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Abstract 
 

Soon after viral infection, viruses like Human Immunodeficiency Virus (HIV) and SARS-

CoV-2 can disseminate throughout the body and establish reservoirs in the central nervous 

system (CNS). The persistence of viruses in cells of these reservoirs is a major obstacle to virus 

eradication. This is due to the abundance of cells/receptors that these viruses utilize to gain entry 

into cells found at these various reservoir sites. Consequently, these same anatomical sites also 

may be pharmacologic sanctuaries, as evidenced by concentrations of antiretroviral drugs (ARVs) 

and antivirals (AVs) that are lower in reservoirs than those in peripheral blood; in some cases, 

these low ARV concentrations have been associated with evidence for low-level ongoing virus 

replication in the CNS. Neurological complications associated with viral infection are well 

recognized with both HIV and SARs-CoV-2 infection and are a continuing problem. Ensuring that 

ARVs/AVs can cross the blood-brain barrier (BBB) and maintain adequate exposure to inhibit viral 

replication in the CNS is a pharmacotherapeutic challenge that requires attention, especially in 

recent years (i.e., NeuroHIV, Long COVID). Strategies to maximize these efforts include 

optimizing the selection of an ARV/AV and increased dosing/intervals of ARV/AV in hopes of 

achieving optimal pharmacodynamic (PD) endpoints in the CNS. The inhibitory concentration is 

commonly the level at which 50%, 90%, or 95% (IC50-95) of in-vitro viral replication is inhibited 

utilizing wild-type viruses. Pharmacokinetic/pharmacodynamic (PK/PD) endpoints are further 

complicated as no clear exposure thresholds have been identified in the CSF or CNS. The lack 

of such information leaves gaps in our understanding of the relative efficacy of various ARVs/AVs 

in the CSF/CNS. Further, assessing drug concentrations in the CNS in patients is difficult as it 

requires invasive methods for CSF (i.e., lumbar puncture) and tissue collection. This brings to 

light the utilization of pre-clinical models for potential CNS penetration. The work conducted in 

this dissertation highlights novel pharmacologic methods used to assess CSF and CNS 

penetration of various ARVs for HIV and AVs for SARs-CoV-2 using both pre-clinical and clinical 

models. 
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Chapter 1: Introduction, Overview, Framework and 
Premise 
 
 

1.1 CNS and BBB Overview  
 

CNS is a complex system that acts as the processing center for everything in your body. 

It is comprised of the brain and spinal cord, where each contains specific cells important for 

everyday function. The CNS has various blood vessels that are required to provide oxygen, 

energy, metabolites, and nutrients to brain cells. For example, the brain requires 20% of the 

body’s glucose and oxygen but only accounts for 2% of total body masse. Due to its importance, 

blood supply is closely monitored via the cardiovascular system that ensures continuous, 

oxygenated blood is always delivered and available to the CNS1.  This is important as the blood 

flow indirectly controls the rate at which pharmacological agents reach the CNS (significant for 

orally and intravenously administered drugs). Control of what can get in and out of the CNS is 

regulated by an important barrier known as the blood-brain barrier (BBB).  

 The BBB is a protective vascular barrier keeping the brain safe from the detrimental effect 

of toxins and pathogens2-4. The BBB is a semipermeable border of endothelial cells that prevents 

entry of drugs from the blood stream into the CNS. The BBB restricts entry of pathogens, diffusion 

of solutes and large or hydrophilic molecules into the CSF, while allowing diffusion of hydrophobic 

and small polar molecules5. It is present at various places throughout the brain’s vasculature 

which includes: (I) barrier by endothelial cells, (II) barrier by avascular arachnoid epithelium, and 

(III) barrier at the choroid plexus (aka: blood CSF barrier [BCB])6. The structural component of the 

BBB primarily includes microvascular brain endothelial cells (MBECs) lining the cerebral blood 

vessels7, pericytes that share the basement membrane with endothelial cells8, and astrocytes 

with their tendrils for communication with neighboring cells9, 10 (Figure 1). Expression of tight 
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junction proteins, namely, occludins, claudins, junctional adhesion molecules, and cytoplasmic 

accessory proteins by MBECs, astrocytes, and pericytes play a pivotal role in barrier formation11-

13. Despite tight junction formation by peripheral capillary endothelial cells, the TEER 

(transepithelial electrical resistance) value observed is 2-fold less when compared to the BBB, 

pointing to a bidirectional paracellular transport of molecules across the capillary endothelial 

cells14, 15. TEER is often used to assess strength and integrity of barriers via measurements of 

electrical resistance across cell layers in vitro16.  The BBB-associated brain endothelial cells are 

distinct from capillary endothelial cells and exhibit extensive fenestration and enhanced tightness 

of intercellular junctions with lower pinocytotic function14, 17, 18. The unique features of the BBB 

enable ionic homeostasis and optimal nutrition maintenance in the CNS19. There is passive 

permeability for essential water-soluble nutrients across the BBB, while other nutrients engage 

with specific transporters for nervous tissue requirements20, 21.  

The constituent cells of the BBB express efflux transporters, including ATP-binding 

cassette (ABC) proteins P-glycoprotein (Pgp), and breast cancer resistance protein (BCRP)22. 

These efflux transporters, as crucial as they are to BBB regulation, can pump out 

pharmacologically important molecules from the brain23, 24. The critical role of these protein pumps 

has been shown in knock-out animals, confirming that many small molecules used as drugs are 

a substrate for these protein pumps and are excluded by the BBB resulting in lower efficacy for 

many drugs (e.g., chemotherapy)25-27. The BBB, being important for regulating which molecules 

can pass from the blood into the brain, can hinder drug penetration leading to sub-optimal drug 

concentrations in the CNS and making it difficult to treat CNS related infections28, 29.   

As mentioned previously, the CNS is comprised of many different types of cells. These 

cells express diverse types of receptors and transporters that can be targets for viral entry and 

infection (i.e., astrocytes/pericytes). It is important to note the difference between transporters 

and receptors. Receptors are cell membrane proteins that play a crucial role in cell signaling and 

communication. Transporters are also membrane proteins, but their primary function is to facilitate 



18 
 

movement of ions, molecules, and peptides across lipid bilayers. This dissertation will focus on 

HIV and Severe Acute Respiratory Syndrome Coronavirus 2 (SARs-CoV-2) infection in the CNS. 

 

1.2 SARS-CoV-2 Infection and CNS 
 

 SARS-CoV2 is a single-stranded (positive-sense) RNA virus (Baltimore classification 

group IV) and is the causative agent of coronavirus infectious disease 2019 (COVID-19). Since 

the first cluster of cases back in 2019 in Wuhan, China, COVID-19 has now transitioned to an 

endemic30.  SARS-CoV-2 utilizes the angiotensin converting enzyme 2 receptor (ACE-2) to gain 

entry into our cells.  The ACE-2 receptor is expressed in several tissues, especially on epithelial 

cells of the lungs. Although SARS-CoV-2 is often referred to as a respiratory virus, in addition to 

the lung, it has been found in tissues including the brain, liver, intestine, feces, heart, and kidneys 

of individuals with COVID-1931. A summary of the lifecycle for SAR-CoV-2 can be found in Figure 

2.  

Post-acute sequelae of COVID-19 ([PASC], prevalence of ~7.5%), also known as Long 

COVID, is a chronic syndrome that affects some individuals who have recovered from acute 

COVID-19 illness32. While most people clear the virus, some experience persistent neuro-specific 

PASC (neuroPASC) symptoms (e.g., CNS disturbances)33 lasting for months after the infection34. 

Based on available literature, the related incidence, risk factors, possible pathophysiology, and 

proposed management of neurological manifestations has been summarized by Moghimi et al.35. 

While the majority of SARs-CoV-2 infected persons no longer show symptoms after recovering 

from infection, some experience persistent neuro-specific PASC (neuroPASC) symptoms (e.g., 

depression, anxiety, difficulty concentrating, central nervous system [CNS] disturbances) 36lasting 

months or even years after the infection34, 37. Interestingly, fatigue has been observed as one of 

the most common symptoms associated with Long COVID38, 39. The etiology of neuroPASC is 
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unclear, and the exact mechanisms of SARS-CoV-2 entry into the CNS are uncertain. Some 

theories for entry include infection of the endothelium, access through the BBB, and through 

nervous tissue conduits that bypass the BBB. Given that cells in the CNS can be infected with 

SARS-CoV240, it is plausible that CNS infections lead to the neurological complications described 

by neuroPASC41-43. Another theory is that neuroPASC is due to prolonged inflammation present 

in the CNS post-infection. This theory is supported by both clinical and animal data in persistent 

SARs-CoV-2 infection44, 45. Clinical data from autopsy sampling performed on the CNS of patients 

who died from COVID-19 found viral RNA, with patients having detectable CNS virus from 4-230 

days after infection46.  A study by Beckman et al. showed that COVID neuroinvasion (non-human 

primate model) was more significant and widespread throughout the olfactory cortex in older 

animals than younger ones. They also found axonal spread of the virus from the nasal olfactory 

epithelium. In the older monkeys, there was an increase in viral load, more pronounced cellular 

alterations, and neuroinflammation (unclear mechanism)47. Furthermore, preliminary data (under 

review) from our group utilizing the Golden Syrian Hamster (GSH) model has shown ongoing 

systemic inflammation for up to 35 days after infection (Figure 3) and has shown that cells of the 

BBB can get infected (Figure 4). Given data to support viral entry into the CNS48, and the known 

neurological issues associated with neuroPASC, early and effective antiviral treatment of acute 

COVID-19 may offer hope in preventing or reducing neuroPASC occurrence and severity49, 50.    

 

1.3 HIV Infection and the CNS 
 

HIV is a single-stranded RNA virus (classified under Baltimore group VI) belonging to the 

lentivirus genus within the retroviridae family. Its primary target is the immune system, gaining 

entry into cells through the CD4+ cellular receptor/co-receptor. Without intervention, the virus 

gradually destroys immune system cells like T cells, macrophages, and dendritic cells, resulting 



20 
 

in acquired immunodeficiency syndrome (AIDS)51, 52. A summary of the HIV lifecycle can be found 

in Figure 5. Globally, there were approximately 39 million persons living with HIV (PLWH) by the 

end of 2022, of these, 37.5 million were adults, and 1.5 million were children (<15 years old). 

Further, an estimated 1.5 million were classified as new infections and HIV-related mortality 

remains a significant contributor to infection-related deaths, causing around 630,000 AIDS-related 

fatalities in 2022. Notably, according to the WHO report on HIV, only an estimated 29.8 million 

(76%) PLWH are currently receiving antiretroviral therapy (ART) for their HIV.  

In this 5th decade of the HIV epidemic, and despite the success of combination ART in 

achieving potent, long-term HIV suppression, HIV-associated neurocognitive disorders (HAND) 

remain common in PLWH and increase the risks of morbidity and mortality. A study in 1555 HIV-

infected adults from 6 university clinics from across the United States found 52% of the patients 

had some form of HAND53. This estimation is within range with what other studies have shown 

for the occurrence of HAND (range: 15-55%) in PLWH54, 55.  HAND is an end-organ manifestation 

of HIV infection and refers to a constellation of disorders in memory, concentration, attention, and 

motor skills.  In the current ART era, there has been an increase in milder forms of HAND [mild 

neurocognitive disorder (MND) and asymptomatic neurocognitive impairment (ANI)] and a 

decrease in HIV-associated dementia. Recent data suggest that even in the setting of long-term 

viral suppression, there is evidence for ongoing progression of HAND56. 

Within one to two weeks after acquisition of HIV, the virus disseminates throughout the 

body and establishes multiple reservoir sites including the CNS, adipose tissue, male and female 

reproductive tracts, the secondary lymph nodes (LN) and gut-associated lymphoid tissue (GALT). 

The persistence of latent virus in cells of these reservoirs is a major obstacle to virus eradication. 

Furthermore, these same anatomical sites may be pharmacologic sanctuaries, as evidenced by 

concentrations of ARVs lower than those in peripheral blood, and in some cases associated with 

evidence for low-level ongoing virus replication57, 58.   
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HIV infects perivascular macrophages, microglial cells and astrocytes at an early stage of 

infection59. Several lines of evidence suggest the brain represents a persistent and stable HIV 

reservoir. CSF viral escape is the presence of quantifiable CSF HIV-RNA in persons with 

undetectable plasma HIV-RNA or levels of CSF HIV-RNA that exceed plasma60. A recent study 

detected CSF viral escape in 55 (4.4%; 95% CI, 3.4-5.6) of 1264 PLWH who had plasma HIV-

RNA <50 copies/mL61. CSF viral escape was independently associated with use of ritonavir-

boosted protease inhibitors (PIs) and unboosted atazanavir (ATV). There were similar rates of 

neurocognitive impairment in those with (38.2%) and without (37.%) CSF escape. Not all cases 

of CSF viral escape are symptomatic; however, those that are would seem to provide strong 

evidence of a CNS viral reservoir containing replication competent virus62. 

 The extent and significance of HIV persistence in the CSF in PLWH who have long-term 

plasma HIV-RNA suppression has not been well-described. HIV persistence and biomarkers of 

immune activation in CSF and neuropsychological evaluations were performed in 69 PLWH on 

long-term (median of 8.6 years) ART with viral suppression (67/69 with plasma HIV-RNA <40 

copies/mL; 2 <100 copies/mL). HIV-DNA was detected in CSF in 48%63. The presence of CSF 

HIV-DNA was associated with significantly worse neurocognitive dysfunction measured via a 7-

domain neuropsychological test battery and z score/deficit score assessment. Notably, it is 

important to mention that it was not surprising that CSF HIV-RNA was not detected given these 

patients were on long-term ART with viral suppression. CSF levels of immune activation (e.g., 

neopterin) were not associated with CSF HIV-DNA detection. Animal models provide important 

evidence on HIV replication and establishment of viral reservoirs in the brain. In SIV-infected 

rhesus macaques (RM), in-vivo imaging showed vRNA-positive cells were higher in brain tissues, 

likely due to poor ARVs penetration57. After six-months of ART, only a two-fold decrease in vRNA-

positive cells was observed in brain versus >30-fold decrease in vRNA-positive cells in other LT 

compartments57. In SIV-infected pigtailed macaques (PTMs) receiving ART, 56% developed 

lymphocyte dominant encephalitis and meningitis due to infiltration of B and T immune cells64. 
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These findings suggest that dysregulated immune responses in PLWH might contribute to the 

development of HAND. Recently, the majority of ART-treated, virally-suppressed PTMs (N=30) 

were shown to have replication-competent SIV in brain macrophages65. These data strongly 

indicate presence of a macrophage latent reservoir in the brain that could reestablish infection 

after treatment interruption. Collectively, these data argue the CNS has continued viral replication, 

is a viral reservoir and pharmacologic sanctuary, and therefore, an obstacle necessary to 

overcome to achieve HIV eradication and improve neurocognitive function.  

 

1.4 SARS-CoV-2 Treatment Approaches 
 

Currently, effective antivirals to treat COVID-19 are limited. Preventative measures in the 

form of vaccination remain the best line of defense to prevent negative outcomes post COVID-19 

infection. Since the beginning of the pandemic in 2019, various therapeutic options have been 

explored as effort was shifted into advancing treatment for SARS-CoV-2. Currently, NIH guideline 

recommendations for treatment of COVID is divided by severity (mild/moderate), need of 

oxygenation, inpatient/outpatient status, and special populations66. This chapter will focus on 

recommendations for adult patients.  A summary table for all severity risk by tier can be found on 

Table 1.  

For management of nonhospitalized adults with mild to moderate COVID-19 who do not 

require supplemental oxygen, treatment with AV agents is only recommended for persons who 

are at high risk of progressing to severe COVID-19. For these persons it is recommended to start 

one of the preferred therapy as soon as possible: A). Ritonavir-boosted nirmatrelvir ([NMR/r] 

Paxlovid), or B). Remdesivir. As an alternative to the 2 preferred AVs, molnupiravir can be 

initiated.  A summary of these recommendations for can be found on Table 2.  

For management of hospitalized adults, treatment recommendations are further stratified 

by disease severity. Severity of disease ranges from “hospitalized for reasons other than Covid” 
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to “hospitalized and requires mechanical ventilation or extracorporeal membrane oxygenation”. 

Therapeutic recommendations will be different depending on disease severity. Briefly and starting 

from the least severity, only patients that don’t require oxygenation but are at high-risk of 

progressing to severe COVID-19 (based on Table 1) should be given remdesivir. Once patients 

require oxygenation, remdesivir and dexamethasone can be considered. If oxygen needs 

continue to increase and the patient shows signs of systemic inflammation, immunomodulators 

can be considered. If the oxygenation requires high flow nasal canula or noninvasive ventilation, 

a combination of dexamethasone, immunomodulators and remdesivir can be initiated. Finally, if 

the patient requires mechanical ventilation or extracorporeal membrane oxygenation, a 2nd 

immunomodulator (either baricitinib or tocilizumab) should be added. As this summary is an 

oversimplification, more details can be found on Table 3. It should be noted that for hospitalized 

patients, regardless of the disease severity, anticoagulation should be considered unless 

contraindicated.  

 A detailed summary of all currently recommended treatment options for COVID-19 for 

both hospitalized and non-hospitalized patients with duration and adjustments can be found on 

Table 4. Unfortunately, specific treatment recommendations for neuroPASC (aka Long COVID) 

are lacking.   

 

1.5 HIV Treatment Approaches and Guideline Recommendations  
 

A significant breakthrough in HIV and AIDS treatment occurred in the late 1990s with the 

introduction of three-drug combination ART. Combination ART aims to enhance the effectiveness 

of ARVs synergistically in treating HIV. Presently, the DHHS recommends initiating HIV treatment 

with a combination of two or three ARVs67. There are several classes of HIV therapies that target 

different processes of HIV replication. Currently, there are seven classes of ARVs: 
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nucleoside/nucleotide reverse transcriptase inhibitors (NRTIs), non-nucleoside reverse 

transcriptase inhibitors (NNTRIs), PIs, entry inhibitors (i.e., fusion inhibitors), integrase strand 

transfer inhibitors (INSTIs), CCR5 antagonists, and post-attachment inhibitors67. The overarching 

goals of HIV therapy, as outlined by the United States Department of Health and Human Services 

(DHHS), include achieving sustained suppression of plasma HIV RNA, restoring and maintaining 

immunological function, reducing HIV-associated morbidity, extending survival duration and 

quality, and preventing HIV transmission. The standard approach to HIV treatment has been triple 

drug therapy, involving three drugs from at least two different drug classes. Combination therapy 

is necessary due to HIV's rapid replication cycle and the high error rate of its viral polymerase 

during nucleotide incorporation. As such, with monotherapy, the virus can develop resistance 

mutations, making it challenging to treat and potentially passing on these mutations in the setting 

of HIV transmission. More recently, potent INSTI agents have been approved, significantly 

reducing HIV viral load within weeks of initiation (similar observation in PIs). This efficacy has led 

to the approval of dual therapy approaches to HIV treatment.  

NRTIs were the first developed and approved class of ARVs. They mimic endogenous 

nucleotides and require cellular kinases for activation within the cell. Once incorporated into viral 

DNA, NRTIs function as chain terminators, lacking the necessary hydroxy group for DNA chain 

elongation. NNRTIs, similar to NRTIs, focus on the reverse transcriptase (RT) enzyme. However, 

their mode of action differs significantly from NRTIs. NNRTIs do not resemble endogenous 

nucleotides. Instead, they work by reducing the activity of HIV RT. These medications bind 

noncompetitively to a specific pocket within the subdomain of RT, causing allosteric inhibition of 

the enzyme by altering the position of critical amino acids within the catalytic site of the RT 

enzyme. Regarding INSTIs, integrase is a vital viral enzyme necessary for integrating viral DNA 

into the host genome. First, integrase cleaves the terminal dinucleotide from each 3’ end of the 

viral DNA. Second, the 3’ ends act as nucleophiles, initiating a strand transfer reaction, thereby 

integrating viral DNA into the host cell DNA. INSTIs function by inhibiting the second reaction, 
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thereby preventing the insertion of viral DNA into the host cell DNA. PIs block the viral enzyme 

protease, preventing the maturation of new virions and causing viral death. Fusion inhibitors block 

the merging of the HIV envelope with the host CD4 cell membrane, hindering viral entry into the 

cell. CCR5 antagonists prevent the attachment of the chemokine receptor 5 molecule to CD4, an 

essential step in viral entry. Post-attachment inhibitors prevent attachment of the CCR5 or CXCR4 

co-receptor by binding to the CD4 receptor, collectively constituting a group of entry inhibitors. 

Specific to CNS ARV treatment, Table 5 gives a summary of select CSF penetration 

characteristics of ARV that are included in the regimens for treatment-naïve PLWH. Highlights of 

select features follow. NRTIs. Zidovudine (ZDV) has the best CNS penetration rank in brain and 

CSF and can be used in PLWH who have symptomatic CSF escape62, 68. Tenofovir (TFV) can be 

given as tenofovir disoproxil fumarate (TDF) or as tenofovir alafenamide (TAF). TDF may achieve 

higher CSF concentrations than TAF, based on a single PLWH who switched from a TDF- to a 

TAF-containing regimen and tenofovir CSF concentrations decreased from 3.30 to 0.46 ng/mL69. 

NRTIs are transported via OATs and changes in their activity due to co-administered drugs (e.g., 

probenecid) or genetic polymorphisms can affect the CSF concentrations of certain NRTIs70. PI.  

As a class, PIs achieve poor CSF exposure, although some, for example lopinavir, achieve CSF 

concentrations above the IC50. PI CSF penetration can be increased with low-dose ritonavir (RTV 

or /r) or cobicistat (COBI or /c) co-administration71, 72.  ATV CSF concentrations increased with 

ritonavir (from 7.9 to 10.3 vs. ng/mL), but did not always exceed the IC50 (i.e., current standard 

pharmacodynamic [PD] measure)73. The IC is commonly the level at which 50, 90 or 95% (i.e., 

IC50-95) of in vitro viral replication is inhibited utilizing wildtype viruses. A study in PLWH showed 

darunavir CSF concentrations were comparable when co-administered with either COBI or RTV 

(15.9 ng/mL vs. 16.4 ng/mL, p=0.58)72. PIs are substrates for Pgp, OAT1 and OAT2; similar to 

NRTIs, this can decrease their CSF penetration74-76. NNRTIs.  Among the class, nevirapine has 

the highest CSF penetration77. Efavirenz (EFV) CSF concentrations are generally sufficient to 

suppress HIV in the CSF78.  Srinivas et al. found CSF concentrations of 6 ARVs (TFV, 
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emtricitabine [FTC], raltegravir [RAL], maraviroc, ATV and EFV) were >13-fold lower than brain 

tissue in non-human primates, with poor agreement between CSF and brain tissue except for 

EFV (r= 0.91, P<0.001)79. Etravirine CSF concentrations were >IC50 in twelve PLWH and viral 

suppression was achieved in both plasma and CSF68. A recent study in PLWH receiving 

intramuscular rilpivirine (and cabotegravir [CAB]) found CSF concentrations were 1.1-1.3% of 

plasma and exceeded the IC5080.  INSTIs.  RAL CSF concentrations exceed the IC95 and is used 

in regimens designed for improved CSF penetration. The fractional CSF penetration of 

dolutegravir is low, though concentrations were above the IC5081. This scenario is similar for 

bictegravir (BIC), with CSF concentrations above the IC50 in 15 PLWH82. There are limited CSF 

penetration data on injectable CAB. CAB CSF concentrations were 0.3% of plasma and exceeded 

the IC50 in 16 PLWH, who all had HIV-RNA <50 copies/mL in plasma and CSF80. 

Two guidelines often used for HIV treatment recommendations for adults/adolescents are 

the DHHS Recommendations for PLWH and the World Health Organization (WHO) First-Line 

ART Recommendations67, 83. Suttle differences in recommendations between the two guidelines 

can be found (Table 6a and b). For initial ARV treatment, the DHHS guidelines generally 

recommend two NRTIs administered in combination with a third active ARV drug from one of 

three classes: INSTI, NNRTI, or PI with booster. This guideline also supports the use of a two-

drug regimen consisting of DTG plus 3TC for initial treatment. Alternative regimens are also 

recommended, which can be found in Table 6a. For the WHO guidelines, the first-line treatment 

recommendation consists of two NRTIs in combination with a third INSTI or NNRTI (TDF + 3TC 

[or FTC] + DTG or TDF + 3TC + EFV). Other important situational considerations for treatment 

are also mentioned in these guidelines, which can be found in greater detail in Table 6b.  
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1.6 CNS Pharmacology and Drug Penetration  
 

For drugs to enter the CNS, they must first pass through the appropriate barriers (i.e., 

BBB, BCB). The BBB is a semipermeable border of endothelial cells that prevents entry of drugs 

from the blood stream into the CNS. It is comprised of endothelial cells, astrocytes and pericytes. 

The BBB restricts entry of pathogens, diffusion of solutes and large or hydrophilic molecules into 

the CSF, while allowing diffusion of hydrophobic and small polar molecules5.  

The degree of drug CNS penetration is dependent on the brain’s permeability attributes 

and various drug characteristics that include molecular weight, protein binding, ionization, and 

lipid-water partition coefficient81. A highly protein-bound drug will have a lower extent of 

penetration. The blood-CSF barrier can play a role in CNS penetration. An in-depth description 

of the BCB has been published by Nau84. Higher penetration of ARVs into LN, gut and brain 

tissues of the BALB/c mouse model was associated with higher dissociation constant (pKa), 

higher lipophilicity (logP) and increased hydrophobicity85. Further, Lipinski’s rule of five can also 

be used that postulates a lipophilicity range of 2.0 to 3.5 is a fundamental predictor for BBB 

penetration via passive diffusion86. The transporters, Pgp, organic anion transporters (OAT 1,2,3) 

and BCRP, found at the BBB also influence drug penetration due to transporter-mediated efflux 

and transport of organic anions across the cell membranes. This mechanism has been 

implicated in some refractory CNS disorders (i.e., refractory epilepsy)87. Transporter expression 

may be influenced by genetic polymorphisms.  More specifics about certain ARVs and 

transporters can be found in section 1.7. 

Specific to HIV, animal models have shown that ARV CSF penetration does not always 

correlate with brain tissue penetration79. Discrepancies have been attributed to ARV affinity for 

drug uptake and efflux at the BBB and blood-CSF barrier. Protein-binding plays a role as active 

transport of ARVs across the BBB and blood-CSF barrier disturbs the equilibrium of passive 

unbound drug movement (the “free drug hypothesis”), which may result in differences of ARV 
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concentrations in plasma, CSF and brain tissues79. The CSF has low binding protein 

concentrations compared with plasma and studies of ARVs in the CSF have found the drug 

present is mostly unbound. However, in 17 PLWH, etravirine had higher protein-binding in CSF 

(98.4%) than in plasma (96%)88. A methodological challenge for ARV quantitation in CSF was 

described by Mykris et al. who showed non-polar ARVs can adsorb to polypropylene collection 

tubes89. This suggests some re-examination of ARV concentrations in CSF in PLWH who are/are 

not virologically-suppressed may be warranted.   

The goal of ART or AV is to inhibit viral replication throughout the body and maintain an 

undetectable viral load. This is achieved by optimizing PK/PD parameters such that sufficient 

concentrations are achieved to inhibit viral replication and minimize emergence of viral resistance, 

and so that the drug is safe and well-tolerated.  The inhibitory quotient (IQ) is a useful concept to 

achieve the former (only validated in HIV, not SARS-CoV-2); it is the ratio of drug concentration 

achieved to the in vitro inhibitory concentration (IC50-95). These in-vitro concentrations are often 

obtained in protein-free conditions, which for clinical translation of highly protein-bound drugs to 

concentrations necessary in plasma, requires protein-binding adjustment. Binding in the CSF, 

however, may be different from plasma. CNS PK/PD endpoints are further complicated as no 

clear exposure thresholds have been identified for both HIV and SARS-CoV-2 in the CSF. CSF 

viral loads are often used as a marker of AV activity given its established dose-concentration-

response relationship for AVs in plasma. A comprehensive list for ARV pharmacological 

characteristics and potential CSF exposure can be found on Table 6.  

 

1.7 ARV Metabolism and Transporters 
 

It is also important to mention major metabolism pathways and transporter interactions as 

they can affect the PK of ARVs and potential drug concentrations in the CNS.  PK interactions 
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include hepatic enzyme induction, enzyme inhibition, and protein-binding displacement. 

Importantly, these interactions may be reciprocal and, if unrecognized, could lead to 

subtherapeutic drug concentrations at target sties like the CNS. These interactions can affect the 

PK of the drugs, affecting their potential therapeutic utility. Drugs that induce primary metabolic 

enzymes and transporters may decrease plasma concentrations of drugs. Drugs that inhibit these 

metabolic enzymes or transporters may increase plasma concentrations. This same relationship 

is applicable to CNS concentrations. Studies have shown that transporters often work close 

together with drug-metabolizing enzymes for drug-specific absorption/elimination90. For example, 

DTG’s major route of metabolism is via phase II uridine glucosyl transferase (UGT1A) metabolism 

with some cytochrome P450 3A (CYP3A) involvement. Drugs that induce these enzymes and 

transporters may decrease concentrations of DTG. Drugs that inhibit these enzymes may 

increase DTG concentrations. For example, ATV, a PI, is an inhibitor of UGT1A. In a study of 

adult patients who were receiving both DTG and ATV, plasma concentrations of DTG were 

significantly higher than those of patients who received other ARVs (2,399 [1,929-4,070] vs 738 

[552-1,048], 603 [432-1,373] or 1,045 [856-1,115] ng/ml; P<0.001 for all comparisons)91. 

Pharmacologically, these types of interactions can be used to boost levels of drugs, as often seen 

with the co-administration of /r or /c in protease inhibitor regimens. Also, different adjustments to 

dosing strategies can be used to address these interactions (i.e., double the dose, half the dose, 

dose every other day) depending on the situation and the effect. The University of Liverpool DDI 

tool is a good resource that can be utilized to address most of these issues. Further, these 

metabolic effects can differ in certain situations, like with prodrugs that require activation. 

Prodrugs also differ depending on the specific type of activation, which is based on how the body 

converts the prodrug into the final active drug form (Type IAB [intracellular bioactivation], IIABC 

[extracellular bioactivation]). Consequently, a co-administered medication that induces an 

activating enzyme (Type 1B) for the drug of question would result in increased concentrations of 

that drug due to increased conversion. These effects should always be considered as it can affect 
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both activity and toxicity for a given drug.   A list of ARVs with corresponding metabolic enzymes 

and drug transporter relationships can be found on Table 7. A comprehensive review of 

membrane transport considerations for drugs can be found in a manuscript published by 

Giacomini et al.90. Notable, food can also affect the absorption of ARVs (not discussed in detail) 

but should be noted for each ARV.  

Less is known regarding the induction and inhibition potential of the non-CYP and UGT 

enzymes. For example, carboxylesterase 1 (CES1) is a non-CYP enzyme that catalyzes 

hydrolysis in drugs with ester or amide bonds. It is known to convert prodrugs to their active forms 

and may be important for cellular uptake of some agents such as TAF92, 93. Many substances like 

cannabidiol have been shown to inhibit CES1 in in vitro studies. The clinical relevance of drug 

interactions involving CES1 in PLWH is yet to be established. 

 In addition to drug-metabolizing enzymes, drug interactions can also involve inhibition or 

induction of intestinal transporters and inhibition of hepatic uptake transporters and transporters 

involved in renal secretion. Drug transporters are expressed in the small intestine, liver, kidney, 

BBB, BCB and maternal–fetal barrier94. Influx and efflux transporters facilitate the transport of 

drugs into and out of cells, respectively. Transporters can have major effects on drug disposition 

and pharmacologic effects, including toxicity, and can be the target of drug interactions. Influx 

transporters that increase oral absorption include the organic anion transporters (OAT), organic 

cation transporters (OCT), organic anion transporting polypeptides (OATP), peptide transporters 

(PPT), and large neutral amino acid transporter 1 (LAT). Conversely, efflux transporters can limit 

drug absorption by increasing the excretion of drugs into the intestinal lumen from the systemic 

circulation. Examples of these efflux transporter proteins that are most commonly cited as 

perpetrators of PK interactions include Pgp, BCRP, and multidrug resistance proteins (MRPs). A 

list of known transporter interactions with ARVs can be found on Table 7.  
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1.8 Overview, Focus and Framework of Thesis Research Project 
 

The overarching focus of this dissertation was to study AV and ARV penetration into the 

CNS specifically for COVID-19 and HIV agents. This was accomplished by performing both pre-

clinical and clinical studies that incorporated animal models, cell models, clinical models and 

Pharmacokinetics (PK). These different models allowed for evaluating the same drugs in different 

models which is useful when clinical sampling requires invasive methods for CSF collection.  

The pre-clinical models, divided into in vitro and in vivo models, highlight ways of 

estimating CNS penetration pre-clinically. Chapter 2 of this dissertation will focus on in vitro 

methodology used to conduct the pharmacologic evaluations of CNS drug penetration. 

Specifically, it discusses a 4-cell transwell plate model that contains cells relevant to the BBB. 

Chapter 3 will transition to in vivo models where animals will be used to evaluate CSF levels of 

an AV.  

The clinical studies conducted as part of this dissertation sought to answer whether 

effective CSF concentrations of 9 different ARVs as a regimen in PLWH would affect virus 

detection in the CNS. This was done by estimating CSF exposure of these 9 ARVS utilizing 

population PK methodologies. This will be discussed in greater detail in Chapter 4. Chapters 2 

through 4, collectively showcase a translational approach (bench to bed) to AV/ARV CNS 

pharmacology (Figure 6). Finally, Chapter 5 summarizes the data presented in this dissertation, 

provides limitations of this work and presents options for future directions of research.  The data 

and studies presented in this dissertation focus on three major objectives.  

 

Objective 1   

1). Develop a reliable in vitro cell model to estimate drug penetration into the BBB.  

Objective 2 

2). Determine if NMR can penetrate the CNS at adequate concentrations to treat SARS-CoV-2.  
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Objective 3 

3A). Utilize PK modeling to standardize ARV exposure to allow for more accurate calculation of 

an IQ ratio and CSF penetration.  

3B). Develop a regimen IQ for ART and investigate correlations with viral PD outcomes (i.e., 

viral DNA, inflammation, GSD score) in patients.   
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*Figure was generated utilizing Biorender.com 

Figure 1. Presentation of BBB interplay with constituent cells of the BBB. Figure shows 
physiological depiction of how blood, brain and cell layers interact at the BBB.  

Abbreviations: BBB, Blood-brain-barrier 
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Image adapted from Rotondo et al.95 
 
Figure 2. Lifecycle of SARS-CoV-2 shown in 11 steps. Step descriptions: (1) Binding between S 
glycoprotein and ACE-2 receptor on the surface of host cell. (2) Fusion peptide undertakes 
conformational changes allowing fusion and entry of virus into the cell cytoplasm. (3) Release of 
viral single-stranded positive RNA genome. (4) Viral genome is immediately transcribed by host 
cell ribosomes. (5) The translated RNA encodes polyproteins (pp1a and pp1ab) and the viral 
RNA-dependent RNA polymerase NSP12. (6) NSP12 produces full-length negative-sense copies 
of viral RNA. (7) The negative-sense RNA genome is employed as a template for generating the 
new positive-sense genomes. (8) The translation of the viral RNA occurs in the endoplasmic 
reticulum of host cells and leads to the synthesis of structural proteins. (9) Structural proteins 
move into the Golgi intermediate compartment where viral assembly occurs. (10) Mature viral 
progeny germinates from the intermediate compartment of the Golgi, and it is released as 
secretory vesicles. (11) Virions are secreted by exocytosis. 
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*Special thanks to Dr. Siddappa Byrareddy. Figure adapted from recent grant application. Data 
presented in this figure is preliminary data.  
 

Figure 3. Using Gene Set Enrichment Analysis (GSEA), we observed a significant enrichment 
of genes associated with inflammatory responses within the 
HALLMARK_INFLAMMATORY_RESPONSE gene set (48 genes differentially regulated) up to 
35 days post infection in Golden Syrian Hamsters (GSH).   
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Figure 4. SARS-CoV-2 RNA copies in pericytes (a) and astrocytes (b) following viral infection. 
Circles represent four independent donor primary cells used to infect 1 multiplicity of infection of 
SARS-CoV-2.  
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Figure 5. HIV lifecycle summary. (1) Binding: HIV binds to receptors on the surface of the CD4 
cell. (2) Fusion: HIV envelope and the CD4 cell membrane join which allows HIV to enter the 
cell. (3) Reverse Transcription: HIV releases and uses reverse transcriptase to convert its 
genetic material into HIV DNA. This conversion allows HIV to enter the nucleus and combine wit 
the cell’s genetic material. (4) Integration: HIV releases integrase and uses it to insert its viral 
DNA into the DNA of the cell. (5) Replication: Once integrated, HIV begins to use the machinery 
of the host cell to make long chains of HIV proteins which are the building blocks for more HIV. 
(6) Assembly: New HIV proteins and HIV RNA move to the surface of the cell and assemble into 
immature HIV. (7) Budding: Newly formed immature HIV pushes itself out of the host cell. The 
New HIV releases protease which breaks up long proteins chains in the immature virus creating 
mature virus.  
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*Figure was generated utilizing Biorender.com 

Figure 6. Overview of dissertation translational approach (“Bench to Bedside Application”) 

Abbreviations: BBB, blood-brain-barrier; BCB, blood-CSF-barrier  
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Table 1. NIH COVID-19 Risk Group Tier (from NIH guidelines)66 

Tier Risk group 
1 • People who are IC and are not expected to mount an adequate immune response 

to COVID-19 vaccination or SARS-CoV-2 infection due to their underlying 
conditions, regardless of vaccine status (see Immunocompromising Conditions 
below on NIH guidelines); or  

• Unvaccinated individuals at the highest risk of severe disease (anyone ≥75 years 
or anyone ≥65 years with additional RF) 

2 • Unvaccinated individuals not included in Tier 1 who are at risk of severe disease 
(anyone ≥65 years or anyone <65 years with clinical RF)  

3 • Vaccinated individuals at risk of severe disease (anyone ≥65 years or anyone <65 
years with clinical RF) 

• Vaccinated individuals who are not up to date with their immunizations are likely at 
higher risk for severe disease; patients within this tier who are in this situation 
should be prioritized for treatment.  

 
*Vaccinated individuals who are not up to date with their immunizations are likely at higher risk 
of severe disease; patients within this tier who are in this situation should be prioritized for 
treatment 
 
Abbreviations: IC, immunocompromised; RF, risk factors  
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Table 2. NIH COVID-19 Treatment Recommendations for Non-Hospitalized Patients (from NIH 
guidelines) 66 
 

Patient Disposition  Recommendations  

All Patients Symptom management should be initiated for all patients (AIII). • The Panel 
recommends against the use of dexamethasonea or other systemic corticosteroids 
(AIIb), unless these agents are being used to treat an underlying condition (AIII). 

Those who are at High risk of 
Progressing to Severe COVID-
19bcd 

 Preferred therapies. Listed in order of preference:   
• Ritonavir-boosted nirmatrelvir (Paxlovid)e (AIIa). Start as soon as possible 

and within 5 days of symptom onset. See footnote on drug-drug interactionsf. 
•  Remdesivire,g (BIIa). Start as soon as possible and within 7 days of symptom 

onset.  
Alternative therapy. For use when the preferred therapies are not available, feasible to 
use, or clinically appropriate:h   

• Molnupiravire,i (CIIa). Start as soon as possible and within 5 days of symptom 
onset.  

There is insufficient evidence for the Panel to recommend either for or against initiating 
these antiviral agents after the timeframes listed above. 

Each recommendation in the Guidelines receives a rating for the strength of the recommendation (A, B, or C) and a rating 
for the evidence that supports it (I, IIa, IIb, or III). See Guidelines Development (NIH guidelines) for more information. 

 

aCurrently a lack of data on the use of dexamethasone in outpatients with COVID-19. Using  systemic glucocorticoids in outpatients 
with COVID-19 may cause harm. 
 

 bFor risk factors, see Table 1 above. When deciding whether to prescribe an antiviral agent to a patient who has been vaccinated, 
clinicians  should be aware of the conditions associated with a high risk of disease progression. These conditions include older age, 
a prolonged amount of time since the most recent vaccine dose (e.g., >6 months), and a decreased likelihood of an  adequate immune 
response to vaccination due to a moderate to severe immunocompromising condition or the receipt of  immunosuppressive 
medications. The number and severity of risk factors also affects the level of risk. 
 
cFor a discussion of potential treatment options for patients who are immunocompromised and have prolonged COVID-19 symptoms 
and evidence of ongoing viral replication, see the Special Considerations in People Who Are  Immunocompromised (on NIH 
guidelines). 
 

 dConcerns about viral rebound or the recurrence of symptoms should not be a reason to avoid using antiviral therapies when their 
use is indicated.  
 
eIf a patient requires hospitalization after starting treatment, the full treatment course can be completed at the health care  provider’s 
discretion. 
 
fNMR/r has significant drug-drug interactions, review for drug-drug interactions is recommended.   
 
gRemdesivir requires an IV infusion once daily for 3 days.  
 

hMolnupiravir appears to have lower efficacy than the other options. 
 
iMolnupiravir for the treatment of COVID-19 in pregnant patients is not recommended unless there are no other options and therapy 
is clearly indicated (AIII). 
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Table 3. NIH COVID-19 Treatment Recommendations for Hospitalized Patients (from NIH guidelines) 66 
 

Disease Severity Therapy Recommendations Anticoagulant Therapy Recommendations 
Clinical Scenario Recommendations 

Hospitalized for 
Reasons Other Than 
COVID-19 

Patients with mild to moderate COVID-19 who are 
at high risk of progressing to severe COVID-19a 

See Therapeutic Management of Nonhospitalized Adults With COVID 19 (NIH guidelines)b For patients without an indication for therapeutic 
anticoagulation: 
 
 • Prophylactic dose of heparin, unless 
contraindicated (AI); (BIII) for pregnant patients 
Hospitalized but Does Not 

Hospitalized but Does 
Not Require 
Supplemental Oxygen  

All patients The Panel recommends against the use of dexamethasone (AIIa) or other systemic corticosteroids 
(AIII) for the treatment of COVID 19c 

Those at high risk for progressing to severe 
COVID-19a 

Remdesivird (BIIb) for patients who are immunocompromised; (BIII) for other high-risk patients 

Hospitalized and 
Requires 
Conventional Oxygene 

Patients who require minimal conventional oxygen Remdesivird,f(BIIa) For nonpregnant patients with D-dimer levels above 
the ULN who do not have an increased bleeding risk:  
 
• Therapeutic dose of heparinb (CIIa) For other 
patients:  
 
• Prophylactic dose of heparin, unless 
contraindicated (AI): (BIII) for pregnant patients 

Most patients  Use dexamethasone plus remdesivirf (BIIa). If remdesivir cannot be obtained, use 
dexamethasone (BI). 

Patients receiving dexamethasone and who have 
rapidly increasing oxygen needs and system 
inflammation  

Add 1 of the following immunomodulators:g Preferred • PO baricitinib (BIIa) • IV tocilizumab (BIIa) 
Alternatives (Listed in Alphabetical Order) • IV abatacept (CIIa) • IV infliximab (CIIa) 

Hospitalized and 
Requires HFNC 
Oxygen or NIV 

All patients Dexamethasone should be administered to all patients (AI). If not already initiated, promptly add 1 
of the following immunomodulators:g,i 
Preferred • PO baricitinib (AI) Preferred Alternative • IV tocilizumab (BIIa) Additional Alternatives 
(Listed in Alphabetical Order) • IV abatacept (CIIa) • IV infliximab (CIIa) Add remdesivir to 1 of the 
options above in certain patients (for examples, see footnote)j 

For patients without an indication for therapeutic 
anticoagulation:  
• Prophylactic dose of heparin, unless 
contraindicated (AI); (BIII) for pregnant patients  
 
For patients who get a therapeutic dose of heparin in 
a non-ICU setting and then transfer to the ICU, the 
Panel recommends switching to a prophylactic dose 
of heparin, unless there is another indication for 
therapeutic anticoagulation (BIII). 

Hospitalized and 
Requires MV or ECMO 

All patients Dexamethasone should be administered to all patients (AI). If the patient has not already received a 
second immunomodulator, promptly add 1 of the following (listed in alphabetical order):i,k  
• PO baricitinibl (BIIa)  
• IV tocilizumabl (BIIa) 
 See footnote k for a discussion on the use of remdesivir. 

 
aFor a list of risk factors, see the CDC webpage Underlying Medical Conditions Associated With Higher Risk for Severe COVID-19.  
 

bIf the patient is hospitalized for reasons other than COVID-19, the treatment duration for remdesivir is 3 days. 
 

cCorticosteroids that are prescribed for an underlying condition should be continued.  
 

dEvidence suggests that the benefit of remdesivir is greatest when the drug is given early in the course of COVID-19 (e.g., within 10 days of symptom onset).  
 

eConventional oxygen refers to oxygen supplementation that is not HFNC oxygen, NIV, MV, or ECMO.  
 

fIf these patients progress to requiring HFNC oxygen, NIV, MV, or ECMO, the full course of remdesivir should still be completed.  
 

gIf none of the preferred or alternative options are available or feasible to use, the JAK inhibitor PO tofacitinib (CIIa) or the IL-6 inhibitor IV sarilumab (CIIa) can be used in combination 
with dexamethasone. Sarilumab is only commercially available as a SUBQ injection.  
 

hContraindications for the use of therapeutic anticoagulation in patients with COVID-19 include a PLT<50,000 cells/µL, Hgb <8 g/dL, the need for dual antiplatelet therapy,  
bleeding within the past 30 days that required an ED visit or hospitalization, a history of a bleeding disorder, or an inherited or active acquired bleeding disorder. 
 

iDexamethasone should be initiated immediately, If other immunomodulators cannot be obtained or are contraindicated, use dexamethasone alone (AI). 
 

jExamples of patients who may benefit most from remdesivir include patients who are immunocompromised (BIIb); patients with evidence of ongoing viral replication  
(e.g., those with a low Ct value, as measured by an RT-PCR result or with a positive rapid antigen test result) (BIII); or patients who are within 10 days of symptom onset (CIIa).  
 

kThere is insufficient evidence for the Panel to recommend either for or against the use of remdesivir in hospitalized patients with COVID-19 who require MV or ECMO. Some Panel 
members would add remdesivir to immunomodulator therapy in patients who have recently been placed on MV or ECMO, who are immunocompromised, who have evidence of 
ongoing viral replication, or who are within 10 days of symptom onset. See text for more information.  
 

lIf PO baricitinib and IV tocilizumab are not available or feasible to use, tofacitinib can be used instead of baricitinib (CIIa), and sarilumab can be used instead of tocilizumab (CIIa).  
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Table 4. NIH COVID-19 Recommended Treatment Summary (from NIH guidelines)66 
 

Class Drug Name Regimen  Comments/Notes 

A
nt

iv
ira

ls
 

Ritonavir-
Boosted 

Nirmatrelvir 
(Paxlovid 
[NMR/r]) 

eGFR ≥60 mL/min 
• Nirmatrelvir 300 mg with RTV 100 mg PO 
twice daily for 5 days 
eGFR ≥30 to <60 mL/min 
• Nirmatrelvir 150 mg with RTV 100 mg PO 
twice daily for 5 days 
eGFR <30 mL/min 
• Not recommended 
• For more information on the use of this 
agent in patients with eGFR <30 mL/min, 
see Ritonavir-Boosted Nirmatrelvir 
(Paxlovid). 
Severe Hepatic Impairment (Child-Pugh 
Class C) 
• Not recommended 

Clinicians should evaluate potential drug-drug 
interactions. See Drug-Drug Interactions Between 
Ritonavir-Boosted Nirmatrelvir (Paxlovid) and 
Concomitant Medications for more information (on NIH 
guidelines). 

Remdesivir RDV 200 mg IV on Day 1, then RDV 100 mg 
IV once daily on Days 2 and 3. Administer 
each infusion over 30–120 minutes. 

Patients should be monitored for ≥1 hour after the infusion 
as clinically appropriate. 

Molnupiravir MOV 800 mg PO every 12 hours for 5 days Before initiating MOV, assess the patient's pregnancy 
status as clinically indicated. See Molnupiravir for more 
information. 

Im
m

un
om

od
ul

at
or

s/
M

on
oc

lo
na

l A
nt

ib
od

ie
s 

Abatacept  Abatacept 10 mg/kg actual body weight (up 
to 1,000 mg) administered as a single IV 
dose  

• No adjustment based on eGFR  

Baricitinib  BAR dose is dependent on eGFR; duration 
of therapy is up to 14 days or until hospital 
discharge, whichever comes first.  

• eGFR ≥60 mL/min/1.73 m2: BAR 4 mg PO once daily • 
eGFR 30 to <60 mL/min/1.73 m2: BAR 2 mg PO once 
daily • eGFR 15 to <30 mL/min/1.73 m2: BAR 1 mg PO 
once 
 • eGFR <15 mL/min/1.73 m2: Not recommended. 

Tofacitinib 10 mg PO twice daily for up to 14 days or 
until hospital discharge, whichever comes 
first  

• eGFR <60 mL/min/1.73 m2: tofacitinib 5 mg PO twice 
daily  

Infliximab 5 mg/kg actual body weight administered as 
a single IV dose  

• No adjustment based on eGFR  

Sarilumab Use the single-dose, prefilled syringe (not 
the prefilled pen) for SUBQ injection. 
Reconstitute sarilumab 400 mg in 100 cc 
0.9% NaCl and administer as an IV infusion 
over 1 hour.  

• In the United States, the currently approved route of 
administration for sarilumab is SUBQ injection. In the 
REMAP-CAP trial, the SUBQ formulation was used to 
prepare the IV infusion.  

Tocilizumab 8 mg/kg actual body weight (up to 800 mg) 
administered as a single IV dose  

• In clinical trials, a third of the participants received a 
second dose of tocilizumab 8 hours after the first dose if 
no clinical improvement was observed.  

St
er

oi
d 

(c
or

tic
os

te
ro

id
s)

 Dexamethasone  DEX 6 mg IV or PO once daily for up to 10 
days or until hospital discharge, whichever 
comes first  

• If DEX is not available, an equivalent dose of another 
corticosteroid may be used.  
• For more information, see Systemic Corticosteroids (NIH 
guidelines).  

A
nt

ig
co

ag
ul

at
io

n 

Heparin Therapeutic dose of SUBQ LMWH or IV 
UFH 

• Administer for 14 days or until hospital discharge 
(whichever comes first) unless there is a diagnosis of VTE 
or another indication for therapeutic anticoagulation. 

Prophylactic dose of SUBQ LMWH or SUBQ 
UFH  

• Administer for the duration of the hospital stay.  

Key: BAR = baricitinib; DEX = dexamethasone; eGFR = estimated glomerular filtration rate; IV = intravenous; LMWH = low-
molecular-weight heparin; NaCl = sodium chloride; PO = oral; RDV = remdesivir; SUBQ = subcutaneous; UFH = unfractionated 
heparin; VTE = venous thromboembolism 
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Table 5.  ARV Pharmacologic Characteristics and Potential CSF Exposure  

 
Abbreviations: NRTIs, Nucleoside reverse transcriptase inhibitors; NNRTIs, Non-nucleoside reverse transcriptase inhibitors; INSTIs, 
Integrase Strand Transfer Inhibitor; IM, Intramuscular; PIs, protease inhibitors; CCR5I, C-C chemokine receptor type 5 inhibitor; IC50, 
inhibitory concentration at which 50%, of in-vitro viral replication is inhibited; CSF, cerebrospinal fluid, EC50, concentration of a drug 
that gives 50% response; IQ, inhibitory quotient; CPE, CNS penetration effectiveness score; NA, not available.   
*Based on active moiety of TFV 
 
 
 
 

Drug Class Protein Binding (%) Protein Free IC50 
(ng/mL) 

CSF Concentration 
(ng/mL) 

Median values 

CSF IQ CPE 

NRTIs  
Abacavir 81, 96 50 72 128 1.78 3 

Lamivudine 81 16-36 549.6 95 0.17 2 
Emtricitabine 97 <4 70 68 0.97 3 

Tenofovir Disoproxil Fumarate* 
97 

<7 11.5  6 0.52 1 

Tenofovir Alafenamide*  80 0.03  0.46 15 NA 
NNRTIs  

Doravirine 76 0.67 NA NA NA 
Efavirenz 81, 98 99.78 1.3 18.8 14.5 3 

Rilpivirine 80, 99 >99 0.27 0.8 3.0 NA 
INSTIs  

Bictegravir 100 >99 0.2 6.9 34.5 NA 
Dolutegravir 81 >98.9 0.2 18.2 91 NA 

Raltegravir 81, 101 83 3.2 31 9.7 3 
Cabotegravir (IM admin) 80 >99 0.10 Q4: 12.7 

Q8: 10.6 
127 NA 

PIs  
Atazanavir 102 86 1.7 7.9 4.65 2 
Darunavir 102 95 0.4 30 75 3 

CCR5I  
Maraviroc 103 76 0.26 2.4 9.2 3 
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Table 6. Preferred and alterative first-line ART treatment recommendations by guideline A). 
DHHS67 and B). WHO83 
 
A).DHHS 
 

Key Considerations and Recommendations 
• An initial ARV regimen for a person with HIV generally consists of two NRTIs inhibitors administered in combination with a third active ARV drug 
from one of three drug classes: INSTI, a NNRTI, or a PI with a pharmacokinetic enhancer (also known as a booster; the two drugs used for this 
purpose are COBI and RTV). 
 
• Data also support the use of the two-drug regimen, DTG plus 3TC, for initial treatment. 
 
• Before initiating ART in a person of childbearing potential, clinicians should discuss the person’s intentions regarding pregnancy and a pregnancy 
test should be performed (AIII). Clinicians should refer to the Perinatal Guidelines for recommendations on initial ARV treatment around the time of 
conception and during pregnancy. 
 
• The Panel on ARV Guidelines for Adults and Adolescents (the Panel) classifies the regimens below (in alphabetical order) as Recommended 
Initial Regimens for Most People with HIV. 
 
For people with HIV who do not have a history of using CAB-LA as PrEP, the following regimens are recommended: 

o BIC/TAF/FTC (AI)a 
o DTG/ABC/3TC—only for individuals who are HLA-B*5701 negative and without chronic HBV coinfection (AI) 
o DTG plus TAF or TDFb plus (FTC or 3TC) (AI) 
o DTG/3TC (AI)—except for individuals with HIV RNA >500,000 copies/mL, HBV coinfection, or when ART is to be started before the results 
of HIV genotypic resistance testing for reverse transcriptase or HBV testing are available. 

For people with HIV and a history of using CAB-LA as PrEP, INSTI genotypic resistance testing should be done before the start of ART. If 
treatment is begun prior to results of genotypic testing, the following regimen is recommended: 

o Boosted DRV plus (TAF or TDF)b plus (FTC or 3TC)—pending the results of the genotype test (AIII). 
• To address individual patient characteristics and needs, the Panel also provides a list of Recommended Initial Regimens in Certain Clinical 
Situations (see Table 6 on guidelines67). 
 
• Given the many excellent options for initial therapy, selection of a regimen for a particular patient should be guided by factors such as virologic 
efficacy, toxicity, pill burden, dosing frequency, drug–drug interaction potential, resistance-test results, comorbid conditions, access, and cost. For 
guidance on choosing an ARV regimen based on selected clinical case scenarios, see Table 7 on guidelines. Also see Table 9 on guidelines for the 
advantages and disadvantages of different components in an ARV regimen. 
 
• Patients without prior ART use who wish to begin long-acting intramuscular CAB and RPV should first achieve viral suppression on another 
regimen before switching to CA\B and RPV.  
Rating of Recommendations: A = Strong; B = Moderate; C = Weak  
Rating of Evidence: I = Data from randomized controlled trials; II = Data from well-designed nonrandomized trials, observational cohort studies 
with long-term clinical outcomes, relative bioavailability/bioequivalence studies, or regimen comparisons from randomized switch studies; III = 
Expert opinion  
a 
Bictegravir should not be initiated in pregnant people due to insufficient data in pregnancy.  

b 
TAF and TDF are two forms of tenofovir that are approved by the U.S. Food and Drug Administration. TAF has fewer bone and kidney toxicities than TDF, while TDF is associated 

with lower lipid levels. Safety, cost, and access are among the factors to consider when choosing between these drugs. 

 
B).WHO 
  

Population Preferred first-line regimen Alternative first-line regimen Special circumstances 
Adults and 
adolescents 

TDF + 3TC (or FTC) + DTGa,b  

NRTI + NRTI + INSTI 
TDF + 3TC + EFV 400 mgb 

NRTI + NRTI + NNRTI  
TDF + 3TC (or FTC) + EFV 
600 mgb 
AZT + 3TC + EFV 600 mgb 
TDF + 3TC (or FTC) + PI/rb 
TDF + 3TC (or FTC) + RAL 
TAFc + 3TC (or FTC) + DTG 
ABC + 3TC + DTGa 
TDF + 3TC (or FTC) + PI/rb 

a Section 4.8 of guidelines discusses toxicity considerations for pregnant and breastfeeding women. 
b EFV-based ART should not be used in settings with national estimates of pretreatment resistance to EFV of 10% or higher. In 
settings with high HIV drug resistance prevalence and where DTG is unavailable or unsuitable due to toxicity, a boosted PI-based 
regimen should be used. The choice of PI/r will depend on programmatic characteristics. Alternatively, HIV drug resistance testing 
should be considered, where feasible, to guide first-line regimen selection. 
c TAF may be considered for people with established osteoporosis and/or impaired kidney function. 
 
Abbreviations: TDF, tenofovir disoproxil fumarate; FTC, emtricitabine; EFV, efavirenz; DTG, 
dolutegravir; RAL, raltegravir; EVG, elvitegravir; ATV, atazanavir; DRV, darunavir/ritonavir; BIC, 
bictegravir;  
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Table 7.  ARV Metabolism and Transporter Interactions 

 
Abbreviations: CYP, cytochrome P450; UGT, uridine glucosyl transferase; MRP2, 
multidrug resistance protein; Pgp, p-glycoprotein; BCRP breast cancer resistance protein; 
OAT, organic anion transporter; OCT2, organic cation transporter  

Class/Drug 
Name 

Metabolized by 
CYP/UGT 

Inducer 
CYP/UGT 

Inhibitor 
CYP/UGT 

Transported By Transporter 
Inducer 

Transporter Inhibitor 

NRTIs 

Tenofovir (TDF 
and TAF)* 

No  
(TAF: CYP3A4 minimal) 

No No 
(TAF: weak 
CYP3A4 in 

vitro) 

TDF: hOAT1/3, 
MRP4 

TAF: Pgp, 
BCRP, 

OATP1B1/B3 
 

No MRP1/2-3 

Emtricitabine 
(FTC) 

No (limited) No (limited) No No No MRP1/2-3 

Zidovudine (ZDV) No 
(hepatic conjugation) 

No No BCRP No BRCP (in vitro) 

Lamivudine (3TC) No 
(unchanged via renal) 

No No MRP4, MRP8 
(in vitro) 

No MRP1/2-3 

Integrase Inhibitors  

Dolutegravir 
(DTG) 

UGT1A 1(major), 
UGT1A3, 1A9 (minor), 

CYP3A4 (minor) 

No No BRCP, Pgp No OCT2 (in vitro) 

Raltegravir (RAL) UGT1A No No Unknown No No 
Cabotegravir 
(CAB)   

UGT1A1 (major), 
UGT1A9 (minor) 

No No Pgp 
(in vitro), BCRP 

(in vitro) 

No OAT1/3 (in vitro) 

Elvitegravir 
(EVG) 

CYP3A4 
UGT1A1  
UGT1A3 

CYP2C9, 
UGT 

No OATP1B1, 
OATP1B3 

No OATP1B3 

Protease Inhibitors  

Lopinavir (LPV) CYP3A No CYP3A Pgp, MRP1/2, 
OATPs 

No BCRP (in vitro) 

Ritonavir (r) CYP3A4, 
CYP2D6 

CYP1A2, 
CYP2C8, 
CYP2C9, 

 

CYP3A4, 
CYP2D6, 

 

Pgp, MRP1 MRP1 MRP1, 
OATP-C, 

BCRP, Pgp 

Atazanavir (ATV) CYP3A4 No CYP3A4, 
UGT1A1, 
CYP2C8,  

Pgp, MRPs, 
BCRP 

Pgp, MRP1 BCRP (in vitro), Pgp, 
MRPs, OATPs 

Darunavir (DRV) CYP3A4 CYP2C9, 
CYP2C19 
(w/ DRV/r, 
possibly /r 

effect), 
CYP2C8 (in 
vitro, DRV/r) 

CYP3A4, 
CYP2D6 (w/ 

DRV/r, possibly 
/r effect) 

Pgp (in vitro) No Pgp (w/r) 
OATPs 

NNRTI 
Efavirenz (EFV) CYP3A4, CYP2B6 (in 

vitro) 
CYP3A4 CYP2C9, 

CYP2C19, 
CYP3A4 

Unknown No BCRP (in vitro), 
MRP1/2-3 
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Chapter 2: In Vitro Model for CNS Pharmacology (4-
cell Model) 
 

2.1 Introduction and Background  
 

This chapter will discuss a developed 4-cell in vitro model where cells relevant to 

the BBB were grown and co-cultured together to allow for drug penetration studies to be 

performed. Briefly, astrocytes, pericytes, human brain microvascular endothelial cells 

(hBMECs), and neurons were grown and transepithelial electrical resistance (TEER) 

measurements were taken to confirm BBB integrity. After, drug was given to the apical 

side to assess how much gets through to the basal side of the plates. These studies 

provide a tool for assessing  potential drug penetration  through cells relevant to the BBB. 

Briefly, the BBB constitutes a crucial protective anatomical layer with a 

microenvironment that tightly controls material transit. To replicate in vivo features, 

constructing an in vitro BBB model requires the sequential layering of constituent cell 

types. The crucial aspect of maintaining heightened integrity in the observed tight junctions 

during both the establishment and post-experiment phases is essential for the success of 

these models. As such, Chapter 2 discusses comprehensive procedures and steps aimed 

at enhancing the integration of the in vitro model. Our BBB model includes all four major 

different primary cell types, which are structural parts of the human BBB. This 4-cell-based 

BBB model can emerge as a promising experimental platform for drug screening 

processes.
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2.2 A Novel 4-cell In-vitro Blood-Brain Barrier Model and its Characterization by 
Confocal Microscopy and TEER Measurement 
 
#Corresponding Author 

Adapted from104, 105:  
 
Malik J, Dyavar RS, Fletcher CV, Podany AT, Dyavar RS, Scarsi KK, Paid GM, Scheetz 
MH, Avedissian SN#. A novel four-cell in-vitro blood-brain barrier model and its 
characterization by confocal microscopy and TEER measurement. Journal of 
Neuroscience Methods. April 26 2023. PMID: 37116621 
 
Malik J, Modebelu UO, Fletcher CV, Podany AT, Scarsi KK, Byrareddy SN, Anand R, 
Buch S, Brown A, Le J, Bradley J, Avedissian SN#. Establishment of a four-cell in vitro 
blood-brain barrier model with human primary brain cells. Current Protocols. June 10 
2024. PMID: 38857108 
 
 

2.2.1 Abstract 

The BBB is a protective cellular anatomical layer with a dynamic micro-environment, tightly 

regulating the transport of materials across it. To achieve in-vivo characteristics, an in-

vitro BBB model requires the constituent cell types to be layered in an appropriate order. 

A cost-effective in-vitro BBB model is desired to facilitate central nervous system CNS 

drug penetration studies. Enhanced integrity of tight junctions observed during the in-vitro 

BBB establishment and post-experiment is essential in these models. We successfully 

developed an in-vitro BBB model mimicking the in-vivo cell composition and a distinct 

order of seeding primary human brain cells. Unlike other in-vitro BBB models, our work 

avoids the need for pre-coated plates for cell adhesion and provides better cell 

visualization during the procedure. We found that using bovine collagen-I coating, followed 

by bovine fibronectin coating and poly-L-lysine coating, yields better adhesion and layering 

of cells on the transwell membrane compared to earlier reported use of collagen and poly-

L-lysine only. Our results indicated better cell visibility and imaging with the polyester 

transwell membrane as well as point to a higher and more stable Trans Endothelial 

https://pubmed.ncbi.nlm.nih.gov/37116621/
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Electrical Resistance values in this plate. In addition, we found that the addition of zinc 

induced higher claudin 5 expressions in neuronal cells. Dolutegravir, a drug used in the 

treatment of HIV, is known to appear in moderate concentrations in the CNS. Thus, 

dolutegravir was used to assess the functionality of the final model and cells.   Using 

primary cells and an in-house coating strategy substantially reduces costs and provides 

superior imaging of cells and their tight junction protein expression. Our 4-cell-based BBB 

model is a suitable experimental model for the drug screening process. 

 

2.2.2 Introduction 

The BBB represents a dynamic microenvironment where the transport of 

molecules into and out of the brain is tightly regulated106. The unique structure of the BBB 

is maintained primarily by brain microvascular endothelial cells (hBMECs), astrocytes, 

pericytes, and neuronal projections. Cell-to-cell contact and communication among 

hBMECs, astrocytes, pericytes, and neuronal cells are critical for the integrity and effective 

functioning of the BBB. The BBB is important as it regulates paracellular exchange, 

cytoplasmic intake, and exocytosis of essential molecules106, 107. Claudins, occludins, and 

junctional adhesion molecules (JAMs) form tight junctions between cells in the BBB. 

Cytoplasmic zonula occludens protein 1 and 2 (ZO-1, ZO-2) play vital roles in linking the 

transmembrane proteins to actin filaments of the cytoskeleton11. Together, the tight 

junction complexes and participating proteins ensure the regulated transport of molecules 

across the BBB108. During a homeostatic condition, only small molecules (molecular mass 

<400-500 Da) can cross the BBB without needing any modulation of the barrier109. Most 

drugs used to treat disorders of the CNS need specific properties to cross the BBB. 

However, a study that looked at over 7000 drugs found that less than 5% of the screened 



49 
 

drugs were able to effectively cross BBB, showcasing the significance of this potential 

obstacle in the brain tissue penetrating drug development process110. 

It is essential to understand the structural and functional aspects of the BBB for 

the success of CNS drug delivery. It has been debated that relying on the rodent BBB 

models does not provide critical answers on the human BBB as there are significant 

differences between species based on transporter expression, the complexity of tight 

junctions, and drug receptors111-115. Species-dependent variations in BBB function has 

been reported in a positron emission tomography (PET) study on brain pharmacokinetics 

of a Pgp substrate116. Thus, in-vitro humanized BBB models are crucial experiments and 

methodologies to understand drug transport across the human BBB. Furthermore, there 

is a distinct movement towards animal reduction in pre-clinical testing117.  The 117th U.S. 

Congress approved the non-requirement of animal testing for procuring a license. 

Accordingly, FDA no longer has to require animal testing for toxicology data and 

encourages readily available in-vitro based experiments118, 119.  

In-vitro BBB models are based on the transwell apparatus, which closely mimics 

in-vivo barrier properties120, 121. This method is also cost-effective for screening a large 

number of drug candidates. Since the incorporation of endothelial cells on a transparent 

collagen filter, transwell technology has advanced significantly to make it more suitable 

for BBB studies122, 123. Initially, experiments using immortalized brain endothelial cells were 

performed to understand the complexity and functionality of the human BBB124, 125. Despite 

the successful monolayer BBB model on the transwell membrane, cross-talk between 

different cell types was not possible given the simplicity of the model126. Although easily 

accessible and highly reproducible, the immortalized cells demonstrate poor BBB 

properties and lose important in-vivo BBB functions127, 128. To mimic the BBB more 

accurately129, an in-vitro system with primary human brain cells was developed by Stone 

et al.130. Our model was based on this initial methodology and other previous models130-
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132. Further, because of supply issues and manufacture discontinuations, adjustments 

were needed to the previous methodology. Utilizing primary human cells is necessary as 

non-human primary cells are not representative of their human counterpart and exhibit 

substantial differences in tight junction protein properties133, 134. To completely recapitulate 

the BBB microenvironment with the associated paracellular stimuli, in-vivo constituent 

cells of BBB were used as primary cells in an in-vitro model employing a transwell 

membrane system for contact-based co-culture including neurons in non-contact (at the 

bottom of the well on cover slip)135, 136. In earlier works, various combinations of cell types, 

plate selection, transparency, and porosity of transwell membranes have been tested in 

the development of in-vitro models121, 122, 137, 138. Despite its static model drawback, the 

transwell insert-based human BBB model remains the most affordable and direct way to 

replicate conditions representing the BBB139. 

In this study, the 4-cell in-vitro BBB model was modified and optimized from earlier 

work performed by Stone et al.130. Because the specific pre-coated collagen plates utilized 

in Stone et al.130 have been discontinued (Collagen coated 12 well, 3µm and 12mm 

inserts, Corning COSTAR, UK), we alleviated the need for these particular plates with our 

modified methodology. In the present work, we developed a collagen coating strategy for 

12 well plates with dimensions of 12mm and 3µm pore size of the transwell membrane. In 

this process, polyester plates (Corning COSTAR #3462) were used to visualize cells 

during various stages of BBB development.  The role of zinc (Zn) and serum starvation of 

cells have been shown to enhance the TEER value, but to our knowledge, these 

conditions have not been tested in a 4-cell BBB model using primary human brain 

cells140,141. Visualization of cells and tight junction proteins after BBB formation has always 

been challenging to capture with in-vitro models. In an in-vitro BBB model, the expression 

of tight junction proteins on the non-contact cultured neurons is unknown, though these 

proteins have been identified in non-BBB-associated neuronal cells. A previous study by 
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Miyamoto et al. utilized knock-out mice showed the presence of tight junction protein in 

the myelinated axon of peripheral neuron cells142. Other studies have also reported the 

presence of claudin 5, claudin 1, and ZO-1 in ipsilateral sciatic nerve samples from legs143, 

144. Focused investigation on the neuronal tight junction proteins would also help in 

understanding the BBB layer and developing cures for neuronal diseases. Researchers 

have also used non-human species for in-vitro BBB model development, however, given 

the specific complexities of the BBB, it is essential to validate the results from various 

species-based BBB models with a human in-vitro BBB model if these models are going to 

be extrapolated for clinical applications145. 

 

 2.2.3 Material and Methods 

2.2.4 Cell and Culture System 

Human brain primary astrocytes (#1800), pericytes (#1200), and human brain 

microvascular endothelial cells (hBMECs # 1000) were purchased from ScienCell 

Research Laboratories (SCRL), USA. Required media and growth supplements for the 

respective cells were also obtained from SCRL. Astrocytes were cultured in astrocyte 

media (AM) (Catalogue # 1801) and astrocyte growth supplement (AGS) (Catalogue # 

1852); Pericytes were cultured in Pericyte media (PM) (Catalogue # 1201), Pericyte 

growth supplement (PGS) (Catalogue # 1252); hBMECs were cultured in Endothelial cell 

medium (ECM) (Catalogue # 1001), endothelial growth supplement (ECGS) (Catalogue # 

1052), all procured from SCRL. Supplements including FBS (Catalogue # 0010), and 

penicillin/streptomycin solution (P/S) (Catalogue # 0503) were also purchased from SCRL. 

Frozen cells were revived and cultured according to the manufacturer's instructions. Cells 

were grown in either 25cm2, 75cm2, or 150cm2 culture flask (TPP # 90076) in accordance 
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with experimental requirements. For human brain cells, culturing flasks and plates were 

pre-coated with bovine fibronectin at 2µg/ml (SCRL, # 8248). Approximately 90% of cells 

in a confluent flask were harvested by trypsinization (0.25 % trypsin, Lonza # CC-5012) 

and washed in DPBS (Dulbecco’s # 1960454). Cells were prepared for counting by mixing 

10 µl of cell suspension with 10 µl of trypan blue. 10 µl of the mixture was read in a cell 

counter (Invitrogen Countess). Cells from passage number 5-8 were used as needed for 

experimental procedures. Human neuronal cells were also purchased from SCRL 

(catalogue# 1520), thawed and used on the day of experiment without prior culturing. 

 

2.2.5 Model Optimization  

Our model was based on the initial methodology established by Stone et al and 

previous models by Hind et al, and Allen et al130-132. However, we modified the model given 

the current availability of necessary supplies, specifically collagen coated inserts of 3.0 

µm and 12 mm (no longer available). Further, we performed numerous preliminary 

experiments, including the stepwise addition of each cell type to confirm cell organization 

(data not shown). 

 

2.2.6 Transwell Plates and Coating  

Twelve-well polycarbonate and polystyrene transwell insert plates (12mm, 3 µm 

pore) were purchased from Corning (Corning COSTAR, #3402 and 3462). In consecutive 

treatments, the transwell membrane was coated with bovine collagen I (Gibco, #A10644-

01), fibronectin, and poly-L-Lysine. Briefly, the membrane was initially treated with bovine 

collagen I (50µg/ml, Gibico, #A10644-01) in PBS overnight at 40C. Next, fibronectin 

(ScienCell, #8248) 3µg/ml in PBS was added to the transwell membrane and incubated 
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at 370C for 3hrs. The membrane was left to air dry between treatments. Finally, Poly-L-

Lysine (Sigma, #P4707-50ML) was added to the membrane and incubated for 10 minutes 

at RT.  

 

2.2.7 Cell Seeding on Transwell Membrane  

The experimental timeline and stepwise schematic is described in Figure 7.  All 

steps were carried out in a biosafety cabinet under aseptic conditions. 

Astrocytes (1st cell)-Astrocytes with a cell count of 6x105/150µl, 3x105/150µl, and 

1.5x105/150µl were seeded on the basolateral side of the flipped transwell insert 

membranes and incubated in 370C cell culture for 3 hrs. After the incubation, excess media 

was removed, flipped to the original position, and media was added to the wells covering 

the apical compartment. Astrocytes were grown for 48 hrs. 

Pericytes (2nd cell)-After 48 hrs of incubation with astrocytes, the transwell was 

flipped again, and excess media was removed from the top of the monolayer. Keeping the 

ratio 1:5 for astrocyte: pericytes, 1.2x105/150µl, 0.6x105/150µl, and 0.12x105/150µl of 

pericytes were seeded on the growing astrocytes monolayer on the basolateral side of the 

transwell insert membrane. These pericyte-seeded transwells were incubated for 3 hrs in 

the cell incubator. After the incubation period, the inserts were flipped to normal position, 

and excess media was removed from the membrane. A 1:1 proportion mixture of 

astrocyte/pericyte media was filled into the transwell and incubated for five additional days 

to allow the formation of a confluent monolayer of astrocytes and pericytes. The media 

was changed every 48 hrs. 

hBMECs (3rd cell) and Neuron (4th cell) Seeding-Seven days after the initial 

seeding with astrocytes, the apical layer media was removed, and 7.51x104/200µl 

hBMECs in endothelial media were seeded on the transwell membrane containing 
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astrocytes and pericytes (6x105/150µl and 1.2x105/150µl), in the basolateral part. Plates 

with seeded cells were incubated for 6 hours, and then 400µl of endothelial media was 

added to the apical region of the transwell membrane. In parallel, 200µl of 2.5x104 human 

neurons were seeded on a collagen-coated coverslip in a separate 12-well plate and 

incubated for 2 hours. The media was changed every 48 hours. 

Combining all Four Cells- On the 11th day from initiation of the experiment, the 

transwell inserts with apical hBMECs, and basolateral astrocyte and pericytes were 

carefully transferred to the 12-well plate containing neurons on the coverslip at the bottom 

of the well. The apical side of the transwell was topped with fresh endothelial media, while 

the basolateral part was filled with a 1:1:2 ratio of astrocyte, pericyte, and neuronal media. 

 

2.2.8 Trans Epithelial Electrical Resistances Measurements  

Before changing the media on Day 3 of 4-cell growth, the first TEER value was 

measured using an Epithelial volt-ohm meter (EVOM2). EVOM2 has been specifically 

designed to measure the electrical resistance in tissue culture 

(https://www.wpiinc.com/company/our-history/). The instrument precisely measures the 

electrical resistance between the different layers of cells. The measured electrical 

resistance between tissue layers is usually known as TEER. The resistance measuring 

probe was washed in 70% ethanol and dried before equilibrating in endothelial media for 

15 minutes. After equilibration, the probe was carefully placed into the insert with the 

shorter arm just above the hBMECs (apical) layer and the long arm just above the neurons 

on the coverslip at the bottom of the well. TEER value was checked every day until the 

completion of the experiment. A schematic of TEER measuring of all 4 cells can be found 

in Figure 8.  
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2.2.9 Processing Transwell Membrane  

Upon completion of the experiment, wells with the membrane inserts were washed 

twice with PBS, and the cells were fixed with paraformaldehyde (Thermo Scientific, 

#J19943-K2) for 10 minutes. Fixed membranes with cells were washed with PBS, and the 

membrane-containing cells were carefully cut into four pieces for further staining. 

 

2.2.10 Staining Cells on the Membranes for Imaging  

A piece of the membrane containing cells on both sides was incubated in a 

blocking buffer comprising 5% goat serum (Abcam, #ab7481), 0.1% TritonX 100 (Sigma, 

# 9036-19-5), and 1% BSA (MP, #180561) for 2 hours. Cells were washed in PBS with 

0.1% Tween-20 (Sigma, #P2287-100ML). Conjugated antibodies for claudin 5 (Invitrogen, 

#362588) at 1:200 and ZO-1 (Invitrogen, #MA3-39100-A647) at 1:100 dilution in PBS with 

0.1% Tween-20 were added to the samples and incubated overnight at 40C. A separate 

piece of the same membrane was used for cell identification by staining it with cell marker 

conjugated-antibodies, anti-S1OO beta for astrocytes (Abcam, #ab196175),  anti-CD146 

(Abcam, #ab196448) for pericytes and hBMECs, and anti-NeuN antibody (Abcam, 

ab190565) for neurons, with all Abs at 1:200 dilution. The following day, samples were 

washed twice with PBS and 0.1% Tween-20. After washing, samples were fixed with 4% 

paraformaldehyde for 10 minutes in the dark. The fixed samples were washed with PBS 

and air-dried on a glass cover slip. Samples were analyzed for expression of tight junction 

proteins using a laser scanning microscope (Zeiss LSM800). Of note, no quantification of 

fluorescence intensities for proteins was performed and comparison of fluorescence was 

assessed visually. 
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2.2.11 Apical and Basolateral Visualization of Cells on the Same 

Membrane  

For optimal visualization of cells on both sides of the membrane, one drop of 

nucleus staining DAPI (4',6-diamidino-2-phenylindole) mounting dye (Invitrogen- 

ProLongTMDiamond Antifade Mountant with DAPI, #P3692) was added on a glass 

coverslip. A quarter piece of the air-dried membrane was placed on the DAPI drop, and a 

drop of DAPI mounting dye was added on top of the membrane. Finally, another glass 

coverslip was carefully placed. under nitrogen and reconstituted in 0.3 mL of mobile 

phase. The plate was sealed and placed into an auto-sampler at 15°C to await LC-MS/MS 

analysis. 

 

2.2.12 Quantification of Fluorescence Intensity 

The confocal images were analyzed for their respective fluorescence pixel intensity 

by importing the images into Fiji ImageJ software for image analysis146, 147. We selected 

the visually brightest cell in each sample as a representative of the triplicates of each BBB 

type. The image analysis program calculated the whole cell surface area for mean 

fluorescence intensity (MFI). Black background or no cell region MFI was also obtained 

using the same selected cell area and was subtracted from the cell MFI for the final MFI. 

The software delivers the mean intensity for the entire area selected. 
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2.2.13 Functional Evaluation of the 4-cell Model with Drug 

Penetration Analysis 

DTG is an integrase strand transfer inhibitor commonly used in ART to treat HIV. 

Here, DTG was utilized as a control to show the functionality of the model. We mixed the 

corresponding media mentioned above with 4000ng/ml of DTG dissolved in vehicle 

[Dimethyl sulfoxide (DMSO)/Polyethene glycol-400 (PEG400)/Propylene glycol 

(PG)/ethanol/kolliphor/1× PBS (8/25/15/10/7/35% v/v)]. The drug-containing media was 

then added to the apical layer of the transwell membrane. A total of 2000 ng DTG in 0.5ml 

media was added to the apical layer of BBB. After 48 hours of drug treatment, 0.5ml of 

media from the apical and basal layer was collected and preserved at -700 for further 

analysis. The concentration of DTG in the collected media was analyzed using validated 

LC-MS/MS methodology previously described58, 85, 148. 

 

2.2.14 Results 

2.2.15 TEER Measurements    

Optimization of Collagen, Poly L-Lysine, and Fibronectin Coating in a 

Polycarbonate Transwell Membrane Containing hBMECs and Neurons.  Following 

hBMECs and neuron cells grown in a polycarbonate transwell membrane plate, the 

highest TEER value of 145 ohm/cm2 was observed when the wells were coated with 

collagen, poly L-Lysine and fibronectin as compared with collagen and poly L-Lysine or 

collagen and fibronectin as presented in Figure 9. The TEER value reduced to 

approximately 30 ohm/cm2 on day eight post-seeding of cells (all coating combinations). 
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Despite the TEER drop, these results indicate that coating with bovine collagen I, 

fibronectin, and Poly-L-Lysine could be a viable strategy. 

Optimization of Astrocyte and Pericyte Cell Numbers in a Co-culture in Polyester 

Insert Membrane Improves TEER. In the polycarbonate plate, we could not observe a 

stable TEERmax, which could be due to different plates and the in-house coating 

combinations. To achieve the desired stability in TEERmax, a polyester transwell plate was 

used to establish the BBB model. A steady-state reading of 100 ohm/cm2 TEER was 

reached and was continued for four consecutive days after reaching TEERmax. Seeding 

density of astrocytes and pericytes influenced the TEER value, and 0.6:0.12 million 

astrocytes:pericytes showed the highest TEER compared to 0.3:0.06 and 0.15:0.03 million 

astrocytes: pericytes (Figure 10). These results indicate that astrocytes and pericytes at 

the appropriate cell seeding population are essential to forming a layer with higher integrity 

and maximum TEER potential. Thus, further experiments were performed with 0.6:0.12 

million astrocytes: pericytes. 

4-Cell Model and Effect of Zn and Serum Deprivation on BBB Integrity. A steady-

state TEER value in the polyester plate still showed lower values compared to previous 

models, indicating the need for further optimization. Various conditions, including the 

addition of Zn or serum to media, were used to improve TEER values. The effect of Zn 

supplementation, added as ZnSO4, on barrier proteins expression and TEER value was 

measured. As depicted in Figure 11, Zn moderately increased the TEER to a maximum 

of 230 ohm/cm2 (day 10) compared to untreated controls (155 ohm/cm2) and serum-

deprived conditions (≤80 ohm/cm2). Neurons combined with hBMECs, astrocytes, and 

pericytes significantly enhanced TEER demonstrating the higher integrity of the 4-cell 

model vs. the 3-cell BBB model (Figures 11, 12).  
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2.2.16 Imaging     

Expression of Tight Junction Proteins in Astrocytes, Pericytes, and hBMECs. 

Expression of claudin 5 and ZO-1 proteins on the co-cultured astrocytes and pericytes at 

the basolateral part of the polyester transwell membrane was determined with 

immunostaining and analyzed with laser scanning microscopy (Figure 12a). The 

membrane was then probed for expression of claudin 5 and ZO-1 in the contact-cultured 

hBMECs in the same transwell membrane sample (Figure 13c). Both astrocytes:pericyte 

(Figure 12a) and hBMECs (Figure 12c) expressed claudin 5 and ZO-1 tight junctions, 

and their expression was increased with the addition of Zn to the medium of astrocyte: 

pericyte (Figure 12b) and hBMECs (Figure12c).    

 Validation of Cell Types- Cellular markers for astrocytes (S100B), pericytes, and 

hBMECs (CD146) expressed on the cell surface were visualized with specific antibodies. 

In Figure 13a, astrocyte s100b are shown in red color detected with the Alexa-647 

conjugated antibody, and pericytes are illuminated in green by an Alexa-488 anti-CD146 

antibody. The opposite side of the same membrane was also probed for hBMECs with the 

Alexa-488 anti-CD146 antibody and showed CD146 expression on hBMECs (Figure 13b).

 Expression of Tight Junction Proteins on hBMECs, Astrocytes, and Pericytes 

during Serum Deprivation and Influence of Zn Sulfate Treatment. Astrocytes: pericytes 

and hBMECs during serum-deprived conditions or with the addition of Zn were stained for 

claudin 5 and ZO-1 expression. They were not affected on ZO-1 with Zn treatment in both 

astrocytes: pericytes (Figure 14a vs. 14b, Column 1 and 4) and in hBMECs (Figure 14c 

vs. 15d, Column 1 and 4). However, Zn increased the expression of claudin 5 on astrocyte: 

pericyte co-cultures (Figure 14a vs. 14b, Columns 2 and 4), whereas no significant 

difference for claudin 5 was observed in hBMECs (Figure 14c vs. 14d, Column 2). These 

results indicate that astrocytes:pericytes, and hBMECs express ZO-1 and claudin 5 even 
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during serum deprivation, and claudin 5 expression is inducible and is increased in 

astrocytes:pericytes during Zn sulfate treatment.      

 3-Cells: Astrocytes, Pericytes, hBMEC, without neurons and Poor Expression of 

Barrier Proteins. The sample with astrocytes and pericytes at the basolateral layer and 

hBMECs in the apical layer of the membrane (no neurons added) had similar ZO-1 

expression as the 4-cell model but had a poor presentation of claudin 5 (Figure 15a and 

15c) compared to the 4-cell model (Figure 12). Surprisingly, adding Zn did not improve 

claudin 5 expression when there were no neurons (Figures 15b and 15d). Cells were 

analyzed for their phenotype based on specific marker expressions (see published 

supplemental material)104.        

 hBMECs Monolayer with Claudin 5 and ZO-1 Expression. The hBMEC monolayer 

present on the transwell membrane was probed with anti-ZO-1 and anti-claudin 5 

antibodies to determine expression on cells. hBMECs expressed ZO-1 and claudin 5 tight 

junction proteins (Figure 16a). The image analysis shows that hBMECs alone can 

produce tight junction proteins; their expression is not optimal in these conditions.

 Neuronal Cell with Claudin 5 Expression. In the presence or absence of neuronal 

cells, there was a difference in the expression of claudin 5 (Figures 12 and 15). Thus we 

analyzed neurons for claudin 5 expression on the neuron cell surface. We found a basal 

level of claudin 5 expression on neurons, and the supplementation of Zn to the medium 

showed a visible increase in expression (Figure 16b vs. 16c and column 4).

 Fluorescence intensity measurement. We quantified the MFI of the claudin 5 

protein in each represented cell from the various combinations of BBB representation. As 

can be seen in Figure 18a, in the presence of Zn in the media, the claudin 5 MFI of 

astrocyte:pericytes increased by 33%, and 43% in hBMECs. Similarly, the analysis 

revealed more than a 50% increase of claudin 5 MFI in astrocyte:pericyte from the 4-cell 

model in the absence of serum. Other BBB representations did not show any substantial 
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difference in MFI. Neuronal cells from the 4-cell model yielded an MFI of 10, but the 

addition of Zn in the media increased the MFI to 19.    

 Functionality Testing: DTG penetration. DTG is known to cross the BBB149. As 

shown in Figure 17b, there is a difference of approximately 33% DTG distribution across 

the transwell membrane of the 4-cell model. We also found approximately 17% inhibition 

in drug penetration when the transwell membrane had only hBMECs monolayer without 

astrocyte:pericyte and without the involvement of neurons. The data also supports the 

idea of Zn addition to the 4-cell model for enhancing tight junction formation as the 

penetration of DTG.  

2.2.17 Discussion 

This study demonstrated a novel, reproducible, in-vitro BBB model using four 

primary human brain cells, illustrating a more comprehensive image analysis compared 

to existing BBB models. The transwell plates used by earlier groups are specific and 

expensive129, 130, 150, 151. Further, some methodology is no longer reproducible due to 

manufacturers' discontinuation of required supplies. Given the importance of drug 

permeability studies, less expensive, flexible, and reproducible transwell plate 

methodologies are desired. Consequently, we developed methods that utilize readily 

available uncoated transwell plates and standardized a strategy for developing a 

functional BBB in-vitro model. Although we have used the specific pore size and 

dimensions for the transwell membrane as discussed by Stone et al., we established ways 

of improving and mitigating dependence on particular aspects of their BBB model.130 The 

initial visualization issue for co-cultured cells on the membrane raises uncertainty of cell 

attachment and growth because of poor visibility of cells when they are growing on the 

transwell membrane152. We found that polyester membranes with the same pore size of 

3µm are better than polycarbonate for visual confirmation of cell adherence and growth 
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under a microscope (Figure 10a and b). Because we used uncoated transwell membrane 

plates, different coating strategies were performed, and our data revealed that 50µg/ml of 

bovine collagen I followed by 3µg/ml of bovine fibronectin and Poly-L-Lysine yielded the 

most optimal TEER values (Figure 10c). We observed TEERmax on day six, which agreed 

with an earlier in-vitro primary human brain cell BBB model report138. However, the TEER 

was not static, and there was a sharp decline in TEER value after reaching TEERmax  after 

day six (Figure 10c)130. Because of unsatisfactory results from the translucent 

polycarbonate transwell plates, we decided to use polyester transwell plates, and its semi-

transparency was better for visualization. The best coating combination of collagen, 

followed by fibronectin and finally poy-L-lysine, observed with the polycarbonate 

membrane, was carried forward with the polyester membrane. As a standardization 

procedure, initially, we used only astrocyte and pericyte co-cultured with different cell 

seeding densities in the basolateral part of the transwell membrane. As indicated in Figure 

11, the seeding density of 6x105 astrocyte and 1.2x105 pericyte in 150 µl exhibited TEER 

values nearly 2-fold greater than half of these cell densities, which is in agreement with 

results of earlier work153. Notably, the TEERmax was established on day 6, and there was 

a steady state in TEER value for four consecutive days, with a drop in TEER observed on 

day 10 (Figure 11). A TEERmax of ~100 ohm/cm2 has been reported in previous studies 

with co-cultures of two different cell types154, 155. Following our standardization results and 

evaluation of different conditions, we developed a 4-cell in-vitro BBB model that included 

human primary hBMECs, astrocytes, pericytes, and neuronal cells.  According to 

previous reports, adding Zn and starving cells of serum media has been shown to improve 

TEER values in the in-vitro BBB model140,141. Thus, as depicted in Figure12, we included 

these conditions by adding 100 µM ZnSO4 in the culture media and using media without 

serum. As presented in Figure 12, out of several different combinations, adding Zn 

increased TEER values140. However, we did not find enhancement of TEER in the 
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absence of serum (i.e., starving condition); instead, we found a decrease in TEER 

compared to normal media. This can be explained by the need for donor-specific serum 

requirement for human neuronal cells130, 156 and the use of primary cells. Our data 

emphasized the necessity of neurons for optimal BBB formation regardless of the 

presence or absence of Zn supplementation in media. Our approach is also supported by 

visualizing tight junction proteins via laser scanning microscopy. Cells were visualized, 

and the expression pattern of tight junction proteins at both sides of the membrane (apical 

and basolateral sides) was analyzed without the dependence on Z-stacking, an 

advancement over existing in-vitro primary brain cells BBB models. It is important to note 

that on day 11, membranes with cells were fixed for microscopy, and by that time, there 

was already a decrease in TEER measurement (Figure 12). Typically, it is challenging to 

visualize tight junction proteins when three human primary brain cells are present on the 

insert membrane. Previous studies have shown tight junction protein images for a 

monolayer of single cell type using immortalized cells141 or an endothelial monolayer on 

cellulose acetate scaffold157. In this study, we successfully studied the tight junction 

proteins ZO-1 (Zona occludens) and claudin 5 together with the identification of 4-cell 

types present. Confocal images of tight junction proteins ZO-1 and claudin 5 were better 

detected in astrocytes and pericytes when the BBB was developed in normal media with 

and without Zn (Figure 13a and 13b). Additionally, there was an apparent difference in 

claudin 5 expression on hBMECs in the presence and absence of Zn (Figure 13c and 

13d). Thus, the confocal study results supported the recorded TEER values, even though 

samples were preserved for microscopy on day 11 when the TEER value was in decline 

(Figure 12). Regarding tight junction microscopy, the previous study by Miranda-Azpiazu 

et al. imaged tight junction proteins in the multicellular BBB model, but only endothelial 

cells were stained for ZO-1158. Our present study also showed the expression of specific 

surface proteins using protein-specific antibodies. The individual cell type from the 
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basolateral astrocyte:pericyte co-culture and apical hBMECs were identified with 

astrocyte-specific anti-S100B antibody (red), and the co-cultured pericyte along with 

hBMECs in the contact culture was recognized by anti-CD146 (green) antibody (Figure 

14a and 14b). Initially, in the absence of serum, there was poor detection of claudin 5 on 

astrocytes and pericytes, as documented in Figure 15a, but the expression of claudin 5 

increased in the presence of Zn (Figure 15b). No visible difference was noted for ZO-1, 

and similar fluorescence visibilities for claudin 5 were detected in hBMECs regardless of 

the presence of Zn (Figure 10a). This could be due to the potential saturation of ZO-1 or 

samples collected during the decline in TEER measurement (i.e., day 11). Similar to 

Figure 14, individual cells on both sides of the transwell membrane were confirmed 

(Figure S1). A study by Antje et al. presented confocal images for tight junction protein 

ZO-1 but not claudin 5, and the experiment was performed with human induced pluripotent 

stem cells (hiPSCs). In contrast, we carried out our experiment with primary cells151. 

Importantly, we investigated the role of neuronal cells in the expression of tight junction 

proteins with confocal microscopy. Again, no significant difference was observed for ZO-

1. However, there was some improvement of claudin 5 expression in the presence of Zn 

(Figure 16a, 16b column 4), but the improved claudin 5 expression is better visualized for 

hBMECs (Figure 16c, 16d column 4). Regardless of tight junction protein expression, 

cells were seen intact and were successfully classified by their respective markers (see 

published supplemental material). As expected, a monolayer of hBMECs on the transwell 

membrane manifested tight junction proteins (Figure 17a, columns 1, 2, and 4), but the 

visible expression level was lower than the 4-cell model (Figure 5). Furthermore, neurons 

at the bottom of the wells for BBB development were also recorded for neuronal marker 

and claudin 5 (Figure 17b and 9c, columns 2 and 4). From the analyzed images, the 

basal level of claudin 5 on neuronal cells could be debatable; nevertheless, we observed 

a better claudin 5 distribution on the neuronal cells in the presence of supplementary Zn. 
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Here for the first time, we are showing the confocal image of non-contact neurons from 

the 4-cell model exhibiting claudin 5 on its surface. There is not enough research on barrier 

proteins in neuronal cells. An early report by De Lorenzo et al. found a detectable level of 

claudin 5 in neurons by immunohistochemistry analysis, and the same study also 

suggested a better expression level of claudin 5 in astrocytes159. Previously mRNA 

analysis indicated the existence of tight junction proteins in synapses of chick ciliary 

ganglion159, 160. Though the immunohistochemistry analysis revealed a low claudin 5 in 

neurons159, the studies did not perform confocal microscopy. Here, our study provides 

visual evidence of claudin 5 on neuronal cells from the BBB model, which can be 

modulated in the presence of Zn. Since all the component cells from different BBB setups 

exhibited similar expressions of ZO-1, we only analyzed the fluorescence intensity for the 

visually evident claudin 5 to confirm the level of difference. The fluorescence intensity 

analysis also agrees with the visually predictable difference of intensity in the presence or 

absence of Zn. Also, it supports the notion that neuronal cells express claudin 5 when they 

are in contact with astrocytes and pericytes. (Figure 18a). Regarding specific applicability 

of drug penetration, we present DTG data to show functionality of the 4-cell model in 

regulating drug penetration into the CNS (calculation for DTG penetration estimation: 

4000ng/mL given, end of 48 hrs, 750ng/mL found on the apical side, ~450 ng/mL found 

on the basal side, some drug lost to experimental conditions and or adherence to wells). 

This new model will allow more drugs to be studied in the future.   

 This study presents a simplified and effective methodology for multi-cell in-vitro 

BBB model development and TEER characterization completed with a comprehensive 

confocal microscopy confirmation. For a better understanding of the time course for the 

steps of model development, a flow chart has been included for the strategic time points 

(Figure 8). Critically, we are also showing the neuronal cells in the BBB model expressing 

claudin 5, which could be inducible by adding Zn micronutrient in the media. This valuable 
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information needs further research work and validation. Going forward, our neuronal cell 

data from the 4-cell model can be helpful in future research work of various fields of 

neuroscience. The present study is part of a larger goal to analyze antimicrobial drug 

penetration through the BBB. Given the recent statement from the FDA to minimize in vivo 

animal work, this methodology will be a helpful tool for both toxicology and drug screening 

studies to assess penetration of various xenobiotics into the CNS. Further, incorporation 

of tight junction protein expression in neuronal cells of BBB model makes this work more 

translational (bench to bedside). We anticipate this model will better our understanding of 

CNS pharmacology with the ultimate goal of better patient care and clinical outcomes.   
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A). 

 

B). 

 

 

Figure 7. Model development flow chart outlining steps and time points (a) and 
schematic representation of all critical time points and steps in the in-vitro BBB model 
development (b). Days represent the total days starting from astrocyte seeding until the 
completion of the experiment. 

Abbreviations: hBMEC, Human brain microvascular endothelial cells TEER, Trans 
Epithelial Electrical Resistances 
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Figure 8. Diagrammatic presentation of glass coverslip handling for neuron seeding (a) and combining all four cells for BBB model and 
TEER measuring (b) 
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Figure 9. Comparative cell visualization and 4-cell model on polycarbonate membrane. 
Visualization of unstained cells growing on a polycarbonate (a) and a polyester (b) 
transwell membrane. The TEER in polycarbonate Transwell inserts was measured with 
an EVOM2 meter for eight days (c). Measurement was carried out three times daily, and 
the average is shown. Data represent values for samples in triplicates.  

Abbreviations: Fn, Fibronectin; Collagen, bovine Collagen I, and P-Lysine, Poly-L-Lysine; 
TEER, Trans Epithelial Electrical Resistances
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Figure 10. TEER value of 4-cell BBB model with various modulations. Standardization of 
cell density for better TEER. TEER in astrocyte and pericyte co-cultures seeded in 
polyester Transwell insert. Data represent values from triplicate wells on each day for six 
days post-seeding. Star-marked cell density was carried forward for further experiments.                           

Abbreviations: TEER, Trans Epithelial Electrical Resistances   
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Figure 11. TEER in 4-cell model containing hBMCEs, astrocytes, pericytes, and neurons 
in a polyester Transwell insert or with changing various conditions, ± Zn; ± Serum; ± 
neurons or only hBMECs. At each point, triplicates are used for rigor and TEER measured 
three times. On day 11 post-cell seeding, cells on the transwell insert membrane were 
fixed and preserved for confocal microscopy study.              

Abbreviations: TEER, Trans Epithelial Electrical Resistances; Zn, zinc; hBMEC, Human 
brain microvascular endothelial cells.  
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Figure 12. Imaging cells form a 4-cell model for tight junction proteins detection. 
Expression of TJs, ZO-1, and claudin 5 on human brain cells, layered on polyester 
transwell insert membrane. ZO-1 (Red) and claudin 5 (Green), and the nucleus (blue) 
were stained with DAPI (4,6-diamidino-2-phenylindole). TJs were observed on- astrocytes 
and pericytes in medium alone (a), with the addition of Zn sulfate (b), and hBMECs in 
medium alone (c) with Zn sulfate (d).  

Abbreviations: Zn, zinc; TJ, tight junctions; Z0-1, Zona occludens; hBMCE, Human brain 
microvascular endothelial cells; DAPI, 4',6-diamidino-2-phenylindole.   



73 
 

 

Figure 13. Imaging cells form a 4-cell model for cell type identification. Cell identification 
by detecting s100 beta on astrocytes and CD146 on pericytes and hBMECs as respective 
cell markers. Astrocytes, pericytes, and hBMEc on a transwell membrane, immunostained 
with a cocktail of s100beta antibody (red), an antibody against CD146 (green), and the 
nucleus was stained with DAPI (blue). The basolateral surface of the transwell membrane 
shows astrocyte and pericyte (a), and the apical part of the same transwell membrane 
shows hBMECs only (b).  

Abbreviations: hBMEC, Human brain microvascular endothelial cells; DAPI, 4',6-
diamidino-2-phenylindole.   
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Figure 14. Detection of tight junction proteins on cells  from a 4-cell model in no serum 
media. Serum-free medium, confocal images of TJ protein ZO-1 (red), Claudin 5 (green) 
expression on astrocytes and pericytes (a) or following treatment with Zn sulfate (b) and 
for hBMECs (c) following treatment with Zn (d) localized to transwell insert membrane in 
BBB model. The nucleus was stained with DAPI.  

Abbreviations: Zn, zinc; TJ, tight junctions; Z0-1, Zona occludens; hBMEC, Human brain 
microvascular endothelial cells; DAPI, 4',6-diamidino-2-phenylindole; BBB, blood brain 
barrier.   



75 
 

 

Figure 15. Imaging cells form a 3-cell model for tight junction proteins detection, no 
neurons. In the absence of neuronal cells, expression of ZO-1 (red) and claudin 5 (green) 
in astrocytes and pericytes (a) and when supplemented with Zn in the medium (b) and the 
corresponding contact cultured hBMECs  (c)  supplemented with Zn (d). DAPI was used 
for nucleus staining.  

Abbreviations: Zn, zinc; Z0-1, Zona occludens; hBMEC, Human brain microvascular 
endothelial cells; DAPI, 4',6-diamidino-2-phenylindole.  
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Figure 16. Image evaluation for tight junction proteins on monolayered hBMECs, claudin 
5 on neurons.  Expression of ZO-1 (red), claudin 5 (green) in mono-culture of hBMECs on 
a transwell membrane (a) and determination of claudin 5 on neuron cell from the non-
contact 4-cell model with neuronal cell marker in red (b) and when the medium for the 
BBB model was supplemented with Zn (c).  

Abbreviations: Zn, zinc; Z0-1, Zona occludens; hBMEC, Human brain microvascular 
endothelial cells; DAPI, 4',6-diamidino-2-phenylindole.  
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Figure 17. Fluorescence intensity and functional analysis of tight junction formation in 4-
cell model. Average fluorescence intensity analysis of claudin 5 for one representative 
corresponding to the image shown from the triplicate of BBB model types and drug 
penetration for different sets of BBB representation. (a) Cell surface pixel intensity for 
claudin 5 measured using FIJI ImageJ-win64 software and (b) evaluation of tight junction 
integrity and the penetration of HIV-ART drug *DTG in the 4-cell model. The color-coded 
bar pairs show drug distribution in the apical and bottom layers of the indicated in-vitro 
models and control (membrane only) from a transwell membrane plate. Media from the 
apical and basal layer of the transwell membrane was collected after 48 hours of drug 
treatment. Data represent the mean concentrations from 3 replicates. 

*Calculation for DTG penetration estimation: 4000ng/mL given, end of 48 hrs, 750ng/mL 
found on the apical side, ~450 ng/mL found on the basal side, some drug lost to 
experimental conditions and or adherence to wells 

Abbreviations: MFI, mean fluorescence intensity; AP, astrocytes and pericytes; DTG, 
dolutegravir; hBMEC, Human brain microvascular endothelial cells; Zn, zinc  
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Chapter 3: In Vivo Models to Assess CNS Penetration  
 

3.1 Introduction 
 

Chapter 3 details an in vivo (major) and some in vitro (minor) investigations in rats 

and human CNS cells that was used to assess CNS penetration of NMR/r. As Chapter 1 

discussed various different therapeutic agents available for treatment of COVID-19 based 

on severity and patient setting, this Chapter will focus primarily on NMR/r as it is listed as 

one of the preferred agents for outpatient treatment and can be taken orally which is more 

convenience for patients. Ten male Sprague-Dawley rats were purchased from Charles 

River that came with intracisternal catheters and double jugular catheters. This allowed 

for extensive sampling of CSF and blood after dosing with NMR/r. At the completion of 

experiments, tissues and peripheral blood mononuclear cells (PBMCS) were also 

collected and processed/counted for NMR quantification. The NMR/r dose given to the 

animals was an oral humanized equivalent based on principles of allometry. The current 

FDA approved dose of NMR/r for patients with normal renal function is 300 mg NMR + 

100 mg RTV given orally twice daily for 5 days. The humanized equivalent of NMR/r based 

on this fixed dosing for rats would be approximately: 60 kg patient [human], 300 mg NMR 

+ 100 mg RTV twice daily, = 10 mg/kg NMR + 3.33 mg/kg RTV daily x scaling factor of 

6.2 = ~60 mg/kg NMR + ~20 mg/kg RTV daily161. Thus, the rats were administered an oral 

dose of NMR/r at 20mg/kg/60mg/kg divided into a twice daily dose x 5 days via oral 

gavage. We chose the oral route because we wanted to replicate human relevance as 

much as possible.  

 After completion and quantification of all NMR in all matrices, formal PK/PD 

analysis was conducted to assess CSF penetration as a ratio of plasma:CSF levels. This 
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was done by comparing different plasma and CSF exposure metrics to each other at the 

same time point (i.e., maximum concentration [Cmax], area under the curve [AUC]). This 

provided an estimate of how well NMR was getting into the CSF from the blood (i.e., 

central compartment to the CSF compartment). Further, the PK modeling allowed full NMR 

prediction profiles for both plasma and CSF to be estimated which allowed us to compare 

these to known PD endpoints for SARS-CoV-2.  

Tissue, CNS cell, and PBMC level of NMR displayed interesting results. NMR 

was not found in therapeutic concentrations in brain tissue. Full details for these 

methods and findings are described below.  
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3.2 In-vitro and In-vivo Assessment of Nirmatrelvir Penetration 
Into CSF, Central Nervous System Cells, Tissues, and Peripheral 
Blood Mononuclear Cells 
 
#Corresponding Author & First Author 

Reproduced with permission from Springer Nature: Avedissian SN#, Malik J, Podany AT, 
Neely M, Rhodes NJ, Scarsi KK, Duryee M, Modebelu UO, Mykris TM, Winchester LC, 
Byrareddy SN, Fletcher CV#. Assessing the penetration of nirmatrelvir into cerebrospinal 
fluid, central nervous system cells and tissues, peripheral blood mononuclear cells, and 
its implications for SARS-CoV-2 clearance. Scientific Reports. May 10 2024. (PMCID: 
PMC11087525 

 

3.2.1 Abstract 
 

Three years after SARS-CoV-2 emerged as a global infectious threat, the virus 

has become endemic. The neurological complications such as depression, anxiety, and 

other CNS complications after COVID-19 disease are increasing. The brain, and CSF 

have been shown as viral reservoirs for SARS-CoV-2, yielding a potential hypothesis for 

CNS effects.  Thus, we investigated the CNS pharmacology of orally dosed 

nirmatrelvir/ritonavir (NMR/r). Using both an in vitro and an in vivo rodent model, we 

investigated CNS penetration and potential pharmacodynamic activity of NMR.  Through 

pharmacokinetic modeling, we estimated the median CSF penetration of NMR to be low 

at 18.11% of plasma with very low accumulation in rodent brain tissue. Based on the 

multiples of the 90% maximal effective concentration (EC90) for SARS-CoV-2, NMR 

concentrations in the CSF and brain do not achieve an exposure level similar to that of 

plasma. A median of only 16% of all the predicted CSF concentrations in rats were 

>3xEC90 (unadjusted for protein binding). This may have implications for viral persistence 

and neurologic post-acute sequelae of COVID-19 if increased NMR penetration in the 

CNS leads to decreased CNS viral loads and decreased CNS inflammation. 

 

https://www.nature.com/articles/s41598-024-60935-5#Fun
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3.2.2 Introduction 
 

Global cases of COVID-19 continue to rise daily162, 163. Although SARS-CoV-2 is 

often referred to as a respiratory virus, in addition to the lung it has been found in tissues 

including the brain, liver, intestine, feces, heart, and kidneys of individuals with COVID-

1931. Moreover, COVID-19 has been demonstrated to infect mononuclear cells. In 

postmortem lung T-cells, the presence of COVID-19 antigen was observed, with CD4 

positive T-cells indicating SARs-CoV-2 infection, and there have been reports of antibody-

mediated infection in monocytes and macrophages as well164-166.The impact of COVID-

19 on human health has led to significant investment in new strategies including the 

development of new therapeutic agents to reduce the risk of infection, disease, and 

negative outcomes.  

One available oral antiviral treatment for COVID-19 is ritonavir boosted NMR 

(NMR/r; PAXLOVIDTM)66. This drug is a combination of a SARS-CoV-2 MSP5 PI NMR, 

and r/ weak-PI used in a low-dose as a pharmacokinetic PK enhancer to increase the 

concentrations of NMR in the blood via inhibition of hepatic oxidative metabolism167. NMR 

is a peptidomimetic inhibitor of the SARS-CoV-2 main protease (Mpro), also referred to as 

3C-like protease (3CLpro) or nonstructural protein 5 (nsp5) protease. Inhibition of SARS-

CoV-2 Mpro renders the virus incapable of processing the polyproteins pp1a and pp1ab, 

preventing replication168. NMR/r received FDA approval on May 25th 2023, as the first 

oral antiviral treatment for mild to moderate COVID-19 in adults who are at high risk 

for severe COVID-19169. Currently this combination’s only utility is against SARs-CoV-

2 infection. 

Neurological complications associated with SARS-CoV-2 infection are not well 

understood. PASC, also known as Long COVID, is a chronic syndrome that affects some 

individuals who have recovered from acute COVID-19 illness32. Based on available 
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literature, the related incidence, risk factors, possible pathophysiology, and proposed 

management of neurological manifestations has been summarized by Moghimi et al.35. 

While the majority of SARs-CoV-2 infected persons no longer show symptoms after 

recovering from infection, some experience persistent neuroPASC symptoms (e.g., 

depression, anxiety, difficulty concentrating, central nervous system [CNS] 

disturbances)36 lasting months or even years after the infection34, 37. Interestingly, fatigue 

has been observed as one of the most common symptoms associated with Long COVID38, 

39. The etiology of neuroPASC is unclear, and the exact mechanisms of SARS-CoV-2 

entry into the CNS are uncertain. Some theories for entry include infection of the 

endothelium, access through the blood-brain barrier (BBB), and through nervous tissue 

conduits that bypass the BBB. Given that cells in the CNS can be infected with SARS-

CoV240, it is plausible that CNS infections lead to the neurological complications described 

by neuroPASC41-43. Mechanisms for SARS-CoV-2 associated neurological complications 

are still currently being explored170. Another theory is that neuroPASC is due to prolonged 

inflammation present in the CNS post-infection. This theory is supported by both clinical 

and animal data in persistent SARs-CoV-2 infection44, 45. Clinical data from autopsy 

sampling performed on the CNS of patients who died from COVID-19 found viral RNA, 

with patients having detectable CNS virus from 4-230 days after infection46.  A study by 

Beckman et al. showed that COVID neuroinvasion (non-human primate model) was more 

significant and widespread throughout the olfactory cortex in older animals than younger 

ones. They also found axonal spread of the virus from the nasal olfactory epithelium. In 

the older monkeys, there was an increase in viral load, more pronounced cellular 

alterations, and neuroinflammation47. Given data to support viral entry into the CNS48, and 

the known neurological issues associated with neuroPASC, early and effective antiviral 

treatment of acute COVID-19 may offer hope in preventing or reducing neuroPASC 

occurrence and severity49, 50.   
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Currently, there are no published data on NMR concentrations in the CNS when 

given orally. It is unknown if NMR can cross the BBB and achieve therapeutic 

concentrations necessary to treat SARS-CoV-2 infection in the CNS. Given the limited 

treatment options available for COVID, it is essential to evaluate whether current treatment 

can be maximized to ensure viral eradication. Treatment and prevention of neuroPASC 

caused by virus in the CNS would require therapeutic CNS NMR concentrations, 

which are a function of effective concentration goals (EC50-90), brain penetration and 

dose. Suboptimal drug concentrations in the CNS during acute treatment may 

unintentionally contribute to neuroPASC. A general principle for treatment of infectious 

diseases is the need for adequate drug concentration at site of infection171.  CNS 

penetration is dependent on many factors that control the ability and amount of a drug that 

can cross the BBB (e.g., lipophilicity, molecular weight, molecular charge, etc.). Thus, to 

reach effective drug concentrations in the CNS, strategies to raise the systemic drug levels 

by increasing dose, frequency or duration, or changing formulation or route of 

administration, may be necessary172. However, increasing the drug dose may significantly 

increase the risk of systemic toxicity. Preclinical studies investigating penetration into 

reservoirs are necessary to determine if therapeutic concentrations are clinically 

achievable. Several clinical trials are currently ongoing looking at using NMR/r as a 

treatment strategy for patients that are highly symptomatic with Long COVID. One ongoing 

trial is using NMR/r for 15-days at the current dose to see if this treatment will provide 

relief in those suffering with Long COVID (NCT05576662; NCT0559369; NCT05668091). 

These efforts support the need to assess CNS penetration of NMR/r. In this premise, the 

critical and initial step is to understand NMR/r penetration utilizing pre-clinical models. 

Accordingly, the objective of this study was to use in vitro and in vivo preclinical models to 

determine NMR penetration into the CNS.  Astrocytes and pericytes are integral to BBB 

structure controlling the drug penetration across BBB and uptake of the chemotherapeutic 
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agents for CNS entry. Animal models provide a way to probe questions that require 

invasive sampling clinically.  Our approach was to use an in vitro system consisting of 

cells of the BBB to explore the ability of NMR/r to enter these cells, and in vivo 

measurements of NMR/r in CSF and other anatomical sites utilizing a rat model. 

 

3.2.3 Methods 

3.2.4 Study  

This study was conducted at the University of Nebraska Medical Center in Omaha, 

NE. All study methods were approved by the Institutional Animal Care and Use Committee 

(IACUC; Protocol #2006507) and conducted in an AAALAC-accredited animal facility. This 

study was reported in accordance with ARRIVE guidelines. 

 

3.2.5 Chemicals and Reagents   

Animals were administered NMR/RTV (NMR: Medkoo Biosciences, 

Catalog#555985 Lot#: C22R06B23, Morrisville, NC, USA. RTV: Medkoo Biosciences, 

Catalog#318671, Lot#: A22M08B04) for oral dosing. Artificial CSF (TOCRIS Biotechne, 

#3525) and normal saline (B/BRAUN, Lot#: R5200-01) were used as described in 

sampling methods below. LC-MS/MS standard curves were generated using commercially 

obtained NMR (Cayman Chemical, Lot#:0635075, Ann Arbor, MI, USA) with a purity of 

>98%. Nirmatrelvir-2H9 (2H9-PF-07321332, Lot#: NA-ALS-22-044-P3, Alsachim, Illkirch, 

France) was used as an internal standard for the NMR quantification.  Formic acid, 

methanol and acetonitrile were obtained from Fischer Scientific (Waltham, MA, USA). 

Ultra-pure water was obtained from UNMC via a Barnstead GenPure xCAD Plus water 
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purification system (Thermo-Fisher, Waltham, MA, USA). Frozen, non-medicated, non-

immunized, pooled Sprague-Dawley rat plasma and pooled human CSF (BioIVT, 

Westbury, NY, USA) were used for calibration of standard curves. For oral dosing, NMR 

and RTV were mixed into a premade vehicle formulation similar to previous methods173-

175. 

 

3.2.6 Cells and Culture System  

Human brain primary astrocytes (#1800), pericytes (#1200), and human neurons 

(#1520) were purchased from ScienCell Research Laboratories (SCRL), USA. Required 

media and growth supplements for the respective cells were also obtained from SCRL. 

Astrocytes were cultured in astrocyte media (AM) (Catalog#1801) and astrocyte growth 

supplement (AGS) (Catalog#1852); pericytes were cultured in pericyte media (PM) 

(Catalogue#1201), pericyte growth supplement (PGS) (Catalog#1252) and human 

neurons were seeded in neuronal media (NM) (Catalog#1521) with neuronal growth 

supplement (NSG) (Catalog#1562). Supplements, including FBS (Catalog#0010), and 

penicillin/streptomycin solution (P/S) (Catalog#0503) were also purchased from ScienCell. 

Frozen cells were revived and cultured according to the manufacturer's instructions. 

Astrocytes and pericyte cells were grown in either a 25 cm2, 75 cm2, or 150 cm2 culture 

flask (TPP#90076) in accordance with experimental requirements. Culturing flasks were 

pre-coated for human brain cells with bovine fibronectin at 2 µg/mL (ScienCell#8248). The 

6-well plates (TPP#92006) were coated with Poly-L-Lysine (Sigma#RNBL4935) for 10 

minutes at room temperature for human neuron cells, washed with PBS, and air dried. 

Astrocytes and pericytes were harvested by trypsinization (0.25% trypsin, Lonza#CC-

5012) from the flasks having close to 90% confluency of growing cells and washed in 

DPBS (Dulbecco’s#1960454). Cells were prepared for counting by mixing 10µl of cell 
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suspension with 10µl of trypan blue. 10µl of the mixture was read in a cell counter 

(Invitrogen Countess). Neuron cells were directly seeded on the pre-coated 6-well plates 

after thawing the frozen vials.     

 

3.2.7 Procedures  

All steps were carried out in a biosafety cabinet under aseptic conditions, similar 

to methods previously described104. Astrocytes with a cell count of 0.5x106/well were 

seeded into 6-well plates containing 2 mL of astrocyte media in each well. Seeding was 

performed in triplicate for each drug or drug combination and incubated in 370C cell culture 

incubator, as described in our previous work. Pericytes with a cell count of 0.5x106/well 

were seeded into 6-well plates containing 2 mL of pericyte media in each well. Cell seeding 

was performed in triplicate for each drug or drug combination and incubated in 370C cell 

culture incubator. Neurons with a cell count of 0.3x106/well were seeded into 6-well plates 

containing 2 mL of neuronal media in each well. Seeding was performed in triplicates for 

each drug or drug combination and incubated in 370C cell culture incubator. 

 

3.2.8 Drug Formulation for In Vitro Work  

Powdered NMR (Medkoo Biosciences, Catalog#555985, Lot#: C22R06B23) was 

dissolved in 1 mL of 100% DMSO to make a stock concentration of 4.4 mg/mL. Powdered 

RTV (Medkoo Biosciences, Catalog#318671, Lot#: A22M08B04) was dissolved in 1 mL 

of 100% DMSO to achieve the stock concentration of 2 mg/mL. NMR and RTV were 

weighed and dissolved in 1mL of 100% DMSO to achieve 4.4 and 2 mg/mL stock 

concentration for NMR and r/, respectively.  
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3.2.9 Drug Addition to Cells and Sample Preparation   

NMR and RTV, individually or in combination, were added to the cultured cells at 

2200 ng/mL and 1000 ng/mL final concentration, respectively. The in vitro doses of NMR 

and RTV were selected based on previous studies176, 177. After 24-hour incubation with 

drugs, astrocytes, pericytes, and neuron cells were washed once with PBS and harvested 

using a cell scraper (Corning #3010) in 500 µl of 70% methanol. Samples were kept at -

200 C prior to drug quantification.  

 

3.2.10 Experimental Design and Animals   

Male Sprague-Dawley rats (n=10, mean weight=306 g, age=~65-70 days) were 

obtained from Charles River (Raleigh, NC 27610). All catheters (cisternal and vein 

cannulation) for the animals were surgically implanted 178, 179 at Charles River prior to 

shipping.  On arrival to the housing facility, animals were acclimated for 72 hrs prior to 

starting study protocol. Catheter management was performed daily to ensure viable 

sampling.  Animals were administered 30 mg/kg NMR + 10 mg/kg RTV twice a day (60 

mg/kg NMR and 20 mg/kg RTV total daily dose) daily for five days (as described below).  

All NMR/r doses were administered orally via gavage. The dose chosen for this study 

allometrically scaled to a humanized equivalent of NMR/r based on fixed dosing (i.e., 60 

kg patient, 300 mg NMR + 100 mg RTV twice daily, = 10 mg/kg NMR + 3.33 mg/kg RTV 

daily x scaling factor of 6.2 = ~60 mg/kg NMR + ~20 mg/kg RTV daily). The five day 

duration of the study also aligns with the current FDA recommendation for treatment of 

COVID-19 with NMR/r in patients169. Rats were housed in a light and temperature-

controlled room for the duration of the study and allowed free access to water and food, 

except during sampling.  Data were analyzed for all animals that entered the protocol. 
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When animals contributed incomplete data (i.e., early protocol termination), all available 

samples were analyzed for PK. Concentrations below the lower limit of quantification were 

inputted as 0180.  

 

3.2.11 Blood, CSF, PBMC, and Tissue Sampling and Determination 

of NMR Concentrations 

  Blood samples were drawn from a single right-sided internal jugular vein catheter 

in a sedation-free manner when possible. Blood catheter lines were flushed with normal 

saline after each blood draw to prevent blood contamination. CSF was collected via an 

intracisternal catheter. Isoflurane gas was used for temporary sedation when needed (5% 

initially, followed by 1-3% maintenance). Within each 24 hrs, planned sample collection 

was eight blood and two CSF samples per animal. An approximation of the full sampling 

strategy over the five day study can be found in supplemental material in publication181. 

Each sample obtained (0.25 mL blood and 0.05-0.1 mL CSF aliquots) was replaced with 

either an equivalent volume of normal saline or artificial CSF (as appropriate) to maintain 

euvolemia. Blood and CSF samples from NMR-treated animals were processed similar to 

our previous reports85, 89, 182, 183.  

Upon completion of the protocol, rats were euthanized, and tissues (lungs, heart, 

kidney, brain, liver) were harvested. The tissues were perfused, rinsed with cold saline 

solution, blotted with paper towel, and snap-frozen. Rat tissues (lungs, heart, kidney, 

brain, liver) were analyzed for NMR content by preparing tissue homogenate samples. 

PBMC sampling was conducted on each rat prior to termination using mononuclear cell 

preparation tubes per manufacture protocol (BD Biosciences, Franklin Lakes, NJ).  
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Plasma, CSF, tissue, and PBMC concentrations of NMR were quantified with LC-

MS/MS using individual standard curves for each matrix (ranges: CSF, 1 to 250 ng/mL; 

plasma, 20 to 10,0000 ng/mL; PBMC, 0.01 to 5 ng/mL). Standard calibrators, quality 

controls, and samples were prepared in microcentrifuge tubes. Internal standard was 

added to track the analyte of interest through the extraction and instrumentation 

processes.  NMR was extracted from 20 μL of rat plasma, PBMCs or CSF with a stable 

labeled IS [2H9]-PF-07321332 by a protein precipitation using 50:50 ACN:MeOH to 

provide a protein free extract.  CSF samples were treated with ammoniated methanol prior 

to extraction to ensure no analyte adsorbs to the tube wall as previously 

described89.  Supernatant was removed and diluted with mobile phase in a 96-well plate 

prior to injection.  HPLC was used to separate the analytes from potential interferences 

on a C18 100 x 3.00mm column (MAC MOD, Chadds Ford, PA, USA) for stationary phase, 

using 60% acetonitrile, 0.1% formic acid in water as an isocratic mobile phase.  Detection 

of NMR and the IS in plasma and CSF was done with an ABSciex 5500 Q-trap mass 

spectrometer (ABSciex, Framingham, MA, USA) in positive ion mode.  PBMC levels were 

converted to µM concentrations based on the single cell volume for PMBCs184. The assays 

were linear between plasma concentrations of 20 and 10000 ng/mL, CSF concentrations 

of 1 and 250 ng/mL, and PBMC concentrations of 0.01 and 5 ng/mL. The plasma 

component underwent a complete validation and had a precision of <4.73 for all 

measurements, including intra- and inter-assay measurements. Briefly, all bioanalyses are 

within the pre-determined acceptance criteria of +/- 15% for each level (+/- 20% for 

LLOQ)185. 

Tissues were homogenized using a Precellys Evolution Cryolys homogenizer 

(Bertin Technologies, Montigny-le-Bretonneux, France).  Each tissue was homogenized 

with 0.5 mL of 70:30 methanol: 25 mM phosphate buffer. Calibration curves for the tissue 

homogenates were prepared as described above in the section on estimation of NMR in 
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plasma. Tissues were quantified by weight (mg of drug/g of tissues), reported as mg/g, 

and converted to mg/mL as previously described85, 186. Calibration curves for the tissue 

homogenates were prepared as described above. All units were reported in ng.   

PBMC cellular and tissue AR were calculated as observed NMR PBMC and tissue 

concentrations to NMR plasma concentrations at the same time of collection187, 188. 

 

3.2.12 NMR PK and Drug Exposure  

 The simplest base PK model considered was a 3-compartment model with 

an oral compartment (first order absorption), plasma compartment, and a CSF 

compartment. Three and four-compartment models with/without a lag constant were 

similarly fit using the nonparametric adaptive grid (NPAG) algorithm within the Pmetrics 

package version 1.5.0 (Los Angeles, CA) for R version 3.2.1 (R Foundation for Statistical 

Computing, Vienna, Austria)189, 190.  Multiple different CSF models were considered where 

CSF intercompartmental clearance (CL)/transfer and CSF CL were added and omitted 

based on investigator judgement, and other PK CSF studies191-194. A model comparison 

table can be found in Supplemental material (PREPRINT). The initial estimate of 

parameter weighting was accomplished using the inverse of the assay variance.  Model 

performance was quantitatively described using observed vs. predicted concentrations to 

calculate bias, imprecision, and coefficients of determination195.  The final model was 

selected based on regression of observed vs. predicted concentrations, prediction bias, 

visual plots of parameter estimates, lowest -2LL/Akaike information criterion and rule of 

parsimony. We modeled the relative bioavailability (F) for each dose in a given rat to 

account for inter-occasion variability in concentrations among doses, by taking the 

maximum post-dose peak concentration observed for that rat over all doses and 

calculating F for each dose as the peak after that dose divided by the maximum peak. The 

https://doi.org/10.21203/rs.3.rs-3416699/v1
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dose which was followed by the maximum peak then had F=1, and all other doses were 

F≤1.  

To compare NMR concentrations in animals to a putative PD endpoint, the 

concentration needed for three times the 90% maximal effective concentration (3xEC90) 

for the SARS-CoV-2 was utilized196. The FDA integrated review from the clinical studies 

(EPIC-HR) showed 95% of participants had NMR trough concentrations ≥3xEC90197.  

Therefore, the goal for the CSF was set to achieve the same exposure conditions as for 

plasma.  The plasma EC90Adjusted concentration for plasma is 292 ng/mL (585 nM), and the 

EC90Un_adjusted for CSF is 90.5 ng/mL.  Therefore, the 3xEC90 PD values would be 876 

ng/mL for plasma and tissue, and 271.5 ng/mL for CSF.  This EC90 value is based on the 

study on bronchial epithelial cells infected with USA_WAI/2020 isolate174. 

 

3.2.13 Estimation of PK Exposure and Percent (%) CSF Penetration   

The best-fit model was used to calculate median maximum a posteriori probability 

Bayesian NMR plasma and CSF concentration estimates at 12-minute intervals over the 

5-day study period using each animal’s measured NMR concentrations, exact dose, and 

dosing schedule. From these concentrations we calculated the AUC_0-5days over the entire 

experiment using “makeAUC” function within Pmetrics189, 198. Cmax_0-5days from the 12-

minute interval Bayesian estimates was determined to be each animal’s Cmax_0-5days.  

Ratios of the estimated AUCcsf /AUCplasma and Cmax_csf /Cmax_plasma were used to 

determine percent CSF penetration191, 199-202. AUC was standardized to AUC0-24hrs by 

dividing AUC_0-5days by 5 (i.e., 5-days protocol) to provide an estimated AUC0-24hrs value. 

For Cmax_0-5days, the highest predicted CSF concentration and corresponding plasma 

concentration were used calculate precent penetration. Only animals with CSF 

concentrations sampled were used for estimation of CSF penetration.  
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3.2.14 Statistics  

Summary statistics were calculated using GraphPad Prism V7.02 (GraphPad 

Software Inc., La Jolla, CA). Nonparametric summary statistics were reported given the 

small sample size and distribution of data. 

 

3.2.15 Results  

3.2.16 In Vitro Drug Uptake  

The mean ± SD uptake of NMR alone compared with in the presence of RTV by 

neurons was 34.7 ng/mL ± 0.88 and 122.8 ± 7.8 ng/mL, respectively (P<0.0001). The 

mean ± SD of RTV uptake in astrocytes and pericytes in the presence or absence of NMR 

was 419.7 ng/mL ± 12.8 ng/mL vs 665.2 ng/mL ± 28.3 ng/mL for astrocytes (P<0.0002) 

and 202.6 ng/mL ± 11.5 ng/mL vs 321.9 ng/mL ± 72.6 ng/mL vs. for pericytes (P<0.05), 

respectively. Overall, the maximum NMR uptake was low (5.5%; i.e., 2200 ng/mL 

administered vs. 122.8 ng/mL uptake: 122.8/2200=5.5%; Figure 18a: neurons), as seen 

with neurons in the presence of RTV. The uptake for NMR increased >3.6-fold in neurons 

in the presence of RTV (34.7 ng/mL to 122.8 ng/mL). We observed low (<2%) uptake of 

NMR by astrocytes or pericytes (Figure 18a: astrocytes, pericytes) in the presence or 

absence of RTV. Further, we observed moderate (42%) uptake of RTV in astrocytes 

(Figure 18b: astrocytes, 1000 ng/mL administered vs. 419.7 ng/mL uptake), and in the 

presence of NMR, RTV uptake significantly increased to 66.5% (1000 ng/mL administered 

vs. 665.2 ng/mL uptake).  

 



93 
 

3.2.17 Characteristics of Animal Cohort  

A total of 10 rats received NMR/r orally by gavage and had plasma and CSF 

concentrations obtained throughout dosing and tissue samples collected at completion. 

Each day, rats had an average of 6.5 plasma concentrations and 1.8 CSF concentrations 

sampled over the 5-day protocol (Total: 327 plasma, 83 CSF concentrations). One animal 

had intracisternal catheter failure before the collection of any CSF samples. 

 

3.2.18 NMR PK Model and Parameter Estimates   

The final PK model was a three-compartment first-order oral absorption model with 

a bioavailability (F) covariate (published supplemental material181), AIC=771.4 (published 

supplemental material181). The final model’s median PK parameter values are given in 

Table 8.  The PK model was fit-for-purpose with low bias in both plasma and CSF (-0.0778 

mg/L and -0.0263 mg/L). Bayesian predictions from the final model explained the variation 

in the observed individual animal concentrations well (r2=0.76 and 0.51 for plasma and 

CSF, respectively [supplemental material PREPRINT]).   

 

3.2.19 NMR PK Exposures and Percent (%) CSF Penetration    

The overall PK exposures for all rats are summarized in Table 9. The median (IQR) 

NMR penetration into the CSF was low at 18.1% (7.65-30.59) (calculated from highest 

predicted concentration [Cmax]) and 15.2% (7.55-29.92) (calculated from area under the 

concentration-time curve [AUC]). The complete list of NMR penetration into CSF for each 

animal can be found in Table 9. Further, Bayesian observed versus predicted 

concentration time profiles for plasma and CSF vs. 90% maximal effective concentration 

https://doi.org/10.21203/rs.3.rs-3416699/v1


94 
 

[EC90] and 3xEC90 values can be found in Figure 19. The CSF Bayesian prediction 

concentration time profiles for all animals showed the median (IQR) percent of time CSF 

concentrations were ≥ 3xEC90 unadjusted for plasma protein binding (EC90Un_adjusted, note: 

adjusted = EC90Adjusted) was 16% (0-20.5) (Figure 19b). 

 

3.2.20 Tissue and Peripheral Blood Mononuclear Cells (PBMC) 

NMR Concentrations     

The overall tissue accumulation ratio (AR [desirable AR: >1]) and tissue 

concentrations for NMR can be found in Figure 20 and in published supplemental material 

available online181. The highest median (IQR) NMR tissue ARs were observed in the liver 

(2.71 [1.14-9.55]), and kidney (1.71 [0.82-11.09]) while the lowest median NMR tissue AR 

was observed in brain tissue at 0.15 (0.03-1.12). Compared to all the tissues, the brain 

had the lowest median (23.83 ng/g, IQR: 10.94-46.85) NMR concentrations, which were 

all <3xEC90 regardless of adjustment for protein binding.  For PBMCs, the median (IQR) 

value for the cellular AR for NMR was 0.998 (0.48-27.05). 

 

3.2.21 Discussion  

We found that NMR CSF concentrations in rats given oral NMR/r twice daily for 

five days were 15-18% of those in plasma, whether determined as a ratio of Cmax or AUC 

(Table 9). Further, we found that tissue penetration of NMR in brain of the rats was low, 

which was consistent with the NMR cell uptake in our in vitro model. Saleh et al. used 

physiologically based pharmacokinetic (PBPK) modelling to predict whether NMR, 

remdesivir, and molnupiravir achieve effective concentrations against SARS-CoV-2 in 
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human brain cells203. Their model predicted NMR concentrations exceeded the EC90 

values in brain extracellular fluid concentrations, which is similar to what we found in rat 

CSF. However, they did not evaluate 3xEC90, or other multiplicative factors of the EC90 

values, reflecting levels of plasma exposure observed clinically. Exposure-response 

relationships for SARS-CoV-2 viral loads relative to EC90 factors have not been evaluated 

in the CNS or other potential viral reservoirs. We utilized the concentration needed for 

3xEC90 for SARS-CoV-2 as our PD target for the CSF, based on the FDA review from 

EPIC-HR showing 95% of participants had NMR trough concentrations ≥3xEC90196, 197. If 

the two EC90 values utilized in the PBPK simulation study by Saleh et al. for the Delta 

variant are multiplied by a factor of 3 (0.149 µM:~100 ng/mL x 3 = 300 ng/mL), the majority 

of time is spent below this PD goal.  In our study, we found that CSF concentrations of 

NMR aren’t maintained above the 3xEC90Un_adjusted for SARS-CoV-2 (Figure 19b, median 

overall CSF Concentrations ≥3xEC90: 16%) for the entire dosing interval. As an exercise, 

we conducted Monte Carlo simulations (N = 1000, assuming 300 g rat, fraction unbound 

= 1) from the final rat population PK model to assess what doses (30-90 mg/kg) of NMR 

would be required to achieve the probability of target attainment of 50-100% time above 

different EC90 multiples (e.g., 0.5-3xEC90) in the CSF. Based on the simulations, doses of 

>90 mg/kg BID (published supplemental material181) in rats would be necessary to ensure 

all concentrations are >3xEC90Un_adjusted (i.e., 271.5 ng/mL).  Humanizing this dose based 

on allometric scaling would result in clinical doses of 900 mg of NMR BID (three times the 

current FDA approved dose) or potentially more frequent dosing of 300 mg every 4 hrs. 

The simulations did not account for varying the doses of r/ (which increase NMR 

concentrations) given the toxicity and drug-drug interactions of RTV that make it clinically 

difficult to justify pushing its dose higher204.       Our study is 

unique as we also looked at homogenized liver, brain, lung, kidney, and heart tissues, and 

PBMC concentrations of NMR in rats. As shown in Figure 21 and in the published 
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supplemental material181, brain tissues had the lowest concentrations and AR compared 

with other tissues. Only rat 7, who died within 4 hrs after the 2nd dose, had NMR 

concentrations >EC90Un_adjusted , but no rat had NMR concentrations >3xEC90 regardless if 

comparing to adjusted or unadjusted for protein binding. For PBMCs, we found that 

intracellular NMR concentrations from PBMCs were detectable, and some rats had NMR 

PBMC concentrations above 3xEC90Adjusted and Un_adjusted. When compared to other PIs used 

in the treatment of HIV, the desirable human PBMC cellular AR is >1187, 188. Our PBMC 

median (IQR) cellular AR for NMR was 0.998 (0.48-27.05) but the value demonstrated 

high variability among rats. Overall, it appears that NMR, in the presence of RTV, shows 

similar intracellular uptake to other PIs.  This finding is important as previous studies have 

shown that SARs-CoV-2 can infect monocytes and T-lymphocytes165, 205.  

 To evaluate specific drug uptake by relevant cells of the CNS rather than only CSF, 

we investigated the uptake of NMR and r/ in astrocytes, pericytes and neurons individually 

(Figure 19). We found that the uptake of NMR and or r/ in the presence of the other drug 

differed significantly in neurons, astrocytes and pericytes. For neurons, the presence of r/ 

increased the uptake of NMR significantly. This increased uptake effect on NMR is likely 

a result of efflux transporter inhibition (i.e., Pgp) via RTV206. A study by Eng et al. looked 

at efflux transporter inhibition effects on NMR using Caco-2 cell monolayers173. They 

showed that inhibition of BCRP and MDR1 enhanced the apparent permeability of NMR 

from 0.80 ± 0.15 to 4.05 ± 0.26 cm/s in Caco-2 cell monolayers173.  Specific to CNS, a 

study by Ghosh et al. looked at cellular localization and functional significance of CPY3A4 

and MDRI in the CNS and found coexpression by BBB endothelial cells and neurons 

showing potential implications on drug metabolism and cytoprotective mechanisms207. As 

RTV is a substrate to many of the efflux transporters (relevant to the BBB), we predict 

similar effects of RTV on NMR permeability through the BBB208. The expression of Pgp in 

human brain capillary endothelial cells is well documented209. However, its expression in 
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astrocyte, pericytes, and neurons is still under investigation210-213. No significant 

differences were noted in astrocytes and pericytes when NMR was administered alone or 

with RTV (Figure 18a). More investigation is needed to further substantiate our hypothesis 

of the RTV-Pgp-NMR transporter interaction. Further studies by our group will evaluate 

NMR/r penetration utilizing a more novel 4-cell in vitro model, with transporter 

expression104. When comparing NMR to other PIs used to treat HIV, as a class, they 

achieve poor CSF exposure214. However, when co-administered with RTV (or other 

boosters), CSF penetration has been shown to increase71, 72. For example, increased CSF 

concentrations of ATV were found when administered with RTV (7.9 to 10.3 ng/mL)73. 

When looking at RTV in our in vitro model, uptake by astrocytes was high at 41.97% and 

moderate by pericytes at 20.2%. In the presence of NMR, RTV uptake increased to 

66.65% in astrocytes and 32.19% in pericytes. RTV CSF distribution is low215-217. To our 

knowledge, there are no prior studies for human neuronal uptake of RTV, and our results 

indicated moderate neuronal entry of RTV in the presence or absence of NMR (Figure 

18b). Nevertheless, a CNS drug delivery experiment for RTV in a mouse model showed 

moderate penetration of RTV in brain parenchyma tissue218. Additional characterization of 

RTV uptake for human neuronal tissue is desired. A study by Anthonypillai et al. in guinea 

pigs found that CSF levels of RTV were low, but RTV levels in the choroid plexus and 

brain were higher215. They hypothesized this was due to RTV regulation in the CSF and 

choroid plexus by efflux transporters that may limit drug accumulation in the CSF. In our 

study, we found that RTV uptake in astrocytes and pericytes was affected by NMR (Figure 

18b). Thus, we believe this is likely due to NMR’s effect on associated transporters. 

Transporter inhibition studies are warranted to provide insight on the mechanisms behind 

the differences seen between cell lines.  

 We developed a 3-compartment PK model to predict individual animal 

concentration-time profiles for plasma and CSF, as shown in Figure 19. This allowed us 
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to accurately predict CSF and plasma exposures, which were used to calculate CSF 

penetration (Table 9). This also allowed us to make comparisons of our PK estimates with 

clinical and animal data. For example, the median half-life for NMR in the presence of RTV  

for the rats was 2.4x faster than what is seen in humans (2.55 hrs vs. 6.05 hrs)168. This is 

expected as smaller animals clear most drugs faster given the principles of allometry 161, 

173. When comparing our NMR half-life to other animal models for NMR, we found that our 

half-life estimation was within the range of other oral rat PK studies (10 mg/kg: 4 hrs 

[range:2.9-5.1], 10 mg/kg: 2.8 hrs ± 1.4 hrs)173, 174. Our estimation for time at which Cmax is 

first observed (Tmax), was similar to other rodent models (mean:1.84 hrs vs. mean:1.5 

hrs)173, 174. The median relative F value of 54.5% in our study was also consistent with 

other literature values estimated in rats for NMR (34%-50%)173. We note our animals were 

not restricted of food or water, and this is likely why we saw variability in F between and 

within animals (Table 10b: range: 32%-62%). For NMR Ka, our model estimate of 0.51 h-

1 was also in agreement with finding reported by others (0.55 h-1)197. We compared our 

values for Cmax and AUC with clinical data from healthy volunteers. Rat geometric mean 

plasma values for Cmax (2.48 µg/mL or 2480 ng/mL) and AUCdaily average (20.25 µg*hr/mL) 

compared well with healthy human geometric mean values of Cmax (2.21 µg/mL) and AUC0-

12hrs (23.01 µg*hr/mL) supporting our allometric dose scaling strategies197. Our AUC 

estimation was a daily average given the difficulty of standardizing twice-daily dosing in 

animals and the healthy volunteer data was based on an AUC of 0-12 hrs. When 

comparing our rat CSF concentrations to the PBPK modeling performed by Saleh et al., 

our CSF Cmax (median 0.41 mg/L or 410 ng/mL) is in agreement with what was projected 

in human brain extracellular fluid (~0.3-0.44 mg/L, points extrapolated using graphgrabber 

2.02)203, 219. This shows the potential clinical application of our rat model as we were able 

to humanize Cmax exposure in both plasma and CSF.  Last, it is important to also mention 

NMR’s lipophilicity in relation to BBB penetration. A drug metabolism study on NMR 
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disposition indicated that it is moderately lipophilic with a LogP of 1.68, showing low 

passive apparent permeability (Papp) of 1.76 × 10−6 cm/s173. Utilizing different cell lines (i.e., 

Caco-2 cell monolayers), NMR exhibited similar trends of low permeability across the 

monolayer barrier173. Our findings of low penetration of NMR through the BBB are also in 

agreement with Lipinski’s rule of five that postulates a lipophilicity range of 2.0 to 3.5 is a 

fundamental predictor for BBB penetration via passive diffusion86. Other PIs exhibit a 

range of lipophilicity from 1.0-5.69 depending on specific physiochemical properties220, 221. 

Our study has limitations. First, we did not design this study for animals infected 

with SARS-CoV-2 and thus could not assess viral loads in the CSF vs. CSF 

concentrations of NMR. Because our findings indicate that CNS levels of NMR may not 

be adequate to achieve therapeutic concentrations, plans for utilizing an infection model 

with the golden Syrian hamster model are ongoing. Second, our tissue concentrations 

represent total drug concentrations based on homogenized tissues.  Understanding the 

dynamic relationship of unbound tissue concentrations vs. time or site-specific tissue 

concentrations would require microdialysis or other techniques. Further, it is unknown if 

CSF catheter placement could have influenced CSF penetration or if concentration-

mediated changes to CSF transit occur. Future work to address concentration- mediated 

penetration utilizing a 4-cell in vitro model is planned104. In addition, it is unclear how our 

animal model compares to active infection where inflammation could increase drug 

penetration through the BBB in active SARs-CoV-2 infection. In this context, a recent 

review on BBB integrity alteration by SARs-CoV-2 pointed to the increased expression of 

matrix metalloproteinase-9 (MMP9) in COVID-19 infection. The increased MMP9 activates 

RhoA (Ras homolog family member A), causing more degradation of type IV collagen of 

the BBB basement membrane and altering the barrier's integrity222. Moreover, in our in 

vitro experiment for cellular uptake of NMR/r by human brain cells, we did not include 

hBMECs because our earlier finding suggested no infection of hBMECs by SARs-CoV-2, 
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while we observed high infection in human astrocytes and pericytes40. This was consistent 

with the lack of ACE-2 receptor expression in hBMECs, when compared to astrocytes and 

astrocytes. Additionally, the cells were not available at the time of these experiments. 

Differences in the expression of BBB transporters (i.e., Pgp) among species exist, and 

variations could result in differences in clinical extrapolation. A study by Morris et al. 

showed cross species expression of BBB transporters and that rats and humans have 

many of the same transporters present22. However, describing species differences in 

transporter expression is a difficult task given all the potential transporters involved with 

NMR and RTV and was beyond the scope of this study.  A mechanistic study by 

Verscheijden et al. used PBPK modelling and calculated plasma concentration-corrected 

brain concentrations (Kp) values for humans and rodents specific only for Pgp correction 

for various medications223. We acknowledge the complexity of the BBB transporter 

expression between species. However, regardless of transporter differences, our dosing 

achieved humanized exposures in plasma and CSF. Further studies specific to transporter 

expression are warranted and planned. Also, we quantified total NMR concentrations and 

did not quantify free drug (NMR is 69% protein bound)168. CSF penetration via plasma to 

CSF estimation should also consider free drug in the plasma as drug found in the CSF is 

unbound to proteins, and future studies might quantify free NMR concentrations to capture 

this consideration more accurately. It is important to note that the protein content in CSF 

is 50-100 times lower than plasma (typical plasma protein concentrations: 60-70 mg/mL, 

normal CSF protein concentrations: 0.2-0.7 mg/mL)224. The PD endpoints we utilized for 

CSF, plasma, tissues, and PBMC were adjusted and unadjusted for plasma protein-

binding, depending on the matrix.  Last, our final model estimation of K30 denotes overall 

elimination of NMR from the CSF, including uptake by various types of cells in the CNS. 

This may be an oversimplification and a more mechanistic description should be evaluated 

utilizing an advanced quantitative systems pharmacology approach.  
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In this study, we determined NMR CSF and CNS penetration utilizing in vitro and 

in vivo models and quantitatively described the transit of NMR from plasma to the CSF. In 

addition to NMR, molnupiravir and remdesivir are two other antiviral agents for the 

treatment of SARS-CoV-2. Similarly, CNS penetration data for them are lacking. The data 

from our in vivo rat model demonstrates that NMR penetration into CSF and CNS tissues 

may be inadequate. Our in vitro model data shows minimal NMR uptake into cells relevant 

to the CNS. Collectively, these findings may have implications for viral persistence in these 

compartments and neurologic post-acute sequelae of COVID-19.  These data motivate 

future investigations utilizing an infection model to understand the pharmacodynamic 

effects of NMR drug concentrations in the CNS on viral loads in the CNS. If longer 

treatment or higher doses correspond to increased NMR penetration in the CNS, 

decreased viral loads, and decreased CNS inflammation, they provide a basis to 

investigate alternative dosing strategies. This information would be fundamental for 

optimizing treatment of Long COVID-19.
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Figure 18. In-vitro analysis of NMR and RTV penetration into three different human brain cells. (a) Evaluation of NMR uptake by cells 
in the absence or presence of RTV and (b) intracellular RTV uptake in the absence or presence of NMR. The p-values (*) indicate, 
*=<0.05, ***=<0.0002 and ****=<0.0001. 

Abbreviations: NMR=nirmatrelvir, RTV=ritonavir
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(a) 

 

Figure 19. Plasma ([a] black) and CSF ([b] red) Bayesian observed versus predicted plots for all animals compared to EC90Un_adjusted 

values (dotted black line). The black and red lines represent the predictions where the filled circles represent the observed collected 
concentrations.  A median of 16% of all the predicted CSF concentrations in rats were >3xEC90Un_adjusted.  
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(b) 

 

 

 

*Units on plot converted to ng/mL for consistency  

Abbreviation: NMR=nirmatrelvir, CSF=cerebrospinal fluid, EC90= 90% maximal effective concentration (unadjusted for protein binding 
given CSF, 90.5 ng/mL, and 271.5 ng/mL) 

Rat 1 2 3 4 5 6 7 8 9 10 Median (IQR) 
%CSF Concentrations ≥ 3xEC90Un_adjusted  0 0 28 0 55 31 NA 21 16 0.3 16 (0 -20.5) 
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Figure 20. Violin plots of tissue and PBMC AR for NMR. The highest median NMR tissue AR 
was observed in the liver and kidney, while the lowest median NMR tissue AR was observed in 
brain tissue. 

*Rat 7 only completed 1 day of treatment, no PMBC levels available. Rats 1 and 2 do not have 
lung or heart NMR concentrations due to tissue processing complications.  

#Calculated as a ratio of observed plasma NMR levels vs. tissue/PBMC levels at equivalent 
time of sampling 

^Calculated using plasma level predictions vs. observed concentrations due to plasma NMR 
levels being BLOQ 

Abbreviations: AR=accumulation ratio, BLOQ=below level of quantification, IQR=interquartile 
range 

Rat AR# Liver AR# Brain AR# Lung AR# Kidney AR# Heart AR# PBMC  
1 0.418^ 0 * 1.744 * 0.543 
2 4.722 2.248 * 20.411 * 29.511 
3 2.850^ 0.112^ 2.169 0.775 1.450 0.859 
4 24.412^ 0 11.845 59.809 6.375 120.169 
5 1.322 1.573 0.666 0.829 0.738 24.595 
6 1.470 0.148 0.744 1.708 1.207 0.426 

7* - - - - - - 

8 2.706 0.673 0.888 1.044 1.406 1.243 
9 0.950 0.052 0.416 0.801 0.396 0.367 
10 14.373 0.191 1.218 1.773 0.924 0.998 
Median 
 (IQR) 

2.71 
(1.14-9.55) 

0.15 
(0.03-1.12) 

0.89 
(0.67-2.17) 

1.71 
(0.82-11.09) 

1.21 
(0.74-1.45) 

0.998 
(0.48-27.05) 
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Table 8. Median parameter values from final model (a) and individual animal NMR half-life and 
average bioavailability (b) 

(a) 

PK parameter  Median CV% Variance  Shrink%^ 
Ka (hr-1) 0.51 47.17 0.1 2.37 
CL (L/hr) 0.23 49.98 0.02 0.58 
K23 (hr-1) 0.05 105.93 0.05 1.13 
$K30 (hr-1) 0.24 43.73 0.01 11.96 
Vc (L) 1.05 41.12 0.15 0.78 
Vcsf (L) 3.46 63.98 6.49 5.56 

(b) 

Rat Half-Life (hrs) Average Relative 
Bioavailability (F)* 

Average Tmax (hrs) 

1 1.87 0.58 2.17 
2 3.86 0.58 3.63 
3 2.46 0.46 2.25 
4 1.32 0.55 1.56 
5 3.23 0.54 1.22 
6 1.46 0.48 1.65 
7** 3.23 0.58 1.19 
8 2.80 0.32 1.7 
9 0.98 0.62 1.15 
10. 2.65 0.41 1.9 
Median (IQR) 2.55 (1.43-3.23) 0.545(0.45-0.58) 1.675 (1.21-2.19) 
Mean (SD)#  1.84 (0.73) 

 
*Bioavailability was estimated after each dose given the variability of oral absorption, as 
described in Methods.  
**Rat 7 only completed 1 day of treatment.  

#Calculated to compare to literature values 

^Estimation to assess if the data are insufficient to precisely estimate the individual parameters.  

$Estimation denotes overall elimination of NMR from the CSF, including uptake by various types 
of cells in the CNS. 

Abbreviations: PK=pharmacokinetic, CV%=coefficient of variation percent, CL==NMR 
clearance, Vc=volume central compartment, Vcsf=volume cerebrospinal fluid compartment, 
K23=rate constant to cerebrospinal fluid from central compartment, K30= elimination rate 
constant from CSF compartment, IQR= interquartile range, Tmax=time at which Cmax was first 
observed.
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Table 9. NMR plasma and CSF PK exposures estimated using Bayesian posteriors for AUC0-endoftreatment and Cmax_0-5days and percent penetration of 
NMR into the CSF compared to blood  
 

Animal  Cmax_0-5days 
(ng/mL) 
Plasma 

AUC0-

endoftreatment 
(µg*hr/mL) 

Plasma 

AUCdaily_average 

(µg*hr/mL) 
Plasma 

Cmax_0-5days 
(ng/mL) 

CSF 

AUC0-

endoftreatment 
(µg*hr/mL) 

CSF 

AUCdaily_aver

age 

(µg*hr/mL) 
CSF 

% Penetration by 
Cmax CSF/Plasma 

% Penetration by 
AUC  

CSF/Plasma 

1 2270 160 32 105.81 7.11 1.42 4.66 4.44 
2 3660 189 37.8 252 12.5 2.5 6.89 6.61 
3 2020 92.7 18.54 655.8 28.9 5.78 32.47 31.175 
4 796 76.3 15.26 144 11.6 2.32 18.10 15.20 
5 1860 80.7 16.14 1169.9 52.21 10.44 62.84 64.7 
6 2218 128 25.6 560 30.2 6.04 25.27 23.59 
7# 4550 19.55 3.91 NA NA NA NA NA 
8 3857.9 99.8 19.96 1107 28.6 5.72 28.70 28.66 
9 4879.3 205 41 410 17.4 3.48 8.41 8.49 
10 1862.7 128 25.6 271.6 17.6 3.52 14.58 13.75 
Median  
(IQR) 

2240 
(1860-4030) 

113.9 
(79.6-167.3) 

22.78 
(15.92-33.45) 

410 
(200-880) 

17.6 
(12.05-29.55) 

3.52 
(2.41-5.91) 

18.1 
(7.65-30.59) 

15.2  
(7.55-29.92) 

Median  
(IQR)* 

2220 
(1860-3760) 

128 
(86.7-174.5) 

25.6 
(17.34-34.9) - - - - - 

Geometric 
mean*# 
(Geometric 
SD factor) 

2480 
(1730) 

- 20.25 
(1.956) 

- - - - - 

  

*Excluding rat 7 as no CSF was obtained from this animal, #Calculated to compare to clinical data 

 Units for Cmax converted to ng/mL for consistency. AUC kept in µg*hr/mL. 

Abbreviations: Cmax= maximum concentration, AUC= area under the curve, CSF= cerebral spinal fluid, T ½= half=life, IQR=interquartile range, 
SD=standard deviatio
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Chapter 4: CNS Penetration of Nine ARVs in PLWH 
and Outcomes  
 

4.1 Introduction and Background 
 
Chapter 4 details results from a prospective study of HIV reservoirs among PLWH 

long-term virologically-suppressed on ART (AIDS Clinical Trials Group [ACTG] 5321 

Cohort). More details specific to A5321 protocol have been previously published225-227.  As 

mentioned in earlier chapters, HIV has been shown to persist in CNS in persons on ART. 

Consequently, CNS persistence may be linked to inadequate ART exposure. When 

assessing CNS drug levels in participants on ART, it is difficult to estimate drug exposure 

given sparse sampling and to standardize exposure given different sampling times among 

participants. In this chapter, we describe PK methods to estimate CNS exposure (Cmax], 

AUC, and CTrough) among individuals from ACTG 5321 that allows a standardized 

evaluation of relative CNS drug exposure. 

Briefly, population PK modeling was performed for nine ARVs. The PK model was 

used to obtain predicted plasma and CSF estimates at 12-minute intervals from each 

participant’s measured ARV plasma and CSF concentrations. Noncompartmental analysis 

was used to calculate AUC. Relative CNS penetration for each ARV was estimated by 

comparing CSF Cmax and AUC to plasma Cmax and AUC (i.e., relative CNS penetration= 

Cmax _CSF/ Cmax_Plasma and  AUCCSF/AUCplasma  The CSF CTrough for each ARV was compared 

to in vitro literature values of HIV IC50or90 for each ARV. CSF IQs were calculated for each 

ARV in a regimen as ratio of predicted CSF trough to literature values for in vitro HIV 

IC50or90. These values were used for comparison of different PD endpoints in this cohort of 

patients. More specific details can be found in the following sections.  
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4.2. A New Measure of ART Activity in CSF and Association with 
Persistence and Cognitive Function  
 

Adapted from: 
. Avedissian SN, McCarthy C, Bosch RJ, Mu Y, Spudich S, Rubin LH, Winchester L, 
Mykris T, Weinhold JA, Cyktor JC, Eron JJ, Mellors JW, Gandhi R, McMahon DK, 
Fletcher CV. A New Measure of ART Activity in CSF and Association with Persistence 
and Cognitive Function. CROI 2024 Abstract#1416, Denver, CO. 2024 Poster#558  
 
Population Pharmacokinetic Approaches to Standardize Antiviral Exposure in the 
Cerebrospinal Fluid. Avedissian SN, Mu Y, McCarthy C, Bosch RJ, Spudich S, Gandhi 
R, McMahon DK, Eron JJ, Mellors JW, Fletcher CV. Population Pharmacokinetic 
Approaches to Standardize Antiviral Exposure in the Cerebrospinal Fluid. CROI 2024 
Abstract#1301, Denver, CO. 2024 Poster #607 
 
Avedissian SN#, Mu Y, McCarthy C, Bosch, RJ, Spudich S, Gandhi R, McMahon DK, Eron 
JJ, Mellors JW, Liu J, Fletcher CV. Pharmacokinetic approaches to standardize antiviral 
exposure in cerebrospinal fluid. IJAA (Planned Submission) 
 

4.2.1 Abstract 
 
Background:  HIV has been shown to persist in the CNS in persons on ART, which may 

be linked with inadequate ART exposure in the CSF, and potentially contributing to HAND. 

The assessment of CSF drug concentrations is challenging because of sparse sampling 

and different sampling times among participants. Our objective was to use PK methods to 

estimate CSF exposure obtained from individuals on various ART regimens to obtain 

standardized CSF metrics (Cmax, AUC, and CTrough).  Further, we sought to compare 

calculated IQ ratios of the whole ART regimen to different patient outcomes (i.e., HIV 

DNA/RNA, inflammatory biomarkers, global deficit score [GDS]).  

Methods: A5321 is a prospective study of HIV reservoirs among persons with HIV on long-

term virologically-suppressive ART. Plasma and CSF concentrations, obtained 1 to 23 hrs 

post ART dose from 74 participants, were measured. PK modeling was performed for 

FTC, 3TC, TFV, EFV, ATV/r, DRV/r, DTG, EVG and RAL. The final PK model was used 

to obtain predicted plasma and CSF concentrations at 12-minute intervals from each 
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participant’s measured plasma and CSF concentrations. Relative CSF penetration for 

each ARV was estimated by comparing CSF Cmax and AUC to plasma CMAX and AUC (i.e., 

relative CSF penetration= Cmax_CSF/ CMAX_Plasma and AUCCSF/AUCPlasma ). The CSF CTrough 

for each ARV was compared with in vitro literature values of HIV inhibitory concentration 

values (IC50 or 90). For comparison of patient outcomes, only 44 patients of the 74 were 

evaluated given patients needed to be on similar base regimens (FTC/TDF) and restricted 

to Group 1 (chronic-treated participants) per ACTG protocol. For simplicity, 74 patients will 

be referred to as PK Cohort and the 44 as PK/PD Cohort. CSF IQs were calculated for 

each ARV in a regimen as ratio of predicted CSF CTrough to literature values for in vitro HIV 

IC50or90. The geometric mean (GeoM) of CSF IQs of all drugs in each participant’s ARV 

regimen was also calculated (ART-IQ-GeoM). Statistical analyses evaluated associations 

among the ART-IQ-GeoM and CSF HIV DNA, biomarkers and GDS.  

Results: FTC exhibited the highest median CSF penetration (Cmax, 46.3%; AUC, 72%). 

The lowest median penetration was observed for DRV (DRV Cmax, 0.95%; AUC, 1%) and 

DTG (Cmax, 0.57%; AUC, 0.57%).  All drugs had median CSF CTrough concentrations > IC50 

or 90 except tenofovir (CTrough, 1.6 ng/mL < IC50 of 143.7 ng/mL). The median (Q1, Q3) ART-

IQ-GeoM was higher in those with undetectable vs detectable CSF HIV DNA 0.9 (0.5, 1.6) 

vs 0.5 (0.3, 0.9), p=0.027. A rank-based analysis gave similar findings. Higher ART-IQ-

GeoM was associated with lower GDS (i.e., better global cognitive function, Spearman: -

0.30, p=0.05). There was no association between CSF inflammatory biomarkers and ART-

IQ-GeoM. 

Conclusion: These methods demonstrate an approach of utilizing PK modeling to 

standardize ARV concentrations to a given time point (i.e., Cmax or CTrough) and assess if 

desired therapeutic drug goals are obtainable in the CSF.  The ART IQ metric is a new 

approach to assess ART regimen activity. Higher ART-IQ-GeoM was associated with a lack 

of detection of CSF HIV DNA and better global cognitive function. These findings suggest 
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ART regimen activity affects HIV persistence in CSF. This tool provides a basis for further 

investigations of relationships between regimen activity and biomarkers of HIV persistence 

in the CSF and other viral reservoirs. 

 

4.2.2 Introduction 
 
 Soon after HIV infection, the virus disseminates throughout the body and 

establishes multiple reservoir sites, including the central nervous system CNS, adipose 

tissue, male and female reproductive tracts, the secondary LN, and gut-associated 

lymphoid tissue (GALT)228, 229. The persistence of HIV in cells of these reservoirs is a major 

obstacle to virus eradication. These same anatomical sites also may be pharmacologic 

sanctuaries, as evidenced by concentrations of ARVs that are lower than those in 

peripheral blood; in some cases, these low ARV concentrations have been associated 

with evidence for low-level ongoing virus replication57, 58.  Neurological complications 

associated with HIV infection are well recognized and are a continuing problem as the 

population ages.  

The term HAND is used to describe neurocognitive dysfunction associated with 

HIV and represents a spectrum of cognitive impairment.  Despite the success of 

combination ART in achieving potent, long-term HIV suppression, HAND remains 

common in PLWH and increases the risk of morbidity and mortality. A recent review 

looking at HAND diagnosis, treatment and potential mental health implications evaluated 

literature looking at different aspects of this multifaceted disease230. Their review of the 

literature found that treatment of HAND encompasses a multidisciplinary approach, and 

that ART remains the most important aspect of treatment, with the goal of reducing viral 

load and preventing neurocognitive decline. They also found that patients with HAND are 

at higher risk of developing other neurological issues (i.e., psychological distress, 
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depression, anxiety, reduced social functioning). The review concludes by highlighting the 

need for ongoing research to better understand the mechanisms of HAND and develop 

targeted interventions.  

With the growing concern for HAND, data from ARV concentrations and PK 

analysis in CSF have resulted in the development of a CNS penetration effectiveness 

(CPE) rankings231. CPE rankings have been used to classify ARV penetration into the 

CSF. The CPE was created in 2008 as a proposed method of estimating CNS penetration 

of ARVs231, 232. Each drug is given a rank ranging from 1 to 4 based on PK/PD data, drug 

characteristics, results of clinical studies, and effectiveness in reducing CSF viral load or 

improving cognition. A rank of 4 represents the best penetration or effectiveness. The CPE 

score for a given ART regimen is calculated by summing the ranks of each drug in the 

regimen. The total score for a regimen is then classified as low (<8), medium (8–9), or 

high (>9)231, 232. This means that every person receiving the same regimen gets the same 

CPE score. An implicit assumption of the CPE is all persons taking the same ARV have 

the same CSF concentrations of that ARV. This method, as widely accepted, does not 

incorporate individual-level exposure metrics (i.e., exposure). As such, the goal of ARV 

therapy for PLWH with HAND has been ensuring adequate ARV exposure with guideline 

recommend ART and maintaining viral suppression. Numerous studies have looked at 

effects of higher CPE score ARV based therapy for treatment and/or development of 

HAND in PLWH and found conflicting or inconclusive results233-241. Studies have also 

looked at intensifying treatment in PLWH with neurocognitive impairment mainly with the 

addition of MVC to ART and found conflicting results242-245.  Two of the smaller single 

center trials of MVC intensification found evidence of potential improvement in 

neurocognitive impairment in PLWH244, 245. A smaller study by Force et al. also found that 

in 31 PLWH with confirmed HAND, significant cognitive improvement was observed after 

ARV intensification (not specific to MVC) with higher CPE ranked ARVs243. The largest 
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intensification study, a study by Letendre et al. conducted a 96-week randomized 

controlled trial of ART intensification in 191 enrolled PLWH on suppressive ART 

comparing addition of DTG + MVC (n=61), DTG + placebo (n=67), and dual placebo 

groups (n=63). The study found that there was no difference in neurocognitive impairment 

between groups and concluded that ART intensification is not recommended as a 

treatment for neurocognitive impairment in PWLH on suppressive ART. However, the 

authors provided potential reasons for their negative findings (i.e., specific drugs chosen 

for the trial, insufficient power).  

Controlling CSF HIV-RNA levels are important as it has been shown to correlate 

with cognitive improvements in PLWH81. The CNS is considered both an HIV reservoir 

and pharmacologic sanctuary. Ensuring that ARVs can cross the BBB and maintain 

adequate exposure to inhibit viral replication in the CNS is a therapeutic challenge. 

Strategies to maximize these efforts include optimizing the selection of an ART regimen 

based off known CSF penetrating potential. The inhibitory concentration is commonly the 

level at which 50%, 90%, or 95% (IC50-95) of in-vitro viral replication is inhibited utilizing 

wild-type viruses. PK/PD endpoints are further complicated as no clear exposure 

thresholds (i.e., how much is enough) have been identified in the CSF or CNS. The lack 

of such information leaves gaps in our understanding of the relative efficacy of various 

ART regimens in the CSF/CNS. Fundamental to an understanding of relative CSF efficacy 

of ART regimens is knowledge of the common PK metrics for CSF exposure: Cmax, AUC, 

and CTrough. 

In this paper, we aim to characterize the disposition and mass transit of various 

ART components in plasma and CSF in PLWH. Using Bayesian estimates, we seek to 

standardize CSF exposures and quantify the relationship between exposure and viral PD 

endpoints. Further, we will use these estimates to calculate total regimen IQ ratios and 
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compare them to patient specific outcomes to evaluate if any relationships between 

regimen and outcomes can be identified.  

 

4.2.3 Methods 
 

4.2.4 Participants  
 

Study participants and clinical procedures: AIDS Clinical Trials Group study A5321 

is a longitudinal prospective cohort study of changes in HIV reservoirs. Eligible PLWH had 

started combination ART as a participant of an ACTG treatment-naïve trial and were on 

ART for ≥2 years with well-documented sustained plasma viral suppression. Seventy-four 

participants were included for the PK cohort and only 44 qualified to be evaluated for viral 

outcomes (PKPD Cohort). PKPD Cohort were restricted to GROUP 1 (chronic-treated) 

participants not on RPV or NVP (since those drug levels were unavailable) The full details 

of A5321 have been previously published63, 225-227.  Participants in A5321 provided 

informed consent for a single cross-sectional lumbar puncture, a concurrent blood sample, 

and neuropsychological assessment. Lumbar punctures were performed using 22-gauge 

pencil-point needles in most cases to withdraw 22 to 25 mL of CSF. CSF samples were 

promptly centrifuged, and supernatants and cell pellets stored at –80°C according to 

established ACTG CSF processing protocols. CSF and blood samples were drawn from 

each participant at various time points post dose. All participants from this cohort have 

received TFV (majority TDF, few TAF) and FTC or ABC and 3TC, in addition to anchor 

ARVs, EFV, DTG, EVG/c, RAL (twice daily), ATV/r, or DRV/r: (daily). All participants that 

were on FTC based regimens received TDF except for three that received TAF. TAF levels 

were not included for PK modeling. Each participant included in analysis contributed at 

least one plasma or one CSF sample. For TDF (n=33), FTC (n=44), and DTG (n=12), 
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participants from previous protocols (ClinicalTrials.gov [NCT02049307], ACTG: 5372) that 

had rich plasma PK sampling (>5 samples per subject) were included in the final dataset 

to improve the precision of PK parameter estimates246. No specific demographics were 

recorded for these patients as they were only used for model development 

Virologic and immunologic methods: HIV persistence was measured as cell-

assocaited HIV (CA-HIV) DNA and RNA and cell-free HIV RNA. CA-HIV DNA and RNA 

were measured by qPCR assays in PBMCs and CSF cell pellets derived from 

approximately 13 mL CSF and normalized by amplifiable CCR5 cell equivalents63.Cell-

free HIV RNA was quantified by integrase single copy assay in CSF supernatant (3–5 mL) 

and blood plasma (5 mL). Six inflammatory biomarkers were measured in cell-free CSF 

by ELISA (IL-6, IP-10, MCP-1 sCD14, sCD163, and neopterin [GenWay Biotech]). 

Neurocognitive outcomes: Methods were adapted from previous A5321 

neurocognitive analysis63. Briefly neuropsychological assessment consisted of 15 

individual tests administered prior to or on the same day as the lumbar puncture. Z-scores 

were calculated by standardizing each raw test score by age, sex, race, and years of 

education. Global Deficit Scores (GDS), a measure of neurological impairment, were 

calculated for each individual test based on the z-score. If the z-score was missing, then 

the GDS was also missing. GDS range from 0 – 5, with higher scores indicating more 

severe impairment. GDS were assigned for each of the 15 individual tests using the 

following conversion: z-score > -1.0 corresponds to a GDS of 0 (Normal), -1.5 ≤ z-score ≤ 

-1.0 corresponds to a GDS of 1 (Mild), -2.0 ≤ z-score < -1.5 corresponds to a GDS of 2 

(Mild to Moderate), -2.5 ≤ z-score < -2.0 corresponds to a GDS of 3 (Moderate), -3.0 ≤ z-

score < -2.5 corresponds to a GDS of 4 (Moderate to Severe), z-score < -3.0 corresponds 

to a GDS of 5 (Severe). In some cases, raw scores were unavailable. Reasons included 

the test not being administered, the test omitted in error, or the participant exceeded the 

allotted time for the test. In such cases, the corresponding z-score and GDS were set to 
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missing. The mean z-score and mean GDS, as well as the corresponding domain-specific 

scores, were calculated by averaging all non-missing scores. 

 

4.2.5 Determination of ARV Concentrations in Plasma and CSF 
 

Plasma and CSF concentrations of each ARV (total drug) were quantified using 

LC-MS/MS using individual standard curves for each matrix as previously described58,89.  

ARV concentrations reported to be below LLOQ were imputed to one-half of the LLOQ180. 

Briefly for CSF, samples of CSF were taken via lumbar puncture and stored in 

polypropylene for analysis. CSF storage tubes were treated with 1% ammonia in MeOH 

1:1 (v:v) to recover non-polar analyte binding to the tubes. Aliquots of 0.10 mL were taken, 

and analytes were extracted via protein precipitation after the addition of internal 

standards. Extracted samples were analyzed via LC/MS/MS. LC conditions were isocratic 

and reversed phase separation chromatography. MS detection was performed on an 

ABSciex 5500 triple quadrupole mass spectrometer. Briefly, for plasma, whole blood was 

collected, centrifuged, the plasma component removed, and stored in polypropylene tubes 

for analysis.  Plasma aliquots were taken for the different ARV assays and extracted via 

protein precipitation after the addition of internal standards. LC conditions were isocratic 

reversed-phase chromatography. MS detection was performed on an ABSciex 5500 triple 

quadrupole mass spectrometer. More details for plasma methodology can be found in our 

previous work58, 148. ABC, RTV, COBI, TAF, BIC, ZDV, concentrations were not quantified 

given priority to drugs of interest, some only use for boosting effects, and small number of 

sample considerations.  For all nine ARVs, total drug was quantified. As it is known that 

that most of these ARVs are highly protein bound in plasma (Table 12), the focus of this 

study was for CSF penetration, and protein content in CSF is much lower than plasma 
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(50-100 times lower)247. While typical plasma protein concentrations range between 60 

and 70 mg/mL, normal CSF protein concentrations are 0.2–0.7 mg/mL247.  

 

4.2.6 ART PK Analysis  
 

Available PK data were examined for LLOQ and for outliers.  Base models were 

developed for each ARV (n=9) using a 3-compartment model, including a CSF 

compartment, with oral absorption and linear elimination from the central compartment.  

PK modeling was conducted with the nonparametric adaptive grid (NPAG) algorithm 

within the Pmetrics package version 2.1.0 (Los Angeles, CA) for R version 4.3.1 (R 

Foundation for Statistical Computing, Vienna, Austria)189, 190.  Four- and five-compartment 

models were also explored.  For the base PK model development, the absorption rate 

constant (Ka) was held constant throughout based on literature values (Table 12)248-256. 

Multiple model structures were also considered for describing mass transit of drug 

concentrations in the CSF (model comparison not shown given number of drugs) based 

on investigator judgement, and other PK CSF studies191-194. The observation variance was 

proportional with a multiplicative (gamma) model (error = SD x gamma) where SD = C0 + 

C1Y (with inputs for plasma and CSF specific for each ARV). Model performance was 

quantitatively described using observed vs. predicted concentrations to calculate bias, 

imprecision, and coefficients of determination257.  The final PK model was selected 

according to the lowest Akaike information criterion (AIC) score, goodness-of-fit plots, 

prediction bias, parameter precision, successful convergence, and rule of parsimony. 

Notably, the objective of the PK analysis was to develop an explanatory model that 

describes the PK of ART and to standardize CSF exposure timing for each patient based 

on the posterior predictions. As such, no formal covariate analysis was performed. 

Further, patient specific covariate information was unavailable for the subset of data 
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included for FTC, TDF and DTG modeling.  A summary of all available concentrations for 

each ARV that was used in each ARV’s model build can be found in Figure 21.  

 

4.2.7 Estimation of PK Exposure and Percent (%) CSF Penetration   
 

The final model was utilized to obtain the median maximum a posteriori probability 

(MAP) Bayesian plasma and CSF concentrations at 12-minute intervals over a 24hr study 

period using each participant’s measured ARV plasma and CSF concentrations, exact 

dose, and self-reported dosing schedule. Steady-state conditions were assumed for all 

participants with the appropriate dosing interval (daily vs. twice daily). Bayesian posterior 

predictions for each participant on each ARV were used to determine plasma and CSF 

exposures over a 24hr period (i.e., AUC0-24h) using Phoenix® WinNonlin® Version 8.3 

(Certara USA, Inc., Princeton, NJ)189, 198. Noncompartmental analysis (NCA) was used to 

estimate CL/F and steady-state V/F based on Bayesian posterior predictions from the final 

PK model for comparison to other literature PK estimate values for each ARV. The highest 

predicted concentration [Cmax_0-24h] from the 12-minute interval Bayesian estimates was 

taken to be each participant’s Cmax_0-24h. The lowest concentration within the dosing interval 

(i.e., 24-hours for once daily, 12-hours for twice daily) was determined to be the CTrough. 

The estimated PK exposures (AUC0-24h, CMAX_0-24h, CTrough) for plasma and CSF were used 

to calculate the percent penetration into the CSF for each ARV and participant (i.e., CSF 

penetration = Cmax_CSF/CMAX_Plasma and AUCCSF/AUCPlasma). The protein free IC50or90  for each 

ARV was used to assess CSF exposure based on literature values214. Summary statistics 

were calculated using GraphPad Prism version 10.00 (GraphPad Software Inc., La Jolla, 

CA).  
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4.2.8 Calculation of IQ Ratio for ART Regimen  
  
 CSF IQs were calculated for each ARV in a regimen as ratio of predicted CSF 

trough to literature values for in vitro HIV inhibitory concentration (i.e., IC50, IC90 

[references for ICs used for each ARV can be found on Table 10). Briefly, the protein free 

IC50or90 values used were: FTCIC50 = 1.7 ng/mL, TDFIC50 = 143.7 ng/mL, 3TCIC90 = 21 

ng/mL, EFVIC90 = 1.3 ng/mL, DTGIC90 = 0.2 ng/mL, RALIC90 = 3.2 ng/mL, EVGIC90 = 0.072 

ng/mL, ATVIC90 = 1.7 ng/mL, and DRVIC90 = 0.67 ng/mL. The CSF ART-IQ-GeoM of all drugs 

in each participant’s ARV regimen was calculated. Statistical analyses were conducted to 

evaluate potential associations among the ART-IQ-GeoM and CSF HIV DNA, biomarkers 

and GDS. 

 

4.2.9 Statistical Considerations 

  
An average IQ for the entire ARV regimen was derived for each participant by 

taking the geometric mean of the IQs of the individual agents, i.e., of the TFV IQ50, the 

FTC IQ50, and the third drug IQ90 (referred to as the geometric mean IQ), to be used in 

subsequent analyses (note average IQs are unavailable for n=8 participants taking RPV 

or NVP since CSF concentrations for these drugs were unavailable at the time of analysis). 

As a supplemental approach to measuring ARV regimen activity, an arithmetic mean IQ 

for the regimen was also calculated and evaluated for relationships. The arithmetic and 

geometric mean IQs correlate reasonably well. As a supporting analysis rank-based 

analyses were used to evaluate associations between ARV concentrations/drugs in CSF 

and detection of HIV in CSF (median, Q1, Q3, min, max; Wilcoxon tests comparing HIV 

detected vs. TND groups). Because all in the PK/PD analysis population were on TDF + 

FTC, but differed with respect to the 3rd drug, a ranking approach based on CPE scores 
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was used to incorporate information on the 3rd drug. For TFV and FTC concentrations in 

CSF, differing time since last dose was incorporated and addressed by using PK model 

predictions to obtain, for each participant, a model-predicted 24hr post-dose 

concentration. Groups were compared using the exact Wilcoxon rank-sum test for 

continuous variables and the Fisher’s exact test for categorical variables. Regression 

analyses were used to assess whether associations were influenced by potential 

confounders. All p-values and confidence intervals presented are unadjusted for multiple 

comparisons performed.  

 

4.2.10 Results  
 
 

4.2.11 Characteristics of Participants and ARVs 
 

Complete demographics for these participants stratified by regimen and anchor 

can be found in Table 11a and b. A total of 9 different ARVs were included in this analysis. 

Fifty-nine patients were on an FTC based regimen. Fifteen patients were on non-FTC 

based regimens. Of the total 74 PK Cohort patients, only 44 qualified to be evaluated for 

viral outcomes (PKPD Cohort). 

 

4.2.12 ARV PK Model Predictions  
 

All available CSF and plasma levels were utilized in the PK modeling. For the 9 

ARVs, models converged for a 3-compartment oral absorption model. A schematic of the 

final structural model utilized for all 9 of the ARVs can be found in Figure 22. Of note, for 

EVG, only CSF levels were available for PK analysis. Goodness-of-fit plots for each ARV 



121 
 

in plasma and CSF (mcg/mL) are shown in Figure 23. The estimated PK parameters 

(CL/F, V/F) from both the final PK model and NCA for each ARVs can be found in 

supplemental material provided in the Table 12.  

 

4.2.13 ARV Exposures and Percent (%) CSF Penetration  
 

The overall PK exposures with observed concentrations and predicted exposures 

for all participants are summarized in Table 13. An example of the full posterior observed 

vs. predicted concentration-time profile plot for each participant on each ARV can be found 

in Figure 24. Out of all the ARVs, FTC exhibited the highest median percent CSF 

penetration at 46-72% (including both Cmax and AUC based CSF penetration). The lowest 

median percent penetration was observed for EFV (Cmax, 0.9%; AUC, 0.92%), DRV (Cmax, 

0.95%; AUC, 1%), and DTG (Cmax, 0.57%; AUC, 0.57%).  When comparing median CTrough 

to the IC50 or 90 for each respective ARV, all ARVs had median CSF CTrough concentrations 

> IC50 or 90 except TFV (median CTrough, 1.6 ng/mL; in vitro IC50, 143.7 ng/mL).  

 

4.2.14 IQ Ratio ART Regimen  
 

A summary of IQ scores for the PKPD Cohort can be found in Figure 25. The 

geometric mean IQ was higher in participants with undetectable CSF HIV DNA versus 

those with detectable CSF HIV DNA (median [Q1, Q3]: 0.9 [0.5, 1.6] for not detected vs. 

0.5 [0.3, 0.9] for detected; p=0.027 [Figure 26]). A rank-based analysis gave similar 

findings. This corresponds to undetected CSF HIV DNA being associated with higher 

predicted ARV trough levels/activity in CSF. Conversely, the geometric mean IQ was 

numerically lower in participants with undetectable cell-associated HIV RNA (CA-RNA) 

versus those with detectable CA-RNA (median [Q1, Q3]: 0.7 [0.4, 1.1] for TND vs. 1.3 
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[0.5, 1.7] for detected), though not statistically significantly different (data not shown: p= 

0.37). However, only 4 participants had detectable HIV RNA in the CSF providing poor 

power to investigate this relationship.  

 

4.2.15 Inflammatory Biomarkers in the CSF 
 

There was no association found between CSF inflammatory biomarkers and 

ART-IQ-GeoM. The complete analysis can be found on Table 14.  

 

4.2.16 ART IQ and GDS  
 

 Overall, components of GDS were evaluated for correlation with ART activity in 

the CSF. Higher ART-IQ-GeoM was associated with lower GDS (i.e., better global 

cognitive function, Spearman: -0.30, p=0.05). The full analysis can be found on Table 

15.  

 

4.2.17 Discussion 
 

Evidence suggests increasing the CSF activity of ART may be associated with 

improved CSF viral suppression and lower prevalence of CSF escape258. As such, it is 

important to explore CSF exposures standardized to time of currently available ART 

regimens via pharmacometric approaches to ensure a comparable understanding of CSF 

exposure in PLWH. Using our pharmacometric methodology, we have demonstrated how 

Bayesian estimates from the PK model can be used to standardize CSF exposure timing 

of ARV between individuals to assess if adequate exposures are maintained above the 
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IC50 or 90 for each ARV. In our analysis, we found that FTC exhibited the highest median 

CSF penetration (46.3% based on CMAX; 72% based on AUC). The lowest CSF penetration 

was observed for DRV/r (0.95% based on CMAX; 1% based on AUC) and DTG (0.57% 

based on both CMAX and on AUC) (Table 3). For FTC, this finding is consistent with its high 

CPE score of 3231. A study by Lahiri et al looked at CSF concentrations of TDF and FTC 

in protease inhibitor-based regimens and found the median FTC CSF:plasma ratio to be 

0.7 (IQR: 0.4-0.9) in the presence of atazanavir and 0.6 (IQR: 0.5-07) in the presence of 

DRV259. Similar to our findings, they found median CTrough to be 33.4 ng/mL (IQR:28.6-

47.5) in the presence of atazanavir and 50.0 ng/mL (IQR: 39.9-109.9) in the presence of 

DRV.  For DTG, our CSF penetration was low (0.57%) and consistent with previous work 

by Letendre et al. and Gele et al. that showed median CSF-plasma ratios of 0.516% 

(range: 0.115-0.658% [week 2])149, 0.412 (range: 0.299-2.04% [week 16])149, and 0.65% 

(range: 0.19-5.11%)260; and median levels of 18.2 ng/mL (range: 4.0-23.2 ng/mL [week 

2])149, 13.2 ng/mL (range: 3.7-18.3 [week 16])149, and 9.6 ng/mL (3.6-22.8 ng/mL)260. 

However, even with low concentrations in the CSF, our median CTrough DTG predictions 

were above the IC90 (10.4>0.2 ng/mL). Our estimated CSF penetration and DRV/r CTrough 

predictions was in agreement with other data that found DRV/r had a median plasma-CSF 

ratio of (0.007 [IQR: 0.006-0.012])72 and 0.5% (IQR: 0.3-0.9)258, with median CSF levels 

of 16.4 ng/mL(with RTV, IQR: 8.6–20.3)72, 15.9 ng/mL (/c, IQR: 6.7–31.6)72, and 15.7 

ng/mL (IQR: 8.5-30.9)258. Our median CTrough CSF concentrations for DRV/r was above the 

IC90 (15 ng/mL > 0.67 ng/mL), which is consistent with having a high CPE score of 3.  

 For EFV, our estimated %CSF penetration was low (~0.9%) but still adequate 

compared to the IC90 value (median CTrough: 12ng/mL > IC90: 1.3ng/mL). This is consistent 

with its associated CPE score of 3 which showcases another example of an ARV that has 

low penetration but still achieves adequate concentrations based on PD goals. Specific to 

EFV, it is important to discuss its potential association with neurotoxicity. EFV’s 
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metabolites (8-OH and 7-OH) have been shown to induce direct neuronal toxicity and 

death in an in-vitro model261. A study by Tovar-y-Romo et al. found that 7-OH and 8-OH 

each induced neuronal damage in a dose-dependent manner but that 8-OH was more 

toxic than both EFV and 7-OH. 8-OH was found to cause damage to dendritic spines at 

10 nM concentration. This study also provided a hypothesis for the mechanism of EFV 

neurotoxicity, which was attributed to 8-OH perturbation of calcium homeostasis. In the 

clinical setting, studies have shown conflicting results regarding EFV levels and 

neurocognitive performance in PLWH262-264. Marzolini et al. showed that high plasma 

levels of EFC (>4000 µg/L) resulted in three times more frequent CNS toxicity (CNS 

adverse effects, 9% vs. 24%, p=0.093) compared to those with lower plasma levels (1000-

4000 µg/L) of EFV264. However, another study by Nwogu et al. found that higher EFV 

concentrations were associated with better neurocognitive performance (r=0.23, p=0.043) 

via neuropsychological examination263. Similarly, our group has shown that better 

neurocognitive function was associated with higher 8-OH levels but lower EFV plasma 

concentrations, potentially due to higher patient plasma clearance of EFV265. Most 

recently, a study by Ranzani et al looked at EFV and 8-OH plasma levels in comparison 

to cognitive impairment in 104 PLWH266. Notably, they did not look at CSF levels of drug. 

The study found that neither level was linked to cognitive impairment; there was a trend 

towards higher EFV levels in those with impaired executive function (p=0.055) and 

language performances (p=0.021). Further, elevated 8-OH levels were associated with 

more CNS side effects (222 vs. 151 ng/mL, p=0.078). The authors concluded that higher 

plasma levels of the 8-OH metabolite were associated with CNS side effects and EFV 

levels were only marginally associated with cognitive impairment, suggesting differences 

in how EFV and its metabolite act in the CNS. As clinical studies looking directly at EFV 

metabolites and CNS toxicity are lacking, more studies are warranted.  
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Conceptually, the CPE is an attractive tool. Methodologically, each drug is given a 

rank from 1 to 4 based on PK/PD data, drug characteristics, clinical studies, and 

effectiveness in reducing CSF viral load or improving cognition. However, limitations 

exist81. Studies have shown a higher CPE score results in lower CSF HIV-RNA and a 

correlation between CPE score and CSF escape; however, these associations have not 

been uniformly observed81. Further, the CPE score does not take into consideration the 

patient-specific exposure and interpatient variability. As CPE scores are calculated with 

preexisting values attributed to each ARV, there is no guarantee that the patient will 

maintain exposure above the IC50 or 90 prior to the next dose being administered. 

Furthermore, newer ART regimens include medications not yet assigned CPE scores (i.e., 

DTG, BIC, doravirine), displaying the need for an update to the CPE metric to include 

newer agents/regimens267.  

One main objective of this study was to utilize Bayesian estimates from PK 

analysis to obtain standardized measures of CSF exposure among individuals taking the 

same ARVs. Such standardized measures (e.g., Cmax, AUC, CTrough) would allow 

comparisons of exposure across individuals that we believe would be more informative 

than a single CSF concentration obtained at different times post dose. We found that all 

ARVs from all participants had a summarized median CSF CTrough concentration > IC50 or 90 

except TFV: CTrough: 1.6 ng/mL < IC50: 143.7 ng/mL. This finding for TFV is consistent with 

its low CPE score of 1 whereas the other ARVs have assigned CPE scores ≥2.  As PK 

modeling was performed, the final parameter estimates from the PK model and NCA 

derived PK parameters (i.e., steady state parameters) from the posterior predictions are 

summarized in Table 14. When compared to other PK studies, our estimates were 

reasonably within range of what other studies have found for each ARV 248-250, 252-254, 268-277 

(PK comparison not shown given the number of drugs and studies, references for 

comparisons can be found on table). Notably, some of the anchor drugs on the regimen 
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included in our study had limited sample size (<10) and very low concentrations which 

accounts for high variability and potential bias/imprecision given small numeric values. For 

TDF, FTC, and DTG, we pooled data from other studies (outside of the A5321 cohort) to 

allow for robust estimation of primary PK parameters and parameter shrinkage. As our 

study looked at CSF concentrations of ARVs in participants, penetration into other parts 

of the CNS does not always agree with CSF penetration. It is a common misconception 

that drug distribution into the CSF is an indicator of BBB transport278, 279. The Blood CSF 

barrier (BCB) is considered “leakier” compared to the BBB and transport across is 

inversely related to molecular weight of compound. This is due to the BCSFB being 

comprised of ependymal cells of the choroid plexus. This results in looser tight junctions 

compared to the ones found in the BBB. As such, drug penetration into the CSF is not 

an index of BBB transport, but rather a measure of transport across the choroid plexus 

at the BCSFB. Specific to ARVs, animal models have also shown that ARV CSF 

penetration does not always correlate with brain tissue penetration79. Discrepancies have 

been attributed to ARV affinity for drug uptake and efflux at the BBB and BCSFB280. 

Protein-binding also plays a major role in this as active transport of ARVs across the 

BBB and blood-CSF barrier disturbs the equilibrium of passive unbound drug movement 

(the “free drug hypothesis”), which may result in differences in ARV concentrations in 

plasma, CSF, and brain tissues79. The CSF has low binding protein concentrations 

compared with plasma, and studies of ARVs in the CSF have found the drug present is 

mostly unbound247. Further, a methodological challenge for ARV quantitation in CSF was 

described by our group, that showed non-polar ARVs can adsorb to polypropylene 

collection tubes89, 183. This suggests some re-examination of former studies of ARV 

concentrations in CSF in PLWH who are/are not virologically suppressed may be 

warranted to account for this adsorption.  In this study, CSF ARV quantification was 

conducted with methods previously described89. 
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In our study, we found that a higher regimen-based ART-IQ-GeoM was associated 

with more participants that had non-detectable HIV DNA in the CSF and better GDS 

scores. This observation warrants further investigation as it provides some evidence to 

support that CSF viral outcomes may be linked to overall ART regimen rather than 

individual ARVs. This work builds upon previous studies that have specifically looked at 

individual ART IQ as a measure of CSF activity258. Further, the study of persistent HIV in 

the CNS is the topic of much debate as studies have shown varying results of ART for 

treating NeuroHIV. It is important to mention that we chose to use GeoM summaries for 

IQ because of the differences in IC values among different ARVs. This allows for a better 

comparison and control of extremes since all ICs contribute to the IQ for each ARV which 

then contributes to the overall IQ for the regimen.  

We found that ART-IQ-GeoM was not associated with differences in inflammation in 

the CSF. However, it is important to note that these participants were on ART and virally 

suppressed for >8 years and thus, this finding is expected. Future work should evaluate 

other CSF inflammatory biomarkers that may be more consistent with long-term ongoing 

inflammation.  

 Several limitations in our study exist. Firstly, this study protocol only obtained one 

sample for plasma and CSF per participant on each respective ARV. As such, an effort 

was maintained to not over-parameterize the population PK model build (i.e., the simplest 

and most explanatory model for describing drug disposition). The limited PK samples 

contributed per participant may also potentially affect the predicted concentrations in each 

matrix. However, the individual predictions are largely in agreement with the observed 

data based on goodness-of-fit plots as demonstrated by the coefficient of determination 

values. The bias and imprecision were likely a result of the low concentrations included in 

the PK analysis. Secondly, steady-state concentrations were assumed for all participants. 

Because adherence was self-reported, missed doses may have resulted in low plasma 
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and CSF concentrations, and this could not be accounted for during PK analysis. Further, 

the intended purpose of the PK modeling was to characterize the available, limited PK 

data to derive individual exposures rather than to develop a population model for other 

purposes. No plasma samples were collected from individuals receiving EVG/c. Therefore, 

it was not possible to estimate the CSF penetration for that ARV. Our model estimations 

of CSF mass transit denotes an overall process occurring at the level of the CSF, including 

uptake by various types of cells in the CNS. This may be an oversimplification and a more 

mechanistic description should be evaluated utilizing an advanced quantitative systems 

pharmacology approach. Lastly, the role of BBB transporters on drug penetration is 

outside the scope of this study. Further investigations may be needed to characterize the 

impact of BBB transporters and drug concentrations in the CSF. 

In summary, these data demonstrate the ability to use patient specific drug level 

data, and PK modeling to obtain standardized PK measures of CSF exposure to a given 

time point (i.e., CMAX or CTrough), and to use those measures to assess if putative PD 

endpoints are maintained.  These results provide a PK/PD framework to explore individual 

ARV CSF exposures and virologic outcomes and provide a quantitative understanding of 

the ART regimen activity. The ART IQ metric is a new approach to assess ART regimen 

activity. We found that ART-IQ-GeoM was associated with a lack of detection of CSF HIV 

DNA and better GDS. These findings suggest ART regimen activity affects HIV 

persistence in CSF. This tool provides a basis for further investigations of relationships 

between regimen activity and biomarkers of HIV persistence in the CSF and other viral 

reservoirs. 
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Figure 21. ARV concentrations (ng/mL) in CSF (a) and plasma (b) for the various ARVs 
used in the PK modeling.  

Abbreviations: ARV, antiretroviral; CSF, cerebrospinal fluid; TDF, tenofovir disoproxil; 
FTC, emtricitabine; EFV, efavirenz; DTG, dolutegravir; RAL, raltegravir; EVG, 
elvitegravir; ATV, atazanavir; DRV, darunavir/r; PK, pharmacokinetic 
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Figure 22. Schematic and differential equations of base three-compartmental PK model 

Abbreviations: PK=pharmacokinetic, Ke=elimination rate constant, V1=volume central 
compartment, V2=volume cerebral spinal fluid compartment, K12=rate constant to 
cerebral spinal fluid compartment, K21=rate constant to central from the cerebral spinal 
fluid compartment, CSF=cerebral spinal fluid, X1=amount in the oral compartment, X2= 
amount in the central compartment, X3= amount in the CSF compartment, Q=flow, 
CL=Clearance, TDF= tenofovir disoproxil fumarate 
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Figure 23. Observed versus predicted concentration (mcg/mL) plots for each CSF and Plasma for 9 ARV  
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Abbreviations: TFV, tenofovir; FTC, emtricitabine; EFV, efavirenz; DTG, dolutegravir; RAL, raltegravir; EVG, elvitegravir; ATV, 
atazanavir; DRV, darunavir/r 
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Figure 24: Plotted posterior concentration (y axis: mcg/mL) vs. time plots for each drug and for all participants. 
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   (a) 

 
 
(b) 

 
 
Figure 25. CSF IQ scores of each ARV (a) and ART-IQ GeoM CSF IQ (b). 
Inhibitory quotients were calculated as the ratio of the PK model-based trough 
concentrations to the literature-defined inhibitory concentrations shown in (a) (50% 
inhibitory concentrations were used to calculate the IQ50 where 90% inhibitory 
concentrations were unavailable). IQs are plotted by the CPE score for their respective 
ARVs. Sensitivity analyses examined alternative approaches to combining information 
about the CNS penetration of the component ARVs for deriving a measure of the activity 
of the entire regimen. 
 
 

Abbreviations: TFV, tenofovir disoproxil fumarate; FTC, emtricitabine; EFV, efavirenz; 
DTG, dolutegravir; RAL, raltegravir; EVG, elvitegravir; ATV, atazanavir; DRV, 
darunavir/ritonavir; IQ, inhibitory quotients; CSF, cerebrospinal fluid; CNS, central 
nervous system; IC, inhibitory concentration; CPE, CNS penetration effectiveness score; 
ARV, antiviral agent 
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Figure 26. IQ-GeoM and CSF HIV DNA detection.  ART-IQ-GeoM was higher in those 
with undetectable vs detectable CSF HIV DNA (0.9 [0.5, 1.6] vs 0.5 [0.3, 0.9], p=0.027
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Table 10. ARV pharmacologic characteristics and CSF exposure  

 
*Based on active moiety of TFV, #extrapolated from raltegravir CPE score, ^fixed based off literature accepted values which can be 
found Drug Class column references. Tenofovir disoproxil fumarate and emtricitabine used IC50 values, IC90 was used for all other 
ARVs. 
 
Abbreviations: NRTIs, Nucleoside reverse transcriptase inhibitors; NNRTIs, Non-nucleoside reverse transcriptase inhibitors; INSTIs, 
Integrase Strand Transfer Inhibitor; PIs, protease inhibitors; IC50or90, inhibitory concentration at which 50% or 90% of in-vitro viral 
replication is inhibited; CSF, cerebrospinal fluid; IQ, inhibitory quotient; CPE, CNS penetration effectiveness score; NA, not available.

Drug Class Plasma Protein 
Binding (%) 

Protein Free 
IC50or90 
(ng/mL) 

CSF Concentration 
(ng/mL) 

Median values 

CSF IQ CPE231, 232 Ka^ 

NRTIs   
Emtricitabine 97, 248 <4 1.7 68 0.97 3 0.53 

        Tenofovir Disoproxil                 
      Fumarate* 97, 249 

<7 143.7  6 0.52 1 9 

                                     Lamivudine 214, 250 16-36 21 95 4.5 2 4.6 
NNRTIs   

Efavirenz 81, 98, 251 99.78 1.3 18.8 14.5 3 1.39 
INSTIs   

Dolutegravir 81, 252 >98.9 0.2 18.2 91 4149, 281 2.24 
  Raltegravir 81, 101, 253 83 3.2 31 9.7 3281 0.723 

          Elvitegravir 254 >98 0.072 4.3 59.7 2 0.134 
PIs   

Atazanavir 102, 255 86 1.7 7.9 4.65 2 1.81 
Darunavir 102, 256 95 0.67 30 75 3 1.04 
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Table 11. Participant demographic variables for PK analysis (a) and viral PKPD Cohort 
outcome analysis (b) 
 

(a) 

 

 



142 
 

 
 
(b) 
 

 
 
Abbreviations: EFV, efavirenz; DTG, dolutegravir; RAL, raltegravir; EVG, elvitegravir; 
ATV, atazanavir; DRV, darunavir/ritonavir; LP, lumbar puncture; ART, antiviral therapy  
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Table 12. Population PK parameter and NCA PK Parameter estimations  
 

ARV* Estimated Population PK Parameters NCA PK Parameters for Plasma  
 Median (CV%) Median (IQR) 
Drugs/CLass Vd/F (L) Vcsf /F (L) Keplasma (hr-1)  CLplasma/F 

(L/hr) 
Vd/F (L) CLplasma/F (L/hr) 

NRTIs  
Emtricitabine248, 268 60.58 

(50.78) 
122.32 
(41.46) 

- 30.05 
(59.79) 

264.4 
(225.8-342.7) 

29.68 
(26.67-42.86) 

Tenofovir (given as TDF)249, 

269, 270 
749.93 
(11.70) 

499.96 
(3.59) 

0.07 
(96.1) 

 
- 

598.3 
(576.6-694.5) 

38.39 
(34.82-71.89) 

Lamivudine250 437.398 
(26.32) 

428.223 
(16.58) 

0.067 
(52.94) 

 414.2 
(322.3-463.7) 

24.97 
(15.91-35.48) 

NNRTIs  
Efavirenz271, 272 170.742 

(47.99) 
114.603 
(36.53) 

0.056 
(24.44) 

- 118.2 
(70.41-155.6) 

6.61 
(4.31-7.72) 

INSTIs  
Dolutegravir252, 282 14.67 

(40.53) 
288.09 

(26.733) 
0.05 

(51.07) 
- 10.28 

(7.78-10.64) 
0.43 

(0.41-0.62) 
Raltegravir253, 274, 275 329.785 

(30.52) 
364.964 
(35.44) 

0.282 
(32.23) 

- 326.8 
(179.6-388.6) 

82.94 
(23.89-98.84) 

Elvitegravir/c*254, 273 17.71 
(63.11) 

310.665 
(25.52) 

0.017 
(187.83) 

- - - 

PIs  
Atazanavir/r276 176.012 

(35.239) 
295.475 
(19.429) 

0.045 
(105.267) 

- 126.5 
(94.18-175.9) 

7.203 
(5.837-41.83) 

Darunavir/r277 235.239 
(30.902) 

261.266 
(25.63) 

0.054 
(6.75) 

 170.5 
(135.8-256.3) 

9.224 
(6.59-12.73) 

 
Note: Summaries include all patients included in the models (PK Cohort). *Only CSF levels available 

 
Abbreviations: NRTIs, Nucleoside reverse transcriptase inhibitors; NNRTIs, Non-nucleoside reverse 
transcriptase inhibitors; INSTIs, Integrase Strand Transfer Inhibitor; PIs, protease inhibitors; /r, ritonavir; 
c/, cobicistat 
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Table 13. ARV Exposure Summaries for all Participants 

ARV Measured Concentration 
Median (IQR) 

Predicted Plasma Exposures 
Median (IQR) 

Predicted CSF Exposures 
Median (IQR) 

Median CSF 
Penetration 

based off 
exposures 

CPE231, 

232 
CTrough / I50 or 90 

(based off median 
values, ng/mL) Plasma (ng/mL) CSF (ng/mL) AUC 

(mg*h/L) 
Cmax 

(ng/mL) 
CTrough 

(ng/mL) 
AUC 

(mg*h/L) 
Cmax 

(ng/mL) 
CTrough 

(ng/mL) 
Emtricitabine259 
N=59 

270 
(120-560) 

90 
(50-120) 

6.29 
(4.521-6.563) 

920 
(530-1180) 

22 
(13-27) 

4.527 
(3.37-6.46) 

426 
(190-560) 

40 
(28-95) 

CMAX:46.3% 
AUC:72% 

3 Y 
40 > 1.7 

Tenofovir 
(TDF)259, 283 
N=56 

90 
(60-160) 

3 
(2-5) 

2.8 
(1.75-2.96) 

220 
(156-230) 

50 
(17.1-55) 

0.093 
(0.056-0.098) 

7.3 
(6.7-8) 

1.6 
(0.3-1.8) 

CMAX: 3.33% 
AUC: 3.33% 

1 N 
1.6 < 143.7 

Lamivudine81  
N=14 

330 
(250-570) 

85 
(50-112) 

9.02 
(7.31-12.88) 

680 
(620-890) 

173 
(99-290) 

2.39 
(1.54-2.85) 

170 
(110-200) 

49 
(20-56) 

CMAX: 25% 
AUC: 26.53% 

2 Y 
49 > 21 

Efavirenz258  
N=20 

2500 
(1820-3500) 

1.9 
(1.3-30) 

69.79 
(53.57-109.5) 

4540 
(3430-7180) 

1320 
(1100-2100) 

0.64 
(0.38-1.02) 

41 
(24-71) 

12 
(8-22) 

CMAX: 0.90% 
AUC: 0.92% 

3 Y 
12 > 1.3 

Dolutegravir149  
N=8 

2290 
(1790-2910) 

13 
(10-14) 

71.76 
(70.67-73.16) 

4400 
(4330-4480) 

1790 
(1763-1830) 

0.42 
(0.41-0.42) 

25.4 
(25.2-25.4) 

10.4 
(10.18-10.8) 

CMAX:0.57% 
AUC: 0.57% 

NA Y 
10.4 > 0.2 

Raltegravir284  
N=9 

480 
(300-840) 

40 
(20-40) 

4.49 
(4.49-12.93) 

710 
(600-1560) 

83.5 
(70-530) 

0.31 
(0.20-0.55) 

55 
(32-67) 

5.8 
(3-23) 

CMAX: 7.75% 
AUC: 6.90% 

3 Y 
5.8 > 3.2 

Elvitegravir285 
N=8 

N/A 2.7 
(2-3) 

N/A N/A N/A 0.078 
(0.026-0.010) 

3.4 
(1.1-4.4) 

3 
(0.95-3.9) 

N/A 3 Y 
3 > 0.072 

Atazanavir102  
N=13 

950 
(490-1750) 

8 
(4-10) 

28.64 
(11.65-35.19) 

2150 
(1330-2630) 

640 
(51-790) 

0.349 
(0.139-0.53) 

25 
(10-43) 

4 
(0.9-11) 

CMAX: 1.16% 
AUC: 1.22% 

2 Y 
04 > 1.7 

Darunavir72  
N=5 

1470 
(1270-3140) 

20 
(15-30) 

62.18 
(44.59-82.91) 

4020 
(2760-5180) 

1330 
(1033-1880) 

0.62 
(0.27-0.69) 

38 
(18-43) 

15 
(5.8-15) 

CMAX: 0.95% 
AUC: 1.00% 

3 Y 
15 > 0.67 

 

*References for literature IC values listed next to drug name, ^TDF and FTC utilized IC50 values, IC90 was used for all other ARVs. 

Abbreviations: CSF, cerebrospinal fluid; IQR, interquartile range (25%-75%); PL, plasma; AUC, area under the curve; CMAX, 
maximum concentration predicted; CTrough, minimum concentration predicted (based on interval); TDF, tenofovir disoproxil fumarate 
formulation; NA, not available; Y, yes; N, No 
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Table 14. Spearman rank-based correlations between CSF inflammatory biomarkers and ARV drug activity in the CSF  

 

Abbreviations: IQ, inhibitory quotients; CSF, cerebrospinal fluid; IL, interleukin; IP, interferon gamma-induced protein; MCP, 
monocyte chemotactic protein; CD, cluster of differentiation 
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Table 15. Spearman rank-based correlation between GDS and measures of ARV drug activity in the CSF   

 

 
 

Abbreviations: GDS, global deficit scores; IQ, inhibitory quotients  
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Chapter 5: Summary, Conclusion and Future 
Directions 
 

5.1 Summary of Overall Findings 
 

Within the scope of this dissertation, new pharmacological insights into the PKPD 

of AVs to treat COVID-19 and HIV have been uncovered, aiming to elucidate the 

relationship between AV activity and penetration into the CNS. Chapter 2 introduces a 

novel 4-cell in vitro model developed to assess AV penetration, bypassing the need for 

invasive in vivo experiments or clinical sampling.  

Chapter 3 delves into in vivo rodent experiments, demonstrating that NMR/r may 

not achieve adequate concentrations within the CNS to combat SARS-CoV-2 in the brain 

or CSF, a novel experimental finding recently published in Scientific Reports181.  

Chapter 4, drawing from the groundwork laid in ACTG 5321, shows how PK 

modeling can be a valuable tool for estimating CSF exposure based on non-standardized 

collection times, enabling the estimation of CSF penetration and the calculation of a 

regimen IQ for assessing virological endpoints or outcomes. 

Cumulatively, these investigations have advanced methods and our understanding 

of antiviral PKPD in the CNS and provide the imperative for further research into viral 

reservoirs within the CNS, potentially reshaping the treatment landscape for CNS viral 

infections. 
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Detailed findings specific to the objectives and projects discussed in this dissertation will 

be discussed below.    

The first objective was to develop a reliable in vitro cell model to estimate drug 

penetration into the BBB. Also in Chapter 2, methodology showing the successful 

development of a CNS 4-cell BBB model was described with confirmation of BBB integrity 

via TEER measurements and imaging to confirm TJ formation in the co-cultured cells. We 

found that addition of Zn increased the stability of the cell model and established TEER 

values at higher ranges compared to other conditions tested and controls. Further, for 

proof of concept, the ARV DTG was administered to the apical side of the 4-cell model at 

a concentration of 4000 ng/mL. After 48hrs media at the basal side was collected and 

quantified to estimate the concentration of DTG that passed through the cells. We found 

that ~11% of DTG was found on the basal side. As Zn increased the integrity and TEER 

values of our model, this was also confirmed by a decrease in 38% of DTG passing 

through the cells compared to experiments without Zn. As a DTG estimation of 11% may 

look inconsistent from clinical data (~1%), it is important to note that CSF levels of DTG 

and BBB penetration are not the same. Drugs collected from the CSF pass through BCB 

which is made of different cells and formed of TJ that have lower TEER values than BBB 

TJ. Further, our model utilized media that only contained 5% albumin which would affect 

the amount of drug that could pass through each barrier. DTG is highly protein bound and 

only free drug would be able to cross the BBB and BCB. Future work includes testing 

conditions that resemble similar protein conditions to human blood to compare and 

contrast differences seen in penetration of AVs.  

The second objective was to determine if NMR can penetrate the CNS at 

adequate concentrations to treat SARS-CoV-2. Chapter 3 shows data from our animal 

work where we dosed 10 rats with an allometrically scaled dose of NMR/r to determine if 
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it can be detected in CSF, BBB cells, and brain tissue. Secondarily, we also looked at 

other tissues, PBMCs, and blood to compare to available literature and probe questions 

about NMR’s ability to concentrate in different parts of the body. Our results showed that 

based on PD protein adjusted and unadjusted EC values for SARS-CoV-2 (based on the 

EPIC-HR FDA document)197, NMR concentrations are not optimal to treat CNS viral 

infection. This was further showcased by undetectable brain tissue concentrations of NMR 

in the 10 rats. This brings to question whether NMR treatment can be optimized to ensure 

adequate concentrations are maintained to effectively treat virus potentially found in the 

brain. This also could explain why patients that are treated with NMR/r still develop 

neuroPASC (“Long COVID”).  

The third objective, which was broken up into 2 parts, was to (A) Utilize PK 

modeling to standardize ART exposure to allow for more accurate calculation of an IQ 

ratio and CSF penetration, and (B) Develop a regimen IQ for ART and correlate it with 

viral PD outcomes (i.e., viral DNA, inflammation, GSD score) in patients. As described in 

Chapter 4, population PK modeling allowed for standardization of ARV levels to allow for 

accurate CSF penetration estimation. This was confirmed by the agreement of our ARV 

CSF penetration with other studies and CPE score. Further, our regimen calculated IQgeoM 

showed that higher regimen IQ geoM ratios resulted in a higher number of patients that had 

undetectable CSF viral DNA. We found that biomarkers of inflammation were not 

associated with the regimen IQgeoM. We think this is likely due to the specific inflammatory 

biomarkers evaluated and the fact that these participants were virally suppressed for many 

years on ART. Last, we found that higher IQgeoM  was associated with better GSD scores. 

We are excited to further evaluate these findings in multiple manuscripts.  
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5.2 Limitations 
 

There are limitations from the data derived from the studies described in this 

dissertation. First, drug penetration into the CNS is highly regulated by transporters found 

on cells of the BBB and BCB. Unfortunately, this was something we were not able to 

account for or control for (all studies discussed in this dissertation). However, work and 

experiments are ongoing to capture transporter expressions (especially efflux 

transporters) in the 4-cell model. Further, there are plans to incorporate PBPK modeling 

so that a more quantitative systems pharmacology approach can be applied which can 

account for transporter effects. Also, the 4-cell model represents a static model where the 

drug is administered at a Cmax equivalent concentration. Unfortunately, this fails to capture 

drug elimination and the dynamic flow of drug from the blood to the CNS. As such, plans 

to develop a 4-cell microfluidic CNS model are in progress. This will allow us to probe the 

same questions of drug penetration in more physiologically relevant conditions. Next, our 

in vivo work for NMR penetration utilized uninfected rats with implanted CSF catheters. 

As they were uninfected, it is difficult to know the effects of virus on the BBB and BCB 

integrity. Studies have shown that inflammation can cause barriers to become leaky. Rats 

are resilient to SARS-CoV-2 given they do not express ACE-2 receptors in abundance. 

Plans to repeat the same experiment discussed in Chapter 3 with the GSH model are 

ongoing. On the topic of transporters, it is known that different species of animal express 

different transporters at different sites. While rats and humans do express similar efflux 

transporters at the level of the CNS, some subtle differences do exist. Regardless of these 

differences, our allometric scaling showed similar exposure profiles to humans (as 

discussed in greater detail in Chapter 3) which provides evidence to support our dosing 

strategy in the animals. Last, Chapter 4 showcased methodology to estimate CSF 

exposure in participants from A5321 who had sparse sampling from the CSF. This is 
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common clinically given the invasiveness of CSF sample collection. Nonetheless, our PK 

modeling allowed us to standardize exposure profiles for all participants so that more 

direct comparisons could be made.  

 

5.3 Future Directions 
 
 

There is an ongoing need for CNS penetration studies to be conducted evaluating 

the potential to treat CNS related infections. This need is not specific for infectious 

diseases and is important for many other areas of pharmacology (i.e., oncology, stroke, 

epilepsy).  The NIH has made it a priority to evaluate these questions with special RFAs 

for both COVID-19 and NeuroHIV. The US Department of Health and Human Services 

recently announced the formation of the Office of Long COVID Research and Practice and 

the launch of Long COVID clinical trials through the RECOVR initiative. Several clinical 

trials are currently ongoing looking at using NMR/r/r as a treatment strategy for persons 

highly symptomatic with Long COVID. In one of these ongoing trials, they are using NMR/r 

for 15-days at the current dose to see if this treatment will provide relief in those suffering 

with Long COVID. To date, the NMR data generated within this dissertation remains the 

only CSF PK data available.  As the field of neuropharmacology moves toward newer 

treatments and better strategies, more therapies will need rapid and rigorous evaluation 

for their ability to penetrate the CNS and treat CNS related infections.  This dissertation 

describes tools and approaches that will be useful in meeting these needs.   
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