from CD8+ T-lymphocytes, Monocyte derived 

chemokine (MDC), was reported to inhibit replication of both CCR5-tropic and CXCR4-

tropic HIV-1 isolates (187).  Geiben-Lynn and colleagues determined that MDC was not 

the mediator of CNAR (81).  Addition of exogenous MDC showed only modest 

suppressive ability in their hands, and blocking 50% of MDC with antibodies showed no 

change in CNAR (81).  IL-16 has also been proposed to be the unknown suppressive 

factor that mediates CNAR (14). IL-16 is thought to bind CD4 on the cell surface and 

possibly induce a signal that leads to HIV-1 transcription repression (14).  Mackewicz 

and Levy showed that CD8+ T-lymphocyte culture supernatant that suppresses HIV-1 

replication lacked detectable IL-16 in some instances (154).  Additionally, neutralization 

of IL-16 did not inhibit CNAR’s ability to suppress HIV-1 replication (154).  I-309, IL-

13 and GM-CSF were also identified in microarray studies comparing CD8+ T-

lymphocytes with CNAR to those that lacked this response (80).  Horuk et al. 

demonstrated that I-309 could inhibit CCR8-tropic HIV-1 replication (106). Therefore, 

there was some enthusiasm for investigating its role in CNAR.  Geiben-Lynn et al. 

contended that supernatant from suppressive CD8+ T-lymphocytes could suppress HIV-1 

replication before I-309, IL-13, and GM-CSF accumulated in the supernatant (81).  

Furthermore, the magnitude of I-309 and IL-13 secretion was not distinct between 

seropositive and seronegative CD8+ T-lymphocytes.  Lastly, these proteins did not have 

any suppressive capacity in vitro (80).  Other chemokines such as MCP-1 (74), have been 

suggested as potential mediators of the response, but to date there is still no consensus on 

the identity of the CD8 antiviral factor(s).     
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1.6.8 Biochemical Properties of the mediators of CNAR  

The general biochemical characteristics of the mediators of CNAR have been 

elucidated.  CD8+ T-lymphocyte supernatants contain a proteinase K sensitive and heat 

labile factor that inhibits HIV-1 replication (143).  The secretion of the anti-HIV factor 

can be blocked by the intracellular trafficking inhibitor Berfeldin A (81).  The anti-HIV 

factors are not in lytic granules (158), but are instead associated with exosomes (232), 

further distinguishing the noncytolytic and cytotoxic responses.   

 

1.7 Focus of this work 

CD8+ T-lymphocytes are part of the immune response challenged to inhibit the 

immunopathogenesis of HIV-1 infection.  The CD8+ T-lymphocyte noncytolytic antiviral 

response (CNAR) to HIV-1 infection is a component of this antiviral response.  The 

precise mechanisms of CNAR have eluded researchers for more than 20 years, thus 

hindering our ability to modulate this response as a therapeutic strategy.  A better 

understanding of the regulation of this response may provide insight into how to 

modulate this response, as well as further characterize the mechanisms of CNAR.  Thus, 

we have utilized three novel approaches to elucidate the role of the target cell, effector 

cell, and virus in CNAR to further characterize this response.   

The events that occur within the infected target cells during noncytolytic 

suppression of HIV-1 are poorly understood, however it is known that HIV-1 

transcription initiation is inhibited.  Transcription of host and viral genes are affected by 

epigenetic changes, thus we examined its role in impairing virus transcription initiation.  
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Histone deacetylation results in epigenetic changes, but we show in Chapter 2, it was not 

mediating repression of HIV-1 transcription.  Specifically, histone acetylation at the HIV-

1 LTR did not change during CNAR and knockdown of histone deacetylase 1 did not 

block the activity of CNAR.  Histone deacetylation was not responsible for HIV-1 

transcription inhibition during noncytolytic suppression.  However, the inhibition of 

histone deacetylation did decrease the magnitude of the noncytolytic response.   This 

effect was attributed to a decrease in CD8+ T-lymphocyte effector function, as the 

incubation of CD8+ T-lymphocytes in a histone deacetylase inhibitor reduced 

noncytolytic suppression by more than 40% for some cells.  In Chapter 3 we detail the 

utilization of this effect to identify 15 genes involved in CD8+ T cell immunity that 

decrease in expression concurrent with the decrease in noncytolytic suppression.  Also in 

Chapter 3, we show MIP-1 Beta, MIP-1 Alpha, IP-10, and MIG secretion strongly 

correlates with the magnitude of noncytolytic suppression of HIV-1 replication.   

As discussed above, the viral protein Tat regulates HIV-1 transcription.  Chapter 4 

details our investigation of the role of Tat in noncytolytic suppression.  Two genetically 

related viruses with opposite sensitivities to CNAR were identified previously in our 

laboratory.  Sequence analysis of the isolates determined they contained mutations in 

exon splicing silencers 2 and 3 of Tat.  The introduction of the exon splicing silencer 2 

mutation into an unrelated virus conferred a small increase in resistance to CNAR, but 

did not appear to be the only mediator.   Furthermore, this mutation did not alter Tat 

expression as both of the isolated viruses expressed similar levels of Tat.  Therefore, the 
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construction of full-length infectious molecular clones was begun to identify genetic 

elements that confer resistance.  

Lastly, this work will be summarized and future directions and challenges will be 

discussed in Chapter 5.   Particular emphasis will be given to determining in vivo 

relevance of the findings, and experimental design that will lead to elucidation of the 

mechanism of CNAR. 
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Figure 1.1: The HIV-1 genome.  The genes of HIV-1 and the 5’ and 3’ LTR are 
shown.  The numbers designate the nucleotide position within HIV-1 genome for each 

gene. B) The cis splicing elements within the HIV-1 genome.  5’ splice sites are shown as 
donor (D) 1 through 4. Acceptor (A) sites 1 through 7 indicate the 3’ splice sites.  The 

position of exon splicing silencers (ESS), exon splicing enhancers (ESE), and the intron 
splicing silencer (ISS) are shown.  Also, the binding site for Rev is denoted as the Rev 

response element (RRE).  C) The three size classes of HIV-1 RNA.  The splicing events 
and resulting exons are shown for each size class of HIV-1 RNA.  The gene products 

transcribed from each size class are shown to the right of each size class. Adapted from 
(114). 
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Figure 1.2: Alteration of chromatin structure by histone acetylation.  The 
core histones are octamers composed of two H2A, H2B, H3, and H4 proteins.  147 base 
pairs of DNA wraps around the core histones to make chromatin.  Linker histones have 

been omitted to simplify the diagram.  The N-terminal tails protrude from the core 
histones and are acetylated by histone acetyltransferases (HATs).  The acetyl groups 

(blue circles) are removed by histone deacetylases (HDACs). Chromatin structure can be 
altered through interactions between adjacent core histones and between core histones 

and DNA.  Looser interactions may increase DNA accessibility for polymerases, which 
are bound to HATs like p300/CBP.  Additionally, acetylated histone tails are binding 
sites for transcription factors and HATs, such as PCAF that promote transcription.  In 
general, histone acetylation is associated with activation of transcription and histone 

deacetylation is associated with transcription repression. 
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Chapter 2. Epigenetic Regulation of CD8+ T-lymphocyte 
Suppression of HIV-1 Replication in HIV-1+ Virus 
Controllers 

2.1 Introduction  

Understanding the antiviral immune responses that mediate potent suppression of 

HIV-1 infection would aid in designing vaccines and therapies. A subset of 

asymptomatic, antiretroviral-naïve patients have been termed controllers with the 

common characteristics of sustained control of virus load and HIV-1-specific immunity 

(133). Controllers are divided into several different groups based on viral load in the 

absence of drug therapy (87, 242).  Virus controllers have higher viral loads than elite 

controllers (242), but maintain viral loads lower than progressing HIV-1-infected 

individuals (1).  The immune responses of controllers are intensely studied to elucidate 

the types of responses that could be elicited with a vaccine to mediate control of HIV-1 

infection.  

CD8+ T-lymphocytes can inhibit HIV-1 replication by cytolytic and noncytolytic 

responses (243, 246).  The noncytolytic response is characterized by suppression of HIV-

1 replication without lysis of the infected cell (244).  A subset of CD8+ T-lymphocytes 

exhibit noncytolytic suppression without detectable cytolytic activity, distinguishing 

these two types of antiviral activity (231). Noncytolytic suppression is mediated by 

inhibition of HIV-1 gene expression (40, 230), with effects more specifically on 

transcription initiation (186).  The molecules that result in suppression of HIV-1 

transcription are still unknown, which has impeded the determination of the mechanism 

of noncytolytic suppression. Noncytolytic suppression can occur when CD8+ T-
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lymphocytes and HIV-1 infected cells are separated by a semi-permeable membrane, 

however the most potent suppression occurs with direct contact even between cells with 

mismatched MHC alleles (245). The lack of necessity for cell contact suggests that the 

some portion of the noncytolytic response is comprised of soluble factors (245). The 

magnitude of the noncytolytic response correlates with clinical status of HIV-1 infection; 

with asymptomatic individuals exerting the strongest noncytolytic suppression (156). 

However, there is an unexplained variation in the presence of the noncytolytic response 

among HIV-infected individuals (245). Understanding what regulates this response may 

provide insight into how to induce a potent noncytolytic response in all HIV-1 infected 

individuals. 

Eukaryotic chromatin consists of histone proteins and nuclear DNA (109).  The 

structure of chromatin can be altered to up-regulate or down-regulate the expression of 

genes encoded by the DNA (109).  The “histone code” contends that the structure of the 

chromatin is governed by post-translational modifications of the histone proteins to alter 

gene expression (233).  In particular, acetylation of the lysine residues on N-terminal tails 

of the histones leads to less dense chromatin permissive for transcription (98).  

Furthermore, acetylated histone tails act as binding sites for “effector” molecules that 

influence higher-order chromatin structure and RNA polymerase recruitment (reviewed 

in 198).  Removing the acetyl groups from the histone tails compacts the chromatin and 

removes the binding sites of positive transcription regulators resulting in repressed 

transcription of the associated DNA (Figure 1.2, 98, 234).  The acetyl groups are 

removed from the histone tails by a group of enzymes called histone deacetylases 
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(HDACs) (227). The epilepsy drug, valproic acid (VPA) is a common small molecule 

used to inhibit histone deacetylases (85). VPA has been shown to inhibit the activity of 

all of the class I and II HDACs tested except HDAC10 (37, 85, 91). By increasing 

acetylation of histones VPA can alter the transcription profile of cells. Using various 

techniques and cell types, investigators have shown that histone deacetylation regulates 

the expression of 2-9% of human genes (3, 238).  Histone acetylation also regulates HIV-

1 transcription (51, 237).  Optimal HIV-1 transcription is associated with acetylation of 

the histones associated with the HIV-1 long terminal repeat (LTR) (151).  Furthermore, 

HDAC1 is recruited to the HIV-1 LTR to repress transcription from latent provirus (235, 

256, 260). Thus, epigenetics could modulate HIV-1 infection by altering gene expression 

in effector T cells or by directly influencing HIV-1 transcription in infected cells.  

In this study we assessed the role of epigenetics in the noncytolytic response. We 

investigated the importance of histone deacetylation in the expression of antiviral factors 

from CD8+ T-lymphocytes, and its importance in directly inhibiting HIV-1 transcription 

by noncytolytic suppression. We found that a subset of the genes encoding antiviral 

factors from CD8+ T lymphocytes from select virus controllers were regulated by 

HDACs. 

2.2 Materials and Methods 

Study Participants. HIV-1+ subjects controlling virus replication (virus 

controllers) with CD4+ T cell counts greater than 385 cells/µL and a viral load less than 

5000 copies/mL were recruited from the Duke Adult and Pediatric Infectious Disease 

Clinics.  Informed consent was obtained from all study participants according to a Duke 



 

33 

University IRB approved protocol.  Seronegative PBMCs were isolated from blood 

donors from the Red Cross.  

 

Cell culture.  PBMCs from seronegative donors or virus controllers were 

activated for 3 days with anti-CD3 and anti-CD28 in RPMI (20% FBS, 1% Penicillin-

Streptomycin, 20 U/mL IL-2). CD4+-enriched cells were obtained from activated PBMCs 

by negative selection using anti-CD8 immunomagnetic beads (Invitrogen).  CD8+-

enriched cells were obtained similarly with anti-CD4 immunomagnetic beads 

(Invitrogen) or with the CD8+ T Cell Isolation kit and an autoMACS Cell Separator per 

the manufacturer’s procedure (Miltenyi Biotechnology). CD4+ and CD8+ T-lymphocyte 

purity was routinely 94% and 93%,  respectively.  The HVS-transformed CD8+ T-

lymphocyte cell line from an asymptomatic HIV-1 infected subject, JR-HVS (131), was 

cultured in AIM-V (20 % FBS, 40 U/mL IL-2).  TZM-bl cells were cultured in DMEM 

(10% FBS, 1% Penicillin-Streptomycin). 

 

Acute HIV-1 CD8+ T-lymphocyte suppression assays.  In autologous assays, 

CD4+-enriched cells were infected with a single cycle HIV-1NL4-3 pseudotyped luciferase 

reporter virus for 2 h in a 50 mL conical tube (186).  This pseudotyped virus contains the 

NL4-3 genome encoding luciferase in the place of nef.  Envelope production by this virus 

is abrogated by a frameshift mutation, limiting virus replication to one cycle. (45).  HIV-

1 infected CD4+ cells were plated with autologous CD8+ T cells or cultured alone. PBS or 

valproic acid (Calbiochem) dissolved in PBS was added to HIV-1 infected CD4+-



 

34 

enriched cells growing alone (HIV replication  control) or together with autologous CD8+ 

T cells (CD8+ T cell co-culture).  At 72 h post-infection, the cells were lysed with 

Luciferase Cell Culture Lysis reagent (Promega) and one freeze-thaw cycle.  Luciferase 

expression was quantified with the Luciferase Assay System (Promega) on a Centro LB 

luminometer (Berthold).  The level of HIV replication in the co-cultures containing CD8+ 

T cells and infected CD4+ T cells was expressed as the percent of the HIV replication in 

CD4+ T-lymphocytes alone : [relative light units (luciferase) in the co-culture of CD8+ 

and infected CD4+ T-lymphocytes (CD8+ T cell co-culture)] / [relative light units 

(luciferase) in infected CD4+ T cells alone (replication control)] × 100%. CD8+ T cell co-

cultures containing valproic acid were compared to replication control wells with the 

same treatment to control for effects of VPA on HIV-1 replication.   

 

Heterologous assays were performed similarly. CD4+-enriched cells were 

obtained from activated PBMCs from a pool of 10 seronegative donors. Infections and 

valproic acid treatment were performed as described above. HVS-transformed CD8+ T 

cells from an asymptomatic HIV-infected individual known to demonstrate potent 

noncytolytic suppression were added to the culture to assess the mechanisms of 

noncytolytic suppression. To distinguish soluble suppression, infected CD4+ T cells were 

plated in the lower chamber of a 96-well 0.4 µM Pore Transwell system (Corning) and 

CD8+ T cells were added to the upper chamber.  
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Valproic Acid Pretreatment Assay.  CD8+ T cells were cultured in media 

containing PBS or valproic acid dissolved in PBS for 16 h. The CD8+ T cells were 

subsequently washed, counted, and plated in a contact-mediated noncytolytic suppression 

assay as stated above. Viability of the CD8+ T cells after pretreatment was above 90% as 

determined by Guava VIACount assays (Millipore) per the manufacturer’s protocol at the 

conclusion of the assay. 

 

Western blot.  Cells were lysed in RIPA buffer (0.1% SDS, 0.1% NP-40, 0.5% 

Sodium deoxycholate) and protein concentration was determined with the QuickStart 

Bradford Assay (Bio-Rad).  Thirty µg of TZM-bl, 30 µg of CD4+ T-lymphocytes or 60 

µg of CD8+ T-lymphocytes protein was fractionated by 7.5% SDS-PAGE.  Protein was 

transferred to PVDF membrane and blocked with 5% BLOTTO.  Membranes were 

probed with a 1:5000 dilution of primary antibody and a 1:10000 dilution of anti-rabbit 

antibody (GE Healthcare).  Total histone 3 was detected with anti-histone 3 clone ab8898 

(Abcam). Acetylated histone 3 was detected with antibody clone 06-599 (Millipore).  

Blots were detected with autoradiography using an ECL Plus Kit (GE Healthcare). 

 

Soluble noncytolytic suppression of HDAC1-deficient cells.  

siRNA-mediated knockdown of HDAC1.  TZM-bl cells were plated at 80,000 

cells per well in a 12-well plate in DMEM 24 h before transfection. DharmaFect1 

(Dharmacon) was used to transfect siRNAs per the manufacturer’s protocol.  To 

knockdown HDAC1 expression, SMARTpool HDAC1 siRNAs (Dharmacon) were used. 
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Negative Control siRNA 1 (Ambion) was used a negative control.  Nuclease-free water 

was used in the place of siRNAs for mock transfections.  TZM-bl cells were transfected 

with a final concentration of 200 nM of siRNA.   Efficient knockdown was assessed by 

western blot using anti-HDAC1 clone 7028 (Abcam) and anti-β-actin clone 8227 

(Abcam). 

 

Soluble noncytolytic suppression assay.  Forty-eight hours post transfection, 

TZM-bl cells were trypsinized and washed once with complete growth media.  TZM-bl 

cells were plated at 16,000 cells per well in the lower chamber of a 96-well 0.4 µM Pore 

Transwell system (Corning) and were infected with the CXCR4-tropic virus, HIV-1IIIB , at 

an MOI of 0.5. Activated primary or JR-HVS CD8+ T-lymphocytes were plated in the 

upper chamber of the transwell system at various effector to target ratios at the time of 

infection of the target cells. LTR-driven luciferase expression was measured using the 

BriteLite Plus system (Perkin Elmer) at 48 h post-infection (96 h post-transfection). 

Viability ( >92%) of the TZM-bl cells was determined using the Guava VIACount assay 

(Millipore) per the manufacturer’s protocol at the conclusion of the assay. The remaining 

transfected TZM-bl cells were analyzed for HDAC1 expression by Western blot at the 

initiation and at the completion of the assay. 

 

Quantitative Native Chromatin Immunoprecipitation of Acetylated Histone 3 

(H3ac).   
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Native chromatin purification. Large-scale contact-mediated noncytolytic 

suppression assays were performed with HIV-1IIIB at a multiplicity of infection of 0.0075. 

Virion-associated reverse transcriptase activity in the culture supernatant was used to 

determine virus replication at 3 and 6 days  post-infection as described elsewhere (173).  

Native chromatin was purified as previously described (23) with the following 

modifications:  Cells from contact-mediated noncytolytic suppression assays were 

pelleted and resuspended in Chromatin Isolation Buffer (CIB) supplemented with 

Complete Mini Protease inhibitors (Roche) and NP-40 to 0.5%.  Cells were broken on ice 

with 45 strokes of a Dounce homogenizer.  Nuclei were washed once with CIB and 

resuspended in CIB supplemented with 1 mM CaCl2.  Micrococcal nuclease was used to 

digest the chromatin.  Nuclei were pelleted at 1,000 × g for 6 min and incubated on ice 

for 2 h in 500 mM NaCl in PBS. Insoluble chromatin was pelleted at 20,000 × g for 15 

min, the supernatant was retained as the soluble native chromatin.    

Chromatin immunoprecipitation (ChIP).  ChIP was performed as previously 

described (178) except 55 µg of chromatin was used. Four µg of anti-acetylated Histone 

3 [clone 06-599 (Millipore)] was used for immunoprecipitation.  A mock 

immunoprecipitation containing no antibody was performed as a negative control.  HIV-1 

LTR DNA was detected with real-time PCR using Power SYBR Green PCR master mix 

(Applied Biosystems) and the following HIV-1-specific primers:  HIV- 1 5’ LTR 

forward: 5’-GCCTGGGAGCTCTCTGGCTA-3’; HIV-1 5’ LTR reverse: 5’-

CAACAGACGGGCACACACTACTT-3’.  As a control, GAPDH DNA was detected 

with GAPDH promoter primers that have been detailed elsewhere (218). ChIP results 
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were analyzed as percent of the total input used for immunoprecipitation.  Percent of the 

total input was calculated using the following formula: (copies immunoprecipitated with 

anti-acetylated Histone 3 – copies immunoprecipitated with no antibody)/ ([copies in the 

10% input × 10 ] – copies immunoprecipitated with no antibody) × 100%. 

 

2.3 Results 

Inhibition of histone deacetylation during co-culture decreases noncytolytic 

suppression of HIV-1 replication.   

Previous studies demonstrated that noncytolytic suppression acts on HIV-1 

transcription and gene expression (40, 153, 230), with specific effects on transcription 

initiation (186). We modeled noncytolytic suppression in vitro using JR-HVS CD8+ T-

lymphocytes.  JR-HVS CD8+ T-lymphocytes inhibit HIV-1 transcription initiation (186), 

without any cytotoxic effects (131). Therefore, the CD8+ T-lymphocyte cell line, JR-

HVS, possesses consistent noncytolytic antiviral activity making these cells a valid 

resource for determining the mechanism of noncytolytic suppression.  

First, we examined the ability of valproic acid to inhibit histone deacetylation in 

CD4+ T-lymphocytes from a pool of 10 seronegative donors, an individual seronegative 

donor, and primary T lymphocytes from an HIV-1+ virus controller.  JR-HVS CD8+ T-

lymphocytes were also cultured with valproic acid to determine if valproic acid inhibited 

histone deacetylation in CD8+ T-lymphocytes.  Baseline levels of acetylated histone 3 

(H3ac) in CD4+ T-lymphocytes are shown in Figure 2.1A.  Valproic acid stimulated 

acetylation of histones (H3ac), without altering the levels of total histone 3 (H3), in CD4+ 



 

39 

and CD8+ T-lymphocytes (Figure 2.1A).   Thus, valproic acid altered the amount of H3ac 

specifically, and not overall expression of H3.  Taken together, the effects of valproic 

acid on CD4+ T cells and JR-HVS CD8+ T-lymphocytes provides a model for exploration 

of the effect of histone acetylation on noncytolytic suppression in vitro. 

It is unknown if alteration of chromatin structure, through histone deacetylation, 

can regulate expression of the genes responsible for noncytolytic suppression of HIV-1 

transcription.  To examine this, we determined if inhibition of HDAC by valproic acid 

could reverse CD8+ T cell mediated virus suppression (Figure 2.1B).  Valproic acid 

stimulation increased virus replication in a dose dependent manner. At 1.0 mM, 

replication in the CD8+ T cell co-culture significantly increased 3.7-fold to 63% of the 

replication control (p < 0.001).  In contrast, HIV replication in CD4+ lymphocytes in the 

presence of seronegative CD8+ T-lymphocytes was unresponsive to HDAC inhibition 

(Figure 2.1B).  These data demonstrate that alterations in chromatin, through histone 

deacetylation, were required for optimal and specific CD8+ T cell mediated virus 

suppression. 

 

Dose dependent CD8+ T cell mediated virus suppression requires histone 

deacetylation.   

To determine if the requirement of histone deacetylation was dependent on a 

specific concentrations of CD8+ effector cells, CD8+ T lymphocytes were examined at a 

series of effector: target (E:T) cell ratios.   HIV-1 replication in the CD8+ T cell co-

cultures decreased from 51.6% at the lowest concentration (0.5:1, E:T) down to 9.6% at 
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the highest concentration (2:1, E:T), demonstrating a CD8+ T-lymphocyte concentration-

dependent response (Figure 2.1C).  Valproic acid stimulation significantly increased virus 

replication to 86.7% and 37.5% at 0.5:1 and 2:1 (E:T) ratios compared to control 

infection (p < 0.01 and p < 0.05 respectively; Figure 2.1C).  Inhibition of histone 

deacetylation reduced noncytolytic suppression by an average 30% at all three E:T ratios.  

The addition of valproic acid in the growth media increased the EC50 more than three-

fold from an E:T ratio of 0.5:1 without VPA to 1.6:1 with VPA (Figure 2.1C). Thus, the 

inhibition of HDACs led to a consistent reduction in noncytolytic suppression 

irrespective of effector to target ratios. 

 

Histone deacetylation is required for soluble noncytolytic suppression.   

We specifically studied only the soluble portion of virus suppression and the 

contribution of epigenetically regulated genes to the non-contact required portion of 

suppression by separating the CD8+ and CD4+ T lymphocytes by a semi-permeable 

membrane (transwell cultures). Soluble factors from CD8+ T lymphocytes suppressed 

HIV-1 replication in CD4+ T-lymphocytes by 34% (Figure 2.1D).  Similar to the effect 

that was observed in the direct contact co-culture system, valproic acid showed a dose-

dependent reversion of soluble noncytolytic suppression.  HIV-1 replication significantly 

increased after stimulation with 0.75 and 1.25 mM valproic acid (p < 0.05 for both; 

Figure 2.1D). Thus, hyperacetylation inhibited both soluble and contact-mediated 

noncytolytic suppression of HIV-1.  

 



 

41 

Reduction of noncytolytic suppression by a histone deacetylase inhibitor is 

independent of the amount of HIV-1 gene expression.   

HDAC inhibitors have been shown to augment HTLV-1 (175) and HIV-1 gene 

expression (66, 123). A potential explanation of our results was that HIV-1 gene 

expression, in the presence of VPA, increases in the target cells to a level that 

noncytolytic suppression could not suppress.  We investigated whether the reversal of 

noncytolytic suppression by VPA was dependent on the level of HIV-1 gene expression.  

Heterologous contact-mediated noncytolytic suppression assays were performed in 

cultures with a 20-fold range in HIV-1 gene expression, as measured by LTR-driven 

luciferase expression, approaching the lower limit of detection (1.6E6 to 0.08E6 relative 

light units, Figure 2.2A). In the absence of the HDAC inhibitor, there was no difference 

in suppression of the infection in the CD8+ T-lymphocyte co-cultures at the different 

levels of HIV-1 gene expression (Figure 2.2B).  JR-HVS CD8+ T-lymphocytes 

suppressed virus between 13.6% and 15.7% of the replication control at a 2:1 E:T ratio 

across the different amounts of HIV-1 gene expression.  These results demonstrate that 

there is consistent noncytolytic suppression of HIV-1 infection, despite the amount of 

replication present.  With histone deacetylation inhibited, noncytolytic suppression was 

alleviated in a VPA dose-dependent manner across the range of HIV-1 gene expression 

(Figure 2.2B). This reversion was equivalent across all amounts of HIV-1 gene 

expression.  Thus, at a range of HIV-1 gene expression levels, inducing hyperacetylation 

of histones can reverse noncytolytic CD8+ T cell mediated suppression.   
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Primary CD8+ T lymphocytes from HIV-1+ virus controllers optimally suppress 

HIV-1 replication with a requirement for histone deacetylation.   

To extend the investigation to examine the impact of histone deacetylation on in 

vivo control of HIV-1 infection, T-lymphocytes from five HIV-1 infected subjects, 

naturally controlling HIV infection, were examined in autologous noncytolytic 

suppression assays.  HIV-1 infected CD4+ T-lymphocytes from virus controllers were 

cultured in direct contact with autologous CD8+ T-lymphocytes at a 2:1 (E:T) ratio.  

CD8+ T-lymphocytes from virus controllers were able to inhibit virus replication 

significantly better than cells from seronegative donors (Figure 2.3, p < 0.001). CD8+ T-

lymphocytes from HIV-1+ virus controllers suppressed virus to a mean of 20.9% of the 

replication control (Figure 2.3). Inhibition of histone deacetylation, by valproic acid 

stimulation (1.0 mM), significantly reversed noncytolytic suppression mediated by CD8+ 

T lymphocytes from HIV+ virus controllers (p = 0.01), but had no significant effect on 

virus replication in the presence of CD8+ T-lymphocytes from seronegative subjects 

(Figure 2.3, p = 0.2).  Valproic acid treatment reversed suppression by CD8+ T 

lymphocytes from HIV-1+ virus controllers such that the amount of virus replication rose 

to the level of that observed in the presence of the negative control CD8+ T cell 

lymphocytes from seronegative donors. Inhibition of histone deacetylation significantly 

reduced the ability of CD8+ T-lymphocytes from HIV-1+ virus controllers to suppress 

HIV-1 replication (p < 0.001).  The absolute level of responsiveness to the histone 

deacetylase inhibitor was heterogeneous among the HIV-1+ virus controllers, consistent 

with the hypothesis that multiple mediators at varying concentrations contribute to CD8+ 
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mediated virus suppression. However, some CD8+ T lymphocytes from HIV-1+ virus 

controllers have nearly identical responsiveness to the HDAC inhibitor as the CD8+ T 

cell effector cell line (Fig. 2.1B and 2.3).  In total, inhibition of HDACs prevented 

optimal noncytolytic suppression of HIV-1 by CD8+ T lymphocytes from HIV-1+ virus 

controllers, which recapitulated the effects of valproic acid observed with the CD8+ T cell 

effector cell line. 

 

Histone deacetylase 1 in HIV-1 infected target cells is not required for CD8+ T-

lymphocyte noncytolytic suppression of HIV-1. 

To determine if CD8+ T-lymphocytes induce HDAC1 in HIV-1 infected CD4+ 

target cells to inhibit HIV-1 transcription, we used RNA interference to deplete target 

cells of HDAC1.  We used a pool of siRNAs targeting HDAC1 to knockdown expression 

in infected target cells.  HDAC1 siRNA transfected cells were substantially depleted of 

HDAC1, when compared to mock or negative control siRNA transfected cells (Figure 

2.4A) and HDAC1 remained knocked-down throughout the suppression assay (96 h post 

transfection).  HDAC1-expressing and deficient cells were used in soluble noncytolytic 

suppression assays with CD8+ T lymphocytes from a seronegative donor, CD8+ T-

lymphocytes from an HIV-1+ virus controller (VC18), or the JR-HVS cell line.  As 

expected, the seronegative donor CD8+ T-lymphocytes showed the least suppressive 

capability overall and there was no effect on HIV replication when HDAC1 was knocked 

down (Figure 2.4B). Also as expected, both primary CD8+ T lymphocytes from a virus 

controller (VC18) and JR-HVS CD8+ T lymphocytes substantially inhibited virus 
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replication (Figure 2.4C and 2.4D). However, there was also no change in the suppressive 

activity when HDAC1 was knocked down (Figure 2.4C and 2.4D). HIV-1 replication 

decreased with each increase in effector to target ratio to similar levels despite the 

differences in HDAC1 protein expression. The viability of the infected target cells 

remained high in the presence of potent suppression ensuring that we were measuring 

noncytolytic suppression (Figure 2.5). Thus, the presence of HDAC1 in HIV-1 infected 

CD4+ target cells was not necessary for noncytolytic suppression of HIV-1 replication.  

Taken together, these data demonstrate that HDAC1 in the CD4+ target cells was not 

responsible for the requirement of histone deacetylation for optimal noncytolytic 

suppression.   

 

Histone acetylation at the HIV-1 LTR in CD4+ target cells is unchanged by 

noncytolytic suppression.  

The results of the RNA interference experiments demonstrated that HDAC1 in the 

infected target cells was not mediating the suppression of HIV-1 transcription during 

noncytolytic suppression.  However, recent data suggests that other HDACs may regulate 

HIV-1 gene expression (7), and thus could deacetylate histones in the absence of 

HDAC1.  Thus, we examined changes in the acetylation state of the histones within the 

HIV-1 LTR during noncytolytic suppression. A large scale noncytolytic suppression 

assay was performed, and native chromatin was isolated from these cultures. JR-HVS 

CD8+ T-lymphocytes strongly inhibited HIV-1 replication, but seronegative CD8+ T-

lymphocytes did not (Figure 2.6A). However, there was no significant decrease in 
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acetylated histones associated with the HIV-1 LTR during noncytolytic suppression, 

despite potent suppression of HIV-1 replication (Figure 2.6B).  In the absence of CD8+ T-

lymphocytes, 1.5 % of the HIV-1 LTR was determined to be associated with H3ac in the 

absence of any CD8+ T-lymphocytes.  This was very similar to the 1.4% of the LTR 

associated with acetylated histone 3 in infected cells cultured with seronegative CD8+ T-

lymphocytes and the 1.6% in infected cells cultured with JR-HVS CD8+ T-lymphocytes.  

As a control for changes in histone acetylation at the promoter of host genes, association 

of GAPDH DNA with H3ac was determined.  There was no difference in enrichment of 

H3ac with GAPDH DNA in any of the three conditions (Figure 2.6B).  Alterations of the 

acetylation state of histones at the viral promoter did not mediate noncytolytic 

suppression; and could not explain the requirement for histone deacetylases for 

noncytolytic suppression. 

 

Inhibition of histone deacetylases in primary CD8+ T-lymphocytes from HIV-1+ 

subjects decreases their noncytolytic suppressive activity.   

Since the requirement for histone deacetylation in suppression of HIV-1 

replication was not localized to the infected target cells, we determined whether histone 

deacetylation directly regulated the suppressive capacity of the CD8+ T-lymphocytes. We 

found that CD8+ effector lymphocytes and cell lines were resilient to attempts to 

knockdown HDAC, so we utilized another effective strategy of interrogating the 

contribution of HDAC regulation in CD8+ effector cells using valproic acid treatment. 

JR-HVS CD8+ T-lymphocytes were incubated with valproic acid for 16 hours and 
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subsequently used as effector cells in a noncytolytic suppression assay. Valproic acid 

incubation had no effect on cell viability, and thus this factor should not influence 

suppressive capacity (Figure 2.7A).  Noncytolytic suppression decreased incrementally 

with increasing concentrations of valproic acid pretreatment; with suppression being 

almost completely eliminated with 2 mM valproic acid treatment (Figure 2.7B).  

Therefore, the shorter exposure time, 16 h instead of 72 h, appeared to warrant a higher 

concentration of valproic acid to exhibit the most potent effects.  Suppressive activity 

mediated by CD8+ T lymphocytes from either the HIV-1+ virus controller (VC6) or JR-

HVS CD8+ T-lymphocytes declined in a dose-dependent manner when the CD8+ T 

lymphocytes were pretreated with valproic acid (Figure 2.7B).   

To determine how common the dependence on histone deacetylation is for CD8+ 

T lymphocytes from HIV-1+ virus controllers, we went on to further examine CD8+ T 

lymphocytes from 13 different subjects.  Inhibiting histone deacetylation by pretreatment 

with valproic acid significantly decreased noncytolytic suppression across the panel of 

CD8+ T lymphocytes from 13 virus controllers to varying degrees (Figure 2.7C). In 

contrast, valproic acid treatment did not significantly alter HIV-1 replication in the 

presence of seronegative CD8+ T-lymphocyte from eight different subjects (< 6% change, 

p = 0.2) (Figure 2.7D).  For one virus controller, CD8+ T-lymphocytes substantially 

suppressed virus replication to 8.8% of the replication control, but was increased to 

43.1% of the replication control by valproic acid treatment (Figure 2.7C).   Virus 

replication in cultures containing valproic acid-treated CD8+ T-lymphocytes from a 

second virus controller increased up to 35.1% of the replication control (Figure 2.7C).  In 
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the case of another virus controller, virus replication increased from 4% to 25% with 

valproic acid-treated CD8+ T-lymphocytes. Inhibition of HDACs in the CD8+ T-

lymphocytes significantly reduced suppression by more than 20% in 5 of the 13 virus 

controllers tested (p = 0.001). Valproic acid pretreatment of CD8+ T-lymphocytes from 

VC3 reversed suppression by 11%, identical to the change seen when valproic acid was 

present during co-culture (Figure 2.3 and 2.7C).  Thus, valproic acid pretreatment of 

CD8+ T-lymphocytes from both virus controller 3 and 6 with valproic acid produced 

similar results to those seen when valproic acid was added during the co-culture. None of 

the virus controllers suppressed HIV-1 better after valproic acid pretreatment.  Inhibition 

of HDACs in primary CD8+ T-lymphocytes from HIV-1+ virus controllers and the CD8+ 

effector cell line impaired their suppressive responses. In summary, this study 

demonstrates that chromatin modifications through histone deacetylation within effector 

CD8+ T-lymphocytes can be required for optimal CD8+ T-lymphocyte noncytolytic 

suppression of HIV-1. 

 

2.4 Discussion  

Understanding the regulation of the CD8+ T cell mediated noncytolytic response 

has been an elusive goal since its discovery more than 20 years ago.  We detail here the 

first evidence that the mediators of the CD8+ noncytolytic response can be regulated by 

histone deacetylation.  Our data suggests that histone hyperacetylation induces expression 

of negative regulators of the antiviral factors, which leads to diminished noncytolytic 

suppression.  Studies of the cytolytic response have shown that HDAC inhibitors 
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augment the cytolytic response by CD8+ T-lymphocytes (3).  Exposing CD8+ T-

lymphocytes to a HDAC inhibitor during antigen stimulation increased specific killing, 

and secretion of gamma interferon, MIP-1 alpha and MIP-1 beta (3).  Conversely, our 

data suggests that histone hyperacetylation decreases noncytolytic suppression of HIV-1.  

These data further distinguish the cytolytic and noncytolytic responses in CD8+ T-

lymphocytes, and indicate distinct networks of genes that mediate each response.  The 

varied responses seen with virus controller CD8+ T-lymphocytes suggests that the 

network of genes may be heterogeneous and that the totality of genes that can comprise 

the noncytolytic response may not be common among all HIV-1 infected individuals.  

Therefore, inhibiting HDACs may lead to different degrees of impact on virus 

suppression among individuals.  The heterogeneous nature of the noncytolytic response 

has been speculated since some HIV-infected individuals exhibit contact-mediated 

suppression, but not soluble noncytolytic suppression (245).  The presence of multiple 

mediators was also shown by size chromatography of CD8+ T-lymphocyte supernatants. 

In these experiments partial suppressive capacity was found in fractions of different sizes, 

and the sum of the suppression by each fraction totaled the suppression of the 

unfractionated supernatant (81).  We propose that the noncytolytic response is a 

combination of several factors, with at least a subset of these factors being directly or 

indirectly regulated by changes in chromatin structure.  

The mechanism of HIV-1 transcriptional inhibition is still unclear.  HIV-1 

proviral latency is maintained by histone deacetylases that inhibit transcription from the 

HIV-1 LTR (235, 256, 260).  We show here that noncytolytic suppression does not block 
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HIV-1 transcription initiation with similar mechanisms.  HDAC1 is thought to be a 

mediator of HIV-1 proviral latency, but was dispensable for noncytolytic suppression of 

HIV-1 infected TZM-bl cells.  Mosoian and colleagues have demonstrated that mediators 

of noncytolytic suppression differ in macrophages and T cells (176); thus, the 

requirement of HDAC1 in other cell types warrants further examination.  HDAC1 

decreases the acetylation of histones, an effect that we did not observe at the HIV-1 LTR 

in the presence of noncytolytic suppression of T-lymphocytes.  Therefore, noncytolytic 

suppression inhibits HIV-1 transcription in acute infection in a manner different from 

what has been proposed for proviral latency.  

 In our study we saw impairment of the noncytolytic response at concentrations of 

valproic acid previously reported to be found in the blood of treated subjects (85, 108).  

At these concentrations, valproic acid has no effect on apoptosis or the cell cycle (85).  

Mosley et al. have found that valproic acid becomes toxic to CD8+ T-lymphocytes, 

impairing their cytolytic activity at levels 2.5 times the highest concentrations used in our 

study (175).  Similarly, we found Trichostatin A to be toxic at nanomolar concentrations 

to T-lymphocytes in our hands, which led us to use valproic acid in this study.  However, 

Trichostatin A has been shown to enhance T-lymphocyte differentiation into memory T-

lymphocytes capable of lysis of target cells (3, 182). Clearly, the amount and type of 

HDAC inhibitor has to be considered carefully when designing in vitro studies; and CD8+ 

T cell responses need to be examined more closely in HIV-1 infected patients treated 

with HDAC inhibitors.   



 

50 

The multifactorial, heterogeneous nature of the antiviral response makes antibody 

blocking of single molecules unproductive, and demonstrates the necessity for multigene 

approaches to identify the mediators and mechanisms of noncytolytic suppression.  

Microarray studies have shown that histone deacetylases regulate the expression of 8.7% 

of the genes analyzed in human CD8+ T-lymphocytes (3).  A portion of the noncytolytic 

suppressive factors are likely contained within this subset of genes, since histone 

hyperacetylation down-modulates noncytolytic suppression. Microarray analysis of CD8+ 

T-lymphocytes with and without noncytolytic suppression has been complicated by 

determining relevant differences in CD8+ T-lymphocytes from different donors with 

different genetic backgrounds.   Histone deacetylase inhibitors can be used to down-

modulate noncytolytic suppression, allowing comparative genetic analyses of the same 

cells with and without noncytolytic suppressive activity.  Future studies should aim to 

identify potential suppressive factors by analyzing the changes in mRNA or protein levels 

of secreted molecules from untreated or valproic acid-treated CD8+ T-lymphocytes.  The 

availability of multiplex bead-based assays and quantitative PCR has made it increasingly 

easier to define expression profiles of specific cells.  These technologies coupled with 

histone deacetylase inhibitors provide a more focused approach for identifying some of 

the novel antiviral molecules secreted by CD8+ T-lymphocytes. 
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Figure 2.1. Valproic acid decreases CD8+ T-lymphocyte noncytolytic 

suppression. 
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Figure 2.1 Continued: Valproic acid decreases CD8+ T-lymphocyte noncytolytic 
suppression. (A) Primary CD4+ T-lymphocytes or HVS-transformed CD8+ T-

lymphocytes were cultured for 16 h in the presence or absence of 1.0 mM valproic acid. 
Acetylated and total histone 3 was analyzed by western blot.  (B) Valproic acid was 

titrated into an autologous contact-mediated suppression assay with seronegative cells at 
a 1:1 E:T ratio (open squares) or a heterologous assay with JR-HVS CD8+ T-

lymphocytes at a 2:1 E:T ratio (filled circles).  HIV-1 replication in CD8+ T-lymphocytes 
co-cultures is shown as the percentage of replication when the HIV-1 infected CD4+ T-
lymphocytes were cultured alone. 0.5 and 1.0 mM valproic acid significantly increased 

replication in the JR-HVS CD8+ T-lymphocyte co-cultures (one-way ANOVA and Tukey 
test, p < 0.05 and p < 0.001, respectively).  Valproic acid had no effect on replication in 
the seronegative CD8+ T-lymphocyte co-cultures (one-way ANOVA and Tukey test, p = 

0.1177).   Mean and standard error of 4 experiments are shown. (C) Heterologous 
contact-mediated noncytolytic suppression assays were performed at multiple effector to 

target ratios in the absence (open circles) or presence of 1.0 mM valproic acid (filled 
circles). HIV-1 replication in cultures containing CD8+ T-lymphocytes is shown as the 
percentage of replication when the HIV-1 infected CD4+ T-lymphocytes were cultured 

alone. The effector to target ratio where 50% suppression (EC50) was reached was 
calculated for suppression assays done in the presence and absence of valproic acid. 

Valproic acid significantly increased replication in CD8+ T-cell co-cultures at all three 
effector to target ratios (two-way ANOVA and Bonferroni corrected t-tests, p = 0.0002).  

Mean and standard error of 3 experiments are shown. (D) HIV-1 infected CD4+ T-
lymphocytes were cultured alone or in a 0.4 µM transwell with JR-HVS CD8+ T cells at a 

2:1 effector to target ratio. Valproic acid was added in increasing concentrations to the 
transwell. HIV-1 replication in CD8+ T-lymphocytes co-cultures is shown as the 

percentage of replication when the HIV-1 infected CD4+ T-lymphocytes were cultured 
alone. Significant increases in replication were observed at 0.75 and 1.25 mM valproic 
acid concentrations (one-way ANOVA and Tukey Test, p < 0.05 for both). Mean and 

standard error of duplicate experiments are shown. 
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Figure 2.2: Valproic acid inhibits CD8+ T-lymphocyte noncytolytic suppression at 
different levels of HIV-1 gene expression.  A) CD4+ T-lymphocytes were infected with 
four different amounts of HIV-1NL4-3 pseudotyped virus to generate a titration of HIV-1 

replication from 1.6×106 to 0.08×106 relative light units.  B)  JR-HVS CD8+ T-
lymphocytes were cultured in direct contact at a 2:1 effector to target ratio with CD4+ T-

lymphocytes infected with each of the different amounts of HIV-1NL4-3 pseudotyped 
virus.  Valproic acid was added to the growth media in increasing concentrations.  HIV-1 

replication in the CD8+ T-lymphocyte co-culture is shown as the percentage of 
replication in the infected CD4+ T cells cultured alone.  Mean and standard error of 

duplicate experiments are shown.
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Figure 2.3: Valproic acid inhibits contact-mediated CD8+ T-lymphocyte 
noncytolytic suppression in virus controllers.  HIV-1-infected primary CD4+ T-
lymphocytes were cultured in direct contact with or without autologous CD8+ T-

lymphocytes at a 2:1 effector to target ratio. CD8+ T-lymphocytes from virus controllers 
(VC, circles) or seronegative donors (SD, triangles) were examined.   Noncytolytic 

suppression was examined in the absence and presence of valproic acid (filled and open 
symbols, respectively). Virus controller CD8 T-cell co-cultures without valproic acid had 
significantly lower HIV-1 replication than seronegative CD8+ T-cell co-cultures without 
and with valproic acid (unpaired t-test, p = 0.0004 and p = 0.0005).  HIV-1 replication in 

the virus controller CD8+ T-lymphocyte co-cultures significantly increased with the 
addition of valproic acid (paired t-test, p = 0.0121).  There was not a significant increase 

in replication in the seronegative CD8+ T-lymphocyte co-cultures (paired t-test, p = 
0.2187).  Means and standard error are represented by horizontal and vertical lines 

respectively. 
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Figure 2.4: HDAC1 is not required for soluble CD8+ T-lymphocyte noncytolytic 
suppression.  (A) siRNA-mediated knockdown of histone deacetylase 1. TZM-bl cells 

were transfected with no (Mock), a negative control (Negative) or HDAC1-specific 
(HDAC1) siRNAs. 48 and 96 h post transfection cells were lysed and HDAC1 and β-

actin expression was determined by western blot.  (B-D) Soluble noncytolytic 
suppression of HDAC1-deficient TZM-bl cells.  TZM-bl cells expressing HDAC1 

(mock; blue or Negative control; green) or with HDAC1 knocked-down (HDAC1; red) 
were used as targets for soluble noncytolytic suppression assays.  (B) Seronegative, (C) 

virus controller 18 (VC18), or (D) JR-HVS CD8+ T-lymphocytes were cultured in a 
transwell system with HIV-1IIIB infected TZM-bl cells at various effector to target ratios. 
48 h after infection LTR-driven luciferase expression was quantified. HIV-1 replication 
in the culture in the presence of the CD8+ T-lymphocytes is shown as a percentage of the 

replication control.  Mean and standard error of 3 experiments are shown. 
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Figure 2.5: CD8+ T cell noncytolytic antiviral response has no effect on TZM-bl 
viability.  The indicated CD8+ T-lymphocytes were cultured in a transwell system with 
HIV-1 IIIB infected TZM-bl cells at a 1:1 effector to target ratio. 48 h after co-culture cell 

viability was determined with a VIACount assay. 

 



 

57 

 

Figure 2.6: CD8+ T-lymphocyte noncytolytic suppression does not alter the 
acetylation of histone 3 at the HIV-1 LTR.  (A) CD4+ T-lymphocytes were infected 

with replication-competent HIV-1IIIB  and cultured alone or in the presence of 
seronegative or JR-HVS CD8+ T-lymphocytes.  HIV-1 replication was determined by 
virion-associated reverse transcriptase activity in the culture supernatant 6 days post-
infection.  Percent of the replication control was calculated with the same method as 
luciferase assays, Mean and standard error of 3 experiments are shown. (B) Native 

chromatin was purified from the noncytolytic suppression assays in (A).  Acetylated 
histone 3 associated with the HIV-1 LTR (open bars) or a housekeeping gene (GAPDH; 

filled bars) was detected by quantitative native chromatin immunoprecipitation.  The 
copies of DNA coimmunoprecipitated with acetylated histone 3 is shown as a percentage 
of the total DNA used for the immunoprecipitation input.  Mean and standard error of 3 

experiments are shown. 
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Figure 2.7: Incubation of CD8+ T-lymphocytes in valproic acid inhibits their 
noncytolytic suppressive activity.  A) Valproic acid does not affect cell viability. CD8+ 

T-lymphocytes from 9 virus controllers and JR-HVS were cultured in growth media 
supplemented with 2.0 mM valproic acid or PBS for 16 h. Cell viability was determined 
with a Guava VIACount assay. B) Virus controller 6 and JR-HVS CD8+ T-lymphocytes 

were incubated in different concentrations of valproic acid for 16 h and subsequently 
cultured with HIV-infected CD4+ T-lymphocytes at a 2:1 effector to target ratio. C and 

D) A panel of CD8+ T-lymphocytes from virus controllers (C) or seronegative donors (D) 
were treated with 2.0 mM valproic acid (VPA) as in (B). The pretreated CD8+ T-

lymphocytes were cultured with heterologous HIV-1-infected CD4+ T-lymphocytes at a 
0.5:1 effector to target ratio. HIV-1 replication in the CD8+ T-lymphocyte co-culture is 
shown as the percentage of the replication control. Valproic acid significantly increased 

replication in 5 virus controller CD8+ T-lymphocyte co-cultures (paired t-test, p = 0.001).  
There was not a significant increase in replication in the 8 other virus controllers CD8+ T 
cell co-cultures. There was no significant change in replication in co-cultures containing 

valproic acid treated seronegative CD8+ T-lymphocytes (paired t-test, p = 0.2076). Means 
and standard error are represented by horizontal and vertical lines respectively. 
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Chapter 3. The Cytokine Profile of the CD8+ T-
lymphocyte Noncytolytic Antiviral Response. 

3.1 Introduction 

Early in vitro studies determined that CD8+ T-lymphocytes can suppress human 

immunodeficiency virus type 1 (HIV-1) infection (246). The importance of the CD8+ T-

lymphocyte response to HIV-1 infection is highlighted by the appearance of HIV-1-

specific CD8+ T-lymphocytes concurrent with the initial decline in HIV-1 viral load (25, 

127), and the appearance of escape mutations within the first fifty days of infection (84). 

Included in the initial CD8+ T-lymphocyte response during the decline in viral load is a 

subset of cells that suppress HIV-1 replication without lysis of infected cells (144).  In 

vivo studies using simian immunodeficiency virus infection of rhesus macaques, have 

shown the reduction in viremia is also mediated by CD8+ T-lymphocytes without the 

lysis of SIV-infected cells (111, 125, 258); thus demonstrating the noncytolytic CD8+ T-

lymphocyte response as an important component for the control of viremia that should be 

further characterized.  

The noncytolytic CD8+ T-lymphocyte response includes the inhibition of HIV-1 

transcription through unknown mediators (40, 153, 230). The initial work of Walker and 

colleagues, which was later confirmed by several other groups, demonstrated that CD8+ 

T-lymphocytes could inhibit HIV-1 replication when grown in direct contact with 

infected cells, or across a semi-permeable membrane (31, 229, 245).  This result suggests 

the secretion of soluble antiviral factors as a mechanism for inhibition of HIV-1 
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replication.  Although cell contact is not necessary for suppression in all cases, allowing 

cell contact generally increases the magnitude of suppression (244, 245). Indeed, CD8+ 

T-lymphocytes that potently suppress HIV-1 replication when in direct contact with 

infected targets may display only negligible suppression of HIV-1 replication across 

semi-permeable membranes (245). The increased suppression of HIV-1 replication is not 

due to target cell lysis, as the number of CD4+ T-lymphocytes does not change and these 

CD8+ T-lymphocytes demonstrated minimal cytolytic activity in chromium release 

assays (244, 257). Thus, potent contact-mediated and soluble noncytolytic suppression of 

HIV-1 replication are distinct responses. 

The factor(s) involved in soluble noncytolytic suppression have been difficult to 

identify.  Fractionation of supernatants from CD8+ T-lymphocytes demonstrated that 

several fractions exhibit moderate suppressive activity, and that combining these 

fractions produces suppression equal to unfractionated supernatant (81).  Moreover, 

prothymosin-α secretion by CD8+ T cells can inhibit HIV replication in macrophages but 

not T-lymphocytes (176). Taken together, it is likely that noncytolytic suppression is 

mediated by multiple factors. For CCR5-tropic viruses, it is clear that the soluble 

secretion of the natural ligands, β-chemokines, from CD8+ T cells (43) and CD4+ T cells 

(120, 202) can mediate virus inhibition. For CXCR4- tropic viruses that are not sensitive 

to β-chemokine mediated inhibition; the natural ligand, stromal derived factor 1 (SDF-1), 

was examined and not found to be responsible for suppression (130).  However, we have 

found that MIP-1β along with CD107 on CD8+ T cells was associated with CD8+ T-

lymphocytes capable of mediating virus inhibition of both CXCR4 and CCR5 viruses 



 

61 

(76), suggesting that this β-chemokine may possess more direct or indirect inhibitory 

functions than previously known.  Identification of the molecules secreted by 

noncytolytic suppressive CD8+ T-lymphocytes may define the factors responsible for 

mediating virus inhibition as well as define a cytokine signature of noncytolytic 

suppression. 

We previously demonstrated that the production of a subset of the CD8+ T cell 

derived factors associated with noncytolytic suppression is regulated by histone 

acetylation (204).  Exposure of CD8+ T-lymphocytes to an inhibitor of histone 

deacetylation led to diminished contact-mediated and soluble noncytolytic suppression of 

HIV-1.  Histone acetylation is generally associated with the activation of transcription 

(99). Therefore, it was proposed that negative regulators of CD8+ T cell antiviral factors 

were transcribed after inhibition of histone deacetylation, which resulted in the decrease 

in suppressive capacity (204).  The ability of histone acetylation to decrease the 

expression of genes involved in the immune response to HIV-1, could aid in the 

identification of factors associated with noncytolytic suppression. Thus, the genes 

involved in the immune response that are regulated by histone deacetylation in CD8+ T-

lymphocytes should be defined. 

It is estimated that less than 1% of HIV-1 infected individuals maintain low levels 

of viremia and are asymptomatic in the absence of anti-retroviral therapy (57, 87).  Virus 

controllers (VCs) are a distinct subset of asymptomatic anti-retroviral naïve HIV-1 

infected individuals with normal CD4 counts and viral loads less than 5000 for at least 

one year (76). It is unclear what types of immune responses result in sustained control of 
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HIV-1 viremia in these individuals.  Multiple cohorts containing asymptomatic HIV-

infected subjects have reported overrepresentation of the controlling HLA allele B*57 

(69, 172), which is responsible for a robust cytotoxic CD8+ T-lymphocyte response 

(reviewed in 21). The virus controllers in this study display potent virus inhibition, which 

can include both the cytotoxic and noncytolytic mechanisms of suppression of HIV-1 

replication (76).  Contact-mediated and soluble noncytolytic suppression have been 

observed with CD8+ T-lymphocytes from untreated asymptomatic HIV-1 infected 

individuals (20, 46), and could contribute to the virus inhibition exerted by our cohort of 

virus controllers. Thus, the relative contribution of the soluble noncytolytic antiviral 

response in this cohort of virus controllers at both the individual donor and cohort-level 

warrants further study. 

In this cohort of virus controllers, all subjects demonstrated the ability to inhibit 

HIV-1 replication in a CD8+ virus inhibition assay (76), but only one of these subjects 

also had strong soluble suppression. We further probed the soluble activity from primary 

CD8+ T-lymphocytes and from a CD8+ T-lymphocyte cell line to determine if particular 

cytokine concentrations correlated with the amount of suppression of HIV-1 replication. 

We found that VC CD8+ T-lymphocytes exhibiting soluble noncytolytic suppression 

secreted higher levels of MIP-1α, MIP-1β, IP-10, and MIG than primary CD8+ T-

lymphocytes without this type of response.  Additionally, the expression in CD8+ T-

lymphocytes of 17 genes involved in the host immune response was regulated by histone 

deacetylation; furthermore, 7 of these genes were more highly transcribed by CD8+ T 

lymphocytes with soluble noncytolytic suppression.  We have defined a soluble cytokine 
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profile that significantly correlates with the noncytolytic response. This profile along with 

the cellular markers of CD8+ T cell responses (MIP-1β and CD107a 76) may enable 

better characterization and measurement of protective CD8+ T cell responses.  

 

3.2 Material and methods 

Study Participants. Virus controllers were defined as HIV-1-infected individuals 

with CD4+ T cell counts greater than 385 cells/µL and viral loads less than 5000 

copies/mL.  Virus controllers were recruited from the Duke Adult and Pediatric 

Infectious Disease Clinics.  Informed consent was obtained from all study participants 

according to a Duke University IRB approved protocol.  Seronegative PBMCs were 

isolated from blood donors from the Red Cross. 

 

Cell culture. PBMCs from seronegative donors or virus controllers were 

activated for 3 days with anti-CD3 and anti-CD28 in RPMI (20% FBS, 100 U/mL 

Penicillin, 100 µg/mL Streptomycin, 20 U/mL IL-2). To enrich for CD4+ cells, the CD8+ 

cells in PBMCs were labeled using CD8 MicroBeads (Miltenyi Biotechnology) and 

depleted with an autoMACS Cell Separator (Miltenyi Biotechnology).  CD8+ cells were 

isolated using the CD8+ T Cell Isolation kit and autoMACs Cell Separator (Miltenyi 

Biotechnology). CD8-depleted PBMC contained less than 3.5% CD8+ cells, and isolated 

CD8+ cells contained less than 2.2% CD4+ cells as determined by Flow Cytometry 

(FACS Caliber). The HVS-transformed CD8+ T-lymphocyte cell line from an 

asymptomatic HIV-1 infected subject, JR-HVS (131), was cultured in AIM-V (20 % 
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FBS, 40 U/mL IL-2).  TZM-bl cells were cultured in DMEM (10% FBS, 100 U/mL 

Penicillin, 100 µg/mL Streptomycin).   

 

Valproic Acid Treatment of CD8+ T-lymphocytes. CD8+ T-lymphocytes were 

cultured in AIM-V supplemented with 2.0 mM valproic acid (Calbiochem) or PBS as a 

vehicle control for 16 h at 1.8×106 cells/mL.  After 16 hours of pretreatment, a subset of 

the CD8+ T-lymphocytes was washed with PBS, resuspended in complete growth media, 

and used as effector cells in direct contact CD8+ suppression assays.  Total RNA was 

extracted from the remaining treated cells to be analyzed by Real-time Reverse 

transcriptase-PCR Array (SA Biosciences). 

 

 

Direct Contact CD8+ T-lymphocyte Suppression Assay. Pooled seronegative 

CD4+-enriched cells were infected with a single cycle CXCR4-tropic HIV-1NL4-3 

pseudotyped luciferase reporter virus for 2 h in a 50 mL conical tube (45, 186). This 

pseudotyped virus contains a modified NL4-3 genome that encodes luciferase at the nef 

locus, and is limited to a single round of infection by frameshift mutated env (45).  HIV-1 

infected CD4+ cells were plated with CD8+ T cells at a 0.5:1 effector to target (E:T) ratio 

or cultured alone. The cells were lysed with Luciferase Cell Culture Lysis reagent 

(Promega) and one freeze-thaw cycle 72 hours post infection.  Luciferase expression was 

quantified with the Luciferase Assay System (Promega) on a Centro LB luminometer 

(Berthold) operating Microwin Software.  The level of HIV replication in the CD8+ T cell 
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co-cultures was calculated as the log10 reduction in replication compared to infected 

CD4+ T cells as follows: log10([luciferase in the CD8+ T cell co-culture] / [luciferase 

expression in the replication control]).  

 

Soluble CD8+ T-lymphocyte Suppression Assay. TZM-bl cells were trypsinized 

and washed once with complete growth media. 1.6×104 TZM-bl cells were plated in the 

lower chamber of a 96-well 0.4 µM Pore Transwell system (Corning) in complete AIM-

V.  The CXCR4-tropic HIV-1IIIB  was used to infect the TZM-bl cells at 0.5 multiplicities 

of infection. CD8+ T-lymphocytes were plated in the upper chamber of the Transwell 

system at various effector to target ratios at the time of infection of the target cells. 48 

hours post-infection LTR-driven luciferase expression was measured using the BriteLite 

Plus system (Perkin Elmer). The percent suppression of HIV-1 replication was calculated 

as follows: [1 – (luciferase expression by TZM-bl cells in the presence of CD8+ T cells) / 

(luciferase expression in the absence of CD8+ T cells)] × 100%. 

 

Real-time Reverse-Transcriptase PCR Array. Total RNA was extracted from 

valproic acid and PBS-treated CD8+ T-lymphocytes using QIAShredders (Qiagen) and 

the RNAeasy Plus kit (Qiagen) and following the manufacturer’s protocol.  To determine 

RNA quality, 100 ng of RNA was fractionated by agarose gel electrophoresis followed 

by visualization of ribosomal RNA with SYBR Safe (Invitrogen) and ultraviolet light.  

RNA was purified of contaminating genomic DNA and reverse transcribed with the RT² 

First Strand cDNA Kit (SABiosciences).  cDNA was analyzed by Human Common 
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Cytokine and Human Chemokine and Receptor PCR arrays using RT² SYBR® Green / 

ROX® qPCR Master Mix (SABiosciences) per the manufacturer’s conditions on a 7500 

Real-time PCR machine (Applied Biosystem).  Changes in gene expression in valproic 

acid and PBS-treated CD8+ T cells was calculated using the ∆∆Ct analysis of threshold 

cycles by the SABioscience PCR Array Data Analysis Web Portal (145).  For this 

analysis gene expression was normalized to GAPDH, β-actin, β2 microglobin, 

Ribosomal protein L13a, and Hypoxanthine phosphoribosyltransferase 1. 

 

Cytokine and Chemokine Luminex Analysis. Cell culture supernatant was 

collected prior to luciferase measurement at the conclusion of soluble suppression assays.  

Triton X-100 was added to the supernatant to a final concentration of 1% to inactivate 

HIV-1 virions.  The supernatants were diluted 2.5 fold in AIM-V and stored at -80 °C 

until the luminex analysis was performed.  Seventy-six individual human cytokines and 

chemokines were examined using Milliplex MAP Human Cytokine/Chemokine Panels I, 

II, and III per the manufacturer’s protocol on a Bio-Rad Luminex machine.  Infected 

target cells alone were considered the baseline and are designated as 0:1 E:T ratio. 

Spearman correlations were performed with Prism 5.0a (Graphpad).  Hill functions were 

calculated for percent suppression and protein concentration with the R statistical 

software package using the following formula: y = 100 × xr  / (xr + cr), where y = percent 

suppression, x = protein concentration, and r = 1. 
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3.3 Results 

Soluble CD8+ T-lymphocyte noncytolytic suppression of HIV-1 replication is rare 

among Virus Controllers. 

Soluble CD8+ T-lymphocyte noncytolytic suppression has been assessed in 

asymptomatic HIV-1 positive patients at different stages of infection (83, 136), however 

its presence in this cohort of virus controllers (VC) has yet to be examined. Therefore, we 

examined the ability of CD8+ T-lymphocytes from 19 virus controllers to inhibit HIV-1 

replication when separated from target cells by a semi-permeable membrane. These virus 

controllers have been shown previously to inhibit virus replication in virus inhibition 

assays (76).  The HVS-transformed cell line, JR-HVS with documented noncytolytic 

suppressive capacity, was used as a positive control for noncytolytic suppression (131, 

186, 230).  CD8+ T-lymphocytes from seronegative donors were used as negative 

controls for soluble noncytolytic suppression. Ten of the 19 (53%) VC CD8+ T-

lymphocytes showed no soluble noncytolytic suppression of HIV-1 replication (Figure 

3.1).  Eight (42%) other VC CD8+ T-lymphocytes possessed levels of suppression that 

were similar to seronegative CD8+ T-lymphocytes. VC18 CD8+ T-lymphocytes was the 

only virus controller that demonstrated significantly better soluble noncytolytic 

suppression than seronegative CD8+ T-lymphocytes (Student’s t-test; p < 0.01), although 

these cells did not suppress as well as JR-HVS CD8+ T-lymphocytes.  Thus, VC18 and 

JR-HVS were classified as soluble suppressors (SS) and the seronegatives and remaining 

VCs were referred to as non-soluble suppressors (NSS).  Overall, these finding suggest 

that potent soluble CD8+ T-lymphocyte noncytolytic suppression is quite rare or that very 
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close proximity of cells that cannot be achieved with the transwell culture system is 

required. 

    

CD8+ T-lymphocytes with soluble noncytolytic suppression secrete high 

concentrations of multiple cytokines.   

Cytokine secretion from CD8+ T-lymphocytes with soluble noncytolytic 

suppression has not been fully characterized.  Thus, we used a multiplex bead-based 

assay to analyze 76 different cytokines potentially secreted by CD8+ T-lymphocytes 

during soluble noncytolytic suppression of HIV-1 replication. The 76 cytokines consisted 

of interleukins (ILs), colony stimulating factors (CSFs), interferons (IFNs), chemokines, 

and proinflammatory cytokines.  The concentration of cytokines was compared between 

SS and NSS-CD8+ T-lymphocytes to identify cytokines that may distinguish soluble 

noncytolytic suppressive activity.  In particular, we focused on cytokines that trended 

upward as the E:T ratio increased, and were expressed at least 3-fold higher by SS CD8+ 

T-lymphocytes than the NSS-CD8+ T-lymphocytes from NEG1 and VC3 at a 1:1 E:T 

ratio.  Among the interleukins, colony stimulating factors, interferons, and 

proinflammatory cytokines analyzed, JR-HVS and VC18 CD8+ T-lymphocytes secreted 

higher levels of IFN-γ and IL-1α than virus controller and seronegative CD8+ T-

lymphocytes that lack soluble noncytolytic suppression (Figure 3.2). Specifically, JR-

HVS secreted 31 and 38-fold higher amounts of IFN-γ and IL-1α, respectively, compared 

to NSS VC3 at a 1:1 E:T ratio.  VC18 secreted 6 and 24-fold more of these same 

cytokines than VC3, respectively, at a 1:1 E:T ratio.  Analysis of the chemokine 
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responses revealed 5 proteins that were secreted highly by SS-CD8+ T-lymphocytes 

(Figure 3.2).  Among these chemokines were the β-chemokines, MIP-1α and MIP-1β.  

Compared to VC3, JR-HVS and VC18 secreted at least 7.5-fold more of these β-

chemokines. Additionally, the α-chemokines I-TAC, MIG, and IP-10 were secreted 

highly by SS-CD8+ T-lymphocytes (Figure 3.2).  At a 1:1 E:T ratio, the concentration of 

these chemokines were at least 60-fold greater in JR-HVS and VC18 than VC3 cultures.  

In total, we found that 7 of the 76 (9.2%) cytokines were secreted at least 3-fold higher 

by SS-CD8+ T-lymphocytes than NSS-CD8+ T-lymphocytes.    

 

The cytokine profiles of JR-HVS and VC18 CD8+ T-lymphocytes differ in 

magnitude and composition.  

Since VC18 and JR-HVS CD8+ T-lymphocytes possess different magnitudes of 

soluble noncytolytic suppression (Figure 3.1), we hypothesized that there should be 

differences in the magnitude and/or identity of the cytokines comprising their responses. 

Indeed, JR-HVS secreted more IFN-γ, IL-1α, MIP-1α, and MIP-1β than VC18 (Figure 

3.2).  I-TAC, MIG, and IP-10 were also secreted higher by JR-HVS than VC18 CD8+ T-

lymphocytes. Additionally, we found that IL-13, TNF-α, GM-CSF, and I-309 were 

secreted highly only in suppression cultures containing JR-HVS CD8+ T-lymphocytes 

(Figure 3.3A).  Thus, both the magnitude and composition of the soluble noncytolytic 

suppressive response differed between JR-HVS and VC18 CD8+ T-lymphocytes.  
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Other cytokines that are not components of the noncytolytic suppressive cytokine 

profile.  

Numerous cytokines have been reported to inhibit HIV-1 replication, and some of 

which have been proposed to have a role in noncytolytic suppression. We analyzed the 

presence of these antiviral cytokines in transwell cultures containing SS and NSS-CD8+ 

T-lymphocytes. IFN-α, IL-4, IL-10, and IL-16 have been documented as anti-HIV factors 

(14, 32, 224, 251), however we observed low, indistinguishable levels of these cytokines 

in our assays across different CD8+ T-lymphocytes at various E:T ratios (Figure 3.3B).  

Furthermore, we did not observe distinguishable concentrations of the anti-HIV factors 

MDC (187), TARC (42), or SDF-1 (184), between SS-CD8+ T-lymphocytes and NSS-

CD8+ T-lymphocytes.   

 

MIP-1ββββ and MIP-1αααα strongly correlate with the magnitude of soluble noncytolytic 

suppression of CXCR4- tropic virus.   

To further identify cytokines that distinguish soluble noncytolytic suppressive 

CD8+ T-lymphocytes, we correlated the concentration of each cytokine with the percent 

suppression in the CD8+ T-lymphocyte transwell culture.  We hypothesized that if the 

cytokine was an important indicator of soluble suppression then the cytokine should 

correlate with soluble suppression by VC, JR-HVS, and seronegative CD8+ T-

lymphocytes.  Therefore, we combined the protein concentrations and percent 

suppression into one large data set for analysis.  Among all 76 cytokines, MIP-1β most 

strongly correlated with soluble noncytolytic suppression by all of the different CD8+ T-
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lymphocytes (Table 3.1, Spearman r = 0.891, p < 0.0001). The concentration of MIP-1β 

possessed a nonlinear relationship with percent suppression (Figure 3.4) suggesting that a 

certain threshold must be reached for the most potent suppression to occur.  MIP-1α, IP-

10, and MIG were also strongly correlated with soluble noncytolytic suppression 

(Spearman r = 0.867, 0.827, and 0.801 respectively, p < 0.0001 for all).  Concentrations 

of IL-1α and IFN-γ correlated strongly with soluble noncytolytic suppression, although 

not as well as MIG (Spearman r = 0.799, p < 0.0001 for both).  In concordance with MIP-

1β, these cytokines possessed a nonlinear relationship with percent suppression also 

(Figure 3.4).  These cytokines strongly correlated with soluble noncytolytic suppression 

whether suppression by JR-HVS or VC18 CD8+ T-lymphocytes was analyzed 

individually or combined together (Table 3.1). These cytokines were also identified as 

cytokines secreted higher by both SS-CD8+ T-lymphocytes than NSS-CD8+ T-

lymphocytes (Figure 3.2).   Except for I-TAC, the cytokines with Spearman correlation 

coefficients below 0.798 were not secreted highly by both SS-CD8+ T-lymphocytes.  I-

TAC was expressed highly by SS-CD8+ T-lymphocytes, but its concentration varied in 

cultures with relatively low levels of soluble suppression, which decreased its correlation 

coefficient (Figure 3.2). In total, the concentrations of MIP-1β, MIP-1α, IP-10 and MIG, 

as well as IL-1α and IFN-γ were indicative of all levels of soluble noncytolytic 

suppression and distinguish SS and NSS-CD8+ T-lymphocytes.   

 

Histone hyperacetylation decreases noncytolytic suppression and alters the 

expression of cytokine and cytokine receptors.   
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We previously reported that inhibiting histone deacetylation decreases the ability 

of CD8+ T-lymphocytes to suppress HIV-1 infection (204).  We sought to define the 

changes in expression of genes with immune function that may account for the 

attenuation of CD8+ T-lymphocyte noncytolytic suppression.  SS-CD8+ T-lymphocytes 

were incubated in a histone deacetylase inhibitor, valproic acid (VPA), and subsequently 

used as effector cells in direct contact CD8+ T-lymphocyte suppression assays.  HIV-1 

replication was reduced by 1.25 and 1 log in the presence of untreated JR-HVS and VC18 

CD8+ T-lymphocytes (Figure 3.5A).  After the inhibition of histone deacetylation, 

suppression of HIV-1 replication by JR-HVS and VC18 CD8+ T-lymphocytes was 

significantly reduced (Student’s t-test; p < 0.05 and p < 0.01 respectively).  RNA was 

isolated from a portion of the CD8+ T-lymphocytes that were used as effectors in the 

suppression assays to examine changes in gene expression.  The fold change in 

expression of 164 genes, involved in the host immune response, after inhibition of 

histone deacetylation was determined for JR-HVS and VC18 CD8+ T-lymphocytes.  A 3-

fold change in expression cut-off was determined based on five times the standard error 

of the mean fold change for β-actin. In concordance with the function of histone 

deacetylases as transcription repressors (reviewed in 223), gene expression increased 

more frequently than decreased after inhibition of histone deacetylation (Figure 3.5B).  In 

JR-HVS CD8+ T-lymphocytes, 15 genes were down-regulated and 23 genes were up-

regulated after inhibition of histone deacetylation (Figure 3.5B).  In VC18 CD8+ T-

lymphocytes, inhibition of histone deacetylation led to the down-regulation of 4 genes 

and up-regulation of 54 genes (Figure 3.5B).  BMP4, IL-1F6, and IL-2 were up-regulated 
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in both cell types (Table 3.2).  Since inhibition of histone deacetylation decreased 

suppression, we hypothesized that the molecules important for suppression were 

decreasing in expression.  Therefore, we chose to focus on genes whose expression was 

down-regulated after treatment.  MIP-1α and Lymphotoxin β (LTB) were the only genes 

down-regulated in both types of CD8+ T-lymphocytes (Figure 3.5C and 5D).  M-CSF and 

Lymphotoxin α (also termed TNF-β; LTA) were down-regulated in both CD8+ T cell 

types, although these genes were only greater than 3-fold down-regulated in VC18 CD8+ 

T-lymphocytes.  Six of the cytokines identified in our protein expression analysis were 

also down-regulated in JR-HVS CD8+ T-lymphocytes after inhibition of histone 

deacetylation (Table 3.3).  MIP-1α and IP-10 correlated highly with soluble noncytolytic 

suppression and were down-regulated in SS-CD8+ T-lymphocytes by histone 

hyperacetylation (Table 3.3). I-TAC was also secreted by both SS-CD8+ T-lymphocytes 

and down-regulated by histone hyperacetylation in JR-HVS cells (Figure 3.2 and 5C).  

GM-CSF, IL-13, and I-309 were down-regulated by histone hyperacetylation in JR-HVS 

CD8+ T-lymphocytes (Figure 3.5C), and secreted uniquely by JR-HVS CD8+ T-

lymphocytes during noncytolytic suppression (Figure 3.3A). Histone hyperacetylation 

downregulated LTB, but its secretion could not be assessed since it is a transmembrane 

protein.  Taken together, histone deacetylation regulates the expression of a subset of 

genes whose secretion directly correlates with soluble noncytolytic suppression.  

 

MIP-1αααα is regulated by histone deacetylation and expressed highly in CD8+ T-

lymphocytes with soluble noncytolytic suppression.   
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The identification of genes down-regulated by histone hyperacetylation provided 

us with a set of candidate genes that may be indicative of a SS-CD8+ T-lymphocyte 

phenotype.   To identify genes that may be important markers of SS-CD8+ T-

lymphocytes, we examined the mRNA transcript levels of each of the candidate genes in 

untreated CD8+ T-lymphocytes for those genes more highly expressed in SS-CD8+ T-

lymphocytes.   MIP-1α was expressed significantly higher in JR-HVS and VC18 CD8+ 

T-lymphocytes compared to seronegative CD8+ T cells (Student’s t-test, p = 0.0003 and 

0.0437 respectively; Figure 3.6A).  M-CSF, LTA, and I-309 were also expressed higher 

in SS-CD8+ T-lymphocytes compared to seronegative cells, with the increase being 

significant only for JR-HVS CD8+ T-lymphocytes (t-test, p = 0.0002, 0.0165, and 0.0062 

respectively).  Additionally, MCP-1 and BCA-1 were expressed higher in VC18 and 

significantly higher in JR-HVS CD8+ T-lymphocytes than NSS-CD8+ T-lymphocytes (t-

test p = 0.015 and 0.033 respectively).  Although IL-3 was expressed higher by SS-CD8+ 

T-lymphocytes, the increase was not significant.  

Similar to the protein analysis, JR-HVS and VC18 CD8+ T-lymphocytes 

expressed different magnitudes of the identified genes (Figure 3.6).  Although VC18 

expressed higher levels than seronegative CD8+ T-lymphocytes for 7 of the 17 genes 

identified, these levels were lower than JR-HVS CD8+ T-lymphocytes for each of the 

genes. In addition to expressing higher levels of the above 7 genes, JR-HVS CD8+ T-

lymphocytes expressed significantly high levels of IL-9, GM-CSF, IL-13, and IL-8 

(Figure 3.6B). This difference further demonstrates the heterogeneity between cells 

exhibiting noncytolytic suppression.  Lastly, not all of the genes that were down-
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regulated in CD8+ T-lymphocytes were expressed higher in SS-CD8+ T-lymphocytes 

than NSS-CD8+ T-lymphocytes.  The mRNA transcripts of the remaining 6 genes were 

not increased in SS-CD8+ T-lymphocytes (Figure 3.6C). 

 

3.4 Discussion 

A comprehensive description of a suppressive CD8+ T-lymphocyte response may 

aid in determining the type of CD8+ T-lymphocyte response that should be elicited by 

therapeutics or a protective HIV-1 vaccine.  We detail here a comprehensive analysis of 

cytokine expression, using two approaches, from primary CD8+ T lymphocytes and JR-

HVS CD8+ T-lymphocytes capable of noncytolytic HIV-1 inhibition. We analyzed the 

mRNA levels of 164 genes and the secretion of 76 different proteins to compile a profile 

of cytokines expressed by CD8+ T-lymphocytes exhibiting soluble noncytolytic antiviral 

activity.  These two approaches identified 19 different cytokines that may be involved in 

noncytolytic suppression (Table 3.3).  Multiple genes were identified in both approaches, 

underscoring the multifactorial nature of this response (Table 3.3).  IP-10 protein 

concentrations directly correlated with soluble noncytolytic suppression, but mRNA 

levels were shown to be similar among seronegative, VC18, and JR-HVS CD8+ T-

lymphocytes.  Quantification of IP-10 mRNA is difficult since it has a high turnover rate 

and requires stabilization by other factors (225), which may account for why the mRNA 

levels were not different among the different types of CD8+ T-lymphocytes. Thus in 

understanding the noncytolytic response, protein analyses should be done to ensure that 

important genes are not omitted. 
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Additionally, we analyzed soluble noncytolytic suppression in a panel of virus 

controllers and found this facet of the response was rare in our cohort of virus controllers.  

This finding supports a previous claim that soluble noncytolytic suppression in particular 

does not correlate with high CD4 counts or with clinical status (46). However, these 

individuals do exhibit contact mediated suppression indicating that they suppress HIV-1 

replication through alternative mechanisms (76).  This observation is similar to those 

made with other types of asymptomatic HIV-infected individuals (200).  VC18 was the 

only virus controller that significantly suppressed HIV-1 through soluble mediators. 

VC18 has been infected for more than 4 years and maintains a CD4 count of 

approximately 1550 CD4+ cells/µL. Apart from one viral blip of 2000 copies/mL, the 

viral load of VC18 remains close to 150 copies/mL with 1 undetectable reading within 

the last year.  VC18 is also positive for HLA-B*27, an HLA-B allele associated with 

slower progression to AIDS (119).  However, Saez-Cirion et al. have shown that in at 

least one instance HLA-B*27 positive HIV controllers lack soluble noncytolytic 

suppression despite potent contact-mediated virus inhibition (200).  

We extended a previous finding that epigenetics regulates the ability of CD8+ T-

lymphocytes to suppress HIV-1 replication by analyzing the changes in gene expression 

due to histone hyperacetylation.  This study identified genes with immune functions 

regulated by histone deacetylation in CD8+ T-lymphocytes.  Specifically, LTB and MIP-

1α were strongly regulated by histone deacetylation in both JR-HVS and VC18 CD8+ T-

lymphocytes.  However, many other factors were not similarly regulated in these cells.  

As JR-HVS CD8+ T cells are highly activated transformed cells that express high levels 
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of cytokines, epigenetics may regulate gene expression differently in these cells.  

Furthermore, epigenetic regulation of noncytolytic suppression may be due to changes in 

multiple genes involved in noncytolytic suppression that vary between CD8+ T-

lymphocytes.  This observation may explain why purification of a single factor that 

blocks HIV-1 transcription has proven difficult. Epigenetics only regulates a portion of 

the suppressive response, as noncytolytic suppression is not completely blocked by an 

inhibitor of histone deacetylases.  Therefore, this approach provided a way to focus on a 

subset of genes that may be important, but is not an exhaustive screen. 

Our profile includes several genes that have been studied previously in the context 

of the CD8+ T-lymphocyte noncytolytic suppression.  Among these genes were MIP-1α, 

MIP-1β, IL-13, I-309, IP-10, and GM-CSF (43, 80, 81, 106, 155, 253). I-309 and IP-10 

mRNA levels in CD8+ T cells from an HIV-1 infected subject have been previously 

correlated with contact-mediated noncytolytic suppression (253).  Our study corroborates 

this finding for soluble noncytolytic suppression with protein and mRNA analysis from 

multiple subjects, and suggests that these cytokines could be markers of a noncytolytic 

suppressive CD8+ T-lymphocyte response. Although our study did not address the 

function of the strongly correlated cytokines, several lines of investigation have shown 

MIP-1β to be particularly important in HIV-1 pathogenesis.  The β-chemokines are most 

noted for their inhibitory effects on HIV-1 entry (43), but there is some evidence that they 

may also inhibit HIV-1 replication after entry, consistent with noncytolytic suppression 

(4).  In a previous study, MIP-1β, in addition to CD107, was identified as a marker 

strongly associated with virus inhibition by virus controller and HIV-1 vaccinee CD8+ T 
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cells (76).  Recent work indicates that MIP-1β positive CD8+ T-lymphocytes exert 

immune pressure early in HIV-1 infection (Ferrari G, personal communication). Also, 

Cocchi et al. has reported that the ability of CD8+ T-lymphocytes to secrete high levels of 

MIP-1β and MIP-1α correlates with an asymptomatic HIV-1 infection (44).   

IL-13, I-309, and GM-CSF are expressed in CD8+ T-lymphocytes with 

noncytolytic suppression (80, 81), however their role in suppression is still debated.   

Notably, IL-13 inhibits HIV-1 replication in monocytes without disrupting integration or 

maturation of the virus (52). Therefore, the mechanism of IL-13 is similar to the 

mechanism proposed for noncytolytic suppression.  GM-CSF has also been shown to 

inhibit HIV-1 replication in monocytes (121), suggesting it could be important for 

suppression of HIV-1 replication in CD4+ T-lymphocytes. IL-8 is also intriguing as it has 

been shown to inhibit both HIV-1 entry (193) and transcription (194).  I-309 (106), and 

MCP-1 (74) all inhibit HIV-1 entry, but effects on HIV-1 gene expression have yet to be 

determined.  Future studies should aim to distinguish whether our identified genes are 

solely markers of a suppressive phenotype, or the suppressive mediators of the 

noncytolytic response.  

 Within the suppressive profile are cytokines that are induced by or elicit 

similar signaling pathways. The interferon gamma response genes, IP-10 and MIG, as 

well as IFN-γ itself were found to directly correlate with soluble noncytolytic 

suppression.  Additionally, the IFN-γ response gene I-TAC was secreted highly by SS-

CD8+ T-lymphocytes.  IP-10, MIG, and I-TAC are ligands for CXCR3 (147), thus 

demonstrating redundancy in the cytokine profile of SS-CD8+ T-lymphocytes.  GM-CSF 



 

79 

and IL-3 are regulated by histone deacetylation and were differentially expressed by SS 

and NS-CD8+ T-lymphocytes. The receptors for these cytokines belong to the GM-CSF 

receptor family, and are heterodimers containing the same signaling common β chain (96, 

101).   Interestingly, signaling of the common β chain and IFN-γ receptor leads to 

activation of STAT1 (33, 89), which has been shown to be required for noncytolytic 

suppression of HIV-1 (38).  This result may explain why neutralization of only one or a 

few cytokines has not impacted noncytolytic suppression since the cytokines in this 

response may have redundant signaling. Thus, future investigation could address the 

inhibition of signaling molecules upstream of STAT1 activation to elucidate the 

mechanisms of noncytolytic suppression. 
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Figure 3.1: Soluble CD8+ T-lymphocyte noncytolytic suppression of HIV-1 
replication. Seronegative (NEG, triangles), virus controller (VC; circles), or HVS-
transformed (JR-HVS; squares) CD8+ T-lymphocytes were cultured in a transwell 

microtiter plate with HIV-1 infected cells at a 0.5:1 effector to target ratio.  Suppression 
of HIV-1 replication is shown as the mean log10 reduction in HIV-1 replication. 

Significant reduction of replication compared to seronegative CD8+ T-lymphocytes was 
determined by Student’s t-test (** p < 0.01; *** p< 0.001). 
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Figure 3.2: Protein concentration of cytokines secreted by soluble suppressive CD8+ 
T-lymphocytes during noncytolytic suppression. CD8+ T-lymphocytes were cultured 
with HIV-1 infected cells at 0.25:1, 0.5:1, and 1:1 effector to target (E:T) ratios.  Protein 
concentration in the cell culture supernatant was determined by luminex.  HIV-1 infected 
target cells cultured alone (0 E:T ratio) serve as the baseline measurement.  Mean protein 

concentration, standard error, and linear trend lines are shown for JR-HVS, HIV-1 
seronegative and virus controller (VC) CD8+ T cell co-cultures. CD8+ T-lymphocytes 

with significant soluble suppression are classified as soluble suppressors (SS, solid lines), 
and those lacking soluble suppression are designated as non-soluble suppressor (NSS, 

dotted lines). 
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Figure 3.3: Protein concentration of cytokines secreted only by JR-HVS or by none 
of the CD8+ T-lymphocytes during soluble noncytolytic suppression. Cell culture 

supernatants were analyzed as in Figure 3.2.  Protein concentration from infected target 
cells cultured alone is shown as the 0 E:T ratio. The mean protein concentrations with 

linear trend lines for seronegative, VCs, and JR-HVS CD8+ T-lymphocytes are displayed 
for the three indicated E:T ratios. CD8+ T-lymphocytes are designated as soluble 
suppressors (SS, solid lines) or non-soluble suppressor (NSS, dotted lines).  (A) 
Cytokines secreted highly only by JR-HVS CD8+ T-lymphocytes.  (B) Antiviral 

cytokines that are produced at indistinguishable low levels by all 6 CD8+ T-lymphocytes. 
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Table 3.1: Spearman correlation coefficients of protein concentration and percent 
suppression for CD8+ T-lymphocytes individually and combined 
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Figure 3.4: Cytokine concentrations at different levels of soluble noncytolytic 
suppression.  Cytokine concentrations were determined in the media of soluble 

noncytolytic suppression assays by luminex. Percent suppression of HIV-1 replication 
was measured from the same co-cultures containing seronegative (NEG, blue triangles), 
VC (green circles), or JR-HVS (red squares) CD8+ T-lymphocytes. Infected targets cells 

served as the baseline measurement for cytokine concentration (IC, open diamonds). 
Symbols represent mean percent suppression and protein concentration in pg/mL. A 

nonlinear curve was fit to each plot using a Hill function as described in Materials and 
Methods. 



 

85 

 

Figure 3.5: Histone hyperacetylation regulates the suppressive ability of CD8+ T-
lymphocytes and expression of cytokines. (A) CD8+ T-lymphocytes were cultured for 

16 h in growth media supplemented with 2.0 mM valproic acid (filled bars) or PBS (open 
bars) as a vehicle control.  Subsequently, the CD8+ T-lymphocytes were used in a direct 
contact noncytolytic CD8 suppression assay.  Mean log10 reduction in HIV-1 replication 
and standard error are shown. Significance was determined with a Student’s t-test (* p < 
0.05; ** p < 0.01).  (B) RNA was isolated from the valproic acid-treated or control CD8+ 

T-lymphocytes used in (A), and differences in gene expression of 164 cytokine and 
cytokine receptor genes were analyzed by real-time RT-PCR Array. Mean fold change in 

expression of each gene is displayed, with negative fold changes designating down-
regulated genes, and positive fold changes signifying genes upregulated in valproic acid-

treated cells compared to control cells.  Genes within the area shaded in gray were 
considered unchanged (less than a 3-fold change in expression). Fold down-regulation of 

genes in JR-HVS (C) and VC18 (D) CD8+ T-lymphocytes after inhibition of histone 
deacetylation. 
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Table 3.2: Genes upregulated by more than 10-fold in JR-HVS and VC18 after 
inhibition of histone deacetylation. 
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Figure 3.6: Genes downregulated by histone hyperacetylation are expressed higher 
in cells with noncytolytic suppression. The expression of genes regulated by histone 
hyperacetylation was quantified with real-time RT-PCR.  Normalized gene expression 

was calculated by the ∆∆Ct method described in the Materials and Methods.  (A) Genes 
expressed higher in JR-HVS and VC18 than in seronegative CD8+ T-lymphocytes.  (B) 
Genes only expressed higher in JR-HVS than seronegative CD8+ T-lymphocytes.  (C) 

Genes not suppressed higher in either JR-HVS or VC18 compared to seronegative CD8+ 
T-lymphocytes.  Student’s t-test was used to test for significant increases in expression 

compared to seronegative CD8+ T-lymphocytes (* p < 0.05; ** p < 0.01; *** p < 0.001). 
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Table 3.3: Genes identified as potential mediators or markers of noncytolytic 
suppression. 

 

 

 

  

 



 

89 

 

Chapter 4. The role of HIV-1 Tat in the CD8+ T-
lymphocyte Noncytolytic Antiviral Response. 

4.1 Introduction 

HIV-1 RNA is spliced using the host machinery to produce approximately 30-40 

different RNA species (5, 183).  These species are grouped by size into 3 different 

categories-2 kilobases (kb), 4 kb, and 9.2 kb (5, 12, 124).  The 2 kb multiply spliced 

RNAs encode the earliest expressed regulatory genes, Nef, Tat, and Rev (124).  The 4 kb 

singly spliced RNAs encode Env, Vif, Vpu, and Vpr proteins (10, 12).  Fifty percent of 

HIV RNA is 9.2 kb in length and serves as viral genomes or gag and pol mRNAs (6, 

124).   

The balance between spliced and unspliced HIV RNAs is regulated by the nuclear 

export by Rev (162, 163) and cis-acting viral elements (5, 70).  Among the cis-acting 

elements influencing HIV-1 RNA splicing are 5’ and 3’ splice sites and exon splicing 

silencers (211).  In particular, exon splicing silencers located within the first and second 

coding exons of tat regulate its splicing (6).  Exon splicing silencer 2 (ESS2) is located in 

the first coding exon of tat spanning from nucleotide 5841 to 5860 (HXB2), and inhibits 

usage of the 3’ splice site upstream of its coding exon (5, 6).  Within the 20 nucleotides 

of ESS2, the 10 nucleotide core sequence, CUAGACUAGA, is required for silencing of 

splicing (211).  Also, the function of this element is regulated by its orientation in the 

genome and relative position to the 3’ splice site (5).  Mutation of the ESS2 leads to 

increases in both singly and multiply spliced RNAs, suggesting it has direct or indirect 
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affects at downstream splice sites also (5). ESS3 was identified by its homology to ESS2, 

and encompasses the nucleotides 8444 to 8463 (HXB2) in the second tat coding exon (6).  

ESS3 and ESS2 function similarly in that ESS3 inhibits the use of the upstream 3’ splice 

site (6).  Unlike ESS2, ESS3 contains two short core sequences that function independent 

of each other (212); however, the ESS2 and 3 core sequences share similar motifs (6, 

212).  These motifs are binding sites for heterogeneous nuclear ribonucleoprotein 

(hnRNP) proteins (263).  These proteins repress splicing through the masking of exon 

splicing enhancers adjacent to ESS2 and 3 (13, 58, 262) and through the inhibition of 

U2AF binding (63).    

 CD8+ T-lymphocytes express unknown factors that inhibit HIV-1 transcription 

(40, 153, 230). CD8+ T-lymphocyte noncytolytic antiviral response (CNAR) inhibits Tat 

trans-activation of LTR reporter constructs, suggesting Tat does not function properly in 

the presence of CNAR (40, 153).  Examination of HIV-1 replication kinetics, 

demonstrated that virus replication is similar in the presence of CNAR and a Tat inhibitor 

(230). Therefore, it has been proposed that Tat is a potential target of CNAR (153).  As 

CNAR suppresses HIV-1 transcription all classes of HIV-1 RNA are depleted, including 

multiply spliced tat RNA (153, 157).  It is unknown whether virus transcription could be 

rescued in the presence of CNAR if sustained levels of Tat were present.  Therefore, a 

better understanding of the levels of tat RNA during noncytolytic suppression is 

warranted. 

We identified two HIV-1 isolates from early and late stages of infection of the 

same individual with opposing sensitivities to CNAR.  Sequence analysis of the long 
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terminal repeat and tat showed mutations in the ESS2 and ESS3 of the viruses.  The 

mutated sites did not lead to differing amounts of spliced tat RNA between the two virus 

isolates in the presence or absence of CNAR, and CNAR moderately decreased spliced 

Tat RNA in both viruses.   However, introduction of the ESS2 point mutation into an 

unrelated transmitted/founder virus isolate moderately decreased its sensitivity to CNAR.  

 

4.2 Methods 

Real time Reverse Transcriptase-PCR of tat spliced mRNA.  Acute HIV-1 infection 

CD8 suppression assays were performed at 0.75:1 effector to target ratios.  CD4+ cells 

were infected at a multiplicity of infection of 0.001 with spinoculation.  Total RNA, 

including small RNAs, was isolated from each culture at 36 and 72 h post infection using 

the mirVANA kit (Ambion) following the manufacturer’s procedure. Contaminating 

DNA was digested with the Turbo DNA-free (Ambion).  The elimination of DNA was 

confirmed by real time PCR on each RNA sample using the specific primers for 

amplification listed in Table 4.1 and described elsewhere (186).  PCR cycling conditions 

were 1 cycle of 95 °C for 10 min, 40 cycles of 95 °C for 15 s, and annealing and 

extension at 60 °C for 1 min.  Dissociation curves were generated for each reaction to 

ensure specific amplification.  Gel electrophoresis was used to assess RNA integrity. 

Complementary DNAs for initiated HIV-1, spliced Tat, and ribosomal protein S9 

transcripts were generated from the RNA using thermoscript (Invitrogen) and the reverse 

primers listed in Table 4.1.  RPS9 was reverse transcribed with RPRev1 detailed 

elsewhere (186).  Absolute quantification was performed on cDNAs using gene specific 
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primers. Standard curves were made with serial dilutions of pNL4-3 and pcTat (provided 

by Dr. Bryan Cullen) for LTR and tat quantification respectively. PCR reactions were 

performed with a 7500 Real-time PCR machine (Applied Biosystems) with the same 

cycling conditions listed above, and data was analyzed with SDS software (Applied 

Biosystems). The percent of spliced Tat RNA comprising all of the initiated HIV-1 

transcripts was found by dividing number of tat transcripts by initiated HIV-1 transcripts 

multiplied by 100%. 

 

Site Directed Mutagenesis of CH077 ESS2 Infectious Molecular Clone.  The 

sequence encoding the ESS2 of transmitted/founder HIV-1CH077 was excised from the 

plasmid pCH077.t (kindly provided by Drs. John C. Kappes and Christina Ochsenbauer) 

by BamHI digestion and cloned into pCDNA3.1 (Invitrogen) to make pCDNA3.1.tat.t.  

The adenosine occurring at position 21 of tat was mutated to a guanosine using 

QuickChange XL Site-Directed mutagenesis kit (Stratagene) and the primers:  Forward: 

5’-GATCCCGTAGATCCTAGGTTAGAGCCCTGGAAGC-3’ and Reverse: 

5’GCTTCCAGGGCTCTAACCTAGGATCTACGGGATC-3’.  The single base pair 

mutation was confirmed by sequencing both strands of DNA.  The mutated and wildtype 

sequences of the ESS2 was cloned from pCDNA3.1.tat.t back into the full-length 

infectious molecular clone pCH077.t by standard cloning techniques using BamHI and 

transformed into Stbl3 (Invitrogen).  DNA was purified using a plasmid maxi kit 

(Qiagen) and transfected into 293T cells for virus production.  Culture supernatants 

containing replication-competent virus was used to infect CD4-enriched PBMCs to create 
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virus stocks of wild-type and mutant HIV-1CH077 virus isolates.  The HIV-1CH077 isolate 

with mutated ESS2 site is referred to as HIV-1CH077.ESS2 hereafter. 

 

Production of Full-length Infectious Molecular Clones.  Activated CD4-enriched 

PBMC were infected with HIV-1SC24.QH0515, control selected HIV-1SC24.260598, and in vitro 

selected HIV-1SC24.260598 by spinoculation.  Total genomic DNA was isolated 72 h after 

infection using the All Prep DNA/RNA isolation kit (Qiagen). Genomic DNA was 

sheared once with QIAShredders (Qiagen).  DNA concentration was determined by 

spectrophotometry and DNA integrity was analyzed by agarose gel electrophoresis.   

5’ and 3’ halves of each virus was amplified by single genome amplification 

(SGA) nested PCR.  The primers generated an AfeI site that could be used to join the two 

halves together.  The specific primer positions and sequences are found in Table 4.2. 

Briefly, for the 5’ half forward primers designed in the U3 region of the 5’ LTR and 

reverse primers were designed in tat.   To amplify the 3’ half of the genome the forward 

primer was the exact antisense sequence of the reverse primer used to amplify the 5’ end, 

and the reverse primer hybridized in the U5 region of the 3’ LTR. The genomic DNA 

from each viral infection was serially diluted and used as the template in the PCR 

reactions. The first-round PCR reactions contained 1mM dNTPs (ABI), 0.2 µM of each 

primer, 2mM MgSO4, 1X Hi-Fi Buffer, and 0.5 U of Platinum Taq High-Fidelity (all 

reagents supplied by Invitrogen) in a total of 20 µL. For second round reactions, 5 µL of 

the first round PCR product served as the template in 50 µL PCR reactions composed of 

the same reaction buffer constituents as above and second round primers. The first and 
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second round PCR cycles were as follows: initial denaturation 94°C for 2 min, 35 cycles 

of denaturation at 94°C for 2 min, annealing at 65°C for 30 s, extension at 68°C for 5 

min, and a final 10 min extension at 68°C. The number of positive reactions and the size 

of the amplicons were determined with agarose gel electrophoresis. Dilutions of the DNA 

that resulted in amplification in less than 20% of the reactions were verified in at least 

two independent experiments and chosen for single genome amplification.  The tat 

portion of each of the PCR reactions was sequenced to verify single peaks at each base 

denoting amplification from a single template.  Subsequently, the amplicons were TOPO 

cloned into vector pCR-XL-TOPO per the manufacturer’s procedure.  Clones of each half 

of the viruses were propagated in Stbl3 (Invitrogen) cells and the DNA was isolated by 

QIAspin Miniprep kit (Qiagen).  To make full-length infectious clones, the PCR products 

were digested with AfeI (NE Biolabs) overnight and purified using an UltraClean PCR 

clean up kit (MO BIO).  5’ and 3’ halves were ligated together with T4 DNA ligase for 

16 h and TOPO cloned into pCR-XL-TOPO. The full-length clones were replicated the 

same as the half genome clones.  Subsequently, the size of the full-length clones was 

verified by agarose gel electrophoresis. The presence of both halves of the genome was 

confirmed with PCR using the tat primers described in Table 4.1. 

Acute HIV-1 Infection CD8 Suppression Assay.  45,000 CD4-enriched PBMCs were 

infected in round bottom microtiter plates with serial dilutions of different HIV-1 

isolates.  To assess the inhibition of virus replication, a CD8+ T-lymphocyte cell line HS-

HVS (131, 186) was added to the infected CD4+ cells over a range of effector to target 

ratios immediately after the addition of virus.  A portion of the culture supernatant was 
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removed every 3 days to assay virion-associated reverse transcriptase activity.  The 50% 

tissue culture infectivity dose (TCID50) was calculated in the absence (Vo) and presence 

(Vn) of CD8+ T-lymphocytes.  Infectivity of each assay is presented as Vn/Vo. 

 

Reverse transcriptase assays of infectivity.  Virion-associated reverse transcriptase was 

measured as described previously (40, 254).  Briefly, cell culture supernatants from HIV-

1-infected cells were harvested by centrifugation for 5 min at 1500 rpm and treated with 

Triton X-100 at a final concentration of 1%. 10 µL of treated supernatant was added to 40 

µl of reaction cocktail containing: 50 mM Tris-HCl pH 7.8, 75 mM KCl, 2 mM 

Dithiothreital, 5 mM MgCl2, 5 µg/mL Poly A, 0.03 units/mL oligo dT12-18, 0.05% Igepal 

CA-630, 10 mM EGTA, and 10 µCi/mL dTTP [32P] (MP Biomedical, Solon,OH). 

Reactions were incubated at 37 °C for 90 min. 40 µL of the reverse transcription reaction 

was blotted onto DE 81 membrane (Thermal Scientific, Odessa, TX) using a Schleicher 

and Schuell Minifold and a vacuum.  The blotted membranes were washed briefly with 

2X SSC (0.3 M NaCl, 0.03 M Sodium Citrate) at room temperature and exposed to a 

storage phosphor screen overnight.  The screen was scanned with a Typhoon phosphor 

image, and the data analyzed with ImageQuant 5.2 software (GE Healthcare, Piscataway, 

NJ).  

 

 

4.3 Results 

HIV-1SC24.QH0515 is more sensitive to CNAR than isolate HIV-1SC24.260598. 
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An acute infection CD8 suppression was performed to test the differences in 

sensitivity to CNAR between HIV-1 isolates from the same individual at early and late 

stages of infection.   The viral isolate HIV-1SC24.QH0515 was isolated early in infection, 

while HIV-1 SC24.260598 was isolated 1373 days later.  The early virus was strongly 

inhibited by HS-HVS CD8+ T-lymphocytes, while the later virus showed the ability to 

still replicate in the presence of CNAR (Figure 4.1).   At an effector to target ratio of 

0.25:1, the infectivity of the early virus isolate was significantly decreased by nearly two 

orders of magnitude (2-way ANOVA and Bonferroni-corrected t-test, p < 0.01).  There 

was no decrease in replication of HIV-1SC24.260598 at this same effector to target ratio.  In 

contrast to HIV-1SC24.QH0515, the replication of HIV-1SC24.260598 was not suppressed by one 

order of magnitude at any of three effector to target ratios tested.  Thus, highlighting the 

drastic difference in susceptibility to CNAR between the two isolates.   

 

CNAR decreases spliced tat transcripts. 

The HIV-1 LTR and Tat protein regulate viral transcription (54).  These regions 

were sequenced to determine if HIV-1SC24.260598 transcription persists in the presence of 

CNAR due to genetic changes in these regions of the genome.  Among the genetic 

changes between HIV-1SC24.QH0515 and HIV-1SC24.260598 was a single nucleotide change in 

the exon splicing silencer 2 (ESS2) within the tat gene (Table 4.2).  This change was in 

the core sequence of ESS2, which suggested it could function to alter Tat expression.  

The tat gene contains a second exon splicing silencer, designated as ESS3.  HIV-

1SC24.QH0515 encoded a single nucleotide mutation of the ESS3 in the first core sequence of 
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the regulatory element (Table 4.3).  This mutation could potentially alter the balance of 

spliced RNA in HIV-1SC24.QH0515.  An increase in Tat expression may provide a means to 

maintain virus transcription in the presence of noncytolytic suppression.  The expression 

levels of Tat were analyzed by real time RT-PCR in the presence and absence of CD8+ T-

lymphocytes.  At 36 h post infection, the percentage of total HIV-1 RNA expressed in the 

cell that was spliced Tat RNA was nearly identical between HIV-1SC24.QH0515 and HIV-

1SC24.260598 (Figure 4.2A).  27% of the HIV-1 RNA expressed by isolates from SC24 was 

spliced tat RNA.  In contrast, the lab-adapted HIV-1 strain IIIB expressed less spliced Tat 

RNA in the absence of CD8+ T-lymphocytes than the SC24 isolates.  Spliced Tat RNA 

comprised only 6% of HIV-1IIIB  RNA expressed inside of infected cells.  The addition of 

seronegative or HS-HVS CD8+ T-lymphocytes did not significantly change the 

percentage of HIV-1 RNA that was comprised of spliced Tat RNA.  Although, there was 

a similar trend towards a decrease in spliced Tat RNA in both HIV-1SC24 isolates.  This 

trend was not evident in HIV-1IIIB  infected cells, which showed less than a 2% increase 

and decrease in the presence of seronegative and HS-HVS CD8+ T-lymphocytes 

respectively.  At 72 h post infection, the HIV-1SC24QH0515 and HIVSC24.260598 expressed 

equivalent amounts of spliced Tat RNA in the presence and absence of CD8+ T-

lymphocytes (Figure 4.2B).   The trend towards a decrease in spliced Tat RNA was only 

present for infected cells in the presence of HS-HVS CD8+ T-lymphocytes at 72 h post 

infection. The percentage of total RNA that was spliced Tat RNA was still lower in HIV-

1IIIB  infected cells than HIV-1SC24 infected cells at 72 h post-infection.  HIV-1IIIB  infected 

cells expressed 11% less spliced Tat RNA in comparison to either HIV-1SC24 isolates 
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(Figure 4.2B).  The percentage of spliced Tat RNA did not decrease in these infected in 

the presence of either type of CD8+ T-lymphocytes.  Thus, differences in Tat mRNA 

splicing was not seen between the HIV-1SC24 isolates in the presence or absence of CD8+ 

T-lymphocytes at 36 h or 72 h post infection.  Tat splicing also did not change in HIV-

1IIIB  infected cells in the presence or absence of CD8+ T-lymphocytes.   

 

A Single Nucleotide Mutation in ESS2 decreases sensitivity to CNAR. 

The functional significance of the mutation in ESS2 was analyzed by comparing 

the sensitivity to CNAR of HIV-1CH077 with and without the mutation.  HIV-1CH077 

containing the mutated ESS2 core sequence of HIV-1SC24.260598 was less sensitive to 

CNAR than the wildtype HIV-1CH077 (Figure 4.3).  The difference in susceptibility was 

not as pronounced as between the HIV-1SC24 isolates, most likely due to wildtype HIV-

1CH077 showing reduced sensitivity to CNAR (Figure 4.1 and 4.3). Overall, HIV-

1SC24.QH0515 was suppressed the most among the four viruses, followed by the wild-type 

HIV-1CH077.  HIV-1CH077.ESS2 replicated similarly to HIV-1SC24.260598 in the presence of 

suppressive CD8+ T-lymphocytes. Further comparison of the tat sequence showed that 

the ESS3 in wildtype HIV-1CH077 resembled HIV-1SC24.260598 more closely than HIV-

1SC24.QH0515 (Table 4.3). This difference in ESS3 sequence may alter Tat expression and 

thus explain why wildtype HIV-1CH077 is more resistant than HIV-1SC24.QH0515. 

 

Generation of Full-Length Infectious Molecular Clones (IMC). 
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The differences in sensitivity between HIV-1CH077 and HIV-1SC24.QH0515, 

complicated the interpretation of the role that the ESS2 mutation plays in resistance to 

CNAR.  To further demonstrate the importance of this mutation, as well as others, full-

length infectious molecular clones needed to be generated.  Cloning these viruses 

provides the genetic material that can be analyzed for sequence differences and used for 

mapping projects.  Genomic DNA was isolated from CD4+ T-lymphocytes infected with 

HIV-1SC24.QH0515 and two HIV-1SC24.260598 variants. Prior to cloning, HIV-1SC24.260598 was 

passaged for 17 weeks in the presence or absence of HS-HVS CD8+ T-lymphocytes to 

increase its resistance to CNAR.  This in vitro selected HIV-1SC24.260598 was used to infect 

cells and genomic DNA was isolated from them for cloning.  The virus cultured alone for 

17 weeks served as a control for spontaneous acquisition of resistance mutations.  

Cloning of the HIV-1 provirus was conducted using SGA nested PCR with two primer 

sets that amplified a 5’ and a 3’ half of each virus.  A restriction site in between the two 

halves could be used later to join them together (122, 203).  This approach amplifies from 

a single HIV-1 genome, therefore eliminating PCR recombinants ensuring that the clone 

is nearly identical to the infecting virus.  We generated multiple 5’ and 3’ halves of each 

virus, which we cloned separately into vectors.  We verified the size of the halves by 

restriction digest and agarose gel electrophoresis (Figure 4.4, Top).  Subsequently, we 

digested the PCR amplicons, ligated halves from each virus together, and cloned them 

into a TOPO vector to generate full-length clones (Figure 4.4, Bottom).  The infectivity 

of these viruses is currently under investigation.  
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4.4 Discussion 

We show here that HIV-1SC24.QH0515 and HIV-1SC24.260598 are related viruses from 

the same individual that differ in sensitivity to CNAR.  These two viruses were isolated 

over 1300 days apart suggesting resistance may have evolved over time.  Analysis of 

virus isolates from middle timepoints showed resistance to CNAR did increase over time 

(Freel et al., unpublished observations).   Resistance was uncommon in the cohort of 

patients assessed, with patient SC24 being the only case of resistance. Therefore, CNAR 

displays a breadth that would be beneficial in a HIV vaccine.  These viruses provide a 

unique tool for elucidation of cis-acting elements that influence susceptibility.  Derivation 

of full-length molecular clones of these viruses is underway in an effort to map regions of 

the genome that confer resistance.  

ESS2 and ESS3 mutations were investigated as the mediators of resistance since 

these mutations appeared to accumulate over time as resistance evolved.  We 

hypothesized that increases in splicing of Tat RNA would lead to higher expression of 

Tat in HIV-1SC24.260598 that would not occur in HIV-1SC24.QH0515.  However, fully spliced 

tat was not expressed higher in HIV-1SC24.260598 than in HIV-1SC24.QH0515.  A possible 

explanation for this result could be that although the mutation is in the core sequence 

(211), it does not disrupt hnRNP A1 binding. AG and GA are tandem nucleotides 

important for hnRNP A1 binding, which remain unchanged in ESS2 and ESS3 of the 

SC24 isolates (92).  Additionally, we analyzed multiply spliced Tat RNA that would be 

1.8 to 2.0 kb in length.  Partially spliced Tat variants are also found in the 4 kb category 

of RNA (Figure 1.1C, 124, 162) and may be actually changing to overcome CNAR.  
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These Tat variants would not be detected by our PCR primer set, and thus warrant further 

examination.   

Most interestingly, we saw a slight increase in the resistance of HIV-1CH077 to 

CNAR with the substitution of an adenosine to guanosine in the core sequence of ESS2.  

This increase in resistance was only modest because wildtype HIV-1CH077 was not 

potently suppressed like HIV-1SC24.QH0515.  HIV-1CH077 is an early virus like HIV-

1SC24.QH0515, and uses CCR5 as a coreceptor illustrating that R5-tropic viruses are not all 

potently suppressed. The ESS3 site of HIV-1CH077 did vary from the SC24 isolates, but 

the core sequences were maintained intact for HIV-1CH077 and HIV-1SC24.260598.  Thus, the 

more resistant viruses had intact consensus ESS3 sites, and the susceptible virus had a 

mutated core sequence.    

CNAR decreased the amount of multiply spliced Tat RNA in both isolates from 

patient SC24.  This finding would suggest that Tat expression is decreased in 

noncytolytically suppressed target cells.  A decrease in Tat expression would impair 

trans-activation leading to inefficient HIV transcription.  In the absence of Tat protein 

there is a lack of viral RNAs greater than 59 nucleotides in length (117), similar to the 

lack of viral transcripts greater than 120 bases in length during CNAR (186).  Thus, lack 

of multiply spliced viral RNAs encoding Tat may be a contributing factor for decreasing 

HIV-1 transcription during CNAR. 
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Table 4.1: Real time RT-PCR primers used for Tat expression analysis. 

 

 

Table 4.2: SGA nested PCR Primers for construction of SC24 IMCs 
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Figure 4.1: CD8+ T-lymphocyte noncytolytic suppression of an early and late HIV-1 
isolated from patient SC24.  HIV-1SC24.QH0515 and HIV-1SC24.260598 was titered on CD4+ 
T-lymphocytes in the presence of HS-HVS CD8+ T-lymphocytes.  Vo is the virus titer in 
absence of HS-HVS CD8+ T-lymphocytes (0:1 Effector to target (E:T) ratio), and Vn is 
the titer at the indicated E:T ratio.  A significant difference in Vn/Vo was observed at the 

0.25:1 E:T ratio (2-way ANOVA and Bonferroni t-test, ** p < 0.01). 
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Table 4.3: Comparison of exon splicing silencer 2 sequences  
in HIV-1SC24, HIV-1CH077, and HIV-1HXB2. 

 

 

 

Table 4.4: Comparison of exon splicing silencer 3 sequences 
 from HIV-1SC24, HIV-1CH077, and HIV-1HXB2. 
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Figure 4.2: CD8+ T-lymphocyte noncytolytic suppression decreases HIV-1 Tat 
expression.  HIV-1 Tat expression was analyzed by real-time RT-PCR 36 (A) and 72 (B) 
hours post infection for HIV-1SC24.QH0515, HIV-1SC24.260598, and HIV-1IIIB .  Infected cells 
were cultured alone (black bars), with seronegative (white bars) or with HS-HVS (gray 

bars) CD8+ T-lymphocytes.  Tat RNA was normalized to the total number of HIV-1 
transcripts to control for differences in infectivity. Bars depict the mean and standard 

error for each value. 
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Figure 4.3: Introduction of the ESS2 point mutation into an unrelated HIV-1 isolate 
decreases sensitivity to CNAR.  The A to G mutation in the ESS2 core sequence was 
introduced into HIV-1CH077 (filled circles) to generate HIV-1CH077.ESS2 (open squares).  

The viruses were titered on CD4+ T-lymphocytes in the presence of HS-HVS CD8+ T-
lymphocytes.  Vo is the virus titer in absence of HS-HVS CD8+ T-lymphocytes (0:1 

Effector to target (E:T) ratio), and Vn is the titer at the indicated E:T ratio. 
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Figure 4.4: Generation of Full-length Infectious Molecular Clones of the SC24 HIV-
1 Isolates.  Single genome amplification nested PCR was used to amplify proviral 

sequences for each half of three SC24 isolates.  In vitro 260598 denotes HIV-1SC24.260598 
that underwent a 17-week in vitro selection in the presence of HS-HVS CD8+ T-

lymphocytes.  260598 is the original isolate cultured in the absence of HS-HVS CD8+ T-
lymphocytes for 17-weeks as a control selection process.  The top 2 panels show clones 
for 5’ and 3’ halves of each virus separated by agarose gel electrophoresis.  The bottom 

panel shows gel electrophoresis of a full-length clone for each virus.  
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Chapter 5. Discussion and Implications. 

5.1 Histone deacetylation is required for optimal noncytolytic 
suppression of HIV-1 replication. 

Herein we detailed epigenetic regulation of the CD8+ T-lymphocyte response to 

HIV-1 infection.  Histone deacetylation in the CD8+ T-lymphocytes was found to be 

required for optimal noncytolytic suppression.  In contrast, histone deacetylation did not 

mediate noncytolytic repression of HIV-1 transcription in CD4+ T-lymphocytes.  These 

findings have interesting implications for the regulation of genes that are a part of the 

immune response, as well as the treatment of HIV-1 infected individuals with epigenetic 

modulators.  These two aspects are further discussed below. 

5.1.1 Molecular mechanisms of the down-regulation of suppressive 
genes. 

Our observation that inhibition of histone deacetylation leads to a decrease in 

CNAR was surprising, since histone deacetylation is thought to repress transcription 

(reviewed in 223).  There are two reasonable explanations for this nuance of our results.  

First, if histone deacetylases are indeed repressors of transcription, then they must repress 

negative trans-acting factors that regulate the expression of anti-HIV factors.  This 

indirect effect would suggest that a consequence of histone deacetylation is the increased 

activity of the negative trans-acting factors.   The increase in activity of these negative 

regulators could be due to increased expression of these factors after histone deacetylases 

are inhibited.  Expression arrays could be used to examine the genes that are up-regulated 

by valproic acid, with particular interest on transcription factors.  Expression of 
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transcription factors could be compared between CD8+ T-lymphocytes treated or 

untreated with valproic acid.  As these arrays would identify numerous up-regulated 

genes, transcription regulators of cytokines and other antiviral genes should be the focus.   

As a related approach, the up-regulated immune function genes could be analyzed 

for possible connections to the negative regulation of other cytokines.  It is plausible that 

one or more of the genes we identified as up-regulated could induce signaling events that 

result in the negative regulators being more highly expressed.  To address this possibility, 

gene ontology enrichment analysis could be conducted on the up-regulated and down-

regulated set of genes to identify genes that function in the same pathway.  DAVID 

Bioinformatics Resource 6.7 (NIAID, NIH) is one such tool that could be used for this 

analysis.  DAVID is a bioinformatics tool designed to distinguish genes in the same 

pathway or with similar cellular functions based on forty different gene annotation 

categories.   

Second, the heightened repressive activity of the negative regulators may be due 

to increased recruitment of these regulators to the HIV suppressive genes.  If the negative 

regulators contain functional bromodomains, their recruitment to the suppressive factors 

may be contingent on the acetylation state of the histones associated with the DNA at the 

loci of the suppressive factors. Thus, inducing histone hyperacetylation would lead better 

recruitment of the negative regulators to the antiviral genes.  The acetylation state of the 

histones at the promoter of the down-regulated genes should be examined to discern 

changes after histone deacetylases are inhibited. Histone acetylation of the down-

regulated genes could be examined with native chromatin immunoprecipitation as 
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outlined in Chapter 2.  Native chromatin could be isolated from CD8+ T-lymphocytes 

treated with valproic acid or PBS as a control and real-time PCR used to quantitate 

changes in acetylated histones associated with the DNA of the 15 down-regulated genes 

discussed in Chapter 3.  An increase in histone acetylation at the promoters of the 15 

down-regulated genes may seem unlikely at first glance, but there is precedence that 

histone acetylation does not always translate to transcription activation.  Heterochromatic 

regions in yeast contain acetylated lysine 12 on histone 4 (27).  Mutation of this residue 

to ablate acetylation disrupts the transcriptional silencing.  Thus, acetylation of lysine 12 

on histone 4 in this case is required for the formation of transcriptionally silent 

heterochromatin.  Our current investigation of epigenetic regulation of the CD8+ T-

lymphocyte noncytolytic antiviral response to HIV-1 has discovered 15 genes that are 

down-regulated; but the above studies are necessary to fully understand how these 15 

genes become down-regulated. 

 

5.1.2 In vivo relevance for epigenetic regulation of CD8+ T-lymphocyte 
suppression of HIV-1 replication 

Our observation could inform the treatment of HIV-1 infected patients.  HIV-1 

infected individuals are treated with drugs containing valproic acid (108), which can 

reach concentrations of 0.5 mM in the blood (D. Margolis, personal communication).  

This group of patients provides a unique opportunity to assess the in vivo relevance of 

this finding, as CD8+ T-lymphocyte suppression of HIV-1 replication can be measured ex 

vivo with cells from these patients.  To assess the effects of valproic acid treatment on 

CD8+ T-lymphocyte function longitudinal studies could be conducted before and after 



 

111 

interruption of valproic acid treatment.  In this type of paired study, the effects of 

valproic acid could be directly assessed during the same stage of HIV-1 infection to 

control for the heterogeneity in CD8+ T-lymphocytes responses between individuals and 

at different stages of HIV-1 infection in the same individual. This clinical study would 

further demonstrate the requirement for histone deacetylation for strong CD8+ T-

lymphocyte responses to HIV-1, and suggest how clinicians should treat HIV-1 infected 

patients taking valproic acid for neurological disorders. 

As the interruption of valproic acid therapy may not be feasible, non-human 

primate studies could be performed instead to assess the in vivo importance of valproic 

acid repression of anti-HIV CD8+ T-lymphocyte responses.  Rhesus macaques could be 

infected with SIV and divided into groups that receive valproic acid or a placebo.  As 

SIV is susceptible to CNAR (247) and non-human primate CD8+ T-lymphocytes exhibit 

CNAR (79), this model should be applicable to HIV-1 infection in humans.  The CD8+ T-

lymphocyte response to SIV could be interrogated ex vivo from each arm of the study to 

determine valproic acid inhibitory effects.  Although, non-human primate studies do not 

always yield the same results as human studies, this model system would advance the 

hypothesis that valproic acid may inhibit CD8+ T-lymphocyte suppression of HIV-1 in 

vivo. 

5.2 The cytokine phenotype of noncytolytic suppression of HIV-1 
replication. 

We have utilized a novel approach to quantitate the secretion of 76 different 

cytokines during the CD8+ T-lymphocyte noncytolytic response to HIV-1.  As part of our 

approach we were able to quantify both the concentration of each cytokine and the 
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amount of noncytolytic suppression from the same culture allowing us to make direct 

correlations between the two variables. This study was also enriched by the fact that 

primary CD8+ T cells from individuals naturally controlling infection were used in this 

study, providing insight into what a potent HIV-1 immune response may contain.  Our 

study identified eight cytokines that correlated strongly, with MIP-1 Beta correlating the 

best, with soluble noncytolytic suppression of HIV-1.  However, the function of these 

molecules remains unknown.  Moreover, it is unknown which types of CD8+ T-

lymphocytes are generating these cytokines.  Below, strategies to investigate the function 

and source of these cytokines are discussed. 

5.2.1 Defining a function for the cytokines that correlate with 
noncytolytic suppression of HIV-1. 

Defining a function for potential mediators of soluble noncytolytic suppression 

has been a difficult challenge for the last 15 years.  With the exception of the beta 

chemokines (43), the soluble factors comprising the CD8+ T-lymphocyte noncytolytic 

response have gone unidentified.  The requirement for proof has been to add neutralizing 

antibodies to suppression cultures in an attempt to inhibit some portion of the 

noncytolytic response.  These experiments are technically challenging for numerous 

reasons.  First, suppression assays are conducted over multiple days, thus requiring that 

the factor of interest be neutralized for an extended amount of time.  This most likely will 

require high antibody concentrations and perhaps multiple additions of the antibodies 

during the course of the assay.  High antibody concentrations become problematic when 

trying to block multiple proteins at one time, as cytotoxicity to the buffers containing the 

antibodies could develop as well as off target effects of having microgram quantities of 
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antibodies in each culture.  Multiple additions of antibody has similar technical issues.  

Also, the specificity of the antibody may become comprised as it reaches such high 

concentrations in the media.  At low concentrations the antibodies may show very little 

nonspecific binding, but at high concentrations there may be enough antibody to interfere 

with other secreted proteins.  In traditional immunoassays, like ELISAs and western 

blots, antibodies are titrated down to alleviate this problem, but in these neutralization 

assays excess antibody is needed to sustain the neutralization.  Perhaps, the most difficult 

obstacle is ensuring that the factor is neutralized in the suppression culture during the 

assay.  Many potential mediators of soluble noncytolytic suppression have been 

disregarded since neutralizing antibodies against these factors do not block CNAR.  

However, a negative result is always difficult to interpret, as enough of the factor may not 

have been neutralized to negate its role in CNAR.  The mediator may be hard to 

neutralize if it is forming a complex with other secreted factors that compete with the 

antibody for binding.  Also, if contact-mediated noncytolytic suppression is being 

measured, the cell-to-cell junctions may block antibody from the intercellular space while 

allowing transfer of the suppressive molecules between cells.   Thus, to date we have 

been unable to reproducibly see changes in suppression in the presence of neutralizing 

antibodies to the aforementioned and other cytokines. 

An alternative approach would be to immunodeplete CD8+ T cell supernatants for 

the factors of interest.  The efficiency of immunodepletion could be checked by ELISAs 

or western blots of the input and flowthrough fractions.  Of course this method is 
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predicated on having suppressive CD8+ T cell supernatants-a reagent that our group has 

yet to be able to routinely produce.   

Groups also have attempted to add recombinant forms of the soluble mediators of 

interest to investigate their role in noncytolytic suppression.  These assays are more 

straightforward than the neutralization assays, but also have pitfalls.  First, the 

recombinant version of the protein must be bioactive when cultured with HIV-infected 

target cells.  It is difficult to determine whether the recombinant factor is bioactive during 

suppression unless there is a specific assay that can measure the biological effects of the 

recombinant molecule while still allowing for the assessment of suppression.  This 

approach is usually not the case.  The activity is usually tested in a separate assay and 

presumed to be active in the actual suppression assay, as was the case for studies of IL-16 

(154).  In another example, recombinant GM-CSF was shown to enhance or inhibit HIV-

1 infection in several studies (53).  The difference in result has been attributed to the 

different sources of recombinant GM-CSF, underscoring the importance of carefully 

assessing how closely the recombinant protein recapitulates the effects of the actual 

protein.    Second, the amount of the recombinant cytokine needs to be maintained at 

physiological levels to mimic the consistent secretion of the factor by CD8+ T-

lymphocytes during suppression.  This requirement has to be met by multiple additions of 

the recombinant cytokine, but this requires that the degradation rate of the cytokine be 

known. Although these experiments eliminate some of the technical issues of 

neutralization experiments, they have been just as challenging for us to execute and 

interpret. 
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An admittedly challenging approach would be to knockdown the expression of 

genes of interest using RNA interference.  The primary roadblock of RNA interference in 

primary cells is delivery of the siRNA construct into the target cell.  Traditionally, 

primary cells would be transduced with lentiviral vectors encoding shRNA constructs.  

Recently, nucleofection of siRNAs or shRNAs has also become a popular method due to 

the standardization of this delivery method for specific cell types.  Regardless of the 

delivery method, it is important to have a clear method for separating cells containing the 

RNA construct from those that do not.  Puromycin selection is one method for separating 

cells, but this method results in the live cells of interest being in culture with dead cells 

during the selection process.  The cell debris from necrosing and apoptosing cells may 

affect the downstream function of the live cells with the RNA constructs in them.  A 

better design is to have your RNAi construct contain a GFP marker, allowing transfected 

or transduced cells to be isolated by FACS.  This experiment increases in difficulty when 

trying to knockdown multiple genes of interest, where multiple siRNAs have to be 

delivered into the cell.  However, the knockdown of each of the eight genes identified 

may be easier than neutralization to sustain for the course of a noncytolytic suppression 

assay.   

One last concept to consider for each of these approaches is whether to target the 

cytokine of interest or the receptor for that cytokine.  Targeting the cytokine provides 

better specificity for the result as the effect seen can be attributed to a single factor.  

Blocking or knockdown of the expression of the receptor may advance our understanding 

of the pathways mediating CNAR, but due to the promiscuity of cytokine and chemokine 
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receptor usage it may not determine the exact mediators of the response.  Conversely, the 

redundancy of cytokine and cytokine receptor usage may mean that the pathways are the 

more important aspect, and the cytokines that induce these pathways may vary in 

composition and magnitude among individuals. Nonetheless, defining functional roles for 

these cytokines will be difficult, and a more productive line of investigation may be to 

assess if these eight cytokines correlate with soluble noncytolytic suppression in a larger 

number of individuals with this response.  Similarly, the presence of MIP-1 beta positive 

CD8+ T-lymphocytes should be examined during SIV infection of macaques.  These 

monkeys generate a soluble noncytolytic response that can be followed over time (62), 

which would allow for the examination of the emergence of MIP-1 beta positive CD8+ T-

lymphocytes concurrent with the soluble noncytolytic response.   Moreover, this model 

would allow for confirmation of the eight identified cytokines in soluble noncytolytic 

suppression of SIV replication. 

 

5.2.2 Phenotyping the cells that produce this response. 

In this study we report the eight cytokines that correlate with soluble noncytolytic 

suppression the best.  As these cytokines were measured from the bulk CD8+ population 

it would be informative to know which CD8+ T-lymphocyte subset(s) secrete these 

factors.  It is possible that these cytokines come from multiple CD8+ T-lymphocyte 

subsets.  In this case, different subsets could be removed to determine the relative 

contribution of each cytokine to the total response.  One basic investigation would be to 

sort CD8+ T-lymphocytes based on differentiation markers, as outlined by Freel et al., 
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and compare the secretion of these cytokines by each subset to the bulk population of 

CD8+ T-lymphocytes (76).   

MIP-1 beta was identified by both intracellular cytokine staining and luminex to 

correlate with contact-mediated virus inhibition and soluble noncytolytic suppression, 

respectively. It would be interesting to know if this cytokine is the principal marker of 

anti-HIV capacity, and thus secreted by all of the CD8+ T-lymphocytes with soluble 

noncytolytic suppression.  Multiparameter flow cytometry could be used to investigate 

the co-expression of MIP-1 beta and the other cytokines that correlate with soluble 

noncytolytic suppression.  Once the CD8+ T-lymphocytes that secrete this cytokine 

response are identified, their T cell receptor specificities could be mapped using pools of 

HIV-1 peptides.  Pools of overlapping HIV peptides could be used to stimulate primary 

cells from VC18, and luminex could be used to analyze which cytokines are secreted in 

response to each HIV peptide pool.  Understanding the specificity of these CD8+ T-

lymphocytes may inform which immunogens would have the best chance of eliciting this 

response in vivo. 

 

5.3 Clarifying the mechanisms of resistance to CNAR  

Our group has identified genetically-related HIV-1 isolates from the same 

infected individual that differ in sensitivity to CNAR.  As these HIV-1 isolates appear at 

different times during infection, we presume that the less sensitive virus from later in 

infection has mutated to escape the immune pressure of CNAR.  Since CNAR represses 

HIV gene expression we investigated Tat as the cause of the change in sensitivity.  
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Sequence analysis of Tat identified mutations in the exon splicing silencers 2 and 3, 

however we did not see any significant differences in Tat expression between the two 

viruses.  Interestingly, the introduction of the exon splicing silencer 2 mutation into an 

unrelated virus conferred a modest change in sensitivity to CNAR.  Therefore, it was 

likely that other mutations existed in HIVSC24.260598 that contribute to its less sensitive 

phenotype.  The strategy to identify these changes is detailed hereafter. 

5.3.1 Genetic mapping with chimeric viruses  

The cloning of HIVSC24.QH0515 and HIVSC24.260598 is underway, as detailed in 

Chapter 4.  The generation of these clones will allow for the mapping of resistance 

mutations to CNAR by two different methods.  First, the sequence of the full-length 

clones should inform us of all the genetic differences between these two isolates.  There 

may be differences that will suggest a change in HIV gene expression between the two 

isolates in the presence of CNAR.  These changes could then be introduced into unrelated 

very sensitive viruses to test for alterations in phenotype.  As full-length sequencing is 

routine through many of the shared resources at Duke this approach should be relatively 

straightforward.   

The second and more challenging task will be to generate chimeric viruses that 

include portions of HIV-1SC24.QH0515 and HIV-1SC24.260598.  This task can be accomplished 

by general molecular cloning, where a piece of one virus is excised by restriction 

digestion and ligated into the same place in the other virus.  However, ligation of large 

pieces of DNA has been difficult, and will require optimization.  Similar to generating 

chimeric viruses, the full-length infectious molecular clones could be mutated in vitro 
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using technique like error prone PCR in an attempt to change the sensitivity of these 

viruses to CNAR.  These clones would not be primary isolates found circulating in 

patients, but could harbor interesting mutations nonetheless. 

 

5.4 Concluding remarks 

Throughout the course of this study we addressed questions pertaining to all three 

components of CNAR.  The CD4 target cells were interrogated to determine whether 

there were similarities in the histone acetylation at the HIV-1 LTR during proviral 

latency and noncytolytic suppression.  We determined that the HIV-1 LTR DNA did not 

associate with deacetylated histones, as is the case in HIV proviral latency.  Moreover, 

HDAC1 was not an essential cellular protein for CNAR to suppress HIV-1 replication.  

Additionally, we examined the regulation of CD8+ T-lymphocytes’ ability to exhibit 

CNAR, and found histone deacetylation was required for the most potent noncytolytic 

suppression.  Furthermore, we demonstrated that CD8+ T-lymphocytes with soluble 

noncytolytic suppression express MIP-1 beta, MIP-1 alpha, and IP-10, which should lead 

to further investigation of the significance of these cytokines in HIV-1 infection. Lastly, 

we present here HIV-1 does not increase Tat expression to overcome CNAR, and that 

further studies should take a wider approach to determine what confers resistance.  Thus, 

we have advanced the field of HIV immunology 3-fold and provided new insight into 

how CD8+ T-lymphocyte noncytolytic antiviral response may suppress HIV-1 infection. 
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Appendix A 

Work performed in collaboration with the Garcia-Blanco Laboratory that is distinct 

from the dissertation research topic. 

Tat-SF1 knockdown.  Two different short, hairpin RNA (shRNA) sequences targeting 

Tat-SF1 in the pSuper vector backbone (OligoEngine) were gifts from Dr. Bryan Cullen 

(Duke University).  Tat-SF1(A) consists of a hairpin targeting the following Tat-SF1 

sequence: GAGTCAGATGACAAGGAAG.  Tat-SF1(B) targets 

GAGAATCTGTGGAACTTGC.  A third shRNA targeting Tat-SF1, Tat-SF1(C), was 

expressed from the pSM2 vector (Open Biosystems), obtained from the Duke RNAi 

Facility.  Tat-SF1(C) targets the following Tat-SF1 sequence: 

GGCCTTCTAGAGCAAGGCATTT.  The GFP targeting and non-silencing control 

shRNAs were also in pSM2.  Empty pSuper, used as a negative control in transient 

knockdowns, was a gift from Dr. Vann Bennett (Duke University).   

 

TZM-bl assays of infectivity.  TZM-bl cells were used for replication-competent HIV-1 

infection because they express endogenous CXCR4, transgenic CD4 and CCR5, and 

integrated Tat-dependent beta-galactosidase and luciferase reporter genes.  They have 

also been shown to be susceptible to RNAi (26).  Empty vector, a non-silencing shRNA, 

or Tat-SF1-targeting shRNAs were co-transfected with a GFP-expressing plasmid into 

TZM-bl cells using FuGene6 (Roche).  Forty-eight hours post-transfection, GFP-positive 

cells were collected by FACS.  8x103 sorted cells were plated per well in a 96-well plate 

in DMEM supplemented with DEAE (15 ng/µL).  For reverse transcriptase assays, 
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1.6x104 sorted cells were plated per well in a 12-well plate.  Plated cells were infected 

with replication-competent HIV-1TT31, HIV-1JRFL, or HIV-1IIIB at multiplicities of 

infections of 0.004, 0.02, or 0.05 respectively.  HIV-1TT31 is a chimeric virus composed 

of the env gene from an early-transmitted primary virus isolate (122) and the genome of 

HIV-1NL4-3.  HIV-1TT31 was constructed by cotransfecting 293T cells with a single-

genome-amplified env gene from patient TT31, encoded by the recombinant HIVNL4-3 

backbone, pHIVenvBstEIInef-hisD (148).  Supernatants from the transfected cells were 

harvested 3 days post-transfection and used to generate viral stocks in peripheral blood 

mononuclear cells.  At 3 or 6 days post-infection with replication-competent virus, 

lysates were prepared for luciferase assays with the Britelite Gene Assay System 

(PerkinElmer) according to the manufacturer’s instructions.  Luciferase values were read 

on a Victor3 (PerkinElmer) reader.  Values shown are the mean of three independently 

transfected, FACS sorted, and infected wells.  Lysates from GFP-sorted, uninfected cells 

were prepared in SDS lysis buffer to analyze levels of Tat-SF1 by western blot both at the 

time of infection (48 hours after knockdown) and at the end of the experiment. 

 

Reverse transcription and real-time PCR detection of HIV-1 transcripts.  Total 

cellular RNA was isolated using TRIzol per the manufacturer’s protocol.  RNA samples 

were then subjected to two rounds of DNase digestion to remove residual DNA using 

DNA-free (Ambion).  To verify the removal of DNA, each RNA sample was tested in 

triplicate by real-time PCR using SYBR Green PCR Master Mix (Applied Biosystems) 

and HIV-1 LTR specific primers (HIVshortF and HIVshortR) described elsewhere (186).  
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Real-time reactions were performed in an ABI 7500 Real-time PCR System (Applied 

Biosystems) with the same cycling conditions stated above for quantifying Tat 

transcripts.   

Reverse transcription was performed on 300 ng of each RNA sample for 1 h at   

37 °C using M-MLV Reverse Transcriptase (Invitrogen), 6 µg of random hexamer 

primers (Invitrogen), 0.67 mM dNTPs (Invitrogen), 40 U RNAse Out (Invitrogen), and 

First Strand Buffer (Invitrogen) in a 45 µL final reaction volume.  The enzyme was then 

inactivated by incubating the reactions at 70 °C for 15 min.  The resulting cDNAs were 

tested in real-time PCR reactions to determine the absolute quantity of total initiated and 

unspliced HIV-1 transcripts using the PCR master mix and cycling profile described 

above. Total initiated HIV-1 transcripts were amplified using primers HIVshortF and 

HIVshortR. PCR primers LA8 and LA9 (9) were modified to match the sequence of 

HIVNL4-3, and used to amplify unspliced HIV-1 transcripts.  Dissociation curves were 

performed on all PCR reactions to determine the specificity of each PCR reaction. The 

absolute quantification data was analyzed using Sequence Detection Software v1.2.2 

(Applied Biosystems).   Values shown represent copy number ratios of unspliced 

transcripts to all initiated transcripts. 

 

Western blot analysis.  Protein concentrations of cell lysates were determined by a 

Bradford assay (Bio-Rad) and 30 µg of protein was separated on SDS-PAGE gels before 

transferring to PVDF membranes (BioRad).  The membranes were probed with rabbit 

polyclonal antibodies to CYCT1 (AbCam) at a 1:500 dilution, PTB (Intronn, LLC, 
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Durham, NC) at a 1:5000 dilution or antiserum to Tat-SF1 (Research Genetics Inc, 

Huntsville, AL) at a 1:500 dilution.  Rabbit secondary antibody (Amersham) was used at 

a 1:5000 dilution and proteins were detected with ECL (Amersham) or SuperSignal West 

Chemiluminescence Substrate (Pierce). 

 

Tat SF-1 is required for optimal HIV-1 infectivity 

To test the requirement of Tat-SF1 for HIV-1 infectivity, we decided to assess the 

effect of Tat-SF1 depletion on virus replication.  TZM-bl cells were used because they 

express CXCR4, CD4 and CCR5, and also contain integrated Tat-dependent beta-

galactosidase and luciferase reporter genes.  These cells are amenable to treatment with 

siRNAs (26) and have equal susceptibility to HIV-1 infection as compared to human 

peripheral blood mononuclear cells (PBMCs) (59, 250).  TZM-bl cells were transiently 

transfected with an empty vector, a non-silencing shRNA, or Tat-SF1 specific shRNAs.  

These cells were cotransfected with a GFP expressing plasmid to sort GFP-positive cells.  

GFP-positive transfectants were plated in 96-well plates and infected with one of two 

different replication-competent HIV-1 strains, HIV-1TT31 or HIV-1JRFL.  HIV-1JRFL is a 

laboratory adapted strain, whereas HIV-1TT31 encodes an envelope from an early-

transmitted primary isolate (122).  After 3 days of infection, LTR-driven luciferase 

expression was quantified.  Upon Tat-SF1 depletion, the level of HIV-1 infection 

significantly decreased compared to the control cells (Figures A.1A and A.1B).  The 

decrease in infectivity was similar for both HIV-1 strains tested.  Lysates from uninfected 
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cells showed persistent knockdown of Tat-SF1 throughout the length of the experiment 

(Figures A.1A and A.1B). 

A third strain, HIV-1IIIB , was used to infect control and Tat-SF1 knockdown 

TZM-bl cells. Luciferase readings from the infected cell lysates recapitulated the 

decrease in infectivity upon Tat-SF1 depletion that was seen for the two HIV-1 strains 

used previously (Figure A.2A). As an independent, more direct measurement of viral 

replication, the culture supernatants from these cells were assayed for reverse 

transcriptase activity.  After 3 days of infection, both control and Tat-SF1 knockdown 

cells produced background levels of reverse transcriptase (Figure A.2B).  After 6 days of 

infection, virion-associated reverse transcriptase was significantly lower in the cultures 

containing cells depleted of Tat-SF1 (Figure A.2B, p < 0.05). Together, these data 

indicated that Tat-SF1 plays a positive role in regulating the lifecycle of HIV-1. 

 

Depletion of Tat-SF1 increases unspliced HIV-1 RNA 

To understand how Tat-SF1 augments HIV-1 infection, real time RT-PCR of 

HIV-1 RNA splicing was performed. Unspliced full-length HIV-1 RNA was quantitated 

with PCR primers flanking each side of the first splice donor site.  Total initiated RNA 

was quantified to normalize for differences in the infectivity between the cultures.  The 

ratio of unspliced RNA to total HIV-1 RNA was 2.25 in cells expressing a control GFP 

shRNA (Figure A.3).  The ratio significantly increased to 4.14 in cells depleted of Tat-

SF1 with shRNA construct A (p < 0.05).  A similar significant increase in unspliced RNA 

was present in the cells transfected with the Tat-SF1 specific shRNA Tat-SF1 (B) (p < 
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0.05).  Thus, depletion of Tat-SF1 in vivo with two distinct shRNA constructs 

demonstrated that unspliced HIV-1 RNAs accumulate in the absence of Tat-SF1. This 

change in the viral splicing pattern suggests that Tat-SF1 plays a post-transcriptional role 

in regulating the ratio of unspliced to spliced HIV-1 RNAs in vivo.   

As reported by others, Tat-SF1 was essential for HIV-1 infectivity (26). There 

was a reduction in virions produced from infected cells depleted of Tat-SF1, which 

corresponded with a decrease in HIV gene expression within infected cells.  Tat-SF1 does 

not seem to be a direct mediator of CNAR since Miller, Saunders and colleagues 

demonstrated it does not augment Tat trans-activation (173).  Knockdown of Tat-SF1 led 

to an accumulation of HIV-1 full-length RNA.  The increase in unspliced RNA is 

concurrent with a decrease in multiply spliced RNA (173).  The indirect effects on viral 

transcription due to the decrease in multiply spliced RNAs encoding Tat protein warrant 

further study.  
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Figure A.1: Knockdown of Tat-SF1 decreases HIV-1 gene expression.  Replication-
competent HIV-1JRFL (A) or HIV-1TT31 (B) was used to infect TZM-bl cells that were 
transiently transfected with either an empty vector, a non-silencing shRNA control, or 
shRNAs targeting Tat-SF1.  A western blot confirming knockdown in the transfected 

TZM-bl cells used in (A) and (B) is shown below the chart.   Polypyrimidine tract 
binding (PTB) protein is shown as a loading control. LTR-driven luciferase was 

measured 3 days post-infection.  Mean and standard error are shown for triplicate 
infections.  Significance was determined with a 1-way ANOVA and Bonferroni t-test (* p 

< 0.05, ** p < 0.01, *** p < 0.001). 
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Figure A.2: Knockdown of Tat-SF1 decreases virion production.  TZM-bl cells were 
transfected with non-silencing shRNAs, Tat-SF1 specific shRNAs, or the empty vector 
and infected with replication-competent HIV-1IIIB . Western blot for Tat-SF1 confirmed 
knockdown in the TZM-bl cells.  A) Six days post infection (dpi) TZM-bl cells were 

lysed and LTR-driven luciferase expression was measured. B) Virion-associated reverse 
transcriptase activity was measured in the culture supernatant 3 and 6 dpi. Mean and 

standard error is shown for each value.  Significance was determined by 2-way ANOVA 
and Tukey post-test (* p < 0.05). 
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Figure A.3: Knockdown of Tat-SF1 results in an accumulation of unspliced 
HIV-1 RNA.  293 cells expressing shRNAs targeting GFP or Tat-SF1 were transfected 

with the HIV-1 plasmid pSG3∆Env.  Tat-SF1 knockdown was confirmed by western blot 
using PTB as a loading control.  Total RNA was isolated 48 h post-transfection, and 

initiated and unspliced HIV-1 RNA transcripts were quantified by real-time RT-PCR.  
RNA copies of unspliced transcripts were normalized to the total number of initiated 

HIV-1 transcripts. The means of the unspliced transcripts/all initiated HIV-1 transcript 
ratios from triplicate samples are reported.  Error bars represent standard error.  

Significance was determined with an unpaired t-test (* p < 0.05). 
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