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The elimination of human immunodeficiency virus (HIV-1) from the body presents a 

challenge, even with the advent of effective antiretroviral therapy (ART). Although ART 

successfully manages HIV-1 infection, it does not completely eliminate the viral reservoir from 

the body. Antiviral drugs are inefficient in crossing the blood-brain barrier (BBB) and are thus 

unable to suppress the viral reservoir of HIV-1 in the central nervous system (CNS). The blood-

brain barrier is a critically important protective barrier that is involved in providing essential 

biologic, physiologic, and immunologic separation between the central nervous system (CNS) and 

the periphery. HIV-1-infected monocytes from the periphery cross the BBB and establish 

themselves in the CNS as perivascular macrophages within the first 14 days of HIV-1 infection, 

yet the exact method of transmigration is still unknown. Our laboratory is developing an in vitro 

HIV-1-CNS model to understand the role of different cell lineages including blood brain barrier 

endothelial cells. To determine how the HIV-1 target cell types that cross the BBB, and establish 

infection in CNS, first I assessed the viral replication kinetics using THP-1 monocytes and primary 

human monocytes. I then infected target cells with HIV-1-reporter viruses, allowed the cells to 

differentiate and determined the amount of infectious virus, p24 and RNA, both pre- and post-

infection. I then determined how HIV-1-infected monocytes and macrophages cross the BBB and 

establish infection in the brain to better develop future antiviral drugs.  
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1.0 The Impact of HIV-1 

Human Immunodeficiency virus (HIV-1) is a highly pathogenic retrovirus that infects 

humans and in advanced stages, can lead to the development of acquired immune deficiency 

syndrome (AIDS) (1). According to the World Health Organization (WHO), at the end of 2021 an 

estimated 38.4 million people were living with HIV-1 (PLWH), with an annual average of 1.5 

million new infections and 650,000 deaths worldwide, with Africa accounting for two-thirds of 

the infected population (2).  

After initial infection, infected individuals experience flu-like symptoms including fever, 

headache, rash, and sore throat. As the infection progresses, the immune system begins to weaken, 

leading to new symptoms including chills, weight loss, nausea, and diarrhea. Without treatment, 

the risk of co-infections from other pathogens, such as bacterial and fungal infections, greatly 

increases, making it harder for the immune system to clear opportunistic infections (3).  

Currently, there is no cure for HIV-1, however, there are a variety of antiretroviral therapy 

(ART) drugs that are highly effective in inhibiting HIV-1 replication and when used in 

combination and taken consistently, can lead to a prolonged life and the suppression of viral 

detection within infected individuals (4).  

1.1 HIV-1 Biology 

HIV-1 is a blood-borne pathogen, that can enter mucosal surfaces via sexual contact 

between individuals with detectable viral load, child delivery from an infected mother to the 
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newborn baby, and percutaneous inoculation i.e., sharing needles between individuals with a 

detectable viral load (5, 6). HIV-1 targets host immune cells, such as lymphocytes and 

macrophages, specifically CD4+ T helper cells. These T cells can express one or both HIV-1-co-

receptors, CCR5 and CXCR4. Upon entry, the single-stranded viral RNA is reverse transcribed 

into double-stranded viral DNA and integrates into the host chromosome, establishing a persistent 

infection. Viral DNA then undergoes transcription and translation, producing viral proteins that 

are necessary for the construction of HIV-1 virions (7, 8). Newly synthesized viral proteins and 

RNA are trafficked to the viral assembly site on the host cell membrane. Once assembled, virions 

bud out of the host cell, and mature infectious virions spread to other host cells beginning the cycle 

again (9). As infection progresses, high levels of HIV-1 replication occur in the gut-associated 

lymphoid tissues where the majority of susceptible memory T cells reside (4). HIV-1 causes severe 

infection in these lymphocytes which stimulates an intense inflammatory response, causing a 

drastic depletion in T cells leading to immunodeficiency and susceptibility to infections. The 

ability of the virus to systemically infect the host via the blood stream, as well as its ability to 

deplete T cells, creates a deadly combination that can cripple the host (10, 11).  

Serological tests are used to screen for viral DNA. Antibody tests, like p24 enzyme-linked 

immunosorbent assay (ELISA), are used to rapidly detect viral p24 antigen, the most abundant 

HIV-1 protein essential for capsid assembly (12). Additionally, the number of CD4+ T cells reveals 

the degree of immunodeficiency, as well as the stage of infection. People living with HIV-1 

(PLWH) who have a CD4+ T cell count of 200 or fewer per mm3 have progressed to AIDS (13, 

14). But thanks to the advancements in science, there are multiple ART drugs available that can 

restore CD4+ T cell counts and decrease the viral load in the host periphery. 
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For PLWH, ART drugs are the best course of treatment to suppress viral load and 

ultimately, ensure longevity and quality of life. There are a multitude of ART drugs that target and 

block essential viral molecules, as well as specific stages of the viral life cycle, that are required 

for the successful replication and production of HIV-1. For example, Tenofovir and Lamivudine 

are nucleoside/nucleotide reverse transcriptase inhibitors (NRTI) approved by the FDA in 2001. 

NRTIs are manufactured as a prodrug, meaning it needs to enter the host cell and become 

phosphorylated before it is activated. NRTIs lack the 3’-hydroxyl group, usually attached to the 

deoxyribose sugar, which eliminates the progression of the viral DNA chain by preventing the 

formation of phosphodiester bonds and preventing incoming viral 5’-nucleoside triphosphates 

from attaching. Another example, Raltegravir approved by the FDA in 2007 and more recently, 

Cabotegravir approved in 2021, are integrase inhibitors. Integrase is responsible for catalyzing the 

integration of viral double stranded DNA into the host chromosome by ligating the 3’ ends of the 

viral DNA into the host DNA through a process called strand transfer. Integrase inhibitors bind to 

the catalytic domain and block the strand transfer reaction (4, 15, 16). HIV-1 mutates frequently 

due to its low-fidelity polymerase, which contributes to genetic diversity. The high genetic 

variability amongst these thousands of circulating species can lead to drug resistance, which means 

treating HIV-1 with one type of antiretroviral drug is just not enough. By combining several of 

these potent target-specific drugs, CD4+ T lymphocyte numbers increase, indicating host immune 

reconstitution that is sufficient enough to reverse the clinical effects of immunodeficiency, and the 

suppression of viral load to undetectable levels: Undetectable = Untransmissible (14, 17). 
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1.2 HIV-1 Associated Comorbidities 

Although the development and deployment of combination antiretroviral therapy (cART) 

has changed HIV-1 diagnosis from a death sentence to a livable chronic disease, HIV-1 associated 

comorbidities are on the rise. Furthermore, many of these drugs are unable to penetrate the central 

nervous system (CNS) and are unable to suppress viral load, especially within the CNS 

compartment (18, 19). There is an estimated 20-50% of PLWH may experience a variety of 

neurocognitive dysfunctions associated with HIV-1 infection, more commonly known as HAND 

(20–22). HIV-1 associated neurocognitive diseases (HAND) can be divided into three categories: 

asymptomatic neurocognitive impairment (ANI), mild neurocognitive disorder (MND), and HIV-

1-associated dementia (HAD). Individuals with ANI exhibit mild impairment in two or more 

cognitive areas, although it does not interfere with normal functioning. Individuals with MND 

exhibit mild to moderate impairment in two or more cognitive areas, resulting in the mild 

interference of normal daily functions. Lastly, HAD, which is very rarely seen in PLWH, is 

described as exhibiting moderate to severe cognitive deficits resulting in the substantial 

interference with everyday functions, preventing an individual from employment and the ability 

to live independently (23–25). Currently in the cART era, the prevalence for HAD has significantly 

decreased from 20% to 5% in PLWH, while the prevalence for the milder cases of HAND, ANI 

and MND, have increased to 30% and 20%, respectively (26). A comparative analysis by Heaton 

et al., evaluated PLWH and people who are HIV-1 seronegative from the pre- and post-cART era, 

and found that PLWH from the pre-cART era had a greater impairment in motor skills and 

cognitive functioning, whereas in the post-cART era PLWH exhibit impairments in the cortical 

area, affecting executive function and impairments in memory, specifically prospective memory 

(22, 27).  
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Although the symptoms of HAND do not appear until the much later stages of HIV-

infection, there is evidence that HIV-1 enters the brain early in the acute infection, within two 

weeks of initial infection (24, 28). Once the virus enters the bloodstream, these virions infect 

monocytes that migrate across the blood-brain barrier (BBB) and enter the CNS to establish 

infection. These infected monocytes differentiate into perivascular macrophages that are capable 

of productive HIV-1 infection in the CNS (29, 30). These macrophages infect other CNS target 

cells, such as microglia and resident macrophages. These cell types in the CNS act as HIV-1 

reservoirs, where the virus accumulates in vesicles, slowly disseminating viral DNA and proteins 

that contribute to the degradation of the CNS. Other CNS cells include astrocytes that can harbor 

HIV-1, but cannot support the production of infectious virus and HIV-1 replication, making them 

a poor target for therapeutics (31, 32). Because the use of cART extends the life of PLWH, the 

disease results in a longer chronic inflammatory state induced by the production of both, HIV-1 

virions in the periphery and in the CNS. The chronic inflammatory state leads to the deterioration 

of the BBB and formation of HAND in the late stages of disease. 

1.3 Blood-Brain Barrier 

All organisms with a well-developed central nervous system (CNS) have a blood-brain 

barrier (BBB). The BBB is a protective, selectively permeable barrier that is essential in 

maintaining a precisely regulated microenvironment that protects the neural tissues from infectious 

agents and other cytotoxic molecules circulating in the periphery (33). The BBB is a multi-cellular 

unit that is comprised of different cell lineages, including endothelial cells, astrocytes, and 

pericytes (Fig. 1). 
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Figure 1. Multi-cellular blood-brain barrier. Depicted above are the cellular components of the blood-brain 

barrier including endothelial cells, tight junctions, astrocytes, pericytes, and microglia (Ref: He et al. 2018) 

(34). 

1.3.1 Brain Microvascular Endothelial Cells 

The BBB endothelial cells, also known as brain microvascular endothelial cells (BMECs), 

form the walls of blood vessels in contact with the brain (35). These unique endothelial cells found 

only in the brain, have specialized tight junctions (TJs) and adherens junctions (AJs) between each 

cell that are responsible for reducing the permeation of ions, large macromolecules and toxins via 

paracellular diffusion between endothelial cells from the periphery to the CNS (36, 37). In AJs, 

cadherin proteins make up the structural support of the cell and are anchored down to the cytoplasm 

via -, - and -catenin scaffolding proteins. TJs are also anchored down to the cytoplasm but by 

a different set of scaffolding proteins, ZO-1, ZO-2 and ZO-3, and are made up of occludins and 

claudins (38, 39). These BMECs also lack fenestrations – round transcellular pores found in the 

endothelium of organs where a higher rate of exchange between intra- and extravascular 
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compartments is required, such as endocrine tissue and GI mucosa. The lack of fenestrations also 

helps in preventing blood-borne pathogens from entering the CNS (40, 41). The highly selective 

nature of the BBB and the high energy demand of the brain create the need for nutrient transporters 

that facilitate the intake of various nutrients, including glucose, amino acids, and other nutrients 

needed for neuronal growth and function. Additionally, efflux pumps actively eliminate waste and 

toxic substances from the brain parenchyma (42–44). The BBB-specific endothelial cells make up 

the base of this intricate multi-cellular neurovascular unit.  

1.3.2 Astrocytes 

Astrocytes are CNS glial cells responsible for maintaining the homeostasis of the brain 

environment by providing nutrients to neurons and controlling the pH environment around the 

brain parenchyma (45). Astrocytes use their end feet to ensheath the entirety of the blood vessel, 

allowing for the uptake of nutrients as well as the control of blood flow by regulating the dilation 

and constriction of micro vessels (46, 47). Studies have shown that astrocytes can upregulate 

certain features of the BBB including, increased expression of efflux transporters and tighter TJs 

and AJs (43). Specifically, the secretion of laminins by the astrocytes are pertinent in maintaining 

BBB integrity, and their depletion leads to the reduction of TJ integrity within BMECs and a 

decreased expression of Aquaporin-4 (AQP4), whose function is to maintain water homeostasis 

within the CNS (48, 49). The main role of astrocytes is to support a healthy BBB by regulating 

and nourishing BMECs. 
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1.3.3 Pericytes 

Pericytes, just like astrocytes, are responsible for maintaining the integrity of the BBB and 

the regulation of blood flow within the CNS (50). Pericytes are connective tissue cells that 

physically interact with BMECs, astrocytes and neurons to form gap junctions and allow for ions 

and nutrients to pass and strengthen the brain (51, 52). Recent studies have described two main 

functions of pericytes in the BBB: an increased expression of BBB-specific genes within BMECs, 

maintaining their differentiation, and inducing polarization of astrocyte endfeet around the CNS 

blood vessels, contributing to the regulation of cerebral blood flow (53). Although little is still 

known about pericytes, we do know their interaction with the rest of the BBB cells is needed to 

maintain a healthy brain environment.  

1.3.4 Perivascular Macrophages 

Perivascular macrophages (PVM) are a distinct population of myeloid cells with 

phagocytic function, located in the perivascular space surrounding blood vessels as they penetrate 

deep into the brain tissue (54). PVMs are elongated in shape, contain the surface markers CD163, 

CD206, and CD68, and are absent of smooth muscle actin and the microglial specific marker 

P2RY12, differentiating them from pericytes and microglia (55–57). The area postrema is a part 

of the brainstem that lacks tight junctions resulting in high BBB permeability. PVMs located in 

this region contribute to BBB integrity by isolating and preventing large proteins circulating in the 

periphery from penetrating the BBB by engulfing these unwanted molecules via phagocytosis (58). 

However, PVMs have been known to accumulate at damaged blood vessels after a BBB injury, 
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phagocytosing BMECs, indicating their ability to participate in BBB disruption under abnormal 

brain functioning (59).  

1.3.5 Microglia 

Microglial cells are small neuroglial cells located in the brain and spinal cord that are 

mesodermal in origin, differentiating them from neurons (60). They originate from erythromyeloid 

progenitor cells in the yolk sac during embryogenesis and develop the CNS, making them the main 

resident cells of the brain (61). They are known as the ‘professional phagocytes’ of the brain, 

recognizing cells that are about to undergo cell death within the CNS and eliminating them entirely 

(62). Upon activation, microglia become very mobile and rapidly make their way to the site of 

brain damage, releasing a plethora of cytokines, chemokines, and other neurotoxic proteins that 

contribute to neuroinflammatory effects of HAND (18, 63). Microglia cells are highly susceptible 

to HIV-1 infection, supporting the production of infectious virions via cell division, allowing HIV-

1 to persist in the brain and become one of the main HIV-1 reservoirs in the CNS (64–66). 

1.4 HIV-1 Infection of the Central Nervous System 

Current research suggests that HIV-1 enters the brain within the first 14 days of acute 

infection (24, 67). Using the ‘Trojan horse’ model, HIV-1 enters the brain via infected peripheral 

blood monocytes or as free virion particles, both of which migrate across the BBB (29, 31, 68). As 

infected monocytes cross the BBB, they differentiate into perivascular macrophages and establish 

HIV-1 infection within the CNS, as illustrated in Figure 2 (69, 70). Peripheral blood monocytes 
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can be broken down into separate subpopulations, each with a distinct set of functions and surface 

markers.  

 

Figure 2. HIV-1-infected monocytes from the periphery crossing the blood-brain barrier into the CNS. The 

image above depicts entry of HIV-1 into the CNS via monocytes and free virions that cross the BBB. Infected 

micorglia release anti-inflammatory cytokines that damage the endothelial cells, allowing more infected 

monocytes to cross and establish themselves as perivascular macrophages in the CNS (Ref: Machado 

Andrade et al. 2019) (19). 

 

Monocytes express two surface markers: CD14, the LPS receptor, and CD16, the FcIII 

receptor. About 90-95% of circulating monocytes within the periphery only express CD14 and are 

known as CD14+/CD16- monocytes. About 5-10% of the circulating monocytes express both 

markers, CD14 and CD16 (71, 72). Upon HIV-1 infection, CD14+/CD16+ monocytes proliferate 

within the periphery and become highly permissible to HIV-1 infection (73). CD14+/CD16+ cells 

have been found in brain biopsy tissues of people who have succumbed to HIV-1-related illnesses, 
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allowing their use as predictive markers for cognitive decline in PLWH (74). During the course of 

HIV-1 infection, CCL2, a monocyte chemoattractant, is greatly increased in the CSF of PLWH 

who exhibit cognitive decline. The increased expression of CCR2 on monocytes indicates diseases 

characterized by chronic inflammation and increased trafficking of CD14+/CD16+ monocytes 

across the BBB to infiltrate the CNS.  

Additionally, researchers have found that the process of monocyte transmigration across 

the BBB is also facilitated by the increased expression of multiple tight junction proteins and 

adhesion molecules on the surface of monocytes, specifically, junctional adhesion molecule-A 

(JAM-A), activated leukocyte cell adhesion molecule (ALCAM), platelet endothelial cell adhesion 

molecule 1 (PECAM-1), and CD99 (75–78). More importantly, JAM-A, ALCAM, and CCL2 

directly impact transmigration of CD14+/CD16+ monocytes across the BBB, and when 

downregulated on the surface of endothelial cells, permit the migration of these infected 

monocytes from the periphery into the CNS (75). William et al. showed that CD14+/CD16+ 

monocytes that have been infected with HIV-1 at very low levels, can somehow maintain the 

upregulated expression of CCR2 on the surface and still produce an exuberant transmigration 

response to CCL2. This means that PLWH who are consistently taking their cART treatment can 

still become susceptible to neurocognitive impairment since viral load does not determine 

transmigration (79).  

Once these HIV-1-infected CD14+/CD16+ monocytes cross into the CNS, HIV-1 persists 

in perivascular macrophages and microglial cells. Studies have shown that CD68+ macrophages 

within the brain tissue of cART-treated, virologically suppressed individuals contain actively 

replicating HIV DNA and RNA, as well as the viral envelope protein gp120, the viral accessory 

protein Vpr, and the viral transcriptional activator Tat, providing evidence of an HIV-1 
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macrophage reservoir, causing ongoing neuroinflammation and severe neuronal damage that could 

possibly contribute to the development of HAND (80–84). While CD4+ resting T cells are the 

major viral reservoir of HIV-1 infection, it is important to view the CNS as another potential HIV-

1 viral reservoir. In some chronic HIV-1 infections, viral RNA can be found at higher 

concentrations in the CSF than in the blood, indicating a high amount of viral load in the brain and 

low amounts of antiretroviral drugs in the CNS.  

Although there are ART drugs that have high CNS penetration effectiveness (CPE), a study 

found that these types of drugs failed to reduce the effect of neurocognitive performance disorder 

and instead functions declined or became worse. This prompted researchers to conclude that CPE 

cART regimens might actually be neurotoxic and enhance the persistence of HAND (20). 

Therapeutic strategies that aim to decrease the entry of HIV-1-infected CD14+CD16+ monocytes 

should target the surface markers JAM-A, ALCAM, and CCR2 to help eliminate viral reservoirs 

in the CNS and eradicate the symptoms of HAND. Thus, a better understanding of HIV-1 infection 

in the CNS is required to further develop therapeutics to target CNS reservoirs. 
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2.0 Specific Aims 

Although antiretroviral therapy (ART) is effective in suppressing HIV-1 viral load from 

the periphery, these drugs are unable to cross over the blood-brain barrier (BBB) into the central 

nervous system (CNS) to eliminate viral reservoirs. The BBB is a highly selective protection 

barrier that is essential in maintaining homeostasis of the CNS. However, upon HIV-1 infection, 

infected monocytes from the periphery establish themselves in the CNS as HIV-1 viral 

targets/reservoirs, leading to the development of HIV-1 associated neurocognitive disorder 

(HAND). Since the exact mechanism of transmigration of infected monocytes across the BBB is 

still unknown due to the inability to study HIV-1 in the brain, our laboratory is developing an in 

vitro HIV-1-CNS model to understand the role of different cell lineages, including brain 

microvascular endothelial cells (BMECs). I hypothesize that the integrity of the blood-brain 

barrier plays a role in transmigration of infected monocytes from the periphery to the CNS. The 

hCMEC/D3 cell line will mimic the brain microvascular endothelial cells (BMECs) and create an 

in vitro blood-brain barrier. To test and validate my hypothesis, I propose the following aims using 

THP-1 monocytes and PMA-induced THP-1 macrophages: 

Aim 1: Characterize HIV-1-virus infection in monocytes and macrophages in vitro. 

A. Differentiate THP-1 monocytes to macrophage phenotype. 

B. Generate viral stocks with and without VSV-G-Env for pseudotyping. 

C. Standardize infection and measure viral kinetics in THP-1 monocytes and PMA-

induced THP-1 macrophages. 

D. Differentiate human primary monocytes to macrophage phenotype. 
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Aim 2: Understand the transmigration of infected monocytes and macrophages 

across the BBB in vitro. 

A. Create the BBB by growing hCMEC/D3 brain endothelial cells in a Transwell 

set up. 

B. Study the transmigration of infected THP-1 monocytes and THP-1 macrophages 

across the BBB. 
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3.0 Materials and Methods 

3.1 Cell Culture 

HEK-293T, HMC3, and TZM-bl cells were cultured in DMEM (Gibco) containing 10% 

fetal bovine serum (Gibco), 1% (vol/vol) streptomycin/penicillin (Gibco), and 0.002% 

Plasmocin (D10; InvivoGen), maintained at 37°C in 5% CO2. THP-1 monocytes were similarly 

maintained and cultured in RPMI-1640 containing 10% fetal bovine serum, 1% 

streptomycin/penicillin, and 0.002% Plasmocin  (R10). 

3.1.1 Differentiation of THP-1 Monocytes to Macrophages 

THP-1 monocytes were differentiated with 10 ng/mL of phorbol 12-myristate 13-acetate 

(PMA; Millipore Sigma) (85, 86). THP-1 monocytes were seeded at 1.0 x 105 cells in R10 + PMA 

and incubated at 37°C in 5% CO2 for overnight. The next day, culture media was removed, the 

cells washed with PBS and replaced with R10 culture media and rested for 72 hours. 

3.1.2 Differentiation of Human Primary Monocytes to Macrophages 

A frozen vial of peripheral blood mononuclear cells (PBMCs) was thawed in 37°C water 

bath for two minutes and centrifuged in a 15 mL conical tube containing culture media at 1200 

rpm for five minutes, counted and washed for CD14+ cell separation. CD14 microbeads (Miltenyi 

Biotec) and MACS buffer (PBS pH 7.2, 0.5% bovine serum albumin, 2 mM EDTA) were added 
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at a ratio of 20 L:10 million cells and 80 L:10 million cells, respectively, and incubated at 4°C 

for 15 minutes. CD14+ cells were separated from PBMCs via MACS LS column and MACS 

magnet separator (Miltenyi Biotec). Isolated CD14+ cells were counted, seeded at 3.0 x 105 cells 

per well in a 24-well tissue culture plate, and maintained in DMEM containing 10% fetal bovine 

serum, 1% streptomycin/penicillin, and 0.002% Plasmocin.  

The first half of the plate contained an additional 50 ng/mL sargramostin (granulocyte 

macrophage colony-stimulating factor [GM-CSF]; Sanofi) and 50 ng/L filgrastim (macrophage 

colony-stimulating factor [M-CSF]; Amgen Inc.) to differentiate CD14+ monocytes for seven days 

prior to infection. Media and growth factors were replenished every three days. The second half 

of the plate rested for 24 hours prior to infection. 

3.1.3 Blood-Brain Barrier Cells 

hCMEC/D3 (Millipore Sigma) cells were cultured in EndoGROTM-MV complete media 

(0.2% EndoGRO-LS Supplement, 5 ng/mL rh EGF, 10 mM L-Glutamine, 1.0 g/mL 

hydrocortisone hemisuccinate, 0.75 U/mL heparan sulfate, 50 g/mL ascorbic acid, 5% FBS; 

Millipore Sigma) supplemented with 1 ng/mL human recombinant fibroblast growth factor (FGF-

2; Millipore Sigma). Collagen Type I, Rat Tail (Millipore Sigma) was thawed and diluted 1:20 in 

1X PBS (Corning). 10 mL was used to coat a T75 flask and incubated at 37°C in 5% CO2 for one 

hour. hCMEC/D3 cells were thawed and centrifuged at 300 x g for 3 minutes, supernatant 

discarded, and resuspended in culture media. The collagen coating was aspirated from the flask 

and the cell solution plated and maintained at 37°C in 5% CO2.  
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3.2 Plasmid (Proviral) Preparation 

One liter of LB Broth was made by adding 5 g of bacto-tryptone (BD Biosciences), 5 g of 

sodium chloride (Fisher Scientific), 2.5 g of bacto-yeast (BD Biosciences) in 475 mL of distilled 

water and autoclaved for 20 minutes. In a one-liter Erlenmeyer flask, ampicillin (Sigma Aldrich) 

was diluted 1 L:1 mL in LB broth (40 L of ampicillin in 40 mL of LB broth). A small sample 

of the frozen glycerol stock labeled pNL(YU-2)EGFP was collected via micropipette tip and 

dropped into the Erlenmeyer flask, which shook overnight at 3000 rpm in 30°C.  

The next day, the sample turbidity was assessed and prepared for plasmid DNA purification 

via GeneJET Plasmid Maxi Prep Kit (Thermo Scientific). The bacterial culture was centrifuged at 

5000 x g for 10 minutes, the supernatant discarded, and the pellet resuspended in 6 mL of 

resuspension solution. Once the pellet was completely broken up, 6 mL of lysis solution was added 

and gently mixed by inverting five times and incubating for three minutes at room temperature. 6 

mL of neutralization solution was added and mixed by inverting seven times. 0.8 mL of endotoxin 

binding reagent was also added and inverted seven times then incubated at room temperature for 

five minutes.  

Next, the solution was centrifuged for 20 minutes at 48000 x g to remove cell debris and 

chromosomal DNA. The supernatant containing the plasmid DNA was transferred to a new 50 mL 

conical tube and an equal part of 96% ethanol was added. The lysate was centrifuged at 2000 x g 

for three minutes in a purification column with the flow-through discarded. After, 8 mL of wash 

solution I (with isopropanol) was added to the purification column, centrifuged for two minutes at 

3000 x g, with the flow-through discarded, and 8 mL of wash solution II (with ethanol) was added 

to the purification column, centrifuged for two minutes at 3000 x g, with the flow-through 



 18 

discarded. The wash solution II step was repeated again, followed by another round of 

centrifugation at 3000 x g for five minutes, with flow-through and collection tube discarded.  

Finally, the purification column containing the plasmid DNA was eluted with 500 L of 

autoclave water, and DNA concentration and purity was assessed via NanoDropTM 2000/2000c 

spectrophotometer and analysis software (Thermo Fisher). 

3.3 Virus Production and Titration 

3.3.1 Pseudotyping HIV-1 Virus Particles 

HEK293T cells were transfected by seeding 1.5 x 106 cells in 7 mL of culture media on 10 

cm2 tissue culture dishes and grown overnight to 80% confluency. One plate of cells was 

transfected with VSV-G-Env, that included 4 g of proviral DNA + 1 g of VSV-G-Env, and the 

other plate was absent of VSV-G-Env containing 5 g of plasmid DNA, along with 15 L of 

PolyJetTM (SignaGen) diluted in 500 L of DMEM, which was then added dropwise to each plate. 

16 hours post-transfection, the media was removed from each plate and the cells washed with PBS 

and replaced by 11 mL of culture media and incubated at 37°C in 5% CO2 for 48 hours. 

Supernatants were harvested from each dish and centrifuged at 1000 rpm for five minutes and 

purified through a 0.45 m filter (Millipore Sigma) to remove cell debris. 
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3.3.2 Viral Titration 

Viral titers were assessed via TZM-bl assay using the transfected supernatants. 5.0 x 103 

TZM-bl cells were seeded in triplicate in a 96-well plate and grown overnight to 80% confluency. 

The cells were infected with 1:100, 1:10, 1:2, and undiluted quantities of virus and incubated for 

48 hours. The infected cells were washed, fixed, and stained with 1X DAPI for 5 minutes. The 

stained cells were then counted: when looking for optimal concentration, each well should contain 

a countable number of cells, between 50 and 150 cells stained, per well. Once the optimal 

concentration was found, each replicate was counted and averaged to yield the measure of 

infectivity in infectious particles per milliliter (IP/mL) using the following equation: 

𝐼𝑃

𝑚𝐿
= 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝐺𝐹𝑃

+
 cells ∗ dilution factor ∗ 1000 

3.4 Viral Infections and Replication Kinetics 

3.4.1 THP-1 Monocyte Infections 

THP-1 monocytes constitutively expressing mCherry were seeded at 1.0 x 105 cells per 

well in a 12-well plate and separately infected with pNL(YU-2)EGFP, pNL(YU-2)EGFP + VSV-

G-Env, pNL(BaL)iRFP, and pNL(BaL)iRFP + VSV-G-Env, at an MOI of 0.5 and 1.0, and 

incubated for 48 hours at 37°C in 5% CO2. Fluorescent cells were visualized with the EVOSTM 

M5000 microscope (Thermo Fisher). 

THP-1 monocytes were seeded at 5.0 x 105 cells per well in a 12-well plate and infected 

with pNL(YU-2)EGFP + VSV-G-Env and pNL(BaL)iRFP + VSV-G-Env at an MOI of 0.5 and 
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1.0 and incubated for 48 hours at 37°C in 5% CO2. Fluorescent cells were visualized with the 

EVOSTM M5000 microscope (Thermo Fisher).  

The first half of the plate was differentiated with 10 ng/mL of phorbol 12-myristate 13-

acetate (PMA; Millipore Sigma) and incubated for 24 hours, washed with PBS, and replenished 

with fresh culture media. Supernatant was collected on day 1, 3, 5, 7 and 9. 10 days post-infection, 

1 g/mL LPS was added to each well and incubated for 16 hours. Finally, the infected THP-1 

monocytes were centrifuged at 1600 rpm for 5 minutes, and the supernatant and pellet collected 

for cytokine analyses. The infected PMA-induced THP-1 macrophages supernatant was collected, 

the cells trypsinized with 0.05% trypsin EDTA for five minutes and centrifuged at 1600 rpm for 

five minutes, and the cell pellet collected for cytokine analyses. 

3.5 p24 Enzyme-Linked Immunosorbent Assay (ELISA) Quantification 

Harvested supernatant from infected THP-1 monocytes and PMA-induced THP-1 

macrophages were evaluated for HIV-1 p24 capsid protein production using HIV-1 p24CA antigen 

capture assay kit (Leidos).  

3.5.1 Plate Preparation 

100 L of capture antibody diluted 1:300 in DPBS (Quality Biological) mixed for 30 

minutes and then added to each well of a 96-well high binding ELISA plate (Corning) and 

incubated overnight at 4°C. The capture antibody was aspirated from the plate and patted dry on 

clean paper towels. 300 L of blocking solution (1% BSA in DPBS) was added to each well and 
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incubated for one hour at room temperature. Next, the blocking solution was aspirated from each 

well in the plate and washed with wash buffer (0.05% Tween®20 in PBS) five times using the 405 

LS microplate washer (BioTek). The plate was then rotated 180°, washed an additional five times, 

and thoroughly patted dry on clean paper towels. 

3.5.2 Assay Procedure 

Standards were created via serial dilution of p24 HIV-1 standard reagent (Leidos) and 

sample diluent (1% BSA, 0.002% Tween®20 in RPMI-1640, 0.45 m filter sterilized). 100 L of 

standards and sample was added to each respective well and incubated for two hours at 37°C in 

5% CO2. The plate was washed and dried as previously described, and 100 L of primary antibody 

diluted 1:300 with primary antibody diluent (1% fetal bovine serum, 0.02% normal mouse serum 

in RPMI-1640, 0.45 m filter sterilized) was added to each well and incubated for one hour at 

37°C in 5% CO2. The plate was washed and dried thoroughly, as previously described, then 100 

L of secondary antibody diluted 1:800 in secondary antibody diluent (1% Tween®20, 0.05% 

normal goat serum, 0.02% normal mouse serum in RPMI-1640, 0.45 m filter sterilized) was 

added to each well and incubated for one hour at 37°C in 5% CO2. For a final time, the plate is 

washed and thoroughly dried, as previously described, and 100 L of tetramethylbenzidine (TMB) 

peroxidase substrate (SeraCare) added to each well and incubated at room temperature for 25 

minutes. At this point, the color of the wells turned blue, with higher concentrations of p24 

showing a deeper blue color. Immediately after 25 minutes, 100 L of 1N HCl (37% HCl in 

distilled water) was added to each well to stop the reaction; upon addition, each well became bright 

yellow in color. Optical density was measured using the SpectraMax Plus 384 Microplate reader 
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(Molecular Devices) set at 450 nm and the SoftMax Pro 6 analysis software (Molecular Devices). 

Standard curves were produced using known concentrations and experimental absorbances. Linear 

trend lines were used to create an equation for calculating viral protein amounts in picogram per 

milliliter (pg/mL).  

3.6 Cytokine ELISA Quantification 

Harvested supernatant from infected THP-1 monocytes and PMA-induced THP-1 

macrophages were evaluated for TNF- and IL-1 production using Human TNF- DuoSet 

ELISA kit (R&D Systems) and Human IL-1/IL-1F2 DuoSet ELISA kit (R&D Systems).  

3.6.1 Plate Preparation 

100 L of capture antibody diluted to 4.0 g/mL in PBS was added to each well of a 96-

well high binding ELISA plate (Corning) and incubated overnight at room temperature. The 

capture antibody was aspirated from each well in the plate and washed with wash buffer (0.05% 

Tween®20 in PBS) three times using the 405 LS microplate washer (BioTek) and thoroughly 

patted dry on clean paper towels. 300 L of blocking solution (1% BSA in DPBS) was added to 

each well and incubated at room temperature for one hour. After, the blocking solution was 

aspirated and washed as previously stated.  
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3.6.2 Assay Procedure 

A seven-point standard curve for each cytokine standard was made and 100 L was added 

to the 96-well plate, including 100 L of each sample, and incubated at room temperature for two 

hours. The highest standard concentration was 1000 pg/mL for TNF-, and 250 pg/mL for IL-1. 

The plate was washed and thoroughly dried, as previously stated. Detection antibody was diluted 

50 ng/mL for TNF- and 75 ng/mL for IL-1, and 100 L added to their respective plates and 

incubated for two hours at room temperature. The plate was then washed and thoroughly dried, as 

previously stated. Streptavidin conjugated to horseradish-peroxidase (HRP) was diluted 1:40 in 

1% BSA, then 100 L added to each well and incubated for 20 minutes at room temperature. The 

plate was washed and thoroughly dried, as previously stated. 100 L of tetramethylbenzidine 

(TMB) peroxidase substrate (SeraCare) was added to each well and incubated at room temperature 

for 20 minutes, resulted in an increase in color change. Immediately after 20 minutes, 1N HCl was 

added to each well to stop the reaction, where each well changed color from blue to yellow. Optical 

density was measured using the SpectraMax Plus 384 Microplate reader (Molecular Devices) at 

450 nm and the SoftMax Pro 6 analysis software (Molecular Devices). Seven-point standard 

curves were produced using known concentrations and experimental absorbances. Linear trends 

were used to create an equation for calculating cytokine amounts in picogram per milliliter 

(pg/mL).  
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3.7 Quantitative Reverse Transcription Polymerase Chain Reaction (RT-qPCR) 

HIV-infected THP-1 monocytes were collected and centrifuged at 1200 rpm for five 

minutes at 4°C. HIV-1-infected PMA-induced THP-1 macrophages were also collected via 0.05% 

trypsin EDTA (Gibco) and centrifuged at 1200 rpm for five minutes at 4°C. After centrifuging, 

supernatants were discarded, and the pellets kept at 4°C for mRNA quantification using the 

GeneJET RNA Purification Kit (Thermo Fisher), the VeritiTM 96-well fast thermal cycler (Applied 

Biosystems), the ViiA 7 Real-Time PCR system (Applied Biosystems), and QuantStudio Real-

Time PCR System (Applied Biosystems) software analysis. All of samples, the reagents, and the 

PCR plate were kept on ice to maintain a constant 4°C temperature.  

3.7.1 RNA Extraction and Purification 

Each pelleted sample was resuspended in 600 L of lysis buffer supplemented with B-

mercaptoethanol (Sigma Aldrich) and vortexed for 10 seconds, until the mixture is homogenized. 

After adding 360 L of 96% ethanol to each sample, 700 L of the lysate was then transferred to 

the GeneJET RNA Purification column inserted into a collection tube, then centrifuged at 12000 

x g for one minute. The flow-through was discarded and the remaining lysate transferred to the 

purification for centrifugation and flow-through discarded. Next, 700 L of wash buffer was added 

to each sample, centrifuged at 12000 x g for one minute, and flow-through discarded. An additional 

600 L of wash buffer was added to the column and the centrifuge step repeated and flow-through 

discarded. A final 250 L of wash buffer was added to the column for a final centrifugation and 

the flow-through and collection tube are discarded, and the column transferred to a new sterile 

Eppendorf tube. 50 L of nuclease free water was added to the center of the GeneJET column and 
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centrifuged at 12000 x g for one minute to elute the RNA. RNA concentration and purity was 

assessed via NanoDropTM 2000/2000c spectrophotometer and analysis software (Thermo Fisher). 

3.7.2 Construction of cDNA 

cDNA was generated using the RNA isolated from the infected supernatants and the High-

Capacity cDNA Reverse Transcription (RT) Kit (Applied BiosystemsTM). A 2X RT master mix 

was prepared, containing 2 μL 10X RT buffer, 0.8 μL 25X dNTP mix, 2 μL 10X RT random 

primers, 1 μL MultiScribeTM RT, and 4.2 μL nuclease free water. Each reaction tube received 1 

μg RNA and nuclease free water was added to bring each reaction volume to 20 μL. Reaction tubes 

were mixed well and transferred to VeritiTM 96-well Thermal Cycler (Applied BiosystemsTM) 

under the condition in Table 1.  

 

Table 1. cDNA conversion reaction specifications. 

   Step 1 Step 2 Step 3 Step 4 

Temperature (°C) 25 37 85 4 

Time (minutes) 10 120 5  

 

3.7.3 RT-qPCR 

A master mix containing, 3 L cDNA, 8.75 L TaqManTM Master Mix II (Applied 

Biosystems), 0.875 L TaqManTM assay probes (Applied Biosystems) in nuclease free water, was 

created. The probes, GAG and GAPDH, were used in this experiment. Each sample was done in 
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triplicate, with 5 L of the total reaction added to the corresponding well of a 384-well plate and 

sealed with a cover. Under the conditions in Figure 3, an amplification curve was produced via 

ViiA 7 Real-Time PCR system (Applied Biosystems), and QuantStudio Real-Time PCR System 

(Applied Biosystems) analysis software. Fold change was calculated by the comparative Ct 

method, with normalization to an appropriate endogenous control.  

 

 

Figure 3. RT-qPCR reaction parameters. 

3.8 Incorporation of the Blood-Brain Barrier 

8.0 m Transwell (Corning) was coated with 100 L Collagen Type 1, Rat Tail 

(Millipore Sigma) diluted 1:20 in PBS (Corning) and incubated at 37°C in 5% CO2 for two hours. 

The collagen was aspirated and hCMEC/D3 (Millipore Sigma) cells were seeded at 6.8 x 103 cells 

in 100 L of EndoGROTM-MV complete media (Millipore Sigma) on each Transwell. The 

Transwell was placed in a 24-well containing 1 mL of hCMEC/D3 culture media and incubated 

at 37°C in 5% CO2 for 24 hours. After incubation, 500 L of hCMEC/D3 culture media in each 

well was removed and replaced with 500 L of R10. THP-1 monocytes separately infected with 
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pNL(YU-2)EGFP and pNL(BaL)iRFP at an MOI = 0.2, were counted and added to each 

corresponding Transwell. After 48 hours, each Transwell was removed and the amount of 

infected and non-infected monocytes were counted in each well. 
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4.0 Results 

4.1 Aim 1: Characterize HIV-1-Virus Infection in Monocytes and Macrophages in vitro. 

4.1.1 Differentiation of Macrophages from THP-1 Monocytes Using Phorbol 12-myristate 

13-acetate (PMA) 

To generate macrophages, PMA-induced differentiation of THP-1 monocytes, was 

performed to determine optimal concentration. Three different concentrations of PMA were 

selected and tested (85). THP-1 monocytes were seeded in separate wells with various 

concentrations of PMA for 24 hours, then rested in fresh culture media for an additional 72 hours 

(Fig. 4A). Results indicated 10.0 ng/mL of PMA was sufficient to induce adherent cells, with 

spindle-like, stellate morphology (Fig. 4B, white arrows). Based on these results, 10.0 ng/mL was 

selected for future infection assays using differentiated THP-1 monocytes.  
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Figure 4. Differentiation of THP-1 monocytes. (A) Monocytes were induced with various concentrations of 

PMA for 24 hours then washed with PBS and rested for an additional 72 hours. (B) Images represent 

morphology of PMA-induced THP-1 macrophages at various concentrations and are indicated by the white 

arrow. 

4.1.2 THP-1 Monocytes Require VSV-G-Env for HIV-1 infection 

Although HIV-1 infection in target cells such as CD4+ T cells does not require assistance 

of pseudotype receptor binding proteins, such as VSV-G-Env, some cell types, such as THP-1 

monocytes, require the additional assistance due to their lack of specific co-receptors.  

THP-1 monocytes constitutively expressing mCherry were used to determine viral 

infectivity. VSV-G-Env was pseudotyped with both pNL(YU-2)EGFP and pNL(BaL)iRFP 

proviral constructs. pNL(BaL)iRFP was a gift from the Dr. Zandrea Ambrose lab that was isolated 

from a lung lavage sample from a person infected with HIV-1 (Fig. 5A). pNL(YU-2)EGFP was 

previously constructed in our lab by cloning the env-containing region from the neurotropic YU-

2 isolate onto the NL4-3-EGFP-IRES-X4-tropic laboratory strain via restriction sites EcoRI and 
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BamHI (Fig. 5B) (87). Infection of pNL(YU-2)EGFP (Fig. 6A-C) and pNL(BaL)iRFP (Fig. 6G-

I) both without VSV-G-Env resulted in no replication of HIV-1 in THP-1 monocytes. However, 

VSV-G-Env complemented with pNL(YU-2)EGFP (Fig. 6D-F) and pNL(BaL)iRFP (Fig. 6J-L) 

resulted in the production and replication of HIV-1 within THP-1 monocytes, confirmed via 

fluorescence microscopy (Figure 6F, 6L white arrows).  

 

 

Figure 5. HIV-1 reporter viruses. (A) Genome of pNL(BaL)iRFP was a gift from the Zandrea Ambrose 

Laboratory. pNL(BaL)iRFP was constructed via insertion of the env-containing region of the CCR5 tropic 

BaL isolate onto the NL4-3-EGFP-IRES X4-tropic laboratory strain. (B) Construct of pNL(YU-2)EGFP 

constructed via insertion of the env-containing region of the neurotropic YU-2 isolate onto the NL4-3-EGFP-

IRES X4-tropic laboratory strain. 
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Figure 6. Infection of THP-1 monocytes with HIV-1 pseudovirus. mCherry-expressing THP-1 monocytes 

were infected with pNL(YU-2)EGFP without VSV-G-Env (A-C) and with VSV-G-Env (D-F), and infected 

with pNL(BaL)iRFP without VSV-G-Env (G-I) and with VSV-G-Enc (J-L). Infected cells are indicated by the 

white arrows. Images evaluated via fluorescence microscopy. 
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4.1.3 Assessment of Viral Kinetics in THP-1 Monocytes and PMA-Induced THP-1 

Macrophages 

4.1.3.1 Infection of PMA-Induced THP-1 Macrophages 

To assess the various viral effects on monocytes and macrophages, THP-1 monocytes were 

infected, differentiated, and their morphology observed every other day for 7 days (Fig. 7). At day 

7, the spindle fibers are more pronounced, exhibiting stellate morphology associated with 

monocyte differentiation into macrophages, as indicated by the white arrows. 

 

 

Figure 7. Infection of PMA-induced THP-1 macrophages. pNL(BaL)iRFP + VSV-G-Env (A) and pNL(YU-

2)EGFP + VSV-G-Env (B) infected THP-1 monocytes were diferentiated via PMA. Images show stages of 

differentiation at days 3, 5, and 7. Images evaluated via fluorescence microscopy. 

4.1.3.2 p24 Viral Protein Quantification 

Infection of THP-1 monocytes and PMA-induced THP-1 macrophages was further 

confirmed through p24 ELISA analysis. THP-1 monocytes were infected with pNL(YU-2)EGFP 
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+ VSV-G-Env and pNL(BaL)iRFP + VSV-G-Env. After 48 hours, half of the cells were 

differentiated with PMA and maintained for nine days. Supernatants were collected every other 

day for nine days and p24 antigen was measured via ELISA. Over the course of 9 days, p24 

concentration steadily increased in infected PMA-induced THP-1 macrophages (Fig. 8A-B, pink 

circles). THP-1 monocytes infected with pNL(YU-2)EGFP + VSV-G-Env resulted in a peak 

concentration of p24 at day 5 (Fig. 8A)  and pNL(BaL)iRFP + VSV-G-Env continued to produce 

p24 protein (Fig. 8B), indicating pNL(BaL)iRFP exhibits a robust infection. 

 

 

Figure 8. Quantification of viral replication in THP-1 monocytes and PMA-induced THP-1 macrophages. 

Cells were infected with pNL(YU-2)EGFP + VSV-G-Env (A) and pNL(BaL)iRFP + VSV-G-Env (B) and 

supernatant was collected every other day for p24 ELISA analysis (N=3). 

4.1.3.3 Gag expression quantification 

To further confirm the infectivity, infected THP-1 monocytes and PMA-induced THP-1 

macrophages were collected on day 9 and analyzed for gag RNA as marker of HIV-1 infection. 

RNA was extracted and used to generate cDNA for RT-qPCR analysis. Fold change was measured 

using the comparative Ct method, and normalized to an endogenous control, glyceraldehyde 3-
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phosphate dehydrogenase (GAPDH). The results show that both infections of pNL(YU-2)EGFP + 

VSV-G-Env and pNL(BaL)iRFP + VSV-G-Env, induced a higher expression of gag in 

undifferentiated monocytes than in macrophages (Fig. 9), surprisingly contradicting the previous 

experiment showing macrophages replicate HIV-1 at a level higher than infected THP-1 

monocytes.  

 

 

Figure 9. Expression of gag in THP-1 monocytes and PMA-induced macrophages. Gag expression in both 

infections was markedly low in macrophages (N=3, pink circles)  compared to monocytes (N=2, blue squares).  

4.1.3.4 Cytokine expression in response to Lipopolysaccharide (LPS) 

Viral infection is known to induce inflammatory cytokine expression; therefore, we tested 

the expression of TNF and IL-1 on infected and uninfected THP-1 monocytes via LPS 

activation. At 9 days post infection, supernatant was collected before the addition of culture media 

supplemented with 1 ng/mL of LPS. 16 hours later, the supernatant was collected again, and each 

was analyzed for TNF and IL-1 expression via cytokine ELISA. In each case, there was a 
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significant increase in TNF expression in both pNL(YU-2)EGFP + VSV-G-Env (p<0.01) and 

pNL(BaL)iRFP + VSV-G-Env (p<0.001) (Fig. 10) infected cultures, as expected from previous 

literature (88). Interestingly, pNL(BaL)iRFP + VSV-G-Env induced a stronger expression of 

TNF, compared to uninfected control. 

 

 

Figure 10. TNF expression in response to LPS. Expression of TNF was analyzed via cytokine ELISA and 

measured from supernatants collected 9 d.p.i. before LPS delivery, and 18 hours-post delivery. Statistical 

significance was determined by 2way ANOVA (p=0.05). 

 

The results of the IL-1 ELISA showed the opposite, with infected THP-1 monocytes 

expressing a lower amount of IL-1 (Fig. 11). However, when compared to/ the concentration of 

the two cytokines between experiments, we can see there is a much higher production of IL-1 

than TNF before LPS delivery. 
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Figure 11. IL-1 expression in response to LPS. Expression of IL-1 was analyzed via cytokine ELISA and 

measured from supernantants collected 9 d.p.i. before LPS delivery, and 18 hours-post delivery (N=3).  

4.1.4 Differentiation of CD14+ Monocytes to Macrophages 

Although THP-1 monocytes are the most common model to estimate modulation of 

monocyte and macrophage activity (89),  I repeated the analysis using human primary CD14+ 

monocytes as a physiologically relevant model. CD14+ monocytes were isolated from frozen 

stocks of PBMCs from an HIV-negative donor via CD14 isolation and MACS column separation. 

For six days, cells were supplemented with GM-CSF and M-CSF, replenishing media every three 

days, until stellate morphology was observed (Fig. 12). 
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Figure 12. Differentiation of human primary CD14+ monocytes. Media supplemented with GM-CSF and M-

CSF were cultured with CD14+ monocytes isolated from a frozen vial of PBMCs. Images taken with EVOS 

M5000. 

4.2 Aim 2: Understand the Transmigration of Infected Monocytes and Macrophages 

Across the BBB in vitro 

4.2.1 Infected THP-1 Monocytes Cross the BBB in vitro 

In order to understand how HIV-1-infected monocytes cross the BBB and establish 

themselves as perivascular macrophages in the CNS, we set up a transmigration model using THP-

1 cells and an 8.0 m Transwell inserted into the well of a tissue culture plate. Brain endothelial 

cells (hCMEC/D3) were seeded in the Transwell overnight and HIV-1-infected THP-1 

monocytes added to each Transwell the following day (Fig. 13). Each Transwell received 
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200,000 cells mixed with infected and uninfected THP-1 monocytes. After 48 hours, the 

Transwell was removed and cells were observed at the bottom of the well, with the hCMEC/D3 

cells still seeded in the Transwell . Cells that migrated to the bottom well were counted and the 

amount of infected and uninfected cells were graphed (Fig. 14). Infected cells were confirmed via 

fluorescence microscopy. In both infections and the control, the same number of THP-1 monocytes 

migrated across the Transwell, with uninfected cells migrating at a much higher rate than 

infected monocytes.  

 

 

Figure 13. Experimental design of infected THP-1 monocyte migration across the BBB. hCMEC/D3 brain 

endothelial cells were seeded in a Transwell for 24 hours before the addition of infected THP-1 monocytes. 
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Figure 14. Number of THP-1 monocytes across the BBB. 200,000 THP-1-infected monocytes were added to a 

Transwell set up. The cells that migrated across the Transwell were counted 48 hours later (N=3). 
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5.0 Conclusions and Discussion 

The progression of HIV-1 associated neurocognitive diseases is caused by HIV-1-infected 

monocytes transmigrating across the blood-brain barrier and establishing themselves as 

perivascular macrophages in the central nervous system (74, 75). However, our understanding of 

how infected monocytes from the periphery transmigrate into the CNS is limited due to the lack 

of a relevant in vitro blood-brain barrier model. The aims of my thesis are to improve the 

established in vitro 3D-brain organoid model by incorporating brain endothelial cells to mimic the 

blood-brain barrier. To accomplish this, I  proposed the following aims: characterize the mechanics 

of monocyte and macrophage infection in vitro and understand how infected monocytes 

transmigrate across the BBB in vitro.  

It is well established that HIV-1-infected macrophages become viral reservoirs capable of 

harboring viral DNA and producing low levels of viral protein to further the course of disease 

development. Within the CNS, the accumulation of these HIV-1-infected macrophages contributes 

to the neurological dysfunctions associated with HAND (20, 71, 80, 90). Therefore, I decided to 

test HIV-1 infection in both monocytes and macrophages to understand how each cell type 

responds to viral infection in vitro. To differentiate monocytes to macrophages, THP-1 monocytes 

were maintained in media supplemented with PMA, a mitogen that induces macrophage 

differentiation (85, 91). Three concentrations were chosen to test optimal differentiation of 

monocytes, 2.5 ng/mL, 5.0 ng/mL, and 10.0 ng/mL. After 72 hours, 5 ng/mL of PMA was able to 

induce adherent cells but was not enough to produce spindle-like fibers associated with 

macrophage morphology, and 2.5 ng/mL was not sufficient at all and resulted in non-adherent cells 

(Fig. 4B). A concentration of 10 ng/mL was capable of inducing adherent cells that exhibited 
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spindle-like fibers and stellate morphology of macrophages (Fig. 4), confirming the protocol by 

Baxter et al. and Smith et al. (85, 86).  

To study cellular immune responses in an in vitro model, THP-1 monocytic cells were used 

to standardize HIV-1 infection in cells capable of transmigrating across an in vitro BBB (89, 92). 

THP-1 cells are widely used to study both monocytes and macrophages as an alternative to primary  

human blood samples, due to the ease of access, long term storage, and high rate of replication 

(93). Before investigating transmigration, infection with HIV-reporter viruses was optimized using 

a VSV-G-Env pseudotyped virus. Studies have shown, pseudotyping VSV-G-Env with HIV-1 

isolates enables viral entry via endocytosis, circumventing CCR5 and CD4 co-receptors, as well 

as activating a robust infection, giving the virus a 20- to 130-fold higher infectivity (94–96). THP-

1 monocytes express very low levels of CD4 and CCR5, furthering the need to use VSV-G-Env 

pseudotyped virus in HIV-1 infection (97). THP-1 monocytes stably transduced with mCherry 

were used to determine cellular morphology and infection state with VSV-G-Env pseudotyped 

HIV-1 virus, resulted in HIV-1 viral entry and replication confirmed via fluorescent signal (Fig. 

6F, 6L). Infecting THP-1 monocytes with pseudotyped HIV-1 virus lacking VSV-G-Env did not 

result in infection, as the virus was unable to enter the cells (Fig. 6C, 6I). In addition, we 

differentiated pseudotyped infected THP-1 monocytes with 10 ng/mL of PMA and again observed 

viral replication within PMA-induced THP-1 macrophages via fluorescent signal (Fig. 7). Having 

confirmed that our pseudotyped virus could enter both THP-1 monocytes and PMA-induced 

macrophages, I next determined the viral replication kinetics to assess whether they exhibit any 

differences in vitro. 

To further confirm the visualization of viral replication within THP-1 monocytes and 

PMA-induced THP-1 macrophages, viral quantification was assessed via ELISA and RT-qPCR 
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analyses. The capsid protein of HIV-1, known as p24 viral antigen, is the most abundant viral 

protein and is present at high levels throughout all stages of HIV-1 infection (in the absence of 

ART) (98). PMA-induced THP-1 macrophages infected with HIV-1-reporter viruses, exhibited a 

steady increase in p24 viral replication (Fig. 8), an expected outcome since macrophages permit 

HIV-1 entry, support viral replication, and are relatively less prone to the cytopathic effects of 

HIV-1 (99, 100). The results obtained with the undifferentiated monocytes remain inconclusive. 

THP-1 monocytes infected with pNL(BaL)iRFP + VSV-G-Env resulted in robust viral replication, 

but pNL(YU-2)EGFP + VSV-G-Env infected monocytes produce less virus over time. It could be 

due to the fact that one virus has a higher level of infectivity than the other, and if time were 

extended, we could possibly see the downward slope of the replication peak seen in Fig. 8B. 

In addition to quantifying viral replication via p24 ELISA, I further confirmed viral 

replication by quantifying the expression of viral proteins, specifically gag gene expression. Gag 

is a major structural protein whose main functions include capsid formation, viral assembly, and 

intracellular trafficking (101, 102). More specifically, the gag gene encodes a precursor protein 

that is cleaved by protease into multiple different proteins, including p24 (103). Quantifying gag 

gene expression via RT-qPCR contradicted the decrease in p24 expression in monocytes, 

suggesting monocytes express gag at a higher fold change than differentiated macrophages (Fig. 

9). Due to time constraints, only one independent experiment was run, and when purifying the 

RNA from uninfected THP-1 monocytes, the concentration was insufficient to produce complete 

cDNA, needed to normalize the RT-qPCR data. In addition, one of the infected THP-1 monocyte 

samples had a triplicate sample that was half the Ct value as the other two replicates, possibly 

contributing to the vast range seen in pNL(BaL)iRFP undifferentiated monocytes (Fig. 9). 
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Additional replicative experiments are needed to conclusively determine the differential gag 

expression and p24 released in the supernatant between monocytes and macrophages. 

HIV-1-infected monocytes and macrophages secrete pro-inflammatory cytokines, 

specifically tumor necrosis factor- (TNF) and interleukin-1 (IL-1), which can induce 

cytotoxic effects, such as neuronal death and decreased BBB integrity, subsequently allowing 

HIV-1-infected monocytes into the CNS (104–106). In my studies, THP-1 monocytes were 

infected with both our pseudotyped HIV-1 reporter viruses with supernatant collected 9 d.p.i. LPS 

was added to the culture to induce pro-inflammatory cytokines and their concentrations were 

compared between pre- and post-LPS activation. LPS was used to determine the maximum amount 

of pro-inflammatory secretion these cells were capable of. Results from my study indicated that 

TNF expression was significantly increased upon LPS activation (Fig. 10). More importantly, 

even in the absence of TNF production (Fig. 10, pNL(YU-2)EGFP + VSV-G-Env) replicates 1 

& 2 exhibited a robust expression of TNF, comparable to that of the control, and these results are 

in accordance with previous findings (107). Conversely, the expression of IL-1 decreased in 

response to LPS (Fig. 11) compared to the response from TNF. Albeit the levels of IL-1 

expression were higher pre-LPS exposure compared to TNF. These results conclude that pro-

inflammatory cytokines can be measured pre- and post-LPS exposure, observing differences in the 

expression of TNF and IL-1. It is also possible to predict that expression of cytokines may vary 

as they may not express at the same time point post-LPS stimulation. 

Altogether, I was able to infect THP-1 monocytes with a VSV-G-Env pseudotyped virus 

resulting in a robust infection that was quantifiable in both p24 ELISA and RT-qPCR of gag gene 

expression analyses, resulting in cell types that mimic the effects associated with HIV-1-infection 

in monocytes and macrophages. Having established a cell line-based protocol for HIV-1 infection, 
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I next sought to investigate migration of infected and uninfected THP-1 monocytes and PMA-

induced THP-1 macrophages across the BBB model. My second aim involves understanding the 

migration of THP-1 monocytes and macrophages across our brain endothelial barrier. To begin 

investigating transmigration of HIV-1-infected THP-1 monocytes, brain endothelial cells were 

seeded into the Transwell set-up described above (Fig.13). At 48 hours, post-introduction of 

THP-1s, a majority of the uninfected monocytes crossed the Transwell, with a few infected 

monocytes crossing over as well (Fig. 14). This may be due to an insufficient number of 

hCMEC/D3 cells in the Transwell resulting in an incomplete barrier. The size of the Transwell 

may be too large, allowing these cells to pass through the barrier within 48 hours. Next steps will 

include troubleshooting and optimizing the model to ensure a complete barrier and appropriately 

sized wells to confirm these results. Once the hCMEC/D3 brain endothelial barrier is optimized, 

human primary monocytes can be added to the model and various viral kinetics analyzed and 

observed.  

The isolation and differentiation of human primary CD14+ monocytes to macrophages 

(Fig. 12) are an essential part of the BBB model. There are limitations in using the THP-1 cell line, 

including a decreased response to LPS compared to human primary monocytes, since they have 

low expression of CD14 cell surface markers (108). It is also important to note, using human 

primary cells over immortalized cell lines, produces more translatable results to the application of 

real-world physiology. CD14+ monocytes express HIV-1 co-receptors, permitting the entry of 

HIV-1 without the use of a pseudotyped virus. However, due to the lack of access to healthy blood 

donors, only one round of differentiation was performed, which was consumed by infection on 

day 2. Two frozen vials of PBMCs were used to isolate CD14+ monocytes, but due to 

complications with freezing, the cell did not differentiate into macrophages. 
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After the brain endothelial cell barrier is optimized, and fresh CD14+ monocytes obtained 

for viral kinetics, the transmigration of infected and uninfected monocytes/macrophages can be 

fully observed and the effects of analyzed. Additionally, more cell types can be incorporated into 

the model, including brain organoids and astrocytes, that could significantly impact the 

understanding of the BBB, in hopes of identifying a novel therapeutic that targets HIV-1 in the 

CNS. 
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6.0 Future Directions 

Incorporating brain endothelial cells (hCMEC/D3) into the 3D-brain organoid model is 

another step toward the development of a physiologically relevant model to study HIV-1 in the 

central nervous system. Using the Transwell set up, continued analyses is needed to determine 

the migration of infected monocytes across the BBB, including the optimization of endothelial 

resistance in hCMEC/D3 cells.  

To further increase biological relevance, human primary CD14+ monocytes must be 

obtained and analyzed for viral replication kinetics, such as p24 production, gag expression, 

cytokine ELISA induction, and differentiation to macrophages to better mimic the physiological 

characteristics of human monocytes in the CNS. Altogether, the incorporation of the BBB and 

human primary monocytes, along with the addition of other cell types such as astrocytes and 

microglia, will help conduct studies to investigate potential therapeutics that penetrate the BBB 

and target infected cells.  
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7.0 Public Health Significance 

HIV-1 has been a crucial public health concern since it was first identified in the 1980’s. 

Although HIV-1infection primarily affects the immune system, it can also cause other 

comorbidities including neurological complications. One of the critical factors that contribute to 

HIV-associated neurological diseases is the ability of infected monocytes to cross the blood-brain 

barrier from the periphery into the central nervous system, differentiate into perivascular 

macrophages and establishes infection in the CNS (29, 31, 68–70). In order to study the 

transmigration of HIV-1-infected monocytes across the BBB, a physiologically relevant model is 

needed to understand the mechanisms that drive the symptoms of HAND. In addition, cART drugs 

have been successful in suppressing virus in the periphery but are unable to penetrate the CNS and 

suppress viral load in the brain (18, 19).  

Previously, our lab developed a 3D-brain organoid model used to study the 

neuropathogenesis of HIV-1 infection in the central nervous system. By incorporating brain 

endothelial cells to the model, the interaction between monocytes and the BBB can help 

researchers identify potential therapeutic targets to prevent HIV-1-related brain damage, as well 

as develop new diagnostic tools for early detection of neurological complications in PLWH (109). 

As such, the scope of this research contributes to the field of public health. 
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