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Abstract: HIV infection has become a chronic and manageable disease due to the 

effective use of combined anti-retroviral therapies (cART). However, several chronic 

aging-related comorbidities, including HIV-associated neurocognitive disorders (HAND), 

persist in the HIV-infected population; but the mechanisms are unknown. We 

hypothesized that neurocognitive decline in the HIV-infected population is dependent on 

CNS viral reservoirs by mechanisms of damage amplification mediated by host lipids. 

HIV CNS damage, in the current cART era, is mediated by a low number of HIV DNA 

positive macrophages/microglia and astrocytes that support a residual viral mRNA and 

protein synthesis. Some HIV proteins are secreted and taken into the neighboring 

uninfected cells, generating bystander damage in the CNS. Viral reservoirs are associated 

with local myelin structure compromise resulting in the release of several myelin 

components, including the lipid sulfatide. Soluble sulfatide compromises gap junctional 

communication and calcium waves, which contribute to the amplification of CNS 

damage and cognitive impairment that distress the HIV-infected population. 

Our pending experiments aim to categorize Cx43 interacting proteins after 

sulfatide treatment by proteomics, to identify specific astrocyte populations that become 

susceptible to HIV infection or bystander damage by single-cell RNA sequencing, and 

detect lipid dysregulation in primary human cultures of HIV-infected astrocytes using 

MALDI-MSI or MALDI-2 MSI. 

To further examine lipid dysregulation, we also developed a MALDI-2 MSI 

method to detect lipid classes and species that are not detected with regular MALDI-MSI, 

using the brain tissue sections of the AD 3xTg mouse model. We proved that this 

assessment is compatible with subsequent immunofluorescence and histological analyses 

in the same tissue section. This approach is innovative and helpful in performing a multi-

omics characterization for several pathologies, including HAND.  
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CHAPTER 1: GENERAL INTRODUCTION  

PART 1 – HUMAN IMMUNODEFICIENCY VIRUS 

Epidemiology 

Human Immunodeficiency Virus (HIV) is a major public health concern, with 

37.7 million infected individuals worldwide in 2020. Since the start of the epidemic, 79.3 

million people have become infected with HIV, and 36.3 million have died from 

Acquired Immune Deficiency Syndrome (AIDS)-related illnesses. Last year, 1.5 million 

people were newly infected, and 680,000 died from AIDS-related illnesses 

(http://www.unaids.org/en/, 2021). 73% of individuals that know their status have access 

to combined anti-retroviral therapy (cART), resulting in an extended lifespan. Although 

clinically successful, cART is not a cure. Most anti-retroviral drugs are potent small 

molecules targeting entry, reverse transcriptase, protease maturation, and integration 

steps of the HIV life cycle (Arts and Hazuda 2012), but these drugs do not target viral 

genome transcription and translation. Even though cART suppresses systemic virus 

replication, decreases the risk of transmission, and restores the immune competence, it 

cannot deplete circulating or tissue-associated HIV reservoirs, which remains one of the 

main obstacles to curing HIV infection (Vanhamel, Bruggemans et al. 2019).  

 

HIV classification  

HIV was identified in 1983 (Barre-Sinoussi, Chermann et al. 1983), and it was 

considered the causative agent of AIDS, which was first diagnosed in 1981 in the USA 

(Gottlieb, Schroff et al. 1981). It is accepted that the origin of HIV occurred by a cross-

species adaptation, which started from Simian Immunodeficiency Virus (SIV) infected 
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monkeys and progressed to great apes and ultimately humans (Sharp and Hahn 2011). 

Two types of HIV have been identified, HIV-1 and HIV-2, with comparable structure, 

tropism, and transmission pathophysiology. HIV-1 is more virulent and responsible for 

95% of infections worldwide. HIV-1 strains are subdivided into four groups: M, N, O, 

and P. The M group, or “Major” group, is responsible for the global HIV epidemy. 

Within group M, there are nine genetically distinct and phylogenetically equidistant 

clades (A, B, C, D, F, G, H, J, and K) (Hemelaar 2012). From them, clade C is globally 

dominant and responsible for approximately 50% of infections, especially in South Africa 

and India (McCutchan 2006). HIV-1 N group consists of a recombinant virus between 

two ancestral strains, one ancestor related to HIV-1 group M and one related to SIV 

chimpanzee strains found in Cameroon (Simon, Mauclere et al. 1998). This group is not 

so common in the global population, and all the cases identified are from Cameroon 

(Mourez, Simon et al. 2013). The O group is present in 1-2% of the population, 

especially in Cameroon and some European countries (Belgium, France, and Spain) 

(Bush and Tebit 2015).  The last group is the P group, which accounts for just 0.06% of 

infections in the global population (Vallari, Holzmayer et al. 2011). In contrast to HIV-1, 

HIV-2 is mostly asymptomatic and predominately found in West Africa. HIV-2 can be 

classified into nine groups (A to I), which derive from 9 different cross-species 

transmissions involving SIV (Marlink 1996). Groups A and B are the most common in 

the population, and the other seven groups account for just one patient each (Visseaux, 

Damond et al. 2016). 

 

Time course of HIV infection 

HIV transmission is principally due to sharing biological fluids, including 

mucosal and blood (Shaw and Hunter 2012). The progression of HIV infection can be 

divided into 4 phases: primary infection, acute infection, chronic or latent infection, and 

AIDS (Fig. 1.1) (Coffin and Swanstrom 2013). As indicated in Fig. 1.1, the cluster of 
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differentiation four positive T (CD4+ T) cell count is between 500 and 1500 cells/µl of 

blood prior to infection. In the early stages of infection, plasma viremia increases and 

CD4+ T cell count in the blood decreases. The subsequent acute phase (weeks 2-9) is 

therefore characterized by high levels of viral RNA in the blood (>107 copies of viral 

RNA/ml) and the spreading of infection to susceptible tissues. In immune tissues, the 

adaptive immune response induces the production of antibodies against HIV proteins 

(Tomaras and Haynes 2009, Cohen, Shaw et al. 2011), and the CD8+ cytotoxic T 

lymphocytes attack the productively infected CD4+ T lymphocytes contributing to the 

CD4 count decrease (Jones and Walker 2016). Typically, people show flu-like symptoms, 

such as fever, headache, and rash. The following phase corresponds to the clinical latency 

that can last 2-12 years (Moss and Bacchetti 1989, Lemp, Payne et al. 1990), but in cART 

virally suppressed individuals, this period can be extended for years or decades 

(Nakagawa, May et al. 2013). Plasma viremia is low or undetectable during this phase 

due to cART (~50 copies of HIV RNA/ml plasma). However, CD4+ T lymphocytes 

progressively decline due to the chronic immune exhaustion and inflammation (Coffin 

and Swanstrom 2013). The last phase of the disease or AIDS, which is not observed in 

HIV-infected individuals under effective cART, is defined by CD4+ T lymphocytes 

decline (<350 CD4+ T cells/µl of blood) and high viremia levels (>106 copies of viral 

RNA/ml plasma), causing the loss of immune control and leading to opportunistic 

infections and cancers (Cribbs, Crothers et al. 2019, McNally 2019, Shi, Zhou et al. 

2019). Therefore, the demise of the HIV-infected population is mainly due to 

immunological disorders, opportunistic infections, and aging-related issues in the current 

cART era (Escota, O'Halloran et al. 2018, Chauvin and Sauce 2022).  
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Figure 1.1. Clinic time-line of HIV infection, replication, and CD4 counts in humans, 

reproduced with permission of (Fauci and Desrosiers 1997).  

The black line represents the amount of CD4+ cells in the blood, and the red line shows 

the amount of HIV RNA copies in the plasma of HIV-infected individuals. Early after 

primary infection, viral replication increases and CD4 count decreases. These parameters 

also characterize the acute phase of infection with high levels of viral RNA in the plasma 

(>107 copies of viral RNA/ml) and decreased CD4+ T lymphocytes, but with the 

spreading of infection in several tissues. The long clinical latency phase is characterized 

by low or undetectable plasma viremia and a progressive reduction of CD4+ T 

lymphocytes. In the last phase, CD4+ T lymphocytes continue to decline, and plasma 

viremia rapidly increases, causing opportunistic infections and HIV-related cancers, 

leading to death. 
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HIV life cycle 

HIV is a positive-sense single-stranded enveloped RNA virus. HIV is classified as 

a retrovirus, and its RNA genome is structured in nine-open reding frames (ORF) 

(German Advisory Committee Blood 2016). Three major ORFs are retrovirus common: 

gag, pol, and env, which encode the polyprotein precursors of structural proteins. 

Specifically, gag encodes for a polyprotein cleaved to form 6 structural proteins: matrix 

protein p17, capsid proteins p24, p7 and p6, and two spacer peptides. The matrix protein 

p17 ensures capsid integrity, while p24, p7, p6 and the spacer peptides are essential for 

capsid assembly (Freed 1998). The pol ORF encodes for reverse transcriptase, integrase, 

and protease, providing critical enzymatic functions for infection, integration, and virion 

maturation. Reverse transcriptase transcribes viral RNA into double-stranded cDNA; 

integrase modulates the insertion of viral cDNA into the host cell genome; HIV protease 

is involved in the final maturation of the released virions after budding (Tekeste, 

Wilkinson et al. 2015). The env gene encodes for the envelope protein Gp160, which 

trimerizes to (Gp160)3 and then undergoes cleavage by a host furin protease into the 

receptor-binding fragment Gp120 and the fusion fragment Gp41 (Harrison 2008, 

Checkley, Luttge et al. 2011). Three copies of each fragment constitute the mature viral 

spike (Gp120/Gp41). The other six ORFs of the HIV genome encode for regulatory and 

accessory proteins such as trans-activator of transcription protein (Tat), regulator of 

expression of viral protein (Rev), negative factor (Nef), virion infectivity factor (Vif), 

viral protein r (Vpr), and viral protein u (Vpu) (Karn and Stoltzfus 2012). Tat facilitates 

activation of viral transcription after integration, stabilizing the interaction between the 

RNA polymerase II and the integrated viral DNA and phosphorylating the RNA 

polymerase II C-terminal domain inducing the elongation process. Rev and Vpr regulate 

the transport. Nef, Vif, and Vpu manipulate the host cell signaling and the immunity to 

attenuate immune surveillance (Turner and Summers 1999, Freed and Mouland 2006).  
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HIV infection is initiated by Env-mediated adhesion viral particles binding to host 

attachment factors present on the surface of targeted cells (heparan sulfate proteoglycans 

for macrophages, α4β7 integrin for T cells, and dendritic cell-specific intercellular 

adhesion molecule-3-grabbing non-integrin for dendritic cells), as well as by HIV 

envelope protein Gp120 interacting with the CD4 receptor. Binding to CD4 induces a 

conformational change in Gp120 that facilitates binding to the co-receptor C-X-C 

chemokine receptor type 4 (CXCR4) and/or C-C chemokine receptor 5 (CCR5) (Kwong, 

Wyatt et al. 1998). After Gp120 binding to CD4 and its co-receptor, the N terminal fusion 

peptide of Gp41 translocates and inserts into the target cell membrane. Subsequent 

refolding of Gp41 makes a postfusion hairpin conformation. Formation of the fusion pore 

ensues membrane fusion and entry of the viral capsid into the target cell (Freed, Delwart 

et al. 1992, Shugars, Wild et al. 1996).  

Once viral fusion with the plasma membrane of the host cell is completed, the 

HIV capsid containing two strands of viral RNA is deposited into the host cytoplasm to 

begin the process of reverse transcription (Campbell and Hope 2015). Reverse 

transcription is performed by reverse transcriptase, which has two enzymatic activities. 

Reverse transcriptase DNA polymerase activity allows copying of either RNA or DNA 

template, and reverse transcriptase ribonuclease (RNase) H activity permits RNA 

degradation of the RNA–DNA duplex (Hu and Hughes 2012). Through its RNase H 

active site, the reverse transcriptase begins the reverse transcription of viral RNA starting 

at the primer binding site to obtain an RNA/DNA hybrid double helix. Then, the RNase 

H site breaks down the RNA strand, and the polymerase active site of the reverse 

transcriptase completes a complementary DNA strand to form a double helix DNA 

molecule (dsDNA) with long terminal repeats (LTRs) sequences at the 5’ and 3’ ends. 

These repeats contain all the useful elements for gene expression (enhancer, promoter, 

transcription terminator, and polyadenylation signal). They are also used as a substrate 

for HIV protein Integrase, allowing HIV DNA insertion into the host cell genome (Klaver 
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and Berkhout 1994). Specifically, the viral DNA made by reverse transcription within the 

cytoplasm is part of a large nucleoprotein complex, the pre-integration complex (PIC) 

(Bowerman, Brown et al. 1989), which allows the crossing of the nuclear membrane 

through the nuclear pore complexes (NPCs). The nuclear import process is crucial in 

establishing infection, and several viral proteins such as Integrase, Vpr, Matrix, Capsid, 

HIV-1 central DNA flap, and host importin proteins with host tRNAs are involved 

(Jayappa, Ao et al. 2012). In the nucleus, Integrase catalyzes the reaction generating a 

hydroxyl nucleophile for DNA strand insertion in a LTR region adjacent to a cytosine-

adenine (CA) dinucleotide sequence of the host genome (Roth, Schwartzberg et al. 1989). 

Later, the hydroxyl group cleaves the host cell DNA and becomes integrated following 

strand transfer and DNA repair (Engelman, Mizuuchi et al. 1991). The integration of HIV 

DNA into the host cell genome does not guarantee viral production. HIV integration is 

not random and preferentially occurs in host DNA areas with actively transcribed genes, 

gene-rich regions, and intronic regions and largely avoids promoter regions (Anderson 

and Maldarelli 2018). Therefore, the nuclear topography of HIV integration may impact 

HIV replication (Lusic, Marini et al. 2013). For instance, the HIV PIC preferentially 

targets those areas of open chromatin that are proximal to the nuclear pore, excluding the 

internal regions in the nucleus and the peripheral regions associated with the nuclear 

lamina. When the HIV genome is transcribed by the host RNA polymerase II, the full-

length (unspliced), singly spliced, and multiply spliced RNAs are recognized by Rev and 

transported to the cytoplasm by host exportin 1 (XPO1)-RanGTP nuclear export pathway 

(Dayton 2004, Mahboobi, Javanpour et al. 2015), where they can be translated in 

polyprotein precursors, regulatory, and accessory proteins. HIV transcription and 

translation occur with the early synthesis of regulatory HIV-1 proteins Tat and Rev. 

Specifically, Tat binds to the TAR (Transactivation Response Element) site and 

stimulates the transcription and the formation of longer RNA transcripts. Rev facilitates 

the transcription of longer RNA transcripts and the expression of structural and 
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enzymatic genes and inhibits the production of regulatory proteins, therefore promoting 

the formation of mature viral particles. In addition, Gag and Gag-Pol polyproteins are 

localized to the cell membrane and the immature virion begins to bud from the cell 

surface to infect other cells (Sundquist and Krausslich 2012). This classical process of 

infection mediated by the virions is called "cell-free spread" (Fig. 1.2). Recent studies 

recognized a more efficient and predominant spreading process called "cell-to-cell 

spread" (Martin, Welsch et al. 2010). Its higher effectiveness is due to the protection from 

neutralizing antibodies and the ability to overcome the inhibitory effects of some anti-

viral restriction factors (Zhong, Agosto et al. 2013). The cell-to-cell spread mechanism 

influences viral pathogenesis using intercellular structures such as immunological 

synapses, gap junctions (GJs) and tunneling nanotubes (TNTs) that transfer ions, small 

molecules, organelles, and pathogens, between the connected cells (Eugenin, Gaskill et 

al. 2009, Ariazi, Benowitz et al. 2017, Okafo, Prevedel et al. 2017, Bracq, Xie et al. 

2018). Part of this thesis also involved a detailed description of the Connexin43 (Cx43) 

GJ communication system in the context of HIV spread (see Part 2 of General 

introduction).  
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Figure 1.2. HIV life cycle, reproduced with permission of (Pau and George 2014). 

(1) Attachment. HIV infection starts with the Env-mediated adhesion viral particles 

binding to host attachment factors present on the surface of targeted cells, as well as by 

HIV envelop protein Gp120 interacting with the CD4 receptor and co-receptor (CXCR4 

or CCR5); later, Gp41 inserts into the outer leaflet to facilitate the fusion between the 

HIV envelope and the host plasma membranes. (2) Fusion. The viral genome, the PIC, 

and proteins from capsid such as p24 are released in the cytoplasm of the host cells. (3) 

Reverse transcription. It is performed by reverse transcriptase to convert HIV RNA into 
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HIV dsDNA. (4) Integration. It is conducted by an intermediate PIC which includes 

reverse transcriptase and integrase to transport the HIV dsDNA into the nucleus to be 

integrated into the host genome. HIV begins to use the cell machinery to transcribe HIV 

mRNAs transported to the cytoplasm. (5) HIV protein production. This occurs in the 

cytoplasm, where HIV proteins are synthetized from viral mRNA. (6) Assembly. The 

new synthetized HIV proteins and HIV RNA accumulate and move to the host plasma 

membrane to generate immature virions. (7) Budding. Newly immature-formed virions 

are released into the extracellular space. Protease induces the maturation of the virions to 

become infectious. The red box in the figure indicates the topic of this thesis: HIV-

integrated DNA, HIV mRNA production, and HIV protein synthesis. 

 

Antiretroviral therapies  

The first anti-retroviral agent was introduced in 1987. However, over 50% of 

patients treated with a singular drug for longer than six months developed drug resistance 

(Larder, Darby et al. 1989). Currently, HIV-infected individuals are administered a well-

defined combined anti-retroviral therapy (cART), transforming HIV infection from a 

deadly to a manageable chronic disease (Taylor, Tieu et al. 2019). The first combined 

treatment, which blocks viral replication at multiple stages of the HIV life cycle, was 

introduced in 1996 (https://www.niaid.nih.gov/diseases-conditions/antiretroviral-drug-

development). A combined ART regimen consists of several anti-retroviral drugs to 

reduce the viral load resulting in delayed disease progression and prolongation of patient 

survival. The first therapy combinations commonly prescribed include a “backbone” of 2 

inhibitors of the HIV reverse transcriptase (nucleoside reverse transcriptase inhibitor 

NRTI) plus a non-nucleoside reverse transcriptase inhibitor (NNRTI), an integrase strand 

transfer inhibitor (INSTI), or a protease inhibitor (PI) boosted with cobicistat or ritonavir 

(https://aidsinfo.nih.gov/understanding-hiv-aids/fact-sheets/21/53/what-to-start-choosing-

an-hiv-regimen). Cobicistat and ritonavir are pharmacokinetic enhancers of PIs by acting 

as potent inhibitors of the cytochrome P450 3A4 isoenzyme (Xu and Desai 2009, Tseng, 

Hughes et al. 2017).   

Other new drugs include CCR5 antagonists, fusion inhibitors, and post-

attachment inhibitors (Sinxadi, Khoo et al. 2021). The NRTIs are prodrugs that must be 

https://www.niaid.nih.gov/diseases-conditions/antiretroviral-drug-development
https://www.niaid.nih.gov/diseases-conditions/antiretroviral-drug-development
https://aidsinfo.nih.gov/understanding-hiv-aids/fact-sheets/21/53/what-to-start-choosing-an-hiv-regimen
https://aidsinfo.nih.gov/understanding-hiv-aids/fact-sheets/21/53/what-to-start-choosing-an-hiv-regimen
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activated into diphosphate or triphosphate metabolites. They inhibit the reverse 

transcriptase enzyme for the insertion of nucleotide analog. NNRTIs inactivate the 

reverse transcriptase enzyme-inducing conformational change and do not require 

intracellular phosphorylation to be active. The PIs block proteolytic activities necessary 

for the formation of mature infectious virions. The INSTIs work by preventing the 

integration of viral DNA into the host genome. In addition, the CCR5 antagonists and the 

fusion inhibitors obstruct the fusion process blocking the interaction of the HIV-Gp120 

and the CCR5 receptor and avoiding conformational changes of Gp41, respectively. The 

last class of drugs include the post-attachment inhibitors or entry inhibitors, which are 

competitive inhibitors for the CD4 receptor. The current clinical HIV practice aims to 

modify cART regimens to reduce risks of long-term toxicity and avoid interactions with 

other drugs (Wood 2019). Together, these drugs comprise the cART targeting different 

viral replication steps to improve CD4+ T cell count, prolong patient survival, and reduce 

the risk of transmission. However, long-term cART can provoke side effects, virologic 

failures and resistance, and it still does not eradicate HIV (Wood 2019). 

Moreover, cART must be administrated regularly and constantly because viral 

rebound occurs rapidly after treatment discontinuation due to long-lasting tissue-

associated viral reservoirs (https://aidsinfo.nih.gov/guidelin, 

https://aidsinfo.nih.gov/understanding-hiv-aids/fact-sheets/21/58/fda-approved-hiv-

medicines). Even though cART blocks peripheral viral replication, cART does not 

prevent viral mRNA and protein expression. Thus, damage in the absence of viral 

production is still ongoing. 

 

HIV latency 

Stable and productive HIV DNA integration is the most important aspect of HIV 

latency (Lafeuillade and Stevenson 2011). Productively infected cells can become 

https://aidsinfo.nih.gov/understanding-hiv-aids/fact-sheets/21/58/fda-approved-hiv-medicines
https://aidsinfo.nih.gov/understanding-hiv-aids/fact-sheets/21/58/fda-approved-hiv-medicines
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latently infected through viral silencing mechanisms, which are still under investigation 

(Mok and Lever 2007, Kim, Hosmane et al. 2014). Several transcriptional and post-

transcriptional molecular mechanisms have been proposed and demonstrated (Bruner, 

Murray et al. 2016, Hiener, Horsburgh et al. 2017). It is well known that multiple cellular 

signaling pathways can control HIV transcription positively: positive transcription 

elongation factor b (P-TEFb) pathway, the nuclear factor kappa B (NF-kB) pathway 

(Chan and Greene 2011), the nuclear factor of activated T cells (NFAT) pathway 

(Siliciano and Greene 2011), the mitogen-activated protein kinase (MAPK) pathway 

(Yang, Chen et al. 1999), the toll-like receptor (TLR) pathway (Macedo, Novis et al. 

2019), and the mammalian target of rapamycin (mTOR) pathway (Besnard, Hakre et al. 

2016). Conversely, other cellular signaling pathways can control HIV transcription 

negatively: the polycomb repressive complex (PRC)  pathway (Kim, Kim et al. 2011), the 

Cullin 3 E3 ligase pathway (Langer, Yin et al. 2020), and the zinc-finger protein 304 

pathway (Krasnopolsky, Kuzmina et al. 2020). During acute and chronic infection, in the 

initial phase (Tat protein is absent), the host RNA polymerase II (RNAPII) is delayed by 

negative elongation factor (NELF) and DRB-sensitivity inducing factor (DSIF), 

generating short premature RNAs that form stem-loop structures called transactivation 

response (TAR) element (Asamitsu, Fujinaga et al. 2018). When the amount of HIV Tat 

is sufficient, it binds to TAR and the cyclin T1 (CycT1) subunit of P-TEFb. The cyclin-

dependent kinase 9 (CDK9) subunit of P-TEFb then hyperphosphorylates the C-terminal 

domain of RNAPII, NELF, and the SPT5 subunit of DSIF. Thus, NELF is downregulated 

to overcome the elongation pausing, and the positive transcription factor DSIF supports 

the RNAPII activity (Jadlowsky, Wong et al. 2014). In the late stage of HIV 

transcription, the cellular CDK/cyclin complex (CDK11/CycL) is engaged in RNAII 

elongation complex transcribing HIV (Pak, Eifler et al. 2015). CDK11 phosphorylates 

RNAPII and recruits the transcription export (TREX/THO) complex, promoting the 

cleavage and polyadenylation of HIV transcripts, stabilizing HIV mRNAs, and enhancing 
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their nuclear export and translation of viral proteins (Pak, Eifler et al. 2015). When HIV 

is integrated into a transcriptionally active gene, HIV transcription is silenced by 

transcription interference. RNAPII reads through the boundary between the host gene and 

HIV provirus, preventing viral transcription initiated at the 5′-LTR (Shan, Yang et al. 

2011). When the HIV provirus is integrated into the opposite direction to the cellular 

gene, the HIV RNAs are not transcribed and do not synthetize HIV proteins (Lenasi, 

Contreras et al. 2008). Other mechanisms, characterized by occlusion of transcription 

initiation or elongation complexes, involve the regulation of the essential Tat-cofactor P-

TEFb, NF-κB, and NFAT (Kim, Mbonye et al. 2011).  

Post-integration latency can be dependent on epigenetic modifications of histones 

that promote chromatin condensation and HIV silencing (Kumar, Darcis et al. 2015, 

Turner and Margolis 2017). Repressive histone marks such as methylation at histone 3 

lysine 9 (H3K9me), methylation at histone 3 lysine 27 (H3K27me), methylation at 

histone 4 lysine 20 (Boros, Arnoult et al. 2014, Turner and Margolis 2017), deacetylation 

at histone 3 lysine 4 and 27 (Smith, Yeung et al. 2010), and crotonylation at histone H1, 

H2A, H2B, H3 and H4 in 28 different lysine sites (Tan, Luo et al. 2011, Jiang, Nguyen et 

al. 2018, Wan, Liu et al. 2019) can be found at the integrated HIV LTR in latently 

infected cells. Specifically, H3K9 methylation on the HIV LTR occurs via various 

histone methyltransferases (HMTs): SUV39H (Bernhard, Barreto et al. 2011), G9a, 

and/or SETDB1 (Imai, Togami et al. 2010). H3K27 methylation is mediated by EZH 

HMT (Tripathy, McManamy et al. 2015).  

Post-integration latency also includes post-transcriptional mechanisms. One of the 

most interesting post-transcriptional mechanisms involves microRNAs that downregulate 

the levels of cyclin T1 protein, which is essential for viral replication (Chiang, Sung et al. 

2012).  

Recent studies have proposed a new therapeutic approach based on the 

reactivation of latently infected reservoirs by small molecules called latency-reversing 
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agents (LRAs) that reactivate the virus, stimulating the immune system to kill the viral 

reservoirs. This is called the “shock and kill” strategy (Petravic, Rasmussen et al. 2017, 

Schwartz, Bouchat et al. 2017). There are several categories of LRAs in trials: HDAC 

inhibitors (Archin, Liberty et al. 2012), P-TEFb releaser/activators (Rice 2016), protein 

kinase c (PKC) agonist/canonical NF-κB inducers (Jiang and Dandekar 2015, Wong and 

Jiang 2021, Okoye, Fromentin et al. 2022), non-canonical NF-κB inducers (Wong and 

Jiang 2021), Toll-like receptor agonists (Jiang and Dandekar 2015, Rasmussen and 

Sogaard 2018), epigenetic modifiers (Mbonye and Karn 2011), mammalian mechanistic 

target of rapamycin (mTOR) inhibitors (Besnard, Hakre et al. 2016), and MAPK agonists 

(Schlaepfer and Speck 2011). HDAC inhibitors such as vorinostat were among the first 

compounds used in clinical trials for HIV latency reversal and functional cure (Archin, 

Kirchherr et al. 2017).  

Another proposed approach is to promote a state of “deep latency” that 

permanently prevents transcriptional activation of the viral genome as a “block-and-lock” 

mechanism (Mousseau, Kessing et al. 2015). This block-and-lock approach uses latency 

promoting agents (LPAs) such as didehydro-cortistatin A (dCA), which is a Tat inhibitor 

that silences HIV transcription (Kessing, Nixon et al. 2017, Li, Mousseau et al. 2019). 

Other LPAs include small molecule inhibitors of the interaction between HIV Integrase 

(IN) and the cellular chromatin-tethering factor LEDGF/p75 named ‘LEDGINs’, 

anticancer compounds, RNA-based strategies like short interfering (si) or short hairpin 

(sh) RNAs, Heat shock protein 90 (HSP90) inhibitors, Jak-STAT pathway inhibitors, 

bromodomain-containing protein 4 (BRD4) modulators, mTOR inhibitors, kinase 

inhibitors, CRISPR/Cas9 system editing of the CCR5 gene, and triptolide, which is a 

diterpenoid epoxide derived from a Chinese herb that possesses anti-inflammatory, 

immunosuppressive, and anti-tumor activities (Moranguinho and Valente 2020, Vansant, 

Bruggemans et al. 2020).  
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Although the proposed approaches aim to kill latently infected cells by host 

immune activity (Shan, Deng et al. 2012), virus-induced cytotoxicity (Doitsh, Galloway 

et al. 2014), or using LRAs and LPAs (Mousseau, Kessing et al. 2015, Li, Kaiser et al. 

2016, Kim, Anderson et al. 2018), none of them are safe, effective, scalable, and durable 

interventions to achieve HIV-1 remission or cure. This suggests a gap between the signals 

required for reactivation of some viruses, depending on where they are integrated, the 

degree of epigenetic modulation and specific response to different stimuli to induce 

reactivation.  

 

Viral reservoirs 

As discussed above, HIV remains incurable due to the early viral seeding and 

generation of latently-infected cells in several tissues. Viral reservoirs are a cell type in 

which a replication-competent form of HIV persists, and they function as long-lived viral 

sanctuaries scattered throughout the body. HIV reservoirs have a slow decay rate (t1/2=3.7 

years) (Siliciano, Kajdas et al. 2003). Thus, the virus remains integrated into the host 

genome and can be reactivated. The transient increase of HIV RNA in plasma, called 

blips, is common in HIV patients under cART and is typically related to viral rebound 

(Grennan, Loutfy et al. 2012). This stochastic reactivation of viral reservoirs may be due 

to gaps in circulating concentration, toxicity, or discontinuation of the cART regimen. 

Currently, the best described viral reservoirs are resting CD4+ T lymphocytes, 

including central memory T cells, transitional T cells, effector T cells, and naïve T cells 

(Stein, Storcksdieck Genannt Bonsmann et al. 2016). However, other viral reservoirs are 

also described in circulation and tissues, such as peripheral blood monocytes, dendritic 

cells, macrophages (such as microglial), astrocytes, and other myeloid cells (Eugenin, 

Clements et al. 2011, Castellano, Prevedel et al. 2017, Ganor, Real et al. 2019, Mitchell, 

Laws et al. 2019). The Siliciano group has investigated how T cells survive and become 

latent by creating a CD4 cell line transduced with the B cell Lymphoma 2 gene (Bcl-2) 



 

16 

 

(Yang, Xing et al. 2009). Bcl-2 is a family of pro-apoptotic members that regulate the 

mitochondrial outer membrane pore formation inducing apoptosis. The Siliciano group 

showed that the Bcl-2 cell line survives infection and later can revert to the latent state 

suggesting that the Bcl-2 pathway can explain the survival mechanism of lymphoid viral 

reservoirs (Kim, Hosmane et al. 2014).  

Other cell survival mechanisms are associated with upregulated anti-apoptotic 

proteins such as cFLIP and Mcl-1 or downregulated pro-apoptotic proteins such as Bax 

and Fadd (Timilsina and Gaur 2016), suggesting that blocking apoptosis contributes to 

viral reservoir survival. 

Data in our laboratory demonstrated that macrophage survival, in response to HIV 

infection, has a metabolic and an anti-apoptotic component. Latent macrophages show 

mitochondrial fusion, lipid accumulation, and reduced mitochondrial ATP production, in 

addition to using glutamine/glutamate as a primary energy source (Castellano, Prevedel et 

al. 2019). Therefore, it is necessary to define the importance of myeloid cells as viral 

reservoirs. Three landmark clinical cases that demonstrate the effective role of myeloid 

cells in HIV infection are the “Berlin Patient,” the “Mississippi baby,” and the “London 

Patient.” The first case achieved viral remission after a bone marrow transplant with stem 

cells from a homozygous donor for CCR5 delta32 used to cure acute myeloid leukemia 

(AML) (Hutter, Nowak et al. 2009). In the case of the “Mississippi baby” after an early 

administration of cART (30 hours after birth), plasma viremia was undetectable after 

interrupting cART for 27 months before the rebound, suggesting a crucial role of the 

myeloid reservoirs in viral persistence during the earliest stage of infection (Persaud, Gay 

et al. 2013). Another case was the “London Patient”, who remained in HIV-1 remission 

for more than 18 months. Unlike the Berlin patient, the London patient was homozygous 

for wild-type CCR5 before transplant; he received chemotherapy for relapsed Hodgkin’s 

lymphoma and did not undergo whole-body irradiation (Gupta, Abdul-Jawad et al. 2019). 

In addition, rare individuals called “elite” controllers can maintain the viral load below 
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the limit of detection even in the absence of cART, suggesting that their proviruses are in 

a deeper state of latency (Jiang, Lian et al. 2020).  

Therefore, the major barrier to HIV cure is this population of infected, long-lived 

cells containing persistent and latent viral genomes that host defenses cannot detect or 

eliminate. Three mechanisms that contribute to the clonal expansion of viral reservoirs 

are the integration of the viral genome in or near genes involved in cell division, the 

capacity to maintain their homeostatic proliferation despite immune system activation, 

and the antigen-driven proliferation in case of co-infection and chronic exposure to 

antigens (Cohn, Chomont et al. 2020).  

Several strategies have been proposed to study and target the viral reservoirs, 

using the shock and kill/block and lock mechanisms or using cell transplant and gene 

therapy to modify CCR5 in myeloid compartments (Mitchell, Laws et al. 2019). None of 

these strategies turned out to be safe due to the stochastic interval of viral rebound that is 

not easy to predict and their widespread off-target effects that can affect host gene 

expression (Centlivre, Legrand et al. 2013, Elliott, Wightman et al. 2014, Pitman, Lau et 

al. 2018, Vansant, Bruggemans et al. 2020).  

 

Current methods to detect viral reservoirs 

Available methods to detect viral reservoirs cannot precisely measure either their 

amount or the cell type involved. Currently, most viral reservoirs are detected in blood, 

but these are a poor representation of viral reservoirs in tissues. Quantitative Viral 

Outgrowth Assay (QVOA), Tat/Rev Induced Limiting Dilution Assay (TILDA), other 

Quantitative PCR assays for total HIV RNA or HIV DNA, and flow cytometry-based 

fluorescence in situ hybridization (Flow-FISH) are frequently used to detect viral 

reservoirs. QVOA is a cultured-based assay that identifies reservoirs in circulating cells 

(Finzi, Hermankova et al. 1997). TILDA is a PCR-based assay that measures the 

frequency of cells harboring HIV-integrated genomes. Other PCR-based methods can 
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also measure the frequency of cells harboring HIV-integrated and unintegrated DNA. 

QVOA is performed in the blood CD4+ T lymphocytes, which are stimulated with 

phytohemagglutinin (PHA) in irradiated allogeneic peripheral blood mononuclear cells 

(PBMCs) that induce global T cell activation of HIV-integrated genomes. HIV-p24 

ELISA detects the replication of the virus on the media of 2–3-week cultures combined 

with CD4+ lymphoblasts from HIV-negative donors (Finzi, Hermankova et al. 1997). 

TILDA measures the frequency of cells harboring viral genomes that produce tat/rev 

multiply spliced HIV RNA upon maximal stimulation. It also requires isolation of the 

total CD4+ T lymphocytes stimulated with PMA and ionomycin for 12 hours to induce 

the maximal production of tat/rev RNA. Later, the qRT-PCR is used to quantify tat/rev 

transcripts. TILDA requires 10 ml of blood and can be completed in 2-3 days (Procopio, 

Fromentin et al. 2015). Other PCR assays such as digital droplet PCR for total HIV 

DNA/RNA or integrated HIV sequences (Alu or 2 LTR) can quantify HIV DNA or RNA 

in peripheral blood mononuclear cells (PBMCs), in purified CD4+ T cells or plasma 

(Gaebler, Falcinelli et al. 2021). However, they are expensive, use a large number of 

starting materials, are time-consuming, and overestimate the amount of the latent 

reservoirs (Eriksson, Graf et al. 2013). Flow-FISH uses markers to detect cell-type 

specificity, viral tropism, cell functionality, and cellular state (latent or active), but it 

requires cellular activation, and it is limited to isolated cell populations (Freen-van 

Heeren 2021). 

Overall, QVOA, TILDA, other PCR-based techniques, and Flow-FISH have 

major limitations such as timing, cost, accuracy, precision, sensitivity, and use of a large 

blood volume. Additionally, they detect just one component of the viral cell cycle and are 

limited to only detecting circulating viral reservoirs. Generally, they can produce data 

which are readily misinterpreted and incorrectly estimate the replication‐competent 

viruses within the viral reservoir pools (Shen and Siliciano 2008).  
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Recently Dr. Eugenin’s laboratory generated a highly sensitive and innovative 

protocol specific for viral DNA, viral RNA, and several viral proteins and characterizes 

circulating and tissue-associated viral reservoirs in HIV-infected individuals (Prevedel, 

Ruel et al. 2019). This technique is based on improved staining and confocal microscopy 

analysis. It determines the viral life cycle stage by detecting, quantifying, and localizing 

concurrently HIV DNA, HIV mRNA, HIV proteins, and host cell markers in vitro and in 

vivo (Prevedel, Ruel et al. 2019). HIV reservoir identification and localization are 

necessary to study the mechanism of viral reservoir-induced damage and find new 

molecular targets for HIV efficacious treatments. Our laboratory has developed 

techniques to identify viral reservoirs in urethral tissue (Ganor, Real et al. 2019) and 

other human tissues such as bone marrow (Real, Capron et al. 2020). This thesis presents 

data about the localization, identification, and quantification of viral reservoirs in the 

brain in Chapter 2.  
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PART 2 – HIV IN CNS  

HIV CNS infection  

HIV infection of the Central Nervous System (CNS) arises very early after 

primary infection (15 days). It is accepted that HIV transmigration into the brain occurs 

by the “Trojan Horse” mechanism (Hazleton, Berman et al. 2010). Briefly, circulating 

HIV-infected monocytes, specifically CD14+CD16+ intermediate monocytes, cross the 

Blood-Brain Barrier (BBB) in response to chemotactic signals such as CCL2 and 

CXCL12 (Eugenin, Osiecki et al. 2006, Williams, Eugenin et al. 2012). The high 

sensitivity of HIV-infected cells to sense these chemokines is due to the enhanced 

capacity of HIV-infected cells to recognize physiological chemokine gradients such as 

CCL2 (Eugenin, Osiecki et al. 2006). During the process of transmigration of HIV-

infected cells in response to CCL2, the BBB becomes compromised, further contributing 

to local inflammation. In the CNS, migrated HIV-infected monocytes infect resident cells 

such as microglia, perivascular macrophages and a small population of astrocytes 

(Williams, Veenstra et al. 2014). Overall, microglial cells and perivascular macrophages 

are the major productively infected cells by HIV in the early stages of brain invasion 

(Cosenza, Zhao et al. 2002). 

On the contrary, astrocytes support a low viral replication. Astrocytes are CD4 

negative cells, and they are infected by HIV using a mannose receptor that mediates 

vesicle endocytosis from the membrane avoiding endolysosomal destruction or via viral 

synapses using cell-to-cell contact with infected lymphocytes (Liu, Liu et al. 2004, Do, 

Murphy et al. 2014, Galloway, Doitsh et al. 2015). Their mediated apoptosis of 

surrounding uninfected cells is regulated by inter-organelle interactions among the 

mitochondria/Golgi/endoplasmic reticulum system and the associated signaling of 

inositol triphosphate (IP3) and calcium via gap junctions (Malik, Valdebenito et al. 2021).  
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During active CNS infection, the formation of multinucleated giant cells and 

neuronal and glial cell death were common in infected individuals in the pre-ART era. 

However, upon cART introduction, damage still occurs but is more controlled. 

 

Viral reservoirs within the CNS 

During the acute phase of HIV infection, human microglia/macrophages and 

astrocytes are in an inflammatory phenotype due to the release of cytokines and 

chemokines, causing massive apoptosis (Castellano, Prevedel et al. 2017). However, a 

small population of HIV-infected cells survive and become latently infected (Eugenin 

and Berman 2007, Eugenin, Clements et al. 2011, Eugenin and Berman 2013, Orellana, 

Saez et al. 2014, Castellano, Prevedel et al. 2017). Macrophages/microglia are the 

primary CNS target of HIV (Wong and Yukl 2016). It was shown that uninfected 

macrophages derived from recently transmigrated monocytes die in a few days 

(Bellingan, Caldwell et al. 1996). In contrast, microglia, perivascular, and alveolar 

macrophages have a long half-life (months-years) (Lassmann and Hickey 1993). Latently 

HIV-infected macrophages are terminally differentiated, and non-dividing cells derived 

from circulating monocytes residing in all tissues. They can survive HIV infection 

principally due to metabolic alterations and apoptosis inhibition (Castellano, Prevedel et 

al. 2017, Castellano, Prevedel et al. 2019). In latently HIV-infected 

microglia/macrophages, the pro- and anti-apoptotic pathways are blocked, and Bim, a 

highly pro-apoptotic negative regulator of Bcl-2, is upregulated and recruited into the 

mitochondria preventing apoptosis (Castellano, Prevedel et al. 2017). Thus, their survival 

mechanism is different from CD4+ T cells mediated by Bcl-2 (Kim, Hosmane et al. 

2014). In microglia/macrophage reservoirs, the mitochondria become larger, accumulate 

lipids, and produce less ATP for the compromised metabolic steps in the tricarboxylic 

acid (TCA) cycle preceding oxidative phosphorylation (OXPHOS). While HIV-infected 

macrophages use fatty acids and glucose as primary sources of energy the same way as 
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the uninfected cells, they also use glutamine/glutamate and alpha-ketoglutarate (αKG) as 

an alternative energy supply (Castellano, Prevedel et al. 2019).   

Latently HIV-infected astrocyte survival is principally due to cytochrome C 

mislocalization from the mitochondria to the cytoplasm and the subsequent alterations in 

IP3, IP3 receptors, and calcium that block the formation of the apoptosome, as well as to 

the compromised mitochondria/Golgi/ER interactions (Fig. 1.3) (Eugenin and Berman 

2013, Malik, Valdebenito et al. 2021). Even though only a small fraction of astrocytes 

become infected, they induce bystander apoptosis of neighboring cells through a cell-to-

cell mechanism (Eugenin and Berman 2007, Eugenin, Clements et al. 2011). Thus, 

macrophages and astrocytes have different survival mechanisms than CD4+ T cells. 

Moreover, HIV envelope sequencing studies from blood, brain, and other non-brain 

tissues such as bone marrow, colon, lung, and liver showed an HIV macrophage tropism 

with a different HIV compartmentalization and evolution within the blood and the tissues 

(Holman, Mefford et al. 2010), suggesting that viral reservoirs are different in each 

compartment.  

Data shown in this thesis demonstrate the adaptation of myeloid and glial 

networks to limited HIV replication in the current cART era. Briefly, we have quantified 

the viral reservoirs in the brain of HIV-infected individuals with undetectable, low, and 

high viral replication (see details in Chapter 2). 

 

Novel mechanism of bystander CNS damage in the current cART era 

HIV-associated neurocognitive disorders (HAND) are present in around 50% of 

HIV-infected individuals in the post-cART era (Rumbaugh and Tyor 2015). In 90% of 

autopsied brains, CNS damage was identified in HIV-infected patients displaying chronic 

neuroinflammation in association with neurocognitive impairment even after receiving 

cART for many years (Lamers, Rose et al. 2016). Moreover, HAND can be exacerbated 

by HIV-related infections, cART-related toxicities, cART discontinuation, and 
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comorbidities (alcohol and substance abuse) (Justice, Sullivan et al. 2010, Byrd, Fellows 

et al. 2011, Tedaldi, Minniti et al. 2015). According to the severity of the clinical 

manifestations, HAND is divided into asymptomatic neurocognitive impairment (ANI), 

minor neurocognitive disorder (MND), and HIV-associated dementia (HAD) (Antinori, 

Arendt et al. 2007). In the post-cART era, the proportion of HIV-infected individuals 

with neurocognitive symptoms is the same as the pre-cART era, but the percentage of 

infected patients with HAD has decreased in favor of ANI and MND (Heaton, Clifford et 

al. 2010, Saylor, Dickens et al. 2016). The symptoms displayed in the milder forms of 

HAND include memory loss, problems in concentration, difficulty learning new tasks, 

diminished reflexes, personality changes, and mood swings. However, people diagnosed 

with HAD have severe memory and concentration problems, wild mood swings, 

symptoms of psychosis and loss of physical coordination (Eggers, Arendt et al. 2017).  

Nowadays, HAND diagnosis and monitoring are based on neuropsychiatric 

performance tests, blood tests, CSF analysis, and neuroimaging (Clifford and Ances 

2013). These techniques may identify metabolic and structural alteration in the blood and 

the brain. However, techniques to identify viral reservoirs are lacking. Chapter 2 

describes a novel method to identify, localize, and quantify viral reservoirs in circulation 

and tissues. In addition, in Chapter 3, we show that myelin damage and sulfatide 

dysregulation can have a crucial role in HAND. Later, we will discuss enhancing the 

bystander effect by sulfatide through GJ.  

Our laboratory identified that viral reservoirs could promote bystander damage to 

neighboring cells via GJ-mediated mechanisms. Gap junctions are expressed in most cell 

types of the nervous system, including astrocytes, neurons, oligodendrocytes, neuronal 

stem cells, endothelial cells, and under inflammatory conditions in 

microglia/macrophages (Kielian 2008, Eugenin, Basilio et al. 2012, Palacios-Prado, Hoge 

et al. 2013, Vejar, Oyarzun et al. 2019). Gap junctions are low-resistance bridges that 

perform electrical and metabolic functions. They connect the cytoplasm of adjacent cells 
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and allow the exchange of electrical signals and intracellular messengers, such as IP3, 

calcium, cyclic nucleotides, metabolites, neurotransmitters, and viral peptides (Yeager 

and Nicholson 1996). Gap junctions consist of connexin (Cx) dodecamer channels 

formed of two hexameric unopposed hemichannels (uHCs), one from each of the coupled 

adjacent cells (Harris 2001). Connexin-containing uHCs are defined as homomeric when 

six monomers of Cx that comprise it are the same, or heteromeric when the Cxs are 

different. Gap junctions can be docked by two identical (homotypic) or different 

(heterotypic) subunits of HCs. Homo- and hetero-combinations generate channels with 

different biophysical properties and permeability (Harris 2007). Hemichannels and GJ 

channels have an internal pore of approximately 12 A° enabling the diffusion of 

molecules up to 1.2 k.Da. (Villanelo, Escalona et al. 2017). The role of HCs and GJs in 

HIV infection has acquired an increased interest. Although uHCs exist physiologically in 

a closed state, HIV infection is one of the few cases where uHCs become open, enabling 

the release of pro-apoptotic and pro-inflammatory factors such as prostaglandin E2 

(PGE2) and adenosine triphosphate (ATP) in the extracellular space (Eugenin 2014). For 

instance, in HIV-infected astrocytes the opening of Cx43 containing uHCs allows the 

secretion of dickkopf-1 protein (DKK1) that is a soluble Wnt pathway inhibitor. It has 

been shown that neuron and astrocyte mixed cultures treated with DKK1 resulted in a 

significant collapse of neuronal processes (Orellana, Saez et al. 2014). Thus, it can 

explain the synaptic compromise and the cognitive decline observed in HIV-infected 

individuals. GJs regulated to control synaptic function, are permanently open following 

HIV infection, and are used by the virus to spread and maintain infection in the CNS. 

Specifically, HIV reservoirs mediate bystander damage into the neighboring cells via 

Connexin-43 (Cx43), containing GJs and uHCs (Malik, Theis et al. 2017). To prove GJs 

crucial role in CNS damage, the Cx43-GJ blockers 18-α-glycerritenic acid (AGA) and 

octanol were used to treat HIV-infected astrocyte cultures resulting in a decreased level 

of apoptosis in the neighboring HIV-uninfected cells (Eugenin and Berman 2007). In 
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addition, bystander apoptosis was related to IP3 and intracellular calcium (Fig. 1.3), 

dysregulation of lipoxygenase/cyclooxygenase, BK calcium channels, and ATP receptor 

activation within astrocytes (Eugenin and Berman 2013). It was demonstrated that HIV-

Tat protein enhances Cx43 expression in human primary astrocytes to maintain 

communication between the few HIV-infected cells and surrounding uninfected cells, 

suggesting a critical link between HIV proteins, commonly present in the brain of virally-

suppressed infected individuals, and cell-to-cell communication (Malik, Theis et al. 

2017). To conclude, we can remark that viral reservoir pools use unique cell-type 

mechanisms to survive infection and generate toxicity in neighboring uninfected cells. 

Cx43 containing the GJ system will be considered in Chapter 3. 

Figure 1.3. The proposed model of HIV-infected astrocytes for survival and bystander 

damage is mediated by Cx43 containing GJs, reproduced with permission of (Malik et al., 

2021).  

HIV-infected astrocyte survives apoptosis by altering the interactions between the plasma 

membrane (PM), mitochondria, and the ER (1, 2), binding of HIV-Nef protein to the 

IP3R1 (3) and increasing intracellular IP3 levels (4) that protect from calcium 

improvement and apoptosis. The maintenance of Cx43 containing GJ enables the 

diffusion of IP3 into neighboring uninfected cells (5), resulting in ER signaling (6), 

increasing calcium (7), and activating the apoptotic process (8). 
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Neuroimaging used to diagnose and monitor HAND in the current cART-era 

Neuroimaging includes multiple techniques that directly or indirectly image the 

brain to assess metabolic, structural, and functional changes. They can be partially useful 

to generate a diagnosis and monitor the clinical course of HAND (Clifford and Ances 

2013). The more common non-invasive techniques for metabolic imaging are proton-

magnetic resonance spectroscopy (H-MRS or MRS), positron emission tomography 

(PET), and single-photon emission computer tomography (SPECT). H-MRS gives 

information on brain pathophysiology by measuring signals from hydrogen atoms of 

specific brain metabolites, such as N-acetyl aspartate (NAA), myoinositol (MI), choline 

(CHO), and glutamate-glutamine (Glx) (Van Zijl and Barker 1997). N-acetyl aspartate is 

a functional neuronal marker, and it is synthetized due to the reaction between aspartate 

and acetyl coenzyme A (Baslow 2003). Myoinositol is an astrocyte marker associated 

with inflammation, astrocytosis, and gliosis (Harris, Choi et al. 2015). Choline is a cell 

membrane marker that tracks the membrane lipid turnover and reflects macrophage 

infiltration and inflammation (Lin, Ross et al. 2005).  Glutamate (Glu) is the major 

excitatory neurotransmitter in the brain, stored as glutamine (Gln) in glial cells. 

Glutamate-glutamine balance cycling is essential for the normal functioning of 

brain cells. Astrocytes are responsible for the uptake of most extracellular glutamate via 

glutamate transporters GLT1 (or EAAT1) and GLAST (or EAAT2) to maintain Glu 

extracellular concentration and avoid excitotoxicity (Schousboe and Waagepetersen 

2005). During MRS, the magnet strength is not always enough to resolve Glu from Gln, 

and it is for this reason, in some cases, they are combined as Glx (Ramadan, Lin et al. 

2013). Moreover, some MRS data are expressed as a ratio of the specific metabolites 

compared to creatine (Cr), which is a reference marker (Vigneswaran, Rojas et al. 2015). 

The most common MRS features in HIV seropositive population are increased levels of 

CHO and MI, suggesting inflammation and microglial proliferation, and decreased levels 

of NAA and Glx that are related to neuronal-axonal injury or dysfunction (Mohamed, 
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Barker et al. 2010). During HIV infection, MRS is also used to monitor changes in brain 

inflammation and neuronal integrity associated with cART effects (Chaganti and Brew 

2021). The biggest limit of MRS is that the analysis results are restricted to certain brain 

regions. During acute HIV infection, brain metabolites have been measured in frontal 

grey and white matter, occipital grey matter, and basal ganglia. Elevated levels of 

CHO/Cr in the basal ganglia and in the occipital grey matter of acute HIV cases (14 days 

after HIV infection) were detected compared to uninfected controls and chronic HIV 

subjects. These values became normal after six months of cART administration 

(Sailasuta, Ross et al. 2012). Moreover, the levels of Cho/Cr, NAA/Cr, Glu/Cr and MI/Cr 

have been shown to be increased in frontal white matter, parietal grey matter, and basal 

ganglia, but after cART initiation their excitotoxicity and neuronal injury effects were 

attenuated (Young, Yiannoutsos et al. 2014). In addition, the relationship between HIV-

cognitive impairment and brain metabolism was investigated in older HIV-infected 

individuals under cART and it was shown that NAA and Glu were lower and correlated 

with worse performance on neuropsychological tests in MND or HAD individuals 

(Mohamed, Barker et al. 2018). Although MRS can detect several brain metabolites, only 

one study mentions the possibility to detect lipid molecules (Bairwa, Kumar et al. 2016), 

without identifying either the class or their specific alteration.  

Other techniques that can be applied for metabolic investigation in HIV pathology 

are PET and SPECT. They have been applied to study HIV patients with or without 

HAND. PET and SPECT are used to evaluate glucose metabolism or cerebral perfusion 

by applying nuclear medicine tracers (18F-deoxyglucose - 99Tc-HMPAO) that specifically 

bind to a positron-emitting radioisotope, such as 18fluorine (18F) or 11carbon (11C) 

(Sathekge, McFarren et al. 2014). Decreased glucose metabolism in the frontal cortex 

detected by PET in HIV seropositive patients may reflect neuronal injury or dysfunction 

(Andersen, Law et al. 2010). PET imaging is also used to assess dopamine (DA) function 

in HIV-infected patients because HIV-infected patients with HAND often present 
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psychomotor slowing and parkinsonian symptoms. For this technique, (11C)-cocaine and 

(11C)-raclopride is used to measure the presynaptic dopaminergic transporter and 

postsynaptic D2 dopaminergic receptor, respectively. These tracers demonstrated lower 

levels of dopamine transporters (DAT) that are associated with a dopaminergic neuronal 

injury, especially in HIV-positive patients with HAD (Wang, Chang et al. 2004) and 

worst neurocognitive performance (Chang, Wang et al. 2008). Likewise, SPECT is 

utilized to evidence the central dysfunction of the dopaminergic pathways in HIV 

infection, and 123I-FP-CIT and 123I-IBZM are the trackers used for these analyses 

(Scheller, Arendt et al. 2010). Current studies are focusing on the development of 

radiotracers ((11C)PK11195, (11C)PBR18, (11C)DPA-713, and (11C)PBR28) specific for 

microglia to quantify and localize brain inflammation in HIV-infected patients 

(Hammoud, Endres et al. 2005, Chang and Shukla 2018). 

Two structural neuroimaging techniques have been applied to investigate HAND: 

volumetric analysis and diffusion tensor imaging (DTI). Structural neuroimaging 

involves brain tissue contrast based on differences in proton density and relaxation times 

among brain structures (Ashburner and Friston 2000, Good, Ashburner et al. 2001, 

Sanford, Fernandez Cruz et al. 2017). The measurement of cortical and subcortical grey 

matter and total and abnormal white matter (aWM) volumes showed that HAD and MND 

patients had smaller grey and white matter volumes and more aWM than 

neurocognitively unimpaired patients (Alakkas, Ellis et al. 2019). DTI is an MRI-based 

neuroimaging technique used for the detection of microarchitectural changes. 

Microstructural disruptions were localized in the frontal and motor white-matter regions 

of the HIV-infected individuals and ventral tegmental area, pallidum, and nucleus 

accumbens in correlation with depression (Wright, Heaps et al. 2012).  

Current functional neuroimaging techniques include magnetic resonance imaging 

(MRI) for blood oxygen level-dependent imaging (BOLD) and perfusion. BOLD fMRI 

signal investigates the ratio of oxygenated to deoxygenated hemoglobin in the 
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microvasculature. Although HIV regional injury can be associated with a partial 

dysfunction of the brain networks, BOLD task-activated fMRI and resting-state fMRI (rs-

fMRI) are used to evaluate functional networks (Fox and Raichle 2007). For instance, 

HIV seropositive patients showed a selective activation for networks involving attention, 

working memory, hippocampal function, and risky choices (Connolly, Bischoff-Grethe et 

al. 2014). On the other hand, rsfMRI showed lesser connectivity within the front striatal, 

motor, and executive networks and within the precuneus seed and the prefrontal cortex in 

the HAND population, suggesting a compromised brain activity even in the current 

cART era (Ann, Jun et al. 2016, Chaganti, Heinecke et al. 2017). Perfusion MRI is 

another functional method using the arterial spin labeling (ASL) technique to measure the 

proton spins associated with endogenous oxyhemoglobin and deoxyhemoglobin to 

calculate the arterial function. Using ASL, low levels of cerebral blood flow were 

demonstrated in HIV seropositive population that can be partially restored after cART 

(Blokhuis, Mutsaerts et al. 2017).  

Together, these in vivo neuroimaging techniques are useful to assess HAND onset 

and progression, but better markers in terms of prediction and selectivity are required. 

Several of these neuroimaging techniques can measure different species of lipids, but this 

remains largely unexplored. In this thesis, we study sulfatide metabolic alteration in the 

brain of HIV-infected patients and correlate them with neurocognitive impairments using 

an ex vivo mass spectrometry imaging (MSI) approach. 

 

Brain volume changes and white matter structure in HAND  

Neuroimaging data have shown that volumetric and structural changes involve the 

brain of HIV-infected patients virally suppressed with cART (Alakkas, Ellis et al. 2019). 

By DTI, it was demonstrated that white matter deficits comprise dramatic thinning of the 

corpus callosum, reduction in blood flow, loss of structural integrity and volume of the 

superior longitudinal fasciculus, superior corona radiata, and the internal capsule (Leite, 
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Correa et al. 2013, Correa, Zimmermann et al. 2015). A CNS HIV Anti-Retroviral 

Therapy Effects Research (CHARTER) study used structural MRI to assess reduced 

white matter volume in HIV-infected individuals with HAD and MND compared with 

neurocognitively normal patients virally suppressed with cART (Alakkas, Ellis et al. 

2019). MRI also detected white matter hyperintensities and microstructural changes in 

the brain of HIV-positive patients (van Zoest, Underwood et al. 2017, Trentalange, 

Prochet et al. 2020). These persistent white matter abnormalities raise the possibility that 

HIV infection can perturb oligodendrocyte maturation, function and/or survival to affect 

myelin sheath structure and electrical impulse conduction (Liu, Xu et al. 2016, van Zoest, 

Underwood et al. 2017). In addition, a global and local reorganization of the white matter 

network was investigated in the right postcentral gyrus, right precuneus, right inferior 

parietal lobule, right transverse temporal gyrus, right inferior temporal gyrus, right 

putamen, and right pallidum of patients with HAND despite viral control through cART 

(Di Cio, Minosse et al. 2021).  

HIV-infected individuals of the post-cART era displayed synaptic-dendritic 

damage (Ellis, Langford et al. 2007) with prominent atrophy in subcortical structures, 

such as caudate, putamen, amygdala, hippocampus, and thalamus, instead of neuronal 

loss often observed in pre-cART era (Harezlak, Buchthal et al. 2011, Ances, Ortega et al. 

2012). In addition, cortical thinning or regional volume loss affects parietal white matter, 

orbitofrontal cortex, cingulate cortex, primary motor and sensory cortices frontal and 

temporal lobes suggesting worst cognitive performance (Sanford, Fernandez Cruz et al. 

2017). One cross-sectional study performed using a volumetric analysis compared HIV-

infected patients virally unsuppressed and suppressed to uninfected individuals showed 

that reduced brain volumes in the corpus callosum, amygdala, caudate, thalamus, and 

putamen volumes are independent of cART because both HIV positive groups displayed 

similar changes. As discussed previously, volumetric reductions of subcortical regions 

occur despite cART, suggesting a faster morphometry change after persistent 
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seroconversion in the virologically suppressed cohorts (Ances, Ortega et al. 2012). It is 

still unclear whether changes in white matter underlie the clinical manifestation seen in 

patients or whether they result from persistent viral reservoirs in the CNS. In chapter 2, 

we quantified, identified, quantified, and characterized the amount of HIV DNA, HIV 

DNA/RNA, and HIV DNA/RNA/proteins positive cells in the brain of HIV-infected 

individuals under long-term cART.  

Long-term cART has no significant effects on HIV-mediated CNS structural 

changes (Brier, Wu et al. 2015). Thus, we propose it cannot fully prevent HIV-induced 

myelin damage and subsequent lipid dysregulation. Our combined efforts for this thesis 

have been directed to study sulfatide dysregulation due to its known importance in 

myelin structure (see Chapter 3). Our future direction aims to fully elucidate the 

pathways involved as potential targets for therapeutic intervention.  
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PART 3 – LIPIDS IN HAND 

General introduction to lipids in the brain 

Lipids are amphipathic biomolecules (Fahy, Cotter et al. 2011). Lipids assist 

several important cellular functions; they are structural elements of the lipid bilayers, 

chemical energy sources, and precursors for several second messengers (Glatz 2015). 

Lipids can also work as chaperones, signal transduction molecules, electron carriers, 

hormones, vitamins, and antioxidants (Sunshine and Iruela-Arispe 2017, Budin, de Rond 

et al. 2018, Dowhan, Vitrac et al. 2019, Montesinos, Guardia-Laguarta et al. 2020). They 

are classified into eight categories based on the ketoacyl groups and the isoprene groups: 

glycerophospholipids, fatty acyls, glycerolipids, sphingolipids, sterol lipids, prenol lipids, 

saccharolipids, and polyketides (Fahy, Subramaniam et al. 2005). Here, we categorized 

them into phospholipids, neutral lipids, and glycolipids to simplify their metabolic 

characterization. 

Phospholipids are the major class of lipids present in all cells, and they can be 

divided into glycerophospholipids and sphingomyelins. Glycerophospholipids include 

phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, 

phosphatidylinositol, phosphatidic acid, phosphatidylglycerol, and cardiolipin. They all 

have a structural function in the cellular membranes and are asymmetrically distributed in 

the bilayer (Fadeel and Xue 2009). The major phospholipid component in cell 

membranes is phosphatidylcholine, representing 40-50% of the total phospholipid pool. 

Moreover, phosphatidylcholine is a precursor of several signaling molecules such as 

phosphatidic acid, diacylglycerol, lysophosphatidylcholine, platelet-activating factor, and 

arachidonic acid (Billah and Anthes 1990). Phosphatidylethanolamine is the second most 

abundant phospholipid in the membrane representing 20-30% of the total cell 

phospholipid. Its function is to stabilize the membrane proteins in the bilayer. 

Phosphatidylserine is a minor membrane phospholipid, and it is involved in the early 
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phases of apoptosis and the production of anti-inflammatory mediators (Vance and 

Steenbergen 2005, Bratton and Henson 2008). Phosphatidylinositol is also a minor lipid 

in most mammalian cells and involved in several signaling processes. However, it is 

particularly enriched in the brain where it may account for up to 10% of membrane 

phospholipid content (Raghu, Joseph et al. 2019). It is the precursor of 

polyphosphoinositol lipids (PIP, PIP2, and PIP3), which regulate intracellular calcium 

signaling, gene transcription, RNA editing, nuclear export, and protein phosphorylation 

(Di Paolo and De Camilli 2006). Other glycerophospholipids such as phosphatidic acid, 

phosphatidylglycerol, and cardiolipin present at lower abundance. Specifically, 

phosphatidic acid is less than 1% abundant in the membrane but is a very important 

intermediate for synthesizing membrane phospholipids and an important regulator of 

signal transduction, membrane trafficking, secretion, and cytoskeletal rearrangement 

(Jenkins and Frohman 2005). Phosphatidylglycerol is more expressed in the 

mitochondrial membranes, and it is the precursor of cardiolipin, which is necessary for 

normal electron transport and oxidative phosphorylation (Claypool 2009). 

Sphingomyelins are also important components of cell membranes and amount to 

10% of the total phospholipids. Specific sphingomyelin metabolites such as ceramide 

(Cer), sphingosine (Sph), sphingosine-1-phosphate (S1P), diacylglycerol (DAG) and 

gangliosides (GMs) are also involved in cell signaling (Merrill, Schmelz et al. 1997). 

Ceramide is a crucial metabolite for sphingolipid metabolism. It is involved in cellular 

apoptosis (Hannun and Obeid 1995), cell differentiation (Okazaki, Bielawska et al. 

1990), and inflammatory responses (Masini, Giannini et al. 2008). Sphingosine and S1P 

are cofactors of inflammatory signaling; Sph inhibits proliferation and promotes 

apoptosis, and S1P mediates cell growth arrest and apoptosis inhibition (Hannun and 

Obeid 2008). DAG is a second messenger that supports the biosynthesis (and 

degradation) of glycerolipids regulating protein kinase C (PKC) activity (Bishop and Bell 

1988). Gangliosides are predominantly localized in the outer leaflets of neuronal plasma 
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membranes, contributing to cell-cell recognition, adhesion, and signal transduction (Yu, 

Tsai et al. 2011, Kolter 2012). 

Neutral lipids are comprised of sterols and glycerolipids. Sterols play a key role in 

the membrane integrity, maintaining its microfluid state. The most abundant sterol in the 

cellular membranes is cholesterol (Dufourc 2008). Glycerolipids include triacylglycerols 

and steryl esters and are typically used as energy stores (Athenstaedt and Daum 2006). 

Glycolipids are glycans with a lipidic portion that binds to monosaccharide or 

polysaccharide chains extended into the extracellular space. Glycolipids include 

glyceroglycolipids, lipopolysaccharides, glycosphingolipids, and glycosylphosphatidyl-

inositols. They have a structural role in the cellular membrane and participate in immune 

responses to bacterial infections and cell-to-cell communication (Paulick and Bertozzi 

2008, Zajonc and Kronenberg 2009). 

Lipids are pivotal elements of the brain's structure and function (Montesinos, 

Guardia-Laguarta et al. 2020). They are involved in brain structural development, 

impulse conduction, insulation, neurogenesis, synaptogenesis, and myelin sheath 

formation. The brain is a lipid-rich organ, second only to the adipose tissue, and 50% of 

the brain’s dry weight consists of lipids. Cholesterol, fatty acids, sphingolipids, and 

glycerophospholipids are important structural components of neuronal cells. In the 

neuron, lipid dynamics control essential cellular processes such as signal transduction and 

trans-membrane gradients (Sonnino, Aureli et al. 2015).  

Within CNS, cholesterol has a common structural role, but it also facilitates the 

extension of axons and promotes the neurons survival, synaptogenesis, axonal plasticity, 

glial cell proliferation, and myelin formation (Huntemer-Silveira, Patil et al. 2020). 

Cholesterol and sphingolipid dynamics support neurotransmitter release, modulation of 

ion channels, and downstream signaling (Borroni, Valles et al. 2016). Fatty acids 

determine membrane fluidity and plasticity of neuronal membranes, also serving as 

signaling molecules. They are classified according to saturated fatty acids made by single 
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bonds between neighbor carbons and unsaturated fatty acids that present one or more 

carbon-carbon double-bonds. The neuronal membranes are mostly composed of 

polyunsaturated fatty acids (PUFAs), which are abundant in the myelin sheath 

(Hooijmans and Kiliaan 2008). Glycerophospholipids and sphingolipids maintain 

structural integrity in the neuronal membrane (Olsen and Faergeman 2017). 

Sphingolipids are also involved in synaptic transmission, neuronal differentiation, and 

myelin sheath stability (Schnaar, Gerardy-Schahn et al. 2014). In the brain, 

sphingomyelins among the membranes regulate cell-to-cell and cell-to-matrix 

interactions and contact other signaling molecules to ensure cell proliferation and 

differentiation (Schnaar, Gerardy-Schahn et al. 2014, Itokazu, Wang et al. 2018).  

Lipids are active compounds involved in important physiological and pathological 

processes. Altered disruption or imbalance in lipid composition or metabolism is 

observed in various diseases, including infectious and neurocognitive diseases (Lee, 

Olson et al. 2003) Altered lipid metabolism and changes in lipids concentration were 

presented in neurodegenerative disorders, such as Alzheimer’s (AD) and Parkinson’s 

diseases (PD) (Hussain, Anwar et al. 2020). The main changes in the brain of Parkinson’s 

and Alzheimer’s individuals were described as altered levels of cholesterol and 

sphingolipids (Hussain, Anwar et al. 2020), but also fatty acids and glycerophospholipid 

alterations were shown to contribute to the CNS structural compromise. For example, the 

high cholesterol content causes the incorporation of amyloid-β (Aβ) into the membrane in 

AD and the accumulation of α-synuclein in PD, leading to neuronal death (Abramov, 

Ionov et al. 2011, Galvagnion, Buell et al. 2015). 

Moreover, specific fatty acids speed up AD progression by enhancing the 

production of Aβ (Amtul, Uhrig et al. 2011). It has also been demonstrated that in 

patients with AD, the expression of Cer, the precursor of sphingolipids, in the membrane 

was increased, whereas the level of sphingomyelin was reduced because of 

sphingomyelinase activation (He, Huang et al. 2010). Thus, it induces synaptic loss and 
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neuronal cell death in response to amyloid accumulation (Couttas, Kain et al. 2014). 

Altered levels of sphingolipids were also observed in the brains of Parkinson’s patients. 

Interestingly, oxidative stress activates the neutral sphingomyelinase enzyme, resulting in 

increased levels of Cer following apoptosis in the substantia nigra (Posse de Chaves and 

Sipione 2010). Moreover, glycerophospholipids, especially phosphatidylethanolamines, 

phosphatidylinositols, and phosphatidylcholines, are significantly reduced in the neural 

membrane during the progression of AD (Kosicek and Hecimovic 2013, Gonzalez-

Dominguez, Garcia-Barrera et al. 2014) This excessive degradation of 

glycerophospholipids may be due to stimulation of phospholipase A2 producing 

arachidonic acid (and eicosanoid metabolites) that induces the release of inflammatory 

cytokines (Frisardi, Panza et al. 2011).  

Lipid balance is crucial to sustaining optimal brain health. Like other 

neurocognitive diseases (Adibhatla and Hatcher 2007, Xicota, Ichou et al. 2019), HAND 

has been linked to lipid dysregulation, including structural, signaling, and circulating 

lipids (Bandaru, Mielke et al. 2013, Kelesidis and Currier 2014, Kearns, Gordon et al. 

2017). However, brain lipid dysregulation during HAND pathogenesis remains to be 

fully explored. Matrix-assisted laser desorption ionization-mass spectrometry imaging 

(MALDI-MSI) is a powerful technique that provides molecular and spatial information 

within a tissue section. Thus, we propose investigating lipid alteration by MALDI-MSI in 

human brain tissues from HIV-infected individuals undergoing cART with normal CD4 

count and without detectable viral replication who develop mild or severe neurocognitive 

disorders (see Chapter 3). We suggest that HAND is associated with the presence of viral 

reservoirs and host amplification systems mediated by lipids and specific channels as 

described in the current Ph.D. thesis. 
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Myelin structural lipids 

Myelin is a lipid-rich electrical insulating layer that wraps around axons. This 

membrane organelle has specific lipid-associated proteins contributing to its function 

(Chrast, Saher et al. 2011). The transcripts encoding structural myelin proteins and 

enzymes involved in myelin lipid biosynthesis are highly synchronized to manage the 

myelin sheath assembly (Chrast, Saher et al. 2011). The myelin structure significantly 

increases nerve conduction velocity due to the saltatory impulse propagation and a 

decrease in axonal energy consumption (Hartline and Colman 2007). In the CNS, 

myelinating glia cells are represented by the oligodendrocytes. Oligodendrocytes can 

synthesize lipids and uptake them from external sources, including the circulating cells 

(Marangon, Boccazzi et al. 2020). However, the mechanism of myelin lipid turnover is 

poorly understood (Ando, Tanaka et al. 2003). 

Compared to the other cell membranes, myelin has a high lipid-to-protein ratio. It 

has been estimated that lipids account for the 71% of the dry weight myelin content 

(Chrast, Saher et al. 2011). Myelin lipid classes include cholesterol, glycosphingolipids 

(galactosylceramide and sulfatide), and saturated long-chain fatty acids. Cholesterol 

accounts for 26% of weight (Chrast, Saher et al. 2011), galactosylceramide and sulfatide 

for 14%–26% and 2%–7% (Stoffel and Bosio 1997, Chrast, Saher et al. 2011)), and less 

than 5% for the saturated long-chain fatty acids (O'Brien and Sampson 1965, Chrast, 

Saher et al. 2011). This specific myelin lipid composition is necessary for appropriate 

packing of the myelin sheath and for generation of lipid rafts, which mediate myelin 

protein interactions (Simons, Kramer et al. 2000, Lingwood and Simons 2010). Changes 

in lipid structure, ratios, and interactions with myelin-specific proteins have been 

associated with mild and severe disease forms including spinal cord/brain injury, multiple 

sclerosis, and other neurodegenerative diseases (Simons, Kramer et al. 2000, Hu, 

Doudevski et al. 2004).  
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Cholesterol is the major regulator of myelin biogenesis, differentiation of 

oligodendrocytes, and organization of the mature myelin (Saher, Brugger et al. 2005, 

Saher and Simons 2010, Saher and Stumpf 2015). Neurons synthesize cholesterol as a 

myelin resource during embryogenesis, oligodendrocytes at a postnatal stage, and 

astrocytes in adults (Berghoff, Spieth et al. 2021). The main function of cholesterol is to 

regulate membrane fluidity and permeability to polar molecules (Subczynski, 

Pasenkiewicz-Gierula et al. 2017). This provides the insulating property of the myelin 

sheath around the axons (Posse de Chaves and Sipione 2010). Glycosphingolipids are 

predominantly present in the outer leaflet of the myelin. Together with cholesterol, 

glycosphingolipids control fluidity and curvature of myelin membranes (Chrast, Saher et 

al. 2011). The high content of saturated FA in the myelin contributes to thick 

permeability for ions and electric insulation of the axon (Poitelon, Kopec et al. 2020). 

Defects that involve all the myelin-enriched lipids can be distinguished as 

hypomyelination (decreased myelin production), dysmyelination (abnormally formed 

myelin), and demyelination (degenerative loss of myelin) (Chrast, Saher et al. 2011). 

These defects are caused by reduced expression levels of myelin-enriched lipid or 

lipotoxicity, a consequence of the accumulation of lipids that prove toxic for 

oligodendrocyte maturation and myelin structure development (Chrast, Saher et al. 2011, 

Duncan and Radcliff 2016).  

Therapeutic approaches to target myelin lipid metabolism in HIV-positive 

individuals suffering from HAND are required to restore or maintain myelin structure 

(Haughey, Cutler et al. 2004, Jensen, Monnerie et al. 2015). However, a detailed analysis 

of myelin structure for HAND has not been performed. In work presented in chapter 3, 

we analyzed myelin structural changes and visualized sulfatide relative expression in 

human brain tissues from HIV-infected patients with mild and severe HAND.  
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MBP and PLP as Inflammatory Stimuli 

The myelin sheath contains myelin-specific proteins such as myelin basic protein 

(MBP) and proteolipid protein (PLP). Myelin basic protein is a peripheral membrane 

protein that amounts to 30% of the total CNS myelin protein content (Boggs 2006). It is 

necessary for myelin formation and maintenance (Hallpike and Adams 1969). It is 

considered the glue of the myelin bilayers, taking advantage of electrostatic and 

hydrophobic forces (Aggarwal, Yurlova et al. 2011). Twelve MBP isoforms are present 

in human adults and they differ in size and charge. MBP size isoforms are derived from 

alternative splicing of a single mRNA transcript, and they are 21.5, 20.2, 18.5, and 17.2 

k.Da. (Boggs 2006). MBP charge isoforms result from post-translational modifications of 

the 18.5 k.Da. isoform. MBP interacts with several cytoskeletal proteins to trigger 

numerous signaling pathways and negatively charged lipids to stabilize myelin structure 

(Boggs 2006, Boggs, Rangaraj et al. 2011, Vassall, Bamm et al. 2015, Raasakka, 

Ruskamo et al. 2017). MBP protein has been suggested as a possible biomarker for 

several neurodegenerative diseases, both in serum and in the CSF (Frid, Einstein et al. 

2015, Zhan, Jickling et al. 2015, Wang, Yang et al. 2018, Santaella, Kuiperij et al. 2020). 

Even in HIV-infected individuals, high CSF MBP levels showed a proportional 

correlation with the size of white matter lesions detected by MRI (de Almeida, Rotta et 

al. 2017). In addition, HIV-positive individuals affected by neurocognitive disorders 

show white matter abnormalities associated with altered gene expression profiles. Despite 

effective cART, decreased myelin protein mRNAs, including MBP, were detected 

(Borjabad, Morgello et al. 2011). MBP has also been proposed to play a role in the 

pathogenesis of Multiple Sclerosis (MS) (Adiele and Adiele 2019). MS is a 

neurodegenerative disease distinguished by multifocal inflammatory lesions, 

demyelination, and oligodendrocyte loss (Lassmann 2018). MBP functions as an 

inflammatory stimulus in mediating the pathogenesis of MS. Endothelial cells treated 

with MBP secrete CCL2 and IL-6 by p38 MAPK phosphorylation, decrease tight 
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junction proteins (occludin and claudin-1), and increase the secretion of matrix 

metalloprotease (MMP2) resulting in the disruption of the BBB and accelerating the 

demyelination process (D'Aversa, Eugenin et al. 2013). The infiltration supports 

demyelination in MS patients in the white matter of CD4+ and CD8+ T cells and 

macrophages. The inflammatory response mediated by MBP stimulates CD8+ T cells. 

Specifically, MBP induces reactive oxygen species (ROS) production in MBP-specific 

CD8+ T cells expressing Fas ligand (FasL) (Wagner, Roque et al. 2020). Thus, soluble 

MBP is not only a structural protein but also, in soluble conditions, could become an 

immune and/or inflammatory signal. 

PLP is the major transmembrane protein; it accounts for about 50% of adult CNS 

myelin protein content (Aggarwal, Yurlova et al. 2011). PLP plays a role in adhesion 

membrane phospholipids (Nadon and West 1998, Palaniyar, Semotok et al. 1998). 

Regulation of PLP expression is necessary for oligodendrocyte differentiation and 

maturation (Lourenco, Paes de Faria et al. 2016). PLP has a splicing isoform, DM20, 

expressed earlier during embryogenesis in neural and oligodendrocyte progenitors. 

Otherwise, PLP is expressed in mature myelin (Michalski, Anderson et al. 2011). 

Although PLP is the most abundant protein in myelin, it was not directly identified as a 

specific marker for the detection of demyelination. Nevertheless, it is considered a key 

mediator of inflammation and myelin structure damage (Greer, Trifilieff et al. 2020). In 

particular, PLP generates autoreactivity in MS patients exacerbating myelin damage. It 

was demonstrated that PLP peptide-specific CD8+ T cells are the sources of pro-

inflammatory soluble mediators that mediated myelin structure alterations (Biddison, 

Taub et al. 1997). 

In chapter 3, we examined the levels and distribution of MBP and PLP, and 

through their expression, we evaluated myelin thickness and length changes in the HIV-

infected population with neurocognitive disorders.  
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Sulfatide as a possible indicator of HAND 

Although current investigated biomarkers represent HAND onset and progression, 

few studies have investigated lipids as a possible indicator of neurocognitive impairment 

in HAND. Dysregulation in lipid metabolism is known to occur in the CNS and the 

CSF/blood of HIV-infected populations (Haughey, Cutler et al. 2004, Farooqui, Horrocks 

et al. 2007, Jensen, Monnerie et al. 2015); however, a direct or indirect link to HAND has 

never been associated. 

One of the most dysregulated lipidic pathways observed in the CNS of HIV-

infected patients is the ceramide pathway. Ceramide is a fundamental mediator of cell 

differentiation, proliferation, survival, and apoptosis (Andrieu-Abadie, Gouaze et al. 

2001). It is a metabolic and structural precursor for many sphingolipids, such as 

sphingomyelin (SM), ceramide-1 phosphate (Cer1-P) and glucosylceramide. The de novo 

synthesis of ceramide originates in the endoplasmic reticulum (ER) through a series of 

condensation and reduction reactions. Specifically, serine palmitoyltransferase (SPT) 

catalyzes the conversion of L-serine (L-ser) and palmityl coenzyme A (PalmitylCoA) in 

3-keto-dihydrosphingosine (3KdhSph) that is translated in dihydrosphingosine (dhSph) 

by 3-keto-dihydrosphingosine reductase (3KSR). (Dihydro)ceramide synthase 

(dihydroCS) removes sphingoid bases and produces dihydroceramide (dhCer), which is 

converted into Cer by dihydroceramide desaturase (DES). Next, Cer is transported via 

non-vesicular transport by ceramide transfer protein (CERT) and via vesicular transport 

by the four-phosphate adaptor protein 2 (FAPP2) to the Golgi apparatus. There, Cer is 

modified to make SM, Cer1-P, and glucosylceramide (GluCer). Glucosylceramide is the 

precursor for complex glycosphingolipids (GSL). After Cer synthesis in the Golgi 

apparatus, SM and complex GSL are delivered to the plasma membrane by vesicular 

transport. Several sphingolipid metabolic enzymes are present at the plasma membrane to 

regulate SM, Cer, Sph, and sphingosine-1-phosphate (S1P) levels. The latter is produced 

from Sph by sphingosine kinase (SK) and may also take part in the salvage pathway for 
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the generation of Cer. Coordination between S1P and Cer1-P is crucial for eicosanoid 

inflammatory mediator production, such as prostaglandins (Hannun and Obeid 2008). 

During endocytosis, membrane sphingolipids are internalized and transported to the 

lysosome via endocytic vesicles, where acid sphingomyelinase (aSMase), acid 

ceramidase (aCDase), and glycosidase catalyze the hydrolysis (Bartke and Hannun 2009). 

Sulfatide is an important Cer-related metabolite because it is the major lipidic 

component of the myelin sheath with galactosylceramide (2%–7%). The myelin sheath 

has a specific compartmentalization of sulfatide and myelin structural proteins, MBP and 

PLP. The myelin proteins MBP and PLP mostly colocalize with galactosylceramide in 

the juxtaparanode and internode areas of the compacted myelin, whereas sulfatide is 

mainly located in the paranodal areas of non-compacted myelin (Fig. 1.4) (Maier, 

Hoekstra et al. 2008, Blomqvist, Zetterberg et al. 2021). Sulfatide is synthesized in the 

Golgi apparatus of oligodendrocytes and Schwann cells. Sulfatide is a class of anionic 

sulfoglycolipids mainly found in the outer leaflet of the plasma membranes of cells 

(Honke 2013). Its presence is not exclusive to oligodendrocytes and Schwann cells in the 

plasma membrane; it is also produced in neurons and astrocytes located in intracellular 

compartments (Ishizuka 1997). The precursor of sulfatide, galactosylceramide, undergoes 

3-O-sulfation of the galactose residue by the enzyme 3′-phosphoadenosine-5′-

phosphosulfate: cerebroside sulfotransferase (CST). Galactosylceramide is synthesized in 

the ER from ceramide and UDP-galactose by the enzyme UDP-galactose: ceramide 

galactosyltransferase (CGT), is then transported to the Golgi apparatus before sulfation to 

sulfatide. Sulfatide is specifically degraded by a sulfatase (arylsulfatase A) in the 

lysosome (Fig. 1.4) (Eckhardt 2008). 

As discussed, HIV infection and subsequent treatment with cART are often 

associated with perturbations in lipid profiles (Griffin, Wesselingh et al. 1994, Archibald, 

McCutchan et al. 2014, Padmapriyadarsini, Ramesh et al. 2017) but no studies have 

investigated their altered metabolism in the myelin sheath. For instance, HIV-infected 
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populations show decreased levels of high-density lipoprotein (HDL) cholesterol and 

increased levels of low-density lipoprotein (LDL) cholesterol, total cholesterol (TC) and 

triglycerides in the blood (Archibald, McCutchan et al. 2014, Padmapriyadarsini, Ramesh 

et al. 2017). Interestingly, the Cer pathway has foreshadowed its direct or indirect 

function in HAND, but limited data are present in the literature. Some investigations have 

been performed for Cer metabolites in the brain of HIV-infected patients. Levels of Cer 

and SM are significantly increased in brain tissues and CSF of HIV-infected patients with 

dementia compared to individuals mildly demented and HIV-infected without cognitive 

disorders (Haughey, Cutler et al. 2004). The same group demonstrated elevated levels of 

Cer and SM in hippocampal neuronal cultures after stimulation with HIV-Tat or HIV-

Gp120 proteins, which induce apoptosis (Haughey, Cutler et al. 2004). This suggests a 

possible correlation between lipid secretion and the presence of HIV proteins. 

In conclusion, our studies aim to demonstrate that dysregulated sulfatide 

metabolism associated with myelin structural damage can fill an important gap in the 

field of NeuroHIV. The screening of these structural lipids may potentially be used to 

diagnose and follow up on the HIV aviremic population affected by HAND. A recent 

study by MRS showed increased lipids in HIV patients with CNS lesions versus 

asymptomatic HIV individuals and healthy controls (Bairwa, Kumar et al. 2016). While 

they demonstrated increased lipid levels in HIV patients with CNS lesions, suggesting a 

critical role for inflammatory lipids in HAND pathophysiology, the lipid species involved 

were not elucidated. To fully understand lipidomic and metabolic changes occurring due 

to advancing disease state, lipid classes and fatty acid composition must be fully 

identified at the molecular level. Mass spectrometry has emerged as the leading technique 

for accurate, sensitive, and detailed lipid analysis (Han and Gross 2003). Advanced mass 

spectrometry technologies such as matrix-assisted laser desorption/ionization (MALDI) 

are useful for elucidating lipidic signatures in multiple disease conditions, including 

HAND. 
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Figure 1.4. Localization and metabolism of Sulfatide, adapted and reproduced with 

permission of (Blomqvist et al., 2021).  

Sulfatide is the major lipid in the myelin sheath that properly compartmentalizes 

structural lipids and proteins. The myelin proteins MBP and PLP mostly localize in the 

compacted myelin, whereas sulfatide is mainly located in the non-compacted myelin. At 

the cellular level sulfatide precursor, ceramide, is generated by the de novo synthesis in 

the Golgi apparatus, where Galactosylceramide is sulfated by cerebroside sulfotransferase 

(CST). Sulfatide degradation occurs through hydrolysis in the lysosomal compartment by 

the action of arylsulfatase A (ASA) in the presence of the activator protein, saposin B 

(sap B).  

 

Mass Spectrometry Imaging 

Mass spectrometry imaging (MSI) is a powerful tool allowing molecule 

investigations without extraction, purification, separation, or labeling of biological 

samples (Chughtai and Heeren 2010). MSI was introduced in 1994 by Spengler B., 

Hubert M. and Kaufmann R. at the 42nd Annual Conference on Mass Spectrometry and it 

has been applied to examine various analytes such as lipids (Jackson, Baldwin et al. 

2014), proteins (Seeley and Caprioli 2008), peptides (Schober, Guenther et al. 2012), 

metabolites (Bhandari, Schott et al. 2015), and drugs (Prideaux and Stoeckli 2012) in 

biological tissues, cells, and microbial cultures (Hoffmann and Dorrestein 2015, Li, 
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Zhang et al. 2018). Mass spectrometry imaging is applied to evaluate the distribution of 

molecules present in biological samples by direct ionization from the tissue surface. 

Many different ionization sources have been used for molecular MSI including secondary 

ion (SIMS), desorption electrospray ionization (DESI), and Matrix-assisted laser 

desorption/ionization (MALDI). MALDI is the most sensitive ionization technique used 

for MSI and has the widest dynamic range of ions enabling direct analysis of molecules 

ranging from small metabolites to large intact proteins (Leopold, Popkova et al. 2018). 

Formalin-fixed paraffin-embedded (FFPE) tissues have only been used for limited 

MALDI-MSI studies (most typically for analysis of proteins due to delocalization of 

small molecules during the fixation and antigen retrieval sample processing stages). 

Hence, for most MALDI-MSI, fresh frozen samples are used, which are later sectioned 

(~10 μm thickness), thaw-mounted onto the microscope slides (e.g., indium tin oxide 

coated glass slides for MALDI-MSI lipidomics) and placed into a desiccator for 

preservation and not to compromise molecules distribution and structures. MALDI 

requires matrix or nanoparticles application to the tissue surface prior to laser irradiation. 

The matrix facilitates the production of charged ions and the choice of matrix is 

optimized dependent upon the chemical properties of the desired analytes. Commonly 

used matrices for lipids and small molecules include: 2,5-dihydroxybenzoic acid (DHB), 

9-aminoacridine (9-AA), 1,5-Diaminonaphthalene (DAN), and norharmane (NRM) 

(Goto-Inoue, Hayasaka et al. 2011). The matrix is most-commonly applied to the tissue in 

solution by airspray deposition (Agar, Yang et al. 2007). This approach enables 

substantial extraction of the desired analytes from the tissue by the applied solvent 

system. However, care must be taken that the solvent deposition is not too wet as this 

may result in delocalization of the analyte and loss of vital spatial information. Dry 

matrix application (usually via sublimation of pure matrix powder) is optimal for 

maintaining spatial integrity of the analytes yet suffers significantly due to the lack of a 

solvent to extract analytes from within the tissue cells. The matrix absorbs the energy of 



 

46 

 

the UV laser resulting in thermal desorption and ionization of the co-crystal analytes in 

the gas phase, where they are measured using a mass analyzer (Karas and Kruger 2003). 

The exact mechanisms for ionization during MALDI remain to be confirmed, but the 

main hypotheses are based on thermal desorption (Knochenmuss and Zhigilei 2010) and 

phase explosion (Soltwisch, Jaskolla et al. 2013). During ionization the tissue remains 

intact, and the same section can be washed free of matrix with solvents and used for 

downstream histological examinations (Schwamborn and Caprioli 2010). MALDI is 

compatible with all types of mass spectrometer and mass analyzers. However, the direct 

ionization and the lack of chromatographic separation leads to the production of highly-

complex spectra and isomers that make identification of specific analytes challenging.   

During the imaging acquisition, a mass spectrum is acquired for every position 

the laser is fired (ultimately becoming a voxel in the resultant mass spectrometry dataset). 

After completion of data acquisition, a 2D ion map can be reconstructed for any 

generated ion in which relative ion intensity can be represented either as the contrast of a 

single color or as a “heat map”. This 2D ion map shows the distribution and relative 

intensity of any detected analyte of interest within the tissue section (Buchberger, 

DeLaney et al. 2018). The use of high-mass resolution and high mass accuracy analyzers 

(such as the Orbitrap) aids in resolving desired analytes (such as drugs, metabolites, and 

low abundance lipids) from endogenous background species or matrix-derived spectral 

peaks. In addition, with sufficient mass resolution they can provide specific and 

unequivocal information about the elemental composition of the desorbed ion from the 

tissue (Landgraf, Prieto Conaway et al. 2009). Due to recent increases in MS and laser 

technology the voxels (in the full dataset) or pixels (in an extracted 2D ion image) may be 

as small as 1 µm (Niehaus, Soltwisch et al. 2019) making intracellular MALDI-MSI 

feasible. 

Lipids are abundant molecules in the cells, especially in the membranes, and they 

can be easily ionized to generate abundant positive or negative ions during the MALDI 
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process. Moreover, many (but not all) lipids have molecular weights below 1,000 

Daltons, which is an optimal mass range for their diffusion into the matrix crystals and 

for the sensitive operation of MALDI (Berry, Hankin et al. 2011). Whether lipids can be 

detected in positive or negative mode depends upon the charge of the head group. Several 

types of lipids, such as phospholipids (Zaima, Hayasaka et al. 2009), neutral lipids 

(Hayasaka, Goto-Inoue et al. 2009), glycolipids (Goto-Inoue, Hayasaka et al. 2011), and 

fatty acids (Hayasaka, Goto-Inoue et al. 2010) have been investigated by MSI. Multiple 

lipid species have been identified as potential markers for diseases including cancer 

(Paine, Liu et al. 2019), cardiovascular infarction (Menger, Stutts et al. 2012), 

Alzheimer’s (Hong, Kang et al. 2016), and hepatitis B (Park, Lee et al. 2014).  

In a published example of MSI applied to infectious disease research, MALDI-

MSI was used to investigate specific host lipidic dysregulation occurring in pulmonary 

TB. In addition to identifying lipids accumulating within necrotic pulmonary granulomas, 

the group also identified the precise localization of mycobacterium tuberculosis within 

the granulomas by visualizing specific bacterial membrane lipids. In serial sections, the 

distributions of anti-TB drugs were determined by MALDI-MSI. Thus, the authors 

obtained a perfect map of drugs colocalizing with specific metabolites and bacterial target 

populations, which could be used to answer whether administered drugs were reaching 

their intended target (Prideaux, ElNaggar et al. 2015, Prideaux, Via et al. 2015, Blanc, 

Lenaerts et al. 2018, Zimmerman, Blanc et al. 2018). Using a similar approach, we have 

applied MALDI-MSI lipidomic analysis to investigate lipidic dysregulations that are very 

common in pathological conditions such as HAND (see Chapter 3). In post-mortem HIV 

brain tissues from patients undergoing successful cART and symptomatic HAND, we 

identified significant relative intensity changes for select species of sulfatides, even in 

tissues without notable alterations in morphology. Thus, we found that MALDI-MSI is an 

important technique for the characterization of neurological molecular dysfunction, and 

we propose that sulfatide can be a potential indicator of myelin damage in neuroHIV. 
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PART 4 – AIMS OF THE STUDY 

This Ph.D. thesis aims to test the hypothesis that “chronic brain damage in HIV-

infected population is dependent on CNS viral reservoirs by mechanisms of damage 

amplification mediated by lipids”. This assumption is because HIV reservoirs in the brain 

are associated with compromised myelin structures resulting in the release of sulfatide, 

the major structural lipid of the myelin sheath. Soluble sulfatide improves Cx43 gap 

junctional communication and impairs calcium waves, contributing to the amplification 

of CNS damage and cognitive impairment that distress the HIV-infected population.  

To address this hypothesis, we generated a protocol to identify, localize, and 

quantify viral reservoirs in HIV-infected brain tissues. We identified that the cells with 

HIV-integrated DNA are macrophages/microglia and a small population of astrocytes. 

These cells are not silent and still produce residual viral mRNA and proteins even in 

patients under efficient cART. In addition, some viral proteins synthesized in HIV-

infected cells can be released and taken up by neighboring uninfected cells to spread 

toxicity into the brain areas without viral reservoirs. Therefore, viral reservoirs generate 

CNS damage using a bystander mechanism.  

Using histology coupled with high-resolution confocal microscopy and image 

analysis, we determined that viral reservoirs correlate with myelin structure alteration in 

the brain of HIV-infected individuals with mild and severe cognitive impairment. To 

further examine the mechanism of myelin compromise induced by HIV-infected cells, we 

used MALDI-MSI to identify a key lipid involved in maintaining myelin structure and a 

potential indicator for HAND pathogenesis, sulfatide. 

Subsequently, in vitro, we investigated changes induced by soluble sulfatide 

exposure on key molecules involved in cell-to-cell communication, such as Connexin43 

(Cx43) and Zonula Occludens-1 (ZO-1). Additionally, we examined the extracellular 
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effects of sulfatide on calcium waves, which are essential for neuronal synchronization 

and firing pattern.  

We intend to provide evidence for a new mechanism to justify CNS viral 

reservoirs and lipid alternation connection in HAND through the following aims. In the 

future, we will complete and expand our study to larger clinical cohorts and animal 

models to confirm whether sulfatide plays a causative role in neuroHIV and whether its 

biosynthetic pathways can be potential pharmaceutical targets to alleviate the debilitating 

neurocognitive effects present in HIV-infected patients under cART.  

We also described our plan to complete pending experiments involving 

proteomics of Cx43 interacting proteins, single-cell RNA sequencing to identify specific 

astrocyte populations that become susceptible to HIV infection or bystander damage, and 

MALDI-MSI or MALDI-2 MSI to detect lipid dysregulation in primary human cultures 

of HIV-infected astrocytes. 

For future application to elucidate lipid dysregulation in neurocognitive disorders, 

we also established a MALDI-2 MSI method to detect lipid classes and species that are 

not detected with regular MALDI-MSI, using the brain tissue sections of the 3xTg AD 

mouse model. We demonstrate that this assessment is compatible with subsequent 

immunofluorescence and histological analyses in the same tissue section. This approach 

is innovative and will be critical for performing a multi-omics characterization for several 

pathologies, including HAND.  
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RESERVOIRS USING IMPROVED STAINING AND MICROSCOPY TECHNIQUE IN 

HUMAN BRAIN TISSUES 

Donoso Maribel1; D’Amico Daniela1,2; Valdebenito Silvana1; Hernandez Christian1; 

Prideaux Brendan1; Eugenin Eliseo A.1 

1University of Texas Medical Branch (UTMB), Department of Neuroscience, Cell 

Biology and Anatomy, Galveston, TX, USA 

2University of Palermo (UniPa), Department of Biomedicine, Neuroscience and 

Advanced Diagnostics, Palermo, Italy 

 

The National NeuroAIDS Tissue Consortium (NNTC) and the NeuroBioBank 

provided all human samples. The NNTC is made possible through funding from the 

NIMH and NINDS by the following grants: Manhattan HIV Brain Bank (MHBB): 

U24MH100931; Texas NeuroAIDS Research Center (TNRC): U24MH100930; National 

Neurological AIDS Bank (NNAB); U24MH100292; California NeuroAIDS tissue 

Network (CNTN): U24MH100928; and Data Coordinating Center (DCC): 

U24MH100925. This work was funded by The National Institute of Mental Health grant, 

MH096625, MH128028, the National Institute of Neurological Disorders and Stroke, 

NS105584, and UTMB internal funding (to E.A.E). 

 

Adapted paper: Donoso M., D’Amico D., Valdebenito S., Hernandez C., Prideaux 

B. and Eugenin E.A. “Identification, quantification, and characterization of HIV-1 

reservoirs in the human brain”. Submitted to Cell Molecular Medicine Journal, under the 

second review. 



 

51 

 

INTRODUCTION 

HIV persists in the body of infected individuals despite effective cART due to the 

presence of viral reservoirs in different tissues (Blankson, Persaud et al. 2002, Balcom, 

Roda et al. 2019). Viral reservoirs are characterized as a small population of cells with 

integrated HIV DNA into the host DNA that either does not produce or only produces 

low levels of virus or viral proteins. This process is called latency (Dahabieh, Battivelli et 

al. 2015). Upon cART interruption, the virus rebounds and repopulates the body in a few 

weeks (Sengupta and Siliciano 2018). Most viral reservoir studies are currently 

performed in the blood due to the ease of access and the large amount of available 

biological material. Using current techniques, the clinical limit of viral detection is 20-50 

HIV RNA copies (Tan, Carrington et al. 2018). Crucially, recent advances in the field 

indicate that most viral reservoirs are present in different tissue compartments in addition 

to those circulating with the blood (Lamers, Rose et al. 2016). Several tissues have been 

proposed as anatomical compartments for viral reservoirs including gastrointestinal 

mucosa, liver, brain, associated lymphatic tissues (spleen, thymus, lymph nodes, gut-

associated lymphoid tissue), platelets/megakaryocytes/bone marrow, lungs, kidneys, 

adipose tissue, and genitourinary systems (Svicher, Ceccherini-Silberstein et al. 2014, 

Wong and Yukl 2016, Abreu, Shirk et al. 2019, Denton, Sogaard et al. 2019, Ganor, Real 

et al. 2019, Chaillon, Gianella et al. 2020, Real, Capron et al. 2020, Martin, Bender et al. 

2021). Currently, there are two schools of thought concerning viral reservoir 

compartmentalization; one describes that there is no difference between viral strains and 

evolution in tissues versus the blood (Bozzi, Simonetti et al. 2019), and the second 

indicates that virus and viral reservoirs in different tissues can evolve differently than 

blood strains (De Scheerder, Vrancken et al. 2019). Most of these viewpoints are based 

only on data derived from sequencing of HIV strains as there are no available techniques 

to detect viral reservoirs present within tissues in a reliable manner. Also, all the 
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techniques that detect and quantify viral reservoirs are based on the detection of only one 

virus component, such as viral DNA, mRNA, or proteins (De-Scheerder, Depelseneer et 

al. 2020). In general, the techniques amplify the viral reservoirs populations or 

component by inducing proliferation and selection by viral reactivation with 

phytohaemagglutinin (PHA) and phorbol myristate acetate (PMA). However, these 

amplification systems over-represent or only detect a partial amount of the total viral 

reservoirs pool (Finzi, Hermankova et al. 1997, Massanella, Yek et al. 2018). Thus, 

resulting in significant limitations including accuracy, precision, sensitivity, cost, testing 

times, and requirement for a large volume of blood from patients (Eriksson, Graf et al. 

2013, Graf and O'Doherty 2013, Strain and Richman 2013, Deere, Kauffman et al. 2014, 

Salantes, Zheng et al. 2018, Siliciano and Siliciano 2018) 

Viral reservoirs are characterized by containing potentially productive HIV DNA 

integrated into the host DNA (Pinzone and O'Doherty 2018). Moreover, HIV DNA 

integration cannot assure viral replication because several mechanisms could compromise 

HIV replication, including mutations, incorrect site or direction of integration, and 

epigenetic regulation (Abbas and Herbein 2012, Cary, Fujinaga et al. 2016). If the HIV 

DNA enables viral production, viral mRNA will be produced upon infection or 

reactivation. Viral mRNA expression results in viral protein synthesis and subsequent 

viral particle assembly and release of mature virions. However, HIV integration, viral 

RNA, and protein production ratio are unknown in viral reservoirs in the current cART 

era. Viral proteins are secreted as soluble proteins inducing inflammation and bystander 

damage in the neighboring uninfected cells. However, there is a lack of in vivo data 

showing this mechanism due to the inability to correctly identify, localize, and quantify 

latent HIV reservoirs in the circulation and tissues of HIV-infected individuals under 

cART. 

One of the major objectives of my thesis was to design, test, and validate a 

method to detect, localize, and quantify viral reservoirs in human brain tissues from the 
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HIV-infected population using a multi-probe and antibody-based system visualized by 

microscopy. Our method identifies HIV-integrated DNA, HIV mRNA, and several viral 

proteins in a single test. This approach demonstrated that HIV-infected 

macrophages/microglia and a smaller population of astrocytes are the main cell types 

infected with HIV in the current cART era. Overall, our findings show that viral brain 

reservoirs still produce viral mRNA and proteins. HIV-p24, Gp120, Nef, Vpr, and Tat 

proteins, but not Integrase, are synthesized in HIV-infected cells, released, and taken up 

by neighboring uninfected cells to spread toxicity even in the current cART era. 

 

MATERIALS AND METHODS  

Staining 

Sample Preparation: Human brain blocks were obtained from the National NeuroAIDS 

Tissue Consortium (NNTC). Fixed and unfixed tissue blocks were cut in ten μm thick 

serial sections using a Leica RM2235 cryostat and thaw-mounted onto frosted glass 

microscope slides.  

Rehydration of samples: Paraffin-embedded slides containing the tissue samples were 

immersed in the following solutions consecutively: xylene for 5 min (2 times), 100% 

EtOH for 3 min (2 times), 95% EtOH for 3 min, 90% EtOH for 3 min, 70% EtOH for 3 

min, 60% EtOH for 3 min, 50% EtOH for 3 min, miliQ H2O for 3 min. Then, tissue was 

encircled with ImmEdge Pen to reduce the reagent volume needed to cover the 

specimens. Finally, slides were immersed in miliQ H2O for 3 min. 

Pre-treatment with proteinase K: Tissues were incubated with proteinase K (0.01 mol/ml, 

K5201, Dako products-Agilent Technologies, Santa Clara, CA) diluted 1:10 in 1X TBS 

(PNA ISH kit, K520111-2, Dako products-Agilent Technologies, Santa Clara, CA) for 10 

min at RT in a humidity chamber. Slides were immersed in miliQ H2O for 3 min, then 

immersed in 95% EtOH for 20 sec and finally, the slides were let air-dry for 5 min. 
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HIV DNA Probe Hybridization: Tissues were incubated with a PNA DNA probe 10 µM 

for Nef-PNA Alexa Fluor 488 (Alexa488-GCAGCTTCCTCATTGATGG) and Alu-PNA 

Cy5 (Cy5- GCCTCCCAAAGTCGTGGGATTACAG) (PNA Bio, Thousand Oaks, CA). 

Slides were placed in a pre-warmed humidity chamber and incubated at 42C for 30 min, 

then the temperature was raised to 55oC for an additional 1 h of incubation. Following, 

tissues were incubated using Preheat Stringent Wash working solution (PNA ISH kit, 

K520111-2, Dako products-Agilent Technologies, Santa Clara, CA) diluted 1:60 in 1X 

TBS for 25 min in an orbital shaker at 55oC. Slides were equilibrated to RT by brief 

immersion in TBS for 20 sec.  

HIV mRNA detection: The manufacturer’s protocol was followed for RNAscope 2.5 HD 

Detection Reagent-RED (322360, ACD). A probe for HIV-gagpol was added to the tissue 

samples and incubated for 30 min at 42C and then 50 min at 55C. Samples were 

incubated in Preheat Stringent Wash working solution diluted 1:60 in 1X TBS (PNA ISH 

kit, K520111-2, Dako products-Agilent Technologies, Santa Clara, CA) for 15 min in an 

orbital shaker at 55oC. Slides were immersed in 1X TBS for 20 sec. The colorimetric 

method was performed as described by the manufacturer. The development of the viral 

mRNA signal needs to be low, so we did not overdevelop. The reaction was stopped as 

soon as a red color was observed. Samples were washed three times with miliQ H2O. 

Slides should be kept at 4C in the dark to minimize fluorescence decay. Note: The 

detection of RNA-scope by color was unreliable, especially for archival or tissues in 

formalin or other fixatives for long periods. Thus, the detection of viral mRNA was done 

by fluorescence instead of colorimetric analysis.  

HIV or cellular protein detection: Antigen retrieval was performed by incubating slide 

sections in commercial Antigen retrieval solution (S1700, Dako products-Agilent 

Technologies, Santa Clara, CA) for 30 min at close to 80oC water bath. Slides were 

removed from the bath and then allowed to cool down in 1X TBS. Samples were 

permeabilized with 0.1% Triton X-100 (X-100, Sigma-Aldrich, St. Luis, MO) for 2 min 
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and then washed in 1X TBS for 5 min three times. Unspecific antibody binding sites were 

blocked by incubating samples with a freshly prepared blocking solution. Sections were 

incubated overnight at 4oC using a humidity chamber (10 ml of Blocking solution: 1 mL 

0.5 M EDTA, 100 ul Fish Gelatin from cold water 45%, 0.1 g Albumin from Bovine 

serum Fraction V, 100 ul horse serum, 5% human serum, 9 mL miliQ H2O). A primary 

antibody (viral proteins: p24 GXT40774, Irvine, CA; Integrase NIH 7374; Gp120 NIH 

1476; Tat NIH 705; Nef NIH 2949; Vpr NIH 3951; and cellular markers Iba-1, anti-goat, 

dilution 1:200, ab5076, Cambridge, UK; and GFAP, anti-mouse, dilution 1:100, G3893, 

Sigma-Aldrich, St. Luis, MO) was added to the samples diluted in blocking solution and 

incubated at 4oC overnight. Slides were washed in 1X TBS 5 min three times to eliminate 

unbound antibodies. Secondary antibodies were added at the appropriate dilutions and 

incubated for 2 h at RT. Slides were washed in 1X TBS 5 min three times to eliminate 

unbound antibodies. Slides were mounted using Prolong Diamond Antifade Mount 

medium containing DAPI (P36930, Thermo Fisher Scientific, Waltham, MA). Slides 

were kept in the dark at 4oC. 

Analysis: Nikon A1 confocal microscopy with spectral detection was used to identify the 

probes and the antibodies. The absorption and emission of each fluorophore were 

examined using spectral detection to narrow the wavelengths to 20-40 nm. These 

analyses were also performed using RNAscope due to the significant red color in 

uninfected samples. The fluorescent detection of RNAscope precipitate was only found in 

HIV-infected samples. NIS Elements (Japan) and other proprietary software were used 

for further analysis.  

 

Neurocognitive examination  

NNTC and CHARTER perform a comprehensive neurocognitive test battery 

every 6 months, including motor function (perceptual-motor speed), verbal fluency, 

executive function, attention/working memory, speed of information processing, learning, 
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and memory (Woods, Rippeth et al. 2004, Heaton, Clifford et al. 2010, Jernigan, 

Archibald et al. 2011), for details, see http://www.mountsinai.org/patient-care/service-

areas/neurology/areas-of-care/neuroaids-program or https://nntc.org/.  

Statistical analysis  

Statistical analyses were performed using Prism 5.0 software (GraphPad 

Software, Inc., San Diego, CA). Analysis of variance was used to compare the different 

groups; *p≤0.005 for all statistical analyses performed in this study. 

 

RESULTS 

Detection of viral reservoirs in human brain tissue samples 

In collaboration with the National NeuroAIDS Tissue Consortium (NNTC) and 

the NeuroBioBank, we collected 34 brain tissue samples from individuals who were 

uninfected, HIV-infected, and uninfected with Alzheimer’s disease (cortex and/or 

hippocampus). Samples from HIV-infected individuals have different degrees of 

cognitive impairment and viral replication (see Table 1 for details). There were no 

significant differences in age between HIV-negative and HIV-positive groups (HIV-

positive, mean = 49.9 ± 2.6 years; HIV-negative, mean = 50.4 ± 5.2 years; Table 1) and 

sex (HIV-positive = 38% female and 62% male; HIV-negative = 20% female and 80% 

male; Table 1). The HIV-positive cohort had an average of 14.9 ± 1.9 years living with 

HIV, which we could subdivide into three groups according to systemic viral replication 

upon demise: HIV-positive with undetectable replication (Patients N° 6-13, HIVun with a 

range of plasma HIV RNA of 0 to <50 copies/mL and an average CD4+ T cell count of 

727 ± 177 cells/mm3); low replication (Patients N° 14-19, HIVlow) with a range of plasma 

HIV RNA of 275 to 12,352 copies/mL and an average CD4+ T cell count of 444 ± 147 

cells/mm3; and high replication (Patients N° 20-26, HIVhigh) with a range of plasma HIV 

RNA of 165,862 to >750,000 copies/mL and an average CD4+ T cell count of 22.4 ± 12.4 

http://www.mountsinai.org/patient-care/service-areas/neurology/areas-of-care/neuroaids-program
http://www.mountsinai.org/patient-care/service-areas/neurology/areas-of-care/neuroaids-program
https://nntc.org/
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cells/mm3  (see Table 1 for details).  Among the HIV-positive participants, 72% had some 

degree of cognitive impairment as determined by neuropsychological tests (Table 1). 

Also, we included archival cases of AIDS and encephalitis (HIVE, patients No 27-31) as 

a positive control and acute cases of Alzheimer's disease as a negative control (AD, 

patients No 32-34). To assure an unbiased assessment, all samples were received and 

analyzed blindly. After the data was acquired, the clinical and HIV status was requested 

to assure proper scientific rigor.  

 

Brain cells containing HIV-integrated DNA accumulate in cell clusters containing 

macrophages/microglia and astrocytes in the current cART era 

To identify viral reservoirs containing HIV DNA in the nucleus within the human 

brain, we used a combination of tissue staining, confocal microscopy, 3D reconstruction, 

deconvolution, and imaging analysis. A graphical example of the approach is denoted in 

Fig. 2.1A, and the protocol is described in detail in the materials and methods section. 

Large brain tissue pieces were serially sectioned to characterize the brain structures and 

cell types to identify viral reservoirs (cortex and hippocampal sections, sizes were 

6.7±3.03 cm2, 11 to 12 serial sections of 10 µm each). The reason for using large tissue 

pieces was the low abundance of viral reservoirs in some tissues. In our approach, the 

first and the last sections were used for hematoxylin and eosin (H&E); the second section 

for trichrome staining; and the subsequent sections were stained for DAPI to identify 

nuclei, HIV DNA probe for the nef DNA sequence (DNAnef or HIV DNA), HIV mRNA 

probe for HIV-gag-pol mRNA sequence (HIV-mRNA or mRNAgagpol), Alu-repeats probe 

as control of host DNA (Alu), and HIV-p24 protein (HIV-p24 prot or proteinp24) to 

quantify the overall number of cells with integrated DNA that are producing or not viral 

mRNA and HIV-p24 proteins versus the total number of cells (Alu-repeats and DAPI 

positive). The following section was stained using DAPI for nuclei, HIV DNA probe for 

nef, Iba-1 protein to quantify macrophage/microglia, and GFAP to quantify astrocytes. 
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The subsequent tissue section was used to identify viral protein expression in particular 

cell types by identifying cell types with HIV-integrated DNA. After nine sections, we 

repeated the staining for the HIV DNA probe for nef, Alu-repeats probe, and DAPI to 

reposition the brain structures, clusters of HIV-infected cells, and cell types identified 

(Fig. 2.1A).  

Using the staining and imaging approaches described above, we identified, 

quantified, and characterized low abundance HIV components (viral DNA, mRNA, and 

proteins as described in Fig. 2.1A) and the cell types present in the human brain obtained 

from individuals under cART. We identified that most cells with HIV-integrated DNA 

(triple positive nucleus staining for DAPI, Alu-repeats, and the HIV-nef probe) were 

organized in cell clusters of 2-9 cells (Fig. 2.1B-G). The brain tissue sections obtained 

from uninfected or Alzheimer’s individuals shows DAPI, Alu-repeats, and cellular 

markers (Iba-1 and GFAP) and no nonspecific staining for HIV DNA, mRNA, or HIV-

p24 protein. In brain tissues obtained from HIV-infected individuals, cell clusters 

containing HIV DNA staining were positive for the macrophage/microglia marker, Iba-1 

protein, and surrounded by enlarged hyper-reactive GFAP positive astrocytes (Fig. 2.1B 

to G, a representative example). The number of HIV DNA positive clusters per tissue 

section corresponded to a total of 2.67±1.2, 5.38±1.1, and 22.40±10.09 in brain tissues 

obtained from HIV-infected individuals with undetectable replication (HIVun), low 

replication (HIVlow), and high replication (HIVhigh), respectively (Fig. 2.1H, *p≤0.005 

compared to uninfected conditions, #p≤0.005 compared to HIVun conditions, and 

&p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues analyzed and 21 tissues 

compared to uninfected tissues, Un and AD, each point represent 3-5 different areas per 

tissue analyzed). In HIVE brains, 46.83±14.74 cell clusters were detected (Fig. 2.1H, 

*p≤0.005 compared to uninfected conditions, #p≤0.005 compared to HIVun conditions, 

and &p≤0.005 compared to HIVun or HIVlow conditions, n=5 HIVE tissues compared to 

uninfected tissues, n=8, each point represent 3-5 different areas per tissue analyzed). 
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HIVE conditions correspond to archival tissues from the early stages of the AIDS 

epidemics without cART or monotherapy. We determined that the extent of HIV 

systemic replication (see Table 1) could predict the numbers of clusters with HIV-

infected cells (Fig. 2.1H, compare HIVun, HIVlow, and HIVhigh, or HIVE). We have to 

note that large tissue areas were negative for HIV DNA, and the examples in the figures 

focus on the positive areas. Also, in HIVun, HIVlow, and HIVhigh conditions, there was a 

correlative number of HIV-positive clusters and cART status, suggesting that long-term 

cART reduces the number of clusters of HIV-infected cells (Fig. 2.1H, Fvalue=222.9721, 

ANOVA). No HIV DNA staining was detected in uninfected tissues (brains obtained 

from uninfected, Un, and Alzheimer’s patients, AD, Fig. 2.1H). In addition, we did not 

detect HIV reservoirs using Alu-PCR or ultra-sensitive PCR as described (Siliciano and 

Siliciano 2018, Abdel-Mohsen, Richman et al. 2020) using the brain tissues obtained 

from individuals with undetectable replication and low replication. However, Alu-PCR 

and ultra-sensitive PCR reliably detected viral reservoirs in brain tissues obtained from 

high replication and HIVE tissues (data not shown). 

Most cell clusters positive for HIV DNA signal were also positive for HIV-

mRNA, 0.86±0.51 for HIVun, 1.88±0.52 for HIVlow, and 14.22±8.3 for HIVhigh, indicating 

that approximately 1/3 of the cells containing HIV DNA could express viral mRNA (Fig. 

2.1I, *p≤0.005 compared to uninfected conditions, #p≤0.005 compared to HIVun 

conditions, and &p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues 

analyzed and 21 tissues compared to uninfected tissues, Un and AD, each point represent 

3-5 different areas per tissue analyzed). In contrast, in HIVE conditions, the cell numbers 

containing HIV DNA match the cells expressing HIV-mRNA supporting highly 

productive infection (Fig. 2.1I, HIVE). Further analysis of the cell clusters for HIV-p24 

protein expression indicates that 0.37±0.32 for HIVun, 1.16±0.37 for HIVlow, and 

9.88±6.9 for HIVhigh, indicating that approximately 1/3 of the cells containing HIV DNA 

and HIV-mRNA still express HIV-p24 in these cell clusters (Fig. 2.1J, *p≤0.005 
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compared to uninfected conditions, #p≤0.005 compared to HIVun conditions, and 

&p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues analyzed and 21 tissues 

compared to uninfected tissues, Un and AD, each point represent 3-5 different areas per 

tissue analyzed). In HIVE conditions, HIV-p24 expression correlates with HIV DNA and 

HIV-mRNA expression (Fig. 2.1J, HIVE).    

Overall, in the cART era, the number of clusters in HIV-infected tissues 

decreased by about 2/3 compared to HIVhigh and HIVE conditions (Fig. 2.1H to J) and 

confirmed some of the ratios described for T cells reservoirs (Bruner, Hosmane et al. 

2015, Churchill, Deeks et al. 2016, Abdel-Mohsen, Richman et al. 2020). Further, there 

was a decrease in the overall intensity of HIV-mRNA and HIV-p24 signals between low 

replication (HIVun and HIVlow) and high replication groups (HIVhigh and HIVE) of 

78.34±20.41 % for HIV-mRNA and 83.04±16.54 % for HIV-p24 (Fig. 2.2.1I-J), 

indicating that in the cART era, viral mRNA and protein were expressed at lower levels 

(data not represented, p≤0.001 compared to HIVE conditions, respectively). Analysis of 

brain tissue sections obtained from uninfected individuals (uninfected, Un, and 

Alzheimer's disease, AD) showed DAPI, Alu-repeats, and cellular markers (Iba-1 and 

GFAP), but no nonspecific staining for HIV DNA, HIV-mRNA, or HIV-p24 as expected. 

Moreover, there was no correlation between the numbers of cell clusters, numbers of 

clusters per tissue, and the ratio among HIV DNA/HIV-mRNA/HIV-p24 with the degree 

of cognitive decline in the population analyzed (HIV-associated minor cognitive/motor 

disorder, MCMD or HIV-associated dementia, HAD data not represented). In conclusion, 

long-term cART and reduction in systemic replication reduce the numbers of HIV-

infected clusters in the brain, but a significant number of HIV-infected cell clusters 

remain in the human brain producing residual viral mRNA and HIV-p24.  

 

Brain cells, microglia/macrophages, and astrocytes containing HIV-integrated DNA 

still produce low levels of HIV-mRNA and HIV-p24 in the current cART era 
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Subsequently, we expanded our analysis to larger cortical and subcortical areas to 

quantify the frequency of viral components present within different cell types (see details 

in Table 1, cortex and hippocampus). Representative images of unstained and H&E-

stained conditions are shown in Fig. 2.2A and B, respectively. The blue boxes in both 

figures denote the presence of clusters with HIV-infected cells (HIV DNA positive cells, 

Fig. 2.2A and B). Upon identification of the coordinates with HIV DNA staining and 

colocalization with Alu-repeats and DAPI, we enlarged the selected areas to examine the 

expression and distribution of DAPI (nuclear marker, Fig. 2.2C), HIV DNA (Fig. 2.2D, 

HIV-nef-DNA), HIV gag-pol mRNA (HIV-mRNA, Fig. 2.2E), HIV-p24 (Fig. 2.2F), 

Alu-repeats (Fig. 2.2G) and the merge/colocalization of all colors (Fig. 2.2H, Merge) as 

described in the materials and methods section. To quantify and identify which cell types 

contained HIV-integrated DNA and the degree of viral mRNA and protein expression, 

we quantified the HIV DNA signal in a cell-specific manner (Iba-1 or GFAP positive 

cells to identify macrophage/microglia or astrocytes, respectively) in the different tissues 

analyzed (see Table 1).  

In brain tissues obtained from HIV-infected individuals with undetectable 

replication (HIVun, Fig. 2.2I), macrophage/microglia corresponded to 21.48±13.50 and 

astrocytes corresponded to 74.85±15.85 cells containing HIV DNA per tissue analyzed 

(Fig. 2.2I, HIVun). In brain tissues obtained from HIV-infected individuals with low 

systemic replication, 131.1±28.17 cells corresponded to macrophage/microglia and 

76.73±16.11 cells corresponded to astrocytes (Fig. 2.2I, HIVlow). In brains obtained from 

HIV-infected individuals with high systemic replication, most HIV DNA positive cells 

corresponded to macrophage/microglia, 307.23±87.73 cells, and 44.43±19.11 cells 

corresponded to astrocytes (Fig. 2.2I, HIVhigh, *p≤0.005 compared to uninfected 

conditions, #p≤0.005 compared to HIVun conditions, and &p≤0.005 compared to HIVun 

or HIVlow conditions, n=34 tissues analyzed and 21 tissues compared to uninfected 

tissues, Un, each point represent 3-5 different areas per tissue analyzed).  
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Our data indicate that macrophage/microglia are the predominant cells infected 

with HIV in patients with low to high systemic replication (Fig. 2.2I, HIVlow and 

HIVhigh). However, in HIV conditions with undetectable replication, the number of HIV-

positive macrophage/microglia decreased significantly (Fig. 2.2I, HIVun, F=287.5331 for 

ANOVA to compare all the groups). In contrast, in GFAP-positive cells (astrocytes), the 

numbers of astrocytes containing HIV DNA in the nucleus were not altered by systemic 

replication (Fig. 2.2I, HIVun, HIVlow, and HIVhigh, no significant differences). Overall, our 

data indicate that the HIV-infected astrocyte population is more stable upon long-term 

cART than the myeloid-infected population (Fig. 2.2I, compare macrophage/microglia 

and astrocytes).  

To determine the expression of viral mRNA within the cells containing HIV 

DNA, we quantified the numbers of HIV-mRNA and HIV DNA positive cells. Analyses 

of brains obtained from HIV-infected individuals with undetectable replication and 

stained for Iba-1 indicate that only 5.85±2.9 cells per tissue expressed viral mRNA (Fig. 

2.2J, HIVun), yet 21.48±13.49 cells per tissue show viral DNA in the nucleus (compared 

to Fig. 2.2J to 2I, for the quantification of HIV DNA containing cells). In brain tissues 

obtained from individuals with low systemic HIV replication, only 47.65±20.02 cells per 

tissue analyzed were positive for HIV DNA and viral mRNA (Fig. 2.2J, HIVlow). In 

contrast, in brain tissues obtained from individuals with high viral replication, the 

population of macrophages/microglia cells positive for HIV DNA and viral mRNA was 

similar (HIV DNA, 307.22±87.7 versus 224.32±106.42, viral mRNA), suggesting that 

effective cART reduces the replication of the virus in myeloid cells (Fig. 2.2J, *p≤0.005 

compared to uninfected conditions, #p≤0.005 compared to HIVun conditions, and 

&p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues analyzed and 21 tissues 

compared to uninfected tissues, Un, each point represent 3-5 different areas per tissue 

analyzed).   
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In contrast, quantifying viral mRNA expression in HIV DNA positive astrocytes 

indicates that despite different levels of HIV replication, viral mRNA expression was 

maintained, 55.45±15.16 HIVun, 62.63±16.69 HIVlow, and 40.65±18.31 HIVhigh (Fig. 

2.2J, *p≤0.005 compared to uninfected conditions and significant differences between the 

HIV-infected groups. ANOVA analysis among the HIV-infected groups was 

insignificant, suggesting that astrocytes are less sensitive to cART than myeloid cells).  

To determine whether cells containing HIV DNA and viral mRNA could produce 

viral proteins, we first quantified the expression of HIV-p24. Quantification of triple-

positive cells, HIV DNA, mRNA and HIV-p24 signals in macrophage/microglia indicates 

that in the brain obtained from individuals with undetectable replication, the numbers of 

cells per tissue analyzed were 1.68±0.94 cells (Fig. 2.2K, HIVun). Analysis of brains from 

individuals with low systemic replication indicates that 32.7±22.6 of 

macrophage/microglia (Fig. 2.2K, HIVlow) were triple positive. Lastly, analysis of brains 

obtained from HIV-infected individuals with high systemic viral replication indicates that 

202.22±101.52 of macrophage/microglia were triple positive (Fig. 2.2K, HIVhigh, 

*p≤0.005 compared to uninfected conditions, #p≤0.005 compared to HIVun conditions, 

and &p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues analyzed and 21 

tissues compared to uninfected tissues, Un, each point represent 3-5 different areas per 

tissue analyzed).  

These data indicate that despite long-term cART and effective systemic viral 

suppression, a population of macrophages/microglia in the brain still expresses HIV-p24 

(Fig. 2.2K). In contrast, in astrocytes containing HIV DNA and viral mRNA, a conserved 

HIV-p24 expression despite differences in systemic replication was observed, HIVun, 

42.58±11.79 cells; HIVlow, 37.1±17.68, and HIVhigh, 37.92±17.47 cells, indicating that 

viral replication and HIV-p24 production in astrocytes are stable and no affected by 

cART (Fig. 2.2K). Analysis of astrocytes for triple-positive cells (HIV DNA/viral RNA/ 

HIV-p24) indicates that HIV-infected astrocytes are not susceptible to systemic 
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replication as the expression of HIV-p24 remains equal under all the conditions analyzed 

(Fig. 2.2K, Astrocytes). Overall, we demonstrate that first, even in the current cART era, 

viral reservoirs are present in the brain in macrophage/microglia and astrocytes; second, 

HIV-infected macrophage/microglia, but not astrocytes, are susceptible to long-term 

cART reducing viral or protein production within the brain (HIV DNA/mRNA and HIV-

p24); third, cART reduced residual viral replication or viral protein production in HIV-

infected macrophage/microglia but not in HIV-infected astrocytes and lastly, HIV-

infected astrocytes are a more stable viral reservoir than macrophage/microglia after long 

term infection and cART administration.  

To compare the amount of the current viral reservoir under long-term cART to the 

early stages of the AIDS epidemic, we used HIV encephalic tissues (see Table 1 for 

patient information) to quantify infection and cell numbers per tissue. First, HIV infection 

(HIV DNA, mRNA, and protein) in HIVE tissues was more widespread than the 

localized infection in clusters observed in the HIVun, HIVlow, and HIVhigh tissues analyzed 

(see Table 1). Second, the total HIV DNA cells corresponded to 1,606±368 cells in a 

comparable tissue volume analyzed (compared to Fig. 2.2L). The HIV-infected 

population was mostly HIV-infected microglia/macrophages (945±305 cells) and a small 

astrocyte population (430±208 cells). Thus, a significant difference in the numbers and 

ratios between microglia/macrophages and astrocytes can be observed between current 

cART and HIVE conditions.   

A critical piece of data from our analysis of tissues obtained from HIV-infected 

individuals with undetectable, low, and high systemic replication is the lack of 

colocalization of HIV-p24 protein with cells containing HIV-integrated DNA or viral 

mRNA surrounding the clusters of HIV-infected cells suggesting a local secretion and 

bystander uptake. Our findings indicate that most cells with HIV DNA and HIV gag-pol 

mRNA express HIV-p24 (Fig. 2.2L, HIV DNA (+), combined numbers for HIVun, HIVlow 

and HIVhigh); however, HIV-p24 protein was found in neighboring uninfected cells, 
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suggesting its release and uptake by neighboring uninfected cells (452.12±113.64 cells, 

Fig. 2.2L, HIV DNA (-), *p≤0.005 compared to uninfected conditions and #p≤0.005 

compared to HIV DNA (+) conditions). In contrast, analysis of brain tissues obtained 

from the early and pre-cART era with encephalitis (HIVE) demonstrates that most HIV-

p24 proteins were localized in HIV DNA positive cells (HIVE DNA (+)). Low secretion 

into uninfected cells was detected (Fig. 2.2L, HIVE DNA (+),1,497±459 total cells, or 

HIVE DNA (-), 890±278 total cells, *p≤0.005 compared to uninfected conditions). We 

did not detect any nonspecific staining for HIV DNA, viral mRNA or HIV-p24 in 

uninfected tissues, Un, or tissues obtained from Alzheimer’s individuals (AD). Overall, 

our data indicate that HIV-p24 is still produced by latently infected cells and released into 

neighboring cells even in the current cART era.  

 

HIV-Gp120 is locally synthesized and released from HIV-infected cells and 

accumulates in neighboring uninfected cells even in the cART era 

Several manuscripts have described the toxic effects of soluble viral proteins 

within the CNS, including HIV-Gp120, Integrase, Nef, Vpr, and Tat (Kehn-Hall, 

Guendel et al. 2011, Chompre, Cruz et al. 2013, Datta, Deshmane et al. 2016, Sami 

Saribas, Cicalese et al. 2017, Yarandi, Robinson et al. 2020), but conclusive data about 

production, release, and associated bystander toxicity are lacking in the current long-term 

cART era. HIV-Gp120 is the envelope protein, and it is required for HIV entry into cells, 

and it is neurotoxic if applied as a soluble protein (Bachis, Aden et al. 2006, Wenzel, 

Bachis et al. 2017). Further, several animal models have been developed to examine the 

toxic effects of these viral proteins (Evans and Silvestri 2013, Bar, Coronado et al. 2019, 

Su, Cheng et al. 2019), but it is unclear whether HIV-Gp120 protein is produced and 

secreted in the cART era compared to the early stages of the AIDS epidemic and its 

significant role in HIV-associated cognitive impairment. 
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HIV-Gp120 distribution was similar to HIV-p24; most brain tissue was negative 

for HIV-Gp120; however, HIV-Gp120 expression was associated with specific cell 

clusters positive for HIV DNA signal. A representative cell cluster is shown (Fig. 2.3A-

E, arrows indicate cells with HIV DNA and HIV-Gp120 expression). However, as 

indicated in Fig. 2.3E, cells lacking HIV DNA were also positive for Gp120 protein (Fig. 

2.3E, white staining). Also, it is important to note that several cells with HIV-integrated 

DNA do not express HIV-Gp120 (Fig. 2.3). Quantifying the total numbers of 

macrophage/microglia with HIV-integrated DNA and expressing HIV-mRNA that were 

also positive for HIV-Gp120 protein indicates that a total of 1.98±1.61 cells were triple 

positive within brain tissues obtained from HIV-infected individuals with undetectable 

replication (HIVun, Fig. 2.3F). In brain tissues obtained from HIV-infected individuals 

with low and high systemic replication, triple positive macrophage/microglia increased to 

14.68±7.1 and 189.4±88.89 cells, respectively (Fig. 2.3F, HIVlow and HIVhigh conditions, 

*p≤0.005 compared to uninfected conditions, #p≤0.005 compared to HIVun conditions, 

and &p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues analyzed and 21 

tissues compared to uninfected tissues, Un, each point represent 3-5 different areas per 

tissue analyzed).  Thus, our data indicate that HIV-Gp120 is still expressed in the cART 

era despite a significant reduction in macrophage/microglia expressing this viral protein 

upon viral suppression (Fig. 2.3F, F=165,4816, by ANOVA to compare the different HIV 

groups).  

In contrast, in astrocytes, the triple expression of HIV DNA, viral mRNA, and 

HIV-Gp120 was stable and independent of the cART status (Fig. 2.3F, astrocytes, HIVun, 

HIVlow or HIVhigh), suggesting significant differences compared to myeloid cells. The 

numbers of positive astrocytes in HIV undetectable replication conditions corresponded 

to 41.25±12.49 astrocytes per tissue analyzed (Fig. 2.3F, HIVun, *p≤0.005 compared to 

uninfected conditions, each point represents 3-5 different areas per tissue analyzed), HIV 

low replication conditions corresponded to 37.42±17.21 astrocytes per tissue analyzed 
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(Fig. 2.3F, HIVlow, *p≤0.005 compared to uninfected conditions, each point represent 3-5 

different areas per tissue analyzed), and HIV high replication conditions corresponded to 

37.25±15.01 astrocytes per tissue analyzed (Fig. 2.3F, HIVhigh, *p≤0.005 compared to 

uninfected conditions, each point represents 3-5 different areas per tissue analyzed. 

ANOVA analysis among the HIV-infected groups did not show any significant 

difference). Our data indicate that HIV reservoirs in macrophage/microglia are 

responsive to changes in systemic replication but not for HIV-infected astrocytes. In 

contrast, in HIVE conditions, HIV-Gp120 protein correlated with the total numbers of 

HIV-infected cells containing HIV DNA and HIV-mRNA and was mostly concentrated 

in macrophages rather than astrocytes (data not represented, 876±458 cells for 

macrophages, and 624±287 for astrocytes, triple-positive cells), however, cART or better 

disease management reduce the expression of Gp120 in macrophage/microglia and 

astrocytes. 

 Similar to our HIV-p24 data, most HIV-Gp120 staining was localized in cells 

lacking HIV DNA signal but in close contact with HIV-infected cells (750.61±164.85 

cells, HIV DNA (-), Fig.3G, *p≤0.005 compared to uninfected conditions and #p≤0.005 

compared to cells with HIV DNA (+)). In brains obtained from individuals with 

undetectable, low, and high systemic HIV replication, the combined numbers of triple-

positive cells corresponded to 10.45±3.65 cells, suggesting that HIV-Gp120 production, 

release, and bystander uptake is an important mechanism of HIV-Gp120 spread within 

the brain even in the cART era (Fig. 2.3G). In contrast, in HIVE brains, there was a 

perfect correlation between HIV-Gp120 production in HIV DNA positive and negative 

cells in the greatest numbers compared to the cART era (Fig. 2.3G, HIVE DNA (+), 

1,345±349, and HIVE DNA (-), 901±302 cells).  

Further, in brain tissues obtained from individuals with undetected, low, and high 

HIV replication, we calculated the diffusion of the HIV-Gp120 protein from the HIV-

positive clusters reaching distances up to 345.8±89.71 µm (data not represented). All 
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tissues showed a similar HIV-Gp120 expression and distribution. In addition, the pixel 

intensity between long-term cART and HIVE conditions indicates that cells with high 

HIV-Gp120 protein expression were reduced by 29.56±8.71 %. We did not find any 

correlation between HIV DNA, HIV-mRNA, HIV-Gp120 protein expression and 

cognitive impairment. No nonspecific staining for HIV-Gp120 and other viral 

components was detected in brain sections obtained from uninfected individuals. Our 

data indicate that HIV-Gp120 protein is still synthesized, released, and taken up by 

neighboring uninfected cells despite long-term cART supporting multiple claims that 

residual Gp120 mediated toxicity and production.  

 

HIV-Integrase is poorly expressed in the brain of HIV-infected individuals under 

effective cART 

Integrase is a key HIV enzyme required for HIV DNA integration into the host 

DNA (Zhang, Zhang et al. 2016, Wadhwa, Jain et al. 2018, Koneru, Francis et al. 2019). 

Its association with neurotoxicity is unclear and controversial (Gill, Hassan et al. 2019).  

Our staining results indicate that Integrase had a highly localized expression (Fig. 2.4A-

E) that did not correlate with the presence of clusters containing HIV-infected cells. 

However, as observed in the merge (Fig. 2.4E), some cells had a nuclear accumulation of 

Integrase (Fig. 2.4, asterisk). Still, this viral protein's overall expression was low 

compared to other HIV proteins, likely due to the nature and limited expression of 

Integrase with the viral DNA (Craigie and Bushman 2012). Quantification of the 

Integrase staining corroborates our observations that minimal to non-expression of 

Integrase is present in the brains of individuals with undetectable, low, and high 

replication due to cART (Fig. 2.4A to E, white arrows indicate cells with HIV-integrated 

DNA; the asterisk indicates cells with nuclear Integrase. Fig. 2.4E). Quantification of the 

numbers of macrophage/microglia containing HIV DNA, HIV-mRNA, and Integrase 

protein shows that in brain tissues obtained from HIV-infected individuals with 
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undetectable replication, the pool of cells expressing Integrase corresponded to 0.75±0.8 

macrophage/microglia per tissue analyzed (HIVun, Fig. 2.4F). Brain tissues obtained from 

HIV-infected individuals with low systemic replication corresponded to 6.53±1.98 

macrophage/microglia, suggesting that cART and systemic replication significantly 

impact the numbers of cells expressing Integrase (Fig. 2.4F, HIVun and HIVlow).  The 

differences in Integrase expression within the brain and related to cART become evident 

when brains of individuals with high systemic replication were analyzed with 

325.05±85.69 cells positive for Integrase in macrophage/microglia (Fig. 2.4F, HIVhigh, 

*p≤0.005 compared to uninfected conditions, #p≤0.005 compared to HIVun conditions, 

and &p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues analyzed and 21 

tissues compared to uninfected tissues, Un, each point represent 3-5 different areas per 

tissue analyzed; comparisons of the HIV-infected groups for ANOVA indicate that 

HIVhigh was significantly different from HIVun and HIVlow groups, F=552.3771). Further, 

the pixel intensity for Integrase corresponded only to 8.54±3.75 % of the pixel intensity 

observed for HIV-Gp120 and HIV-p24 in HIVun and HIVlow conditions in 

macrophage/microglia (data not represented).  

In contrast, in HIV-infected astrocytes producing viral mRNA, Integrase was 

expressed higher than HIVun and HIVlow in macrophage/microglia (Fig. 2.4F). However, 

there were no differences in the numbers of triple-positive cells despite differences in 

systemic replication; 26.38±6.5 cells (HIVun), 20.85±4.27 cells (HIVlow), and 25.35±9.7 

cells (HIVhigh), suggesting an even low expression or stability of Integrase in HIV-

infected astrocytes (Fig. 2.4F, Astrocytes).  If we compare these data to HIVE conditions, 

Integrase was expressed in 905±357 microglia/macrophages and 569±299 astrocytes 

(HIVE, data not show) supporting that cART or better disease management reduce the 

expression of Integrase in macrophage/microglia and astrocytes.  

To quantify whether Integrase is accumulated in uninfected cells as described for 

HIV-p24 and HIV-Gp120, we quantified colocalization with HIV DNA. Our data 
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indicate that Integrase is expressed at low levels in HIV DNA (+) cells, 11.22±8.52 cells 

(Fig. 2.4G and compared to Fig. 2.4F, *p≤0.005 compared to uninfected conditions). 

Quantification of Integrase in HIV DNA negative cells indicates that 4.21±2.46 cells 

contain Integrase indicating that it is poorly secreted and accumulated in neighboring 

cells (Fig. 2.4G, HIV DNA (-), *p≤0.05 compared to uninfected conditions). In contrast, 

the examination of HIVE tissues indicates that most HIV DNA (+) cells, 1,406±425 cells 

(Fig. 2.4G, HIVE-DNA (+)), are positive for Integrase and HIV DNA negative cells 

corresponded to 905±357 cells (Fig. 2.4G, HIVE-DNA (-), *p≤0.005 compared to 

uninfected conditions). Nonspecific staining was not observed in tissues obtained from 

uninfected individuals. Thus, the expression of Integrase protein was low but significant 

compared to uninfected tissues but was not comparable to the expression or distribution 

observed for other HIV proteins such as HIV-p24 and Gp120. 

 

HIV-Nef protein is expressed in HIV-infected and surrounding uninfected cells, even 

in individuals without detectable systemic replication 

HIV-Nef has been involved in many neuronal/glial/immune toxicity mechanisms 

even in the current cART era (Fields, Dumaop et al. 2015, Cheney, Guzik et al. 2020, 

Yarandi, Duggan et al. 2020). Thus, we evaluated HIV-Nef expression and distribution as 

described for the other HIV proteins.  

Experiments using brains from HIV-infected individuals with undetectable and 

low systemic viral replication indicate that HIV-Nef is expressed in association with 

HIV-positive clusters. Here, we show a selected region containing HIV-positive DNA 

cells containing HIV-Nef; however, we must note that most brain areas were negative for 

HIV DNA and HIV-Nef protein (Fig. 2.5A-E). The confocal analysis identified cells 

containing HIV DNA (Fig. 2.5A-E, arrows), but also cells with high Nef protein 

accumulation but negative for HIV DNA (Fig. 2.5A-E, see asterisks for cells with high 

expression or accumulation, Fig. 2.5E)  
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Quantification of HIV-Nef protein expression in macrophage/microglia indicates 

that triple-positive cells (HIV DNA, viral mRNA, and HIV-Nef protein) are present in all 

HIV conditions, including undetected, low, and high systemic replication (Fig. 2.5F, 

macrophage/microglia) with an abundance of 10.65±4 cells (HIVun), 40.4±20.50 (HIVlow) 

and 371.48±70.82 cells (HIVhigh) per tissue analyzed (Fig. 2.5F). Interestingly, a similar 

trend was observed for the other viral proteins analyzed, HIV-p24, HIV-Gp120, and 

HIV-Integrase, in correlation with systemic viral replication (Fig. 2.5F, *p≤0.005 

compared to uninfected conditions, #p≤0.005 compared to HIVun conditions, and 

&p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues analyzed and 21 tissues 

compared to uninfected tissues, Un, each point represent 3-5 different areas per tissue 

analyzed; comparisons of the HIV-infected groups for ANOVA indicate that HIVhigh was 

significantly different from HIVun and HIVlow groups, F=883.0321). 

In astrocytes, HIV-Nef protein expression in HIV DNA and HIV-mRNA positive 

astrocytes was significant in all HIV conditions, including undetectable, low, and high 

systemic replication (Fig. 2.5F, Astrocytes). The numbers of positive astrocytes were 

25.28±15.62 cells and 43.73±27.21 in undetectable (HIVun) and low replication (HIVlow) 

(Fig. 2.5F, *p≤0.005 compared to uninfected conditions, #p≤0.005 compared to HIVun 

conditions, and &p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues 

analyzed, and 21 tissues compared to uninfected tissues, Un, each point represent 3-5 

different areas per tissue analyzed). In brain tissues obtained from individuals with high 

systemic viral replication, astrocytes corresponded to 247.88±118.13 cells per tissue 

analyzed. However, and in contrast to the analysis of HIV-p24, HIV-Gp120, and 

Integrase, HIV-Nef expression in astrocytes was dependent on systemic viral replication 

(Fig. 2.5F, Astrocytes, ANOVA indicates that HIVhigh was significantly different than 

HIVun and HIVlow groups, F=122.5936) in a similar manner to other viral proteins in 

macrophage/microglia. Also, quantifying HIV-Nef expression in HIVE tissues indicates 

that the total number of cells with HIV DNA, HIV-mRNA, and HIV-Nef protein 
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corresponded to 1,233±277 (HIVE, data not represented). In HIVE tissues, most of these 

triple-positive cells were microglia/macrophages, 975±345, and astrocytes were 

605±278. Overall, the data indicate that HIV-Nef protein expression in 

macrophage/microglia and astrocytes is dependent on systemic viral replication. These 

data indicate that long-term cART can affect different viral proteins in a cell type-specific 

manner.   

To quantify whether HIV-Nef could be released into neighboring uninfected cells, 

we analyzed HIV DNA positive and negative cells as described above. Quantification of 

HIV-Nef protein in HIV DNA and HIV-mRNA indicates that 17.15±2.81 cells per tissue 

were positive (Fig. 2.5G, HIV DNA (+)). However, most HIV-Nef was localized in HIV-

nef DNA negative cells, 341.63±107.68 cells, but always in close contact with clusters of 

HIV-nef DNA positive cells suggesting that most HIV-Nef protein accumulates in 

surrounding uninfected cells (Fig. 2.5G, HIV-nef DNA (-), *p≤0.005 compared to 

uninfected conditions, n=34 tissues analyzed, n=21 infected tissues compared to 

uninfected tissues, each point represent 3-5 different areas per tissue analyzed). In 

contrast, in HIVE conditions, most HIV-Nef proteins were associated with HIV DNA 

positive cells, 1,468±236 cells, and only 958±387 cells without HIV-integrated DNA 

showed Nef protein (HIVE-DNA (-), Fig. 2.5G, *p≤0.005 compared to uninfected 

conditions). Quantification of the pixel intensity indicates that cells with high HIV-Nef 

protein intracellular content only had a reduction in HIV-Nef staining of 33.78±7.09% as 

compared to HIVhigh and HIVE conditions, suggesting that specific areas of the brain can 

accumulate large amounts of HIV-Nef protein even in the cART era. Also, we calculated 

that HIV-Nef diffused from HIV DNA positive cells into neighboring uninfected cells 

reaching distances of 493.02±104.5 µm from the clusters of HIV-infected cells 

suggesting an active mechanism of synthesis, release, and bystander uptake. Overall, our 

data indicate that HIV-Nef protein is still synthesized, released, and taken up by 

neighboring uninfected cells despite suppression of replication. 
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HIV-Vpr protein is expressed within the brain of HIV-infected individuals under cART  

HIV-Vpr is the multifunctional HIV accessory protein essential for transporting 

the pre-integration complex into the nucleus (Kogan and Rappaport 2011). HIV-Vpr has 

also been associated with the pathogenesis of NeuroHIV, but whether this viral protein is 

expressed within the human brain in the cART era is unknown.  

To evaluate the expression and distribution of HIV-Vpr, staining of brain tissues 

obtained from uninfected and HIV-infected individuals with undetectable (HIVun), low 

(HIVlow), and high replication (HIVhigh) for HIV-Vpr protein, DAPI, HIV DNA, and HIV 

mRNA was performed (Fig. 2.6 A-E). Analysis of the staining indicates a low expression 

and scattered distribution (Fig. 2.6A-E, arrows denote cells with integrated HIV DNA 

and asterisk denote cells with high HIV-Vpr accumulation). In the case of HIV-Vpr, the 

protein could not establish a diffusion pattern from HIV-infected clusters as established 

for HIV-Gp120 and HIV-Nef; however, HIV-Vpr, like HIV-Nef, also highly 

accumulated in particular cells (Fig. 2.6E, asterisks).  

Quantification of the numbers of macrophage/microglia per tissue analyzed 

indicates that HIV-Vpr expression depended on systemic viral replication with 1.88±1.67 

cells in tissues obtained from individuals with undetectable replication (HIVun), 

34.08±21.5 cells in low replication, and 222.5±134.59 cells in high replication conditions 

(Fig. 2.6F, macrophage/microglia). Interestingly, there was a correlation between 

systemic replication and the numbers of HIV-infected macrophage/microglia cells (Fig. 

2.6F, *p≤0.005 compared to uninfected conditions, #p≤0.005 compared to HIVun 

conditions, and &p≤0.005 compared to HIVun or HIVlow conditions, n=33 tissues 

compared to uninfected tissues, each point represents 3-5 different areas per tissue 

analyzed). 

Quantification of astrocytes containing HIV-nef DNA, HIV-mRNA, and HIV-Vpr 

protein indicates that HIV-Vpr expression depends on systemic viral replication (Fig. 

2.6F, Astrocytes). The astrocyte numbers corresponded to 35.55±13.07 in brain tissues 
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obtained from individuals with undetectable systemic replication (HIVun), 59.5±18.83 in 

brain tissues obtained from individuals with low systemic replication (HIVlow), and 

74.63±21 cells in brain tissues obtained from individuals with high systemic replication 

(HIVhigh) (Fig. 2.6F, astrocytes, *p≤0.005 compared to uninfected conditions, #p≤0.005 

compared to HIVun conditions, and &p≤0.005 compared to HIVun or HIVlow conditions, 

n=34 tissues analyzed and 21 tissues compared to uninfected tissues, Un, each point 

represent 3-5 different areas per tissue analyzed). In HIVE conditions, 1,198±315 cells 

were positive for HIV DNA, HIV-mRNA, and HIV-Vpr protein. Most of the cells were 

microglia/macrophages, 846±208 cells, and astrocytes, 623±277 cells (HIVE, data not 

represented). In addition, the pixel intensity was 74.08±18.39% lower in HIVun/low than in 

HIVhigh and HIVE conditions (data not represented).  

To quantify bystander uptake of HIV-Vpr, we measured HIV-Vpr in HIV DNA 

positive and negative cells spatially. In a similar manner to HIV-Gp120 and HIV-Nef 

data, most infected cells expressed residual Vpr (Fig. 2.6G, 9.68±2.70 cells); however, 

most HIV-Vpr signals were located in uninfected cells (Fig. 2.6F, HIV DNA negative 

cells, HIV DNA (-), 855.83±257.45), but we could not establish an association or 

diffusion pattern similar to HIV-Gp120 and HIV-Nef proteins (Fig. 2.6G, *p≤0.005 

compared to uninfected conditions and #p≤0.005 compared to HIV DNA (+) cells). In 

HIVE conditions, most HIV-Vpr was located in HIV-positive DNA cells, 1289±245 

cells, and 920±105 cells with HIV-negative signals (Fig. 2.6G, HIVE DNA (+) or (-)). 

Unspecific staining for HIV DNA or HIV-Vpr was not observed in tissues obtained from 

uninfected individuals. Overall, HIV-Vpr synthesis and bystander secretion are still 

significant in the current cART era.  

 

HIV-Tat protein is expressed and secreted within the CNS 

HIV-Tat corresponds to the transactivator of the virus, and its main function is to 

drive HIV transcription (Hategan, Masliah et al. 2019, Spector, Mele et al. 2019). 
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Multiple laboratories, including us, identified that soluble HIV-Tat has neurotoxic effects 

(Eugenin, D'Aversa et al. 2003, Clark, Nava et al. 2017, Al-Harti, Joseph et al. 2018, 

Ajasin and Eugenin 2020) and it has been reported in the CSF of HIV-infected 

individuals under cART (Henderson, Johnson et al. 2019). However, it is debatable 

whether HIV-Tat is produced significantly during long-term HIV infection and cART 

administration.  

Staining of brain tissues obtained from uninfected and HIV-infected individuals 

with undetectable, low, and high systemic replication for HIV-Tat protein, DAPI, HIV 

DNA, and HIV-mRNA shows that HIV-Tat was expressed and widely distributed around 

clusters of cells containing HIV DNA (Fig. 2.7 A-E, arrows represent cells with 

integrated HIV DNA signal and asterisk represent cells with high HIV-Tat 

accumulation). Also, as described for HIV-Gp120 and HIV-Nef, and now for HIV-Tat, 

the viral protein distribution was highly localized into brain areas with clusters of HIV-

infected cells; however, most of the tissue was negative for viral components (Fig. 2.7A-

E, represent a cluster of HIV-infected cells). We calculated that HIV-Tat could diffuse 

from HIV DNA positive clusters into neighboring uninfected cells, reaching distances up 

to 492.1±145.68 µm.  

Quantification of the total numbers of macrophage/microglia with integrated HIV 

DNA, producing HIV-mRNA, and positive for HIV-Tat protein shows that in the brain 

obtained from individuals with undetectable replication, the numbers of triple-positive 

cells corresponded to 8.38±4.4 cells (HIVun, Fig. 2.7F), in samples with low replication 

the cell number was 48.8±15.9 (HIVlow, Fig. 2.7F), and in samples with high replication 

the numbers corresponded to 365.68±68.05 cells (HIVhigh, Fig. 2.7F, 

macrophage/microglia, *p≤0.005 compared to uninfected conditions, #p≤0.005 compared 

to HIVun conditions, and &p≤0.005 compared to HIVun or HIVlow conditions, n=34 

tissues analyzed and 21 tissues compared to uninfected tissues, Un, each point represent 

3-5 different areas per tissue analyzed). Interestingly, the numbers of triple-positive cells 
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were correlated with the degree of systemic replication, suggesting that systemic 

replication significantly impacted the production of HIV-Tat within the brain (Fig. 2.7F). 

However, HIV-Tat production is still highly significant even in HIV-infected individuals 

with undetectable replication. ANOVA analysis of the macrophage/microglia HIV-

infected groups indicates that brain tissues from low and high viral systemic replication 

were significantly different than brain obtained from individuals with undetectable 

replication (Fig. 2.7F, comparisons of the HIV infected groups for ANOVA indicates that 

HIVhigh was significantly different than HIVun and HIVlow groups, F=936.9699). 

The HIV-Tat accumulation in astrocytes indicates that HIV-Tat expression was 

systemic viral replication-dependent (Fig. 2.7F, Astrocytes). The numbers of triple-

positive astrocytes in tissues from individuals with undetectable replication were 

50.53±18.03 cells (HIVun, Fig. 2.7F, astrocytes), in low replication were 143.93±102.1 

cells, and in high replication conditions were 385.25±66.34 cells (Fig. 2.7, F, astrocytes, 

*p≤0.005 compared to uninfected conditions, #p≤0.005 compared to HIVun conditions, 

and &p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues analyzed and 21 

tissues compared to uninfected tissues, Un, each point represent 3-5 different areas per 

tissue analyzed). In astrocytes, HIV-Tat expression depended on systemic viral 

replication like HIV-Nef and HIV-Vpr, but not HIV-p24 and Integrase, suggesting a 

different mechanism of expression and cART-mediated regulation. The accumulation of 

HIV-Tat protein in astrocytes follows a similar distribution to Nef and Vpr, but not for 

HIV-p24 or Integrase, suggesting differential stability or expression for some viral 

proteins. In contrast, in HIVE conditions, a total of 1,193±244 cells were identified in a 

similar volume analyzed in samples under long-term cART. Most HIV-infected cells 

containing HIV-Tat proteins were macrophage/microglia, 801±197, and astrocytes, 

685±297 (data not represented).  

To evaluate bystander release and uptake, we quantified the amount of HIV-Tat in 

cells with HIV DNA and neighboring uninfected cells (Fig. 2.7G). HIV-Tat was present 
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in most HIV-infected cells (HIV DNA (+), Fig. 2.7G, 13.96±3.65 positive cells for HIV 

DNA and HIV-Tat), but most HIV-Tat proteins were accumulated in neighboring 

uninfected cells lacking HIV DNA or HIV gag-pol mRNA, 1,383.71±164.85 (HIV DNA 

(-), Fig. 2.7G). The quantification of HIV-Tat positive cells' pixel intensity indicates two 

populations of cells: first, a low but consistent HIV-Tat intracellular expression 

(cytoplasm and nucleus) localization and a second profile with high cytoplasmic/nuclear 

accumulation. Interestingly, the expression of HIV-Tat in neighboring cells could reach 

numbers similar to the one on HIVE (Fig. 2.7G, HIVE in HIV positive and negative 

cells), indicating that even in the cART era, some areas of the brain still produce and 

accumulate significant amounts of HIV-Tat within the brain. In HIVE conditions, most 

HIV-Tat was localized in microglia/macrophages, 1,306±306 cells, and 934±277 cells 

corresponded to astrocytes (Fig. 2.7G, *p≤0.005 compared to uninfected conditions and 

#p≤0.005 compared to HIV DNA (+) cells).  Overall, we demonstrated that HIV-Gp120, 

HIV-Nef, HIV-Vpr, and HIV-Tat proteins, but not HIV-Integrase protein, are still 

produced significantly within the brains of HIV-infected individuals, but expression and 

distribution were dependent on systemic viral replication.   
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Table 1: Patient information for the samples analyzed 

 
No Patient 

Group 

HIV  Age Sex Cognitive 

Status 

CD4 

cells/ 

mm3 

CD8, 

cells/ 

mm3 

Viral 

Load, 

copies/mL 

Years 

with 

HIV 

cART Brain 

Area 

1 Un - 44 M None - - - - - B 

2 Un - 50 M None - - - - - B 

3 Un - 69 M None - - - - - B 

4 Un - 38 M None - - - - - C 

5 Un - 51 F None - - - - - B 

6 HIVun + 70 M MCMD 741 N.R. <50 26 ziagen, epivir, 

fosamprenavir

, ritonavir 

B 

7 HIVun + 69 F MCMD 616 1190 <50 22 ziagen, epivir, 

fosamprenavir 

C 

8 HIVun + 61 F MCMD 488 465 <50 24 efavirenz, 

ziagen, epivir 

B 

9 HIVun + 68 F None 1306 380 0 15 emtricitabine, 

tenofovir 
alafenamide, 

elvitegravir, 

cobicistat 

B 

10 HIVun + 48 M MCMD 1658 50 <50 13 etravirine, 

ritonavir, 

maraviroc, 
darunavir 

C 

11 HIVun + 36 M None 293 881 <50 11 zidovudine, 

lamivudine, 

nelfinavir 

C 

12 HIVun + 59 M None 428 768 <50 26 lamivudine, 

darunavir, 
raltegravir, 

ritonavir, 

etravirine 

B 

13 HIVun + 43 F None 282 376 <50 24 emtricitabine, 
tenofovir 

alafenamide, 

darunavir, 
cobicistat 

C 

14 HIVlow + 38 M None 973 864 <400 14 etravirine, 

abacavir, 
zidovudine, 

lamivudine 

B 

15 HIVlow + 53 M Prob. 

HAD 

101 396 <400 18 lamivudine, 

nevirapine, 

zidovudine 

C 

16 HIVlow + 62 F None 750 647 275 25 darunavir, 
ritonavir, 

emtricitabine, 

tenofovir 

C 

17 HIVlow + 51 M Prob. 

MCMD 

126 N.R. 349 1 lamivudine, 

abacavir, 

nelfinavir 

B 

18 HIVlow + 46 M Prob. 

MCMD 

214 1330 12352 25 darunavir, 

raltegravir, 

etravirine, 
emtricitabine, 

tenofovir 

B 
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19 HIVlow + 61 M Prob.  
HAD 

500 1077 <400 18 atazanavir, 
emtricitabine, 

nevirapine, 

ritonavir 

C 

20 HIVhigh + 49 M Prob.  

MCMD 

3 71 >750000 21 amprenavir, 

stavudine, 

lopinavir 

C 

21 HIVhigh + 44 F Prob.  

HAD 

1 139 >750000 9 stavudine, 

didanosine, 
nevirapine, 

nelfinavir 

C 

22 HIVhigh + 42 M Prob. 

HAD 

37 1683 691338 6 didanosine, 

efavirenz, 
nelfinavir 

B 

23 HIVhigh + 37 F Prob.  

HAD 

1 1101 >750000 3 zidovudine, 

didanosine, 
lopinavir, 

ritonavir 

C 

24 HIVhigh + 40 F Prob. 

HAD 

14 N.R. >750000 4 indinavir, 

zidovudine 

C 

25 HIVhigh + 34 M Prob. 

HAD 

10 545 165862 6 zidovudine, 

nelfinavir, 
indinavir, 

didanosine, 

lamivudine, 
abacavir, 

saquinavir-sgc 

B 

26 HIVhigh + 37 M Prob.  
MCMD 

91 N.R. >750000 2 efavirenz, 
lopinavir, 

ritonavir, 

nevirapine, 
tenofovir, 

abacavir, 

zidovudine, 
lamivudine 

C 

27 HIVE + 43 M HAD 7 N.R. 119000 6 None B 

28 HIVE + 40 F HAD 5 N.R. 750000 8 atazanavir H 

29 HIVE + 43 M HAD 21 N.R. 172000 5 None B 

30 HIVE + 38 M HAD 185 N.R. 46284 3 None C 

31 HIVE + 44 F HAD 64 N.R. 750000 5 emtricitabine, 
tenofovir 

B 

32 AD - 62 F - - - - - - C 

33 AD - 68 M - - - - - - C 

34 AD - 62 M - - - - - - C 

Information for all 34 individual donors of brain tissue samples regarding HIV status, 

age, sex, cognitive status, CD4+ T cell counts (cells/mm3), CD8+ T cells (cells/mm3), 

viral load (copies/mL), years living with HIV, and cART treatment description. Patient 

Group - Un: Uninfected/HIV negative group, HIVun: HIV positive, viral load under the 

limit of detection, HIVlow: HIV positive, low viral load group, HIVhigh: HIV positive, high 

viral load group, HIVE: HIV positive, archival encephalitic group, AD: Alzheimer’s 

group. Cognitive status - MCMD: minor neurocognitive and motor disorder, HAD: HIV-

associated dementia. ART: antiretroviral. CD4, CD8 T cell counts - N.R.: not reported. 

Brain Section – C: cortex, H: hippocampus, B: both cortex and hippocampus.   
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Figure 2.1. HIV reservoirs are organized in small clusters within the brain of HIV-

infected individuals 

(A) The cartoon shows the detection strategy of HIV DNA, viral mRNA, viral proteins, 

and cellular markers using 11 slide sections per tissue. The first and last sections were 

stained for H&E; the second section was used for a Trichrome stain; the following 

sections were sequentially stained for DAPI, HIV DNA, HIV-mRNA, HIV proteins (p24, 

Gp120, Integrase, Nef, Vpr or Tat), Alu repeats, or markers for astrocytes (GFAP) and 

macrophage/microglia (Iba-1) as indicated.  (B-G) Confocal images show a cell cluster 

labeled with DAPI, containing HIV DNA, positive for macrophage/microglia marker and 

enlarged astrocytes, indicated by Iba-1 protein and GFAP, respectively, and expressing 

HIV-p24 protein cells. (H-J) Quantification of cell clusters positive for HIV DNA in 

tissues obtained from uninfected brains (Un), HIV infected brains with undetectable 

replication (HIVun), HIV infected brains with low replication (HIVlow), and HIV infected 

brains with high replication (HIVhigh). As a control, we used HIV encephalitic (HIVE) 

brains and uninfected cases from healthy and Alzheimer's individuals, AD (n=34 brains 

analyzed and each point corresponding to the mean of at least 3-5 different 

quantifications per tissue). (H) Correspond to the quantification of cell clusters containing 

HIV DNA in the nucleus (colocalizing with DAPI and Alu repeats). (I) Quantification of 

double-positive cell clusters for HIV DNA and viral mRNA. (J) Quantification of cell 

clusters positive for HIV DNA, viral mRNA and HIV-p24. *p≤0.005 compared to 
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uninfected conditions, #p≤0.005 compared to HIVun conditions, and &p≤0.005 compared 

to HIVun or HIVlow conditions, n=34 tissues analyzed, and 21 tissues compared to 

uninfected tissues, Un and AD, each point represent 3-5 different areas per tissue 

analyzed. Comparisons of the HIV-infected groups were perfumed by ANOVA and 

described in the text. Bar: 8 µm. 
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Figure 2.2. Quantification of myeloid and glial viral reservoirs in cortical and subcortical 

human brain areas 

Representative confocal images of the areas analyzed for (A) Unstained and (B) H&E-

stained tissue. Areas detected with HIV DNA are represented in blue boxes. (C-H) 

Representative confocal images of the brain areas containing HIV-integrated DNA and 

positive labeling for (C) DAPI, (D) HIV DNA, (E) HIV-mRNA, (F) HIV-p24, (G) Alu-

repeats, and (H) the merge of all colors. (I-K) Quantification of cells positive for (I) HIV-

integrated DNA in macrophages/microglia (Iba-1 positive cells) and astrocytes (GFAP 

positive cells) in human tissues obtained from individuals with undetectable, low, and 

high systemic replication, *p≤0.005 compared to uninfected conditions, #p≤0.005 

compared to HIVun conditions, and &p≤0.005 compared to HIVun or HIVlow conditions, 

n=34 tissues analyzed and 21 tissues compared to uninfected tissues, Un (including also 

AD tissues), each point represent 3-5 different areas per tissue analyzed. Comparisons of 

the HIV-infected groups by ANOVA are described in the text and Star Method Section), 

(J) HIV-integrated DNA and HIV-mRNA in macrophage/microglia and astrocytes in 

human tissues obtained from individuals with undetectable, low and high systemic 

replication (*p≤0.005 compared to uninfected conditions and #p≤0.005 compared to HIV 

conditions), (K) HIV-integrated DNA, HIV-mRNA and HIV-p24 in 

macrophage/microglia and astrocytes in human tissues obtained from individuals with 

undetectable, low, and high systemic replication (*p≤0.005 compared to uninfected 

conditions, #p≤0.005 compared to HIVun conditions, and &p≤0.005 compared to HIVun 

or HIVlow conditions, n=34 tissues analyzed and 21 tissues compared to uninfected 

tissues, Un (including also AD tissues), each point represent 3-5 different areas per tissue 

analyzed). (L) Quantification of cells expressing HIV-p24 in HIV and HIVE cells 

positive for HIV DNA (HIV DNA (+) and HIVE-DNA (+)) and negative for HIV DNA 
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(HIV DNA (-) and HIVE-DNA (-)) (*p≤0.005 compared to uninfected conditions and 

#p≤0.005 compared to HIV DNA (+) conditions). Bar: 100 µm. 
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Figure 2.3. HIV-Gp120 protein is expressed in myeloid and glial viral reservoirs and 

surrounding uninfected cells: potential bystander toxicity under the current cART era 

(A-E) Representative confocal images showing (A) DAPI staining, (B) HIV DNA, (C) 

microglia/macrophage marker Iba-1 protein, (D) HIV-Gp120 protein (arrows denote 

triple-positive cells), and (E) corresponds to the merge of all colors. (F) Quantified 

macrophage/microglia and astrocyte cells with HIV-integrated DNA, producing HIV-

mRNA, and HIV-Gp120 according to the viral replication status, including undetectable, 

low and high replication *p≤0.005 compared to uninfected conditions, #p≤0.005 

compared to HIVun conditions, and &p≤0.005 compared to HIVun or HIVlow conditions, 

n=34 tissues analyzed, and 21 tissues compared to uninfected tissues, Un (including also 

AD tissues), each point represent 3-5 different areas per tissue analyzed). HIVE total 

numbers were 1,364±279 cells, 876±458 for macrophages, and 624±287 for astrocytes 

under HIVE conditions (data not plotted). (G) Quantification of cells positive for HIV-

Gp120 detected in uninfected cells (HIV DNA (-)) surrounding the clusters containing 

HIV-integrated DNA (HIV DNA (+)) corresponded to 750.61±164.85 cells, suggesting 

bystander damage within the CNS (*p≤0.005 compared to uninfected conditions and 
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#p≤0.005 compared to HIV DNA (+) cells). In contrast, only 10.45±3.65 cells with HIV-

integrated DNA accumulated HIV-Gp120 protein. In HIVE conditions, cells with HIV-

integrated DNA (HIVE-DNA (+)) were 1,364±349 cells, and uninfected cells (HIVE-

DNA (-)) were 901±302 cells; thus, local numbers of cells containing HIV-Gp120 could 

be comparable to HIVE conditions but with a significantly lower expression or 

accumulation as well as extremely localized. Bar: 100 µm. 
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Figure 2.4. HIV-Integrase protein is poorly expressed in HIV-infected cells under cART 

 (A-E) Representative confocal images showing the expression and distribution of 

integrase in the HIV-infected cells, showing minimal to no expression of Integrase, where 

labeling corresponds to (A) DAPI, (B) HIV DNA, (C) HIV-mRNA, (D) HIV-Integrase 

protein, and (E) merge of all colors.  White arrows indicate cells with HIV-integrated 

DNA. Asterisks indicate cells with high levels of cytoplasmic and nuclear Integrase 

protein. The insets indicate the colocalization of DAPI, HIV DNA, and Integrase. (F) 

Quantification of the cells with HIV-integrated DNA, viral mRNA, and HIV-Integrase 

protein according to its localization in macrophage/microglia or astrocytes in human 

brain tissues obtained from individuals with undetectable, low, and high viral replication 

*p≤0.005 compared to uninfected conditions, #p≤0.005 compared to HIVun conditions, 

and &p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues analyzed and 21 

tissues compared to uninfected tissues, Un (including also AD tissues), each point 

represent 3-5 different areas per tissue analyzed). The quantification of the total numbers 

of cells in HIVE conditions was 1,406±425 cells, 905±357 cells were macrophages, and 
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569±299 cells were astrocytes (data not plotted). (G) Quantification of cells expressing 

HIV-Integrase protein detected in HIV positive and negative cells, 11.22±8.52 and 

4.21±2.46 cells, respectively. In contrast, in HIVE conditions, most integrase was 

accumulated in HIV DNA positive cells, 1,406±425 cells (HIV DNA (+)), and HIV DNA 

negative cells (HIV DNA (-)) 904±305 cells, surrounding HIV-infected clusters. 

*p≤0.005 compared to uninfected conditions. Bar: 100 µm. 

. 
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Figure 2.5. HIV-Nef is expressed in HIV-infected and surrounding uninfected cells, even 

in cART conditions 

 (A-E) Representative confocal images show the expression and distribution of Nef 

protein in the HIV-infected cells. Labeling corresponds to (A) DAPI, (B) HIV DNA, (C) 

HIV-mRNA, (D) HIV-Nef protein showing wide distribution in cells containing HIV-

integrated DNA (white arrows) and cells without integrated DNA, and (E) merge of all 

colors. The asterisks represent cells with a high HIV-Nef protein expression. The insets 

show cells with DAPI, HIV DNA, and HIV-Nef protein. (F) Quantification of the cells 

with HIV-integrated DNA, viral mRNA, and HIV-Nef protein in macrophage/microglia 

and astrocyte cells according to the tissue analyzed based on systemic replication, 

including undetectable, low, and high replication (*p≤0.005 compared to uninfected 

conditions, #p≤0.005 compared to HIVun conditions, and &p≤0.005 compared to HIVun 

or HIVlow conditions, n=34 tissues analyzed and 21 tissues compared to uninfected 

tissues, Un (including also AD tissues), each point represent 3-5 different areas per tissue 

analyzed).  (G) Quantification of cells positive for HIV-Nef protein in HIV-infected cells 
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(HIV DNA (+)) was 17.15±2.81 cells compared to neighboring uninfected cells (HIV 

DNA (-)) containing HIV-Nef protein 341.63±107.68 cells. This indicates a strong Nef 

expression within the CNS in the current cART era, especially in neighboring uninfected 

cells. *p≤0.005 compared to uninfected conditions, #p≤0.005 compared to HIVun 

conditions. Bar: 100 µm. 
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Figure 2.6. HIV-Vpr is expressed in HIV-infected cells under effective cART 

 (A-E) Representative confocal images show the expression and distribution of Vpr 

protein in the HIV-infected cells. We identified that HIV-Vpr was expressed in HIV-

infected cells and cells without DNA. Labeling corresponds to (A) DAPI, (B) HIV DNA, 

(C) HIV-mRNA, (D) HIV-Vpr protein was not possible to establish a diffusion pattern 

like Gp120 and Nef proteins. HIV-Vpr positive cells were scattered within the brain 

(arrows represent HIV-infected cells producing HIV-Vpr, * or ** represent cells with 

high HIV-Vpr expression without association to HIV-infected cells), (E) merge of all 

colors. The insets indicate cells positive for DAPI, HIV DNA, and Vpr protein. (F) 

Quantification of cells with HIV-integrated DNA, producing HIV-mRNA and HIV-Vpr 

protein in macrophage/microglia and astrocyte cells according to the brain tissue 

analyzed based on systemic replication, including undetectable, low and high replication 

(*p≤0.005 compared to uninfected conditions, #p≤0.005 compared to HIVun conditions, 

and &p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues analyzed and 21 

tissues compared to uninfected tissues, Un (including also AD tissues), each point 
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represent 3-5 different areas per tissue analyzed). In HIVE conditions, HIV-Vpr 

colocalized mostly with HIV-infected cells with total numbers (HIVE) of 1,289±245, 

macrophages 920±105 cells, and astrocytes 623±277 positive cells. (G) Quantification of 

cells expressing HIV-Vpr protein in uninfected cells (HIV DNA (-)) positive for Vpr was 

855.83±257.45 cells around the clusters containing cells with HIV-integrated DNA, as 

compared to HIV DNA positive cells (HIV DNA (+)) with 9.68±2.70 cells, suggesting a 

bystander secretion and uptake (*p≤0.005 compared to uninfected conditions and 

#p≤0.005 compared to HIV DNA (+) cells). In HIVE conditions, quantification shows 

most Vpr was in cells with HIV-integrated DNA (HIVE-DNA (+)), with 1,289±245 cells, 

and minimal amounts present in uninfected cells (HIVE-DNA (-)), with 920±105 cells. 

Bar: 100 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 



 

92 

 

 

Figure 2.7. HIV-Tat protein is expressed within the CNS, even in the cART era  

(A-E) Representative confocal images show the expression and distribution of Tat protein 

in the HIV-infected cells and surrounding uninfected cells. Labeling corresponds to (A) 

DAPI, (B) HIV DNA, (C) HIV-mRNA, (D) HIV-Tat protein showing diffusion from 

HIV DNA positive cells into neighboring uninfected cells (white arrows indicate cells 

with HIV-integrated DNA and * indicated cells without HIV-integrated DNA but highly 

positive for HIV-Tat), (E) merge of all colors. The insets indicate cells positive for DAPI, 

HIV DNA, and Tat protein. (F) Quantification of cells with HIV-integrated DNA, 

producing HIV-mRNA, and HIV-Tat in microglia/macrophages and astrocyte cells in 

brain tissues obtained from HIV-infected individuals with undetectable, low, and high 

replication (*p≤0.005 compared to uninfected conditions, #p≤0.005 compared to HIVun 

conditions, and &p≤0.005 compared to HIVun or HIVlow conditions, n=34 tissues 

analyzed and 21 tissues compared to uninfected tissues, Un (including also AD tissues), 

each point represent 3-5 different areas per tissue analyzed). In encephalitic conditions 

(HIVE), HIV-Tat colocalized mostly with HIV-infected cells, total numbers (HIVE, 
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1,193±244), macrophages/microglia (801±197 cells), and astrocytes (685±297 cells) 

(data not show). (G) Quantification of cells positive for Tat protein-containing HIV-

integrated DNA (HIV DNA (+)) indicates only 13.96±3.65 cells, whereas 

1,383.71±164.85 uninfected surrounding cells (HIV DNA (-)) contained Tat protein. A 

similar number of cells were found in HIV encephalitic brains (HIVE), 1,306±306 cells 

expressed Tat in HIV-infected cells (HIVE DNA (+)), and only 934±277 cells without 

HIV DNA showed HIV-Tat staining (HIV DNA (-), *p≤0.005 compared to uninfected 

conditions, #p≤0.005 compared to HIV DNA (+) cells. Bar: 100 µm. 
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DISCUSSION 

HIV, as well as other viruses, has evolved to persist within the host. The major 

barrier to cure HIV infection is the early generation and extended survival of HIV 

reservoirs that remain undetectable in several cellular and anatomical sites (Denton, 

Sogaard et al. 2019). As discussed in the general introduction, most current techniques to 

detect viral reservoirs only identify one component of the viral cell cycle and require 

amplification or cell proliferation for efficient detection. Our method is extremely 

sensitive, reliable, and specific for all the components analyzed. It is useful to detect HIV 

DNA, viral mRNA, and proteins in a cell type-dependent manner and with high spatial 

resolution in brain tissues, even in tissues obtained from individuals under long-term 

infection and cART. Our findings provide a unique technique to detect and quantify viral 

reservoirs (silent, active, or with residual mRNA and protein production) within the CNS 

of HIV-infected individuals; to highlight the distribution of viral reservoirs within the 

brain; to quantify the cell types with HIV-integrated DNA and the ones with HIV-

integrated DNA that still are producing viral mRNA and synthesizing proteins within the 

CNS of individuals under cART; to recognize several viral proteins, but not all that are 

produced, secreted, and taken up by neighboring uninfected cells; to prove that efficient 

systemic cART reduces the brain reservoir pool and prevents the synthesis of some viral 

proteins, and to quantify viral reservoirs within the CNS.  

Overall, the numbers of detected viral reservoirs were lower than the described 

data in isolated microglia/macrophage and astrocytes (Churchill, Wesselingh et al. 2009, 

Thompson, Cherry et al. 2011, Castellano, Prevedel et al. 2017, Russell, Chojnacki et al. 

2017). Thus, our data ex vivo may represent the more realistic number of viral reservoirs 

in HIV-infected individuals under effective cART, with low numbers of HIV-infected 

cells and minimal viral mRNA and protein synthesis. Also, in the current cART era, not 
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all the microglia/macrophages and astrocytes contain HIV. Thus, there is a selection 

mechanism that is not fully known.  

An important point to discuss is that for the first time, we can detect basal 

synthesis and release of several HIV proteins in tissue samples from HIV-infected 

individuals under effective cART, with normal CD4 counts and undetectable systemic 

replication. This result is unique and validates the multiple papers describing the toxic 

and inflammatory effects of viral proteins in tissue cultures and animal models without 

active HIV replication (Kanmogne, Kennedy et al. 2002, Nath 2002, Jaeger and Nath 

2012, Kovalevich and Langford 2012).  

Contrary to the belief that viral reservoirs are only present in different kinds of 

CD4+ T cells with low drug penetrance or biological barrier that enables survival and 

residual replication (Siliciano, Kajdas et al. 2003, Hosmane, Kwon et al. 2017, Bruner, 

Wang et al. 2019), the identification of infected microglia/macrophages and astrocytes 

indicate that several cells may be infected with HIV (Chauhan 2015, Kasparov 2016, Li, 

Henderson et al. 2016, Marban, Forouzanfar et al. 2016, Russell, Chojnacki et al. 2017, 

Barat, Proust et al. 2018, Ko, Kang et al. 2019, Wallet, De Rovere et al. 2019). In fact, 

numerous groups propose that circulating reservoirs may be a poor reflection of the 

actual/real viral reservoirs present in tissues (Churchill, Deeks et al. 2016, Lorenzo-

Redondo, Fryer et al. 2016, Wang, Simonetti et al. 2018, Abdel-Mohsen, Richman et al. 

2020, Chaillon, Gianella et al. 2020, Henderson, Reoma et al. 2020). Our laboratory 

indicated that macrophages of the urethral tissue and megakaryocytes could be infected 

as positive HIV-integrated cells (Ganor, Real et al. 2019). Furthermore, data from human 

macrophages identified several mechanisms of survival that are not present in CD4+ T 

cells and require urgent examination. Recent data has demonstrated that a few HIV-

infected astrocytes can amplify infection into the periphery, proving that although these 

reservoirs are low in numbers and highly compartmentalized, they can still repopulate the 

entire body with the virus (Lutgen, Narasipura et al. 2020, Valdebenito, Castellano et al. 
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2021). Thus, eliminating all viral reservoirs is required to achieve an HIV cure, including 

those present in the brain. 

The brain has been proposed to be a major viral reservoir tissue due to its immune 

privilege and the presence of the blood-brain barrier that limits immune 

trafficking/surveillance and some cART drug penetration. In addition, a new 

understanding of the brain's role is emerging because at least 50% of the HIV-infected 

population has HAND signs, even in the current cART era. HIV-related neurocognitive 

disorders, deeply discussed in Part 2 of Chapter 1, have been associated with cART's 

neurotoxicity, chronic inflammation, comorbidities, presence of quiescent/latent infected 

cells, and residual production and secretion of viral proteins. However, most of these 

mechanisms have been examined using in vitro and several animal models, but whether 

these mechanisms are present in vivo, the extent of the associated damage or the amount 

of the viral reservoirs, and the viral protein synthesis is poorly explored in human tissues.  

Our findings show that cART can reduce the amount of the reservoirs in the brain, but 

residual viral protein synthesis and secretion are differentially affected by cART in a cell 

type-dependent manner.  

In the human brain of HIV-infected individuals under cART, we identified that 

microglia/macrophages and a small population of astrocytes are the main cells with HIV-

integrated DNA. We quantified the frequency of these HIV-infected cells in large tissue 

areas to provide a more accurate description of viral reservoirs within the brain in the 

current cART era. The imaging system's specificity enabled cell type identification, 3D 

reconstructions, and the evolution of several viral markers (HIV DNA, HIV-mRNA, and 

viral proteins) in a single analysis. Only one-third of the cells with HIV-integrated DNA 

expressed viral mRNA, and one-third of these double-positive cells synthetized viral 

proteins. Surprisingly, we identified viral proteins such as p24, Gp120, Nef, Vpr, and Tat 

accumulated in uninfected cells around HIV-infected cells suggesting an active local 

production, secretion, and bystander uptake. Our data also provided critical information 
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on residual viral protein expression and secretion into neighboring uninfected cells that 

support multiple in vitro data about the toxic role of viral protein even in the current 

cART era. Although HIV-infected microglia/macrophages (Castellano, Prevedel et al. 

2017) and astrocytes (Eugenin, Clements et al. 2011, Eugenin, Basilio et al. 2012, 

Eugenin and Berman 2013, Eugenin 2014, Orellana, Saez et al. 2014) are protected from 

apoptosis by several mechanisms, including preventing the formation of the apoptosome, 

changing their metabolism, modifying the inter-organelle interactions and using cell-to-

cell communication mechanisms to spread toxicity and local inflammation, neighboring 

cells undergo viral protein-mediated toxicity. 

One of the consequences of HIV infection in the brain is neuronal cell death and 

CNS inflammation due to immune activation, oxidative stress, and neurotoxicity. It has 

been described that in the CNS, HIV infects astrocytes and macrophages/microglia, but 

not neurons. Several neurotoxic substances, especially HIV proteins (HIV-Tat, HIV-

Gp120, and HIV-Nef) released by infected astrocytes and macrophages/microglia, induce 

cell death in neurons (Huang, Zhao et al. 2011, Wang, Zhang et al. 2017). These findings 

support multiple claims of bystander damage and cognitive impairment associated with 

HIV infection. It seems that eradicating viral reservoirs in the CNS is the major barrier to 

improving the treatment and complete recovery of HIV-infected patients' neurological 

function.  

Further, we identified that long-term cART reduced the pool of myeloid viral 

reservoirs but minimally reduced the pool of HIV-infected astrocytes, supporting specific 

eradication mechanisms due to the significant differences in the anatomical sites.   

In conclusion, our accurate identification, localization, and quantification process 

is essential for developing therapeutic strategies targeting specific areas of viral 

reservoirs and treating HIV comorbidities such as the neurocognitive manifestations seen 

in HAND. 
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INTRODUCTION 

The failure to eradicate HIV is due to latent viral reservoirs in different 

anatomical compartments, including the brain. Viral reservoirs can repopulate the body 

with the virus upon cART interruption (Wang and Xu 2021). We demonstrate in Chapter 

2 that, even in the absence of viral replication, chronic HIV CNS injury is supported by 

long-lasting latent cells (microglia/macrophages and astrocytes) that continue to produce 

HIV mRNAs and viral proteins. The brain damage induced by HIV infection has been 

investigated using multiple techniques, including diffusion basis spectral imaging 

(DBSI), MRI/MRS, postmortem analyses, and cognitive assessment screening tools 

(Strain, Burdo et al. 2017). As we discuss in Chapter 1, in the chronic HIV-infected 

population under cART, most noninvasive imaging approaches proved a decrease in gray 

matter volumes and the presence of white matter microstructural abnormalities, called 

hyper-densities, compared to uninfected individuals (Underwood, Cole et al. 2017, van 

Zoest, Underwood et al. 2017). These hyper-densities areas have been associated with 

inflammation, compromised blood vessels, or mini “stroke” areas based on cellularity 

(Su, Wit et al. 2016, Eggers, Arendt et al. 2017, Strain, Burdo et al. 2017, Sanford, Strain 

et al. 2019). Furthermore, diffuse myelin pallor, diminished white matter tracts, and 

decreased myelin protein mRNAs can prove myelin sheath injury legitimizing HAND 

(Jensen, Monnerie et al. 2015). However, the nature and mechanism of CNS damage in 

the current cART were unknown.  

To detect early signs of brain damage in HIV-infected individuals, several sera 

and CSF potential biomarkers have been proposed, including adenosine triphosphate  

(Velasquez, Prevedel et al. 2020), neurofilament light chain (Freeman, Castro et al. 1986, 

Abdulle, Mellgren et al. 2007, Jessen Krut, Mellberg et al. 2014, Gisslen, Price et al. 

2016, Yilmaz, Blennow et al. 2017, Guha, Mukerji et al. 2019), β-Amyloid1-42 (de 

Almeida, Ribeiro et al. 2018, Howdle, Quide et al. 2020), calcium-binding protein B (Du 
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Pasquier, Jilek et al. 2013, Guha, Mukerji et al. 2019), extracellular vesicles (Guha, 

Mukerji et al. 2019, Urbanelli, Buratta et al. 2019), and the wnt-related proteins (Al-

Harthi 2012). Other groups identified immune markers such as soluble CD14 (Lyons, 

Uno et al. 2011, Jumare, Akolo et al. 2020), soluble CD163 (Burdo, Lentz et al. 2011, 

Burdo, Weiffenbach et al. 2013, Perez-Santiago, Schrier et al. 2016, Jumare, Akolo et al. 

2020), neopterin (Valcour, Ananworanich et al. 2013, Farhadian, Patel et al. 2017), 

Cathepsin B (Cantres-Rosario, Plaud-Valentin et al. 2013), kynurenine to tryptophan 

ratio (Adu-Gyamfi, Snyman et al. 2017, Gelpi, Hartling et al. 2017, Scheri, Fard et al. 

2017, Adu-Gyamfi, Snyman et al. 2020, Adu-Gyamfi, Savulescu et al. 2021), monocyte 

chemoattractant protein-1 (Eugenin, Osiecki et al. 2006, Williams, Eugenin et al. 2012, 

Burlacu, Umlauf et al. 2020), Tumor Necrosis Factor Alpha (Oliveira, Chaillon et al. 

2017, Jumare, Akolo et al. 2020), interleukin-6 (Oliveira, Chaillon et al. 2017, Burlacu, 

Umlauf et al. 2020), interferon-γ-Inducible Protein (Yuan, Liu et al. 2015, Burlacu, 

Umlauf et al. 2020), interleukin-8 (Yuan, Liu et al. 2015, Ozturk, Kollhoff et al. 2019), 

interleukin-1 (Mamik, Banerjee et al. 2011, de Almeida, Rotta et al. 2016), interferon 

Alpha (Cassol, Misra et al. 2013, Anderson, Lennox et al. 2017), intercellular adhesion 

molecule-5 (Yuan, Wei et al. 2017), lipopolysaccharide (Lyons, Uno et al. 2011, 

Vassallo, Dunais et al. 2013) and several growth factors (Kallianpur, Gittleman et al. 

2019). Despite the long list of potential biomarkers of HIV CNS disease, most are 

associated with late events of tissue destruction or significant immune activation. 

However, no clear biomarkers can predict early or chronic stages of CNS compromise or 

explain chronic CNS damage in the current cART era when systemic viral replication is 

low to undetectable.  

Only recently, our group demonstrated that one of these mechanisms of chronic 

brain damage is also mediated by gap junction (GJ) and hemichannel (HC) from a few 

HIV-infected astrocytes into neighboring uninfected cells even in the absence of viral 

replication (Eugenin, Clements et al. 2011, Eugenin and Berman 2013, Berman, Carvallo 
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et al. 2016, Malik, Theis et al. 2017, Gorska, Donoso et al. 2021, Malik, Valdebenito et 

al. 2021, Valdebenito, Castellano et al. 2021). We identified that residual expression of 

HIV-tat upregulates connexin43 (Cx43) expression (Berman, Carvallo et al. 2016), 

resulting in enhanced GJ and HC communication enabling the diffusion of toxic host 

factors into vast areas of the brain (Eugenin and Berman 2007, Eugenin, Clements et al. 

2011, Eugenin and Berman 2013, Castellano and Eugenin 2014, Eugenin 2014, Berman, 

Carvallo et al. 2016, Malik, Theis et al. 2017, Malik, Valdebenito et al. 2021). We 

demonstrated that HIV-infected astrocytes and microglia are the reservoirs within the 

brain. These cells are protected from apoptosis by regulating the formation of the 

transition pore on the mitochondria, the secretion of cytochrome C to form the 

apoptosome, the inter-organelle interactions to prevent overactivation, and their 

metabolism and viral replication (Malik, Theis et al. 2017, Eugenin 2019, Malik, 

Valdebenito et al. 2021). 

However, the role of sulfatide in the control of Cx43 GJ in NeuroHIV is 

unknown. 

In a similar manner to other neurocognitive diseases (Adibhatla and Hatcher 2007, 

Xicota, Ichou et al. 2019), HIV-associated neurocognitive disease has been linked to lipid 

dysregulation, including structural, signaling, and circulating lipids (Bandaru, Mielke et 

al. 2013, Kelesidis and Currier 2014, Kearns, Gordon et al. 2017). Thus, we propose that 

HAND is dependent on the viral reservoirs present within the brain, and one of the 

mechanisms of damage amplification is mediated by host lipids. Data from our laboratory 

also supported our interest in structural/signaling lipids and showed peripheral lipid 

dysregulation in HIV-infected patients. The levels of PGE2 (a bioactive eicosanoid lipid 

mediator) in the sera of HIV-infected individuals virally suppressed with cART were 

elevated compared to the uninfected individuals (Velasquez, Prevedel et al. 2020). In 

addition, PGE2 secretion in the media of the peripheral blood mononuclear cells isolated 

from HIV-infected individuals or isolated from uninfected individuals and stimulated 
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with HIV-Gp120 protein was higher than the secretion obtained in PBMCs isolated from 

uninfected individuals (Velasquez, Prevedel et al. 2020). PGE2 is an eicosanoid 

synthetized from arachidonic acid (AA) via cyclooxygenase 2 and prostaglandin E 

synthase. It is a potent inflammatory lipid mediator (Park, Pillinger et al. 2006) that, 

according to our laboratory data, can be secreted via pannexin 1 (Panx-1) channels into 

the extracellular space (Velasquez, Prevedel et al. 2020), where it binds to E-prostanoid 

(EP) receptors to trigger toxic signaling pathways into the neighboring cells (Andreasson 

2010). Thus, we used MALDI-MSI with a high spatial resolution and high mass accuracy 

to investigate altered structural/signaling lipid distribution in HIV-infected brain tissues 

compared to uninfected controls. We used an untargeted lipidomics approach to identify 

the major lipid spectral peaks corresponding to sulfatide highly abundant in the brain. 

In this chapter, we demonstrate that HIV reservoirs, myeloid and glial, locally 

compromise the myelin sheath resulting in the release of sulfatide species, but not myelin 

basic protein (MBP) and proteolipid proteins (PLP), into the extracellular space. MBP 

and PLP are involved in myelin compaction to generate the closely apposed multilayered 

structure of mature myelin (Fulton, Paez et al. 2010). Previously, in multiple sclerosis, we 

demonstrated that soluble MBP is an inflammatory stimulus that results in microglial 

activation and associated inflammation (D'Aversa, Eugenin et al. 2013). However, the 

role of Sulfatide in NeuroHIV is unknown.  

Sulfatide is a glycosphingolipid class that exhibits a galactosyl-3-O-sulfate polar 

head group and a ceramide moiety composed of a fatty acid and a long-chain base 

(Ishizuka 1997). Sulfatide is highly expressed in brain tissue (Isaac, Pernber et al. 2006) 

and is mainly localized in the myelin sheath (Moyano, Li et al. 2014), composed of 70% 

to 85% of phospholipids, cholesterols, and complex sphingolipids in a particular 

proportion (Folch-Pi 1972, Dupree and Pomicter 2010, Darios, Mochel et al. 2020). 

Sulfatide and the enzymes involved in its synthesis and degradation have been associated 

with several diseases, including brain cancer, subcortical dementia (Svensson, Blomqvist 
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et al. 2021), multiple sclerosis (Novakova, Singh et al. 2018), endothelial damage (Li, Hu 

et al. 2015), Alzheimer's disease (Flirski and Sobow 2005, Jonsson, Zetterberg et al. 

2010), and Parkinson’s disease (Fabelo, Martin et al. 2011). Also, like MBP and PLP, 

there are a description of autoreactive NK (Stax, Tuengel et al. 2017) and -T cells 

(Luoma, Castro et al. 2013) cells to sulfatide, suggesting that our immune system is not 

sufficiently exposed to this lipid antigen.  

In this chapter, we hypothesize that HIV reservoirs compromise myelin structures 

resulting in the release of sulfatide. Soluble sulfatide compromised gap junctional 

communication and calcium waves, promoting the amplification of chronic CNS damage 

observed in the HIV-infected population under cART.   

 

MATERIALS AND METHODS  

Human tissue sections and myelin structure analysis 

Human brain tissues were obtained from the NeuroBioBank 

(https://neurobiobank.nih.gov/) and the National NeuroAIDS Tissue Consortium (NNTC; 

https://www.nimh.nih.gov/about/organization/dar/hiv-neuropathogenesis-genetics-and-

therapeutics-branch/national-neuroaids-tissue-consortium). The patient information is 

summarized in Table 2 and for all tissues analyzed the postmortem interval was similar, 

<24 h. Frozen fresh tissues were cut in 25 μm thick serial sections using a Leica CM1850 

cryostat (Buffalo Grove, IL) and thaw-mounted onto frosted glass microscope slides. 

Serial sections were fixed with PFA 4% (Cat# 15710-S, Electron Microscopy Science, 

Hatfield, PA) for 20 min and stored at 4°C. The first two serial sections of human frontal 

cortex fixed tissues were stained for Luxol fast blue, and Hematoxylin and Eosin by the 

UTMB anatomical pathology core facility and scanned with the NanoZoomer.2ORS 

(Hamamatsu Photonics, Japan). Subsequent serial sections were incubated with 

proteinase K (Cat# AM2546, Thermo Fisher Scientific, Waltham, MA) for 10 min at RT, 
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then the HIV DNA probe hybridization (Nef-PNA Alexa 488, Alexa488-

GCAGCTTCCTCATTGATGG, PNA Bio, Thousand Oaks, CA) was perfomed. The 

probe was washed in preheated stringent wash working solution (PNA ISH kit, Cat# 

K520111-2, Dako products-Agilent Technologies, Santa Clara, CA) diluted at 1:60 at 

55°C. To perform antigen retrieval, the sections were incubated in antigen retrieval 

solution (Cat# S1700, Dako products-Agilent Technologies) at 80°C for 30 min and 

permeabilized with Triton X-100 (Cat# X-100, Sigma-Aldrich, St. Luis, MO) 0.1% in 

TBS for 10 min. To block unspecific Fc receptor and other unspecific binding sites, our 

blocking solution contained: 1 ml 0.5 M EDTA pH 8.0 (Cat# 15575-038, Thermo Fisher 

Scientific), 100 μl gelatin from cold-water fish skin (Cat# G7765, Sigma-Aldrich), 0.1 g 

bovine serum albumin (BSA immunoglobulin-free, Cat# A2058, Sigma-Aldrich, or BSA 

fraction V, Cat# BP1605, Thermo Fisher Scientific), 100 μl horse serum (Cat# H1138, 

Sigma-Aldrich), 5% human serum (Cat# MT35060CI, Thermo Fisher Scientific), and 9 

ml ddH2O was used to incubate the sections for at least 1 h at room temperature or 

overnight at 4°C. Then the primary antibodies (MBP, anti-mouse, diluted 1:500, Cat# 

5M199, BioLegend, San Diego, CA; PLP, anti-mouse, diluted 1:200, Cat# MAB388; 

RRID: AB_177623, Millipore) were used to treat the sections overnight at 4°C. The 

slides were washed several times with TBS at room temperature and incubated with the 

appropriate secondary antibodies conjugated for 2 h, followed by several washes in TBS. 

Then, tissues were mounted using Prolong Diamond Antifade Mount Medium (Cat# 

P36930, Thermo Fisher Scientific). Tissues were examined by confocal microscopy using 

an A1 Nikon with a spectral detection system (Tokyo, Japan). Analysis and 

quantifications of 3D reconstructions were performed using NIS Elements (Japan) and 

ImageJ software.  
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MALDI-MSI analysis 

Serial sections of the unfixed human brain tissues were cut at 12 µm using a Leica 

CM 1860 cryostat and thaw-mounted onto stainless steel slides. After sectioning, tissues 

were placed in a desiccator for 15 min and then transferred to a -80°C freezer for storage. 

Prior to MALDI-MSI analysis, the thaw-mounted tissue sections were removed from the 

-80°C freezer and allowed to reach room temperature for 15 min. 1,5-

Diaminonaphthalene (D21200, Sigma-Aldrich) dissolved in 70% Acetone (34850, 

Sigma-Aldrich) was used as a matrix for negative ion mode lipid imaging. This matrix 

was applied to the tissue by automated air spray deposition using the TM-sprayer (HTX 

Technologies LLC, Chapel Hill, NC).  The nozzle temperature was set to 60°C, the flow 

rate was 50 µl/min, and 20 passes over the tissue were performed. MALDI-MSI analysis 

was performed using Q Exactive HF Hybrid Quadrupole-Orbitrap Mass Spectrometer 

(Thermo Fisher Scientific) equipped with an Elevated Pressure Matrix-Assisted 

Laser/Desorption Ionization (EP MALDI) source integrating an Nd: YAG laser 

(Spectroglyph LLC, Kennewick, WA). Data were acquired at 40 µm2 lateral resolution in 

negative ion mode at a laser power of 7 µJ. External mass calibration was performed 

using calibration solutions (Cat# A39239, Thermo Fisher Scientific).  The accurate mass-

measured lipid peaks were identified by matching reference lipids in the LIPID MAPS 

and Human Metabolome Database within a ±0.002 Da mass tolerance window. Thermo 

RAW format data files were converted to imzML using ImageInsight software 

(Spectroglyph LLC, Kennewick, WA). Data visualization was performed using SciLs 

software (SCiLS GmbH, Bremen, Germany).  

 

Cell Culture Methods 

Cortical human fetal tissue was obtained as part of a research protocol approved 

by the Albert Einstein College of Medicine and collected between 2011 to 2018 (Protocol 

Approved for EAE). As previously described, human astrocyte cultures were prepared 
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(Eugenin and Berman 2007). High glucose Dulbecco’s modified Eagle’s medium 

(DMEM, Cat# 11995-065, Thermo Fisher Scientific) supplemented with 10% fetal 

bovine serum (FBS, Cat# S12450H, Atlanta Biologicals, Flowery Branch, GA), 

penicillin, and streptomycin (Cat# 15070063, Thermo Fisher Scientific) were used to 

grow the cells at 37°C in a humidified atmosphere with 5% CO2. The sulfatide used was 

a commercial mix derived from the bovine brain, and the concentration selected was 

based on its lower pathological action of abnormally released lipid components at sites of 

injured and/or inflamed brain lesions (Jeon, Yoon et al. 2008) 

 

HIV infection 

Confluent cultures of human astrocytes were infected by incubation with HIVADA 

(20–50 ng/ml HIV-p24), using a previously described protocol (Eugenin, Clements et al. 

2011, Valdebenito, Castellano et al. 2021). Briefly, astrocyte cultures were exposed to the 

virus for 24 h, the medium was removed, and astrocytes were washed extensively to 

eliminate the unbound virus before adding a fresh medium.  The media was collected on 

day 7 post-inoculation.  

 

Calcium Imaging 

Human primary astrocytes are seeded in 35 mm Glass Bottom MatTek Dishes 

(Cat# P35G-1.5-14-C, MatTek Corporation, Ashland, MA). The confluent cells were 

transferred to a temperature-regulated chamber at 37°C of the confocal microscope Nikon 

A1 and incubated with 10 μM fluo-4 diluted in DMSO (Cat# F14201, Thermo Fisher 

Scientific); photometric data for [Ca2+] were generated by exciting cells at 488 nm and 

measuring emission at 516 nm every 5 sec for 20 min. An intracellular calibration was 

performed with each experiment by determining the fluorescence in the absence of a Ca2+ 

indicator (fluorescencemin) for 5 min and the presence of 3.6 μM ATP (Cat# A1852, 

Sigma-Aldrich), and 2 μM ionomycin (fluorescencemax) (Cat# I3909, Sigma-Aldrich). 
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The mean [Ca2+] was determined from three independent plate areas and analyzed 20 

cells per position.   

 

Total mRNA isolation 

Human primary astrocytes were treated with sulfatide 10 μg/ml (Cat# 24323, 

Cayman Chemical, Ann Arbor, MI) for 6, 12, and 24 h. This concentration was chosen 

according to lower pathological levels detected in non-myelinated areas of virologically 

suppressed HIV-infected individuals. Untreated and treated cells were harvested in TRI 

reagent (Cat# 93289, Sigma-Aldrich) according to the manufacturer’s instructions. Cells 

were scratched in TRI reagent (1 ml for 60 mm well plate), and 0.2 ml of chloroform 

(Cat# 288306, Sigma-Aldrich) were added to the samples. After 3 min, the mixtures were 

transferred to 1 ml Eppendorf containing 0.5 ml pf phase-lock gel (Cat# 2302830, 

QuantaBio, Beverly, MA) and centrifuged at 12000 x g for 15 min at 4°C to separate the 

RNA (aqueous phase) from proteins (red organic phase) and DNA (interphase). The 

aqueous phase was transferred to a fresh tube containing 0.5 ml of isopropanol (Cat# 

278475, Sigma-Aldrich). After 10 min, the samples were centrifuged at 12000 x g at 4°C 

for 15 min. The supernatant was removed, and 1 ml of 75% ethanol (Cat# 51976, Sigma-

Aldrich) was added to the RNA pellet at the bottom of the tube. The mixture was 

centrifuged at 7500 x g at 4°C for 5 min. The RNA was eluted from the filter in 100 μl of 

DEPC-treated water (Cat# AM9938, Thermo Fisher Scientific) and warmed for 10-15 

min at 60°C to fully dissolve. The RNA extract obtained was stored at -20°C until use. 

The concentration of each sample was calculated by spectrophotometric analysis (OD 

260/280) using NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific). 

 

Reverse Transcription PCR 

Reverse transcription for first-strand cDNA synthesis was performed using the 

SuperScript III First-Strand (Cat# 18080-051, Thermo Fisher Scientific) according to the 
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manufacturer’s instructions. 50 µM oligo (dT) was complexed with 2 μg of total RNA in 

a final volume of 10 μl. Samples were incubated at 65°C for 5 min and then placed on ice 

for at least 1 min. 10 μl of cDNA synthesis mix (containing 10x RT buffer, 2 mM 

MgCl2, 0.1 M DTT, 40 U/μl RNaseOUT, 200 U/ μl SuperScript III RT) was added 

before the use of the Thermocycler (50°C for 50 min, 85°C for 5 min) (Cat# 170-9703, 

BioRad, Hercules, CA). The cDNA obtained was stored at -20°C until use. 

 

Quantitative real-time PCR (qRT-PCR) 

The amplified cDNA was used to amplify and quantify GAPDH, Cx43, and ZO-1 

mRNA expression by qRT-PCR using ABsolute Blue qPCR SYBR low ROX mix (Cat# 

AB4323A, Thermo Fisher Scientific) in a StepOnePlus Real-Time PCR system (Cat# 

4376600, Thermo Fisher Scientific). The primers used correspond to human GAPDH 

forward: 5′-CTTGACGGTGCCATGGAATTTG-3′, GAPDH reverse: 5′-

GGGTTAAGGGAAAGAGCGACC-3′; Cx43 forward: 5′-

CCCCATTCGATTTTGTTCTGC-3′, Cx43 reverse: 5′-

GGGTTAAGGGAAAGAGCGACC-3′; ZO-1 forward: 5′-

TTTTAGGATCACCCGACGAC-3′; ZO-1 reverse: 5′-

CGCCTTTGGACAAAGAGAAG-3′. The program used was denaturation for 15 min at 

95°C and 40 cycles of denaturation, 30 sec at 95°C; anneal, 30 sec at 56°C; and 

amplification, 30 sec at 72°C. According to the CT values, expression was determined 

using the ΔΔCT method (Applied Biosystems, Life Technologies). 

 

Western blotting 

Human primary astrocytes untreated and treated with sulfatide for 6, 12, and 24 h 

were harvested in RIPA buffer (Cat# 9806, Cell Signaling, Danvers, MA) containing 

protease and phosphatase inhibitors (20 mM; pyrophosphate, 20 mM; NaF, 100 mM; 

NaVO3, 200 μM; leupeptin, 500 μg/ml; aprotinin, 40 μg/ml; soybean trypsin inhibitor, 2 
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mg/ml; benzamidine, 1 mg/ml; ω-aminocaproic acid, 1 mg/ml; PMSF, 3 mM; and EDTA, 

20 mM) and lysed. The protein content of each cell lysate was determined using 

Bradford’s method (Bio-Rad Labs). Samples containing 10 μg of protein were digested 

with 30 U of bovine intestinal alkaline phosphatase (Cat# P0114-10KU, Sigma-Aldrich) 

for 20 h at 4°C to eliminate the Cx43 phosphorylation and collapse all the isoforms into 

the non-phosphorylated isoform (Matesic, Rupp et al. 1994, Moreno, Saez et al. 1994, 

Mikalsen and Kaalhus 1996). Other undigested samples were used to analyze human 

Cx43, ZO-1, and GAPDH total protein levels. Proteins were separated in 7.5 % SDS-

PAGE and transferred to a nitrocellulose membrane, incubated sequentially with a 

blocking solution (5% non-fat milk in Tris-buffered saline). Antibodies anti-Cx43 (anti-

rabbit, dilution 1:1000, Cat# C6219, RRID:AB_476857, Sigma-Aldrich, St. Luis, MO), 

anti-ZO-1 (anti-rabbit, dilution 1:1000, Cat# 40-2200, RRID:AB_2533456, Thermo 

Fisher Scientific), anti-GAPDH (anti-rabbit, dilution 1:1000, Cat# 2118, 

RRID:AB_561053, Cell Signaling), and anti-rabbit IgG conjugated to HRP (dilution 

1:1000, Cat# 7074, RRID:AB_2099233, Cell Signaling) were used. Antigen-antibody 

complexes were detected by ECL (Cat# NEL103E001EA, Perkin Elmer, Boston, MA). 

The resulting immunoblot signals were scanned, and densitometric analysis was 

performed using Image Studio Lite Ver 5.2 software. All results were normalized to the 

values obtained for control conditions. 

 

Immunofluorescence 

Human primary astrocytes were grown on coverslips and treated with sulfatide 

(resulting in a final concentration of 10 μg/ml) for 6, 12, and 24 h. Untreated and 

sulfatide-treated cells were fixed with 4% PFA (Cat# 15710-S, Electron Microscopy 

Science, Hatfield, PA) and permeabilized in 0.1% Triton (Cat# X-100, Sigma-Aldrich) 

for 2 min at room temperature. Cells were incubated in blocking solution (0.5 M EDTA 

pH 8.0; Cat# 15575-038, Thermo Fisher Scientific), 1% fish gelatin from cold water 
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(Cat# G7765, Sigma-Aldrich), 0.1 g albumin from bovine serum-immunoglobulin free 

(Thermo Fisher Scientific), 1% Horse Serum (Cat# H1138, Sigma-Aldrich), 5% human 

serum (Cat# 31876, Thermo Fisher Scientific), 9 ml ddH20) overnight at 4°C and then in 

diluted primary antibodies (anti-Cx43, anti-rabbit, dilution 1:1000, Cat# C6219, 

RRID:AB_476857, Sigma-Aldrich, St. Luis, MO; anti-ZO-1, anti-mouse, dilution 1:200, 

Cat# MABT11, RRID: AB_10616098, Millipore) overnight at 4°C. Cells were washed 

several times with PBS (Cat# BP665-1, Thermo Fisher Scientific) at RT and incubated 

with the appropriate secondary antibodies (Phalloidin 680, dilution 1:2500, Cat# A22286, 

Thermo Fisher Scientific) for at least 2 h at room temperature followed by several washes 

in PBS. Cells were then mounted using Prolong Gold anti-fade reagent (Cat# P36930, 

Thermo Fisher Scientific) and examined using an A1 confocal microscope with a spectral 

detection device (Nikon, Japan). Antibody specificity was confirmed by replacing the 

primary antibodies with the appropriate isotype-matched control reagent, anti-IgG2A, or 

the IgG fraction of normal mouse/rabbit serum (Cat# A2179, RRID: AB_257981/ Cat# 

A0418, RRID: AB_257885, Sigma-Aldrich). 

 

Scrape loading assay  

The functionality of GJ channels was evaluated by scrape loading using a 

previously published protocol [85]. In brief, 0.5% Lucifer yellow (a fixable dye 

permeable to GJs, 5% w/v in 150 mM LiCl; 520-Da dye, Cat# L0144, Sigma-Aldrich), 

and Dextran-Alexa Fluor 594 (dye not permeable to gap junctions; 10,000 k.Da., Cat# 

D22913, Thermo Fisher Scientific) dissolved in PBS were added to confluent primary 

astrocytes treated with sulfatide for 6, 12 and 24 h, and a scrape using a blade was 

performed. The dye solution was left on the cells for 5 min and discarded, and the plate 

was rinsed with PBS. Gap junctional permeability was also inhibited by adding the 

blocker 18-α-glycyrrhetinic acid (AGA, 50 µM in DMSO, Cat# G8503, Sigma-Aldrich) 

or 1-Octanol (0.5 mM, Cat# 297887, Sigma-Aldrich) for 5 min in the media before dye 
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permeabilization. To examine the unspecific uptake of LY from the media, plates were 

prepared by exposing the cells under similar conditions to the dye mixture but without 

scraping. The marker dye, dextran-Alexa Fluor 594, remained entrapped, thus labeling 

the primary loaded cells at the edge of the scrape areas. The damaged cells could pick up 

the dye mixture and transfer LY into the neighboring cells through functional GJ. The 

distance or LY diffusion from the damaged area was normalized by the distance or 

diffusion of the impermeable dextran-Alexa Fluor 594 and measured using the confocal 

microscope Nikon A1. The percentage of coupling was calculated by direct comparison 

to untreated cultures. 

 

Statistical Analysis 

All data were expressed as mean ± standard deviation (SD). Differences among 

groups were analyzed using a t-test with Welch’s Correction or the Holm-Sidak method 

(alpha = 0.05) and 2way ANOVA Tukey’s/Dunnett’s/Bonferroni’s multiple comparisons 

test. The level of significance was accepted at p≤0.05. GraphPad Prism 8 software was 

used for the statistical analyses performed. 

 

RESULTS 

Demographics of the samples analyzed  

Table 2 summarizes the demographics of the individuals. The samples were 

obtained from the National NeuroAIDS Tissue Consortium (NNTC) and the 

NeuroBiobank. The population analyzed did not show differences among the uninfected 

normal and the HIV-positive groups with MND (HIV-MND) and HAD in age, except for 

the uninfected with Alzheimer’s disease (AD) group that includes two young and two old 

subjects (HIV-negative, mean=45±4.7 years; HIV-positive with MND, mean=50±6.1 

years; HIV-positive with HAD, mean=51±6.6 years; HIV-negative-Alzheimer’s disease= 
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63±17.8 years; Table 2), and gender (HIV-positive=37.5% female and 62.5% male; HIV-

negative=50 % female and 50% male; Table 2). The HIV-positive cohort had an average 

of 11.5±5.4 years living with HIV for the MND group and 9±9.6 for the HAD group. 

HIV-MND cohort had a mean plasma HIV RNA of 4±1.4 log copies/ml and 2.6±0.9 log 

copies/ml in the plasma and CSF, respectively, and an average CD4 count of 199±262.6 

cells/mm3. The HAD cohort had a mean plasma HIV RNA of 3.3±1.9 log copies/ml and 

3.4±1.6 log copies/ml in the plasma and CSF, respectively, and an average CD4 count of 

47.3±47.8 cells/mm3 (see Table 2). 

 

Myelin structure is compromised in the brain areas containing HIV reservoirs 

Several laboratories using different imaging and histological techniques 

demonstrated that HIV-infected individuals under cART show localized damage or 

hyper-densities in white matter (WM) (Erten-Lyons, Woltjer et al. 2013, Behrman-Lay, 

Paul et al. 2016, Boerwinkle and Ances 2019). To determine whether our HIV brain 

tissues obtained from individuals with and without cognitive impairment (HIV-MND and 

HAD) had WM compromise, we analyzed the status of the myelin tracks compared to 

uninfected (control) and Alzheimer’s disease tissues (AD). Alzheimer’s brain tissues 

were included as a positive control for demyelination due to the severity of the selected 

cases. Serial sections of the prefrontal cortex were selected due to documented synaptic-

dendritic damage in HIV-infected individuals (Irollo, Luchetta et al. 2021). Gross 

histological analysis was performed using the Luxol Blue and H&E staining (Fig. 3.1 A-

H). Luxol Blue stains myelin lipoproteins in blue and the neurons in violet (Fig. 3.1 A-

D). A remarkable separation between the grey and white matter was observed in brain 

tissues obtained from control-uninfected and HIV-MND/HAD individuals (Fig. 3.1A, B, 

and C). In the brain tissues obtained from individuals with severe Alzheimer’s disease, 

WM and GM could not be delineated based on either the Luxol blue or H&E-stained 

images (AD, Fig. 3.1 D, and H) due to the demyelination process. Confocal and image 
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analysis for MBP (Fig. 3.1I-L, WM/GM interface is indicated in white lines) and PLP 

(Fig. 3.1M-P, WM/GM interface is indicated in white lines) indicates that both proteins 

were concentrated within the WM (Fig. 3.1, I and M, control). Quantification of the 

positive pixel versus distance from the WM/GM interface confirmed that MBP and PLP 

were concentrated in the WM in uninfected brains (Fig. 3.1Q and R, respectively).  In 

brains obtained from HIV-infected individuals with MND and HAD, a reduction in MBP 

(Fig. 3.1J and K, quantification in Q) and PLP (Fig. 3.1N and O, quantification in R) 

staining were detected in the WM, interface, and the GM. The reduction in MBP and PLP 

staining was not associated with alterations in the numbers of cell bodies; instead, a 

reduction in cell processes was detected (see Fig. 3.1 J-K and N-O, respectively). 

Analysis of brains obtained from individuals with severe AD indicates that MBP and PLP 

distribution (Fig. 3.1L and P, respectively) and expression (Fig. 3.1Q and R, respectively) 

were reduced at the WM, interface, and GM compared to control and HIV conditions 

(Fig. 3.1Q and R). Overall, our data indicate that HIV infection and associated cognitive 

impairment compromised the distribution and expression levels of MBP and PLP.  

 

HIV infection compromises myelin structure 

To further examine the characteristic of the myelin compromise induced by HIV, 

we examined in more detail the structure and distribution of the myelin sheath (thickness 

of the myelin around the axons and the length between the Ranvier’s nodes, see cartoon 

in Fig. 3.2A) using higher resolution confocal microscopy, 3D reconstruction, and 

deconvolution. To perform these analyses, tissues in two different orientations were used, 

sagittal and coronal, to observe cross and longitudinal axons. First, cross-sections of 

axons are represented as “donut” shaped MBP structures with the axon in the center (Fig. 

3.2B-E). Second, longitudinal axons enable us to determine the length of the myelin 

sheath, including the Ranvier’s node (Fig. 3.2F-I).  
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The analysis of cross-sections obtained from uninfected control individuals 

indicates that MBP staining provided a myelin sheath thickness of 5.5±1.1 µm (Fig. 

3.2B). In contrast, the analysis of brain tissues obtained from HIV-infected individuals 

with MND or HAD and stained for MBP shows a compromised myelin sheath thickness 

of 4.3±0.8 µm and 3.5±1.1 µm, respectively (Fig. 3.2C and D, respectively). Analysis of 

brain tissues obtained from severe cases of AD shows compromised myelin thickness in 

the GM compared to uninfected control and HIV brain tissues (Fig. 3.2J, *p≤0.0001 

compared to GM Control, 3 replicates, 4 different tissues).  However, there were no 

differences in WM thickness among control uninfected, HIV-infected (MND or HAD), 

and AD tissues (Fig. 3.2J, WM). In conclusion, our MBP staining data of cross-section 

axons indicates that myelin thickness is reduced in HIV-infected brains to severe AD 

cases (Fig. 3.2J).    

The analysis of coronal uninfected brain sections to observe longitudinal axon 

structures shows a repetitive pattern consistent with the distribution and distance of the 

myelin sheath separated by the Ranvier’s nodes (Fig. 3.2A, F, and K, cartoon, staining, 

and quantification, respectively). There are no changes in the myelin length among brains 

of uninfected and HIV individuals with MND or HAD even when WM and GM were 

quantified separately (Fig. 3.2K). These data indicate that the distances between the 

Ranvier’s nodes were constant even in HIV-infected brains. In contrast, the analysis of 

brains from AD individuals indicated a GM myelin length compromise compared to 

uninfected and HIV conditions (Fig. 3.2K, AD, *p≤0.05 compared to GM Control, 3 

replicates, 3 different tissues). Overall, our data indicate that HIV infection compromises 

myelin structures, especially the myelin sheet's thickness.  

 

Myelin damage is associated with the presence of viral reservoirs 

A significant observation is that myelin damage was not uniform within the brain. 

Thus, we hypothesize that myelin damage was associated with the presence of long-
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lasting HIV-infected cells, also called viral reservoirs. We performed tissue staining for 

HIV-DNA to demonstrate our hypothesis using a nef DNA probe, nuclei (DAPI), and 

MBP or PLP (Fig. 3.3). In control uninfected and AD tissues, no staining for HIV nef 

DNA was observed (Fig. 3.3B and N).   

We identified that brain areas with compromised myelin structures were 

associated with the presence of cell clusters containing viral DNA in the WM and GM 

under MND and HAD conditions (Fig. 3.3, E-H and I-L, respectively, see dotted circles). 

Viral reservoirs corresponded to microglia/macrophages (Iba-1 positive cells) and 

astrocytes (GFAP positive cells), and the ratio of both infected cell types depends on the 

length of cART. The re-assessment of myelin compromise described in Fig. 3.1 and 3.2, 

based on the presence of HIV-DNA, indicated that 82.02 ± 11.6% of the areas with HIV-

DNA were associated with decreased MBP and PLP expression and compromised myelin 

thickness compared to uninfected brains (Fig. 3.3, uninfected controls set to 100±26.3 

A.U.). We determined that myelin compromise from HIV-DNA positive cells could reach 

distances up to 250±1.25 µm, suggesting a mechanism of chronic damage amplification 

under cART conditions. The quantification of the MBP/PLP expression around viral 

reservoirs (HIV- positive DNA cells and up to 250±1.25 µm around these cells, Fig. 

3.3Q, white bars) indicates that myelin components were compromised more around viral 

reservoirs than in areas without viral reservoirs (Fig. 3.3Q, black bars, MND, white bars 

compared to black bars, *p≤0.05, n=3 different tissues per patient, n=16 and 8 from HIV-

infected individuals). The lack of differences in myelin damage between HIV-MND and 

HIV-HAD also was unrelated to the numbers of HIV-nef DNA positive cells (more 

abundant in HAD conditions), systemic replication, CD4 counts, age, sex, cART, and 

years with HIV (see table 2) suggesting that even in the cART era chronic damage is still 

significant. In addition, there are no significant differences in MBP/PLP expression in 

areas without HIV-DNA or at distances over 250 µm. In conclusion, myelin compromise 
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is associated with the presence of viral reservoirs, and the degree of damage is 

maintained in HIV-MND and HAD cases.  

 

Sulfatide is a key dysregulated lipid in HIV-associated myelin damage: a potential 

biomarker of HIV CNS disease 

To examine further the mechanism of myelin compromise induced by HIV-

infected cells, we performed an unbiased lipid screening using MALDI-MSI. Our 

screening indicates that sulfatide, a key lipid family involved in maintaining myelin 

structure, was compromised in HIV conditions. Sulfatide comprises 4-7% of all myelin 

lipids (Palavicini, Wang et al. 2016), plays a critical role during the myelin compaction, 

and remains in the compacted myelin. However, the release of sulfatides due to myelin 

damage promotes inflammation (Jeon, Yoon et al. 2008), oligodendrocyte survival 

(Shroff, Pomicter et al. 2009), and prevents axonal outgrowth (Winzeler, Mandemakers 

et al. 2011); but the mechanisms associated with the damage remain to be fully explored. 

More importantly, sulfatide species have been proposed to have strong interactions with 

HIV-Gp120, altering viral fusion, and HIV-associated dementia (see review by 

(Takahashi and Suzuki 2012)). Also, soluble sulfatide, like MBP and PLP, could generate 

autoreactive T cells in the patients exacerbating brain damage (Stax, Tuengel et al. 2017). 

Thus, we examined the expression and distribution of sulfatide in the analyzed brains by 

MALDI-MSI.  

MALDI-MSI enables us to detect and visualize the distribution of multiple 

sulfatide species identified based on carbon length and saturation. Serial sections were 

used to perform H&E staining, and the subsequent section was used for MALDI-MSI. 

Analysis of different sulfatide species indicates that in control uninfected conditions, 

sulfatide is concentrated in the WM as expected (Han 2007) (examples of 18:0, 18:1, 

22:0, 24:0, 24:1, and 26:1, as well as their hydroxylated species, are shown, Fig. 3.4 and 

3.5). Shorter sulfatide species such as 18:0, 18:1, 22:0 and their hydroxylated species, as 
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18:0 OH, 18:1 OH, and 22:0 OH, were not altered in HIV (MND or HAD) and AD 

conditions (Fig. 3.4A-I and 3.5 A-I). However, the analysis of 24 carbon chain sulfatides 

(24:0, 24:1 and hydroxylated species, 24:0 OH and 24:1 OH) indicates an upregulation of 

these sulfatides (*p≤0.05 compared to control, n=4), known to be the primary sulfatides 

comprising mature myelin (Hirahara, Wakabayashi et al. 2017), in the WM in HIV 

conditions, MND and HAD. Moreover, another long-chain sulfatide, 26:1 and 26:1 OH, 

was not affected by HIV or AD status (Fig. 3.4 and 3.5). Surprisingly, the increased 

levels and specificity of the sulfatide species were similar to the changes observed in 

brain tissue myelin tracks from severe AD cases (Fig. 3.4 and 3.5). Further, our MALDI-

MSI data indicates two critical points; first, myelin damage is specific for some sulfatide 

species. Second, the damage to the myelin sheath is comparable to the extensive damage 

observed in AD individuals. Supporting these points, structural membrane lipids like PA 

39:3 or PE 40:6 were not affected by HIV infection or the cognitive impairment status, 

MND or HAD (Fig. 3.6, n=4 different tissues). They were expressed in the WM and GM 

and used as markers to delineate the tissue regions. Overall, our data indicate that HIV 

infection induces the dysregulation of specific sulfatide species and could provide early 

indicators of CNS compromise in the HIV-infected population.  

 

Soluble sulfatide compromises the generation of calcium waves in pacemarkers 

astrocytes 

Our data indicate that HIV infection and compromised cognition in the HIV-

infected population are associated with increased sulfatide levels and myelin structural 

changes. However, whether soluble sulfatide can alter brain function is unknown. We 

hypothesize that sulfatide could participate in the bystander damage indicated above. 

Currently, two critical observations support a long-range or bystander-associated damage 

generated by HIV-infected cells: first, the association of myelin damage with HIV-

infected cells, and second, the compromise of myelin integrity suggesting a long-range 
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electrical signaling dysfunction. Our laboratory identified gap junction channels and 

hemichannels as key systems to amplify bystander damage mediated by viral reservoirs 

by an IP3 and calcium-mediated mechanisms even in the absence of viral replication 

(Eugenin and Berman 2007, Eugenin, Clements et al. 2011, Eugenin and Berman 2013, 

Berman, Carvallo et al. 2016, Malik, Theis et al. 2017, Gajardo-Gomez, Santibanez et al. 

2020, Lutgen, Narasipura et al. 2020, Malik, Valdebenito et al. 2021, Valdebenito, 

Castellano et al. 2021). We determined calcium waves to measure cell-to-cell 

communication and bystander damage, critical mechanisms related to viral reservoirs-

associated dysfunction in neighboring uninfected areas. 

Human primary astrocytes were plated on Matek plates in uninfected or HIVADA-

infected conditions (7 days post-infection) as we described (Eugenin and Berman 2007, 

Eugenin, Clements et al. 2011).  Calcium imaging analysis of the primary human 

astrocyte cultures identified two astrocyte populations: pacemakers (with intrinsic 

calcium oscillations) and non-pacemakers (responders to the pacemakers). Analyzing 

these cell populations enables us to determine the period, amplitude, peak numbers, 

intensity (area under the curve), and frequency (see an example of the signaling in Fig. 

3.7). Fig. 3.7A represents all the measures performed in the cultures, including the area 

under the curve that provides the calcium baseline (Fig. 3.7B), the number of calibrated 

peaks per time unit (discounting background intensity, Fig. 3.7C), the calibrated time that 

the peaks last during the time analyzed (period discounting background intensity, Fig. 

3.7D), calibrated peak frequency (discounting background intensity, Fig. 3.7E), and the 

calibrated amplitude (discounting background intensity, Fig. 3.7F) (see methods for 

details).  

Quantification of the calcium baseline or area under the curve indicates neither 

HIV infection nor sulfatide treatment alters the overall calcium signaling during the time 

analyzed in non-pacemaker (NPM) and pacemaker astrocytes (20 min post sulfatide 

treatment or after 7 days post-infection, Fig. 3.7B). However, the calcium peaks in 
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uninfected pacemaker cells were reduced by sulfatide treatment (Fig. 3.7C, *p≤0.05, n=3 

independent experiments) but not in NPM cells or the pacemaker cells in HIV-infected 

conditions (Fig. 3.7C).   

Analysis of the periods between calcium increased indicates that HIV infection 

reduced the total number of periods, but treatment with sulfatide recovered the number of 

calcium wave periods to control levels (Fig. 3.7D, *p≤0.05, n=3). No changes in periods 

were found in NPM cells (Fig. 3.7D). Analysis of the calibrated frequency of the calcium 

signals indicates no changes in uninfected or HIV-infected NPM cells and uninfected 

pacemaker cells (Fig. 3.7E). However, sulfatide in pacemaker cells in HIV-infected 

cultures reduced the calibrated frequency (Fig. 3.7E, *p≤0.0001, n=3). The analysis of 

the amplitude of the calcium signals in uninfected and HIV-infected cultures in the 

presence and absence of sulfatide indicated no changes (Fig. 3.7F).  

Overall, our data indicate that sulfatide in uninfected and HIV-infected astrocytes 

cultures did not affect calcium signaling in NPM cells. However, sulfatide was able to 

compromise pacemaker cells in uninfected and HIV-infected conditions. These data 

indicate that HIV infection in combination with sulfatide alters the calcium signaling 

between the pacemaker and non-pacemaker cells (responders), compromising the 

coordination between both cell types. 

  

Soluble sulfatide increases Cx43 and ZO-1 expression 

Our laboratory and others identified that gap junction channels are essential to 

coordinate calcium waves (Nedergaard, Cooper et al. 1995, Wang, Tymianski et al. 1997, 

Cotrina, Lin et al. 1998, Eugenin, Gonzalez et al. 1998, Cotrina, Lin et al. 2000, Simard, 

Arcuino et al. 2003). Also, HIV infection of astrocytes upregulates Cx43 expression and 

gap junctional communication (Berman, Carvallo et al. 2016, Prevedel, Morocho et al. 

2017), and blocking gap junctional communication prevents bystander damage induced 

by the virus (Eugenin and Berman 2007, Eugenin, Clements et al. 2011, Eugenin and 
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Berman 2013, Malik, Theis et al. 2017, Malik, Valdebenito et al. 2021). However, the 

participation of host factors such as sulfatide in regulating Cx43 channels is unknown.  

We evaluated whether treating primary human astrocyte cultures with soluble 

sulfatide (10 µg/ml) altered Cx43 and ZO-1 expression using qRT-PCR and Western Blot 

analysis (Fig. 3.8). Sulfatide treatment of uninfected astrocyte cultures increased Cx43 

mRNA expression in all the cultures analyzed (from different individuals) at different 

time points (6, 12 or 24 h) (Fig. 3.8A, 6.16 ± 3.39 folds at the peak of Cx43 mRNA, 

*p≤0.05 at peak upregulation analyzed, n=5). 

Western blot analysis of astrocyte cultures indicates that sulfatide increased the 

Cx43 protein levels at all the time points analyzed, 6, 12, and 24 h (Fig. 3.8B, Cx43 and 

GAPDH as a loading control). However, there are no changes in the phosphorylation 

ratio of the protein, including non-phosphorylated, phosphorylated isoform 1 (P1), 

phosphorylated isoform 2 (P2), and phosphorylated isoform 3 (P3), and 

hyperphosphorylated (HP, not shown). To demonstrate that the total Cx43 was increased 

over the phosphorylation, the lysates were incubated with alkaline phosphatase (AP) to 

eliminate any protein phosphorylation (Fig. 3.8B and D). The quantification of total 

unphosphorylated Cx43 protein confirmed our previous data that sulfatide increased the 

total amount of Cx43. The quantification of the Cx43 protein upregulation indicates an 

increase of the total amount, Cx43 2.10±0.62, and digested Cx43, 1.30±0.28 (Fig. 3.8C 

and D, respectively. *p≤0.05 at peak upregulation analyzed, n=5 different astrocyte 

cultures from different individuals).  

A critical partner of Cx43 at the plasma membrane is the adaptor protein, ZO-1 

(Thevenin, Margraf et al. 2017). Notably, ZO-1 interaction regulates GJ’s dynamic 

turnover maintaining GJ channels in the plasma membrane in a functional state. When 

ZO-1 separates from Cxs, it induces GJs closure and transitioning for endocytosis 

(Thevenin, Kowal et al. 2013, Thevenin, Margraf et al. 2017). qRT-PCR analysis for ZO-

1 and GAPDH mRNA demonstrated that sulfatide treatment also upregulates ZO-1 
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mRNA compared to untreated astrocytes (Fig. 3.8E, *p≤0.05 timepoints at peak 

expression analyzed, n=4). Furthermore, Western blot analysis indicated that sulfatide 

treatment increased ZO-1 protein (Fig. 3.8F, *p≤0.05 at peaks expression analyzed, n=3). 

These results suggest that extracellular or soluble sulfatide upregulates Cx43 and ZO-1 

expression, both critical components of calcium waves coordination and cell-to-cell 

communication.  

 

Soluble sulfatide induces the maintenance of Cx43 at the plasma membrane 

Untreated control and sulfatide-treated cultures were analyzed by confocal and 

image analysis for Cx43, ZO-1, actin (phalloidin), and nuclei (DAPI). 3D reconstructions 

indicate that Cx43 and ZO-1 are localized at the plasma membrane and internal vesicular 

stores in control conditions (Fig. 3.9A). Sulfatide treatment for 6, 12, or 24 h increased 

Cx43 and ZO-1 staining determined by the numbers of positive pixels (Fig. 3.9B, 

quantification in 3.9C, *p≤0.05 at peak expression analyzed, n=3), in agreement with our 

mRNA and protein data (Fig. 3.9A-F). Analysis of specific ROI, plasma membrane, GJ 

plaques, and intracellular vesicles indicates an upregulation in each compartment. 

Colocalization analysis between Cx43 and ZO-1 was performed using Pearson’s 

colocalization (Dunn, Kamocka et al. 2011). In control, untreated conditions, most Cx43 

colocalized with ZO-1, but sulfatide treatment increased the colocalization of both 

proteins (Fig. 3.9D, *p≤0.05 at peak expression analyzed, n=3). Overall, soluble sulfatide 

increased the expression and maintained the channels and the interacting proteins on the 

membrane, suggesting that releasing sulfatide from myelin tracks can profoundly affect 

gap junctional communication. Our data on neuroHIV indicates that gap junctions are 

essential for spreading toxicity and apoptosis even in the cART era; thus, the release of 

sulfatide can further increase the radius of damage.  
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Soluble sulfatide enhanced gap junctional communication 

We performed scrape loading-dye transfer assay experiments to determine 

whether the changes in calcium, Cx43/ZO-1 expression, and localization resulted in 

functional changes in gap junctional communication (Fig. 3.10A, cartoon). Briefly, a 

monolayer of astrocytes was scratched in the presence of two dyes, Lucifer yellow LY, 

which crosses gap junctions, and dextran, which does not cross gap junctions due to its 

size. LY, but not dextran, is taken up for the damaged cells and diffused by gap junction 

into the intact neighboring cells (Nodin, Nilsson et al. 2005).  

In control untreated conditions, LY, but not dextran, diffused up to 1400 µm, 

indicating a strong gap junctional communication (Fig. 3.10B and H correspond to the 

quantification of LY intensity). The preincubation of the cultures with 18α‐glycyrrhetinic 

acid (AGA, 50 µM) or Octanol (OCT, 500 µM), two well-known gap junction blockers, 

prevented the diffusion of LY (Fig. 3.10C and D, *p≤0.05, n=3). Sulfatide treatment did 

not increased the LY diffusion distance but induced a higher LY intensity than control 

conditions (Fig. 3.10E and G, quantification of LY intensity, *p≤0.05, n=3). Pre-

application of AGA or OCT in sulfatide-treated cultures prevented the LY diffusion and 

decreased LY intensity in response to the treatment reducing them to 500 and 600 µm, 

respectively (Fig. 3.10F and G, and H for the quantification, #p≤0.05, n=3). Overall, our 

data indicate that sulfatide increased gap junctional communication in astrocytes, even in 

the absence of HIV components, supporting the hypothesis that sulfatide release in HIV-

infected tissues due to the presence of viral reservoirs enhances cell-to-cell 

communication.  
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Table 2: Patient information for the analyzed brain tissue samples 

 

 

Information for all 16 individual donors of brain tissue is provided, including HIV and 

cognitive status, age, gender, plasma viral load (log cells/ml), CD4 counts (cells/mm3), 

CSF viral load (log cells/ml), cART treatment description, and years were living with 

HIV. NA: not applicable; NP: not present; CS: cognitive status; AD: Alzheimer’s 

Disease; 3TC: epivir; KTA: anile heads; TFV: tenofovir; SQV: saquinavir; RTV: 

Nº. 
HIV-

HAND 
Age Gender 

Plasma VL (log 

copies/ml) 

CD4 

(cell/mm3) 

CSF VL (log 

copies/ml) 
cART Years with 

HIV 

1 NA 51 M NA NP NA NA NA 

2 NA 46 M NA NP NA NA NA 

3 NA 40 F NA NP NA NA NA 

4 NA 43 M NA NP NA NA NA 

5 
HIV + 

MND 
54 M 5.88 18 3.27 

3TC; TFV; SQV; 

RTV 
13 

6 
HIV + 

MND 
54 F 2.6 211 1.7 

3TC; D4T; NVP; 

FTV 
10 

7 
HIV + 

MND 
41 F 4.09 566 1.89 DLV; D4T; 3TC 5 

8 
HIV + 

MND 
49 M 3.32 1 3.36 

KTA; CBV; EFV; 

ABC 
18 

9 
HIV + 

HAD 
58 M 5.7 5 3.14 

D4T; ZDV; 3TC; 

KTA 
23 

10 
HIV + 

HAD 
47 F 2.6 98 4.34 

RTV; KTA; ZDV; 

3TC 
2 

11 
HIV + 

HAD 
44 F 3.54 78 4.88 

RTV; IDV; D4T; 

3TC 
4 

12 
HIV + 

HAD 
55 F 1.3 8 1.3 

TMC; TFV; RGV; 

FTC 
7 

13 NA - AD 54 M NA NP NA NA NA 

14 NA - AD 45 F NA NP NA NA NA 

15 NA - AD 71 F NA NP NA NA NA 

16 NA - AD 85 F NA NP NA NA NA 
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ritonavir; DLV: delavirdine; D4T: stavudine; NVP: Nevirapine; FTV: Fortovase; CBV: 

combivir; IDV: indinavir; EVF: efavirenz; ABC: abacavir; ZDV: zidovudine; TMC: 

etravirine; RGV: raltegravir; FTC: emtricitabine. 
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Figure 3.1. Human prefrontal cortex tissue samples obtained from HIV-infected 

individuals with MND and HAD show a decreased expression of myelin structural 

proteins than control uninfected tissues 
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Human prefrontal cortex obtained from control uninfected, HIV-infected with MND 

(HIV-MND), HAD, or Alzheimer’s Disease (AD, used as a positive control) patients 

were analyzed by histologic and immunofluorescence staining for MBP and PLP. (A-D) 

Representative images of Luxol Blue stained tissues for all the conditions analyzed, the 

inset corresponds to the amplification shows the interface area between the WM and GM. 

(E-H) Representative images of H&E-stained tissues for all the conditions analyzed, the 

inset corresponded to the amplification shows the interface area between the WM and 

GM.  (I-L) Distribution of MBP at the WM/GM interface (the white line indicates the 

interface). (M-P) Distribution of PLP at the interface (the white curve indicates the 

interface). (Q) Quantification of the total pixels per area for MBP staining in control 

(black curve), HIV- MND (red curve), HAD (blue curve), and AD (green curve) human 

brain tissues for MBP in the closer WM and GM to the interface (200 µm); data points 

were analyzed by 2-way ANOVA multiple comparison test (n=3). (R) Quantification of 

the total pixels per area for PLP in control (black curve), HIV- MND (red curve), HAD 

(blue curve), and AD (green curve) human brain tissues for PLP in the closer WM and 

GM to the interface (200 µm); data points were analyzed by 2-way ANOVA multiple 

comparison test (n=3). Overall, our data indicate that HIV infection compromises the 

WM/GM interface for decreased expression of key myelin-related proteins, MBP and 

PLP.  
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Figure 3.2. Human prefrontal cortex tissues obtained from HIV-infected individuals with 

HIV-MND and HAD show a decreased myelin thickness and compromised organization 

Human prefrontal cortex isolated from control uninfected, HIV-infected with MND 

(HIV-MND) and HAD, and Alzheimer’s Disease (AD) patients, used as a positive 

control, were analyzed by immunofluorescence staining for MBP. (A) The cartoon shows 

the structure of the myelin sheath and the distribution of our selected proteins, MBP and 

PLP. (B-E) Distribution of MBP in the GM of human brain tissues to analyze myelin 

thickness (star indicates magnification at the right corner). (F-I) Distribution of MBP in 

the WM of human brain tissues to analyze myelin length (star indicates magnification at 

the right corner). (J) Quantification of the myelin thickness in µm in the WM and GM of 
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control (black bars), HIV- MND (red bars), HAD (blue bars), and AD (green bars) 

human brain tissues; data points were analyzed by 2-way ANOVA multiple comparison 

test (*p≤0.0001 compared to GM Control). (K-J) Quantification of the myelin length in 

µm in the WM and GM of control (black bars), HIV- MND (red bars), HAD (blue bars), 

and AD (green bars) human brain tissues; data points were analyzed by 2-way ANOVA 

multiple comparison test (*p≤0.05 compared to GM Control; n=3). 
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Figure 3.3. Myelin structures are compromised in areas with HIV reservoirs 

The human prefrontal cortex was obtained from control uninfected, HIV-infected with 

MND (HIV-MND) and HAD, and Alzheimer’s Disease (AD) patients, used as a positive 

control, and analyzed by immunofluorescence staining for DAPI (blue), HIV DNA for 

nef (green), and MBP (red). DAPI staining was reduced to appreciate the HIV DNA 

signal. (A-D) correspond to a representative analysis of control uninfected brains. (E-H) 

Correspond to representative staining of an HIV-infected individual with MND and 

positive HIV DNA cells. (I-J) Correspond to a representative analysis of brains obtained 

from HIV-infected individuals with HAD. (M-P) Correspond to a representative example 

of uninfected Alzheimer’s disease (AD) brains. Circles in each picture represent areas 

with HV DNA positive cells.  (Q) Quantification of the total pixels of MBP/PLP per area 

unit in the absence (HIV(-)DNA area, black bars) and presence of viral reservoirs 

(HIV(+)DNA area, white bars). The Student’s t-test analyzed data points with Welch’s 

Correction for significance (*p≤0.05 compared to HIV(-)DNA area; n=3 different 

individuals). 
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Figure 3.4. Sulfatide 24:0 and 24:1 species are upregulated in HIV-MND and HAD, 

similarly to severe AD cases.  

The human frontal cortex of uninfected (Control), HIV-infected with MND (HIV-MND), 

HIV-infected with HAD (HAD), and AD patients were analyzed by MALDI-MSI 
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analyzed. (A-D) Representative MALDI MSI images of uninfected control, HIV-MND, 

HAD and AD brains for sulfatide 24:0 (n=4, three representative brains are shown). (E-

H) Representative MALDI-MSI images for sulfatide 24:1 (n=4, three representative 

brains are shown). Statistically-significant differences were not observed for 18:0, 18:1, 

22:0, and 26:1 sulfatide (See Fig. 3.5) for hydroxylated sulfatide species). All sulfatide 

species analyzed were highly concentrated in the WM. Sulfatides 24:0 and 24:1, known 

to be present in adult myelin, are significantly increased in neuroHIV conditions. Note 

that sulfatide compromise was similar to severe AD cases, suggesting that damage in 

HIV in some cases can be comparable to severe AD cases. The gradient intensity scale 

expresses relative intensity. In contrast, PA and PE (Fig. 3.6) were not affected and were 

used as markers for the WM and GM, respectively. Analysis of the hydroxylated 

sulfatide species was performed similarly to the sulfatide species described in the current 

figure (Fig. 3.5). (I) Quantification of the WM ROI lipid signal intensity for sulfatide 

18:0, 18:1, 22:0, 24:0, 24:1 and 26:1 in control (black bars), HIV-MND (red bars), HIV-

HAD (blue bars), and AD (green bars) conditions. Data points were analyzed by 2way 

ANOVA Dunnett's multiple comparisons test for significance (*p≤0.05 compared to 

Control; n=4). 
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Figure 3.5. Hydroxylated sulfatides show specific changes during progressive HIV 

neurodegeneration 
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The human frontal cortex of uninfected (Control), HIV-infected with MND (HIV-MND), 

HIV-infected with HAD (HAD), and AD patients. (A-D) Representative MALDI MSI 

images for sulfatide 24:0 OH. (E-H) Representative MALDI MSI images for sulfatide 

24:1 OH. In addition, sulfatide 18:0 OH, 18:1 OH, 22:0 OH, 24:0 OH, 24:1 OH, and 26:1 

OH were determined. All sulfatides were localized in the WM. Sulfatide 24:0 OH and 

24:1 are present in the adult myelin and significantly increase in neuroHIV conditions. (I) 

Represent the quantification of the sulfatide relative expression in the WM ROI for all the 

conditions (n=3 presented of a total of n=4 different individuals). Student’s t-test with 

Welch’s Correction for significance, *p≤0.05). The gradient intensity scale expresses 

relative intensity. 
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Figure 3.6.  Phosphatidic acid (PA) and phosphatidylethanolamine (PE) levels and 

distribution are not affected in HIV or AD conditions compared to control uninfected 

brains 

The human frontal cortex of uninfected (Control), HIV-infected with MND (HIV-MND), 

HIV-infected with HAD (HAD), and AD patients. (A) MALDI MSI images for PA 39:3 

and (B) PE 40:6. PA 39:3 and PE 40:6 signals were localized at the WM and GM, 

respectively, as expected. Thus, they were used as WM and GM markers. The gradient 

intensity scale expresses relative intensity. n=16 different individuals were analyzed. 
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Figure 3.7. Soluble sulfatide compromise calcium waves in astrocyte pacemaker cells 

Human primary astrocytes were infected with HIVADA (20–50 ng/ml HIV-p24) for 7 days 

and treated with 10 μg/ml sulfatide. After infection, cells were treated with 10 μM fluo-4 

to perform calcium imaging for 20 min (still pictures collected every 5 sec) in three 

different areas of the plate. (A) Graphical presentation of a typical recording to identify 

non-pacemaker (NPM) and pacemaker cells. Quantification for the NPM and Pacemaker 

Cells Control Uninfected (black bars), Sulfatide Uninfected (white bars), HIV-infected 

(gray bars), Sulfatide HIV-Infected (green bars) of (B) area under the curve; (C) number 

of the total peaks; (D) the period of each calcium waves; (E) frequency of the calcium 

waves; and (F) the amplitude of the calcium waves. Data points were analyzed by 2-way 

ANOVA multiple comparison test (*p≤0.05 compared to pacemaker cells Control 

Uninfected; n=3 different cultures of different individuals). 
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Figure 3.8. Soluble sulfatide upregulates Cx43 and ZO-1 expression in human primary 

astrocytes 

Human primary astrocytes were treated with 10 μg/ml of sulfatide for 6, 12, and 24 h; 

Cx43 and ZO-1 mRNA and protein expression were analyzed. In all experiments, 

sulfatide treatment increased the expression of Cx43 and ZO-1 mRNA and protein at 

different time points, probably due to the inter-donor variability of human primary 

astrocytes. Thus, the maximal peak was considered to calculate the data. (A) qRT-PCR 

for Cx43 and GAPDH mRNA using untreated (control, white bar) and sulfatide treated 

(gray bar) astrocyte cultures. Sulfatide treatment increased Cx43 mRNA expression; data 

points for Cx43 were analyzed by Student’s t-test with Welch’s Correction for 

significance (*p≤0.05, n=5). (B) Representative immunoblotting for Cx43 
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(phosphorylated and unphosphorylated isoforms, P3, P2, P1, and NP) and GAPDH in 

control and sulfatide-treated human astrocytes for 6, 12, 24 and 48 h. The lysates were 

divided into two equal portions; one was treated with bovine intestinal alkaline 

phosphatase (AP) to assess the Cx43 total amount versus phosphorylation. (C) Western 

blot quantification for total Cx43 using the protein lysates of untreated (control) and 

sulfatide-treated astrocyte cultures. Sulfatide treatment increased total Cx43 protein 

expression; data points for Cx43 normalized by GAPDH were analyzed by Student’s t-

test with Welch’s Correction for significance (*p≤0.05, n=5). (D) Western blot 

quantification for Cx43 using untreated (control) protein lysates and sulfatide-treated 

astrocyte cultures digested with bovine intestinal AP. Sulfatide treatment increased total 

Cx43 protein expression (phosphorylated and unphosphorylated); data points for Cx43 

normalized by GAPDH were analyzed by Student’s t-test with Welch’s Correction for 

significance (*p≤0.05, n=5). (E) qRT-PCR for ZO-1 (a Cx43 partner at the plasma 

membrane) and GAPDH mRNA using untreated (control) and sulfatide-treated astrocyte 

cultures. Sulfatide treatment increased ZO-1 mRNA expression; data points for ZO-1 

distributed normally were analyzed by Student’s t-test with Welch’s Correction for 

significance (*p≤0.05, n= 5). (F) Immunoblotting and Western blot densitometry band 

quantification for ZO-1 in control and sulfatide-treated human astrocytes for 6, 12, and 

24 h. As a loading control, GAPDH was used. Sulfatide treatment increased ZO-1 protein 

expression. Data points for ZO-1 normalized by GAPDH were analyzed by Student’s t-

test with Welch’s Correction for significance (*p≤0.05, n=5). 
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Figure 3.9. Soluble sulfatide increases Cx43-containing gap junctions at the plasma 

membrane in human primary astrocytes 
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Human primary astrocytes were treated with 10 μg/ml of sulfatide for 6, 12, and 24 h; 

expression and distribution of Cx43-containing channels were analyzed by confocal 

microscopy. In all experiments, sulfatide treatment increased the expression and 

distribution of Cx43 but at different time points, which may be due to the inter-donor 

variability of human primary astrocytes. Thus, the maximal peak was considered to 

calculate the data. Astrocytes were stained for Cx43 (Alexa 488, green staining), ZO-1 

(Alexa 647, white staining), Phalloidin (Alexa Texas red, red staining), and the nucleus 

(DAPI, blue staining) in untreated (control) and sulfatide-treated conditions. (A) 

Correspond to control astrocytes cultures. The inset indicates the plasma membrane 

colocalization between Cx43 and ZO-1. (B) Corresponding to the sulfatide-treated 

astrocytes, the inset indicates the increased expression and localization of Cx43 and ZO-1 

at the plasma membrane. The last panel represents the merge of all colors. Arrows 

indicate the area in the inset. Bar: 110 μm. (C) Quantification of the total pixel number 

for Cx43 at the maximal peak of expression induced by Sulfatide (gray bar) compared to 

untreated conditions (control, white bar). Data points for Cx43 were analyzed by 

Student’s t-test with Welch’s Correction for significance (*p≤0.05, n=3). (D) 

Quantification of the colocalization of Cx43 and ZO-1 in untreated (control) and 

sulfatide-treated conditions. Data points for Cx43 and ZO-1 colocalization were analyzed 

by Student’s t-test with the Holm-Sidak method (alpha=0.05) for significance. 
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Figure 3.10. Soluble sulfatide increases gap junctional communication in human primary 

astrocytes 

Human primary astrocytes were treated with 10 μg/ml of sulfatide for 6, 12, and 24h and 

the scrape loading assay was performed to evaluate gap junctional communication. (A) 
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Graphical presentation of the scrape loading assay. (B and E) Representative fluorescent 

image for Lucifer Yellow (LY) in untreated (control) and sulfatide-treated conditions. 

The white line represents the scratch site. Bar: 250 μm. (C-D-F-G) Representative 

fluorescent images for Lucifer Yellow (LY) in control and sulfatide treated conditions in 

the presence of two well know gap junction blockers, 18α‐glycyrrhetinic acid (AGA) or 

Octanol (OCT). The white line represents the scratch site. (H) Quantification of the 

distance migrated in μm by LY from the injury site. Normalization was performed using 

dextran-Alexa Fluor 594 (dye not permeable to gap junctions). Treatment of human 

primary astrocytes with sulfatide (gray wave) resulted in increased LY intensity 

compared to untreated (control, beige wave) conditions. Multiple t-tests analyzed LY 

intensity vs. diffusion data points with the Holm-Sidak method (alpha=0.05) for 

statistical significance (n=7). LY diffusion was GJ dependent, as pre‐incubation of 

untreated (control) astrocytes with AGA (green curve) or OCT (dark green curve) 

prevented the diffusion of LY, and the staining was captured primarily by the cells in the 

scrape area. Pre‐incubation of sulfatide-treated astrocytes with AGA (pink curve) or OCT 

(orange curve) prevented the diffusion of LY, and the staining was retained primarily by 

the cells in the scrape area. Multiple t-tests for LY diffusion vs. intensity analyzed data 

points with the Holm-Sidak method (alpha=0.05) compared to control *p≤0.05 and 

sulfatide #p≤0.05. 
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DISCUSSION 

Our data demonstrated that viral reservoirs mediate chronic HIV-associated CNS 

damage even in the current cART era, especially in myelin-rich areas compromising its 

structure and integrity. The presence of viral reservoirs results in increased sulfatide 

levels that compromise gap junctional communication and associated calcium signaling, 

both essential components of proper brain function. Thus, we propose that increased 

sulfatide levels are a key mediator of CNS damage in the HIV-infected population and 

could be a potential biomarker of early or chronic stages of HIV CNS dysfunction.  

Using human brain tissues, we identified that specific sulfatide (24:0, 24:1 and 

their hydroxylated species) was upregulated in HIV-infected individuals with MND, 

HAD, and Alzheimer’s cases. Long-chain sulfatides 24:0 and 24:1 are the major species 

present in mature myelin. Shorter chain sulfatides with 16 to 22 carbon non-hydroxylated 

and hydroxylated fatty acids play a crucial role in oligodendrocytes maturation; thus, they 

modulate their expression in the premature myelin stages (Hirahara, Wakabayashi et al. 

2017). Our findings showed significant changes for the long-chain 24:0 and 24:1 

sulfatide (hydroxy fatty acid to non-hydroxy fatty acid species) in WM of the HIV-

infected population with mild and severe cognitive impairment. These sulfatide species 

are important for maintaining and functioning myelin sheath structure (Hirahara, 

Wakabayashi et al. 2017). Therefore, their altered metabolism correlates with a direct 

compromise of mature myelin structure observed for the HIV-MND and HAD conditions 

analyzed and for AD cases.  

Interestingly, sulfatide dysregulation observed within the WM of HIV-MND and 

HAD-affected individuals was not correlating with PA/PE expression and distribution, 

indicating a lack of uniform cell damage/destruction within these tissues. Myelin 

structural protein compromise observed in the immediate surrounding area of HIV 

reservoirs indicates a specific mechanism of dysregulation induced by latent HIV-
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infected cells. Thus, we propose that damage could be spread from viral reservoirs and 

compromise myelin integrity even without systemic viral replication. The concentric 

mechanisms of damage associated with viral reservoirs indicate that tissue reservoirs can 

generate chronic damage in the absence of viral replication, and novel mechanisms of 

amplification of damage need to be considered to reduce the devastating consequences of 

NeuroHIV.  

Further, utilizing mild/severe AD cases as a positive control of brain damage 

provided several important points in the analysis of brains obtained from HIV-infected 

individuals. First, some of the damage can reach myelin compromise severity observed in 

AD cases; second, HIV damage can be expanded from viral reservoirs into neighboring 

uninfected areas of the brain, suggesting a unique mechanism of amplification 

independent of systemic viral replication; third, the HIV-mediated damage and sulfatide 

dysregulation can provide a unique mechanism of myelin compromise that may 

contribute to the motor abnormalities observed in the HIV-infected population.  

Our data demonstrate that viral reservoirs are associated with significant 

bystander damage to large brain areas. As described by several groups, smaller cortical 

volumes, thinner cortical thickness, and poorer cognitive function are associated with the 

appearance of WM hyperdensities (Sanford, Fernandez Cruz et al. 2017, Strain, Burdo et 

al. 2017, Cooley, Paul et al. 2021). But the nature of these hyperdensities is unknown. 

Neurobiological changes have been reported to occur soon after initial HIV infection and 

worsen in the absence of cART, resulting in early signs of cognitive deficits (Cole, Caan 

et al. 2018, Sanford, Ances et al. 2018, Sanford, Fellows et al. 2018). Later, during 

chronic infection with cART, the total numbers of individuals with the cognitive disorder 

remain equal to the early infection events. However, the cases of HAD have decreased 

into more mild forms of cognitive impairment. In these cases, cognitive impairment is 

independent of systemic viral replication and immune reconstitution (Saylor, Dickens et 

al. 2016). Our data also indicate that myelin compromise was not associated with age, 
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gender, systemic HIV replication (plasma and CSF), CD4 counts, cART regimen, and 

reported years with HIV, suggesting that ongoing brain damage in the HIV-infected 

population is dependent on viral reservoirs and unknown mechanisms of toxicity.  

A potential mechanism of toxicity in the HIV-infected population due to the 

upregulation of sulfatide and mild myelin compromise could be the immune detection of 

these self-antigens. Research in neurodegenerative disorders, including HIV and multiple 

sclerosis (MS), supports this idea, indicating that the immune system can recognize 

myelin components as foreign antigens and establish a strong immune response. We 

demonstrated that low levels of soluble MBP induce microglia/macrophage activation 

resulting in cytokine and chemokine release (D'Aversa, Eugenin et al. 2013). These data 

indicate that mild myelin damage also contributes to the amplification of damage by 

immune activation. In addition, sulfatide in immune cells helps lymphocyte homing and 

increases monocyte differentiation and adhesion (Yang, Lee et al. 2011, Kim, Han et al. 

2020, Williams, Chen et al. 2020). Also, natural killer cells, innate-like T cells, could 

recognize lipid antigens, including sulfatide, by a CD1-dependent mechanism to elicit a 

strong immune response (Samygina, Popov et al. 2011, Patel, Pellicci et al. 2012, Stax, 

Tuengel et al. 2017). CD1 sulfatide presentation to type II natural killer cells and T cells 

results in regulation of the T helper 1 (Th1), Th2, and Th17 immune responses, and they 

could participate in autoimmune diseases (Dasgupta and Kumar 2016), indicating a 

potential autoimmune role for the free sulfatide increase we observed to be induced by 

HIV. Long-chain sulfatides are more efficient in natural killer cell activation, and the 

generation of soluble sulfatide has been described in autoimmune hepatitis and 

experimental autoimmune encephalomyelitis involving an L-selectin-dependent 

mechanism (Kanter, Narayana et al. 2006, Sebode, Wigger et al. 2019). Soluble sulfatide 

also has coagulation properties by binding fibrinogen, laminins, thrombospondin, and 

selectin in platelets (Kyogashima, Onaya et al. 1998, Kyogashima 2004, Inoue, Taguchi 

et al. 2010). Also, sulfatide has been proposed to be a biomarker of carcinoma (Takahashi 



 

146 

 

and Suzuki 2012), viral replication (Takahashi, Ito et al. 2012, Takahashi, Takaguchi et 

al. 2013, Takahashi and Suzuki 2015), and tuberculosis (Dos Santos, Lovero et al. 2020), 

suggesting that sulfatide plays a key role in several pathogenic and genetic conditions. 

These conditions have been described in HIV-infected individuals and probably 

contribute to viral reservoir survival and chronic inflammation. 

Although astrocytes are considered non-excitable cells, their activation results 

from variations in cytosolic calcium and voltage-gated channels (Cornell-Bell, Finkbeiner 

et al. 1990, Sontheimer 1994, Sontheimer, Fernandez-Marques et al. 1994). Normally, 

these calcium signals in astrocytes respond to the synaptic activity and regulate the 

release and uptake of gliotransmitters such as ATP, TNF-α, or D-serine, which further 

modulate neuronal synapses and BBB function by a lipid-dependent mechanism (Zonta, 

Angulo et al. 2003, Zonta, Sebelin et al. 2003, Takano, Tian et al. 2006, Wang, Lou et al. 

2006). The close association between calcium signaling in astrocytes is essential for pre-

and post-synapse function by modulating neuronal synchronization and firing patterns 

(Perea and Araque 2005, Perea and Araque 2005). Our findings sustain that sulfatide 

compromised the triggering of calcium waves could have significant consequences on 

neuronal activity, BBB integrity, and blood flow control. All these mechanisms need 

further examination, especially for myelin components, due to their importance in HIV as 

well as traumatic brain injury (TBI) and MS.   

Astrocytic calcium signals relay in several key components, pacemaker cells, 

IP3R activation, and diffusion of calcium and IP3 via gap junctions, both IP3R and gap 

junctions are highly enriched in astrocytes (Newman 2001, Giaume, Naus et al. 2021). 

Our data in HIV-infected astrocytes indicate that HIV infection and latency decreased IP3 

degradation in infected cells to enable diffusion by gap junctions into surrounding 

uninfected cells. In HIV-infected astrocytes, the high levels of IP3 do not result in 

calcium overload because Nef protein binds to the IP3R1 preventing its proper activation 

and subsequent apoptosis. However, in surrounding uninfected cells but communicated 
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by gap junction, Nef is not present and diffused IP3 can trigger a calcium response. 

(Eugenin, Clements et al. 2011, Malik, Valdebenito et al. 2021, Valdebenito, Castellano 

et al. 2021). Cx43 stability and gap junction maintenance in HIV-infected astrocytes are 

depended on residual HIV-Tat protein expression in glial reservoirs (Eugenin and 

Berman 2007, Eugenin, Clements et al. 2011, Eugenin and Berman 2013, Berman, 

Carvallo et al. 2016, Malik, Theis et al. 2017, Gajardo-Gomez, Santibanez et al. 2020, 

D'Amico, Valdebenito et al. 2021, Malik, Valdebenito et al. 2021, Valdebenito, 

Castellano et al. 2021). Our data in vivo and in vitro indicate that latent HIV-infected 

astrocytes use gap junctions and IP3 to amplify apoptosis and toxicity into neighboring 

uninfected cells (endothelial, neurons, and astrocytes) (Eugenin, Clements et al. 2011, 

Berman, Carvallo et al. 2016, Malik, Theis et al. 2017, Malik, Valdebenito et al. 2021). 

HIV-latent infected cells were resistant to apoptosis and toxicity by a mechanism that 

prevents the proper IP3 and IP3R signaling on the endoplasmic reticulum membrane and 

loss of interactions with the mitochondria (Malik, Valdebenito et al. 2021). Normally, all 

these components work together to signal and prevent toxicity. But how important could 

be astrocyte infection and dysregulated signaling in the HIV-infected population? A 

single astrocyte can communicate or enwrap hundreds of synapses (Ventura and Harris 

1999, Mestre, Cerquido et al. 2017, Mestre, Inacio et al. 2017), but also 

astrocytes/astrocyte interaction and their calcium waves are essential to coordinate blood 

flow, BBB permeability, and the gliovascular unit to provide and exclude material to 

neurons/glia cells (Lin, Weigel et al. 1998, Cotrina, Lin et al. 2000, Simard, Arcuino et 

al. 2003, Wang, Lou et al. 2006). Thus, the potential implications of HIV, sulfatide, and 

calcium waves dysregulation are significant. HIV-infected cells could amplify toxicity to 

neighboring uninfected cells, as observed in our data in myelinic areas. Here, we propose 

that local myelin compromise further contributes to local inflammation and neuronal 

dysfunction associated with the presence and altered signaling provided by viral 

reservoirs. Another component of the bystander toxicity observed in HIV-infected 
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individuals is the high ATP concentration in the circulation that can predict cognitive 

decline (Velasquez, Prevedel et al. 2020). Extracellular ATP is one of the more powerful 

inflammatory stimuli and a key player in calcium cell-to-cell signaling by amplifying the 

calcium waves (Koizumi 2010, De Bock, Decrock et al. 2014, Pacholko, Wotton et al. 

2020). We identified that ATP secretion is mediated by Cxs and Pannexin hemichannels 

used by HIV-infected cells to amplify local inflammation (Gajardo-Gomez, Santibanez et 

al. 2020, Velasquez, Prevedel et al. 2020, D'Amico, Valdebenito et al. 2021). Normally, 

Cxs/Panx-1 hemichannels are in a close stage, but upon acute or chronic infection, both 

become open, resulting in the release of ATP and several lipids through the channel pore 

(Malik, Theis et al. 2017, Gajardo-Gomez, Santibanez et al. 2020, D'Amico, Valdebenito 

et al. 2021, Gorska, Donoso et al. 2021). However, the potential therapeutic role of ATP, 

Cxs/Panx-1 channels, purinergic receptors (ATP receptors), and their interaction with gap 

junctional communication in HIV is only recently explored and will provide critical tools 

to understand the long/chronic term HIV pathogenesis but also the development of 

additional treatments to prevent of reducing the devastating consequences of HIV in the 

CNS. 

In addition, our finding that free sulfatide levels are increased within the WM of 

neuroHIV-affected individuals and that free sulfatide can promote gap-junction 

controlled cell-to-cell communication identifies a potential host-directed therapeutic 

target to control HIV-induced bystander damage. Indeed, therapeutic modulation of 

specific lipid-related pathways has successfully prevented or reduced inflammatory 

diseases (Nakamura and Murayama 2014, Holzlechner, Eugenin et al. 2019, Darios, 

Mochel et al. 2020). Now, we are proposing a similar approach to chronic HIV.  

Our data that CNS damage is associated with viral reservoirs provides a unique 

mechanism of bystander damage associated with sulfatide and gap junctional 

communication. Currently, the best described viral reservoirs are resting CD4+ T 

lymphocytes, but in the brain, the main reservoirs are microglia/macrophages and a small 
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astrocyte population (Bruner, Hosmane et al. 2015, Churchill, Deeks et al. 2016). 

However, the brain is “insulated” due to the presence of the BBB, and it has been 

proposed that the sequences of the virus in the brain had different evolution than in other 

tissues (Woldemeskel, Kwaa et al. 2020, Blazkova, Gao et al. 2021, Sonti, Sharma et al. 

2021). In agreement, it has been shown that rebounding HIV is genetically different from 

circulating viral reservoirs suggesting that viruses came from other tissues and cell types, 

including the brain (Lorenzo-Redondo, Fryer et al. 2016, Salemi and Rife 2016, Bandera, 

Gori et al. 2019, Blazkova, Gao et al. 2021). Thus, examining the different kinds of viral 

reservoirs and the mechanisms of bystander damage is essential to understanding and 

treating the cognitive decline observed in at least 50% of the HIV-infected individuals 

under cART. 
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INTRODUCTION  

This chapter aims to introduce three major experiments that need to be completed 

in the future: first, proteomics of Cx43 interacting proteins using Hela cells stably 

transfected with Connexin43-CFP (Hela-Cx43-CFP) in the presence and absence of 

sulfatide; second, single-cell RNA sequencing (scRNAseq) of human primary astrocyte 

cultures knocking-down for Cx43 to identify astrocyte populations that are inclined to 

HIV infection or undergo bystander apoptosis; and lastly, mass spectrometry imaging 

(MSI) to analyze lipid dysregulation in primary cultures of HIV-infected astrocytes. 

Proteomics is a large-scale study for identifying and quantifying proteomes, 

including a set of proteins synthesized in an organism, system, or biological context. 

Proteomics reflects the underlying transcriptome, so it can expand transcriptomics data to 

directly identify the proteins that are up- or down-regulated in specific conditions and  

investigate the related pathways (Aslam, Basit et al. 2017). Previous transcriptomics and 

proteomics results from our laboratory (data not shown) supported lipid alteration in 

HIV-infected astrocytes, mostly related to the upregulation of ceramide-related enzymes. 

Transcriptomic analysis of 7 days of HIV-infected astrocytes showed that HIV infection 

increased levels of glucosylceramidase, galactosyltransferase, and ceramide synthase, 

which are enzymes critically involved in ceramide and sulfatide synthesis. In addition, 

proteomics data from 21 days of HIV-infected astrocytes confirmed glucosylceramidase 

and galactosyltransferase up-regulation, suggesting sulfatide accumulation. This result 

correlates with our MALDI-MSI data presented in Chapter 3 showing higher sulfatide 

(24:0, 24:1, 24:0 OH, and 24:1 OH) relative abundance in the brain, specifically in the 

white matter of HIV-infected individuals under cART and with mild and severe cognitive 

impairment (see Table 2, Chapter 3). Since we have proposed sulfatide as a potential 

biomarker or target of HAND, that improves Cx43 mRNA and protein expression, as 
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well as cell-to-cell communication in primary astrocytes, our interest is to identify the 

Cx43 interacting proteins and associated molecular pathways through proteomics.  

Single-cell RNA sequencing has revolutionized the transcriptome field reaching 

variations at a single-cell resolution (Slovin, Carissimo et al. 2021). In Chapter 2, we 

identified that only a small population of astrocytes are latent HIV-infected and 

synthesize a residual amount of HIV mRNA and viral proteins inducing CNS bystander 

damage. Thus, using scRNAseq we intend to identify and diversify astrocyte populations 

prone to HIV infection and becoming CNS viral reservoirs or to undergoing the 

bystander toxic effects mediated by the closer glial reservoirs. Five populations were 

identified across the adult brain. These astrocytes exhibit different spatial positions, 

molecular, and functional properties (John Lin, Yu et al. 2017, Khakh and Deneen 2019, 

Batiuk, Martirosyan et al. 2020). To select specific transcriptomic profiles of the HIV-

infected astrocytes that upregulate Cx43 to enhance HIV bystander damage in the brain 

(Berman, Carvallo et al. 2016), we propose to analyze human primary astrocytes 

knocking-down for Cx43 and HIV-infected for 21 days. Hence, scRNAseq is crucial to 

investigating astrocyte heterogeneity in neuroHIV. This objective is part of our group 

collaboration with Dr. Fox Howard (University of Nebraska Medical Center). 

Cellular spatial details about altered lipid metabolism in HIV-infected astrocytes 

are missing. In HIV-infected astrocytes, inter-organelle/lipid/second messenger 

interactions are essential for the survival mechanism and apoptosis of surrounding 

uninfected cells (Malik, Valdebenito et al. 2021). Therefore, we decided to analyze lipid 

dysregulation in primary cultures of astrocytes uninfected and HIV-infected using MSI in 

positive or negative analysis mode. This approach must be compatible with 

complementary imaging techniques to identify the HIV DNA-positive cells in the same 

cell layer. 
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MATERIALS AND METHODS  

Cell Culture Methods 

Hela cells stably transfected with Cx43-CFP were grown with high glucose 

Dulbecco's modified Eagle's medium (DMEM, Cat# 11995-065, Thermo Fisher 

Scientific, Waltham, MA) supplemented with 10% fetal bovine serum (FBS, Cat# 

S12450H, Atlanta Biologicals, Flowery Branch, GA), 2 mM Geneticin (Cat# 10131-027, 

Thermo Fisher Scientific, Waltham, MA), penicillin, and streptomycin (Cat# 15070063, 

Thermo Fisher Scientific, Waltham, MA) at 37 °C in a humidified atmosphere with 5% 

CO2.  

Cortical human fetal tissue was obtained as part of a research protocol approved 

by the Albert Einstein College of Medicine and collected between 2011 to 2018. The 

preparation of human astrocyte cultures was performed as previously described (Eugenin 

and Berman, 2007). High glucose Dulbecco's modified Eagle's medium (DMEM, Cat# 

11995-065, Thermo Fisher Scientific, Waltham, MA) supplemented with 10% fetal 

bovine serum (FBS, Cat# S12450H, Atlanta Biologicals, Flowery Branch, GA), 

penicillin, and streptomycin (Cat# 15070063, Thermo Fisher Scientific, Waltham, MA) 

were used to grow the cells at 37°C in a humidified atmosphere with 5% CO2.  

 

HIV infection 

Confluent cultures of human astrocytes were infected by incubation with HIVADA 

(20–50 ng/ml HIV-p24) for 21 days, using a previously described protocol (Eugenin, 

Clements et al. 2011, Valdebenito, Castellano et al. 2021). Briefly, astrocyte cultures 

were exposed to the virus for 24 h, the medium was removed, and astrocytes were 

washed extensively to eliminate the unbound virus before adding a fresh medium 

supplemented with only 2% fetal bovine serum (FBS, Cat# S12450H, Atlanta 
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Biologicals, Flowery Branch, GA), penicillin, and streptomycin (Cat# 15070063, Thermo 

Fisher Scientific, Waltham, MA) to avoid over proliferation.  

Cx43 immunoprecipitation 

 Immunoprecipitation analysis was performed for Cx43 as described in Fig. 4.1. 

Hela cells stably transfected with Cx43-CFP were treated with sulfatide (10 µg/ml) for 24 

h. Cells were homogenized with RIPA buffer containing protease and phosphatase 

inhibitors and sonicated using 5 pulses of 30 sec on and 30 sec off in a Microtip 

(Misonix, Inc, Microson XL-2000). Samples were pre-cleared with protein G plus 

agarose (Cat# sc-2002, Santa Cruz Biotechnology, Dallas, TX) and immunoprecipitated 

using Cx43 antibody (Cat# C6219, Sigma-Aldrich, St. Luis, MO). These samples were 

sent to Creative Proteomics (Shirley, NY) for identifying and quantifying using a high-

resolution mass spectrometry platform coupled with nanoflow UPLC to select proteins 

with a fold-change cutoff above 1.5 or below 1/1.5 (n=2 technical replicates).  

 

Proteomics for proteins associated with Cx43 

The bead samples from untreated and sulfatide-treated cultures of Hela cells 

stably transfected with Cx43-CFP were resuspended in 40 μl of 1× electrophoresis 

sample buffer, boiled for 15 min and run on 12% separating gel for 20 min at 80 kV and 

30 min at 120 kV. The SDS-PAGE gel was stained with Coomassie Brilliant Blue and 

each gel band was cut to be subjected to protein precipitation using cold acetone and 

centrifuged at 12,000 rpm. Later, 50 mM ammonium bicarbonate was added, and the 

protein solution was transferred into Microcon devices YM-10 (Millipore). The device 

was centrifuged at 12,000 rpm at 4°C for 10 min. Subsequently, 200 μl of 50 mM 

ammonium bicarbonate was added to the concentrate followed by centrifugation and 

repeated once. After being reduced by 10 mM DL-dithiothreitol at 56°C for 1 h and 

alkylated by 20 mM odoacetamide at room temperature in the dark for 1 h, the device 

was centrifuged at 12,000 rpm at 4°C for 10 min and washed once with 50 mM 
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ammonium bicarbonate. 100 μl of 50 mM ammonium bicarbonate and free trypsin were 

added into the protein solution at a ratio of 1:50, and the obtained solution was incubated 

at 37°C overnight. Finally, the device was centrifuged at 12,000 rpm at 4°C for 10 min. 

100 μl of 50 mM ammonium bicarbonate was added into the device and centrifuged, and 

then repeated once. The extracted peptides were lyophilized to near dryness and 

resuspended in 2-20 μl of 0.1% formic acid before LC-MS/MS analysis. These samples 

were analyzed and quantified on Obitrap Q Exactive HF mass spectrometer coupled with 

an Ultimate 3000 nano UHPLC system. The detected peptides were analyzed and 

searched against human protein database using Maxquant. The parameters were set as 

follows: the protein modifications were carbamidomethylation (fixed) and oxidation 

(variable); the enzyme specificity was set to trypsin; the maximum missed cleavages 

were set to 2; the precursor ion mass tolerance was set to 10 ppm, and MS/MS tolerance 

was 0.6 Da. Pathways analysis Creative Proteomics identified 455 proteins that bind to 

Cx43 after sulfatide treatment. These proteins were classified into 13 families (Fig. 4.2) 

according to their function and location described in the GeneCards human gene 

database. Only the up-regulated recycling transport, mitochondrial and membrane-related 

proteins after sulfatide stimulation were run for the Ingenuity Pathway Analysis (IPA) to 

build molecular networks of each experimental system (Fig. 4.3).  

 

Lentiviral transduction 

To knockdown Cx43, human primary astrocytes were transduced with Cx43-

targeted shRNA lentiviral particle (Cat# TL312771V, OriGene, Rockville, MA) and 

negative control shRNA lentiviral particle (Cat# TR30021V, OriGene, Rockville, MA) 

with manufacturer recommended protocol. Briefly, cells were seeded in 60 mm plate. 

Cx43-targeted shRNA lentiviral particle (100 ng/ml) was added into the cells and 

incubated at 37°C with atmospheric CO2 overnight. After three days, transduced 

astrocytes were selected with puromycin (Cat# A1113802, Thermo Fisher Scientific, 
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Waltham, MA). shRNA-transduced cells were harvested to evaluate the expression of 

Cx43 by western blot and qRT-PCR. 37°C with 5% CO2.  

 

MALDI-MSI analysis 

Human primary astrocytes were plated onto Corning® alkaline earth boro-

aluminosilicate glasses (CB-90IN-S111, Delta Technologies, Loveland, CO) coated with 

Poly-D-Lysine solution (1.0 mg/mL, A-003-E, Millipore Sigma, St. Luis, MO), inside of 

a silicon ring. After 24h, they were infected with HIVADA (20-50 ng/ml HIV-p24). At day 

21, the medium was removed, and astrocytes were washed and scanned at the digital slide 

scanner NanoZoomer (C13210-04, Hamamatsu, Bridgewater, NJ). Different matrixes can 

be applied for negative and positive ion mode lipid imaging as described in Chapter 3 and 

5. Briefly, matrix was applied to the cell layer by automated air spray deposition using 

the TM-sprayer (HTX Technologies LLC, Chapel Hill, NC). The nozzle temperature was 

set to 60°C, the flow rate was 40 µL/min, and 20 passes over the cell layer were 

performed. MALDI-MSI analysis was performed using Q Exactive HF Hybrid 

Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific) equipped with an 

Elevated Pressure Matrix-Assisted Laser/Desorption Ionization (EP MALDI) source 

integrating an Nd: YAG laser (Spectroglyph LLC, Kennewick, WA). Data were acquired 

at 10, 15, or 20 µm2 lateral resolution in negative/positive ion mode at a laser power of 7 

µJ. External mass calibration was performed using calibration solutions (A39239, 

Thermo Fisher Scientific). The accurate mass-measured lipid peaks were identified by 

matching reference lipids in the LIPID MAPS and Human Metabolome Database within 

a ±0.002 Da mass tolerance window. Thermo RAW format data files were converted to 

imzML using ImageInsight software (Spectroglyph LLC, Kennewick, WA). Data 

visualization was performed using SciLs software (SCiLS GmbH, Bremen, Germany).  

 

 



 

157 

 

Immunofluorescence 

Matrix can be removed by washing the cellular layer into the slide 3 times with 

methanol (Cat# A456-4, Thermo Fisher Scientific, Waltham, MA)/PBS (Cat# BP665-1, 

Thermo Fisher Scientific, Waltham, MA) solution (7:3 v/v). Antigen retrieval was 

performed by incubating the cell layer in a commercial antigen retrieval solution (Cat# 

S1700, Agilent Dako, Santa Clara, CA) for 30 min at close to 80°C water-bath. The slide 

was removed from the bath and then allowed to cool down in 1X TBS (Cat# BP2471-1, 

Thermo Fisher Scientific, Waltham, MA) and permeabilized in 0.1% Triton (Cat# X-100, 

Sigma-Aldrich, St. Luis, MO) for 2 min at RT. Unspecific antibody binding sites were 

blocked by incubating the cells with freshly prepared blocking solution (0.5 M EDTA pH 

8.0; Cat# 15575-038, Thermo Fisher Scientific, Waltham, MA), 1% Fish gelatin from 

cold water (Cat# G7765, Sigma-Aldrich, St. Luis, MO), 0.1 g Albumin from bovine 

serum-immunoglobulin free (Thermo Fisher Scientific, Waltham, MA), 1% Horse Serum 

(Cat# H1138, Sigma-Aldrich, St. Luis, MO), 5% human serum (Cat# 31876, Thermo 

Fisher Scientific, Waltham, MA), 9 ml ddH20) for 2 h at RT in a humidity chamber. The 

primary antibodies (anti-GFAP, anti-rabbit, dilution 1:100, Cat# SAB4501162, RRID: 

AB_10746077, Sigma-Aldrich, St. Luis, MO) were added to the samples diluted in 

blocking solution and incubated at 4°C overnight. Cells were washed with TBS at RT 

several times and incubated with the appropriate secondary antibodies (Alexa anti-rabbit 

488, dilution 1:500, Cat# A32723, Thermo Fisher Scientific, Waltham, MA) for at least 2 

h at RT followed by several washes in TBS. The slides were then mounted using Prolong 

Gold anti-fade reagent (Cat# P36930, Thermo Fisher Scientific, Waltham, MA) and 

examined using an A1 confocal microscope (Nikon, Japan).  
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CURRENT RESULTS  

Soluble sulfatide changes the molecular interactions of Cx43 

As sulfatide can regulate mRNA and protein Cx43 expression, we used Hela cells 

stably transfected with Cx43-CFP treated with 10 µg/ml sulfatide for 24 h to pull-down 

Cx43 using G PLUS Agarose beads. Thus, we confirmed the presence of Cx43 in the 

beads by the SDS-page. Fig. 4.1 is a graphical representation of the protocol performed. 

These beads were processed and analyzed by Nano LC-MS/MS for proteomics. 

Proteomics analysis revealed 455 proteins. Comparing the control sample obtained from 

the coimmunoprecipitation of Cx43 in Hela cells stably transfected with Cx43-CFP and 

the sulfatide sample obtained from the same cells treated with sulfatide for 24 h, 263 

proteins that bind to Cx43 were highlighted, 95 were upregulated and 168 downregulated. 

We classified the highlighted proteins of each experimental system into 13 families 

(ribosomal, metabolic, secreted, Golgi apparatus, endoplasmic reticulum, mitochondrial, 

recycling transport, ubiquitin, and membrane-related proteins, plus unknown proteins) 

according to their role and physiological compartments provided by GeneCards 

information and literature data. We show an illustration integrating all of these in Fig. 

4.2. Nuclear, membrane nuclear, and mRNA-related proteins were excluded for the 

following analysis because they do not bind to Cx43; their detection was an experimental 

artifact due to the mechanical disruption of the nuclear membrane during the processing 

of the samples. Thus, we focused on the plasma membrane, mitochondria (Rodriguez-

Sinovas, Ruiz-Meana et al. 2018), and transport compartments (Thomas, Jordan et al. 

2005), where Cx43 is predominantly located (see Table 3). Focusing our analysis on the 

transport proteins that directly or indirectly bind to Cx43, sulfatide upregulated proteins 

related to myosins such as Myosin Light Chain 1 (MYOFTA, MYO1B, MYO1C) and 

proteins involved in vesicular fusion and trafficking like the Rabs membrane-bound 

proteins (RAB2A, RAB1A) and the N-Ethylmaleimide Sensitive Factor (NSF). 
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Parallelly, tubulin (Tubulin Alpha 1c TUBA1C, Tubulin Beta Class I TUBB, Tubulin 

Beta 4B Class IVb TUBB4B, Tubulin Folding Cofactor A TFCA) and cytoskeletal 

organized proteins such as Leucine-Rich Pentatricopeptide Repeat Containing (LRPPRC) 

and Dynein Cytoplasmic 1 Heavy Chain 1 (DYNC1H1) were downregulated. 

Subsequently, we analyzed the mitochondrial proteins highlighting upregulated proteins 

related to apoptosis (such as Apoptosis-Inducing Factor Mitochondria Associated 1 

(AIFM1)), to chaperon (such as Heat Shock Protein Family A Member 9 (HSPA9)), and 

the mitochondrial transmembrane electron transport (such as Voltage-Dependent Anion 

Channel 1/2 (VDAC1/2)). ATP synthesis (ATP Synthase F1 Subunit Alpha ATP5A, ATP 

Synthase F1 Subunit Beta ATP5B, ATP Synthase Membrane Subunit G ATP5L, ATP 

Synthase Subunit O ATP5PO, Carbamoyl-Phosphate Synthase 1 CPS1) and fatty acid 

metabolism (Hydroxyacyl-CoA Dehydrogenase Trifunctional Multienzyme Complex 

Subunit Alpha HADHA and Hydroxyacyl-CoA Dehydrogenase Trifunctional 

Multienzyme Complex Subunit Beta HADHB) related proteins were downregulated in 

the mitochondria, suggesting that several sources of energy can be used by these cells. 

Finally, we analyzed the plasma membrane proteins. Specifically, sulfatide induced 

upregulation of proteins that regulate the cellular membrane organization and stability 

such as actin (ACTN1/4), annexin (ANXA1/5), and spectrin (SPTAN1, SPTBN). 

Sulfatide upregulated Peptidylprolyl Isomerase A (PPIA), which is necessary to form 

infectious HIV virions and Protein Phosphatase 1 Catalytic Subunit Alpha (PPP1CA) that 

is involved in HIV viral transcription, suggesting a mechanistic link between Cx43, 

sulfatide, and HIV-infection. Furthermore, the observed upregulation of thioredoxin 

(TXN), which plays a key role in the reversible S-nitrosylation of cysteine residues in 

target proteins, suggests that TXN may S-nitrosylate Cx43 to maintain open Cx43 

hemichannels. Cytoskeleton-related proteins (Cytoskeleton Associated Protein 4 CKAP4, 

Ezrin EZR) were downregulated in sulfatide conditions. Subsequently, only the up-

regulated recycling transport, mitochondrial, and membrane-related proteins after 
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sulfatide stimulation were run for the Ingenuity Pathway Analysis (IPA) to build 

molecular networks of our experimental system (Fig. 4.3). Ingenuity pathway analysis for 

sulfatide provided 4 top canonical pathways including integrin-linked kinase signaling, 

actin cytoskeleton signaling, remodeling of epithelial adherent junctions, and EIF2 

signaling. They were represented as network overlapping in Fig. 4.3. This analysis was 

limited to n=2 technical replicates and a single time point of sulfatide treatment (24 h). 

 

Transduction decreases the cell proliferation rate in human primary astrocytes 

Human primary astrocytes transduced with Cx43 shRNA and infected with 

HIVADA for 21 days were used to identify a specific class of astrocytes infected by HIV. 

Fig. 4.4 is a graphical representation of the protocol performed. This shRNA construct 

(Cx43 shRNA lentivirus) was designed against multiple splice variants at the Cx43 gene 

locus. Scramble shRNA lentivirus was used as internal control. Cells were later selected 

with puromycin. Western Blot and qRT-PCR recommended to evaluate the silencing 

effect of the shRNA construct 72 h post-transfection were not performed. We observed a 

decrease in cell proliferation, even in the cells transduced with the scrambled shRNA 

used as a control.  

 

MALDI-MSI lipidomics analysis for HIV-infected astrocytes is compatible with the 

following staining 

Human primary astrocytes infected with HIVADA for 21 days were used to identify 

altered lipid metabolism in HIV-positive and neighboring uninfected cells. Fig. 4.5 is a 

graphical representation of the protocol performed. Cells plated, HIV-infected, and 

matrix sprayed were used to perform MALDI-MSI at different lateral resolutions (10, 15, 

and 20 µm2) to detect lipid relative expression at the cellular spatial details (Fig. 4.5). 

Matrix was removed with methanol washes without compromising molecular integrities 

or inducing cellular detachment from the slide. A test staining for GFAP (a marker of 
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astrocytes) demonstrated that the signal in the area that goes through the MSI laser is 

lower than the signal coming from the closer areas but still significant for proper cell and 

organelle identification by microscopy.  
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Figure 4.1. Summary of the immunoprecipitation protocol used to pull-down Cx43 for 

proteomics analysis  

(A) Hela cells stably transfected with Cx43-CFP were plated and treated with 10 ng/ml 

sulfatide for 24 hours. (B) Untreated and treated cells were scratched with RIPA buffer to 

obtain the total cell lysates. A small amount of total cell lysate was isolated to be 

analyzed by SDS-page. (C) The total lysates were complemented with IgG and Protein G 

PLUS-Agarose beads to prevent non-specific binding. (D) Antibody against Cx43 was 

added to pull-down Cx43 and the related binding proteins. (E) The beads binding Cx43, 

and related interacting proteins were collected and dissolved in PBS. (F) SDS-page 

analyzed the total lysate, supernatant, and beads for Cx43. The band at 43 k.Da. 

representing Cx43 was strongly detected in the beads sample (3). (G) Beads were 

analyzed for proteomics. 

 

 

 

 

 

 

 

 

 

 



 

163 

 

 

Figure 4.2. Schematic representation of all the Cx43 binding proteins detected after 

sulfatide treatment, coimmunoprecipitation, and subsequent proteomics  

Proteins binding to Cx43 were immunoprecipitated from Hela stably transfected Cx43-

CFP cells treated with sulfatide for 24 hours. Proteins were classified in 13 families 

(nuclear, nuclear membrane, mRNA, ribosomal, metabolic, secreted, Golgi apparatus, 

endoplasmic reticulum, mitochondrial, recycling-transport, ubiquitin, and plasma 

membrane-related proteins, plus unknown proteins), according to their functional role 

and to their location described in GeneCards human gene database and literature data. 

Nuclear, membrane nuclear, and mRNA-related proteins (in the frame) were excluded 

because they do not physiologically bind to Cx43. Their detection was due to the 

mechanical disruption of the nuclear membrane during the procced of the samples. 

Downregulated proteins are indicated in red and upregulated in blue. 
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Table 3. Summary of the recycling-transport, mitochondrial, and plasma membrane-

related proteins binding to Cx43 after sulfatide treatment for 24 h, following Cx43 

coimmunoprecipitation, and subsequent proteomics. 

 

Cx43 binding proteins 

Recycling-Transport Mitochondrial Plasma Membrane 

Down-

Regulated 

Up-

Regulated 

Down-

Regulated 

Up-

Regulated 

Down-

Regulated 

Up-

Regulated 

ACTA 1  B2M ATAD3B  AIFM1  BASP1  ACTN1  

ACTB  CAPZA1 ATP5PO  HSPA9 CKAP4    ACTN4  

ACTR2B                                              MYH10 ATP5A  VDAC1 CTTN                                     ANXA1  

ACTR3 MYL12A ATP5B  VDAC2 EZR                           ANXA5 

ANXA2  MYO1B ATP5L   IQGAP1                         CFL1  

ANXA4 MYO1C CPS1   GNB2L1              DBN 1 

ARPC2                                                 NSF  HADHA   LMNB2 DSG1 

ATP6V1A PPIA HADHB   LMO7 DSP 

CAPZB             RAB1A HMGCL   MSN ESYT1  

CKAP4      RAB2A TUFM   PHB2 FLNB 

CLTC  S100A11   SLC3A2 FSCN1 

DYNC1H1 SERPINB1   STOM PLEC  

FLNA             TXN    TLN1 PPIA  

FLOT1  YWHAB    VCL PPP1CA  

GDI2 YWHAZ    SPTAN1  

ITGB1     SPTBN 1 

LRPPRC     TXN  

MYH9              

PLIN3       

RAB6       

SERPINH1       

SLC3A2       

TBCA      

TPM4       

TFRC       

TUBA1C       

TUBB       

TUBB4B        

VAT1      

YWHAG       

YWHAQ      

YWHAZ      

Downregulated proteins are shown in red; upregulated proteins are shown in blue.  
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Figure 4.3. IPA network overlapping of the canonical pathways triggered by the 

upregulated recycling-transport, mitochondrial, and membrane-related proteins after 

sulfatide treatment 

Proteins binding to Cx43 were immunoprecipitated from Hela stably transfected Cx43-

CFP cells treated with sulfatide for 24 hours and analyzed by proteomics. The up-

regulated proteins related to the recycling-transport, the mitochondrial and the membrane 

pathways were selected to build a specific molecular network using the Ingenuity 

Pathway Analysis software. The network overlapping showed the canonical pathways 

identified in our experimental system. Each pathway was indicated as a single “node” 

colored proportionally to the Fisher’s Exact Test p-value; color intensity reflects average 

scaled expression. A line connecting two pathways when at least one data set molecule 

was common between them. Results suggest that the top canonical pathways include 

integrin-linked kinase (ILK) signaling, actin cytoskeleton signaling, remodeling of 

epithelial adherent junctions and EIF2 signaling. These pathways are involved in cellular 

morphology, assembly, organization, and movement. Future studies will examine the role 

of these proteins in the pathogenesis of HIV or neuroHIV. 
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Figure 4.4. Schematic representation of Cx43 knockdown in HIV-infected human 

primary astrocytes 

Human primary astrocytes were plated in a 60 mm plate, HIVADA-infected for 21 days, 

and transduced with Cx43-targeted shRNA lentiviral particle and negative control 

shRNA lentiviral particle as a control. Cx43 knocking down astrocytes were selected 

with puromycin for 3 days. After expansion, the silencing effect of the shRNA constructs 

must be tested by Western blotting and qRT-PCR.  
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Figure 4.5. Schematic representation of lipidomics approach and complementary imaging 

of HIV-infected human primary astrocytes 

Human primary astrocytes were plated inside a silicon ring, HIVADA-infected for 21 days, 

and matrix sprayed to perform MALDI-MSI at different lateral resolutions (10, 15, and 

20 µm2). Three rectangles were selected for MSI at the aforementioned lateral resolutions 

and resulting extracted ion images for phosphatidylcholine 36:1 are shown in the second 

panel. Matrix was removed and immunofluorescence for GFAP (a marker of astrocytes) 

was performed. GFAP positive signal was stronger in the area not irradiated by the laser; 

MSI laser areas showed lower GFAP signal but still sufficient to identify astrocytes.  
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DISCUSSION  

Soluble sulfatide enhances Cx43 expression and cell-to-cell communication in 

human primary astrocytes. Several Cx43 partners can support Cx43 cellular coupling 

such as Connexin Interacting Protein of 75 k.Da. (CIP75) (Kopanic, Schlingmann et al. 

2015), actin and protein kinase A (PKA)-binding protein Ezrin (Wall, Otey et al. 2007, 

Pidoux, Gerbaud et al. 2014, Dukic, Gerbaud et al. 2018, Sorgen, Trease et al. 2018), β-

tubulin (Francis, Xu et al. 2011), Src kinase (Li, Spagnol et al. 2014), β-catenin 

(Talaveron, Matarredona et al. 2020), and debrin (DBN) (Butkevich, Hulsmann et al. 

2004, Ambrosi, Ren et al. 2016); other proteins need to be investigated. Thus, we pulled-

down Cx43 in Hela cells stably transfected with Cx43-CFP and treated with sulfatide for 

24 h to perform proteomics analysis and investigate proteins that directly or indirectly 

bind to Cx43. Proteomics analysis provided a number of proteins that we divided into 13 

families. We focused our attention on the recycling transport, mitochondria, and plasma 

membrane compartments to find specific correlations between sulfatide and cell-to-cell 

communication or sulfatide and mitochondrial metabolism. Analysis of the transport 

proteins induced by sulfatide and binding to Cx43 revealed an active vesicular transport, 

essential for the forward trafficking toward the plasma membrane and Cx43 recycling 

process. In addition, within the plasma membrane proteins that interact with Cx43 in the 

sulfatide-treated cells, peptidyl-prolyl isomerase A (PPIA) and peptidyl-prolyl isomerase 

A catalytic subunit α (PPP1CA) were identified. These proteins play a crucial role in the 

formation of infectious HIV virions and the viral transcription (An, Wang et al. 2007, 

Nekhai, Jerebtsova et al. 2007), supporting our association between viral reservoirs, 

bystander damage and lipid dysregulation investigated in Chapter 2 and 3. Sulfatide also 

upregulated TXN, which may induce S-nitrosylation of Cx43 on cysteine 271 to maintain 

open and functional Cx43 hemichannels (Retamal, Cortes et al. 2006, Straub, Billaud et 

al. 2011). Analyzing the mitochondrial proteins, we discovered that sulfatide induces 
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upregulation of Cx43 binding proteins related to fatty acid, glucose, and 

glutamate/glutamine synthesis.  

The ingenuity pathway analysis for the upregulated proteins of recycling 

transport, mitochondria, and plasma membrane compartments highlighted pathways 

involved in cellular morphology, assembly, organization, and movement that further 

justify sulfatide contribution to cell-to-cell communication. The same proteomics analysis 

must be repeated investigating sulfatide effects at different time points and translated to 

HIV-infected astrocytes.  

Human primary astrocytes need to be investigated to highlight the transcriptomic 

profile that characterize the astrocyte populations able to survive HIV infection (Eugenin, 

Clements et al. 2011, Eugenin and Berman 2013, Berman, Carvallo et al. 2016, Malik, 

Theis et al. 2017, Gorska, Donoso et al. 2021, Malik, Valdebenito et al. 2021, 

Valdebenito, Castellano et al. 2021) Transduced HIV-infected astrocytes with Cx43 

shRNA lentivirus showed a significant decrease in cell proliferation, which was also 

observed in the same cells transduced with the scrambled shRNA lentivirus used as a 

control. Thus, we are in the process of optimizing sample preparation and troubleshooting 

Cx43 knowing down step before to perform scRNAseq analysis.   

In correlation, latent HIV-infected astrocyte populations may be characterized by 

a specific lipidomic profile. To assess this, we must be able to resolve lipid signals within 

infected and neighboring uninfected cells. We demonstrated that merging complementary 

information from MALDI MSI assessment and confocal microscopy analysis is suitable 

within the same cell layer. Future work will focus on testing different matrices, 

improving lateral resolution, and running MALDI in positive and negative modes to 

cover all ionizable lipid species to improve our lipidomic analysis. To improve sensitivity 

and  resolution, we plan to perform MALDI-2 MSI, a laser-based post-ionization method 

providing a signal increase of up to two or three orders of magnitude (as detailed in 

Chapter 5) (Gonzalez-Dominguez, Garcia-Barrera et al. 2014, Niehaus, Soltwisch et al. 
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2019). Subsequent staining will include DAPI to identify nuclei, GFAP as astrocyte 

marker, HIV DNA probe for the nef DNA sequence, and Alu-repeats probe as control of 

host DNA (Alu) to identify the astrocyte HIV-integrated DNA positive. Even though 

some of the approaches may appear naïve or ambitious, the nature and differentiation of 

immune, glial, and neuronal cells in the human brain are currently unknown. The 

proposed approaches can provide essential information about brain development, 

differentiation, and compromise in the current cART era. 

Overall, the proposed approaches include high throughput and innovative 

analyses for the characterization of cell-to-cell heterogeneities at a molecular level for the 

neuroHIV and other diseases.  
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CHAPTER 5 – THE USE OF MALDI-2 MASS SPECTROMETRY IMAGING TO 

DETECT TRIGLYCERIDES IN AD MOUSE BRAIN 
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INTRODUCTION 

In recent years, the role of lipids has been identified as a key research focus in the 

study of neurological disorders. Abnormal lipid metabolism has been shown to contribute 

to the pathogenesis of several neurodegenerative diseases (Adibhatla and Hatcher 2008). 

In addition, neurological damage and lipid dysregulation occurring due to infectious 

etiology has been demonstrated for multiple pathogens including HIV (Bandaru, Mielke 

et al. 2013), Zika (Zhou, Chi et al. 2019), and Tick-Borne encephalitis (Du, Mi et al. 

2021).  

Neutral storage lipids have been previously shown to be dysregulated in multiple 

neurodegenerative disorders (Teixeira, Maciel et al. 2021). The most abundant neutral 

storage lipids are triacylglycerides (TAGs) and cholesteryl esters (CEs), which are 

typically present as lipid droplets (LDs) within tissues and cells. TAGs are comprised of 

three fatty acids tails esterified with a glycerol head group and may contain more than 

900 different fatty acid compositions and combinations. CEs are formed by the 

esterification of cholesterol with long-chain fatty acids (typically C:16-C:22 in length). 

The dysregulation of lipid metabolism, including aberrant accumulation of LDs, 

has been proposed to contribute to the development of amyotrophic lateral sclerosis 

(Kassan, Herms et al. 2013) and PD (Girard, Jollivet et al. 2021) pathologies. 

Accumulation of lipids within glial cells was even noted in the earliest AD’s patient 

(Alzheimer, Stelzmann et al. 1995) and the role of lipid droplets within AD pathogenesis 

is a current research focus of particular interest (Farmer, Walsh et al. 2020, Yin 2022). 

The 3xTg mouse model recapitulates similarities with the AD brain pathology 

observed in humans, and both amyloid beta plaques and neurofibrillary tangles become 

progressively present upon advanced age (Oddo, Caccamo et al. 2003). In addition, 

metabolic changes due to degradation of cholinergic and dopaminergic systems are 

recapitulated in this model (Guzman-Ramos, Osorio-Gomez et al. 2012, Moreno-Castilla, 
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Rodriguez-Duran et al. 2016), as well as neutral and membrane lipid alterations 

(Gonzalez de San Roman, Llorente-Ovejero et al. 2021). The 3xTg model has been used 

in multiple previous studies to investigate progressive metabolic and lipid dysfunction 

(Esteve, Jones et al. 2017, Kaya, Brinet et al. 2017, Chen, Hu et al. 2022). Lipid droplet 

accumulation in the 3xTg AD’s mouse model was shown to precede the formation of the 

neuropathological hallmark amyloid plaques and neurofibrillary tangles (Hamilton, 

Dufresne et al. 2015). Using Matrix-Assisted Laser Desorption Ionization Mass 

Spectrometry Imaging (MALDI-MSI) and Liquid Chromatography Tandem Mass 

Spectrometry (LC-MS/MS), 12 distinct triglycerides were observed to accumulate within 

the tissues of the 3xTg AD mice versus wild-type control. Detailed localization by 

MALDI-MSI indicated that the accumulation of these TAGs was limited to the 

subventricular region of the brain. The authors also showed that free cholesterol 

concentrations did not change in the 3xTg mouse model versus wild-type control. 

However, the abundance and distribution of the esterified form of cholesterol (the form 

known to accumulate within lipid droplets) has not been elucidated within these regions 

of the brain. Hence there is a need for imaging techniques with improved sensitivity to 

detect and visualize the distribution of all neutral lipid classes within brain tissues from 

animal models and clinical samples to elucidate their role within neurodegenerative 

disease pathogenesis.  

MALDI-MSI is a powerful and selective technique for detecting and visualizing 

lipid distributions within biological tissues. In MALDI-MSI, thin tissue sections are 

coated with a UV absorbing matrix applied in solution or as a dry application by 

sublimation (Gemperline, Rawson et al. 2014, Huizing, Ellis et al. 2019). A UV laser is 

used to ablate the tissue surface generating gas phase ions that are analyzed in the mass 

spectrometer. Mass spectra are acquired at each position the laser is fired and 2D ion 

maps can be plotted for any detected ions (peaks) in each spectrum. 
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A major limiting factor for the application of MALDI-MSI to study analytes 

within biological tissues is the sensitivity to detect molecules due to their low abundance 

or difficulty in generating ions that can be detected by the mass spectrometer. Moreover, 

as spatial resolution capabilities improve via the incorporation of lasers with smaller spot 

diameters or the use of laser oversampling, less material is ablated per laser acquisition 

meaning far fewer ions are produced and requiring more sensitive detection. Another 

issue with ion generation during MALDI-MSI is that upon irradiation with the laser, 

mostly neutral ions are desorbed rather than the charged ions capable of being detected 

by the mass spectrometer. It is estimated that the ratio of ions yielded per neutral 

molecule is below 1x10-6 (Tsai, Lee et al. 2013). Hence, only the most abundant or easily 

ionized molecules are detected. It is for this reason that most research into lipid classes in 

brain diseases by MALDI-MSI has concentrated upon the highly abundant and easily 

ionizable membrane lipids such as phosphatidylcholine and phosphatidylethanolamine 

(Shanta, Choi et al. 2012, Sparvero, Amoscato et al. 2012, Hong, Kang et al. 2016). Yet, 

there are lipid classes present at low abundance and with poor ionizing capabilities such 

as signaling and storage lipids that play crucial roles in neurological disease pathogenesis 

(Bruce, Zsombok et al. 2017). 

Improved MALDI-MSI methods are urgently required to facilitate the analyses of 

these lipid species. A recently introduced approach for enhancing MALDI-MSI 

sensitivity is the incorporation of laser induced post-ionization known as MALDI-2 

(Soltwisch, Kettling et al. 2015). In MALDI-2, a second pulsed UV post-ionization laser 

is aligned parallel to, and 200-400 µm above the tissue surface, and it is used to induce a 

secondary ionization of the ion plume following initial MALDI ionization. The precise 

mechanisms of MALDI-2 ionization are still being investigated. Current hypotheses 

include resonance-enhanced two-photon ionization (REMPI) (Potthoff, Minte et al. 2022) 

in which ionization of the matrix molecules is achieved by the post-ionization laser and 

proton transfer to or from neutral analyte molecules (M) in subsequent collisions to yield 
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the observed [M + H]+ or [M – H]– species. This is supported by the increased presence 

of protonated analyte ions in comparison to metal cation species (such as [M + Na]+ or 

[M + K]+). A proposed mechanism for the generation of the metal cation adducts also 

detected during MALDI-2 is photodissociation of neutral matrix crystals during laser 

post-ionization (Potthoff, Dreisewerd et al. 2020). 

Using MALDI-2, significantly more neutral molecules within the ion plume are 

ionized leading to ion yield increases of 2 orders of magnitudes or greater for small 

molecule analytes including lipids (Bowman, Bogie et al. 2020, Soltwisch, Heijs et al. 

2020), carbohydrates (Heijs, Potthoff et al. 2020), drugs (Barre, Paine et al. 2019), and 

peptides (McMillen, Gutierrez et al. 2021). Lipid classes that have been shown to have 

the greatest increase in sensitivity include triacylglycerides (TAGs), cholesteryl esters 

(CEs), and hexosylceramides (HexCers) (Bowman, Bogie et al. 2020, McMillen, Fincher 

et al. 2020, Soltwisch, Heijs et al. 2020). Furthermore, the use of MALDI-2 enables lipid 

species that traditionally are only detected in negative ionization mode to be detectable 

using positive ionization mode including phosphatidylinositols (PI), 

phosphatidylethanolamines (PE), and free fatty acid (FFAs). 

In the present study, MALDI-2 MSI was applied to examine neutral lipid 

distribution within brain tissue from the 3xTg AD mouse model at mid and advanced age 

timepoints and in comparison to age-matched wild-type controls. Our aim was to 

evaluate sensitivity gains offered by MALDI-2 MSI and assess the suitability of the 

technique for future neutral lipid imaging applications in neurogenerative disease 

research such as HAND. 

MATERIALS AND METHODS 

Mouse brain tissue sections 

Male and female 3xTg-AD transgenic mice were purchased from Jackson Labs 

(Bar Harbor, ME) and maintained through a breeding program at UTMB (Bourne, 
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Natarajan et al. 2019). Brains were collected from 3 male mice at either 5 months or 17 

months age and immediately frozen in liquid nitrogen vapor as previously described 

(Prideaux, Dartois et al. 2011). Control brains were collected from wild-type control B6J 

mice at 5-6 months of age. 

Fresh frozen mouse brain tissues were cut in 10 µm thick serial sections (coronal 

sections) using a Leica CM1850 cryostat (Buffalo Grove, IL) and thaw-mounted onto 

Corning® alkaline earth boro-aluminosilicate glasses (CB-90IN-S111, Delta 

Technologies, Loveland, CO) coated with Poly-D-Lysine solution (1.0 mg/ml, Cat# A-

003-E, Millipore Sigma, St. Luis, MO). The coated slides were prepared adding enough 

Poly-D-Lysine solution to cover the entire surface. After 12 h, the slides were rinsed with 

distillated water, dried at RT and stored at 4°C. After sectioning, slides containing tissue 

sections were placed in a desiccator for 15 min. Once desiccated, the slides were placed 

individually in zipper sealed plastic bags and transferred to the -80°C freezer for storage.  

 

MALDI-1 MSI and MALDI-2 MSI 

Prior to MALDI-MSI analysis, the bagged slides were removed from the -80°C 

freezer and allowed to reach room temperature for 15 min before the bags were opened. 

2,4,6-Trihydroxyacetophenone (THAP, Cat# 91928, Sigma-Aldrich, St. Luis, MO) 

dissolved in 1:1 ethanol/cyclohexane (Cat# 611050040, and Cat# 22919M1, Thermo 

Fisher Scientific, Waltham, MA) at 10 mg/ml was used as the MALDI matrix. The 

matrix was applied to the tissue sections by automated airspray deposition using a TM-

Sprayer (HTX Technologies LLC, Chapel Hill, NC). The nozzle temperature was set to 

50°C and 20 passes over the tissue were performed at a flow rate of 40 ml/min. MALDI-

MSI analysis was performed using a Q-Exactive HF Hybrid quadrupole Orbitrap mass 

spectrometer (Thermo Fisher Scientific, Walt ham, MA) equipped with a MALDI/ESI 

injector elevated pressure source incorporating a primary Nd:YAG laser and post-

ionization 266 nm solid state laser (Crylas FQSS 266-200). For MALDI-MSI data 
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acquisition, the Crylas was not enabled, and data was acquired with the Explorer laser 

pulse energy of 5 µJ and 1000Hz repetition rate. For MALDI-2 MSI acquisition, both the 

CryLas and Explorer lasers were operated at 30Hz repetition rate, with a delay time of 

~20nsec and an Explorer pulse energy of 5 µJ. External mass calibration was performed 

using calibration solutions (Cat# A3929, Thermo Fisher Scientific, Waltham, MA). 

Lockmass was enabled for the protonated ion of THAP at m/z 169.0. Depending on the 

experiment, spectra were acquired at 10-30 µm lateral resolution in positive ion 

acquisition mode. Total acquisition times were between 6-12 h. The accurate mass 

measured lipid peaks were identified by matching reference lipids in the Human 

metabolome database (www. https://hmdb.ca/) and Lipid Maps database 

(https://www.lipidmaps.org/) with Database within a ±0.002 Da mass tolerance window. 

Thermo RAW format data files were converted to imzML using ImageInsight software 

(Spectroglyph LLC, Kennewick, WA). Data visualization was performed using SciLs 

software (SCiLS GmbH, Bremen, Germany). 

For the MALDI-MSI sensitivity analyses, TAG 46:3 (18:1/18:1/18:1) (Cat# 

26871, Cayman Chemical, Ann Arbor, MI, USA), 46:6 (18:2/18:2/18:2) (Cat# 26951, 

Cayman Chemical, Ann Arbor, MI, USA), and 46:9 (18:3/18:3/18:3) (Cat# 10009825, 

Cayman Chemical, Ann Arbor, MI, USA) were solubilized in a solvent mixture 

comprising methanol and water (9:1 ratio, Cat# A454SK-4 and Cat# W5-1, Thermo 

Fisher Scientific, Waltham, MA) heated to 50°C to produce a final stock concentration of 

10 mg/ml. One µl of each standard solution was deposited onto mouse brain tissue 

sections collected from a 3-month-old wild-type mouse used for a previous unrelated 

study. Matrix was applied to the tissue as described above. MALDI-1 MSI was 

performed using Explorer pulse energy of 5 µJ and laser repetition rate of either 30Hz or 

1000Hz. MALDI-2 MSI was performed with CryLaser and Explorer lasers operated at 30 

Hz repetition rate, with a delay time of ~20nsec and an Explorer pulse energy of 5 µJ. 

The Y offset function within the MALDI-injector software was set to 0 for the first 

https://hmdb.ca/
https://www.lipidmaps.org/
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acquisition (MALDI-1 30Hz), 20 for the second acquisition (MALDI-1 1000 Hz) and 40 

for the final acquisition (MALDI-2 30 Hz). The lateral resolution was set to 60 µm for 

each acquisition ensuring there was no overlap of the irradiated laser region in each 

acquisition as the measured elliptical laser spot diameter of the Explorer laser is 12x15 

µm. MS images for the spotted standards were produced using SciLs software (SCiLS 

GmbH, Bremen, Germany). Quantification of the ion signals was performed from the raw 

data files using Thermo Xcalibur Qual Browser. The mean ion signal for each TAG ion 

adduct was calculated from three acquisition rows per spot (50-70 data points per row). 

 

Immunofluorescence 

THAP matrix was removed washing the sections 3 times with Methanol (Cat# 

A456-4, Thermo Fisher Scientific, Waltham, MA)/PBS (Cat# BP665-1, Thermo Fisher 

Scientific, Waltham, MA) solution (7:3 v/v). Antigen retrieval was performed by 

incubating slides sections in commercial antigen retrieval solution (Cat# S1700, Agilent 

Dako, Santa Clara, CA) for 30 min at close to 80 °C water-bath. Slides were removed 

from the bath and then allowed to cool down in 1X TBS (Cat# BP2471-1, Thermo Fisher 

Scientific, Waltham, MA) and permeabilized in 0.1% Triton (Cat# X-100, Sigma-

Aldrich, St. Luis, MO) for 2 min at RT. Unspecific antibody binding sites were blocked 

by incubating the tissues with freshly prepared blocking solution (0.5 M EDTA pH 8.0; 

Cat# 15575-038, Thermo Fisher Scientific, Waltham, MA), 1% Fish gelatin from cold 

water (Cat# G7765, Sigma-Aldrich, St. Luis, MO), 0.1 g Albumin from bovine serum-

immunoglobulin free (Thermo Fisher Scientific, Waltham, MA), 1% Horse Serum (Cat# 

H1138, Sigma-Aldrich, St. Luis, MO), 5% human serum (Cat# 31876, Thermo Fisher 

Scientific, Waltham, MA), 9 ml ddH20) for 2 h at RT in a humidity chamber. The 

primary antibodies (anti-GFAP, anti-rabbit, dilution 1:100, Cat# SAB4501162, RRID: 

AB_10746077, Sigma-Aldrich, St. Luis, MO;  anti-Iba-1, anti-goat, dilution 1:100, Cat# 

ab5076, RRID: AB_2224402, Abcam, Cambridge, UK; anti-MAP2, anti-chicken, 
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dilution 1:100, Cat# ab5392, RRID: AB_2138153, Abcam, Cambridge, UK) were added 

to the samples diluted in blocking solution and incubated at 4°C overnight. Cells were 

washed several times with TBS at RT and incubated with the appropriate secondary 

antibodies (Alexa anti-rabbit 647, dilution 1:500, Cat# A21443, Thermo Fisher Scientific, 

Waltham, MA; Alexa anti-goat 688, dilution 1:500, Cat# A32814, Thermo Fisher 

Scientific, Waltham, MA; Alexa anti-chicken 568, dilution 1:500, Cat# A11041, Thermo 

Fisher Scientific, Waltham, MA;) for at least 2 h at RT followed by several washes in 

TBS. The slides were then mounted using Prolong Gold anti-fade reagent (Cat# P36930, 

Thermo Fisher Scientific, Waltham, MA) and examined using an A1 confocal 

microscope (Nikon, Japan). Specificity was confirmed by the secondary antibodies only. 

Coverslip removal and hematoxylin and eosin (H&E) staining was performed by the 

University of Texas Medical Branch Histopathology Core facility. 

 

Statistical analyses 

Statistical analyses were performed using Prism 5.0 software (GraphPad 

Software, Inc., San Diego, CA). Two-way ANOVA tests were used to calculate the 

statistical differences between lipid contents of animal brain tissues. To control for 

multiple comparisons, probability values of p≤0.05 were considered statistically 

significant based on the Tukey's approach. 

 

RESULTS 

MALDI-2 increases the sensitivity of TAG analysis when spiked onto brain tissue 

sections 

Initial method development to assess the sensitivity of MALDI-2 in comparison 

to traditional MALDI (MALDI-1) was focused on optimizing a standardized matrix 

application that would be used for both methods. Next, we evaluated the sensitivity of 
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MALDI-1 and MALDI-2 to detect TAG species with increasing numbers of unsaturation 

(presence of double bonds in the tree present esterified fatty acids) spiked onto control 

mouse brain tissue sections. 1 ml of a 10 mg/ml solution of one of three different 

triglycerides with increasing levels of unsaturation, 54:3 (containing three oleic acids), 

54:6 (containing three linoleic acids), and 54:9 (containing three alpha-linolenic acids) 

was pipetted onto different regions of the tissue and MALDI-1 or MALDI-2 MSI was 

conducted using the Y offset function available in the acquisition software (Fig. 5.1A). 

The use of offset acquisition on the exact same spiked tissue minimizes potential 

variables ensuring observed differences are not due to poor pipetting reproducibility. 

Significantly higher signals were detected for all three TAGs when using MALDI-2 in 

comparison to MALDI-1 even when the highest MALDI-1 laser repetition rate was 

utilized (1000 Hz) (Fig. 5.1A). The overall increase in ion signal for MALDI-2 

protonated, sodium, and potassium cations combined was 4-8 fold (Fig. 5.1E, **p≤0.01, 

****p≤0.0001, n=3). Interestingly, only MALDI-2 produced protonated TAG ions (Fig. 

5.1B, C, and D, **p≤0.01, ****p≤0.0001, n=3), which agrees with previous observations 

that MALDI-2 promotes the formation of protonated versus metal cations (Barre, Paine et 

al. 2019, McMillen, Fincher et al. 2020). However, even with the increased protonated 

ion production by MALDI-2, the protonated ions were at least 20-fold lower than the 

potassium cation (the most abundant ion produced for all TAGs investigated) (Fig. 5.1 B, 

C, and D, **p≤0.01, ****p≤0.0001, n=3). A previous study investigating the increased 

sensitivity of MALDI-2 for analyzing drugs within tissues, showed that increasing the 

laser repetition rate for MALDI-1 could restore the difference in sensitivity between the 

two techniques (Barre, Paine et al. 2019). However, in this study increasing repetition 

rate to the maximum (1kHz) only offered a moderate increase in sensitivity of 1.5-2-fold 

versus 30Hz for the three TAGs analyzed. This was still observed to be 3-6 fold lower 

than the ion intensities detected using MALDI-2. Moreover, increasing the repetition rate 

has the potential to induce increased irradiation damage to the tissue due to the increased 
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number of laser shots hitting the surface. Overall, our data shows that MALDI-2 

significantly increases the sensitivity of TAG analysis within spiked brain tissue sections 

indicating its suitability for application to analyze TAG and neutral lipid dysregulations 

within tissues even when the lipids are present at low abundance.  

 

Triglycerides accumulate within the subventricular zone in 3xTg mice 

We next applied the optimized MALDI-2 method to visualize the distribution of 

triglycerides within coronal mouse brain sections from 3xTg AD model mice and age 

matched wild-type controls. Histological (oil red) images and representative MALDI-2 

MSI images from 5-month wild-type (5m ctrl), 5-month 3xTg (5m 3x TG), and 17-month 

3xTg (17 3x TG) are shown in Fig. 5.2. Progressive hippocampal atrophy was observed 

in the 17m mouse brain in comparison to the 5m and no hippocampal damage was 

observed in the 5m wild-type (H&E data not shown). We used a phosphatidylcholine cell 

membrane marker of grey matter (PC 34:1 [M+H]+ m/z 760.6, Fig. 5.2B) to visualize 

cortex integrity. No clear compromise in cortex integrity was observed either through 

general loss of membrane phospholipid signal or localized regions of increased or 

decreased PC metabolism (Fig. 5.2B). Phosphatidylcholine marker of myelin/white 

matter was used to assess morphological and structural changes in white matter (PC 36:1 

[M+H]+ m/z 788.6, Fig. 5.2C). No noticeable thinning of the corpus callosum was 

observed in this study in contrast to what has been reported in moderate and advanced 

clinical AD’s disease (Yamauchi, Fukuyama et al. 2000). When MALDI-2 MS ion maps 

for the TAG 54:3 were generated, very little signal was observed within the coronal brain 

sections from wild-type mice (Fig. 5.2D). However, in both the 5m and 17m 3xTg mice 

brains, heterogenous TAG 54:3 signal was clearly detected, and when viewed in the 

context of the myelin and grey mater tissue markers, appeared to be localized to the 

regions at the immediate border of the lateral ventricles (merge in Fig. 5.2E).  
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In matching oil red-stained serial tissue sections, lipid droplets were observed to 

be present within the tissue bordering the ventricles and mainly within the ependymal 

cells lining the ventricles (Fig. 5.2A). The lipid droplets were only present in the 5m and 

17m 3xTg mice and not the wild-type 5m control in agreement with the MALDI-2 MS 

distributions of TAG 54:3 (Fig. 5.2A and D). As the two primary lipid species that 

comprise lipid droplets are TAGs and cholesteryl esters (CEs), we also interrogated the 

acquired datasets for the any detected CE lipids (Fig. 5.2F). MALDI-2 has recently been 

demonstrated to be a sensitive method for CE analysis (Bowman, Bogie et al. 2020). The 

only CE lipid detected within the mouse brain sections from the 3xTg mice was 

cholesteryl oleate (CE 18:1 [M+K]+ m/z 689.6) (Fig. 5.2F). CE 18:1 signal did not 

colocalize with either the TAG signal or the presence of lipid droplets and was only 

weakly detected. Hence, we have shown that the neutral lipid composition of lipid 

droplets accumulating with the SVZ in the 3xTg mice are comprised of TAG and not CE. 

The severity of brain morphology alterations was noticeably varied between mice, 

even when the mice were compared within the same age group. MALDI-2 MS images of 

TAG 54:3, H&E images from the same brain tissue sections after matrix removal, and oil 

red-stained adjacent tissue sections from the 17m 3xTg mice are shown in Fig. 5.3. When 

comparing 3xTg mice from the 17m age group, the observed morphological changes 

ranged from mild ventricle enlargement (mouse 2) to moderate enlargement (mouse 1) 

and ultimately, extremely severe ventricular enlargement with advanced hippocampal 

atrophy (mouse 3, as evidenced by the absence of hippocampal tissue within the sampled 

brain section) (Fig. 5.3A). MALDI-2 MSI analysis of the localization of TAG 54:3 within 

the tissue sections, revealed a consistent distribution of TAG despite the severity of 

morphological damage (Fig. 5.3B). The strongest TAG signal was observed within the 

upper “ridge” of the tissue bordering the ventricle and was typically present throughout 

the length of the ridge (the most severe example is present in mouse 3, Fig. 5.3B). As 

noted previously, the TAG signal strongly colocalized with the presence of lipid droplets 
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detected by oil red staining (Fig. 5.3C, select lipid droplets indicated by the arrows). Less 

TAG signal was observed in the lower tissue areas bordering the ventricle even though 

the tissues appeared morphologically similar, with a clear bordering ependymal cell layer 

present in both. In agreement with the MALDI-2 MSI TAG distribution data, lipid 

droplets were also not present within these lower ventricle bordering regions (Fig. 5.3C). 

 

MALDI-2 ionization enhances TAG imaging in 3xTg mouse brain sections 

Using standards spiked onto control mouse brain, we showed that MALDI-2 was 

superior to MALDI-1 for sensitive imaging analysis of TAGs of varied fatty acid 

compositions (Fig. 5.1A). However, one aspect of the MSI process, that is not 

recapitulated in a tissue surface spiking study, is the ability to extract the analytes from 

the tissue into the matrix crystals at the surface. Therefore, our next goal was to assess the 

ability of the MALDI-2 approach to image multiple TAG species of varied carbon 

lengths and fatty acid saturation directly within the 3xTg mouse brain sections. Previous 

studies conducted by Hamilton et al, using MALDI-1 time of flight mass spectrometry 

imaging identified 12 different TAG species within 3xTg mouse SVZ brain regions 

(Hamilton, Dufresne et al. 2015) and we proposed that the increased sensitivity of the 

MALDI-2 MSI technique would  enabled the detection of additional species in our study.   

Due to the lack of chromatographic separation, MALDI-MSI is incapable of 

resolving true isobaric ions. Hence, in these studies we cannot resolve the precise fatty 

acid composition of each detected triglyceride. TAG species are identified based on 

accurate mass and classified based on the total number of carbons and total number of 

double bonds comprised of the three esterified fatty acids. Therefore, each fatty acid 

species identified by MSI may be comprised of many different fatty acid combinations 

that add up to the same number of total carbons and double bonds. For example, TAG 

54:6 may be composed of three linoleic acids (18:2/18:2/18:2) or one saturated palmitic 
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acid, one unsaturated linoleic acid, and one polyunsaturated arachidonic acid 

(16:0/18:2/20:4) among many other potential combinations.  

To identify all detected TAG species by MALDI-2 MSI, we drew regions of 

interest (ROIs) encompassing 200 µm in diameter from the border of the lateral ventricle 

(encompassing the subventricular zone). Peak lists from the ROI mean spectra were 

extracted using SCiLS software and were cross referenced with the Lipid Maps database. 

[M+K]+ TAGs within a mass tolerance window of 3 ppm were assigned to matching 

spectral peaks. The TAG species putatively identified due to accurate mass matching are 

shown in Table 4 along with their theoretical and acquired m/z values. In total 30 putative 

TAG species were identified. Extracted ion images were plotted for each of the 30 

identified TAG species (as an example, images for all TAG species 17m 3xTg mouse 1 is 

shown in Fig. 5.4) and all were observed to colocalize with the SVZ in agreement with 

TAG 54:3 distribution and the presence of lipid droplets (Fig. 5.3).  

Mean relative ion signal intensities were calculated for SVZ regions of interest in 

3xTg and wild-type mice using SCiLS software (Fig. 5.5A-D, *p≤0.05, **p≤0.01, 

***p≤0.001, ****p≤0.0001, n=3). Only eight TAG species were detected in 5m old wild-

type mice and ion abundances for each were extremely low. In TAGs containing fatty 

acids with 46-50 total carbons, 48:0, 48:1, 50:0, and 50:1 were detected in wild-type mice 

(Fig. 5.5A). However, quantification of ion signals revealed that relative abundances 

were 20-50-fold lower than those detected in 5-month-old 3xTg mice (Fig. 5.5A, 

*p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001, n=3). Robust ion abundances were 

observed in the 5m and 17m 3xTg mice for all eight TAGs and there were minimal 

differences between the 5m and 17m animals (only 50:1 was significantly increased in 

17m in comparison to 5m, ****p≤0.0001, n=3). TAG 50:1 was the most abundant 

species in all mouse models and ages. In TAGs containing fatty acids with 52 total 

carbons, 52:1 and 52:2 were detected in wild-type mice (Fig. 5.5B). As for the shorter 

carbon TAGs, relative abundance was low in the wild-type mice and normalized ion 
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counts for 52:1 and 52:2 were 130-fold and 180-fold lower than in 5m 3xTg mice, 

respectively. TAG 52:2 was the most abundant species and no significant differences 

between 5m and 17m 3xTg mice were observed.  In TAGs containing fatty acids with 54 

total carbons, only 54:2 and 54:3 were detected in wild-type mice (Fig 5.5C) and their 

relative ion abundances were 130-fold and 8-fold lower than in 5 month 3xTg mice, 

respectively (Fig 5.5C, ****p≤0.0001, n=3). TAGs 54:2 and 54:3 were the most 

abundant species and significantly increased levels of unsaturated fatty acids were 

observed in the 17m 3xTg mouse than the 5m (continuing the trend observed in the 52 

carbon TAGs). TAGs containing fatty acids with 56 total carbons were not detected in 

the 5m old wild-type SVZ (Fig. 5.5D). TAGs 56:4 and 56:5 were the most abundant in 

the 3xTg mice SVZ and the highly unsaturated TAGs (56:4, 56:5, and 56:6) were all 

present at significantly higher levels in the 17m 3xTg mice in comparison to the 5m (Fig. 

5.5D). This data allowed us to determine that greater amounts of unsaturation within long 

carbon chain TAGs correlated with increased age in the 3xTg mouse brain. However, 

similar changes were not observed in shorter chain TAGs (46-50 carbon length). Overall, 

this data shows that TAG accumulation within the SVZ occurs early in disease 

pathogenesis in the 3xTg mouse model (prior to 5 months) and that increased 

accumulation of unsaturated TAGs is progressive as the mice age.  

 

MALDI-2 facilitates downstream confocal microscopy of same tissue section 

Using poly-lysine coated glass MALDI slides, we have demonstrated the 

feasibility of downstream histochemical staining and imaging on the same tissue section 

as prior MALDI-MSI analyses (Fig. 5.2 and 5.3). However, to accurately interpret MS 

images within the context of cellular composition and protein/enzyme activity, additional 

immunohistochemical (IHC) or immunofluorescence (IF) imaging analyses are required. 

As the ultimate goal of our approach is to elucidate metabolic changes occurring at the 



 

186 

 

cellular level in neurogenerative diseases, a high spatial resolution MALDI-MSI method 

is required that is fully compatible with downstream IHC and IF microscope imaging.  

First, we compared MALDI-1 versus MALDI-2 MSI within defined regions of 

5m 3xTg mouse brain sections. MALDI MSI was conducted at a lateral resolution of 20 

µm as due the laser spot having a diameter of 12 x 15 µm no overlap of the laser spot 

would occur between adjacent positions (pixels) at this resolution (Fig. 5.6A). A laser 

repetition rate of 1000 Hz was used for the MALDI-1 acquisitions, due to this parameter 

setting producing the highest TAG signal. Following MALDI acquisition, the matrix was 

removed from the tissue and staining was performed using DAPI for nuclei, GFAP 

(astrocytes marker), and MAP-2 (neuronal marker). Immunofluorescence images 

acquired using confocal microscopy are shown in Fig. 5.6A. Images acquired after 

MALDI-2 MSI analysis had no detectable compromise of signals or presence of 

autofluorescence when compared to confocal images taken from areas of the tissue that 

did not undergo MALDI-2 MSI imaging. However, in the MALDI-1 confocal image 

comparisons tissue damage is readily apparent as evidenced by the induction of 

autofluorescence present in a grid pattern throughout the image. This finding was 

supported by subsequent H&E staining of the same tissue sections (Fig. 5.6B), which 

revealed a grid-like laser burn pattern throughout the MALDI-1 MSI tissue sections that 

was not present in the MALDI-2 MSI images. Next, we repeated the MALDI-2 MSI 

analysis at 10 µm lateral resolution to evaluate whether cellular level MSI would be 

compatible with confocal microscopy analysis. At this resolution, the acquired pixels are 

smaller than the laser spot diameter resulting in “oversampling” (Bowman, Bogie et al. 

2020). As shown in Fig. 5.6A, no compromise of labeling or image quality is observed in 

brain section regions in which MALDI-2 MSI was performed in comparison with non-

laser irradiated areas. Hence, laser irradiation of the tissue section during MALDI-2 MSI 

acquisition is compatible with antibody labeling and microscopy.  
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Another stage in the MALDI-2 MSI process with the potential to negatively affect 

IF confocal microscopy analysis is the application of the MALDI matrix during sample 

preparation. To assess this, we compared downstream IF in adjacent 3xTg mouse brain 

sections with and without MALDI-2 MSI acquisition (Fig. 5.7). As shown in Fig. 5.7A, 

signal intensities for DAPI, GFAP, or MAP-2 did not appear to be compromised in the 

MALDI-2 MSI tissue in comparison to tissue sections that did not undergo the MALDI-2 

samples preparation process. In addition, upon inspection of subsequent H&E staining in 

the same tissue sections, no tissue damage was observed in the MALDI-2 tissues. With 

this data, we have demonstrated that MALDI-2 MSI acquisition is superior to MALDI-1 

in limiting laser-induced tissue damage that compromises IF analysis. Moreover, we have 

also shown that our MALDI-2 methods produce equivalent IF image quality to that 

acquired in adjacent fresh-frozen tissue sections. Hence, confirming the approach is 

suitable for high spatial resolution MSI, IF, and H&E within a single tissue section, 

enabling cellular level imaging of lipids and metabolites with markers of cell type, 

enzymatic pathways, and morphology. 
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Table 4. List of identified TAG lipids within the SVG of 3xTg mouse brain sections 

based on accurate mass measurements.  

 

TAG Theoretical m/z Acquired m/z Difference (ppm) 
46:0 817.6682 817.6683 0.1 
48:0 845.6695 845.7002 0.8 
48:1 845.6838 843.6844 0.7 
50:0 873.7308 873.7322 1.6 
50:1 871.7151 871.7159 0.9 
50:2 869.6995 869.7002 0.8 
50:3 867.6838 867.6849 1.3 
52:0 901.7621 901.7634 1.4 
52:1 899.7464 899.7481 1.9 
52:2 897.7308 897.7315 0.8 
52:3 895.7151 895.7159 0.9 
52:4 893.6995 893.7001 0.7 
52:5 891.6838 891.6850 1.6 
52:6 889.6682 889.6700 2.0 
52:7 887.6525 887.6548 2.6 
54:0 929.7934 929.7947 1.4 
54:1 927.7777 927.7793 1.7 
54:2 925.7621 925.7631 1.1 
54:3 923.7464 923.7472 0.9 
54:4 921.7308 921.7315 0.8 
54:5 919.7151 919.7154 0.3 
54:6 917.6995 917.6998 0.3 
54:7 915.6838 915.6844 0.5 
56:0 957.8247 957.8281 3.5 
56:1 955.8090 955.8104 1.5 
56:2 953.7935 953.7947 1.4 
56:3 951.7777 951.7785 0.8 
56:4 949.7621 949.7631 1.1 
56:5 947.7464 947.7470 0.6 
56:6 945.7308 945.7314 0.6 
56:7 943.7151 943.7157 0.6 

Theoretical m/z values for each identified TAG are shown in the first column. Actual 

acquired peak values are shown in column 2. The ppm difference between calculated m/z 

and recorded m/z is shown in column 3. Peaks with an acquired m/z within 3ppm of the 

TAG theoretical value were assigned. 
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Figure 5.1. MALDI-2 MSI enhances analytical sensitivity for Triacylglycerol lipids 
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1 ml of a 10 mg/mL solution of 3 TAGs of differing fatty acid saturations was spiked 

onto control mouse brain tissue sections. (A) MALDI-MSI of TAG 54:3 (18:1/18:1/18:1) 

using 3 different ionization methods (MALDI-1 at low and high laser repetition rates, and 

MALDI-2 at its maximum available repetition rate). Extracted ion images are shown for 

the three major ions produced. (B) Graph showing quantification of ion signals produced 

for TAG 54:3. (C) Graph showing quantification of ion signals for TAG 54:6 

(18:2/18:2/18:2). (D) Graph showing quantification of ion signals for TAG 54:9 

(18:3/18:3/18:3). (E) Graph showing summed ion intensities ([M+H]+, [M+Na]+, and 

[M+K]+). *p≤0.05, **p≤0.01, ****p≤0.0001. Scalebar = 5 mm. 
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Figure 5.2. MALDI-2 MSI enables visualization and relative quantification of TAGs 

accumulating within the subventricular zone (SVZ) in 3xTg mice 

MALDI-2 MSI analysis was performed on coronal brain sections from 5m wild-type, 5m 

3xTg, and 17m 3xTg. Extracted ion images were produced for brain tissue markers and 

TAG 54:3. (A) Oil red staining of lipid droplets within the SVZ of adjacent brain tissue 

sections to those used for MALDI-2 MSI. (B) MALDI-2 MS image of a 

phosphatidylcholine marker of grey matter (PC 34:1 [M+H]+ m/z 760.6). (C) MALDI-

MS image of a phosphatidylcholine marker of myelin/white matter (PC 36:1 [M+H]+ m/z 

788.6). (D) MALDI-MS image of TAG 54:3 ([M+K]+ m/z 923.7). (E) RGB overlay of all 

three markers. The white boxes delineate the regions from which the high magnification 

oil red images were taken. (F) MALDI-2 MS image of cholesteryl ester 18:1 ([M+K]+ 

m/z 689.6). Representative MALDI-2 MS images from n=3 per condition are shown. 

Scalebar for all MS images = 5 mm. Scalebar for oil red images = 100 mm 
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Figure 5.3. Diverse brain morphology is observed in aged 3xTg mice 

(A) Images of H&E-stained coronal brain sections from 17m 3xTg mice. These images 

were from the exact same tissue used for prior MALDI-2 MSI analysis. Scalebar = 5 mm 

(B) MALDI-2 MS I for TAG 54:3 ([M+K]+ m/z 923.7). The green and purple boxes 

delineate the SVZ regions magnified in adjacent oil red-stained sections in which oil 

droplets were present (green box) or absent (purple box). Scalebar = 5 mm (C) Magnified 
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SVZ regions from oil red-stained mouse brain sections adjacent to those used for 

MALDI-2 MSI and H&E. Regions containing lipid droplets are outlined in green, regions 

without the presence of lipid droplets are outlined in purple. Intact lipid droplets are 

indicated by the black arrowheads. Scalebar = 100 mm. All 3 17m 3xTg mice sections 

are shown. 
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Figure 5.4. MALDI-2 MSI identified 30 different TAG species within subventricular 

zone (SVZ) in 3xTg mice 

Extracted ion images for all 30 identified TAGs (as listed in Table 4) in a 17m 3xTg 

mouse-1 coronal brain section. Images are shown for TAGs identified based upon 

accurate mass measurement and precise colocalize with the distribution of TAG 54:3 and 

the confirmed presence of lipid droplets by oil red staining). Representative MALDI-2 

MS images from n=3 per condition are shown. Scalebar = 5 mm 
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Figure 5.5. Quantification of TAG abundance within the SVZ of wild-type and 3xTg 

mice 

Regions of interest were drawn in the SVZ of the brain right hemisphere from all three 

mouse conditions and the mean ion signal within was calculated using SCiLS lab 

software. Relative quantification comparisons were performed using 3 mice per condition 

(n=3), *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. Due to the high number of 

detected TAGs, mean intensity results were plotted on 4 graphs separated based on the 

total number of carbons within the esterified fatty acids. (A) Graph showing the mean 

intensity of TAG signal within the SVZ for TAGs containing 46-50 total fatty acid 

carbons. (B) Graph showing the mean intensity of TAG signal within the SVZ for TAGs 

containing 52 total fatty acid carbons. (C) Graph showing the mean intensity of TAG 

signal within the SVZ for TAGs containing 54 total fatty acid carbons. (D) Graph 

showing the mean intensity of TAG signal within the SVZ for TAGs containing 56 total 

fatty acid carbons.  
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Figure 5.6. The use of MALDI-2 MSI prevents laser-induced tissue damage and is 

compatible with immunofluorescent imaging  

Tissue sections underwent standard sample preparation for MALDI-MSI and MSI was 

performed on one hemisphere of the coronal mouse brain section for a 5m 3xTg mouse. 
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Following MALDI-1 or MALDI-2 MSI analysis of coronal mouse brain sections at high 

(20 µm lateral resolution) or cellular-level detail (10 µm lateral resolution), THAP matrix 

was removed from the tissue surface and immunofluorescence was performed to stain 

DAPI (blue), GFAP (astrocyte marker in white), and MAP-2 (neuron marker in red). (A) 

Merge of DAPI, GFAP, and MAP-2 from brain regions in which MALDI-1 (1000 Hz 

laser repetition rate) and MALDI-2 (30 Hz laser repetition rate, at two different lateral 

resolution) was performed (first row). Merge of DAPI, GFAP, and MAP-2 from 

matching brain regions in the hemisphere that was not analyzed by MSI are shown in the 

second row. (B) Images of the same tissue regions as shown in (A) after H&E-staining. 

Clear tissue damage and increased autofluorescence was observed in the tissue regions 

analyzed using MALDI-1 MSI. Scalebar = 500 mm main panel, 100 mm inset panel. 
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Figure 5.7. MALDI matrix application and removal steps for MALDI-2 MSI do not 

compromise downstream IF imaging 

MALDI-2 MSI was performed as described in Fig. 5.6. Following MALDI-2 MSI 

analysis at 10 µm lateral resolution, THAP matrix was removed from the tissue surface 

and IF was performed for DAPI (blue), GFAP (astrocyte marker in white), and MAP-2 

(neuron marker in red). The same confocal microscopy analysis was conducted in an 

adjacent tissue section using standard fresh frozen IF methods (i.e. the tissue did not 

undergo previous MALDI-2 MSI analysis or any of the MALDI-2 sample preparation 

steps). (A) Single channel and merge images for DAPI (blue), GFAP (white), and MAP-2 

(red) and corresponding H&E in tissue regions following MALDI-2 MSI. (B) Single 

channel and merge images for DAPI (blue), GFAP (white), and MAP-2 (red) and 

corresponding H&E in matching fresh-frozen tissue sections without any of the MALDI-

2 sample preparation steps. No compromises in signal intensity, autofluorescence, or 

image quality were observed. Scalebar = 500 µm main panel, 100 µm inset panel. 
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DISCUSSION 

The use of laser induced post-ionization (MALDI-2) MSI has been demonstrated 

to significantly increase the sensitivity of MALDI-MSI for many small molecule 

analytes, including lipids, metabolites, and drugs. In this study, we have demonstrated 

that MALDI-2 MSI is a highly-sensitive technique for detecting and localizing neutral 

lipid dysregulation within the brain tissue sections taken from a clinically-relevant 

murine model of progressive AD.  

We evaluated the sensitivity of MALDI-2 versus MALDI-1 MSI techniques to 

detect and visualize TAG lipid standards spiked onto young wild-type mouse brain 

sections (in which endogenous TAG would not be expected to be present (Ralhan, Chang 

et al. 2021)).  MALDI-2 increased the sensitivity of all TAG detection by 3-20-fold 

(depending upon the TAG species and generated ion). The main reported limitations of 

applying MALDI-MSI to study triglycerides in biological tissues are lack of analytical 

sensitivity required to detect them, lack of mass resolution, and accuracy capabilities to 

resolve TAG ions from endogenous tissue-derived peaks, and lack of spatial resolving 

capabilities to accurately determine tissue and cellular localization (Alamri, Patterson et 

al. 2019). To circumvent these limitations, several approaches have been used to enhance 

analytical sensitivity for TAGs including the use of sputtered gold coating to enhance 

ionization (sodium-doped gold-assisted LDI IMS) (Dufresne, Masson et al. 2016) and 

silicon nanopost array (NAPA) substrates that selectively ionize TAGs (Fincher, Korte et 

al. 2020). However, the MALDI-2 approach requires no additional sample preparation 

steps than regular MALDI, negating additional time, and cost requirements in addition to 

significantly increasing the analytical sensitivity. Regarding ion formation, potassium 

adduct TAGs were the most abundant ions detected for all TAG species when either 

MALDI-1 or MALDI-2 was used. Previous studies applying MALDI to detect 

triglycerides in olive oil samples found that the TAGs were primarily present as sodium 
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adducts (Kubo, Satoh et al. 2013, Kuo, Kuei et al. 2019) and to date most applications of 

MALDI analysis to the study of triglycerides have been in agriculture and food science. 

This study is the first to report the detection of protonated TAG ions by MALDI-MSI, 

which we hypothesize to be due to the known ability of MALDI-2 to promote the 

generate protonated ion species. 

After optimizing and evaluating the MALDI-2 MSI approach on TAG-spiked 

tissue sections, we then applied the technique to visualize neutral lipid dysregulation in 

brain tissue collected from 3xTg AD mouse models and age-matched wild-type controls. 

When visualizing TAG 54:3 distributions within the brain tissues, very low signals were 

observed in 5m wild-type mice, whereas high signal intensities were observed for both 

5m and 17m old 3xTg mice. The observed TAG signal in the 3xTg mice was localized to 

the border of the lateral ventricles, which were enlarged in this model. Only one 

cholesteryl ester lipid was detected within 3xTg mouse brain. However, the signal 

intensity was low and did not colocalize with the distribution of TAG. Oil red staining 

performed on adjacent tissue sections revealed the presence of lipid droplets within the 

subventricular zone at the border of the lateral ventricles. This distribution of lipid 

droplets perfectly colocalized with the MALDI-2 MSI distributions of TAG, confirming 

that the neutral lipids accumulating within the 3xTg brains were TAGs and not CE. 

Previous studies by Hamilton et al identified that TAGs accumulate within the SVZ of 

3xTg mice and brain tissues collected from AD patients (Hamilton, Dufresne et al. 2015). 

However, CE was not investigated and therefore this is the first study to demonstrate that 

the neutral lipid droplet composition is exclusively TAG.  

As mentioned previously, the sensitivity of traditional MALDI MSI is a primary 

limiting factor for detecting TAGs in biological tissues. Previous investigations using 

sodium-doped gold-assisted MALDI to evaluate TAG lipid dysregulation within 3xTg 

mouse and clinical AD brain tissues revealed the presence of 12 different TAG species 

(Hamilton, Dufresne et al. 2015). Using MALDI-2 MSI we identified 30 different TAG 
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species that were present within the SVZ of 3xTg mouse and colocalized with the 

presence of lipid droplets. Moreover, in the aforementioned study oleic acid 

(monounsaturated) containing TAGs were identified as the major species present within 

the SVZ. In this study, we detected multiple polyunsaturated TAGs with up to seven total 

unsaturation across all esterified fatty acids. As the sensitivity of TAG detection by 

MALDI MSI decreases in correlation with increasing carbon length and number of 

saturations, these longer carbon and polyunsaturated TAGs may not have been detected 

in the previous study using a less sensitive approach. Interestingly, no significant 

difference was observed in the accumulation of shorter carbon TAGs with lower numbers 

of unsaturation between 5m and 17m 3xTg mice, indicating that the initial accumulation 

occurs early (prior to 5m of age). Select longer carbon chain TAGs (>54) and TAGs 

containing more four or more unsaturations were observed to be significantly increased in 

the 17m 3xTg mice versus the 5m. Thus, the degree of unsaturation and carbon length of 

TAGs in this mouse model correlates with progressive disease development.  

The localization of TAG within the SVZ is of particular striking due to it being 

one of only two regions where neurogenesis persists in the postnatal brain (Doetsch, 

Caille et al. 1999). The SVZ lines the wall of the lateral ventricles and is composed of 

neural stem cells which have the capability to differentiate into various CNS lineages 

(Doetsch, Garcia-Verdugo et al. 1999). The highest TAG signal was observed to 

colocalize with the ependymal cell layer at the outer edge of the SVZ and with the 

presence of lipid droplets. Ependymal cells are glial cells that act as a barrier between the 

brain parenchyma and the cerebrospinal fluid. They play crucial roles in brain 

metabolism, maintaining CSF homeostasis, and waste elimination (Ralhan, Chang et al. 

2021). Fatty acid metabolism is known to be high within ependymal cells and lipid 

droplets accumulate within the cells even under healthy conditions with increasing age 

(Capilla-Gonzalez, Cebrian-Silla et al. 2014, Farmer, Walsh et al. 2020). One limitation 

of this study is the lack of age matched wild-type mice for the 17m 3xTg mouse TAG 
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data, precluding comparison to the expected increased TAG levels occurring due to 

nonpathogenic advanced age. 

A detailed and mechanistic interpretation of TAG accumulation within the SVG 

of 3xTg mice is beyond the scope of this work. However, future studies could focus on 

longitudinal analysis of TAG dysregulation very early in AD progression and correlate 

this with neurocognitive impairment as working and memory deficits have been reported 

to occur as early as 2 months of age in this mouse model (Stevens and Brown 2015). 

One major advantage of the MALDI-2 MSI technique is the ability to conduct 

downstream antibody labeling and IF microscopy imaging on the same tissue section as 

used for MSI. We demonstrated that the MALDI-2 approach induced less tissue damage 

and produced higher quality images for cell and nuclear markers than was achieved using 

MALDI-1. The ability to perform these analyses on the same tissue section enables 

precise, cellular level colocalization of TAG and IF images. 

Further limitations of the study include the use of only male 3xTg mice. Due to 

the known sexual dimorphism in pathogenesis between male and female 3xTg mice 

(Dennison, Ricciardi et al. 2021), the study would need to be repeated using age matched 

female mice before conclusions could be extrapolated to the female population. In 

addition, due to the inability of MALDI-MSI to identify the specific fatty acid chains of 

the detected TAGs, the presence of specific fatty acids implicated in inflammation such 

as arachidonic acid and docosahexaenoic acid cannot be confirmed. In future studies, we 

propose to use laser capture microdissection to isolate the SVZ of 3xTg mice and use 

liquid chromatography mass spectrometry (LC-MS/MS) to identify the specific fatty acid 

composition of the TAGs as previously described for drug and metabolite quantification 

in tissues (Zimmerman, Blanc et al. 2018). 

In addition to AD, lipid droplet formation and accumulation has been implicated 

in the pathogenesis of multiple neurodegenerative disorders including Parkinson’s 

disease (Cole, Murphy et al. 2002), Huntington’s disease (Martinez-Vicente, Talloczy et 
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al. 2010), amyotrophic lateral sclerosis (Bailey, Koster et al. 2015), and hereditary spastic 

paraplegia (Arribat, Grepper et al. 2020). Furthermore, lipid dysregulation is a key 

pathological feature of infectious neurological diseases including HIV (Bandaru, Mielke 

et al. 2013, Castellano, Prevedel et al. 2019), meningitis (Czepiel, Gdula-Argasinska et 

al. 2019), and Zika (Zhou, Chi et al. 2019). Therefore, the developed MALDI-2 MSI 

techniques have great potential value for elucidating mechanisms behind the molecular 

pathogenesis of these debilitating diseases.  

 In summary, the optimized MALDI-2 MSI approach enables high spatial 

resolution images of TAGs to be determined within coronal brain sections from 3xTg 

mice. This approach, that combines lipidomic MALDI-2 MSI assessment, 

immunofluorescence analysis, and histological staining for morphological evaluation, is 

significant for a direct colocalization of lipid/metabolite with protein signals at the single-

cell spatial resolution. This characterization will be translated to other neurodegenerative 

diseases, including HAND, in order to elucidate potential targets for new 

pharmacological therapies. 
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CHAPTER 6– CONCLUSION AND FUTURE DIRECTIONS 

HIV infection is a major public health concern, affecting 38 million people 

worldwide (https://www.who.int/news-room/fact-sheets/detail/hiv-aids). HIV infection is 

now considered a chronic and manageable disease. The existing drugs to the treat HIV-

infected population are not a cure even if they induce immune reconstitution (Perdomo-

Celis, Taborda et al. 2019, Jilg, Garcia-Broncano et al. 2020). Most HIV-infected patients 

under cART that show a normal CD4 count, a low to undetectable viral load, and an 

increased life-expectancy, develop symptoms of accelerated aging, including HIV-

associated neurocognitive disorder (HAND) (Saylor, Dickens et al. 2016). It is a 

spectrum of motor and behavioral/psychosocial dysfunctions (Saylor, Dickens et al. 

2016). According to the cohort studies of the CNS HIV Anti-Retroviral Therapy Effects 

Research (CHARTER), the prevalence of HAND in the current cART era is 47%: 33% of 

patients exhibited asymptomatic neurocognitive impairment (ANI), 12% mild 

neurocognitive disorder (MND), and only 2% HIV-associated dementia (HAD) (Heaton, 

Clifford et al. 2010, Sacktor, Skolasky et al. 2016, Rosenthal and Tyor 2019, Vastag, 

Fira-Mladinescu et al. 2022). HAND diagnosing and management is not fully 

standardized such that statistical evaluation about the different types of HAND can differ 

(Wang, Liu et al. 2020, Vastag, Fira-Mladinescu et al. 2022). Cognitive impairment 

occurs due to early CNS infection before cART administration, the presence of viral 

reservoirs, and the aging of the HIV-infected population. Viral reservoirs are resident 

cells harboring integrated and replication-competent provirus within host cellular DNA; 

they cannot be targeted by the immune natural or engineered system and cART 

(Churchill, Deeks et al. 2016). 

Long-term cART has shifted HAND to the milder forms, but it has maintained the 

same frequency in the HIV-infected population (Heaton, Clifford et al. 2010). 
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Importantly, the mechanisms by which HIV induces HAND in the current cART era are 

unknown. 

The most demanding barrier to cure HIV infection is the presence of viral 

reservoirs in different anatomical compartments, including the brain (Svicher, 

Ceccherini-Silberstein et al. 2014, Churchill, Deeks et al. 2016, Siliciano and Siliciano 

2018, Wang, Simonetti et al. 2018, De Scheerder, Vrancken et al. 2019, Abdel-Mohsen, 

Richman et al. 2020, Chaillon, Gianella et al. 2020, Lutgen, Narasipura et al. 2020). 

Upon cART interruption or for viral blips that can take place during cART 

administration, HIV can rebound from all the anatomical compartments in which viral 

reservoirs are resident (Sorstedt, Nilsson et al. 2016, De Scheerder, Vrancken et al. 2019, 

De-Scheerder, Depelseneer et al. 2020, Fujinaga and Cary 2020, Suzuki, Levert et al. 

2021). 

Currently, there is not a reliable method to detect viral reservoirs, and there is still 

open the scientific debate concerning the cell type in which the HIV genome is integrated 

and the size of these cells (Falcinelli, Ceriani et al. 2019). The mechanisms related to 

neuroHIV need to be fully investigated. Thus, this thesis tried to deal with these three 

major problems. 

As we extensively described in the general introduction and Chapter 2, there are 

no consistent methods to detect viral reservoirs, especially in the tissues. In this thesis, we 

outlined a microscopy strategy that can be used for the reliable identification, 

localization, and quantification of viral reservoirs in the tissues and the blood of HIV-

infected individuals. This methodology is based on a multi-probe and antigen detection 

system using a DNA probe targeting the HIV-Nef sequence, an mRNA probe targeting 

HIV gag-pol mRNA, and detecting HIV proteins and cellular markers using the 

traditional antibody-based technology. Our approach is very innovative because it can 

detect circulating or tissue-associated viral reservoirs and enables the identification of 

HIV-integrated DNA, HIV mRNA, and several viral proteins in a single analysis. To 
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consider the HIV DNA Nef probe a positive signal, it needs to colocalize with the Alu-

repeats probe and DAPI, which we used as nuclear markers (correlation coefficient≥0.8). 

Instead, the viral mRNA signal does not colocalize with DAPI and Alu-repeats due to the 

different subcellular distribution. A similar selection for specificity was used for HIV 

viral proteins. For this analysis, we used human brain tissues provided by National 

NeuroAIDS Tissue Consortium (NNTC) and NeuroBioBank collected from uninfected 

(control and Alzheimers’s disease) and HIV-infected patients. Infected patients were 

under cART for long a time showing undetectable, low, or high viral load; encephalitic 

patients were not virally suppressed with cART or under monotherapy (see Table 1, 

Chapter 2). Through our strategy, we confirmed that the brain is a sanctuary site for viral 

reservoirs (Balcom, Roda et al. 2019) and that a small population of 

microglia/macrophage and a smaller population of astrocytes are the major reservoirs 

within the brain (Li, Henderson et al. 2016, Clayton, Garcia et al. 2017) in the pre- and 

current cART era. Only a few of the microglia/macrophages and astrocytes in the brain 

were infected with HIV, suggesting that an unknown mechanism of selection is used for 

specific niches within the brain that have a higher susceptibility to HIV infection. Among 

the HIV-DNA positive cells, only 1/3 of them were HIV RNA positive, and a few (~1/3) 

of these double-positive cells synthetized viral proteins. Literature data regarding the pre-

cART era indicated that the percentage of macrophages and astrocytes with HIV-

integrated DNA is higher than our analysis (Churchill, Wesselingh et al. 2009). Through 

our system, we identified that cART induces a reduction in the viral reservoir pools. 

Specifically, myeloid and glial reservoirs undergo a distinct cART effect; the amount of 

astrocyte reservoirs is not altered by the different degrees of systemic replication 

compared to macrophage/microglia that proportionally decrease in high, low, and 

undetectable viral load conditions. However, cART cannot completely inhibit HIV-

mRNA production and HIV protein synthesis. The low number of viral reservoirs we 

detected in the brain cannot directly explain the cognitive decline and the structural 
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damage detected in HIV-infected patients. We demonstrated that viral reservoirs 

synthesize p24, Gp120, Nef, Vpr, and Tat proteins, but not Integrase, which are released 

and taken up by neighboring uninfected cells even during cART administration. Several 

laboratories using animal models such as humanized mouse models and non-human 

primates (Hanna, Kay et al. 1998, Nesbit and Schwartz 2002, Hansen, Vieville et al. 

2009, Yamada, Yoshikawa et al. 2015) have shown a consistent synthesis of HIV 

proteins that is not representative of what we observed in human brain tissues, where 

HIV proteins synthesis is not systemic but localized. The basal synthesis of HIV proteins 

can validate the theory of HIV protein neurotoxicity that has been discussed for many 

years and implicates HIV proteins in the progression of neuroHIV (Wallace 2006, 

Kovalevich and Langford 2012, Mocchetti, Bachis et al. 2012). Thus, we demonstrated 

that viral reservoirs contribute to the bystander damage by secretion of HIV proteins that 

reach limited but considerable distances (µm range) into the brain.  

The brain of HIV-infected population virally suppressed with cART also 

exhibited significant structural changes, such as the decrease in gray matter volume and 

the presence of hyper-densities in the white matter (Su, Wit et al. 2016, Eggers, Arendt et 

al. 2017, Strain, Burdo et al. 2017, Underwood, Cole et al. 2017, van Zoest, Underwood 

et al. 2017, Sanford, Strain et al. 2019).  

In this thesis we associated the presence of viral reservoirs in the brain with a 

local myelin sheath compromise. Myelin structural impairment by HIV infection involves 

myelin structural proteins and lipids. We demonstrated in vitro that sulfatide, the major 

structural lipid in the myelin, compromised gap junctional communication and calcium 

waves, correlating with CNS damage and cognitive decline observed in the HIV-infected 

population under cART.  

Since the clinical settings that enable the partitioning of HAND in ANI and MND 

are still debated in the scientific community (Nightingale, Winston et al. 2014, Saylor, 

Dickens et al. 2016), we divided our analysis in mild and severe forms of HAND (HIV-
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MND and HAD). We included uninfected patients not affected by neurodegenerative 

diseases and affected by AD as controls. AD brains were used as a positive control for 

demyelination, defects in the biosynthesis of myelin lipids, and cognitive decline (see 

Table 2, Chapter 3) (Papuc and Rejdak 2020). Our findings demonstrated that HIV 

infection and associated cognitive impairment reduced the expression of myelin structural 

proteins (MBP and PLP) in the cell processes, but only mildly compared to AD 

pathogenesis. Genome-wide microarray analysis of HIV-infected frontal cortex tissues 

from patients virally suppressed with cART and developing HAND revealed down-

regulated MBP mRNA levels (Borjabad, Morgello et al. 2011, Borjabad and Volsky 

2012), as well as RNA sequencing of HIV-humanized mice brain showed decrease 

transcripts for MBP and PLP (Li, Gorantla et al. 2017, Jensen, Roth et al. 2019). Our 

future experiments aim to investigate the expression of other myelin sheath structural 

proteins such as myelin-associated glycoprotein (MAG) and myelin oligodendrocyte 

glycoprotein (MOG) (Kursula 2008).  

HIV-infected individuals with MND or HAD also had a significant reduction of 

myelin sheath thickness compared to uninfected people without cognitive decline 

conditions, suggesting implications for the normal neuronal circuits (Suminaite, Lyons et 

al. 2019). In the current cART era, subcortical white matter (WM) damage is observed in 

HAND and this damage correlates with demyelination, inflammation, synaptodendritic 

injury, and microvascular alterations (Alakkas, Ellis et al. 2019). In our analysis, a loss of 

myelin structural integrity was observed in neighboring uninfected areas indicating the 

presence of CNS damage amplification even in the absence of systemic viral replication. 

A potential driving mechanism of CNS damage triggering HAND onset and 

pathogenesis is lipid dysregulation. Our recent data indicates that HIV-infected 

individuals under cART display altered circulating lipid metabolism (Velasquez, 

Prevedel et al. 2020). In addition, existing literature data revealed that HIV dysregulates 

lipids resulting in adipose accumulation in the body (Martinez, Mocroft et al. 2001, 
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Bernasconi, Boubaker et al. 2002) and dyslipidemia in the blood (Souza, Luzia et al. 

2013, Finkelstein, Gala et al. 2015) with an elevated risk of cardiovascular diseases 

(Waters and Hsue 2019, Drechsler, Ayers et al. 2021).  

HAND, as well as other neurodegenerative diseases, has been linked to lipid 

dysregulation (Bandaru, Mielke et al. 2013, Bandera, Taramasso et al. 2019, Torkzaban, 

Mohseni Ahooyi et al. 2020), but a comprehensive examination of structural and 

signaling lipids in the brain of HIV-infected individuals under cART and developing 

neurocognitive impairment is missing. In this thesis, we analyzed lipid distribution in the 

brain of HIV-infected individuals by MALDI-MSI, demonstrateing that sulfatide, a key 

lipid family involved in maintaining myelin structure, was compromised in HIV 

conditions. Sulfatide is the major lipid component of the myelin sheath (Schmitt, 

Castelvetri et al. 2015, Blomqvist, Zetterberg et al. 2021). In our analysis, the long carbon 

chain sulfatides (24:0, 24:1 and hydroxylated species, 24:0 OH and 24:1 OH) showed a 

significant upregulation in the WM of HIV-infected individuals with milder and severe 

cognitive impairment. Sulfatide species with various fatty acid chains have different roles 

in the myelin sheath structure; short-chain sulfatides with 16 to 22 carbon non-

hydroxylated and hydroxylated fatty acids support myelin development; instead, long-

chain sulfatides with 24 carbon non-hydroxylated and hydroxylated fatty acids are 

predominant in the adult brain and support myelin sheath maintenance (Hirahara, 

Wakabayashi et al. 2017). Other neurodegenerative diseases showed significant changes 

in lipid distribution and CNS structural damage (Hussain, Anwar et al. 2020). If sulfatide 

expression in HAND conditions is compared to Alzheimer’s (AD) and Parkinson’s 

diseases (PD), sulfatide increases in the white matter of HIV-infected patients with 

cognitive decline rather than in the grey matter as observed in PD’s patients (Cheng, Xu 

et al. 2003) or being reduced in both grey and white matter as observed in AD condition 

(Han, D et al. 2002). Thus, a neuroHIV specific mechanism characterizes sulfatide 

dysregulation and mild myelin structural compromise. This process may involve the 
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immune detection of sulfatide as self-antigens to trigger the chronic inflammation 

observed in the brain of HIV-infected individuals under cART and affected by HAND. 

Literature data indicate sulfatide is a lipid antigen, which can stimulate a strong immune 

response (Kanter, Narayana et al. 2006, Samygina, Popov et al. 2011, Yang, Lee et al. 

2011, Patel, Pellicci et al. 2012, Fuss, Joshi et al. 2014, Dasgupta and Kumar 2016, Stax, 

Tuengel et al. 2017, Sebode, Wigger et al. 2019, Kim, Han et al. 2020, Williams, Chen et 

al. 2020). Thus, our future directions aim to highlight sulfatide as a biomarker of HIV-

associated cognitive impairment, inflammation, and bystander damage triggered by the 

persistence of viral reservoirs in the brain. We intend to expand our research to larger 

clinical cohorts and HIV animal models (non-human primates and humanized mice/rats), 

and also include sulfatide precursors such as galactosylceramide and ceramide to identify 

and quantify autoantigens and elucidate new HIV pathogenic mechanisms through the 

isolation of the areas of the viral reservoirs by Laser Capture Microdissection (LCM). 

Many restrictions affect the use of HIV animal models in our project, especially the 

persistent HIV reservoir in the brain and their excessive synthesis of viral proteins. 

However, HIV animal models can be useful to reduce the variance of human 

demographic factors in investigating the CNS lipid disorder (Saylor, Dickens et al. 2016, 

Marsden 2020). In the future, analysis of multiple lipid markers, rather than a single lipid, 

could be necessary for improving the diagnostic accuracy and prognostic evaluation of 

HAND. Galactosylceramide family, the direct precursor of sulfatide, also participate in 

myelin structure maintenance and differentiation (Reza, Ugorski et al. 2021), and it is 

recognized as the binding molecule of the HIV-1 surface envelope glycoprotein gp120 

(Cook, Fantini et al. 1994). In addition, ceramide is the backbone of all the sphingolipids, 

it is a key regulator of brain homeostasis and is altered in neurodegenerative diseases 

(Mencarelli and Martinez-Martinez 2013, Castro, Prieto et al. 2014, Hussain, Anwar et al. 

2020).  
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Regarding the functional significance of soluble sulfatide in the context of CNS 

damage, one of the key finding of our laboratory is that HIV uses a cell-to-cell 

communication system, gap junction channels and hemichannels, to amplify the 

bystander damage mediated by viral reservoirs through IP3 and calcium signaling 

(Eugenin, King et al. 2007, Eugenin, Clements et al. 2011, Roberts, Eugenin et al. 2012, 

Eugenin and Berman 2013, Berman, Carvallo et al. 2016, Malik, Theis et al. 2017, 

Gajardo-Gomez, Santibanez et al. 2020, Lutgen, Narasipura et al. 2020, Velasquez, 

Prevedel et al. 2020, Gorska, Donoso et al. 2021, Malik, Valdebenito et al. 2021, 

Valdebenito, Castellano et al. 2021). Hence, we have investigated soluble sulfatide 

effects on human primary astrocytes. Soluble sulfatide compromised the triggering of 

calcium waves in the astrocyte pacemaker cells, affecting the coordination between the 

pacemaker and non-pacemaker cells. The propagation of calcium waves between the 

astrocytes is principally mediated via Cx43 gap junctions (Scemes, Dermietzel et al. 

1998), whose expression is upregulated by HIV-Tat in the glial reservoirs to induce 

bystander apoptosis into the neighboring uninfected cells (Eugenin and Berman 2007, 

Eugenin, Clements et al. 2011, Eugenin and Berman 2013, Berman, Carvallo et al. 2016, 

Malik, Theis et al. 2017, Gajardo-Gomez, Santibanez et al. 2020, D'Amico, Valdebenito 

et al. 2021, Malik, Valdebenito et al. 2021, Valdebenito, Castellano et al. 2021). In this 

thesis, we demonstrated that soluble sulfatide increased Cx43 mRNA and protein levels 

in human primary astrocytes. Soluble sulfatide also up-regulated ZO-1 mRNA and 

protein, which regulates Cx43 GJ’s dynamic turnover including the forward trafficking of 

Cx43 toward the plasma membrane to be opened and in functional conformation 

(Thevenin, Kowal et al. 2013, Thevenin, Margraf et al. 2017). Soluble sulfatide further 

increased gap junctional communication, suggesting that it can increase the radius of 

damage arising from the glial reservoirs. Hela cells were used as a stable system for Cx43 

expression to study its binding proteins after sulfatide stimulation by 

coimmunoprecipitation and subsequent proteomics. Preliminary proteomics data revealed 
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that sulfatide regulated three important families of proteins related to recycling-transport, 

mitochondria, and cellular membrane. Within the recycling-transport proteins, we 

identified proteins binding to Cx43, involved in an active vesicular transport such as 

myosin and rab proteins. Mitochondrial proteins binding Cx43 and upregulated by 

sulfatide were related to glucose and glutamate/glutamine synthesis. Future experiments 

aim to demonstrate the direct interaction of Cx43 with these specific metabolic enzymes 

in the mitochondria. In addition, we found a potential  specific proteomic profile for 

Cx43 in the plasma membrane that stabilizes Cx43 open and functional conformation that 

needs to be confirmed in additional experiments. We chose Hela cells to perform this 

analysis because they represent a simple model, future studies intend to characterize 

Cx43 binding proteins in human primary astrocytes treated with sulfatide and HIV-

infected. Pending experiments also aim to knock-down Cx43 in HIV-infected astrocytes 

to identify the populations susceptible to HIV infection or bystander damage by single-

cell RNA sequencing. Other pending experiments aim to analyze lipid dysregulation in 

primary cultures of astrocytes uninfected and HIV-infected using MALDI-2 MSI, to 

improve the sensitivity and the spatial resolution of the lipid analysis.  

To improve our lipidomics assay at the cellular level spatial detail, we developed 

a MALDI-2 MSI method to image triglycerides and cholesteryl esters that are not easily 

ionized using regular MALDI-MSI. We analyzed triglyceride and cholesteryl ester 

expression in the brain of 5- and 17-month-old 3xTg mouse model for the pathological 

mechanisms of AD and age-matched wild-type control B6J mice. Using MALDI-2 MSI, 

we identified more than 30 triglyceride species in the brain of 3xTg mice four-fold higher 

than we detected with regular MALDI-MSI. Triglyceride species, detected in the brain of 

3xTg mice, mostly localized within the ependymal cells lining the ventricle and adjacent 

tissue areas, and their expression was age and AD pathogenesis dependent. Our approach 

is groundbreaking because it combines highly innovative lipidomic MALDI-2 MSI 

assessment, immunofluorescence analysis for cellular markers, and histological staining 
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for morphological evaluation in the same tissue section. This is critical because it enables 

a direct co-localization of lipid/metabolite with protein signals at the single-cell spatial 

resolution. For future studies, we intend to associate a spatial transcriptomics analysis to 

have a complete map of lipid metabolism and related gene activity in the same tissue 

sample (Dries, Chen et al. 2021, Rao, Barkley et al. 2021). This will enable a full and 

multi-omics characterization of dysregulated pathways in several neurodegenerative 

diseases and elucidate potential targets for novel therapeutic approaches. 

HAND is not an age-related and progressive neuropathology like AD. A critical 

obstacle to study HAND pathologic mechanisms in the HIV-infected population is the 

possibility that reestablish the motor/cognitive functions. Typically, HAND remains 

stable during effective cART, but in rare instances can be resolved completely or 

progress to severe forms of HAND (Sacktor, Skolasky et al. 2016). Thus, translating our 

multi-omics characterization of dysregulated pathways and finding specific combined 

biomarkers for the distinct stages of HAND are clinically relevant to improve the 

everyday functioning of the HIV-infected population under cART. 

Overall, there are major contributions to the HIV field presented in this thesis.  

First, we have optimized a high throughput technique to identify, localize, and 

quantify viral reservoirs in the tissues and the blood.  

Second, we identify that small populations of microglia/macrophages and smaller 

astrocyte population are CNS viral reservoirs in the pre- and the current cART era. 

Third, HIV brain reservoirs are rare, heterogeneously distributed in the brain, and 

organized in small clusters. 

Fourth, HIV brain reservoirs produce residual viral mRNAs and proteins despite 

cART long-term administration. We demonstrated that HIV-p24, Gp120, Nef, Vpr, and 

Tat proteins are synthesized by myeloid and glial reservoirs, released, and taken up by 

neighboring uninfected cells to amplify the brain damage observed in the HIV-infected 

population.  
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Fifth, viral reservoir-induced damage includes myelin structural protein and lipid 

changes. We identified that HIV-infected patients under cART with mild and severe 

cognitive impairment have lower expression of MBP and PLP proteins in the brain, and 

their myelin structure is reduced in thickness. These patients also showed an increased 

expression of certain species of sulfatide, suggesting amplification of damage controlled 

by viral proteins through a lipid-mediated mechanism.  

Sixth, we identified that sulfatide increases cell-to-cell communication in vitro by 

upregulating Cx43 GJ, which are essential components to spread bystander damage.  

Seventh, we developed a MALDI-2 MSI method to detect triglycerides and 

cholesteryl esters associated with histochemical analyses in the AD mouse brain, useful 

to investigate other neurocognitive disorders, including HAND.  

Although CNS damage in HIV-infected individuals under cART is multifactorial 

we provided specific tools and unique data that describe a mechanism of bystander 

damage in HAND. Based on our untargeted lipidomic analyses, we proposed sulfatide as 

a potential biomarker or a molecular target for preventing or curing neurocognitive 

disorders that affect HIV aviremic population. There are many gaps of knowledge that 

need to be adressed to elucidate HAND pathogenesis. Our multi-faceted approach 

utilizing viral reservoirs identification and quantification, myelin structural impairment, 

and lipid dysregulation can be clinically relevant for developing drugs that prevent or 

alleviate the motor and behavioral/psychosocial dysfunctions that distress a good portion 

of the HIV-infected population under cART.  
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