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ABSTRACT 

The three stages of untreated human immune deficiency virus type 1 (HIV-1) infection are 

acute HIV infection, chronic HIV infection, and acquired immunodeficiency syndrome (AIDS). 

Combination antiretroviral therapy (cART) is effective in treating chronic HIV infection but fails 

to completely clear the virus. Mutations in HIV epitopes recognized by cytotoxic T lymphocytes 

(CTL) could be a major contributing factor because they result in T cell mediated immune 

responses with limited effectiveness. In the absence of cART, it is the viral evolution within an 

individual during the course of infection under the pressure of host immune response that allows 

the virus to persist. To better understand viral pathogenesis and develop an effective HIV 

treatment, it is important to identify and characterize the evolution of mutations occurring within 

HIV CTL epitopes.  

Here I mapped the evolution of HIV CTL epitopes in chronically infected HIV-1 donors. 

Specifically, I fist 1) identified memory HIV CTL epitopes to HIV gag antigens p17/p24 from 

contemporaneous viral isolates obtained from long term HIV infected individuals and then 2) 

compared CTL responses to epitope sequences from the early stages of infection versus sequences 

after over 10 years of treatment and viral evolution. Using MHC class-1 binding predictive 

algorithm, the viral mutation was found to exhibit an unexpected pattern, that the reservoir variants 

has a higher binding affinity than its founder variant. Making use of an IFN-γ ELISpot Assay, the 
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fact that the MHC class-1 binding affinity does not equal to the actual elicited CTL response has 

been noticed.   

Overall, this study has a significance in public health as it provided important information 

on the ability of HIV to escape CD8+ T lymphocyte detection and potentially contribute to the cure 

of the disease. 
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1.0  INTRODUCTION 

The Human Immunodeficiency Virus (HIV) is a lentivirus that causes HIV infection. HIV 

can be divided into two major types, HIV type 1 (HIV-1) and HIV type 2 (HIV-2). HIV-1, 

however, is the most common and pathogenic strain. Without treatment, HIV-1 infection 

progresses through three stages: acute HIV infection, chronic infection, and acquired 

immunodeficiency syndrome (AIDS) as the result of a gradual destruction of the CD4+ T cells.  

Currently there is no cure for HIV-1 infection that results in complete elimination of the 

virus. Combination antiretroviral therapy (cART) is medications that currently used to treat HIV-

1 infection. It consists of a combination of drugs that are used to prevent the growth of the virus 

and keep HIV infection under control. Although cART has shown its effectiveness in preventing 

the development of AIDS and has led to a significant recovery of CD4+ T cells in the majority of 

recipients, it does not lead to complete clearance of HIV.  

The cytotoxic T lymphocyte (CTL) is regarded as one of the major effector cell types acting 

upon viral infection [1, 2]. However, a diminished killing capacity of the CTLs from chronic HIV-

1 infected individuals has been observed [3]. Under the pressure of the host immune response in 

chronically infected individuals, viral mutations may arise in HIV-1 CTL epitopes which could be 

the major contributing factor that enables the virus to persist. Identifying mutations within these 

HIV-1 epitopes and characterizing the functional immune response in vitro following their 
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evolution in the host, could contribute to a better understanding of viral pathogenesis and develop 

an effective treatment for the eradication of HIV-1 infection. 

1.1 HUMAN IMMUNODEFICIENCY VIRUS (HIV) 

1.1.1 Epidemiology  

HIV infects and kills cells of the immune system to cause a progressive and ultimately fatal 

immunodeficiency in humans and it has been a major burden on society since it emerged over 30 

years ago [4]. According to the WHO, there were approximately 36.7 million people around the 

world living with HIV at the end of 2015, among which 2.1 million people are newly infected. 

Around 1.1 million people died from AIDS in year 2015. 

HIV can be divided into two major types, HIV type 1 (HIV-1) and HIV type 2 (HIV-2). 

HIV-1 primarily originated from gorillas and chimpanzees in West Africa, while HIV-2 was 

originally discovered in endangered west African primate sooty mangabey [5]. HIV-1 is the most 

common and pathogenic of the two viruses and is the cause of the majority of HIV infections 

globally, whereas HIV-2 infections are mainly seen only in a few west African countries because 

of its relatively poor capacity for transmission [6].  

1.1.2 Viral Structure 

HIV is a lentivirus, a subgroup of retroviruses [7]. Mature HIV virions have spherical 

morphology of 100–120 nm in diameter [8]. The virus structure mainly consists of three parts: the 
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viral envelope, the viral matrix proteins and the viral core. The viral envelope is the outer coat of 

the virus and is made up of two layers of phospholipids, where three transmembrane glycoprotein 

gp41 are embedded each one attached to one molecule of the surface glycoprotein (gp) 120. Both 

gp120 and gp41 are encoded by the env gene of the viral RNA genome and they are critical for the 

viral attachment and cell fusion processes. The matrix protein p17 lies between viral envelope and 

core. The core proteins consisting of capsid protein p24, late assembly protein p6 and nucleocapsid 

protein p7 which is bound to the RNA genome. They are all encoded by the viral gag gene. Within 

the viral core, there are two copies of positive-sense viral RNA genome, each around 10 kb in 

length, and which are associated together with the protease, integrase and reverse transcriptase 

enzymes.  These three enzymes are encoded by the viral pol gene. As gag proteins of HIV-1 are 

central players in virus particle assembly, release, and maturation, and also function in the 

establishment of a productive infection [9], they are highly expressed and relatively conserved in 

sequence due to overall fitness and survival. It has also been reported that gag-targeted CTLs are 

intrinsically superior to env-targeted CTLs, perhaps due to specific protein property such as early 

epitope presentation [10]. So gag protein is widely used in HIV-1 immunity research including 

vaccine development. 

1.1.3 Pathogenesis and Host Response  

Without treatment, HIV infection progresses in three stages: acute HIV infection, chronic 

HIV infection, and acquired immunodeficiency syndrome (AIDS). Acute infection, also called 

primary infection, generally develops within 2 to 4 weeks after the initial HIV exposure. During 

this time, 50-90% of infected individuals develop an influenza or mononucleosis-like illness which 

may last for a few weeks [11, 12]. The main target of HIV infection is activated CD4+ T 
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lymphocytes. Viral entry occurs via interactions between env gp41 and gp120 on the virus particles 

and CD4 molecule and the chemokine co-receptors CCR5 or CXCR4. The distribution of these 

receptors on a variety of cell types central to the immune system permits infection not only limited 

to CD4+ T lymphocytes, but also monocytes, macrophages and dendritic cells [13, 14]. In the early 

days of the acute infection stage, HIV replicates quickly within infected cells, which leads to a 

first increase in HIV RNA copies and a sharp decline in CD4+ cells in the blood. When the host's 

anti-HIV adaptive immune response begins at 4 to 8 weeks after infection, symptoms of 

seroconversion may develop and viral load drops. The second stage of HIV infection is chronic 

HIV infection (also known as asymptomatic HIV infection or clinical latency). Patients with 

chronic HIV infection may not have any HIV-related symptoms. During this stage, the 

concentration of CD4+ cell in the peripheral blood recovers, although not as high as it was before 

infection, and HIV-1 RNA copy number in the plasma declines again. Without treatments, it 

usually takes more than 10 years for chronic HIV-1 infection to progress to AIDS. AIDS is the 

final stage of HIV infection when the continuous destruction of CD4+ T cells over years leads to a 

weakened immune system. Finally, the gradually weakened immune system eventually leaves the 

host vulnerable to serious infections and cancers that the host is barely capable to fight off. 

According to the CDC, people with AIDS typically survive about 3 years without treatment. 

1.1.4 HIV-1 Treatment 

The combination antiretroviral therapy (cART) identifies the medications regimen that is 

currently used to treat HIV infection. It consists of a combinations of drugs that are used to prevent 

the growth of the virus and keep HIV-1 infection under control, such as Combivir™ 

(GlaxoSmithKline Ltd, Brentford Middlesex, UK) is a combination of two Nucleoside Reverse 
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Transcriptase Inhibitors (NRTIs), azidothymidine (zidovudine, 3’-Azido-3’-deoxythymidine, 

AZT) which is a thymidine analogue, and lamivudine (2’-Deoxy-3’-thiacytidine, 3TC), which a 

cytosine analogue [15]; Truvada™ (Gilead Sciences Inc, Foster City, CA, US) is a combination 

of two NRTIs [16], emtricitabine (2'-deoxy-5-fluoro-3'thiacytidine, FTC) which is a cytidine 

analogue, and tenofovir disoproxil fumarate (TDF) which is a adenine analogue.  

However, although cART results in near complete suppression of HIV-1 replication and a 

significant recovery of the peripheral CD4+ T cell compartment in the majority of recipients, it 

does not lead to a clearance of the viral load. Once the treatment was interrupted, the viral load 

rebounds again followed by a decline of CD4+ T cells. As a result, the treatment has to be lifelong.   

The main obstacle to curing HIV-1 is the latency, which is defined as the persistence of 

integrated viral DNA that is replication competent but transcriptionally silent [17]. The latent HIV 

reservoir is established typically in resting CD4+ T cells [18-21]. These cells have viral DNA 

integrated in their chromosomes but express little or no viral RNA and no viral proteins, which 

make them beyond the reach of cART and substantially invisible to the immune system. However, 

these cells can produce infectious virus once they were stimulated; thus, they can restart virus 

replication if a patient discontinues cART. In addition to serving as a persistent source of virus, 

the latent reservoir can also serve as an archive of viral variants, which challenges the clearance 

of virus for it could maintain drug-resistant and CTL-resistant variants [22]. 

1.2 IMPORTANCE OF ANTIGEN PRESENTING CELL 

Activation of specialized antigen presenting cells (APCs) is a necessary first step for 

induction of adaptive immunity. They are a class of cells that can uptake, process and present 
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antigen information to T lymphocytes. The dendritic cell (DC) is known as the professional antigen 

present cell among all other cells. DC populate most tissues in the body, play an important role in 

surveillance and homeostasis and serve as the initiator of adaptive immune responses by 

establishing the bridges linking innate and adaptive immunity.  Upon infection, antigen captured 

by recognition of pathogen-associated molecular patterns (PAMPs) via pattern recognition 

receptors (PRRs), expressed at the surface of DCs, triggers the maturation process, leading to DC 

migration to draining lymph nodes, where they present antigens to T cells. Thus, naïve CD4+ T 

cells got primed and polarized into various Th phenotypes [23], viral antigen got presented to CD8+ 

T cells. Interestingly, previous research has also shown that DCs plays an important role in viral 

dissemination and immune dysregulation associated with HIV infection [24, 25]. Nevertheless, all 

these previous studies have shown that professional APC, especially DCs, are vital for an efficient 

immune response upon pathogen infection. 

The maturation status of DC is important to DC function, due to changes in the surface 

expression and secretion of several proteins. For convenience, most laboratory protocols that 

employ dendritic cells start from blood derived CD14+ monocytes: these are isolated from 

peripheral blood mononuclear cells (PBMCs) and differentiated in immature DCs (iDCs) using 

granulocyte macrophage colony-stimulating factor (GM-CSF) and interleukin-4 (IL-4), though 

some people use interferon-α (IFN-α) instead of IL-4 [26]. These iDCs have high antigen capture 

capacity. There are various protocols for DC maturation from immature precursors.  Factors used 

to mature immature DCs included lipopolysaccharide (LPS) [27-32], CD40 ligand (CD40L) [33, 

34], tumor necrosis factor-α (TNF-α) [26], IFN-α [35] and IFN-γ [36, 37]. To create a better 

inflammatory environment, different cocktails of maturation inducing factors have also been used. 

The maturation cocktail including interleukin-1β (IL-1β), TNF-α, IL-6 and prostaglandin E2 
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(PGE2) [38] was regarded as the “gold-standard” for its capacity to induce highly efficient mature 

DCs (which will be termed  “DC2” from here on in this manuscript). However, more recent studies 

have shown that DCs matured with this protocol (DC2) display a reduced ability to secrete active 

interleukin-12p70 (IL-12p70) [39], which is known to induce enhancement of the cytotoxic 

activity of NK cells and CTLs. IL-12p70 also plays a role in the development of cytotoxicity of 

activated CD8+ T cells as well as promoting the production of IFN-γ [40]. In the absence of IL-12, 

CD8+ T cells failed to express granzyme B and thus lack cytolytic function [41]. DCs matured by 

another maturation cocktail including IFN-γ, IFN-α, TNF-α, IL-1β and polyinosinic: polycytidylic 

acid (poly (I:C) and which will be termed “αDC1” from here on in this manuscript, have shown 

migratory responsiveness to various chemokines, and most importantly, have high IL-12p70-

producing ability compared to DC2 [42]. Though various protocols has been reported for DC 

maturation, it still remains unclear which one provides the optimal DCs for in vitro immune 

response activation and only a few have been widely tested in clinical trials [43]. 

1.3 CELL-MIDIATED IMMUNE RESPONSE TO HIV-1 

After the pathogen got recognized by APCs, exogenous antigens were presented to T helper 

cells (CD4+) by the use of MHC class II molecules on their surface, whereas endogenous antigens 

were presented on the cell surface in the complex with MHC class I molecules which activated 

CTLs. Cytotoxic T lymphocytes (CTLs), or CD8+ T lymphocytes, are the major responder cell 

type in the adaptive immune response to viruses. The killing efficiency of  CTL is critical for the 

control of HIV-1 infection [44]. They played an important role in suppressing HIV-1 replication 

during acute infection [45-47]. However, CTL will also exert a strong selective pressure on the 
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virus, forcing HIV-1 to mutate to evade CTL recognition [48, 49]. As a result, CTL escape variants 

will mutate quickly away from the founder sequence to reservoir variants. Previous research has 

shown that the mutated reservoir variants are more likely to be CTL escape epitopes [50], and that 

CTL escape epitopes accumulate as the epidemic progresses [51]. Therefore, the existence of 

mutated CTL-resistant viruses that have successfully become stablished in the reservoir can be 

considered a major barrier to viral eradication. 

How HIV-1 mutations facilitate viral escape has been studies extensively.  Among possible 

reasons is that the viral mutation within the CTL-recognition epitopes can 1) affect the antigen 

processing, 2) reduce the binding to the MHC class-I molecule, and 3) diminish the ability of T 

cell receptors to interact with the presented peptides in the p-MHC complex:  all of these can 

completely eliminate the effectiveness of any HIV-1 memory CTL response that is specific for the 

original, founder virus sequence [52]. However, CTL escape mutations could also result in 

dysfunctional cross-reactive memory CTL responses by partial activation of TCR through “altered 

peptide ligand” (APL),  thus providing an even more efficient way to advance virus dissemination: 

instead of totally bypassing the CTL response, these mutations can selectively promote the helper 

activity of the CTL while inhibiting their capacity to kill antigen expressing targets (Fig.1) [53]. 
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Figure 1. Viral ‘Baiting’ Strategy 

When the CTL encounters HIV-1 variant APL epitopes on the surface of professional antigen presenting cells (pAPC) 

such as immature dendritic cells (iDC), instead of recognizing these iDC as infected targets ready for cytolysis and 

kill them, they provide signals that “help” activate the HIV-1 antigen presenting iDC, programming them to 

differentiate into a highly stimulatory, pro-inflammatory type of mature DC. These DC also rapidly sprout a web of 

micro- and nanotube-like extensions, allowing them to develop extensive interconnected cellular networks. HIV-1 

may utilize such cellular connections for cell-to-cell spread and facilitate trans-infection of CD4+ T cells [54, 55]. 
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2.0  STATEMENT OF THE PROBLEM 

There is no cure for HIV-1 infection.  The current HIV-1 treatment combination antiretroviral 

therapy (cART) does not lead to clearance of the virus load.  Viral mutations, specifically in 

epitopes recognized by CTL in chronic infected individuals during the course of infection and 

which are under the constant pressure of the host immune response could be the major contributing 

factor that enables the virus persist. However, how viral mutations facilitate viral escape is not 

completely elucidated. To better understand viral pathogenesis and develop an effective HIV 

treatment, it is important to identify the epitopes recognized by chronic HIV-1 infected individuals 

and compare the memory CTL responses against founder epitopes (i.e. HIV-1 CTL epitopes 

developed very early in the infection) versus reservoir epitopes (i.e. epitopes that have become 

fixed over years of treatment and viral evolution). 

2.1 AIM 1: IDENTIFY THE EPITOPES RECOGNIZED BY MEMORY CD8+ T CELLS 

IN SPECIFIC HIV-1 CHRONIC INFECTED INDIVIDUALS 

Memory CD8+ T cells were re-stimulated with optimal autologous HIV-1 loaded mature 

dendritic cells. In order to identify the epitopes recognized by memory CD8+ T cells, a synthetic 

peptide library of 18-mers each overlapping by 14 amino acids was generated representing the 

consensus HIV-1 gag p17 and p24 sequences during cART from each participant. The IFN-γ 

response of memory CD8+ T cells to each 18-mer was tested by a IFN-γ Enzyme-Linked 
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ImmunoSpot (ELISpot) Assay. Groups of 18-mer peptides that induced a positive response were 

then defined as “hot spots”. 

Having thus determined the antigenic hot spots, in order to identify the actual epitopes, I 

used the Immune Epitope Database (IEDB) Analysis Resource (http://tools.iedb.org/mhci/), which 

provides a collection of algorithms for the prediction and analysis of MHC binding epitopes [56, 

57]. Combining the results from ELISpot and the predictive algorithm, I found several “potential 

epitopes”. 

2.2 AIM 2: COMPARE MEMORY CTL RESPONSES AGAINST FOUNDER 

VARIANTS VERSUS RESERVOIR VARIANTS 

To better understand the mechanisms of how viral mutations and CTL escape occur and 

evolve, the second aim is to measure, within each participant, the contemporaneous memory CTL 

response (specific for epitopes currently fixed in the reservoir) against the founder epitope variants 

and compare it against reservoir variants.  

To focus on viral escape CTL epitopes, all the hot spots from 18-mer peptides that did not 

contain any mutation throughout the years were excluded, as they could not be escape epitopes by 

definition. These mutation including epitopes are therefore and hereon defined as the “candidate 

epitopes”. After alignment of the viral gag p17 and p24 sequence by years, all the founder and 

reservoir variants of “candidate epitopes” have been identified. Then a comparison on the CTL 

response against founder versus reservoir variants has been done using HLA binding predicted 

algorithm as well as a IFN-γ ELISpot Assay. 

 

http://tools.iedb.org/mhci/)
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3.0  MATERIALS AND METHODS 

3.1 STUDY PARTICIPANTS 

The chronic HIV-1-infected participants (designated participants S4 and S5) were chosen from the 

Multicenter AIDS Cohort study (MACS), which is a prospective study of the natural and treated 

histories of HIV-1 infection in homosexual and bisexual men. The participants were chosen based 

on their prolonged enrollment in the study (over 10 years), their typical course of disease 

progression and their favorable response to combination antiretroviral therapy (cART) [58]. Both 

participants were enrolled in the MACS prior to HIV-1 seroconversion. Seropositivity was 

confirmed by an enzyme-linked immunosorbent assay (ELISA) positive for the presence of HIV-

1 p24 and by Western blotting with bands corresponding to at least two of the gag, pol, and env 

proteins [59]. Blood specimens and epidemiological and clinical data were collected at each visit, 

as described previously [60]. 

3.2 CLINICAL AND VIROLOGIC CHARACTERISTICS 

At each biannual visit, plasma samples and peripheral blood mononuclear cells (PBMC) were 

collected from the study participants and were stored at −80°C and −140°C, respectively. T cell 

phenotypes and HIV-1 plasma viremia were determined as previously described [61-63]. 
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3.3 HIV-1 SEQUENCING AND PEPTIDE SYNTHESIS 

Seven post-seroconversion (post-SC) time points and one post-cART time point for both 

participants S4 and S5 were chosen for HIV-1 gag p17-p24 sequencing and were sequenced from 

purified virus as described previously [63], and a peptide library of 18-mers overlapping by 14 

amino acids was generated representing the consensus HIV-1 gag p17 and p24 sequences during 

cART from each participant. Potential variants for S4 were synthesized (Sigma-Aldrich) and were 

resuspended in dimethyl sulfoxide (DMSO) in a stock concentration of 10mg/ml. Peptides were 

further resuspended in AIM V medium at a using concentration of 100μg/ml. Peptides were stored 

at −80°C. 

3.4 SEPARATION OF PBMC AND ISOLATION OF MONOCYTES 

Contemporaneous PBMC from each study participant under cART were obtained by density 

gradient centrifugation using Ficoll-Paque (GE Healthcare Life Sciences, Uppsala, Sweden) and 

are stored at -140°C.  

Monocytes were isolated using CD14 MicroBeads (Miltenyi Biotec, Bergisch Gladbach, 

Germany) following the product protocol.  
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3.5 GENERATION OF MONOCYTE-DERIVED DENDRITIC CELLS 

Under stimulation of GM-CSF and IL-4 (both 1,000 U/ml, R&D Systems, Minneapolis, MN)), the 

monocytes will become immature DCs (iDCs) in Iscove’s Modified Dulbecco’s Medium (IMDM) 

containing 10% fetal bovine serum (FBS) at day 5 [42]. For DC stimulation, 0.5 million immature 

DCs were incubated with 50 ng of purified autologous aldrithiol-2 (AT-2)-inactivated HIV-1 for 

2 h [64]. Immature DCs were then treated with two different cocktail of maturation factors: 

• αDC1: IFN-γ (1000U/ml), IFN-α (3000U/ml), TNF-α (25ng/ml), IL-1β (25ng/ml), poly-

I:C (20µg/ml).  

• DC2: IFN-γ (1000U/ml), TNF-α (25ng/ml), IL-1β (25ng/ml), Il-6 (1000IU/ml), PEG2 

(1mM). 

DCs were then let develop into mature αDC1 and DC2 after 48 hours (Fig 2). 

 

 

Figure 2. Flow chart of DC maturation 

Monocytes were isolated from PBMC from each individuals and were developed into immature dendritic cells (iDCs) 

under the stimulation of GM-CSF and IL-4 at day 5. Based on the high antigen loading capacity iDCs, AT-2 

inactivated autologous HIV-1 virus was added into iDCs at day 5 and incubated for 2 hours.  Then the iDCs were 
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divided into two parts and two different cocktail of maturation factors were added into cells cultures individually. 

After 48 hours’ incubation, the iDCs were developed into two types of mature DC, namely αDC1 and DC2. 

3.6 DCS PHENOTYPING 

The maturation status of αDC1 and DC2 were harvested and washed with PBS. Cells were then 

stained with CD83-PE (BD Pharmingen), CD86-PE (BD Pharmingen), or OX40L-PE (BD 

Pharmingen) for 20 minutes in room temperature respectively. Then cells were washed and fixed 

with 1% paraformaldehyde. The cell surface expression of CD83, CD86, and OX40L were 

analyzed on a BD LSR Fortessa flow cytometer using BD FACS Diva software. Data were 

analyzed by using FlowJo version 10.2. 

3.7 IL-12P70 ELISA  

Mature αDC and DC2 were harvested and washed thoroughly to remove all the cytokines. The 

cells were then plated at 2.5×104 cells/well in flat-bottomed 96-well plates. J558-CD40L cells were 

added at 5×104 cells/well and co-cultured with DCs for 24 hours. After incubation, the supernatants 

from each culture were harvested and were tested by ELISA for IL-12p70 to functionally 

characterize DCs.  
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3.8 RESTIMULATE MEMORY CTLS USING MATURE DCS 

The two different types of mature DC were then combined with contemporaneous PBMC 

separated from the same study subject at 1:10 ratio respectively. The cultures were allowed to 

grow for 21 days and were supplemented with recombinant IL-2 (100 IU/ml), IL-7 (10 ng/ml) and 

IL-15 (2.5 ng/ml). After three weeks, specific epitopes recognized by memory CTLs were 

identified by IFN-γ ELISpot using the 18-mers peptide library. The entire work flow is shown in 

figure 3.  

 

 

Figure 3. Flow chart of memory CD8+ T cell restimulation 

Following stimulation with GM-CSF and IL-4, the monocytes will differentiate into immature DCs in 5 days. At day 

5, autologous aldrithiol-2 (AT-2) [64] inactivated HIV-1 (the antigen) will be added to iDC into αDC1 and DC2 with 

two different cocktails of maturation factors. After 48 hours, mature DC are combined with autologous, frozen PBMC. 

Following a 21-day stimulation protocol, memory CD8+ T cells were evaluated for CTL effector function by IFN-γ 

ELISpot using the peptide library generated representing the consensus HIV-1 gag p17 and p24 sequences from each 

participant. Abbreviations: GM-CSF, granulocyte-macrophage colony-stimulating factor; IL-4, interleukin-4; IL-2, 
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interleukin-2; IL-7, interleukin-7; IL-15, interleukin-15; 5d, 5 days; 48h, 48 hours; 21d, 21 days; Mature, antigen-

loaded DC (mature DC). 

3.9 IFN-γ ELISPOT ASSAY 

IFN-γ production was measured by a standard overnight enzyme-linked immunosorbent spot 

(ELISpot) assay. Briefly, 96-well Mixed Cellulose Esters (MCE) plates (EMD Millipore, Billerica, 

MA) were coated with anti-IFN-γ monoclonal antibody (10 µg/ml, Mabtech, Stockholm, Sweden) 

and incubated overnight at 4°C. At day 2, the plate was washed and blocked with IMDM 

supplemented with 10% heat-inactivated FBS for 2 h at 37°C. Memory CTLs were plated at 5×104 

per well and the cells in duplicate wells were stimulated overnight at 37°C with each 18-mer 

peptide (10 µg/ml) in IMDM supplemented with 10% heat-inactivated FBS. At day 3, ELISpot 

plates were washed and processed as described previously [65, 66]. The spots were counted by an 

automated ELISpot plate reader (AID, Strasberg, Germany). 

3.10 CD107A SURFACE STAINING ASSAY 

Memory CTLs were harvested and stained with CD107a-FITC (BD Pharmingen) at the beginning 

of stimulation along with each interested 18-mer peptides. After overnight incubation at 37°C, 

cells were washed with PBS, surface stained with antibodies to CD3-APC-H7 (BD Pharmingen), 

CD4-V450 (BD Pharmingen), CD8-Percp-cy5.5 (BD Pharmingen) and Live/Dead Aqua Viability 

dye. Cells were washed and fixed in 1% paraformaldehyde. Flow cytometry gates for live, CD3+, 
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CD4-, CD8+, CD107a+ were based on unstimulated control wells. Gating strategy is shown in Fig. 

17. 
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4.0  RESULTS 

4.1 THE MATURITY OF αDC1 AND DC2 FOR WAS CONFIRMED BY FLOW 

CYTOMETRY 

For both study participant S4 and S5, the maturation status of αDC1 and DC2 was 

evaluated by extracellular staining using flow cytometry. The expression of CD83, CD86, and 

OX40Lwas evaluated. CD83 is a well-recognized marker for mature dendritic cells with regulatory 

function. CD86 is a protein expressed on antigen-presenting cells that provides costimulatory 

signals necessary for T cell activation and survival. OX40L controls the extent of T cell priming 

following recognition of antigen. Using Flow Cytometry, both αDC1 and DC2 showed a fully 

matured status with high expression of CD83, CD86 for either S4 (Fig.4) or S5 (Fig.5). OX40L 

expression is higher in DC2 than αDC1. This validate the use of either maturation factors to obtain 

DCs for memory CD8+ T cells restimulation. 
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Figure 4. Both Mature αDC1 and DC2 for S4 can express high level of mature DC cell marker 
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The maturation status of αDC1 and DC2 for S4 was evaluated by flow cytometry staining for surface expression of 

CD83-PE, CD86-PE, and OX40L-PE.  Left: αDC1. Right: DC2. 

 

Figure 5. Both Mature αDC1 and DC2 for S5 can express high level of mature DC cell marker 
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The maturation status of αDC1 and DC2 for S5 was evaluated by flow cytometry staining for surface expression of 

CD83-PE, CD86-PE, and OX40L-PE.  Left: αDC1. Right: DC2. 

4.2 CYTOKINE PRODUCING ABILITY WAS EVALUATED FOR BOTH αDC1 AND 

DC2 

The cytokine producing ability of S4 αDC1 and DC2 was determined using ELISA. Both 

mature αDC1 and DC2 were harvested and stimulated with CD40L. The IL-12p70 secreted by 

each group of cells were determined using ELISA. 

Under CD40L stimulation, αDC1 produced around 10-fold IL-12p70 as of DC2 (Fig.6). 

This result indicates αDC1 could be a better choice for memory CD8+ T cells restimulation. 

 

 

Figure 6. Mature αDC1 produce higher IL-12p70 amounts than DC2 

Mature αDC1 and DC2 were harvested and co-cultured with J558-CD40L cells for 24 hours respectively. After 24 

hours, supernatant from each culture was collected and the amount of IL-12p70 was determined using ELISA. 
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4.3 ANTIGEN LOADED αDC1 INDUCE A HIGHER MEMORY CTL RESPONSE 

THAN ANTIGEN LOADED DC2 

To identify the specific epitopes recognized by CTL for each individual, we first generated 

the peptide library representing the consensus HIV-1 gag p17 and p24 sequences for each 

participant.  

For participant 4 (S4), using mature αDC1 and DC2, I stimulated memory CTLs for 21 

days with IL-2, IL-7 and IL-15 supplementation. After three weeks, the individual 18-mer peptides 

recognized by memory CTLs were identified by IFN-γ ELISpot. The results are shown as the 

number of net spot-forming cells (SFC) per 106 cells: these are “net” SFCs because the background 

from irrelevant peptide stimulated cultures was subtracted from the antigen-specific cultures 

(Fig.7). For S4, there are 28 18-mer peptides induced an IFN-γ CTL response that above the level 

when processed by αDC1, however, only 15 18-mer peptides when processed by DC2. The result 

indicates that αDC1 stimulated CTL can recognize a broader range of epitopes than DC2. 



 24 

 

Figure 7. The “hot spots” for S4 were identified using IFN-γ ELISpot 

The 18-mer recognized by S4 memory CD8+ T cells were identified using IFN-γ ELISpot. The spots are shown as the 

number of background-subtracted antigen-specific spot-forming cells (SFC) per 106 cells. Background was calculated 

as the mean number of SFC/106 cells in duplicate control wells without peptide plus 2 standard deviations. 

 

Then the responses of each peptide by αDC1 and DC2 were ranked in ascending order, 

respectively (Fig.8). The maximum response for αDC1 is 7,864 spots while for DC2 is 8,725 spots. 

Figure 8 shows that that αDC1 induce higher responses 1) on more peptides and 2) of higher 

sensitivities than DC2 do. Based on these findings, αDC1 were chosen to stimulate memory CTLs 

in all the following experiments. 
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Figure 8. Comparison of memory CTL response stimulated by either αDC1 or DC2 based on the IFN-γ 

ELISpot assay 

The CTL responses based on IFN-γ ELISpot assay was ranked compared to each maximum response. Orange: 

Memory CD8+ T cells IFN-γ response stimulated by αDC1. Blue: Memory CD8+ T cells IFN-γ response stimulated 

by DC2. IFN-γ ELISpot results were also ranked in four groups: group #1 number of responses between 1 and 10%, 

group #2 number of responses between 11and 25%, group #3 number of responses between 26 and 50%, group #4 

number of responses between 51and 100% as t shown in the figure. 

 

Similarly, S5 “hot spots” were determined following αDC1 stimulation of memory CTL 

using a library of overlapping 18-mer peptide corresponding to the contemporaneous autologous 

HIV-1 (Fig. 9).  
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Figure 9. The “hot spots” for S5 were identified using IFN-γ ELISpot 

The 18-mer recognized by S5 memory CD8+ T cells were identified using IFN-γ ELISpot. The spots are shown as the 

number of background-subtracted antigen-specific spot-forming cells (SFC) per 106 cells. Background was calculated 

as the mean number of SFC/106 cells in duplicate control wells without peptide plus 2 standard deviations. 

4.4 POTENTIAL EPITOPES ARE IDENTIFIED BASED ON IFN-γ ELISPOT 

RESONSES FOLLOWED BY MHC-1 BINDING PREDICTIVE ALGORITHM 

As the 18-mer peptides are set up artificially, they are not the epitopes combined with MHC 

class I molecule and recognized by CD8+ T cells. After I got the 18-mer “hot spots”, I identified 

all the potential MHC class I-restricted epitopes for S4 and S5 by using predictive algorithm. The 

Immune Epitope Database Analysis Resource provides a collection of tools for the prediction and 

analysis of immune epitopes, which provides an access to predictions of peptide binding to MHC 

class I molecules. I have already known that the S4 MHC alleles are HLA-A*01:01, HLA-

A*25:01, HLA-B*18:01, HLA-B*44:03, HLA-C*07:01, HLA-C*12:03, S5 MHC alleles are 
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HLA-A*02:01, HLA-A*26:02, HLA-B*15:01, HLA-B*44:02, HLA-C*03:04, HLA-C*15:01. 

The prediction method I used is artificial neural network (ANN) [67], which is a combination of 

several neural networks derived using different sequence-encoding schemes. The output is 

represented as IC50nM value. The lower the number of IC50nM value, the higher the potential 

binding affinity between peptide and MHC class I molecule. In general, most known epitopes have 

a IC50 that lower than 500nM. Using 500nM as a cut off, I got 99 predicted epitopes for S4 (Table 

1) and 93 predicted epitopes for S5 (Table 2) that IC50nM lower than 500. 

So far, the potential epitopes recognized by both study participant S4 and S5 CD8+ T lymphocytes 

has been identified successfully.  
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Table 1. The predicted MHC class I-restricted epitopes for participant S4 
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Table 1 Continued 

 

From left to right: 1. Study participant identification number. 2. Name of 18-mers containing predicted autologous 

variants of MHC class I-restricted epitopes. 3. The amino acid (AA) sequences of 18-mers. 4. The mean IFN-γ 

response detected in DC-stimulated memory T cells is shown as the number of IFN-γ-producing spot-forming cells 

per 106 responders (IFN-γ SFC/106). 5. MHC class I-restriction for each participant’s HLA alleles. 6. IC50nM value 
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for each predicted MHC class I-restricted HIV-1 gag epitopes. The predicted output from the algorithm is given in 

units of IC50nM. A lower number indicates higher affinity. 
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Table 2. The predicted MHC class I-restricted epitopes for participant S5 
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Table 2 Continued 

 

From left to right: 1. Study participant identification number. 2. Name of 18-mers containing predicted autologous 

variants of MHC class I-restricted epitopes. 3. The amino acid (AA) sequences of 18-mers. 4. The mean IFN-γ 

response detected in DC-stimulated memory T cells is shown as the number of IFN-γ-producing spot-forming cells 

per 106 responders (IFN-γ SFC/106). 5. MHC class I-restriction for each participant’s HLA alleles. 6. IC50nM value 

for each predicted MHC class I-restricted HIV-1 gag epitopes. The predicted output from the algorithm is given in 

units of IC50nM. A lower number indicates higher affinity  
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4.5 VIRAL MUTATION WAS IDENTIFIED THROUGH GAG SEQUENCE 

ALIGNMENT BY YEAR 

To study the viral evolution, it is also important to know course of disease. For S4, the 

patient had seroconversion in 07/21/1987 and received cART treatment at 02/21/1996. S5 had 

seroconversion in 03/24/1987 and received cART treatment since 11/20/2002. 

The course of disease for both S4 and S5 (Fig.10) indicates a good efficacy of cART with 

a significant recovery of CD4+ T cell counting and low viral load.  
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Figure 10. Participants’ clinical history with CD4+ T cell counts, medication and viral load history 

The HIV-1 viral load (square symbols, dashed line) is expressed as copies/ml. The CD4+ T cell counts (round symbols, 

continuous line) are expressed as absolute number/ mm3. Study entry, initiation of therapy (cART) are expressed in 

years. The estimated time of seroconversion is taken as the time 0 value. AZT: Retrovir (zidovudine); DDI: 

Didanosine; 3TC: Lamivudine; IDV: Indinavir; RTV: Ritonavir; ABC: Abacavir; EFV: Efavirenz; NVP: Nevirapine; 

TDF: Tenofovir. 

 

In order to locate mutation region, I then aligned whole gag sequences by year (Fig. 11 and 

Fig.12). I have access to the S4 viral gag p17 and p24 sequences of year 1987, 1988, 1989, 1991, 

1992, 1993, 1996 and 2013, which is year 0, 1, 2, 4, 5, 6, 9, and 26 post seroconversion (Fig.11). 

The 2013 sequence is shown as “consensus” which was assembled from 20 clones and as 

“subdominant” which represents clones where a mutation was present less than 5 but more than 3 



 35 

times. For S5, I have viral gag p17 and p24 sequences of year 1987, 1990, 1993, 1997, 2000, 2001, 

2002, 2013, which is year 0, 3, 6, 10, 13, 14, 15, and 26 post seroconversion (Fig.12).   

To get a better idea of the value of each “hot spot” and make some considerations on the 

impact of mutations on CTL, IFN-γ ELISpot results were also ranked in four groups: group #1 

number of responses between 1 and 10%, group #2 number of responses between 11and 25%, 

group #3 number of responses between 26 and 50%, group #4 number of responses between 51and 

100% as t shown in the figure. 

Having aligned the viral sequence by year, the viral mutations were identified. In general, 

for both S4 and S5 gag sequences, there are relatively few mutations throughout the years. Of a 

total of 13 mutations in S4 gag only 2 are in regions not recognized by memory CTLs. All the 13 

mutations in S5 gag can be recognized by memory CTLs. 
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Figure 11. S4 aligned gag p17&p24 sequence by year  

S4 gag p17 and p24 sequence aligned by years. On top of each sequence alignment, the bars covering the length of 

18 amino acids and color coded according to the legend below. The red character shows where the mutation has been 

occurred and the blue ones are new mutations in 2015. The five candidate 18-mer peptides are highlighted in yellow. 
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Figure 12. S5 aligned gag p17&p24 sequence by year  

S5 gag p17 and p24 sequence aligned by years. On top of each sequence alignment, the bars covering the length of 

18 amino acids and color coded according to the legend below. The red character shows where the mutation has been 

occurred and the blue ones are new mutations in 2013. The three candidate 18-mer peptides are highlighted in yellow. 

4.6 PRELIMINARY COMPARISON OF MEMORY CTL RESPONSE AGAINST 

FOUNDER EPITOPES VERSUS RESERVOIR EPITOPES USING MHC-1 BINDING 

PREDICTIVE ALGORITHM 

To focus on the viral mutation, I then ruled out all the predicted potential epitopes without 

mutation. Five 18-mers were identified for S4 and three for S5 (Table 3). After excluded all the 

identical epitopes, for S4, I got 15 candidate epitopes corresponding to five 18-mer peptides; For 

S5, I have 14 candidate epitopes corresponding to three 18-mer peptides.  
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Table 3. Mutations within predicted MHC class I-restricted epitopes  

 

Each table from left to right: 1. Study participant identification number. 2. Name of 18-mers containing predicted 

autologous variants of MHC class I-restricted epitopes. 3. The amino acid (AA) sequences of 18-mers. The red 

character indicates the mutation sites.4. The mean IFN-γ response detected in DC-stimulated memory T cells is shown 

as the number of IFN-γ-producing spot-forming cells per 106 responders (IFN-γ SFC/106). 5. MHC class I-restriction 
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for each participant’s HLA alleles. 6. IC50nM value for each predicted MHC class I-restricted HIV-1 gag epitopes. 

The predicted output from the algorithm is given in units of IC50nM. A lower number indicates higher affinity. 

 

The viral gag sequence alignment also facilitated the identification of the founder 

sequences (the epitopes in the early stage of infection) for the candidate reservoir epitopes (the 

epitopes after over years of treatment and viral evolution) for my study participants.  

For all the S4 variants, none of them are known epitopes regarding to its HLA restriction; 

For S5 variants, HLA-A 02:01 SLYNTVATL, which is also well known as epitope SL9, is the 

only one epitope has been reported according to Los Alamos CTL/CD8+ T-Cell Epitope Database 

(https://www.hiv.lanl.gov/content/immunology/ctl_search). 

Making use of MHC-1 binding predictive algorithm, I compared the IC50nM value of the 

founder versus reservoir variants (Fig.13). Surprisingly, most IC50nM value of founder epitopes 

is greater the reservoir variants for S4 (Table 4), which indicates a lower binding affinity between 

founder epitopes and MHC class I molecule. In other words, the virus mutates to generate an 

epitope with a greater binding affinity to MHC class I molecule, which are more likely to activate 

CD8+ T cell.  

 

Table 4. The candidate MHC class I-restricted epitopes for participant S4 

 

First row: name of the five candidate 18-mer peptides. The color in the background is corresponding to the magnitude 

of IFN-γ response as describe in Fig11. Second row: Sequence of 18-mers. The red character shows where the mutation 

https://www.hiv.lanl.gov/content/immunology/ctl_search)
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has occurred. The blue is new mutation in 2013.Third row: HLA restriction of candidate 18-mer peptides. Forth to 

eleventh row: sequence of candidate reservoir and founder epitopes. The IC50nM value are shown in the parenthesis 

below. Variants that have IC50nM value higher than 500nM are highlighted with grey background. 

 

A similar pattern is also recognized for S5 (Table 5). Among the all 14 variants, only the 

IC50nM value of founder variant RSVYNTVATL is smaller than its reservoir variant 

KSLYNTVATL, founder variant SVYNTVATL is smaller than its reservoir variant 

SLYNTVATL. The rest 12 variants exhibit the same phenomenon as we observed on S4 (Fig.13). 

 

Table 5. The candidate MHC class I-restricted epitopes for participant S5 

 

First row: name of the five candidate 18-mer peptides. The color in the background is corresponding to the magnitude 

of IFN-γ response as describe in Fig12. Second row: Sequence of 18-mers. The red character shows where the mutation 

has occurred. Third row: HLA restriction of candidate 18-mer peptides. Forth to eleventh row: sequence of candidate 

reservoir and founder epitopes. The IC50nM value are shown in the parenthesis below. Variants that have IC50nM 

value higher than 500nM are highlighted with grey background. 
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Figure 13. Changes in predicted IC50-nM values for autologous HIV-1 variants over years of viral evolution 

a: IC50nM of variants for each S4 18-mer peptide over years. 

b: IC50nM of variants for each S5 18-mer peptide over years. 
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4.7 AN ACCURATE TOOL IS STILL NEEDED TO BE INVENTED TO MONITOR 

CTL KILLING FUNCTION 

CD107a is a degranulation marker of CTL. In order to find an optimal method to monitor 

CTL killing function, I also utilized a CD107a assay to test the activation of memory CTLs induced 

by 18-mers (Fig.13). Peptide 73-11A, 73-24A, 73-27A are chosen from the 5 interested mutation-

including 18-mer peptides for S4. Peptide 73-57, 73-58 are the S4 18-mer peptides that elicited 

maximum IFN-γ response based ELISpot assay. Using Flow Cytometry, the peptide 73-57 and 73-

58 induced a positive result of CD107a expression. However, 73-11A, 73-24A, 73-27A failed to 

induce a significant CD107a positive population.  

This result confirmed the usage of CD107a as a tool to monitor CTL activation, as the 

CD107a result is aligned with the result from IFN-γ ELISpot assay. However, it also indicated that 

the CD107a assay is not sensitive as an IFN-γ ELISpot assay. 
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Figure 14. CD107a assay is less sensitive than IFN-γ ELISpot assay   

CD107a expression induced by different 18-mer peptides evaluated by Flow Cytometry. No stim: no stimulation. The 

color in the background is corresponding to the magnitude of IFN-γ response based on ELISpot as describe in Fig11.  

4.8 COMPARISON OF CTL RESPONSE AGAINST FOUNDER AND RESERVOIR 

VARIANTS USING IFN-γ ELISPOT ASSAY 

After having synthetized the S4 candidate peptides, I then tested the CTL response again 

founder versus reservoir variants using IFN-γ ELISpot assay. To simplify, I chose peptide 73-16A 

alone for this comparison as it has only one predicted epitope and induced the strongest IFN-γ 

response among the five interested mutation including 18-mers.  

Along years of viral evolution, the viral gag sequence had a founder variant 

VHQKIEVKDTKEAL(VKL-16A) from 1987 to 1991. Then it mutated to a reservoir variant 

peptide VHQKIEVRDTKEAL(VRL-16A) at 1992. In 1996, the viral sequence mutated back to 

its founder variant VKL-16A. According to IEDB predictive algorithm, HLA-C *07:01-restricted 

peptide VHQKIEVKDTKEAL(VKL-16A) has a IC50nM value of 194 and HLA-C *07:01-

restricted peptide VHQKIEVRDTKEAL(VRL-16A) has a IC50nM value of 37102.69, which 

indicates VKL-16A has a high binding affinity to MHC class-1 molecule whereas VRL-16A has 

an extremely low binding affinity. As a result, VKL-16A is capable of recognized by TCR on CTL 

and induces a high CTL response. However, VRL-16A could not form a MHC-peptide complex 

to activate CTL. Thus, no IFN-γ response could be detected under VRL-16A stimulation.  
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Interestingly, both VKL-16A and VRL-16A induced strong CTL response based on a IFN-

γ ELISpot assay and no significant different was found in the spots number between these two 

groups using a p-value of 0.05 (Fig.14). 
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Figure 15. MHC-1 binding affinity does not equal to CTL response 

First row of the table: title of each column. Second row of the table: non-stimulation negative control. Third row of 

the table: IFN-γ response of S4 memory CTL induced by peptide 73-16A. Forth row of the table: IFN-γ response of 

S4 memory CTL induced by peptide founder variant VKL-16A. Fifth row of the table: IFN-γ response of S4 memory 

CTL induced by peptide reservoir variant VRL-16A. Sixth row of the table: CD3/CD28 beads positive control. 
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5.0  DISCUSSION 

Combination antiretroviral therapy (cART) is effective in treating chronic HIV infection 

but fails to completely clear the virus. Mutations in HIV epitopes recognized by CTLs could be a 

major contributing factor since they result in T cell mediated immune responses with limited 

effectiveness. However, how these mutations facilities viral escape remains an open question. 

To more fully understand the mechanisms of viral pathogenesis and develop effective 

treatments for HIV-1-infected participants, it is important to identify the epitopes recognized by 

CD8+ T cells and explore how mutations within epitopes recognized by CD8+ T cells affect HIV-

1- specific T cell responses. Here we first set up a peptide library of 18-mers representing the 

consensus HIV-1 gag p17 and p24 sequences for each study participant. Using two different 

maturation inducing factor cocktails, we generated monocytes into αDC1 and DC2, which are two 

different types of mature dendritic cells. Using extracellular surface staining, both αDC1 and DC2 

were confirmed to have been developed into a fully matured status, though only mature αDC1 is 

capable of secreting high level of IL-12p70, which was regarded to mediate enhancement of the 

cytotoxic activity of NK cells and CD8+ cytotoxic T lymphocytes [45, 68]. The mature viral 

antigen loaded αDC1 and DC2 were then used to stimulate autologous memory CD8+ T cells 

respectively. After three weeks of stimulation, the memory CTL response was evaluated by IFN-

γ ELISpot assay. For study participant S4, there are 28 18mer peptides induced a CTL response 

that are above the level when processed by αDC1, whereas only 15 when processed by DC2. This 

indicates that the αDC1 can recognize and process a more broadly range of epitopes than DC2. 

Having ranked the response compared to the maximum respectively, the magnitude of IFN-γ 
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response induced by αDC1 is also turned to be stronger compared to the response induced to DC2. 

On the basis of this finding, αDC1 was chosen as the antigen presenting cell to stimulate memory 

CTLs in the following experiment. For S5, the monocytes were isolated and matured into αDC1 

using the same protocol. Mature αDC1 were then used for autologous CD8+ T cell restimulation. 

After 21days of co-culture, the 18mers that can induce a positive CTL response were identified 

using IFN-γ ELISpot. 

To locate the epitopes recognized by CD8+ T cell for each study participant, I turned to 

predictive algorithm provide by Immune Epitope Database and Analysis Resource for MHC 

binding prediction. The algorithm can predict the epitopes as well as its binding affinity to MHC 

class I molecule. Combining the IFN-γ ELISpot result and the predictive algorithm, I found 99 

potential epitopes for S4 and 93 potential epitopes for S5. So far, the epitopes recognized by CTL 

for both study participants S4 and S5 has been identified successfully.  

To identify mutations, I aligned the gag p24 and p17 with the span of years. 13 mutations 

were spotted for both S4 and S5. In order to characterize the memory CTL response to mutated 

epitopes, I then ruled out all the potential epitopes that with no mutation occurred. Finally, there 

are 15 candidate epitopes located corresponding to five 18-mer peptides for S4 and 14 candidate 

epitopes corresponding to three 18-mer peptides for S5. The sequence alignment also facilitated 

the identification of all the founder and reservoir variants for the candidate epitopes.  

To compare the memory CTL response against founder versus reservoir variants, I then 

collected the value of IC50nM, which is an indicator of MHC class-1 binding affinity, of both 

founder and reservoir variants. Although there is no direct relationship between the binding affinity 

and T cell activation, some epitopes do have low affinity, but no known T-cell epitope has an IC50 

value greater than 5000nM. The variants mutation could be divided into two groups: 1) For the 
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variants of S4 peptide 73-16A and 73-33A, the founder epitopes in 1987 has a high MHC class I 

binding affinity, then it mutates to epitopes with low MHC class I binding affinity. However, over 

years of viral evolution, the virus mutates back to the sequence with high binding affinity. One 

possible reason for this phenomenon could be that there is a balance between fitness and immune 

pressure. When virus mutate to escape immune response, although the mutated gag sequence has 

a lower binding affinity, it could not maintain viral survival. Despite the viruses that have gag 

sequence with high binding affinity are more likely to be recognized by CTLs, they can maintain 

their survival by fast and efficient replication. This balance between viral survival of immune 

escape may also explain the continual changes of variants for S5 peptide 71-14; 2) For all the other 

variants which founder epitopes have a greater IC50nM value, indicating the virus mutates to 

generate an epitope with a greater binding affinity. The possible explain is that the virus mutates 

to develop a “baiting” epitopes which have incomplete immune escape from CTL recognition. The 

subtle modification in viral sequence result in dysfunctional CTLs which could be activated but 

has lose its killing capacity. When the CTL encounter antigen presenting cells (APC) loaded with 

“baiting” epitopes, instead of dampening APC as a result of recognition of targets, the CTL 

provides helper signals to activate the HIV-1 antigen expressing DC, programming them to 

differentiate into a highly stimulatory, pro-inflammatory type of mature DC. These survived DC 

rapidly sprout widespread micro- and nanotube-like extensions, allowing them to develop 

extensive interconnected cellular networks. HIV-1 can utilize such cellular connections for cell-

to-cell spread and facilitate trans infection of CD4+ T cells [53]. 

Although ELISpot has been widely used since it was first reported by Sedgwick and Holt 

in 1983 [69], it has limitations since do not directly measure cytotoxic activity [70]. Moreover, 

some non-cytotoxic cells can also secrete IFN-γ whereas CTL with proven lytic activity do not 
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always secrete IFN-γ [71]. There are other protocols in order the measure the cytotoxic activity of 

CD8+ T cells, including standard 51Chromium (51Cr) release assay [72], which suffer limitations 

such as hazards associated with radioactivity, cell labeling and high spontaneous; use major 

histocompatibility complex (MHC) class I tetrameric or pentameric complexes to measure antigen 

specific CD8+ T cells; assays based on detection of enzymatic activity in target cells including 

LDH enzyme-release assay [73], Calcein-AM-based Terascan assays [74]. But neither of them 

measure cytotoxic activity directly [70]. In order to find an optimal protocol to measure memory 

CTL killing efficacy, I also tried an CD107a assay to test the activation and killing capacity of 

memory CTLs induced by 18-mer peptides. CTL can mediate cell death by the secretion of 

cytotoxic molecules including granzymes and perforin. These granzymes and perforin are coated 

in the granules of cytotoxic effector cells. CD107 is a part of the lipid bilayer surrounding granules. 

When the CTLs under stimulation, degranulation occurs when microtubules are mobilized and 

transport the granules toward the synapse between the effector and target cell. Once the granules 

reach the plasma membrane of the cytotoxic cell, the membranes fusion will allow the lysosome 

to release the granzymes and perforin, which lead the eventual death of the target cell. Meanwhile, 

as a consequence of the fusion of lysosomal and cellular membranes during the degranulation 

process, CD107 are then expressed on the cell surface. With CD107a antibody, this process was 

assessed using flow cytometry. The antibodies will attach to the surface of effector cell that is 

expressing CD107 due to degranulation [70]. Although the CD107 assay does not directly mea- 

sure target cell lysis, it may provide an indication of the cytotoxic potential of the responding CD8+ 

T cells [75]. Here, S4 peptide 73-11A, 73-24A, 73-27A are chosen from the 15 candidate epitopes. 

Peptide 73-57 and 73-58 are the potential epitope containing peptides that without mutation but 

have highest response based on ELISpot result. It turns out that only the cells stimulated by peptide 
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73-57 and 73-58 induced a significant CD107a positive population after overnight stimulation. 

This may because CD107a is not as sensitive and accurate as IFN-γ ELISpot assay.  

After I had the founder and reservoir variants synthesized, I compared the memory CTL 

response using IFN-γ ELISpot. The virus had a founder HLA-C *07:01-restricted variant 

VHQKIEVKDTKEAL(VKL-16A) from 1987 to 1991, and it mutated into a reservoir HLA-C 

*07:01-restricted variant VHQKIEVRDTKEAL(VRL-16A) in 1992, but then it mutated back to 

founder variant VKL-16A in 1996. The variant VKL-16A has a IC50nM value of 194 and variant 

VRL-16A has a IC50nM value of 37102.69. Interestingly, both VKL-16A and VRL-16A induced 

strong CTL response based on a IFN-γ ELISpot assay and no significant different was found in 

the spots number between these two groups. This indicates that the predicted IC50nM value for a 

peptide does not equals to the magnitude of CTL response it would elicited. Another reason could 

be, as HLA-C restricted variants here, the database is not abundant enough to support an accurate 

prediction, no matter how well designed the algorithm was. 

This thesis provided a basic knowledge for study participant S4 and S5 by having identified 

the epitopes recognized by CD8+ T cells individually. What’s more, by comparing the founder and 

reservoir variants from HIV-1 chronic infected individuals, different pattern of viral mutation has 

been observed, indicating a sophisticated mechanism may exist allowing viral escape. An accurate 

assay for measurement of CTL cytotoxic activity is still required to be developed in the future.  
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6.0  PUBLIC HEALTH SIGNIFICANCE 

HIV has been one of the world's most significant public health challenges for decades. 

Though cART has shown its effectiveness in the control of the disease progression, it could not 

lead to a cure of the infection. More importantly, the vast majority of people living with HIV are 

in low to middle income countries. The high expense of the therapy makes it impossible to have 

all the patients get proper treatment. As a result, it remains an urgent request to find out the cure 

to HIV. 

The mutated reservoir virus within in the latent cells that evades from host immune 

response is one of the main obstacles to the cure. It would be possible for us to erase the latent 

reservoir virus if we could explain the mechanism of viral escape. However, HIV evasion strategy 

is complicated though several assumptions exist.  

This thesis has increased the knowledge of mutated HIV epitopes from contemporaneous 

viral isolates obtained from long term HIV infected individuals. These data provided basic 

knowledge of our study participants and showed some clues for the viral evasion strategy, allowing 

a further study to be continued.  
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APPENDIX A: SUPPLEMENTARY TABLES 

Table 6. The peptide library of 18-mers overlapping by 14 amino acids generated representing the consensus 

and subdominant HIV-1 gag p17 and p24 sequences for S4 

GAG S4 post cART aa consensus sequence    S4 post cART SubDominant clone H9   

p17  73-1A GKKKYQLKHIVWASRELE 

73-2A YQLKHIVWASRELERFAI 73-2B YQLKHIVWASRELERFAV 

73-3A HIVWASRELERFAINPGL 73-3B HIVWASRELERFAVNPGL 

73-4A ASRELERFAINPGLLETS 73-4B ASRELERFAVNPGLLETS 

73-5A LERFAINPGLLETSEGCR 73-5B LERFAVNPGLLETSEGCR 

73-6A AINPGLLETSEGCRQILG 73-6B AVNPGLLETSEGCRQILE 

73-7A GLLETSEGCRQILGQLQS 73-7B GLLETSEGCRQILEQLQP 

73-8A TSEGCRQILGQLQSSLQT 73-8B TSEGCRQILEQLQPTLQT 

73-9A CRQILGQLQSSLQTGSEE 73-9B CRQILEQLQPTLQTGSEE 

73-10A LGQLQSSLQTGSEEIKSL 73-10B LEQLQPTLQTGSEEIKSL 

73-11A QSSLQTGSEEIKSLYNTV 73-11B QPTLQTGSEEIKSLYNTV 

73-12A QTGSEEIKSLYNTVATLY 

73-13A EEIKSLYNTVATLYCVHQ 

73-14A SLYNTVATLYCVHQKIEV 

73-15A TVATLYCVHQKIEVKDTK 

73-16A LYCVHQKIEVKDTKEALD 73-16B LYCVHQKIEVKDTKEALE 

73-17A HQKIEVKDTKEALDKIEE 73-17B HQKIEVKDTKEALEKIEE 

73-18A EVKDTKEALDKIEEEQNK 73-18B EVKDTKEALEKIEEEQNK 

73-19A TKEALDKIEEEQNKSKNK 73-19B TKEALEKIEEEQNKSKKK 

73-20A LDKIEEEQNKSKNKAQQA 73-20B LEKIEEEQNKSKKKAQQA 

73-21A EEEQNKSKNKAQQATAAT 73-21B EEEQNKSKKKAQQAAAAT 

73-22A NKSKNKAQQATAATGSSS 73-22B NKSKKKAQQAAAATGNSS 

73-23A QNKAQQATAATGSSSQNYPI 73-23B QKKAQQAAAATGNSSQNYPI 

73-24A QATAATGSSSQNYPIVQNI 73-24B QAAAATGNSSQNYPIVQNI 

73-25A TGSSSQNYPIVQNIQGQM 73-25B TGNSSQNYPIVQNIQGQM 

p24 73-26A SQNYPIVQNIQGQMVHQA 

73-27A NIQGQMVHQALSPRTLNA 

73-28A QMVHQALSPRTLNAWVKV 

73-29A QALSPRTLNAWVKVVEEK 

73-30A PRTLNAWVKVVEEKAFSP 

73-21 NAWVKVVEEKAFSPEVIP 

73-22 KVVEEKAFSPEVIPMFSA 

73-23 EKAFSPEVIPMFSALSEG 

73-24 SPEVIPMFSALSEGATPQ 

73-25 IPMFSALSEGATPQDLNT 

73-26 SALSEGATPQDLNTMLNT 

73-27 EGATPQDLNTMLNTVGGH 

73-28 PQDLNTMLNTVGGHQAAM 

73-29 NTMLNTVGGHQAAMQMLK 

73-30 NTVGGHQAAMQMLKETIN 

73-31 GHQAAMQMLKETINEEAA 

73-32A AMQMLKETINEEAAEWDR 73-32B AMQMLKETINEEAADWDR 

73-33A LKETINEEAAEWDRLHPV 73-33B LKETINEEAADWDRLHPV 

73-34A INEEAAEWDRLHPVQAGP 73-34B INEEAADWDRLHPVHAGP 

73-35A AAEWDRLHPVQAGPVAPG 73-35B AADWDRLHPVHAGPIAPG 

73-36A DRLHPVQAGPVAPGQMRE 73-36B DRLHPVHAGPIAPGQMRE 

73-37A PVQAGPVAPGQMREPRGS 73-37B PVHAGPIAPGQMREPRGS 

GAG S4 post cART aa consensus sequence    S4 post cART SubDominant clone H9   

73-38A GPVAPGQMREPRGSDIAG 73-38B GPIAPGQMREPRGSDIAG 

73-39 PGQMREPRGSDIAGTTST 

73-40 REPRGSDIAGTTSTLQEQ 

73-41 GSDIAGTTSTLQEQIGWM 

73-42 AGTTSTLQEQIGWMTNNP 

73-43 STLQEQIGWMTNNPPIPV 

73-44 WMTNNPPIPVGEIYKRWI 

73-45 NPPIPVGEIYKRWIIMGL 
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73-46 PVGEIYKRWIIMGLNKIV 

73-47 IYKRWIIMGLNKIVRMYS 

73-48 WIIMGLNKIVRMYSPTSI 

73-49 GLNKIVRMYSPTSILDIK 

73-50 IVRMYSPTSILDIKQGPK 

73-51 YSPTSILDIKQGPKEPFR 

73-52 SILDIKQGPKEPFRDYVD 

73-53 IKQGPKEPFRDYVDRFYK 

73-54 PKEPFRDYVDRFYKTLRA 

73-55 FRDYVDRFYKTLRAEQAS 

73-56 VDRFYKTLRAEQASQEVK 

73-57 YKTLRAEQASQEVKNWMT 

73-58 RAEQASQEVKNWMTETLL 

73-59 ASQEVKNWMTETLLVQNS 

73-60 VKNWMTETLLVQNSNPDC 

73-61 MTETLLVQNSNPDCKTIL 

73-62 LLVQNSNPDCKTILKALG 

73-63A NSNPDCKTILKALGPGAT 73-63B NSNPDCKTILKALGPAAT 

73-64A DCKTILKALGPGATLEEM 73-64B DCKTILKALGPAATLEEM 

73-65 ILKALGPGATLEEMMTAC 

73-66A LGPGATLEEMMTACQGVG 73-66B LGPAATLEEMMTACQGVG 

73-67 ATLEEMMTACQGVGGPGH 

73-68 EMMTACQGVGGPGHKARV 

73-69 ACQGVGGPGHKARVLAEA 

73-70 VGGPGHKARVLAEAMSQV 

Table 6 Continued
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Table 7. The peptide library of 18-mers overlapping by 14 amino acids generated representing the consensus 

HIV-1 gag p17 and p24 sequences for S5 

GAG S5 post cART aa consensus sequence    

p17 71-1 GRKKYKLKHLVWASRELE 

71-2 YKLKHLVWASRELERFAV  

71-3 HLVWASRELERFAVNPGL 

71-4 ASRELERFAVNPGLLETP  

71-5 LERFAVNPGLLETPEGCR  

71-6 AVNPGLLETPEGCRQILG 

71-7 GLLETPEGCRQILGQLQP 

71-8 TPEGCRQILGQLQPALQT 

71-9 CRQILGQLQPALQTGSEE 

71-10 LGQLQPALQTGSEELKSL 

71-11 QPALQTGSEELKSLYNTV 

71-12 QTGSEELKSLYNTVATLY 

71-13 EELKSLYNTVATLYCVHQ 

71-14 SLYNTVATLYCVHQRIEV 

71-15 TVATLYCVHQRIEVKDTK 

71-16 LYCVHQRIEVKDTKEALD 

71-17 HQRIEVKDTKEALDKIEE 

73-18A EVKDTKEALDKIEEEQNK 

71-19 TKEALDKIEEEQNKSKKK 

71-20 LDKIEEEQNKSKKKAQQA 

71-21 EEEQNKSKKKAQQAPADT 

71-22 NKSKKKAQQAPADTEKSS 

71-23 QKKAQQAPADTEKSSQVS 

71-23U QAPADTEKSSQVSQNYPI 

71-24 ADTEKSSQVSQNYPIVQNV 

71-25 SSQVSQNYPIVQNVQGQM 

p24 71-26 SQNYPIVQNVQGQMVHQA 

71-27 NVQGQMVHQAISPRTLNA 

71-28 QMVHQAISPRTLNAWVKV 

71-29 QAISPRTLNAWVKVVEEK 

73-30A PRTLNAWVKVVEEKAFSP 

73-31 NAWVKVVEEKAFSPEVIP 

73-22 KVVEEKAFSPEVIPMFSA 

73-23 EKAFSPEVIPMFSALSEG 

73-24 SPEVIPMFSALSEGATPQ 

73-25 IPMFSALSEGATPQDLNT 

73-26 SALSEGATPQDLNTMLNT 

73-27 EGATPQDLNTMLNTVGGH 

73-28 PQDLNTMLNTVGGHQAAM 

73-29 NTMLNTVGGHQAAMQMLK 

73-30 NTVGGHQAAMQMLKETIN 

73-31 GHQAAMQMLKETINEEAA 

73-32A AMQMLKETINEEAAEWDR 

73-33A LKETINEEAAEWDRLHPV 

71-34 INEEAAEWDRLHPVHAGP 

71-35 AAEWDRLHPVHAGPIAPG 

73-36A DRLHPVQAGPVAPGQMRE 

73-37A PVQAGPVAPGQMREPRGS 

73-38A GPVAPGQMREPRGSDIAG 

73-29 PGQMREPRGSDIAGTTST 

73-40 REPRGSDIAGTTSTLQEQ 

73-41 GSDIAGTTSTLQEQIGWM 

71-42 AGTTSTLQEQIGWMTHNP 

71-43 STLQEQIGWMTHNPPIPV 

71-44 WMTHNPPIPVGEIYKRWI 

71-45 NPPIPVGEIYKRWIILGL 

71-46 PVGEIYKRWIILGLNKIV 

71-47 IYKRWIILGLNKIVRMYS 

71-48 WIILGLNKIVRMYSPSSI 

71-49 GLNKIVRMYSPSSILDIK 

71-50 IVRMYSPSSILDIKQGPK 

71-51 YSPSSILDIKQGPKEPFR 

73-52 SILDIKQGPKEPFRDYVD 

73-53 IKQGPKEPFRDYVDRFYK 

73-54 PKEPFRDYVDRFYKTLRA 
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73-55 FRDYVDRFYKTLRAEQAS 

73-56 VDRFYKTLRAEQASQEVK 

73-57 YKTLRAEQASQEVKNWMT 

73-58 RAEQASQEVKNWMTETLL 

71-59 ASQEVKNWMTETLLVQNA 

GAG S5 post cART aa consensus sequence    

71-60 VKNWMTETLLVQNANPDC 

71-61 MTETLLVQNANPDCKTIL 

71-62 LLVQNANPDCKTILKALG 

71-63 NANPDCKTILKALGPAAT 

73-64A DCKTILKALGPGATLEEM 

71-65 ILKALGPAATLEEMMTAC 

73-66A LGPGATLEEMMTACQGVG 

73-67 ATLEEMMTACQGVGGPGH 

73-68 EMMTACQGVGGPGHKARV 

73-69 ACQGVGGPGHKARVLAEA 

73-70 VGGPGHKARVLAEAMSQV 

73-71 GHKARVLAEAMSQVTNSA 

Table 7 Continued
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APPENDIX B: SUPPLEMENTARY FIGURES 

 

 

Figure 16. Representative gating strategy used for flow cytometric analyses of αDC1 and DC2 cell surface 

marker expression levels  
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Figure 17. Representative gating strategy used for flow cytometric analyses of CD107a cell surface marker 

expression levels 
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