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Abstract  

Conventional belief suggests exercise generates a transient immunosuppressive effect in humans. 

Recent research suggests it may be time to rethink this hypothesis, as acute bouts of exercise have 

been shown to increase both lymphocyte activation and proliferation. The purpose of this study 

was to quantify exercise-induced changes in the activation state of CD4+ T cells by analyzing 

surface protein expression and the replication of a medically relevant viral model. This was 

accomplished by measuring the expression of CD4+ T cell activation markers (CD69, CD25, and 

HLA-DR) in both non-stimulated and stimulated cells (costimulation through CD3 and CD28) 

following an acute bout of resistance training in previously untrained individuals. Exercised-

induced effects on intracellular activation was further evaluated via in vitro infection with type 1 

human immunodeficiency virus (HIV-1). The results showed that non-stimulated CD4+ T cells 

exhibited elevated CD25 expression at 24 hours post-exercise. Increased replication of HIV-1 in 

the post-exercise cells was also observed 3 days after infection. Combined, these results suggest 

that acute exercise increases the activation state of CD4+ T cells. Given these findings, we further 

investigated whether the changes induced by an acute bout of exercise would increase the efficiency 

of latent infection in quiescent CD4+ T cells. The results however the establishment of HIV-1 

latency did not increase upon reactivation post exercise. This work strengthens the evidence for 

exercise-induced T cell activation and demonstrates the use of medically relevant pathogens as 

indirect measures of intracellular activation states. 
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Chapter 1: Introduction 

       The immune system is the collection of defenses the human body has against the constant 

exposure to pathogens. The human immune system is divided into two arms, the innate and 

adaptive. The innate immune system is active at birth and is responsible for rapid noninduced and 

induced responses to infection. Non-induced innate responses include preformed defenses such as 

the skin, mucosal surfaces, and secreted enzymes that act nonspecifically on pathogens. Monocytes, 

granulocytes (neutrophils, basophiles, eosinophils), and dendritic cells are the major leukocyte 

populations that compose the innate immune system. These cells circulate in the blood and execute 

non-specific defenses such as complement system activation, phagocytosis, inflammation, and 

target cell lysis when triggered by pathogen associated molecular patterns binding to pattern 

recognition receptors (54). These broad attacks help conserve energy and are initiated within hours 

of pathogen recognition. However, a limitation of the innate system is that there is no memory 

response to specific pathogen encounters.  

The adaptive immune system elicits pathogen specific attacks. Triggered by antigen presenting 

cells (APCs) such as macrophages and dendritic cells that have processed and presented foreign 

antigen, adaptive lymphocytes specifically respond to the invading pathogens. Intracellular 

dwelling foreign entities are targeted for destruction by cytotoxic CD8+ T cells, and antibody 

producing B cells neutralize and tag extracellular foreign entities for phagocytosis, ultimately 

eliminating pathogens from the body. After clearance of the pathogen, a subset of the lymphocytes 

become memory cells, preserving specific responses for the induction of a secondary response if 

the pathogen is encountered again. The shortcoming of specifically targeted responses is they take 

days to form and use more energy from the body than innate responses, which is why pathogens 

are not solely fought by this arm of the immune system. One subset of lymphocytes in the adaptive 

immune system known as CD4+ T cells direct the adaptive immune system to launch the cellular 

or humoral responses depending on the pathogen they process. 
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1.1 T Cell Development 

For CD4+ T cells to be the essential mediators of adaptive immune responses, they must express 

functional antigen receptors that recognize pathogens, but not normal components of the body or 

“self.” CD4+ T cell development begins with progenitor T lymphocytes in the bone marrow which 

migrate through blood vessels to the thymus (2). The progenitor T cells enter the subcapsular zone 

of the thymus as dual negative CD4-/CD8- T cells without T cell receptor (TCR) expression. The 

first step in progenitor differentiation is the formation and expression of the TCR. There are two 

types of TCRs: those comprised of α/β chains or γ/δ chains. Each type binds with unique antigen 

presenting receptors, and therefore designates the function of the T cell. The TCR genes contain 

multiple variable (V), diversity (D), and joining (J) coding segments that are rearranged through 

V(D)J recombination to create a unique TCR for each T cell (62). The majority of T cells have α/β 

TCRs, where a Vβ-Dβ-Jβ combination creates a β chain, and a subsequent Vα-Jα combination creates 

an α chain (97). Upon expression of a β chain, the immature cell migrates from the outer region 

into the main body of the cortex where the α chain is expressed, forming a functional TCR.  

Simultaneous to TCR expression, the immature T cell begins expressing CD3, CD4, and CD8 

surface markers. In the cortex, these dual positive cells undergo positive selection, where they 

interact with either class I or II major histocompatibility complexes (MHCs) on cortical epithelial 

cells (24). This restriction point filters which T cells are able to recognize MHCs and continue 

development, whereas T cells nonreactive to MHCs undergo apoptosis. Interaction with MHC I 

results in CD8+ T cells and a loss of CD4 expression; whereas interaction with MHC II results in 

CD4+ cells and a loss of CD8 expression. After positive selection, the cells migrate to the medulla 

of the thymus where they interact with APCs and undergo negative selection (31). Here, resident 

APCs present self-antigens to the TCRs of the immature T cells and induce apoptosis in 

autoreactive cells. After negative selection, the mature, self-restricted, self-tolerant, CD4+ and 

CD8+ T cells leave the thymus and enter the periphery as naïve cells of the adaptive immune system.  
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1.2 T Cell Signaling 

Upon foreign antigen detection, optimal T cell activation is achieved via a two-signal process 

involving both TCR engagement with an MHC-antigen complex and stimulatory molecules. When 

antigen presented on an MHC II molecule of an APC is recognized by the TCR of the Th0 CD4+ T 

cell, the MHC II-peptide-TCR complex requires stabilization from a CD4 molecule must be present 

for optimal activation (99). MHC II-peptide-TCR interaction permits phosphorylation of 

immunoreceptor tyrosine activation motifs located in the cytoplasmic domains of CD3 molecules 

by leukocyte-specific tyrosine kinase. This creates binding sites for Zap-70 kinase to be 

phosphorylated (44). To relay the TCR stimuli, Zap-70 then phosphorylates tyrosines in the Linker 

of Activation of T cells protein (LAT) to initiate two pathways of biochemical signaling (102). In 

the first pathway, phosphorylated LAT initiates a phosphorylation cascade through Ras and Rac 

proteins to activate the AP-1 family of transcription factors, such as Lymphocyte cytosolic protein 

2 and Vav1, to transcribe genes for a T cell response (102). In the other pathway, phosphorylated 

LAT activates Phospholipase C-gamma via the IL-2 inducible tyrosine kinase, and cleaves 

Phosphatidylinositol 4-Phosphate 5-Kinase (PIP2) into diacylglycerol (DAG) and inositol 

triphosphate 3 (IP3) (81). DAG with a calcium ion activates Phosphokinase C (PKC), while IP3 

with a calcium ion activates Calcineurin. PKC then phosphorylates nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-кB) causing it to migrate into the nucleus, causing an 

increase in gene transcription (99). Separately, Calcineurin activates the Nuclear Factor of 

Activated T cells transcription factor to also migrate to the nucleus for gene expression (99). The 

activation of CD4+ T cells following exposure to cognate antigen on APCs is aided by a number of 

co-stimulatory surface proteins. Co-stimulatory molecules surrounding the TCR, such as CD2 and 

CD28, assist in maximizing cellular activation. For example, CD80/86 on APCs binding to CD28 

increases activation of the AP-1 family of transcription factors, further committing a cell to an 

activated state (72).  
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Cytokines are another critical component of immune system signaling that regulate the 

differentiation and activation of immune cells. In contrast to TCR engagement for T cell activation, 

releasing cytokines into the microenvironment by T helper cell subsets provides a TCR-

independent mechanism to direct T cell signaling and the adaptive immune response. These 

molecules are a diverse family of small glycoproteins that modulate many physiological processes, 

including the intensity and duration of the inflammatory process. Cytokines are produced and 

secreted by smooth and skeletal muscles, endothelial cells, and immune cells, and can act in 

autocrine, paracrine, and endocrine fashions (53, 86). For example, the presentation of foreign 

antigen by an APC to a naïve, Th0 CD4+ T helper cell (Th) causes it to activate and differentiate 

into either a Th1 or Th2 CD4+ T helper cell. If the Th0 cell is stimulated by interleukin (IL)-12 it 

will promote its differentiation to an effector Th1 CD4+ T cell. Th1 cells primarily produce the 

proinflammatory cytokines interferon (IFN) -gamma, IL-2, and IL-12, which induce CD4+ and 

CD8+ T cells to migrate to the site of infection proliferation to activate macrophages and natural 

killer cells to destroy the pathogen (76, 104). Alternatively, if the APC produces IL-4 and IL-13 it 

will induce the Th0 T cell to differentiate into a Th2 effector T cell, which will trigger the 

production of pathogen-specific antibodies by plasma cells to neutralize the pathogen (104). The 

cytokines produced by Th1 or Th2 cells strengthens the immune signal generated within that same 

subset while inhibiting the functions of other subsets in order to create a directed immune response. 

 

1.3 Activation Markers of CD4+ T Cells 

 Cell surface molecules are commonly used as markers for phenotyping immune cells. The 

expression of these markers can be analyzed to determine the effect of various stimuli on T cell 

activation. For example, the activation state of a CD4+ T cell is defined by the presence of CD69, 

CD25, and HLA-DR as early (88) and intermediate (52), and late (67) activation, respectively. 

CD69 is a type 2 C-lectin receptor that binds the dendritic cell protein, Gal-1, and induces the 
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differentiation of Th1/Th17 responses of CD4 T cells at inflammation sites (34). Its expression is 

rapidly induced within one hour of TCR activation by the MHC-antigen complex due to the 

presence of a binding site for the activation transcription factor, NF-кB, in its promoter (105). 

CD25, also known as the interleukin-2 receptor alpha chain, forms part of a high affinity receptor 

for the IL-2 growth factor, which induces clonal expansion of CD4+ T cells (80). Clonal expansion 

by IL-2 expands antigen-specific T cell populations when there is an infection. HLA-DR is a 

heterodimer consisting of an alpha and beta chain. In addition to being constitutively expressed on 

professional APC’s, this MHC II surface molecule is also expressed late in CD4+ T cell activation 

and presents processed antigens to other neighboring T cells to induce T cell proliferation (8, 43). 

 The activation state of memory CD4+ T cells is determined by the surface expression of 

CD45RO and CD45RA (40). CD45, known as tyrosine phosphatase receptor type C or the 

leukocyte common antigen, is a protein that dephosphorylates Lymphocyte-Specific Tyrosine 

Kinase during TCR signaling to modulate signal transduction thresholds (35). The expression of 

different isoforms of CD45 is due to alternate mRNA splicing (41). The RA isoform is expressed 

on naïve T cells, but upon transitioning into a memory cell after pathogen clearance the protein is 

replaced with a lower molecular weight isoform, CD45RO (3). The expression of CD45RO on 

CD4+ memory T cells allows for stronger TCR signaling due to increased homodimerization 

efficiency compared to the RA isoform upon secondary antigen mediated activation (41).  

 

1.4 Exercise Immunology    

Exercise is considered to be beneficial to a person’s well-being, although the exact mechanisms 

of how exercise enhances our physiology are not entirely understood. The field of exercise 

immunology focuses on both the acute and chronic effects of various physical exercises on human 

immune function, as well as the therapeutic utility. For example, an individual’s training status was 

found to impact the effect of exercise on the immune system in women (65). In a study by Potteiger  
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et al, untrained and trained women completed an acute bout of resistance training and their white 

blood cell counts, blood immunoglobulin levels, and T cell proliferative capacities were examined 

(65). Trained individuals participated in a resistance training program for at least 3 months prior to 

testing (65). It was observed that untrained women had increased white blood cell counts and 

decreased T cell proliferation after an acute bout of resistance training compared to trained women 

(65). Overall immunoglobulin levels were not significantly different between the two groups of 

women.  

How an individual’s training status influences the effect of exercise on their immune system is 

just one of the many qualities being investigated. An early study examining the effect of exercise 

intensity on the immune system observed suppressed immune activity following bouts of high 

intensity exercise, as they documented increased self-reporting of athletes with viral and bacterial 

upper respiratory infections (58). During high intensity exercise, such as a marathon, there is a 

rapid mobilization of leukocytes from lymph nodes, spleen, and lungs into peripheral circulation, 

increasing overall immune function. However, the effect is transient as the cells move into back 

into the organs, and the immune function decreases below baseline levels (45, 57). This 

phenomenon has led some to propose the “Open Window” Hypothesis, which posits the decrease 

in circulating lymphocytes in the 3-72 hours after an acute bout of high intensity exercise creates a 

“open window” of sub-baseline immunity that facilitates infection by opportunistic pathogens (45). 

However, it should be noted that previous studies supporting this hypothesis relied only on 

nonfunctional data, such as white blood cell counts (WBC), which likely provides incomplete 

information on the immune activation state of individuals (20, 36).  

Depending on when blood is collected from a subject following exercise, the number of 

leukocytes collected will vary, therefore, cell counts alone may not be an accurate method to 

measure immune competence. The migration and distribution of white blood cells to different 

tissues in the body following infection is critical for pathogen clearance. In terms of exercise, one 

model describes that 2-30 minutes after exercise there is a release of norepinephrine, epinephrine, 
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and corticosterone that induces leukocyte migration into the blood from the bone marrow, spleen, 

and lymph nodes (28). This endocrine signaling produces an increase in the leukocytes in the blood 

for 30-120 minutes post-exercise and decreases as the leukocytes traffic from the circulation to 

sites of inflammation thereby resolving the exercise induced inflammation (28). Solely using a 

WBC count to derive immune activation state does not account for the quality and viability of the 

leukocytes collected. 

Unlike WBC counts, mixed lymphocyte reaction proliferation assays measure the functional 

ability of leukocytes to respond to a specific mitogen activation as a surrogate for quantifying 

immune activation state. These assays are based on the principle that leukocyte activation in 

response to antigen induces clonal expansion of antigen-specific T cells for neutralization of an 

invading pathogen (55). Clonal expansion by either mitogenic stimulation or co-stimulation of CD3 

and CD28 are commonly utilized in both laboratory and clinical settings to measure overall immune 

cell responses (77, 78). Proliferation assays typically use DNA stains, such as Carboxyfluorescein 

Diacetate Succinimidyl Ester (CFDA-SE) to measure the ability of lymphocytes to divide. CFDA-

SE is membrane permeable due to its two acetate side chains (60). Inside the cell, esterases cleave 

both acetate side chains, leaving just CFSE (60). Certain esterases are at high concentration during 

the G1 phase of the cell cycle, but lowest during G2/M, linking the formation of fluorescent CFSE 

to the replication cycle of the cells (19). Unlike CFDA-SE, CFSE is lipophobic and accumulates in 

the cell cytoplasm (60). In the cytoplasm, the succinimidyl side group of CFSE covalently binds 

with the amino groups of intracellular proteins (60). These molecules are numerically split equally 

in half each cell division, concomitantly decreasing the overall CFSE fluorescence (60). Therefore, 

the number of cell divisions that occur can be measured by flow cytometry as quantification of each 

CFSE peak intensity. The interpretation being that the number of overall lymphocyte divisions 

measured is proportional to the strength of the immune response (60). 

While mixed lymphocyte reaction proliferation assays using peripheral blood mononuclear 

cells are generally more accurate than a WBC count, they are still not the most accurate assessment 
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of immune activation state. Proliferation assays produce are ambiguous due to methodological 

variability and a failure to quantify specific elements of the activation process (21). Notably, a 

previous study in exercise immunology examining how immune activation state is altered 

following acute bouts of exercise are limited by the use of non-specific mitogenic stimuli not 

naturally encountered by lymphocytes such as phytohaemagglutinin in vitro, and therefore not the 

most physiologically appropriate model for T cell activation (78). This limits our ability to 

understand how different immune subsets respond after exercise, and the clinical applications of 

exercise prescription. Accurately quantify exercise-induced alterations in immune function is 

further complicated by host-pathogen interactions; namely, the downstream effects of altered 

cellular activation. For example, changes in CD4+ T cell activation can enhance the immune 

response, and provide enhanced protection against pathogens, but conversely, heightened 

activation can create favorable conditions for some pathogens, like those dependent on immune 

activation, such as Human Immunodeficiency Virus. 
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Chapter 2: HIV 

2.1 HIV Epidemiology 

Human Immunodeficiency Virus (HIV-1), the etiological agent of AIDS, is an enveloped RNA 

virus in the Retroviridae family. Two characteristics of viruses in this family is 1) the presence of 

the viral protein reverse transcriptase (RT) that converts the positive-sense, single-stranded RNA 

genome into double-stranded viral DNA; and 2) Integration of the DNA into the genome of their 

host mediated by the viral protein integrase (IN) (22). Within the Retroviridae family, HIV belongs 

to the subfamily Lentiviridae, and can infect dividing and nondividing cells (22). Lentiviruses were 

given their name from the Latin root, Lente-, meaning slow, due to their ability to cause chronic 

infections with long incubation periods (22). HIV-1 preferentially infects activated CD4+ T cells 

due to the metabolic requirements of reverse transcription and integration via binding to CD4. 

Infection leads to CD4+ T cell death by causing chronic activation of the cells and over expression 

of death ligands such as Fas (6). Fas is a receptor that when bound by Fas-ligand on the surface of 

other cells or agonistic antibodies results in apoptosis of the Fas-expressing cell by activating a 

death domain leading to caspase activation and DNA degradation (6). This massive CD4+ T cell 

depletion and eventually leads to the development of Acquired Immune Deficiency Syndrome 

(AIDS) (37). According to the World Health Organization, approximately 36.9 million people 

globally were living with HIV in 2017, with 1.8 million newly infected and 940,000 deaths globally 

(42).  

 

2.2 HIV Replication 

The replication cycle of HIV-1 is divided into an early and late phase. At the start of the early 

phase, a mature HIV-1 virion binds to the CD4 molecule on the host cell via its envelope docking 

glycoprotein (gp120) (84). The binding of gp120 causes a conformation change of CD4 that 

facilitates interaction of the virion with a coreceptor, either CCR5 or CXCR4, depending on the 

viral strain (25, 32). Once bound to the coreceptor, the envelope transmembrane glycoprotein 
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(gp41) changes conformation and inserts into the host lipid bilayer. This brings the virion and host 

membranes together, allowing the lipid bilayers to fuse together. This create a passage for the viral 

capsid to enter the cell cytoplasm and begin uncoating (95). The exact mechanism of capsid 

uncoating remains unknown, but the disruption of the capsid core initiates reverse transcription of 

the viral RNA genome by RT (5). RT has DNA polymerase and RNase H enzymatic functionality, 

allowing the conversion of the single RNA strand to double-stranded DNA (10). Following reverse 

transcription, the viral IN binds to the ends of the viral DNA, and the matrix protein (MA), viral 

protein R (Vpr), and Ku70 host protein associate with the viral DNA to form a pre-integration 

complex (PIC) (16, 64, 103). The PIC migrates into the host nucleus via nuclear pores. During 

transport, IN removes two nucleotides from each end of the viral DNA to expose the 3՛ hydroxyl 

groups (51). Once in proximity to uncondensed host chromatin IN catalyzes staggered double 

stranded breaks in the host’s DNA, allowing the free hydroxyl groups at the end of the viral DNA 

to nucleophilically attack the exposed 5՛ phosphate ends of the host DNA. Following strand 

transfer, the host cellular DNA damage response is induced by damage at the integration site and 

DNA polymerases and ligases repair the missing nucleotides (51). Integration of the viral DNA 

represents the final step in the early phase of the HIV-1 replication cycle.  

The beginning of the late phase of replication is marked by viral DNA transcription by the host. 

Integrated viral DNA is transcribed by cellular RNA polymerase II. The level of transcription is 

regulated by promoter elements in the 5՛ long terminal repeat (LTR) (75). Initially, low levels of 

prematurely terminated viral transcripts are produced and spliced by the host to encode for the viral 

proteins Tat, Rev, and Nef (7). To be exported from the nucleus, the transcripts require a 5՛ cap, 

which is added by the host’s transcription machinery, and a polyadenylation signal, which is 

encoded in the unique 3՛ region of the 3՛ LTR (33, 85). Elongated viral transcript production is 

driven by Tat binding to a RNA stem-loop structure known as the transactivation response region 

(TAR) at the 5՛ end of viral mRNAs (12). This Tat-TAR interaction recruits cellular transcription 

factors that mediate hyperphosphorylation of RNA polymerase II, facilitating inefficient 
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transcription and elongation of viral transcripts (63). Export of unspliced and spliced viral 

transcripts from the nucleus is mediated by the viral protein Rev and a cellular RNA export complex 

(15, 49).  

Virion assembly is dependent on the viral structural precursor Gag polyprotein (13). In 

addition, the viral precursor polyprotein Gag-Pol is also created during translation when the stop 

codon at the end of the Gag mRNA is readthrough via a frameshift event (22). The viral Gag 

polyprotein codes for the MA, capsid (CA), nucleocapsid (NC), and p6 proteins. Newly transcribed 

viral RNA genomes transport from the nucleus to virion assembly sites on the plasma membrane 

by binding an encapsidation signal to the NC portion of the Gag precursor, which itself is guided 

using a myristylation signal (4, 50). Simultaneously, the viral envelope proteins are translated, 

processed through the ER and Golgi, and localize to lipid rafts on the plasma membrane at sites of 

virion assembly (61). Gag and Gag-Pol precursors multimerize at the plasma membrane through 

interacting domains in the CA portion of the polyprotein and create a concave shape in the cell’s 

plasma membrane. As the assembling molecules continue to concave and bud the plasma 

membrane outward, the endosomal sorting complex required for transport (ESCRT) pathway 

proteins are recruited to facilitate budding of the particle from the cell (91). This pathway is 

normally used to package proteins in vesicles for the cell but is exploited by HIV-1. The p6 domain 

of the Gag precursor activates the ESCRT pathway, including the cellular proteins Tsg101, ALIX, 

ESCRT-1, and ESCRT-III, that together release the budding immature virion from the host cell 

(30). As the newly assembled virion buds from the host, the viral protease (PR) cleaves itself from 

the precursor Gag-Pol polyprotein, and also cleaves the Gag portion of the Gag polyproteins into 

MA, CA, and NC proteins (46). Simultaneously, PR cleaves the Pol portion of the polyprotein into 

RT and IN. The individual proteins rearrange themselves in a process called maturation. The NC 

surrounds the viral genome, CA forms the fullerene cone capsid, and MA forms a shell around the 

capsid and gives shape to the envelope. This rearrangement process is required to produce a fully 

infectious HIV-1 particle and completes the replication cycle. 
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The level of HIV-1 replication correlates strongly with the activation state of the cell as the 

virus requires intracellular resources to complete reverse transcription and there processes (100). 

Sterile α-motif/histidine-aspartate domain-containing protein 1 (SAMHD1) is a 3՛ exonuclease and 

deoxynucleotide triphosphohydrolase antiretroviral enzyme found in quiescent CD4+ T cells that 

has been shown to restrict HIV-1 infection of resting CD4+ T cells (23). When induced in quiescent 

CD4+ T cells by type 1 interferons, SAMHD1 degrades deoxynucleoside triphosphates (dNTP) and 

decreases the overall cellular dNTP pool to a level below what is necessary to complete HIV-1 

reverse transcription, preventing infection (11, 69). However, in activated CD4+ T cells SAMHD1 

is inactivated by phosphorylation by cyclin A2/CDK1 (23, 27). Inactivation of SAMHD1 creates a 

favored microenvironment for HIV-1 to synthesize viral DNA (27). 

 

2.3 Research Goal 

Exercise is understood to provide benefits to a person’s health and overall well-being but can also 

cause undesirable effects under certain conditions. The effects of exercise on the immune system 

and underlying mechanisms remain poorly understood. Early studies observed an 

immunosuppressive effect after exercising but this was supported with only WBC count data, which 

did not address the functional abilities of the leukocytes. Subsequent studies address this qualitative 

aspect using proliferation assays, however analyzing multiple subsets of lymphocytes at once using 

physiologically irrelevant stimuli such as PHA produced ambiguous results regarding exercise 

induced activation. The purpose of the present study was to assess the effect of an acute bout of 

resistance training specifically on the activation state of CD4+ T cells and determine if any effect 

would translate into altered susceptibility to a pathogen. We hypothesized that 1) An acute bout of 

resistance exercise in untrained individuals would increase the activation state of CD4+ T cells both 

in the presence or absence of stimulation, and 2) the increased CD4+ T cell activation state would 

lead to an enhanced susceptibility of CD4+ T cells to HIV infection. 
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Chapter 3: Acute bout of resistance exercise increases human CD4+ T cell susceptibility to 

HIV-1 infection in vitro  

 

Previous work from the Siedlik laboratory observed an, exercise-induced increase in CD25 

expression and subsequent proliferation in CD4+ T cells following combined aerobic and resistance 

training exercise (i.e., circuit training) (78). Within the context of HIV-1, this change is particularly 

relevant given the importance of the activation state of the CD4+ T cell in terms of susceptibility to 

infection. Thus, we sought to examine whether the alteration of activation state resulting from 

exercise would alter cell susceptibility to HIV-1 infection. Specifically, we hypothesized exercise-

induced CD4+ T cell activation, measured by surface markers of activation, would correlate with 

an increased susceptibility to HIV-1. Taken together, this study represents a first attempt to quantify 

exercise-induced changes in immune function using a medically relevant viral infection model.  
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3.1 Methods 

 

Participants 

Ten healthy, untrained, college-aged individuals (Mean ± SD, N = 10 [5 male & 5 female], age 

= 21 ± 2.49 yrs; weight = 71.45 ± 10.09 kg; height = 171.76 ± 7.06 cm) volunteered to participate 

in this study. Untrained status was defined as no more than one hour of aerobic and/or resistance 

training per week. All participants provided written informed consent and completed a Health & 

Exercise Status Questionnaire prior to participation. At the time of recruitment, subjects were 

instructed to maintain their normal dietary patterns prior to participating in either session but to 

refrain from exercise in the period 24 h before data collection. Participants reported that they had 

neither recently taken nor were currently using non-steroidal anti-inflammatory drugs (NSAID), 

aspirin, or other anti-thrombotic over-the-counter or prescription medications. Participants reported 

no cold or flu symptoms in the two weeks prior to starting data collection. The study conformed to 

the standards set by the Declaration of Helsinki and the procedures followed were in accordance 

with the protocol approved by the Creighton University Institutional Review Board (959210-1).   

 

Testing Protocol 

Each participant undertook a fitness assessment that included 3-Repetition Maximum (RM) 

barbell high bar parallel squat, 3-RM leg press, and 3-RM leg extension in the weeks prior to the 

start of the testing sessions. Following the fitness assessments, subjects were tested on two 

occasions with each laboratory visit occurring between 0700 and 0745 hours.  Participants 

completed both a control and experimental visit. During the experimental visit, subjects underwent 

a 5 minute self-paced warm-up on a cycle ergometer followed by 3 sets of 10 repetitions of back 

squats at 70% of calculated 1-RM, 3 sets of 10 repetitions of leg presses at 70% 1-RM, and 3 sets 

of 10 repetitions of leg extensions at 70% 1-RM with 2 minute rest between sets (66). During the 

control session, subjects sat quietly in a room for 30 minutes. Subjects were not allowed to read or 
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use electronic devices during this time. Subjects were monitored at random intervals to ensure they 

remained awake.  

 

Physiological monitoring 

Participants were fitted with a Zephyr BioHarness 3 (Zephyr Technology, Annapolis, MD, 

USA) for heart rate (HR) measures and approximations of core temperature. Continuous HR 

measures were recorded at 1-second intervals during the training session. HR data was downloaded 

using the Zephyr BioHarness Log Downloader (version 1.0.29.0). HRmax was estimated using the 

methods of Tanaka, et al. (87). 

 

Blood Collections 

Blood samples were collected using standard antecubital venipuncture technique. Blood 

samples were obtained at baseline (Pre) and immediately post the testing session in sodium heparin 

vacutainers (Becton, Dickinson and Company, Franklin Lake, NJ).  

 

Antibodies and reagents 

 Antibodies used for flow cytometry were purchased from BioLegend (San Diego, CA) and 

include: anti-CD4-Alexa Fluor 700 (RPA-T4), anti-CD69-APC/Cy7 (FN50), anti-CD25-PE (M-

A251), anti-HLA-DR -BV711 (L243), anti-CD28-APC (CD28.2), anti-CD45RA-FITC (HI100), 

and anti-CD45RO-BV421 (UCHL1). Flow cytometry was performed using a ZE5 Cell Analyzer 

(Propel Labs, Fort Collins, CO) and data analysis using FlowJo V10 (TreeStar, Ashland, OR). 

OneComp eBeads (Thermo Fisher, Waltham, MA) were used for positive and negative single-color 

compensation controls.  
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Cell purification and culture 

Blood samples (80 ml into sodium heparin) were obtained at each time point for analyses of 

surface marker expression and viral replication. CD4+ T cell isolation from peripheral blood was 

conducted through negative selection using a Human CD4+ T cell enrichment kit as directed by the 

manufacturer (Stemcell Technologies, Vancouver, BC, Canada). Purity was assessed following cell 

isolation by staining with anti-CD4-Alexa Fluor 700 (RPA-T4) and were routinely > 97% CD4+ by 

flow cytometry as outlined in previous studies (47, 56, 77). After purification, the cells were 

resuspended in warm Immunocult-XF T cell expansion medium (Stemcell Technologies).  

 

Surface marker expression - Cell stimulation and culture  

 Cells were stimulated using plate-bound antibodies as previously described (21, 47, 77). 

Each antibody was titrated to the lowest concentration that gave maximum T cell activation: anti-

CD3 (OKT3) used at 1 μg/ml (BioLegend) and anti-CD28 (CD28.2) at 2 μg/ml (BioLegend). T 

cell activation was analyzed in response to co-stimulation through CD3+CD28 using plate-bound 

antibodies, or no simulation. Antibodies were diluted to indicated concentrations in sterile 

Dulbecco’s phosphate buffered saline (dPBS) (Life Technologies, Grand Island, NY) and 

incubated in a 96 well plate overnight at 4˚C. Unbound antibodies were removed by washing 3x 

with dPBS prior to cell plating. CD4+ T cells for each time point were plated in 96 well plates at 

1.5x106 cells/mL in 200 μl of Immunocult-XF T cell media (Stemcell Technologies) directly after 

isolation. Cells were incubated in separate 24 and 72 hour incubations at 37˚ C in a humidified 

incubator with 5% CO2 and then analyzed by flow cytometry using anti-CD4-Alexa Fluor 70, anti-

CD69-APC/Cy7, anti-CD25-PE, anti-HLA-DR-BV711, anti-CD28-APC, anti-CD45RA-FITC, 

and anti-CD45RO-BV421. Flow cytometry was performed immediately after CD4+ T cell isolation 

(0 hours) and after 24 hours and 72 hours in culture using a ZE5 Cell Analyzer (Propel Labs, Fort 

Collins, CO) and data analysis using FlowJo V10 (TreeStar) with the gating strategy summarized 
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in Figure 1. Compensation was performed using single antibody controls. OneComp eBeads 

(Thermo Fisher) were used for positive and negative single-color compensation controls. 
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Figure 1. Gating strategy for assessing activation by flow cytometry. Flow data was analyzed 

using the gating strategy depicted above. A) The main lymphocyte population was isolated based 

on the forward and side scatters of the population. B) The isolated lymphocyte population was then 

confirmed to be a CD4+ population. C) The median fluorescent intensity (MFI) of each fluorescent 

marker was then determined by gating the non-stimulated peak from the stimulated peak. 
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HIV-1 viral replication assays - Cell stimulation and culture 

HIV-1 NLX virus was produced through the transfection of 293T cells with 5 μg of pNLX 

molecular clone and quantified by p24 antigen ELISA as previously described (26). Cells were 

stimulated using plate-bound antibodies as outlined above in a 24 well plate. CD4+ T cells for each 

time point were plated at 2x106 cells/mL in 500 μl of Peripheral Blood Lymphocyte (PBL) media 

(Roswell Park Memorial Institute-1640 Medium (RPMI) [GE Healthcare, Piscataway, NJ] + 10% 

Fetal bovine serum [Corning, Corning, New York] + 2% Penicillin/Streptomycin [Corning] + 20 

mM L-glutamine [Corning,] + 50 units/mL recombinant Human IL-2 [R&D Systems, Minneapolis, 

MN]) directly after isolation. Cells were incubated for 72 hours at 37 ˚C in a humidified incubator 

with 5% CO2. Both unstimulated and CD3/CD28 stimulated cells were infected for each condition. 

Unstimulated CD4+ T cells were infected and cultured shortly after the testing condition. 1x106 

cells were seeded in 3 wells per condition in a 24 well plate and incubated with HIV-1 at a 

multiplicity of infection (MOI) of 0.1 for 4 hours at 37 ˚C with 5% CO2. Cells were then pelleted, 

washed with PBS, and resuspended in 550 μL fresh PBL media per well, in a new 24 well plate. 

Stimulated CD4+ T cell HIV-1 infection occurred after 3 days of CD3/CD28 stimulation following 

the same procedure. Both unstimulated and CD3/CD28 stimulated cell cultures were incubated at 

37˚C with 5% CO2 for 17 days and supernatant samples collected at 0, 3, 7, 10, 14, and 17 days 

post infection (dpi). The supernatants were clarified by centrifugation and stored at -20°C. For the 

reactivation studies, unstimulated cells were activated at 14 dpi with human CD3/CD28/CD2 T cell 

activator beads for 3 days (Stemcell Technologies) and additional RT supernatant sample collected 

at 17 dpi.  
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Reverse Transcriptase assay 

Virus replication/production was quantified by an RT assay using triplicate 10 μL of 

supernatant per timepoint (Figure 2). Fresh PBL media was used as a negative control, and a NLX 

virus standard as a positive control in each reaction plate. An RT assay mix of H20, 50 mM Tris 

(pH 7.9), 75 mM KCL, 2 nM DTT, 0.1875 mM ATP, 5 mM MgCl2, RT Primer (25 mg/L), 0.05% 

NP-40, 2 μM dTTP, and 2 µCi [32P]-α-TTP was prepared and vortexed thoroughly (26). Thirty μL 

of RT assay mix was added to each well and the plate was incubated at 37 ˚C for 3 hours. RT mix 

was added to Whatman paper in individual spots and allowed to dry. The paper was washed 3 times 

with 2x saline-sodium citrate (SSC) for 5 minutes while rocking, washed once with 95% ethanol, 

and allowed to dry. The dried paper was then exposed to a phosphor screening plate. Following 

overnight exposure, the phosphor plates were analyzed on GE Amersham Molecular Dynamics 

Typhoon 9410 Molecular Imager v5.0 (GE Healthcare, Piscataway, NJ) as the example shown in 

Figure 3. The image was quantified using Molecular Dynamics ImageQuant v5.2 software (GE 

Healthcare), setting the background to a negative control of pure culture media.  

 

Statistical analysis 

For this investigation quantification of the change in values from pre-to-post was of more 

interest than the absolute values of the measurements themselves; therefore, fold change scores 

were calculated using log2 transformations: log2(Post/Pre).  Data were analyzed using paired 

samples t-tests. The level of significance was set at α = 0.05. All statistical analyses were performed 

using GraphPad Prism 7 (GraphPad Software, La Jolla, California, USA). 
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Figure 2. Reverse transcription assay. The diagram depicts the formation of radioactive DNA 

formation. [32P]-α-TTP is used by viral reverse transcriptase to elongate an oligo dT primer bound 

to viral RNA to create radioactive viral DNA in each of the sample wells as exemplified by the 

frame lines. This DNA was then attached to Whatman paper and incubated in a phosphor 

screening plate for imaging. 
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Figure 3. Example phosphor screening plate image. Image obtained by GE Amersham Molecular 

Dynamics Typhoon 9410 Molecular Imager. Each circle represents a RT reaction of a single 

timepoint, with the darkness of the circle proportional to the amount of reverse transcriptase present 

in the sample. 
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3.2 Results 

Resistance training session induced substantial changes in heart rate 

 The exercise trial elicited a substantial sympathetic stimulus as demonstrated by the heart 

rate data. The mean predicted HRmax for all subjects was 193 ± 2 bpm. Average HR during the 

exercise session was 137 ± 14 bpm compared to 82 ± 10 bpm in the control (p < .001). Peak HR 

during the sessions was 174 ± 14 bpm and 109 ± 11 bpm for exercise and control, respectively (p < 

.001). During the exercise session the subjects spent approximately half of the time (13.4 ± 7.3 

minutes) working at over 70% of their predicted HRmax, whereas all subjects spent the entirety of 

the control session was spent under the 60% threshold of predicted HRmax. 

 

Exercise-induced changes in expression of CD25 but not CD69 and HLA-DR  

Changes in markers of T cell activation, specifically CD69, CD25, and HLA-DR were 

measured to determine whether expression of these markers increased in conjunction with 

infection. This was analyzed from two distinct perspectives: 1) Was there an exercise-induced 

effect on CD4+ T cell activation in the absence of stimuli in culture (e.g. non-stimulated cells), and 

2) Was there an exercise-induced effect on the CD4+ T cells’ ability to respond to CD3 + CD28 

stimuli in culture. Changes in the levels of the co-receptor, CD4, and co-stimulatory molecule, 

CD28, were also investigated to determine if their expression was affected by resistance exercise. 

Median fluorescent intensity (MFI) of the selected markers was quantified immediately after CD4+ 

T cell isolation (0 hours) and after 24 hours and 72 hours in culture. 

 Within the non-stimulated cell population there were no significant differences observed in 

CD69, HLA-DR, CD4, and CD28 expression between the exercise and control conditions observed 

at either the 0, 24, or 72 hour time points (Table 1). However, CD25 expression was significantly 

elevated pre-to-post in the exercise trial at 24 h when compared to the control (Meandiff = 0.27,  
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Table 1. Expression of surface markers on non-stimulated CD4+ T cell populations. Human 

CD4+ T cells were isolated and cultured in non-stimulated wells for 0, 1, and 3 days then stained 

for CD69, CD25, HLA-DR, CD4, and CD28, and analyzed by flow cytometry. The MFI was 

determined and values reported as Mean ± SD; N = 10. * Indicates a statistically significant 

difference (p < 0.05) from the control condition.  
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Confidence Interval of differences (CIdiff) = 0.02 – 0.52; p=0.04; Table 1; Figure 3). At the 72 hour 

measurement this effect had dissipated (p=0.91; Table 1; Figure 4).  

An investigation of how the cells ability to respond to stimuli generated somewhat similar 

findings with no significant differences observed for CD69 HLA-DR, CD4, and CD28 expression 

at either 24 or 72 hours (Table 2). The 24 hour increase in expression of CD25 observed in the non-

stimulated cells did not translate to the stimulated wells at that time point (Table 2). Interestingly, 

CD25 expression at the 72 hour measure was elevated pre-to-post in the exercise trial when 

compared to the control but not to a statistically significant level (Meandiff = 0.95, Confidence 

Interval of differences [CIdiff] = -0.08 – 2; p=0.07; Table 2).  

 

CD4+ Memory T Cell Activation is not induced by Exercise in the presence or absence of stimuli 

Memory CD4+ T cells can be differentiated from effector CD4+ T cells by their 

CD45RO+/CD45RA- phenotype. By analyzing the levels of CD69, CD25, HLA-DR, CD4, and 

CD28 on memory CD4+ T cells, we hoped to determine how the expression of these markers (MFI) 

changed following an acute bout of resistance training-induced activation, with and without 

stimulation. No significant exercised induced differences in CD69, CD25, HLA-DR, CD4, and 

CD28 surface marker expression were observed compared to the control conditions within non-

stimulated cell populations at either the 0, 24, or 72 hour time points (Table 3). An investigation of 

how the cells ability to respond to stimuli generated similar findings, with no significant exercised 

induced differences observed for CD69, CD25, HLA-DR, CD4, and CD28 expression at either 24 

or 72 hours (Table 4).  
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Figure 4. The expression of CD25 increased on non-stimulated CD4+ T cell populations. 

Human CD4+ T cells were isolated and cultured in non-stimulated wells for 0, 1, and 3 days (a-c) 

then stained for CD25 and analyzed by flow cytometry. The MFI was determined. Data are 

presented as fold change from baseline and values reported as Mean ± SD; N = 10. * Indicates a 

statistically significant difference (p < 0.05) from the control condition. 

 

 

 

 

 

a) b) c) 



28 
 

 

 

 

 

 



29 
 

 

 

 

 

 

 

Table 2. Expression of surface markers on stimulated CD4+ T cell populations. Human 

CD4+ T cells were isolated and cultured in stimulated wells for 0, 1, and 3 days then stained for 

CD69, CD25, HLA-DR, CD4, and CD28, and analyzed by flow cytometry. The MFI was 

determined and values reported as Mean ± SD; N = 10.  
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Table 3. Expression of surface markers on non-stimulated, memory CD4+ T cell populations. 

Human memory CD4+ T cells were isolated and cultured in non-stimulated wells for 0, 1, and 3 days 

then stained for CD69, CD25, HLA-DR, CD4, CD28, CD45RA, and CD45RO. The CD45RO+, 

CD45RA- population was analyzed by flow cytometry. The MFI was determined and values reported 

as Mean ± SD; N = 10.  
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Table 4. Expression of surface markers on stimulated, memory CD4+ T cell populations. 

Human memory CD4+ T cells were isolated and cultured in stimulated wells for 0, 1, and 3 days 

then stained for CD69, CD25, HLA-DR, CD4, CD28, CD45RA, and CD45RO. The CD45RO+, 

CD45RA- population was analyzed by flow cytometry. The MFI was determined and values 

reported as Mean ± SD; N = 10.  
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HIV-1 infection is increased in stimulated PBLs obtained post exercise 

To measure the level of activation in CD4+ T cells, the CXCR4-tropic HIV-1 NLX virus was chosen 

as a biological model system because it preferentially infects activated cells and its replication is 

dependent on the level of metabolic components found in those cells (100). We hypothesized that if 

exercised CD4+ T cells have an increased activation level after stimulation, then HIV-1 would be 

able to take advantage of this increase in intracellular metabolites/replication machinery and there 

would be enhanced viral infection. Thus, the amount of reverse transcriptase produced by infected 

cells would be proportional to the level of activation of the cells. Quantification of the reverse 

transcriptase in collected supernatants was used to create the replication curve of HIV-1 in the 

infected cells as seen in Figures 4-8. In stimulated CD4+ T cells, the RT activity peaked on average 

at 10 days post infection for both the control and exercise conditions. Unstimulated, quiescent CD4+ 

T cells from individuals who had exercised did not have significant differences in virus replication 

compared to cells from nonexercised individuals. On average, the reverse transcriptase activity on 

average peaked at 10 days post infection between subjects in stimulated CD4+ T cells under both the 

control and exercise conditions. The average fold change in RT activity from pre-to-post exercise at 

3 days post infection, however, was significantly greater in stimulated, post-exercise cells compared 

to matched controls (1.0 ± 0.22 vs 1.3 ± 0.33; p=0.03. Figure 9). This difference in RT activity in 

exercised cells, as RT activity on 0, 7, 10, 14, and 17 days post infection showed no significant 

difference between the two groups. The reverse transcriptase activity observed in the stimulated, 

exercised cells suggests acute bouts of high intensity exercise may affect the CD4+ T cell activation 

and increase the susceptibility of the cells to HIV-1 in response to stimulation. 
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Figure 4. HIV-1 replication assays after resting and exercise sessions (subjects 1-2).  Plots 

show RT activity in supernatants of HIV infected, non-stimulated and stimulated, CD4+ T cells 

over a 17-day period. The fold change between the Pre and Post blood draw samples of a session 

were calculated to determine the effect of exercise on HIV-1 replication. 
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Figure 5. HIV-1 replication assays after resting and exercise sessions (subjects 3-4).  Plots 

show RT activity in supernatants of HIV infected, non-stimulated and stimulated, CD4+ T cells 

over a 17-day period. The fold change between the Pre and Post blood draw samples of a session 

were calculated to determine the effect of exercise on HIV-1 replication. 
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Figure 6. HIV-1 replication assays after resting and exercise sessions (subjects 5-6).  Plots 

show RT activity in supernatants of HIV infected, non-stimulated and stimulated, CD4+ T cells 

over a 17-day period. The fold change between the Pre and Post blood draw samples of a session 

were calculated to determine the effect of exercise on HIV-1 replication. 
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Figure 7. HIV-1 replication assays after resting and exercise sessions (subjects 7-8).  Plots 

show RT activity in supernatants of HIV infected, non-stimulated and stimulated, CD4+ T cells 

over a 17-day period. The fold change between the Pre and Post blood draw samples of a session 

were calculated to determine the effect of exercise on HIV-1 replication. 
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Figure 8. HIV-1 replication assays after resting and exercise sessions (subjects 9-10).  Plots 

show RT activity in supernatants of HIV infected, non-stimulated and stimulated, CD4+ T cells 

over a 17-day period. The fold change between the Pre and Post blood draw samples of a session 

were calculated to determine the effect of exercise on HIV-1 replication. 
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Figure 9. Susceptibility to HIV-1 infection was increased in post-exercise samples. Plots show 

fold changes in HIV-1 replication levels in the activated CD4+ T cells in each subject between 

control and exercise sessions at the specified days post infection. Data are presented as fold change 

from baseline and values reported as Mean ± SD; n = 10. * Indicates a statistically significant 

difference (p < 0.05) from the control condition. 

* 

17 dpi 14 dpi 

10 dpi 7 dpi 

3 dpi 0 dpi 
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HIV-1 latency establishment in quiescent CD4+ T cells is not increased after an acute bout of 

resistance exercise 

While HIV-1 preferentially infects activated CD4+ T cells to utilize the increased nucleotide 

pool and metabolic machinery, it has been observed that HIV-1 can infect quiescent cells in the G1b 

phase of the cell cycle, or cells partially stimulated with various cytokines like IL-7 or IL-13, where 

RNA expression levels are equivalent to the S phase of cell division (48, 100). For quiescent cells 

there are multiple mechanisms proposed for latency establishment that postulate when the viral DNA 

is integrated into the host. One depicts the viral DNA-integrase complex entering the nucleus and 

integrating into the uncondensed chromatin of housekeeping genes that are not affected by activation 

state, creating latency (79). When the latently infected cells are reactivated, virus production begins. 

Another mechanism depicts the viral genome being reverse transcribed, but the viral DNA is not 

integrated and instead exists in an extra-chromosomal state in the cytosol, thereby causing the 

infection cycle to “pause” until the cell is reactivated which then allows integration to occur (90). 

This pre-integration latency is not true latency, but rather a delayed infection. 

Given our results showing an acute bout of exercise partially increases the activation state 

of CD4+ T cells in the absence of stimuli, we investigated whether the unstimulated cells from post 

exercise sessions would support the establishment of latent infections. To assess this, the infected 

quiescent cells for both control and exercise conditions were reactivated at 14 dpi by treatment with 

CD3/CD28/CD2 activator beads and an additional RT sample collected 3 days post stimulation (17 

dpi). A duplicate quiescent cell population was cultured and treated with the integrase inhibitor, 

raltegravir, 2 hours prior to reactivation to control for the possibility of pre-integration latency. As 

an integrase inhibitor, raltegravir prevents integrase from integrating the viral DNA into the host 

genome. If treated cells have significantly less virus production after reactivation compared to non-

treated cells, then latent infections were not established, and the viral DNA was extra-chromosomal 

in the cytosol. If there were no differences in virus production following raltegravir treatment, then 
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the viral infection progressed past integration and latent infections were established. Notably, HIV-

1 latency establishment did not consistently occur in the untreated and raltegravir treated, quiescent 

CD4+ T cells (Figure 10). Quiescent cells from either control or exercise conditions reactivated at 

14 days post-infection did not generate significant levels of virus 3 days post reactivation (17 dpi). 

This observation suggests exercised induced activation of CD4+ T cells is not sufficient to affect the 

establishment of HIV-1 latency in CD4+ T cells (Figure 10).  
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Figure 10. Exercise does not promote latent HIV-1 infection in resting lymphocytes. Plots 

show fold changes in HIV-1 replication levels between control and exercise sessions of resting 

CD4+ T cells in each subject after 72 hour treatment (14 dpi – 17 dpi) with CD2/CD3/CD28 T cell 

activator beads in control and exercise conditions. + Raltegravir labeled plots had cells treated with 

raltegravir for 2 hours prior to reactivation, while untreated cells were not treated with raltegravir. 

(n=6) 
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3.3 Discussion 

The present study examined the effect of resistance exercise on T cell activation and utilized a 

viral infection model to indirectly assess intracellular metabolic activity. The changes observed in 

CD25 expression by non-stimulated cells in post exercise sessions provides evidence that exercise 

induces an increase in CD4+ T cell activation. This finding did not translate to a significantly 

enhanced ability of cells to respond to stimuli in vitro post-exercise when compared to cells isolated 

from the control sessions. The surface protein expression results do, however, indicate an increase 

in cellular activation, which is also supported by a significant increase in infection in cells obtained 

post-exercise. These results oppose the commonly held belief that acute exercise leads to a transient 

impairment of immune activation state (92, 93). However, previous work from our lab also 

observed increased activation and proliferation of CD3+ cells following stimulation with either 

phytohemagglutinin (PHA) or co-stimulation through CD28 (77). In field studies of elite athletes 

in competitive trials there is also evidence of increased lymphocyte proliferation (9, 89), however, 

those studies only examined mixed lymphocyte populations. We posit that the longtime 

misinterpretation of the extant literature is a result of inconsistent methods related to specific 

lymphocyte isolation protocols combined with the use of physiologically irrelevant mitogenic 

agents (18, 78). Therefore, in this project, we assessed exercise-induced changes in a cell specific 

manner, CD4+ T cells, using a viral model (HIV-1). The use of viral infection and replication as an 

outcome metric to dispel the misconception that acute exercise suppresses immune function may 

seem counterintuitive, but reverse transcription and the process by which a virus integrates into the 

host genome is dependent upon the metabolic machinery of the cell and this interplay provides, 

perhaps, a more physiological method to assess exercise-induced alterations in immune cell 

functional activity.  

In the present study, cells infected following the exercise condition show enhanced replication 

only at the second timepoint (3 dpi), with little differences between all subsequent timepoints. This 

is likely because once infection is established, HIV-1 has a logarithmic growth rate until the 
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maximum threshold of virus replication is achieved (68). In our experiments, the maximum 

threshold was typically achieved prior to the 10 dpi timepoint (overall mean= 9.575 ± 2.0 dpi). 

Given a constant MOI and no difference in cell surface expression of CD4 between the control and 

exercise conditions, the exponential growth rate of the viruses likely erased any differences in initial 

infection by 7 dpi (Figure 11). The significant increase in CD25 expression on non-stimulated cells 

post-exercise also an implies an increase in cellular activation. Combined, these data demonstrate 

exercise-induced increase in intracellular activity.  

A primary limitation of both this study, and of research in exercise immunology generally, 

centers on the external validity of the results themselves; namely, there is no direct translation from 

the in vitro assessments to an in vivo model. This is particularly relevant for the current project 

given the use of an active viral infection as the outcome measure. This will continue to be a central 

limitation of our study designs. Alterations in the viral RNA concentrations from plasma collected 

from HIV-1 infected patients undergoing an exercise trial has been quantified previously (71). 

Roubenoff, et. al. investigated, untrained, HIV-1 infected patients that underwent a 15 minute, 60 

cm vertical step test at a cadence of 1 step/s (71). Their study did not report an overall significant 

increase in HIV related RNA post-exercise but attributed the lack of significance the relatively high 

baseline HIV load in the majority of subjects. Similar to the replication threshold we observe in 

vitro, the authors acknowledged that a substantial change was likely not observed due to a “ceiling 

effect” or maximum threshold in HIV-1 replication. Interestingly, in patients with undetectable 

levels of HIV-1 RNA at the start of the study they did observe an increase in plasma HIV-1 RNA 

levels post-exercise. That result appears to coincide with the findings of the present study using 

healthy, uninfected individuals where we were able to evaluate the entire viral replication cycle.        

Establishment of HIV-1 latency was not affected by an acute bout of resistance exercise in 

CD4+ T cells. HIV-1 latency establishment in activated CD4+ T cells is a rare event as it can only 

be established in 1/106 cells in the blood and lymph nodes of infected individuals (79). Beyond that 

low probability, latency establishment in quiescent cells is even lower due to lower susceptibility  
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Figure 11. Increased HIV-1 Susceptibility is Not Due to Increased CD4 Receptors. Human 

CD4+ T cells were isolated and cultured in non-stimulated wells for 3 days then stained for CD4 

and analyzed by flow cytometry. The MFI was determined. Data are presented as fold change from 

baseline and values reported as Mean ± SD; N = 10. While HIV-1 replication was increased in 

stimulated, exercised CD4+ T cells 3 days after infection, CD4 surface molecule levels were similar 

between the conditions. 
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to HIV-1 infection. Given that we used a low MOI (0.1), there is the possibility that no cells in 

culture were latently infected and thus why reactivation did not induce virus production. Moreover, 

we did not observe an acute bout of resistance training increasing the establishment of HIV latency, 

suggesting exercise does not effect latency establishment. While the mechanisms of HIV-1 latency 

establishment are not well known, factors found to influence latency establishment include Tat 

activity, availability of transcription and elongation factors, and histone methylation, which can 

vary between individuals (29).  

From the observations obtained in this study there are a few possible directions for future 

studies to take. One could be to determine the mechanism for increased HIV-1 replication in CD4+ 

T cells after an acute bout of resistance training. While we analyzed cell surface marker expression 

in the present study, the intracellular proteins can be investigated using proteomics. The proteins 

of infected cells such as SAMHD1 and cyclin A2/CDK1 could fractionated by cellular component 

and differences in the levels determined by quantitative western blotting. This data could identify 

an intracellular mechanism for the effect of exercise CD4+ T cell activation and why HIV-1 

replication is increased after exercise. But the mechanism for the increased viral replication could 

also be outside of the cell as a component of the blood serum. As described in the introduction, the 

cytokines circulating in the body can control the type of adaptive immune response initiated by 

CD4+ T cells. If exercise alters the levels of circulation CD4+ T cell stimulating cytokines, it can 

be presumed that the functionality of the CD4+ T cells would also change. Drawing blood at set 

time points after exercising to create a time-lapse profile of immunologically relevant cytokine 

concentration such as IL-2, -4, and -10. Finding correlations between cell activation levels and 

cytokine concentrations would provide a better representation of how an acute bout of high 

intensity resistance training affects CD4+ T cell activation. Another direction for future 

investigations could be to provide a greater focus on the transient effect seen between 0 and 7 days 

post-infection where HIV-1 has increased viral replication in exercised CD4+ T cells. In the present 

study, the changes in HIV-1 replication were only observed prior to the viral replication threshold, 
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so a more accurate characterization of the effect of exercise on HIV-1 replication could be done if 

the cultures were sampled each day over 1 week post-infection. 

Overall, our data provides evidence that an acute bout of resistance exercise in untrained 

individuals generates an increase in CD4+ T cell activation with or without cell stimulation. It 

should be noted that this effect is small and transient but is likely representative of the scale of 

exercise-induced changes in immune activation state given the inherent immunological variance in 

human subject research. We have also demonstrated the utility of a viral model in vitro to quantify 

the physiological effects of cellular activation. This study provides a foundation for investigating 

exercise-induced changes in other T cell subsets using other medically relevant pathogens. 

Combined with mitogenic stimulation assays, this may further clarify the ambiguity in the literature 

regarding the effect of exercise on immune activation state. These future studies will advance 

translational research in exercise immunology and more focused clinical exercise prescription. 
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Appendix A 

Characterizing Integration Site Selection in a Library of Cell Line Models of HIV-1 

Latency 

 

A.1. Introduction 

There is currently no vaccine or single drug treatment to prevent the spread of HIV-1, so 

infected patients must be treated with antiretroviral therapy (ART) for their entire lives. ART is a 

combination of at least 3 antiretroviral drugs that target different aspects of viral replication such 

as fusion, reverse transcription, integration, and maturation (1, 39, 59, 96). Continuous ART 

treatment can lower HIV-1 levels in vivo to below detectable levels and increase patient CD4+ T 

cell counts. ART began as a single drug therapy, but with RT making an error at 1 in 1700 

nucleotides the virus was able to develop resistance, resulting in treatment failure (70). Dual drug 

therapy was attempted but still resulted in the virus developing resistance to the antiretroviral drugs. 

However, with triple drug ART treatment the virus has been unable to develop drug resistance due 

to the genetic fitness cost for resistance being too great (38, 82). While ART keeps viral replication 

below detectable levels, virus replication rebounds immediately when a patient stops treatment. 

Moreover, new virus founder populations can be established from latently infected cells that have 

reactivated and this may lead to a multidrug resistant virus (82). Eventually, this may create a 

problem for patients by limiting their treatment options.  

As described previously in the Introduction, HIV-1 persists in long-lived, latent reservoirs 

despite long-term therapy. Understanding HIV-1 latency and reactivation is critical for the 

development of curative HIV-1 treatments. Latently infected cell line models are a useful tool to 

study HIV infection, especially latency. Two cell lines heavily utilized in the Belshan lab are Jurkat 

and U937 cells. Jurkat cells are immortalized CD4+ T cells used extensively in the study of T cell 

leukemia, T cell signaling, and HIV-1 infection (14, 94, 101). U937 cells are a monocyte-like cell 

line similarly used to study HIV-1 infection but also toll-like receptor mediated inflammatory 
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responses (73 ,98). Both cell lines can be infected with HIV-1 and create cell line models of HIV-

1 latency.  

The major limitation of cell line models of latency is that in vitro CD4+ T cells are 

polyclonal with a cloud of different genotypes. Most previously developed cell line models are a 

monoclonal and do not accurately represent the diversity of phenotypes in vivo. In vivo, the virus 

infects clonally distinct cells and the HIV-1 genome integrates nonspecifically into uncondensed 

cell chromatin (22). The viral promoter can be transcriptionally silenced to various degrees when 

the cell enters latency through the formation of heterochromatin. This genome silencing variation 

in genotypically distinct cells creates unique HIV-1 quasispecies. The HIV-1 DNA of these latent 

quasispecies will be transcribed under different conditions based on their host’s epigenetics, and 

these transcriptional differences suggests their reactivation will vary between hosts. In a 

monoclonal cell line where the cells have the same genotype and HIV-1 integration site, the 

qauispecies variation of in vivo infections is not represented.  

To create different mono- and polyclonal DF cell line latency models, we infected Jurkat 

and U937 cells a dual fluorescent reporter virus, DuoFlo (DF) HIV virus (17). The DF viral genome 

has a green fluorescent protein (EGFP) coding region inserted downstream of a nonfunctional 

envelope (env) region driven by viral 5՛ LTR promoter, followed by the independent EF1α promoter 

of an mCherry fluorescent protein (Figure 12). In latently infected DF cell lines, the viral promoter 

in the 5՛ LTR is transcriptionally silent which subsequently prevents GFP expression. The EF1α 

promoter however is still active when the cell is in a quiescent state, so mCherry is expressed 

(Figure 13). When the DF infected cell becomes activated the viral 5՛ LTR promoter is unsilenced, 

and the cell produces both GFP and mCherry florescent proteins (Figure 13). Having fluorescent 

proteins tied to the transcriptional state of HIV-1 allows for the isolation and evaluation of unique 

HIV-1 infected cell populations to expand our understanding of HIV-1.  
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Figure 12. Organization and structure of the DuoFlo HIV-1 genome. The genome is illustrated 

5՛ to 3՛. The HIV-1 promotor is indicated by a black arrow. The constitutive promotor driving 

mCherry expression is indicated by a red arrow. LTR’s are drawn as white rectangles with internal 

regions labeled. Viral protein coding regions are illustrated by black bars, while fluorescent proteins 

are illustrated by bars colored with their respective fluorescence. The nonfunctional env coding 

region is indicated by a red “X”.  
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Figure 13. Example plots of DF infected cell lines. Representive plots of EGFP (x-axis) 

and mCherry (y-axis) expression in selected cell lines infected with HIVDF. Approximate location 

of gates used for gating of secondary sort of JDF-A cell line into ‘A2hi’ and ‘A2lo’ populations is 

indicated.  
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Various drugs have been developed and are used to study the reactivation of the HIV-1 

latency, but the drugs do not reactivate the virus in all cell lines equally due to varying epigenetics 

(Figure 14). Our goal was to create a library of DF cell lines to study HIV-1 latency as well as to 

potentially perform drug screenings. In this study, we isolated both monoclonal and polyclonal 

CD4+ T cell cell lines. Latently infected DF Jurkat (JDF) and U937 (UDF) cell lines were created 

by previous members of the Belshan Lab. Reactivation profiles were compiled by assaying each 

cell line with a panel of HIV-1 reactivating drugs and analyzing by flow cytometry. The percent of 

latently infected cells that were reactivated by a drug treatment were measured for each cell line 

(Figure 14). My main role in this project was to isolate the genomic DNA of these characterized 

cell lines and map the HIV-1 integration sites using a modified version of a previously published 

protocol (74). 
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Figure 14. Resting and reactivation profiles of DF cell lines. The percentage of latent and active 

HIV expression for indicated cell lines is shown in graphs at left. Error bars denote SEM. A heat 

map of reactivation for each cell line is shown at the right. Assayed latency reactivation drugs are 

listed at top. Each darker shade of green represents an approximate 20% increase in EGFP 

expression compared to DMSO treated control. Red squares denote no activation. Data for each 

cell line is representative of at least three independent experiments with triplicate replicates. 
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A.2. Methods 

 

Cultured Cell DNA Isolation 

Cells were cultured in complete RMPI-1640 media (RPMI-1640 Medium [GE Healthcare, 

Piscataway, NJ] + 10% Fetal bovine serum [Corning, Corning, New York] + 2% 

Penicillin/Streptomycin [Corning] + 20 mM L-glutamine [Corning]) and incubated at 37˚C in a 

humidified incubator with 5% CO2. For genomic DNA isolations, 2x106 cells were pelleted and 

resuspended in 200 µL of cold PBS. Genomic DNA was isolated from the cells using an E.N.Z.A 

Tissue DNA Kit as directed by the manufacturer (Omega Bio-tek, Norcross, Georgia). The isolated 

DNA was quantified using a NanoDrop 2000/c Spectrophotometer (Thermo fisher Scientific, 

Waltham, MA) and then stored at -80˚C. 

 

Creating Integration Site Library  

The integration sites in each cell line were mapped based on a protocol previously 

described (74) but modified as follows: 15 µg of isolated genomic DNA was diluted with nuclease-

free water for a final volume of 80 µL. 10 µL of 10X CutSmart Buffer (New England Biolabs, 

Ipswich, MA) and 100 units of Mse1 restriction enzyme (New England Biolabs, Ipswich, MA) 

were added and the mixture and incubated in a 37˚C water bath for ~20 hours (Fig. 14). The 

digested DNA was purified using an E.Z.N.A Cycle-Pure polymerase chain reaction (PCR) 

purification kit as directed by the manufacturer (Omega Bio-tek).  

A linker with a compatible 5՛-TA overhang was ligated to the 3՛ overhang of 1 µg of Mse1 

digested DNA, using 5 µL of 10X T4 DNA ligase buffer (New England Biolabs), 800 units of T4 

DNA ligase (New England Biolabs), and diluted with nuclease-free water to a final volume of 50 

µL (Fig. 14). The mixture was incubated overnight at 12˚C in an Eppendorf MasterCycler 

(Eppendorf, Hauppauge, New York). The next day the ligated DNA was purified using a PCR 

purification kit (Omega Bio-tek) and eluted in 50 µL volume.  
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The ligated DNA was digested again using 40 units of Sac1-HF restriction enzyme (New 

England Biolabs) with 6 µL of 10X CutSmart Buffer for 3 hours in a 37˚C water bath (Figure 15). 

This digestion removes the HIV DNA by cutting the Sac1 restriction site downstream from the 

viral LTR, leaving the LTR and integration site intact. The newly digested DNA was then purified 

again using a PCR purification kit (Omega Bio-tek) and eluted in 50 µL volume, quantified by a 

NanoDrop 2000/c Spectrophotometer (Thermo fisher Scientific, Waltham, MA), and stored at -

20˚C.  

The integration site was amplified using LM- PCR (Figure 15). The primers used are found 

in Table 5. The first round of PCR was completed as defined in Table 6, and performed with the 

following thermocycler parameters: “One cycle: 94°C for 2 minutes; 30 cycles: 94°C for 15 sec, 

55°C for 30 sec, 68°C for 45 sec; one cycle: 68°C for 10 minutes.” (74). The PCR products were 

purified using a PCR purification kit (Omega Bio-tek). The second round of semi-nested PCR was 

performed as defined in Table 7, using the same thermocycler parameters as the first reaction 

(Figure 15).  

Second round PCR products were ligated into the pGEM-T cloning vector (Promega, 

Madison, Wisconsin) by TA cloning. In brief, ligations were performed as follows in a 0.5 mL 

microtube: 1 µL of nuclease free water, 5 µL of 2X Rapid Ligation buffer (Promega, Madison, 

Wisconsin), 2 µL PCR product, and 3 units of T4 DNA ligase (Promega, Madison, Wisconsin) and 

50 ng of pGEM-T cloning vector was added, mixed briefly, and incubated overnight at 4°C. 
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Primer Sequence (5՛-3՛) 

Integration Site Linker GTA ATA CGA CTC ACT ATA GGG C 

First Round HIV-specific primer TGT GAC TCT GGT AAC TAG AGA TCC CTC 

Second Round LTR primer GAG ATC CCT CAG ACC CTT TTA GTC AG 

 

Table 5. Summary of PCR Primers. Sequences of PCR primers used in the first and/or second 

PCR’s. 
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Reagent  Amount 

Sample DNA Volume for 50 ng 

2X GoTaq G2 Colorless Master Mix 12.5 µL 

7.5 µM Linker Primer 1 µL 

15 µM First Round Primer 2.5 µL 

Nuclease-free water To total volume of 25 µL 

 

Table 6. First Round LM-PCR reagents. The amount of each reagent to be added to each PCR 

tube. 

 

 

 

Reagent  Amount 

Sample DNA Volume for 50 ng 

2X GoTaq G2 Colorless Master Mix 12.5 µL 

7.5 µM Linker Primer 1 µL 

15 µM Second Round Primer 2.5 µL 

Nuclease-free water To total volume of 25 µL 

 

Table 7. Second Round Semi-nested PCR reagents. The amount of each reagent to be added to 

each PCR tube. 
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Figure 15. Flow chart illustration of integration site library preparations (adopted from [74]). 

(A) Purified genomic DNA with HIV-DF provirus shown to MseI break points (not to scale) 

marked by "X." Red highlights are viral sequences, while blue highlights are host cellular 

sequences. The bracket below the sequence denotes the U5-cellular DNA regions preferentially 

amplified by LM-PCR. (B) Purified, fragmented DNA is ligated to (C) compatible asymmetric 

linker molecules (colored green). Asterisks at the 3՛ ends of the linker strands represent amino 

blocking modifications. (D) The first round of semi-nested PCR using first round LTR primer (red) 

and linker primer (green). (E) The second round of semi-nested PCR using the second round LTR 

primer (red) and linker primer (green). (F) Purified second round PCR product with the final 

integration site to be ligated into pGEM-T plasmid. 

A) 

B) 

C) 

D) 

E) 

F) 
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Cell transformation 

The following day, 2 µL of the ligation reaction was transformed into NEB 5-alpha competent E. 

coli cells (New England Biolabs). Cells were thawed on wet ice and gently mixed. 50 µL of cells 

were aliquoted into chilled polypropylene tubes. 2 µL of TA cloned DNA was added to the cells, 

tapping the tube gently to mix. The cells were incubated on ice for 30 minutes, and heat shocked 

in a 42˚C water bath for 45 seconds while keeping the tubes separated. After heat shock, the cells 

were placed on ice for 2 minutes, then 0.6 mL of S.O.C Medium (Corning) was added and the cells 

incubated at 37˚C for 1 hour in a shaker at 225 rpm. Carbenicillin (Research Products International, 

Mount Prospect, Illinois) treated LB agar (Sigma-Aldrich, St. Louis, Missouri) plates were treated 

with 40 µL of X-Gal and 7 µL of 20% Isopropyl β-D-1-thiogalactopyranoside and allowed to dry 

for 30 minutes for Blue-White colony screening. 100-200 µL of each cell transformation was spread 

on the treated plates and incubated overnight at 37˚C.  

 

Plasmid Isolation 

Isolated, white (insert containing) transformed E. coli colonies were picked and seeded into 3 mL 

cultures of treated LB broth (Sigma-Aldrich) containing 50 µg/mL of carbenicillin and incubated 

overnight at 37˚C with continuous agitation at 225 rotations per minute. Plasmid DNA was isolated 

using an E.Z.N.A. Plasmid DNA Mini Kit I (Omega Bio-tek) as directed by the manufacturer and 

eluted into 50 µL of elution buffer. The isolated DNA was quantified by NanoDrop, and stored at 

-20˚C. 
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Plasmid Sequencing analysis  

Isolated plasmids were run through a 0.8-1.0% GenePure LE agarose gel (ISC BioExpress, 

Kaysville, Utah) to determine their size and confirm the presence of an insert prior to submission 

for sequencing. 500 ng of DNA was transferred to a 0.2 mL microtube and sent for Sanger 

sequencing using the SP6 universal primer (GeneWiz, South Plainfield, New Jersey). Sequences 

were analyzed using SeqBuilder v14 software (DNAStar, Madison, Wisconsin). The PCR primers 

and HIV LTR were located, and location of flanking genomic DNA in the human genome was 

determined using UCSC BLAT genome browser (University of California Santa Cruz, Santa Cruz, 

California). The determination of whether the location was present in a gene was determined by 

BLASTn search using the NCBI website (National Center for Biotechnology Information, 

Bethesda, Maryland). 
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A.3. Results 

 

The mapping of DuoFlo HIV-1 integration sites in Jurkat cell lines 

The integration sites of latently infected, DF Jurkat cell lines were isolated and sequenced 

to characterize HIV-1 integration in lymphocyte-like cell lines. The latently infected cell clones 

analyzed include: JDF-A, -A2hi, -A2lo, -BB1, -RC3, and -9. The number of sequenced clones, 

number of independent integration sites, and integration site chromosome and gene locations for 

each Jurkat cell line is listed in Tables 8-13. The JDF-A cell line was developed to be polyclonal, 

and this was confirmed by identifying 18 independent HIV-1 integration sites, 39% of which are 

intragenic sites in TAS2R43, KMT5A, DHX9, SMAD5, AIP, and USP48 (Table 8). The JDF-A2hi 

and -A2lo cell lines were derived from a second sort of the JDF-A cells and were predicted to both 

be polyclonal cell lines (Fig 12). JDF-A2hi and -A2lo cells both to contained the same integration 

site in the TAS2R43 gene, but only JDF-A2hi clones had an additional integration site. 67% of the 

JDF-A2hi clones had intragenic sites in contained two additional integration genes, suggesting it is 

polyclonal (Table 9-10). However, 100% of JDF-A2lo clones had intragenic sites in the TAS2R43 

gene, suggesting it is a monoclonal cell line. The JDF-BB1, -RC3, and -9 cell lines were predicted 

to be monoclonal cell lines, but this was found to not be true. 100% of JDF-9 clones were found to 

have two integration sites in the HNRNPM and MED25 genes, but the -BB1 and -RC3 clones were 

discovered to be polyclonal, with two integration sites in the -RC3s (100%) and three integration 

sites in the -BB1s (75%). (Table 11-13). The integration site of each Jurkat cell line is summarized 

in Table 14. 
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Sequence Clone Chromosome  Position Strand Gene 

JDF-A-4 12 291722 - TAS2R43 

JDF-A_6 1 182857002 - none 

ah_JDF-A-4-SP6 2 241321833 + none 

ah JDF-A_10-SP6 16 1528602 + none 

ah JDF-A_12-SP6 12 123402673 + KMT5A 

ahJDF-A_15-SP6 11 59560335 - none 

ahJDF-A_1a-SP6 22 30844962 - none 

ahJDF-A_2a-SP6 15 98521076 + none 

ahJDF-A_4a-SP6 1 182856849 + DHX9 

ah JDF-A_14-SP6 11 70356218 + none 

ah JDF-A_15-SP6 11 70356218 + none 

ah JDF-A_17-SP6 16 29496588 - none 

ah JDF-A_24A-SP6 12 291721 - TAS2R43 

ah JDF-A_25A-SP6 5 136171932 + SMAD5 

ah JDF-A_26A-SP6 11 67489122 - AIP 

ah JDF-A_28A-SP6 1 21769679 - USP48 

ah JDF-A_36A-SP6 3 25834483 - none 

 

 

Table 8. Summary of HIV-1 integration sites in JDF-A cell line. The integration sites of 18 

clones were sequenced with 17 independent integration sites. 7 clones were determined to be 

located within a gene by NCBI BLAST search. The NCBI gene acronyms of the genes that were 

integrated are given above.  
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Sequence Clone Chromosome  Position Strand Gene 

JDF-A2hi_3 1 31490913 + none 

JDF-A2hi_4 12 327361 - TAS2R43 

ahJDF-A2hi_1-SP6 11 66111436 + PACS1 

ahJDF-A2hi_2-SP6 12 291721 - none 

ahJDF-A2hi_3-SP6 12 291721 + TAS2R43 

ahJDF-A2hi_4-SP6 11 66111436 + PACS1 

ahJDF-A2hi_7-SP6 11 66111436 + PACS1 

ahJDF-A2hi_9-SP6 12 291721 - TAS2R43 

ahJDF-A2hi_11-SP6 11 66111436 - none 

ahJDF-A2hi_12-SP6 12 291721 - TAS2R43 

ahJDF-A2hi_14-SP6 11 66111436 - none 

ahJDF-A2hi_15-SP6 12 291721 + TAS2R43 

 

 

Table 9. Summary of HIV-1 integration sites in JDF-Ahi cell line. The integration sites of 12 

clones were sequenced with 4 independent integration sites. 8 clones were determined to be located 

within a gene by NCBI BLAST search. The NCBI gene acronyms of the genes that were integrated 

are given above.  

 

 

Sequence Clone Chromosome  Position Strand Gene 

ahJDF-A2lo_1-SP6 12 291721 - TAS2R43 

ahJDF-A2lo_2-SP6 12 291721 - TAS2R43 

ahJDF-A2lo_3-SP6 12 291721 - TAS2R43 

ahJDF-A2lo_5-SP6 12 291721 - TAS2R43 

ahJDF-A2lo_6-SP6 12 291721 - TAS2R43 

ahJDF-A2lo_7-SP6 12 291721 - TAS2R43 

ahJDF-A2lo_13-SP6 12 291721 - TAS2R43 

ahJDF-A2lo_14-SP6 12 291721 - TAS2R43 

ahJDF-A2lo_15-SP6 12 291721 - TAS2R43 

 

Table 10. Summary of HIV-1 integration sites in JDF-Alo cell line. The integration sites of 9 

clones were sequenced with 1 independent integration site. 9 clones were determined to be located 

within a gene by NCBI BLAST search. The NCBI gene acronyms of the genes that were integrated 

are given above.  
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Sequence Clone Chromosome  Position Strand Gene 

RC3-3_T7 22 20934063 - CRKL 

2ndRC3-3-M13R 22 20934063 - CRKL 

2ndRC3-7-M13R 22 20934063 - CRKL 

JDF-RC3_3 20 41104774 + TOP1 

ah_JDF-RC3_3-SP6 22 20934063 - CRKL 

ah_JDF-RC3_4-SP6 20 41104774 + TOP1 

ah JDF-RC3_8-SP6 22 20934063 + CRKL 

ah JDF-RC3_9-SP6 20 41104774 + TOP1 

ah JDF-RC3_11-SP6 20 41104774 + TOP1 

ah JDF-RC3_12-SP6 22 20934063 - CRKL 

 

 

Table 11. Summary of HIV-1 integration sites in JDF-RC3 cell line. The integration sites of 10 

clones were sequenced with 2 independent integration sites. 10 clones were determined to be 

located within a gene by NCBI BLAST search. The NCBI gene acronyms of the genes that were 

integrated are given above.  

 

 

 

Sequence Clone Chromosome  Position Strand Gene 

JDF-BB1_1 22 20934063 + CRKL 

ahJDF-BB1_3-SP6 4 101960558 - BANK1 

ah JDF-BB1_21-SP6 12 5621349 - none 

ah JDF-BB1_25-SP6 9 4021420 + GLIS3 

 

 

Table 12. Summary of HIV-1 integration sites in JDF-BB1 cell line. The integration sites of 4 

clones were sequenced with 4 independent integration sites. Three clones were determined to be 

located within a gene by NCBI BLAST search. The NCBI gene acronyms of the genes that were 

integrated are given above.  
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Sequence Clone Chromosome  Position Strand Gene 

ah_JDF-9-1-SP6 19 8460242 + HNRNPM 

ah_JDF-9-2-SP6 19 8460242 + HNRNPM 

ah_JDF-9-3-SP6 19 8460242 + HNRNPM 

ah JDF-9_7-SP6 19 8460242 - HNRNPM 

ah JDF-9_13-SP6 19 8460242 - HNRNPM 

ah JDF-9_21A-SP6 19 
4982360

9 
+ MED25 

 

 

Table 13. Summary of HIV-1 integration sites in JDF-9 cell line. The integration sites of 6 

clones were sequenced with 3 independent integration sites. 6 clones were determined to be located 

within a gene by NCBI BLAST search. The NCBI gene acronyms of the genes that were integrated 

are given above.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

 

 
 
 

Cell 

Line/Clone 

# Identified 

Clones 

Indep. 

sites1 

# Intragenic 

Sites2 Genes3 

JDF-A 21 16 9 (43%) 

TAS2R43 (3); KMT5A; 

DHX9; NAA25; 

SMAD5; AIP; USP48 

JDF-A2hi 12 2 8 (67%) TAS2R43 (5); PACS1 (3) 

JDF-A2lo 9 1 9 (100%) TAS2R43 (9) 

JDF-RC3 10 2 10 (100%) CRKL (6); TOP1 (4) 

JDF-BB1 4 4 3 (75%) CRKL; BANK1; GLIS3 

JDF-9 6 2 6 (100%) HNRNPM (5); MED25 

     

UDF-B 23 23 8 (35%) 

TRIM24; ITSN1; CRKL; 

DIP2A; STAT5B; 

ATAD2B; RERE; 

EIF4ENFIF1 

UDF-B11 10 3 2 (20%) CRKL; YLPM1 

UDF-B2 11 11 5 (45%) 
FIL1L1; KMT2C; TSC1; 

SCML2; PACS1 

UDF-B2A 10 10 4 (40%) 
PI4K2B; NUP133; 

MARK3; EIF4E 

UDF-63 14 1 0 (0%)  

     

Total 117 75 64 (55%)  
1Number of independent sites out of total. 
2Determined by NCBI BLAST search. Percentage of total sequenced clones given in parentheses. 
3NCBI Gene acronyms. If multiple clones found, total number given in parentheses. 
4Six total clones sequenced. All other clones contain genomic insert too short to align with BLAT. 

 
 

Table 14. Summary of HIV-1 integration sites in cell lines. The integration sites of 117 clones 

were sequenced with 75 independent integration sites. 64 clones were determined to be located 

within a gene by NCBI BLAST search. The NCBI gene acronyms of the genes that were integrated 

are given above.  
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The mapping of DuoFlo HIV-1 integration sites in U937 cell lines 

The integration sites of latently infected, DF U937 cell lines were isolated and sequenced 

to characterize HIV-1 integration in monocyte-like cell lines. The latently infected cell lines 

analyzed include: UDF-B, -B11, -B2, and -B2A. The number of sequenced clones, number of 

independent integration sites, and integration site gene locations for each U937 cell line is listed in 

Tables 15-18. The UDF-B, -B2, and -B2A cell lines were predicted to be polyclonal cell lines. This 

was confirmed by 35% of UDF-B clones having integration sites in the TRIM24, ITSN1, CRKL, 

DIP2A, STAT5B, ATAD2B, RERE, and EIF4ENIF1 genes (Table 15). 83% of UDF-B2 clones 

have integration sites in the FIP1L1, KMT2C, TSC1, SCML2, and PACS1 genes (Table 17). 33% 

of UDF-B2A clones had integration sites in the PI4K2B, NUP133, and MARK3 genes (Table 18). 

The UDF-BB1 cell line was predicted to be a monoclonal integrant cell line, 20% of clones had 

integration sites in the CRKL and YLPM1 genes, suggesting at least 2 integration sites are present. 

(Table 16). The integration site of each U937 cell line is summarized in Table 14. 

 

 

 

 

 

 

 

 

 

 

 

 

 



70 
 

 

Sequence Clone Chromosome  Position Strand Gene 

UDF-B_1 13 89094901 + none 

UDF-B_3 21 28973550 - none 

ah_UDF-B_2-SP6 7 138488486 - TRIM24 

ah_UDF-B_3-SP6 21 33673021 + ITSN1 

ah_UDF-B_5-SP6 22 20934063 + CRKL 

ah UDF-B_7-SP6  12 54454974 - none 

ah UDF-B_10-SP6 21 46530402 + DIP2A 

ah UDF-B_12-SP6 20 172830 + none 

ah UDF-B_1-SP6 11 59560335 - none 

ah UDF-B_5-SP6 6 34769822 + none 

ah UDF-B_6-SP6 11 59560335 - none 

ahUDF-B_9-SP6 17 42230679 - STAT5B 

ahUDF-B_10-SP6 

(4.2.19) 
6 44113552 + none 

ahUDF-B_11-SP6 10 105825699 + none 

ahUDF-B_12-SP6 

(14.2.19) 
2 23808291 - ATAD2B 

ah UDF-B_19-SP6 6 128621624 - none 

ah UDF-B_20-SP6 20 46069213 + none 

ah UDF-B_22-SP6 16 70235305 + none 

ah UDF-B_23-SP6 15 77430459 - none 

ah UDF-B_26-SP6 1 8671681 + RERE 

ah UDF-B_27-SP6 22 31439072 - EIF4ENIF1 

ah UDF-B_28-SP6 2 160392097 - none 

ah UDF-B_30-SP6 2 238195196 - none 

 

 

Table 15. Summary of HIV-1 integration sites in UDF-B cell line. The integration sites of 23 

clones were sequenced with 22 independent integration sites. 8 clones were determined to be 

located within a gene by NCBI BLAST search. The NCBI gene acronyms of the genes that were 

integrated are given above.  
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Sequence Clone Chromosome  Position Strand Gene 

UDF-B11_1 22 20934063 + CRKL 

UDF-B11_2 14 74816737 - YLPM1 

ahUDF-B11_1-SP6 14 74816736 + none 

ahUDF-B11_2-SP6 14 95998598 - none 

ah UDF-B11_3-SP6 14 95998598 + none 

ah UDF-B11_4-SP6 14 95998598 + none 

ah UDF-B11_5-SP6 14 95998598 - none 

ah UDF-B11_6-SP6 14 95998598 + none 

ah UDF-B11_7-SP6 14 95998598 + none 

ah UDF-B11_8-SP6 14 95998598 - none 

 

 

Table 16. Summary of HIV-1 integration sites in UDF-B11 cell line. The integration sites of 10 

clones were sequenced with 5 independent integration sites. Two clones were determined to be 

located within a gene by NCBI BLAST search. The NCBI gene acronyms of the genes that were 

integrated are given above.  

 

 

 

Sequence Clone Chromosome  Position Strand Gene 

ah UDF-B2_1-SP6 12 54826935 + none 

ah UDF-B2_3-SP6 4 53390351 - FIP1L1 

ah UDF-B2_5-SP6 7 152294466 - KMT2C 

ah UDF-B2_6-SP6 9 132903049 + TSC1 

ah UDF-B2_7-SP6 X 18325788 + SCML2 

ahUDF-B2_14-SP6 11 66085561 - PACS1 

 

 

Table 17. Summary of HIV-1 integration sites in UDF-B2 cell line. The integration sites of 6 

clones were sequenced with 6 independent integration sites. Five clones were determined to be 

located within a gene by NCBI BLAST search. The NCBI gene acronyms of the genes that were 

integrated are given above.  
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Sequence Clone Chromosome  Position Strand Gene 

ah UDF-B2A_1-SP6 9 136457578 - none 

ah UDF-B2A_3-SP6 17 56844139 - none 

ah UDF-B2A_5-SP6 4 25267163 - PI4K2B 

ah UDF-B2A_6-SP6 18 54373913 + none 

ahUDF-B2A_10-SP6 14 36299960 + none 

ahUDF-B2A_12-SP6 6 44113552 - none 

ahUDF-B2A_13-SP6 1 229499070 + NUP133 

ahUDF-B2A_14-SP6 5 180063030 + none 

ahUDF-B2A_15-SP6 14 103407977 - MARK3 

 

 

Table 18. Summary of HIV-1 integration sites in UDF-B2A cell line. The integration sites of 9 

clones were sequenced with 9 independent integration sites. 3 clones were determined to be located 

within a gene by NCBI BLAST search. The NCBI gene acronyms of the genes that were integrated 

are given above.  
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A.4. Discussion 

Primary cell models of HIV-1 latency have been shown to have relatively lower 

reactivation capacities in response to activating stimuli compared to cell line models (83). Cell lines 

provide greater reliability through reproducibly high levels of reactivation and inherently lower 

variability compared to human donors, which is why cell line models can be advantageous for HIV 

latency studies, especially for proteomic screens. However, challenge remains that no single cell 

line is likely to absolutely mimic latency similar to patient cells or primary cell models. In this 

study, we characterized the reactivation potentials of monoclonal and polyclonal CD4+ T cell lines 

in response treatments from a panel of reactivation drugs to create a cell model library, and my role 

was to map their integration sites. 

When coupled with the reactivation data, identifying the genomic location of the virus will 

lead to a better understanding of the genetic factors involved in the viral reactivation. Genes with 

well characterized promoters and transcription mechanisms can be used to study the mechanisms 

of HIV-1 latency by manipulation the transcriptional factors of the gene. Latency reactivation drugs 

in development can also be tested on these known promoters to understand their efficiency. Using 

the methods described in this study, the cell model library can continue to be expanded with new 

models with different integration sites. Overall, this study created a source of characterized cell 

models to be utilized by investigators in futures studies to further the understandings of HIV-1 and 

the mechanisms of HIV-1 latency. 
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