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Antiretroviral therapy (ART) has dramatically prolonged the lives of people living 

with HIV (PLWH), but it is not curative as it cannot eliminate integrated HIV-1 

proviruses in different tissue reservoirs. Even though subtype C HIV-1 accounts for 

almost half of global HIV-1 infections, few studies had evaluated HIV-1 reservoirs for 

this subtype. Many co-factors, including the lifestyle factor cannabis use, have been 

investigated for their potential effects in HIV-1 infection. However, only limited 

information exists regarding cannabis’s effects on HIV-1 infections in vivo, and the 

impact of cannabis use on HIV-1 parenchymal tissue reservoirs is unexplored. This 

dissertation aims to deepen our understanding of subtype C HIV-1, which is predominant 

in resource-limited settings and presents unique challenges in management and treatment. 

Specifically, it explores the landscape of subtype C HIV-1 tissue reservoirs, particularly 

identifying the human appendix as a novel reservoir, and assessed the effects of cannabis 

use on these reservoirs.  

To map the distribution of subtype C HIV-1 tissue reservoirs, we conducted 

systematically sample collections from autopsies in Zambia, sub-Saharan Africa (SSA), 

and employed advanced molecular techniques to map the distribution and viral burden of 

subtype C HIV-1 within different tissue compartments. We discovered significant viral 

persistence in the lymphoid and gastrointestinal (GI) tract tissues, but unlike well-



 
 

documented subtype B HIV-1, subtype C HIV-1 poorly accessed the brain. Interestingly, 

subtype C proviruses were readily detected in the appendix, a previously unrecognized 

tissue reservoir. This finding suggests that the appendix may play a crucial role in the 

long-term persistence of HIV-1, challenging existing paradigms of reservoir locations. 

To evaluate the impact of cannabis use on subtype C HIV-1 tissue reservoirs, we 

analyzed viral load and immune modulation, via analyses of inflammatory cytokine 

mRNA expression in cannabis-using and non-using individuals. Results demonstrated 

that cannabis use is associated with a reduced size of viral reservoirs and altered 

inflammatory responses, indicating potential therapeutic implications in exploiting 

lifestyle factors in managing HIV-1. 

Overall, this dissertation provides critical insights into the unique characteristics 

of subtype C HIV-1 reservoirs and the modulatory effects of cannabis. These findings not 

only contribute to the field of HIV research by identifying new targets for potential 

eradication strategies but also highlight the importance of considering behavioral factors 

in the clinical management of HIV. The research underscores the need for a 

comprehensive approach that includes both molecular characterization of HIV reservoirs 

and evaluation of lifestyle influences on disease dynamics. 
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CHAPTER 1:  

LITERATURE REVIEW 

Human Immunodeficiency Virus (HIV) 

Precursors to the pandemic 

While the exact date of the first case showing symptoms of what would later be 

defined as human immunodeficiency virus (HIV) infection is difficult to determine 

retrospectively, the earliest known case of HIV infection was identified from an archival 

blood sample taken in 1959 from a man in Kinshasa, Democratic Republic of Congo 

(Zaire) (1). However, it was not until the early 1980s that the medical community 

recognized a pattern of symptoms associated with a new immunodeficiency syndrome 

predominantly in the homosexual male population. In a Morbidity and Mortality Weekly 

Report (MMWR) published on June 5, 1981, the Centers for Disease Control and 

Prevention (CDC) in the United States described five cases of rare Pneumocystis 

carinii pneumonia (PCP) among previously healthy young men in Los Angeles (2). All 

those men were described as homosexuals, and two had died by the time of the report. 

Shortly after the initial MMWR report, a series of cases of an unusually aggressive 

Kaposi's sarcoma (KS) among homosexual men in New York and California were 

reported (3). Subsequent reports expanded the recognition of the disease among other 

populations, including intravenous drug users and transfusion recipients (4). These initial 

cases were characterized by severe immunodeficiency, which would later be named 

acquired immunodeficiency syndrome (AIDS), characterized with opportunistic 

infections and cancers that were otherwise uncommon.  



2 

 

HIV discovery and pandemic 

In 1983, Dr. Luc Montagnier et al. at the Pasteur Institute in France isolated a 

virus from a patient with signs of AIDS, which they named Lymphadenopathy-

Associated Virus (LAV) (5). In 1984, Dr. Robert Gallo's team at the National Cancer 

Institute (NCI) in the United States announced that they had also isolated a virus from 

AIDS patients, which they named Human T-lymphotropic Virus Type III (HTLV-III) (6-

9). Subsequent research confirmed that LAV and HTLV-III were the same virus. In 1986, 

the International Committee on Taxonomy of Viruses (ICTV) officially named the virus 

human immunodeficiency virus (HIV) (10).  

HIV is an enveloped spherical virus of about 90 nm in diameter, and it is a 

member of the family Retroviridae and genus Lentivirus. HIV contains a diploid positive-

sense single strand (ss)RNA genome surrounded by a capsid and a lipid envelope (11). 

Since its discovery, HIV has infected more than 90 million people worldwide (The Joint 

United Nations Programme on HIV/AIDS; UNAIDS) and claimed around 40 million 

lives (The World Health Organization; WHO), making it one of the most long-lasting and 

devastating pandemics in human history (12). The early years of the epidemic saw rapid 

spread and high mortality rates, primarily due to the lack of observance of protected sex 

practices, ineffective treatments and the profound impact of untreated HIV on the 

immune system. As of the end of 2023, approximately 39.0 million people were living 

with HIV worldwide (UNAIDS), with sub-Saharan Africa (SSA) harboring over two-

thirds of global infections (13, 14).  
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Potential origin of HIV 

There are two known strains of HIV, HIV-1 and HIV-2. HIV-1 is the most 

predominate worldwide and accounts for 95% of all HIV infection globally (15), and is 

believed to have originated from the simian immunodeficiency virus (SIV) found in 

chimpanzees (Pan troglodytes troglodytes), specifically SIVcpz (16, 17). This cross-

species transmission event likely happened in Central Africa, with genetic studies 

suggesting multiple independent transmissions from SIVcpz to humans, leading to 

several groups of HIV-1, including the main (M), outlier (O), non-M, non-O (N), and 

pending confirmation (P) groups, with group M being responsible for the global 

HIV/AIDS pandemic (18, 19). In contrast, HIV-2 is closely related to SIVsmm, a virus 

found in sooty mangabey monkeys (Cercocebus atys). HIV-2 is thought to have crossed 

over to humans from sooty mangabey monkeys in West Africa (16, 17). There have been 

at least eight distinct cross-species transmission events from sooty mangabeys to humans, 

leading to the different groups of HIV-2 (A through H) (20). HIV-2 is primarily found in 

West Africa and in communities with links to West Africa (e.g., in Portugal and France 

due to colonial ties) (21, 22). Compared to HIV-1, HIV-2 is less pathogenic, progresses to 

AIDS more slowly, and is less transmissible (23).  

The primary theory for the cross-species transmission of SIV to humans (resulting 

in HIV) involves the hunting and consumption of bushmeat (16, 17). Chimpanzees and 

sooty mangabey monkeys, both of which can be infected with SIV, have long been 

hunted for food in certain parts of Africa. It is hypothesized that SIV could have crossed 

into humans as a result of cuts or wounds that occurred during the hunting or butchering 

process, allowing the virus to transmit to humans. Based on molecular clock analyses of 
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HIV genetic sequences, scientists estimate that HIV-1 group M, crossed into humans in 

the early 20th century, likely between 1910 and 1930 (24, 25). Similarly, HIV-2 is 

thought to have crossed into humans in a separate event or events, also believed to have 

occurred in the 20th century (17). After SIV was introduced into humans and became 

HIV, the virus began to spread, evolve, and diversify, leading to the various 

geographically segregated subtypes and strains observed today. The spread of HIV was 

likely facilitated by factors such as urbanization, increased travel, and social contacts, 

which allowed the virus to spread beyond rural areas into larger more centralized and 

globally connected populations. 

HIV-1 subtypes 

Because HIV was first isolated when molecular biological and nucleic acid 

sequencing techniques were available, it has been characterized genetically as opposed to 

serologically, as for many preceding viral organisms. Genetic diversification within group 

M has led to the segregation of HIV-1 genotypes into multiple subtypes and circulating 

recombinant forms (CRFs). The HIV-1 subtypes exhibit distinct geographic distribution 

patterns consistent with variations in the viral genome sequences (Figure 1.1) (26). The 

HIV-1 env gene sequences that encode envelope protein can vary by up to 35% across 

subtypes (26). The genetic variation among these subtypes is a reflection of the rapid 

replication cycle and high mutation rate of HIV-1, which contributes to its ability to 

evade the host immune response, develop antiretroviral drugs resistance, and maintain the 

HIV-1 reservoirs. There are subtypes A, B, C, D, F, G, H, J, and K, with numerous CRFs 

arising from recombination events between these subtypes (27). 
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Figure 1.1. Figure from Hemelaar, et al. (26). Global and regional prevalences of 

different HIV-1 subtypes.  

Among different subtypes, HIV-1 subtype B accounts for approximately 12% of 

HIV infections globally, and it is the most prevalent subtype in North America, Europe, 

Oceania, and parts of East Asia (26). Because of infection in resource-rich areas, research 

and development of HIV diagnostic tools, treatments, and vaccines have predominantly 

focused on subtype B. This focus has provided a deep understanding of virology, 

pathogenesis, and treatment response of subtype B HIV-1 but has, to date, not provided a 

prophylactic vaccine or curative treatment. 

In contrast, subtype C is the most prevalent HIV subtype and is responsible for 

about 50% of all HIV infections worldwide. It is especially dominant in resource-limited 

regions such as sub-Saharan Africa, India, and parts of South America, where it drives 

local epidemics (26). Despite its global impact, less attention has been given to subtype C 

in terms of research compared to subtype B. The predominance of subtype C in regions 
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with constrained healthcare resources and infrastructure is still posing significant 

challenges in managing the HIV/AIDS epidemic. 

 As the third most widespread subtype, HIV-1 subtype A accounts for about 10% 

of all HIV-1 infection, and is notably common in Eastern Europe, Central Asia, and East 

Africa, demonstrating a wide but specific geographical spread (26). Other HIV-1 

subtypes, such as D, F, G, H, J, and K, have more localized distributions. Subtype D is 

primarily found in East and Central Africa, while F and G are seen in Eastern Europe, 

South America, and West Africa respectively (26). The distribution of these subtypes 

underscores early epidemic ‘founder effects’ and the complex epidemiological landscape 

of HIV-1. 

HIV-1 genome structure 

The genome of HIV-1, like that of other retroviruses, is compact and efficiently 

organized, enabling the virus to encode multiple proteins from a ~10Kb genome. The 

HIV-1 genome is composed of two identical positive-sense, single-stranded RNA, each 

approximately 9,700 nucleotides long. Upon entering a host cell, this RNA is reverse-

transcribed into double-stranded complementary cDNA, which then inserts into the host's 

genome through the action of the HIV-1 integrase (IN). This integrated viral DNA is 

called a provirus. The HIV-1 proviral genome consists of 9 genes; 3 structural genes 

encoding polyproteins (gag, pol, env) and 6 regulatory genes (tat, rev, vif, vpr, vpu, and 

nef), all of which are flanked by long terminal repeats (LTRs) (Figure 1.2) (28). 
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Figure 1.2. Figure from Frankel, et el. (28). HIV-1 genome and encoded viral 

proteins.  

The 5' LTR acts as a promoter and contains cis-regulatory elements that are 

recognized by both constitutive transcription factors such as Sp1 (specificity protein 1) 

and Oct-1 (o-binding protein 1) and inducible transcription factors such as NF-κB 

(nuclear factor-kappa B), AP-1 (activator protein 1), and NFAT (nuclear factor of 

activated T-cells) that are essential for the transcription of the viral genome. This region 

includes the U3, R, and U5 regions, with U3 containing promoter and enhancer elements 

that initiate the transcription process (29). The R region contains the primary binding 

sites for RNA polymerase II, which is necessary for the initiation of transcription of the 

viral RNA (Figure 1.3). The 3' LTR also contains U3, R, and U5 sections and is essential 

for terminating transcription and polyadenylation of viral RNA transcripts (30). The 

3'LTR contains signals necessary for the proper termination of transcription and the 

addition of a poly(A) tail to the newly synthesized viral RNA transcripts. This poly(A) 
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tail is crucial for the export of the mRNA from the nucleus to the cytoplasm and for its 

stability and translation in the cytoplasm (31, 32). 

 

 

 

 

 

Figure 1.3. Figure from Dutilleul et al (33). The structure of HIV-1 5’ LTR. 

The gag gene encodes a structural polyprotein that is the precursor for the matrix 

(MA; p17), capsid (CA; p24), nucleocapsid (NC; p7) proteins, and p6 proteins. These 

proteins are crucial for virus assembly and upon HIV protease (PR) activation, and 

formation of the mature viral core (34). After the gag reading frame, the pol gene encodes 

the viral enzymes protease (PR), reverse transcriptase (RT), RNase H, and integrase (IN). 

These enzymes are critical for viral replication. The RT synthesizes a complementary 

DNA copy of the viral RNA genome while RNase H simultaneously digests RNA , but 

only in hybrid RNA-DNA intermediates produced during reverse transcription, IN 

integrates double-stranded viral cDNA into the host genome, and PR processes the Gag, 

and Gag-PR-Pol polyproteins into their mature forms (35). The env gene encodes the 

envelope (Env) glycoprotein precursor gp160 that oligomerizes to a trimer in the ER and 

is cleaved in the trans Golgi to produce gp120 and gp41, the proteins responsible for 

virus entry into host cells. Gp120 is involved in binding to the CD4 receptor and a co-

receptor CCR5 or CXCR4 on the host cell, while gp41 is involved in the fusion of the 

viral and cellular membranes (36). 
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HIV-1 regulatory genes encode proteins that modulate various aspects of the viral 

life cycle and the host immune response. For instance, the trans-activator of transcription 

(Tat) protein, encoded by the tat gene, is a multifunctional protein that plays a pivotal 

role in the regulation of HIV-1 transcription elongation and the modulation of the host 

cellular environment, whereas the Rev protein (encoded by rev) regulates the export of 

unspliced and singly-spliced viral mRNA from the nucleus to the cytoplasm (37). Vif 

(encoded by vif) counters the antiviral activity of host factors such as APOBEC3G (38), 

Vpu (encoded by vpu) enhances virus release from the cell (39), Vpr (encoded by vpr) 

affects nuclear import of the viral genome (40), and Nef (encoded by nef) modulates 

several host cell functions, such as downregulation of CD4 and MHC class I to enable 

HIV-1 immune escape (41). 

HIV-1 Life Cycle 

Viral entry  

The outermost layer of the virus is the highly glycosylated viral envelope, a lipid 

bilayer derived from the host cell membrane during viral budding. Embedded in this 

envelope are viral glycoproteins gp120 and gp41. The initial step of infection involves 

the interaction of gp120 with the CD4 receptor on the surface of target cells, typically 

CD4+ T lymphocytes. Upon binding to CD4, gp120 undergoes a conformational change 

that facilitates its interaction with a coreceptor, either CCR5 or CXCR4. This interaction 

triggers gp41-mediated fusion of the viral envelope with the cell membrane, allowing the 

viral capsid to enter the cytoplasm (Figure 1.4) (42). 
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Figure 1.4. Figure from Spach, et al. (42). HIV-1 life cycle. 

Reverse transcription and nuclear import 

After fusion of the viral and host cell membranes, the conical capsid, containing 

the viral RNA and RT/RNase H/IN, is released into the cytoplasm. In the cytoplasm, the 

viral RNA genome starts to be reverse transcribed into DNA by the viral enzyme RT, 

using host deoxynucleoside triphosphates (dNTPs) and a host tRNA as a primer (43). The 

viral RT lacks proofreading capabilities, leading to a high mutation rate during reverse 

transcription. As a result, the DNA copies of the viral genome often contain mutations, 

deletions, or insertions, that contribute to the genetic diversity of HIV (44).  

Concomitant with reverse transcription, the capsid is transported towards the 

nucleus via the host's microtubule network, (45, 46), a process thought to be mediated by 

interactions with motor proteins such as dynein (47, 48). This movement is essential for 

HIV capsid to reach the nuclear pore, where it can enter the nucleus. Recent research has 

illuminated the sophisticated mechanism by which the HIV capsid interacts with the 

nuclear pore complex (NPC), resembling the behavior of a transport receptor (49, 50). 
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Upon reaching the nuclear envelope, the capsid exploits the cellular machinery typically 

used for the nuclear import of macromolecules but does so without the need for host 

transport receptors. After entering the nucleus, the capsid undergoes a process known as 

uncoating, where the capsid protein shell disassembles. The reverse transcription step is 

then completed in the host nuclear (51).  

Integration 

The assembly of pre-integration complex (PIC) is a prerequisite for the 

integration of the newly synthesized viral DNA into the host genome. The PIC consists of 

the newly formed viral double-stranded cDNA, viral proteins including integrase, and 

several host proteins, such as lens epithelium-derived growth factor p75 (LEDGF/p75) 

(52). Following nuclear import, integrases catalyze a series of reactions that covalently 

insert viral DNA into the host's chromosomal DNA. The integration of the viral DNA into 

the host genome is a hallmark of retroviral infection and a pivotal moment in the HIV-1 

life cycle. The integrated viral DNA is also known as a provirus. Integration results in a 

permanent genomic alteration of the host cell, enabling the virus to hijack the cellular 

machinery for its replication and production of new viral particles. The stability and 

transcriptional activity of the integrated provirus could be influenced by the HIV-1 

integration site within the host genome. The integration site within the host genome is 

somewhat random, which can affect the efficiency of viral gene expression. Integration 

into transcriptionally active regions would slow down the decay of the integrated HIV-1 

in tissue reservoirs due to ongoing low-level viral replication (53). It would also facilitate 

the transcription of viral genes to provide a favorable environment for the recruitment of 

RNA polymerase II and other transcription factors (54). Moreover, the specific histone 
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modifications near the integration site can also impact HIV-1 gene expression. Integration 

near regions marked with histone modifications associated with active transcription (such 

as H3K4me3 or H3K36me3) can enhance viral transcription. Conversely, regions with 

repressive marks (like H3K27me3) may inhibit transcription.  

Provirus latency and reactivation 

The integrated proviruses can either remain latent, which might be associated with 

the integration sites and host epigenetic modifications, allowing the infected cell to evade 

the immune system, or become reactivated reactivation. virions under various stimuli, 

including some cytokines, such as tumor necrosis factor-alpha (TNF-α) and interleukins 

like IL-2 and IL-7, and microbial products, like lipopolysaccharides (LPS), can activate 

immune cells and potentially trigger HIV reactivation. Different latency reversal agents 

(LRAs) can also reactivate latent proviruses. The production of new infectious virions 

will bud from the host cell to initiate new rounds of infection. Notably, the error-prone 

nature of viral RT results that the majority of integrated proviruses are defective and 

incapable of producing infectious virions, although defective proviruses can produce 

some viral proteins (55). Only those replication-competent proviruses can give rise to 

new infectious virions.  

HIV-1 transcription and translation involve complex processes that are tightly 

regulated and essential to produce new viral particles. Transcription of HIV-1 provirus 

begins with the activation of the HIV-1 promoter located in the 5' long terminal repeat 

(LTR) of the provirus, and the assembly of general transcription factors and RNA 

polymerase II at the promoter in the 5' LTR. HIV-1 transcription is strongly enhanced by 

the viral protein Tat, which binds to a region in the HIV-1 LTR known as the trans-
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activation response (TAR) element. The Tat protein recruits positive transcription 

elongation factor b (P-TEFb), which phosphorylates the C-terminal domain (CTD) of Pol 

II and other transcription factors, converting Pol II into an actively elongating form (56). 

This elongation phase is crucial for the synthesis of full-length viral RNA, which serves 

as genomic RNA for new viruses, as mRNA for translation, or as a template for further 

processing. 

After transcription, in the absence of the HIV-1 Rev protein, the primary HIV-1 

RNA transcript undergoes extensive splicing. HIV-1 RNA splicing generates multiple 

spliced transcripts that encode different viral proteins. Fully spliced RNAs encode the 

accessory and regulatory proteins Tat, Rev, and Nef. Partially spliced RNAs encode 

proteins Vif, Vpr, Vpu, and Env (57). Whereas unspliced RNA encodes Gag-Pol protein 

as well as the viral genome. The selection of splice sites is influenced by host splicing 

factors and the viral Rev protein. Early in the infection cycle, fully spliced viral mRNAs 

are predominantly produced. As the concentration of Rev increases in the cell, it binds to 

the Rev response element (RRE) in unspliced and partially spliced viral RNAs, 

facilitating their export from the nucleus to the cytoplasm (58). This regulation of 

splicing allows the expression program to shift from production of regulatory proteins to 

structural proteins and enzymes needed for viral assembly and release of progeny virions 

that contain two copies of unspliced RNA as genome.  

The translation of viral RNA occurs on ribosomes in the cytoplasm. Notably, the 

production of the Gag-Pol polyprotein precursor is from the same RNA transcript as Gag, 

utilizing a translation strategy known as “-1 ribosomal frameshift” (59, 60). The 

ribosomal frameshift occurs at a specific signal sequence within the viral RNA. This 
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signal consists of two main elements: a slippery sequence where the frameshift takes 

place, and a downstream RNA structure, often a stem-loop or pseudoknot. In HIV-1, the 

slippery sequence is a heptanucleotide motif, such as UUUUUUA (59). This frameshift 

enables a single viral mRNA to encode both Gag and Gag-Pol precursors by shifting the 

ribosome reading frame backwards by one nucleotide, thereby changing the downstream 

amino acid sequence. 

Assembly, budding, and maturation 

After translation, the assembly of new HIV-1 virions begins with the trafficking of 

Gag polyproteins to the inner surface of the host cell plasma membrane. Upon reaching 

the plasma membrane, Gag polyproteins undergo multimerization, which is primarily 

driven by interactions among the matrix (MA) domain, the capsid (CA) domain, and the 

nucleocapsid (NC) domain of the Gag molecules. The MA domain plays a crucial role in 

binding to the plasma membrane, facilitated by the myristylation of its N-terminus, which 

targets Gag to the membrane. The CA domain contributes to Gag-Gag interactions that 

are essential for the formation of the viral capsid structure during and after budding. The 

NC domain binds to the viral RNA, promoting its encapsulation and playing a role in the 

correct assembly of the virion (34). This specificity is mediated by the nucleocapsid 

domain of Gag, which recognizes and binds to sequences on the viral RNA known as 

packaging signals (Psi), within the leader sequence of the unspliced, full-length HIV-1 

RNA. Meanwhile, the Env glycoproteins gp120 and gp41 are transported from Golgi 

apparatus (after cleaved from gp160 in Golgi) to the assembly site and incorporated into 

the plasma membrane (61).  
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As Gag-Pol multimers accumulate at the plasma membrane, they induce 

curvature, leading to the formation of a budding virion. The process is supported by the 

matrix domain of Gag and involves host cell factors such as the Endosomal Sorting 

Complex Required for Transport (ESCRT) machinery (34, 62). The p6 domain of Gag 

also interacts with components of the ESCRT pathway, facilitating membrane fission and 

release of the virion. After budding, the HIV-1 protease, contained within the Gag-Pol 

polyprotein, becomes active. The protease cleaves the Gag and Gag-Pol polyproteins into 

their functional protein components, including the matrix, capsid, nucleocapsid, p6, 

reverse transcriptase, integrase, and protease itself. Cleavage triggers a structural 

rearrangement within the virion. The cleavage of Gag leads to the condensation of the 

capsid protein into a mature, conical core that encapsulates the viral RNA and associated 

enzymes. The assembly, budding, and maturation processes are critical to produce 

infectious progeny virions.  

HIV Disease Progression 

The progression of HIV infection to AIDS is a complex process that varies 

significantly among people living with HIV (PLWH). Without treatment, HIV gradually 

weakens the immune system, leading to AIDS and increasing the risk of opportunistic 

infections and cancers. The course of HIV disease progression includes three stages: 

acute HIV infection, chronic HIV infection, and late-stage HIV infection (AIDS) (Figure 

1.5) (63).  

The acute phase of HIV-1 infection begins 2 to 4 weeks after the virus is acquired. 

This stage is marked by high levels of viral replication and a rapid decline in CD4+ T 

cells, which are critical components of the immune system. The HIV copies in the blood 
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are very high during acute infection, which makes individuals highly infectious (64). 

Despite the intense viral activity, symptoms during this phase are often nonspecific, such 

as fever, headache, rash, lymphadenopathy, and muscle aches (65). These symptoms are 

the body's intrinsic immune response to the HIV infection and can easily be mistaken as 

indicative of other viral infections. In this stage, the immune system begins to produce 

antibodies against HIV, a process known as seroconversion (65).  

 

 

 

 

 

 

 

 

 

Figure 1.5. Figure from Tough et al (63). Natural course of HIV-1 infection without 

treatment. 

Following the acute phase is a chronic infection stage, which can last from a few 

years to over a decade without treatment. In chronic infection, the virus continues to 

replicate, but at lower levels. Over time, this persistent viral replication leads to gradual 

immune system damage, characterized by a slow decline in CD4+ T cell counts (66). 

Most individuals experience no specific HIV-related symptoms during this stage, though 

mild lymph node swelling may occur. This stage is also called asymptomatic HIV 

infection (67). Antiretroviral therapy (ART) plays a pivotal role in managing this stage by 
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suppressing viral replication, thereby slowing disease progression, and preventing the 

transmission of the virus (68).  

Without effective treatment, chronic HIV-1 infection can progress to AIDS, the 

most severe phase of HIV infection. AIDS is defined by a CD4+ T cell count below 200 

cells per cubic millimeter of blood or the occurrence of specific opportunistic infections 

or that are indicative of a severely compromised immune system (69). In this late stage, 

PLWH are vulnerable to a range of life-threatening infections and illnesses such as 

tuberculosis, cryptococcal meningitis, severe bacterial infections, and cancers such as 

lymphomas and Kaposi sarcoma, among others (70). 

Antiretroviral Therapy (ART)  

Combination ART has been the most significant breakthrough in the management 

of HIV/AIDS, transforming it from a fatal disease into a manageable chronic condition. 

ART consists of various inhibitors targeting different stages of viral life cycle (71), and 

its overall goals are to reduce the viral load to undetectable levels, and to preserve and 

hopefully restore immunological function, thereby reducing HIV-associated morbidity 

and mortality, and preventing further virus transmission. The development and evolution 

of ART have involved several key milestones, from initial introductions of largely 

ineffective monotherapy antiretrovirals to the sophisticated multi-drug cocktails and 

slow-release injectable treatment regimens available today.  

The first breakthrough in HIV treatment came with the approval of zidovudine 

(AZT) in 1987 by the United States Food and Drug Administration (FDA) (72). AZT, a 

nucleoside reverse transcriptase inhibitor (NRTI), was the first drug that showed efficacy 

in slowing down the progression of HIV disease. However, the initial optimism was 
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tempered by the drug's toxicity and the rapid development of viral resistance when used 

as monotherapy (73, 74). 

The realization that HIV could rapidly develop resistance to single-drug therapy 

led to the strategy of combining drugs in the mid-1990s, known as highly active 

antiretroviral therapy (HAART) or cocktail therapy (75, 76). Introduced in the mid-

1990s, HAART typically combines three or more antiretroviral drugs, often from 

different classes. Protease Inhibitors (PIs), such as Ritonavir (Norvir) and Indinavir 

(Crixivan), were among the first classes to be included in combination therapy, targeting 

the virus's ability to mature and replicate (77). This approach has dramatically improved 

the effectiveness of HIV treatment, reducing plasma viral loads (pVLs) to undetectable 

levels and significantly extending the lifespan of individuals with HIV. 

Over the years, several classes of antiretroviral drugs have been developed, 

Besides NRTIs, PIs mentioned above, some non-nucleoside reverse transcriptase 

inhibitors (NNRTIs) were developed. For instance, Efavirenz (Sustiva) and Nevirapine 

(Viramune) also target the RT enzyme but do not require phosphorylation to be active, 

differing from NRTIs (78). Integrase strand transfer inhibitors (INSTIs), such as 

Dolutegravir (Tivicay) and Raltegravir (Isentress) can block viral integrase and hence 

prevent viral DNA from integrating into the host genome (79). Moreover, entry 

inhibitors, such as Enfuvirtide (Fuzeon) and Maraviroc (Selzentry), can prevent the virus 

from entering cells by targeting the gp41 subunit of the viral envelope or the CCR5 co-

receptor on the host cell surface (80). However, earlier regimens, especially those 

involving first-generation PIs, were often associated with significant adverse effects, 

including lipodystrophy, gastrointestinal issues, and metabolic disturbances (81, 82). 
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Newer regimens, particularly those involving INSTIs, are generally associated with fewer 

side effects, better tolerability, and a lower pill burden, making adherence easier for 

patients (83). 

However, drug resistance mutations (DRMs) in HIV-1 arise through the natural 

process of viral replication due to the high error rate of viral RT. HIV-1 drug resistance 

mutations pose a significant challenge to the long-term success of ART. By employing 

comprehensive management strategies, including resistance testing, regimen 

optimization, and adherence interventions, healthcare providers can mitigate the impact 

of drug resistance (84). 

Comorbidities in PLWH in ART Era 

As PLWH taking an effective ART regimen now have a more normal lifespan, 

comorbidities have become a significant health management concern. Comorbidities in 

PLWH are multifaceted and can arise from residual effects of the virus itself, the effects 

of long-term ART, lifestyle factors, or combinations thereof. These conditions can 

complicate the management of HIV-1 and significantly impact the quality of life and life 

expectancy of those affected. 

PLWH has an elevated risk of several comorbid conditions, which collectively 

complicate HIV-1 management. Cardiovascular diseases (CVD), diabetes mellitus, and 

renal diseases are notably more prevalent among PLWH (85-87). Furthermore, PLWH 

now experience increased risks for non-AIDS-defining cancers, including malignancies 

like lung, liver, and anal cancers  (88, 89). The elevated risk can be attributed to the 

prolonged inflammatory and immunosuppressive state induced by HIV infection, 

compounded by other risk factors such as smoking and viral coinfections (90). 
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Notably, PLWH also faces significant risks related to neurocognitive disorders. 

HIV-associated neurocognitive disorders (HAND) span a spectrum from asymptomatic 

neurocognitive impairment to more severe forms like HIV-associated dementia (HAD) 

and HIV encephalitis (HIVE) and affect up to 50% of PLWH (91). This is largely due to 

the capacity of HIV-1 to infect and impact the central nervous system (CNS) (91), 

highlighting the pervasive effects of HIV-1 infection beyond the immune system. 

Previous studies have reported that despite suppressive ART HIV-1 proviruses and viral 

production could be readily detected in the brain (92, 93), and severe HIV-associated 

brain pathologies and immune activation, accompanied by microgliosis and astrogliosis, 

would be detected in the brains of ART-naïve PLWH with late-stage infection (94, 95). 

Notably, most of those studies focused on subtype B HIV-1, the neuropathogenesis of 

other HIV-1 subtypes, including the most prevalent subtype C, is much less explored. 

These comorbidities underscore the evolving landscape of health challenges faced 

by PLWH in the ART era, necessitating a broadened focus on comprehensive healthcare 

and preventive measures to address the full spectrum of comorbidities associated with 

HIV infection. 

HIV-1 Reservoirs: The Major Obstacle for A Cure  

The existence of numerous comorbidities has affected the life quality of PLWH 

during even under suppressive ART, but the more troubling issue is that ART cannot cure 

HIV- 1 infection. This is mainly because ART drugs can only prevent viral replication and 

block new rounds of infection but cannot eradicate integrated proviruses that hide within 

various reservoirs in PWLH. Additionally, ART penetration efficiencies are not consistent 

to different anatomical locations, which further limits their abilities to eliminate HIV-1 
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from the body. Moreover, transcriptionally active and intact proviruses in the reservoirs 

can harbor DRMs or adapt to develop DRMs as a result of suboptimal penetrance of the 

ART components. Interruption of ART or non-adherence leads to HIV rebound from such 

latent proviruses in long-living memory T cells in blood and tissues and from different 

tissue and cellular reservoirs. Therefore, lifelong ART is necessary.  

Despite the fact that subtype B only accounts for 12% of all HIV-1 infections 

globally, most of our understanding about HIV-1 reservoirs derives from studies on this 

HIV-1 subtype. This is predominantly because of the requirement for highly sophisticated 

technologies to study reservoirs, and because subtype B prevalence is highest in high-

resource regions, such as North America and Europe. HIV-1 reservoirs can be categorized 

into tissue reservoirs, cellular reservoirs, and molecular reservoirs (Figure 1.6) (96), each 

with their unique characteristics and challenges for HIV eradication efforts. 

Tissue reservoirs refer to specific anatomical locations where HIV-infected cells 

can persist. The blood (97, 98), lymphoid tissues (99-101), gastrointestinal (GI) tract 

tissues including gut-associated lymphoid tissues (GALTs) (102-104), and central 

nervous system (CNS) (105-107) have been well-documented as subtype B HIV-1 tissue 

reservoirs where proviruses and viral production were readily detectable. Other 

peripheral tissues including genital tract tissues (108), liver (109), lung  (110), kidney 

(111), pancreas (112), and prostate (113), have also been inconsistently reported as 

potential subtype B HIV-1 reservoirs. Despite extensive research, the complete landscape 

of subtype B HIV-1 reservoirs is still not fully understood, and recent studies suggest that 

HIV proviruses can also persist in other less characterized tissues, such as adipose tissue 

(114). 
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Figure 1.6. Figure from Henderson, et al. (96). Summary of types of HIV-1 

reservoirs. 

Cellular reservoirs consist of specific cell types that harbor latent, replication-

competent HIV. HIV-1 infected cell types varied among different tissues. The most well-

characterized cellular reservoirs are long-lived memory CD4+ T cells in different tissues 

(114-116). These cells can revert to a resting state and retain integrated HIV DNA for 

extended periods. Other cells, such as microglia in the CNS (117), macrophages and 

dendritic cells (DCs) in some peripheral tissues (108, 118-121) have also been implicated 

as cellular reservoirs. These cells can maintain latent HIV and, under certain conditions, 

produce viral particles, contributing to viral persistence and rebound if ART is 

interrupted. 

At the molecular level, the integrated HIV DNA exists as either defective or intact 

proviruses. Due to the error prone nature of viral RT, approximately 95% of integrated 

proviruses contain mutations or deletions that render them incapable of producing 

infectious viruses (44). Fully intact proviruses, on the other hand, are capable of initiating 
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new rounds of replication if reactivated, although their production could be low to 1 copy 

per million cells in a virally suppressed subject (122). Moreover, while defective 

proviruses cannot contribute to viral replication, they are, in some cases capable of gene 

expression and even transcription of novel unspliced forms of HIV-RNA transcripts with 

translatable open reading frames (ORFs). Defective but transcriptionally active integrates 

can be found in the peripheral blood CD4+ T cells of patients at all stages of HIV-1 

infection (55). The viral proteins encoded from defective proviruses may even form 

extracellular virus-like particles and certainly can trigger immune responses. Expression 

of HIV regulatory proteins such as Tat could indirectly affect cellular functions even 

without the production of infectious various. The persistent production of HIV-1 proteins 

in the absence of viral replication may, in part, explain persistent immune activation 

despite suppressive ART. The co-existence of intact and defective proviruses in the same 

reservoir complicates measurement and characterization of the HIV reservoir. 

Tissue and cellular reservoirs provide a sanctuary where the virus can hide, while 

molecular reservoirs, particularly intact proviruses, represent a direct source of viral 

antigen and rebound. Understanding and targeting these reservoirs is central to the 

development of curative strategies, which may involve reactivating and eliminating latent 

virus ("shock and kill") (123), permanently silencing viral expression ("block and lock") 

(124), or a combination of approaches.  

Host Factors that Affect HIV-1 Reservoirs 

The majority of our understanding of these reservoirs derives from studies on 

subtype B HIV-1, predominantly because of its prevalence in regions where much of the 

early HIV research was conducted. The maintenance and dynamics of HIV-1 reservoirs 
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are complex and might be influenced by a complex interplay of the provirus, host, 

clinical, and lifestyle factors.  

Host factors 

The immune response of the host plays a critical role in controlling HIV 

replication and shaping the reservoir through a coordinated action of intrinsic, innate, and 

adaptive immune defenses. Intrinsic immunity involves immediate antiviral responses by 

host cells, including the production of restriction factors such as APOBEC3G, Tetherin, 

and SAMHD1. These proteins can inhibit HIV replication directly in infected cells by 

degrading viral RNA, preventing virus release, and blocking reverse transcription, 

respectively. Despite HIV's ability to counter some of these effects via Vif, Vpu, and Vpx 

accessory proteins, intrinsic responses provide an initial layer of defense that can reduce 

viral spread and influence the seeding of the reservoir. 

Innate immunity also plays a crucial role, with natural killer (NK) cells, dendritic 

cells, and macrophages responding to HIV infection by producing antiviral cytokines and 

presenting antigens to activate adaptive immune responses. NK cells can kill infected 

cells directly, potentially limiting the establishment of reservoirs before adaptive 

immunity is fully activated. However, HIV has evolved mechanisms to evade some of 

these responses, such as downregulating HLA class I molecules to escape NK cell 

detection. 

Adaptive immunity, particularly involving CD8+ T cells and CD4+ T cells, is 

vital for controlling HIV replication long term. CD8+ T cell responses can suppress viral 

replication effectively but may also contribute to the establishment of latency by selecting 

for cells where the virus remains dormant. The activation state of CD4+ T cells at the 
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time of infection significantly influences their likelihood of becoming part of the 

reservoir. Resting memory CD4+ T cells, which are less permissive to active replication, 

are a key component of the latent reservoir. Moreover, these cells can harbor HIV DNA 

for extended periods, eluding immune detection and ART. 

Host genetic factors, such as HLA type and polymorphisms in genes involved in 

immune regulation, can further impact the effectiveness of both innate and adaptive 

responses in controlling HIV and the establishment of the reservoir. For example, certain 

HLA alleles are associated with better control of HIV due to more effective presentation 

of viral antigens to CD8+ T cells, leading to a more robust cytotoxic response that can 

lower the viral set point and influence the size and distribution of viral reservoirs.  

The immune response of the host plays a critical role in controlling HIV 

replication and shaping the reservoir. CD8+ T cell responses, for example, can suppress 

viral replication but may also contribute to the establishment of latency by selecting for 

cells where the virus remains dormant (125). Moreover, the activation state of CD4+ T 

cells at the time of infection influences their likelihood of becoming part of the reservoir. 

Resting memory CD4+ T cells, which are less permissive to active replication, are a key 

component of the latent reservoir (126). Host genetic factors, such as HLA type and 

polymorphisms in genes involved in immune regulation (127), can also impact the 

immune control of HIV and the establishment of the reservoir. 

Clinical factors 

The timing of ART initiation and ART efficacy and adherence have been 

evaluated for their impacts on HIV-1 reservoirs. Early initiation of ART, particularly 

during the acute phase of infection, can limit the size of the reservoir by preventing the 
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widespread seeding of HIV (128, 129). While later initiation, after the establishment of 

chronic infection, may result in larger and more widely distributed reservoirs. Poor 

adherence or suboptimal ART regimens have been shown to lead to ongoing viral 

replication and replenishment of the reservoir (130). 

Besides ART-related factors, co-infections in PLWH, such as hepatitis B virus 

(HBV), tuberculosis (TB), or human papillomavirus (HPV) (131-133), can drive immune 

activation and inflammation, potentially impacting the size and distribution of HIV 

reservoirs. For example, chronic HBV co-infection has been associated with increased 

levels of T-cell activation, a factor that could potentially enhance the establishment and 

maintenance of HIV-1 reservoirs (133). Additionally, TB-associated immune 

dysregulation may facilitate the establishment of latent HIV-1 infection in resting CD4+ 

T cells, contributing to reservoir persistence (131). 

Lifestyle factors  

Lifestyle factors, including alcohol use, smoking, and substance use have been 

reported to influence systemic inflammation and immune function (134, 135), potentially 

affecting reservoir dynamics indirectly. Substance use varies widely, from illicit drug use 

to the medicinal and recreational use of cannabis. Substances such as cocaine and opioids 

have been shown to modulate immune responses and may contribute to the persistence 

and dynamics of HIV-1 reservoirs through various mechanisms, such as suppressing 

immune responses, increasing anti-inflammatory cytokines, and enhancing HIV-1 

replication (136, 137).  
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Potential Impacts of Cannabis Use on PLWH 

Among the lifestyle co-factors that might affect HIV-1 reservoirs, cannabis use 

emerges as a significant, yet under-researched factor, due to its potential anti-

inflammatory properties, and its increasing legalization. Moreover, some studies have 

reported its widely used among PLWH (138-140). Globally, cannabis is the most 

frequently used recreational psychoactive substances, with estimates suggesting that 

approximately 192 million people worldwide used cannabis in 2018 (141). Usage varies 

in prevalence across different regions largely as a function of legality. Among PLWH, 

cannabis use is reported to be accessed for managing symptoms such as chronic pain, 

anxiety, and nausea associated with ART (138). 

Prevalence of regional cannabis use 

In North American and European adults, the prevalences of cannabis use were 

reported to be around 18% (140) and 8% (139), respectively. However, Compared to that 

in general populations, the levels of lifetime cannabis use were reported to be 

approximately 3-fold higher among PLWH in North America (over 50%) (142, 143), and 

Europe (over 20%) (144).  

Cannabis use in SSA adult populations, where subtype C HIV-1 is prevalent, 

appears to be approximately 12% (138). The level of cannabis use among sub-Saharan 

PLWH was reported to be similar to that in the general population. Notably, regional 

differences exist in the prevalence of cannabis use, with high prevalence cannabis use 

reported in South Africa [16.7% (9.1–26.0%)] and Zambia [36.5% (34.3–38.7%)](138, 

145-147).  
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Impacts of cannabis use on HIV-1 infection 

Of the more than 100 cannabinoids in Cannabis sativa, Δ9-tetrahydrocannabinol 

(THC) and cannabidiol (CBD) are the primary psychoactive and non-psychoactive 

ingredients (148). To date, the effects of cannabis on HIV-1 have only been evaluated for 

subtype B HIV-1 infections. Existing information on positive or negative effects is 

inconclusive and variable based experimental approach or model. Studies based on 

medical records report that cannabis either had no effect on HIV-1 infection (149, 150), 

or detrimental effects on the ART adherence of PLWH (139, 151). Other studies indicated 

that cannabinoid exposure is associated with lower HIV pVL (152). Several studies using 

SIV/SHIV-infected macaques showed reduced levels of inflammation under cannabinoid 

administration (153-155). Notably, most of these studies utilized subtype B and only 

surveyed blood samples to study impacts, including reservoirs. Thus, it remains unclear 

whether cannabis use impacts the size of HIV-1 tissue reservoirs. Moreover, the impact of 

cannabis use in non-B subtype reservoirs is unexplored. Given possible widespread use 

of cannabis in SSA, where over two-thirds of all PLWH HIV-1 reside, a closer 

examination of cannabis impacts on HIV-1 reservoirs, and those formed by subtypes 

other than B, is warranted.  

Disparities in the HIV-1 Research Focus 

The landscape of HIV-1 research has long been marked by significant disparities, 

particularly in the focus and depth of studies among the various HIV-1 subtypes. 

Historically, the majority of HIV-1 research, including clinical trials for antiretroviral 

drugs, vaccine development, and reservoir studies, has centered on subtype B. This focus 

is largely because subtype B is the most prevalent HIV-1 subtype in North America and 
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Europe, regions that have been at the forefront of HIV/AIDS research funding and 

infrastructure. As a result, the scientific community has amassed a wealth of knowledge 

on subtype B, from its molecular characteristics and progression patterns to its response 

to various ART. However, subtype B accounts for only about 12% of all HIV infections 

worldwide, raising concerns about the generalizability of these findings. 

Subtype C HIV-1 accounts for approximately 50% of all HIV infections globally. 

Despite the high global prevalence, in stark contrast to subtype B, much less studies have 

focused on subtype C, none of the study was on subtype C HIV-1 reservoirs. This is due 

to the difficulties to conduct systematically molecular investigation in resource limiting 

setting such as sub-Saharan Africa (SSA) and India where subtype C HIV-1 is prevalent. 

The subtype C dominance in the global HIV epidemic while few studies on its reservoirs 

underscores a critical gap in our understanding of its reservoir dynamics and mechanisms 

of persistence.  

More importantly, previous studies have highlighted significant differences 

between subtype B and subtype C HIV-1 regarding the transmission fitness, replication 

capacity, coreceptor usage, and disease progression (156-158). For example, subtype C 

exhibits higher transmission fitness (156) and slower disease progression (157) compared 

to subtype B. Subtype C also predominantly uses the CCR5 coreceptor throughout 

infection, rarely switching to CXCR4 (158), which may contribute to its unique 

pathogenesis and immunopathogenesis. Moreover, there are two NF-κB binding sites in 

subtype B HIV-1 LTR while subtype C HIV-1 LTR contains an additional NF-κB binding 

site (28), which might render a higher transcription activity for subtype C HIV-1 
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proviruses. All these may contribute to differences in the size and distributions of tissue 

reservoirs between the two HIV-1 subtypes, which need to be further investigated.  

Additionally, the lack of subtype-specific research hinders the development of 

broadly effective vaccines that can provide immunity across different HIV-1 subtypes. 

More importantly, the subtype C research efforts overlooked the socio-economic and 

healthcare challenges faced by the regions most affected by this subtype, which are 

critical factors in the global HIV/AIDS response. 

Research Aims 

HIV-1 reservoir remains the main obstacle for HIV cure with little is known about 

co-factors that could affect HIV-1 reservoirs. Subtype C HIV-1 is the most widespread 

and accounts for nearly 50% of global HIV-1 infections, while few if any HIV-1 reservoir 

studies have focused on this subtype. That is, mostly, due to the difficulties of conducting 

systematic tissue sampling and molecular investigation in low-resource sub-Saharan 

Africa (SSA) and India, where subtype C HIV-1 is predominant. The overall objective of 

our project is to identify and characterize the HIV-1 reservoirs in virally suppressed 

(aviremic) subtype C HIV-1 infected African individuals, and then determine the impact 

of lifestyle habits such as cannabis use on those reservoirs. We hypothesize that subtype 

C infected ART treated individuals will have persistent viral infections with HIV 

reservoirs in the peripheral tissues and in the brain tissues, and cannabis which has anti-

inflammatory effects can reduce persistent HIV-1 replication, in turn, leading to a 

reduction in the size and distribution of subtype C HIV-1 tissue reservoirs. To accomplish 

these goals, I will address four specific aims in my research.  
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Aim 1. To identify all potential subtype C HIV-1 tissue reservoirs in ART-treated 

aviremic individuals using autopsy cases and quantify the viral DNA and RNA in 

these tissue reservoirs.  

Aim 2. To identify and characterize novel tissue reservoirs for subtype C HIV-1 

infected ART treated aviremic individuals and determine the extent of infection and 

infected cell types in these tissue reservoirs.  

Aim 3. To determine whether brain tissues can serve as HIV reservoir in subtype C 

infected individuals, and the extent of neuropathology, viral burden, CD8+ 

lymphocyte infiltration, and immune activation. 

Aim 4. To determine whether cannabis use impacts the size, distribution as well as 

inflammatory cytokine expression in subtype C HIV-1 reservoirs. 

Given that subtype C accounts for approximately half of the global HIV-1 

pandemic and considering that HIV-1 reservoirs pose a significant challenge to achieving 

a cure in the era of ART, it is crucial to meticulously identify and characterize subtype C 

reservoirs. Furthermore, assessing the influence of co-factors on these reservoirs is vital. 

Through the comprehensive research conducted in this study, we aim not only to deepen 

our understanding of HIV pathogenesis but also to contribute valuable insights that will 

guide the development of guidelines for cannabis use among PLWH. Additionally, our 

findings will inform the creation of therapeutic strategies tailored to HIV-1 subtype C and 

adapted to specific regional contexts, enhancing the effectiveness of interventions, and 

supporting personalized medicine approaches in the fight against HIV. 
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Note: 

With several paragraphs of this chapter, ChatGPT was employed to check for 

grammatical mistakes, for correctness of the word choices, and to enhance the flow of the 

paragraphs. 
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CHAPTER 2:  

SUBTYPE C HIV-1 RESERVOIRS THROUHOUT THE BODY IN ART-

SUPPRESSED INDIVIDUALS 

Abstract 

While the location, magnitude, dynamics, and reactivation responses of subtype B 

HIV-1 reservoirs have been intensively investigated, our understanding of reservoirs in 

other subtypes and how they respond to antiretroviral therapy (ART) is substantially less, 

including the most widespread subtype C HIV-1 genotype. To characterize subtype C HIV-

1 reservoirs more thoroughly, we implemented postmortem frozen, and formalin fixed 

paraffin embedded (FFPE) tissue sampling of the central nervous system (CNS) and 

various peripheral tissues from African ART-suppressed subjects. HIV-1 LTR, gag, 

envelope (env) DNA and RNA detection and quantification were accomplished using 

genomic DNA and RNA extracted from frozen tissues, respectively. RNAscope in situ 

hybridization (ISH) was conducted to define the localization of subtype C HIV-1 DNA and 

RNA in FFPE tissue. Despite uniform viral load suppression of every subject in our cohort 

treated with the same ART regimen, PCR results showed that subtype C HIV-1 proviral 

DNA copies vary both in magnitude and tissue distribution. Proviral DNA was mainly 

detected in peripheral tissues, especially the lymph nodes (LNs), spleen, ileum, and 

interestingly, the appendix. In contrast to subtype B, subtype C HIV-1 proviral DNA was 

rarely detectable in the CNS. While HIV-1 RNA was detected in peripheral tissues of 6 out 

8 ART-suppressed cases - mostly in lymphoid tissues, there was no detectable HIV-1 RNA 

in the CNS tissues harboring proviral DNA. In addition to active HIV-1 expression in 

lymphoid tissues, RNAscope revealed HIV RNA can also be detected in CD4-expressing 
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cells in the appendix, suggesting this tissue as a potential treatment resistant reservoir for 

subtype C HIV-1, which has not been reported previously. 

Introduction 

Human immunodeficiency virus (HIV) can infect CD4 expressing immune cells 

and eventually cause acquired immunodeficiency syndrome (AIDS). AIDS was universally 

fatal with opportunistic co-infections due to the loss of CD4 T cell mediated immunity and 

HIV-associated neurocognitive disorder (HAND) including severe HIV-associated 

dementia (HAD) (159, 160). Although the introduction of combined antiretroviral therapy 

(cART) has turned that once fatal disease into a managed care scenario, it is not a cure; it is 

accompanied with some side effects and life-long treatment is required (161). There are 

two HIV types, HIV-1 and HIV-2, with HIV-1 accounting for more than 95% of all 

worldwide HIV infections (23). Phylogenetics segregates HIV-1 into 4 groups: M (major 

group), O (outlier group), N (non-M, non-O), and P. Group M HIV-1 is responsible for 

more than 90% of all HIV infections and is subdivided in 10 separate subtypes: A, B, C, D, 

F, G, H, J, and K, as well as CRFs (circulating recombinant forms) that are essentially 

hybrid subtypes formed by recombination between at least two subtypes (26). These 

subtypes are unevenly distributed throughout the world, with subtype C being the most 

widespread. Subtype B HIV-1 is the predominant subtype in Europe, North Americas, 

Japan, and Australia, but accounts for only 12% of global HIV infections. In contrast, 

subtype C HIV-1 is prevalent in sub-Saharan Africa and India, and is responsible for more 

than 50% of all HIV infections (162). Investigations of HIV latency in non-subtype B 

lineages have been limited and is now important as effective treatment is increasingly 

available and utilized in areas where non-subtype B genotypes predominate. 
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Despite cART can suppress HIV-1 plasma viral load (pVL) to an undetectable level 

(<50 copies/ml) in a majority of treated people living with HIV (PLWH), it cannot 

eliminate HIV-1 from the body. This is because HIV reverse transcribes its RNA genome 

into a complimentary double-stranded DNA that then integrates into the host genome as a 

provirus, and it is the presence of this potentially replicable provirus that constitutes the 

latent HIV tissue reservoir. Establishment of HIV-1 reservoirs is thought to occur early after 

infection in different locations throughout the body (163). HIV-1 proviruses in different 

reservoirs might stay latent or persistently being expressed, which means a viral reservoir 

could be: 1) an active persistently expressing reservoir; 2) a silent but intact proviral 

reservoir, 3) a reservoir comprised of defective integrated provirus that may or may not 

have the capacity to express HIV-1 genes (96). However, it would seem likely that real 

tissues reservoirs could potentially contain all three ‘states’ of HIV-1 persistence. In some 

HIV-1 tissue reservoirs, it is difficult to achieve a high penetrance of ART due to drug 

chemistry, and physiological barriers. One example is the blood-brain barrier (BBB), which 

can limit some ART drugs access to the CNS (164). In addition, poor ART penetrance 

could result in localized persistent low-level replication in some tissues (persistent 

reservoir). Recent studies suggest that proviral DNA levels in PBMC decline with a half-

life estimated around 12 years, and are not differentially affected by the specific 

antiretroviral regimen used to achieve and maintain viral suppression (165-167) (114). 

However, many studies have demonstrated that HIV will rebound after cessation of ART, 

and the rebounding virus originates from persistent reservoirs or reactivated latent 

reservoirs (100, 168). Therefore, lifelong ART is necessary, which carries both a 
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physiological and economic burden, especially in low-resource areas, such as sub-Saharan 

Africa.  

Due to demonstration of a viral reservoir in PBMC and the difficulty in sampling 

other potential reservoir tissues, most HIV latency research has focused on large volume 

blood samples and lymphoid tissues obtained by biopsy from subtype B HIV-1 infected 

subjects (100, 169, 170), while some other studies alternatively utilized non-human 

primates (NHP) model or humanized mice model (171-175). Those studies have suggested 

that CNS tissues (171, 176-180), bone marrow (181-184), lung (110, 185), kidney (111), 

pancreas (186), prostate (187, 188), gastrointestinal (GI) tract tissue (189-191), 

reproductive tract tissue (108, 192, 193), and adipose tissue (194) serve as subtype B HIV-1 

tissue reservoirs. However, as far as we know, only two studies had investigated HIV tissue 

reservoirs that utilized tissues from different anatomical locations of the same subject, 

including lymphoid, brain and GI tract tissues, and both were on subtype B HIV-1 (92, 

186). 

The challenges of collecting high quality systematic post-mortem human specimens 

from endemic areas to support molecular investigations had previously limited efforts to 

define subtype C HIV-1 reservoirs. It has been reported that subtype C HIV-1 can be 

detected at high levels in peripheral blood mononuclear cells (PBMCs) of ART naïve 

individuals (195). Our laboratory has also found that subtype C HIV-1 proviral DNA can be 

detected at low and variable levels in CNS tissues regardless of ART success or failure 

(196), but so far there has been little systematic characterization of the distribution of this 

subtype among major human organ systems, especially in those who are ART-experienced 
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with pVL suppression. Whether the magnitude, distribution, or state of activation of 

subtype C HIV-1 reservoirs is similar or dissimilar to that in HIV subtype B is unknown.  

In this study, various flash-frozen and formalin fixed paraffin embedded (FFPE) 

brain and peripheral tissues were collected postmortem to support quantification of HIV 

reservoirs in eight subtype C HIV-1 infected aviremic Zambian subjects. Our results reveal 

that there are very few tissues harboring subtype C HIV-1 proviral DNA and potential 

intact viral genome in the brain, and all are at low copy number. Moreover, there is no 

detectable viral RNA in the brain. These indicate that, in contrast to subtype B, the brain is 

not a robust reservoir for HIV-1 subtype C. In the periphery, the HIV-1 subtype C proviral 

reservoir distribution and magnitude varied among different tissues and individuals with 

lymphoid tissues harboring consistent viral burden in most subjects, as anticipated. 

Notably, we detected a robust HIV-1 tissue reservoir in the appendix of 100% of subject 

which is, to our knowledge, the first report of this tissue as a site of HIV persistence in 

treated subjects. Lymph nodes (LNs) were the major compartments where persistent viral 

RNA expression was detected suggesting that ART fails to eliminate HIV-1 production 

from these tissues despite pVL suppression. Furthermore, using RNAscope, viral DNA and 

RNA can be detected in parenchymal appendix tissue where it is colocalized with CD4 

expressing cells. Evaluation of subtype C HIV-1 reservoirs in this study addresses crucial 

gaps in our understanding of the magnitude and unique distribution of subtype C HIV-1 

tissue reservoirs in the context of viral suppression. Such understanding may contribute to a 

greater capacity to understand HIV-1 infection and better future strategies for HIV cure. 
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Materials and methods 

Study setting, ethics statement and sample collection 

Zambia is a sub-Saharan African country where HIV-1 prevalence remains high and 

infection with subtype C HIV-1 is predominant (197, 198). UTH is the largest hospital in 

Zambia and its pathology department performs approximately 1300 forensic autopsies 

annually, 17% of which are on HIV-1 positive subjects. When a potential autopsy case 

arrived at the UTH morgue, a clinical officer or study nurse counselor approached the 

family members of the deceased to determine whether the deceased met study inclusion 

criteria with regard to time of death, and to seek informed consent for the post-mortem 

collection of tissue specimens. Because sociodemographic and lifestyle behaviors could not 

be directly assessed from the deceased, the nurse counselor, working with the clinical 

officer, surveyed the next-of-kin, the individual who provided consent for tissue collection, 

for demographic information about the deceased. The nurse counselor utilized a validated 

WHO-ASSIST survey instrument designed to collect social demographic and behavioral 

data. At the same time, we also accessed clinical records to extract portions of the patient's 

medical history, including ART regimen and duration. Only study personnel will have 

access to the study database and only de-identified data will be made available for data 

analysis. Post-mortem samples were obtained using standardized procedures. Within 48 

hours of the subject's death, multiple CNS and collateral tissues were collected and stored 

by two methods: 1) half of the sample was stored at -80°C; 2) the other half was fixed at 

4% paraformaldehyde then further processed for FFPE tissue blocks. In addition, plasma 

samples from all subjects were also obtained and stored at -80°C until use. 
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HIV-1 serology and real-time quantitative reverse transcription PCR (qRT-PCR) for 

plasma HIV-1 viral load quantification 

HIV-1 serological test was conducted using HIV Rapid Test or Alere Determine 

HIV-1/2 Ag/Ab Combo test in Zambia (199), and those serological results were further 

verified in the laboratory in the U.S. with HIV-1-2.0 First Response kit (Premier Medical 

Corporation Limited, Daman, India). To quantify the plasma HIV-1 viral loads, total RNA 

in plasma sample was extracted in one batch with standard AcroMetrix HIV-1 setting 

(5E2, 5E3, 5E4, 5E5, 5E6/ml, respectively) (Thermo Fisher Scientific, Fremont, CA) via 

QIAamp Viral RNA Kit (Qiagen, Hilden, Germany) with DNase I treatment to remove 

any DNA. Same volume (5 μl) plasma samples and AcroMetrix HIV-1 setting were 

subjected to qRT-PCR as triplicates using the RNA UltraSense One-Step qRT-PCR 

System (Invitrogen, Waltham, MA) to detect the plasma viral loads. Primers and a probe 

against HIV-1 LTR were used. The procedure for qRT-PCR is 50°C for 15 minutes, 95°C 

for 2 minutes to synthesize cDNA, then 40 cycles by 95°C for 15 seconds for DNA 

denaturation and 60°C for 1 minute for annealing and elongation. The cutoff of plasma 

HIV-1 LTR RNA detection is 70 copies/ml. 

Extraction of genomic DNA and RNA from postmortem tissues  

Small pieces of snap-frozen tissues were collected in two sets of 1.5 ml centrifuge 

tubes by 1 mm biopsy punch tool (Robbins Instruments, Chatham, NJ) on dry ice for 

DNA and RNA extraction, respectively. For genomic DNA extraction, 600 μl cell lysis 

buffer and 10 μl proteinase K solution (Qiagen, Hilden, Germany) were added in tubes 

containing the tissues, then the samples were incubated overnight in 55°C water bath. 

Each sample was then incubated at 37°C with 10ul RNase-A solution (Qiagen, Hilden, 
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Germany) for 1 hour to remove any RNA. After RNA removal, the samples were chilled 

on ice for 3 minutes before adding 200 μl protein precipitation solution into each tube, 

the samples were then vigorously vortexed and spun down at 16,000 x g for 10 minutes at 

4°C to precipitate protein. During centrifugation, 400 μl isopropanol and 0.5 μl glycogen 

were added into a new tube. The supernatant was transferred to the new tube containing 

isopropanol and glycogen for genomic DNA precipitation by inverting tube 50 times 

followed by 16,000 x g for 1 minute. The supernatant was then discarded, the DNA pellet 

at the bottom of the tube was washed once with 70% ethanol and air dried for 5-10 

minutes. Then 30-100 μl hydration solution (Qiagen, Hilden, Germany) was added in the 

tube to resuspend the DNA pellet. After a brief vortex, the tubes were incubated at 65°C 

for at least 1 hour to completely dissolve the DNA pellet. The genomic DNA samples 

were further purified by phenol chloroform, and the DNA concentrations were measured 

via QubitTM dsDNA BR assay kit (Invitrogen, Waltham, MA). The DNA samples were 

stored at -20°C until use. 

For total RNA extraction from tissues, 700 μl QIAzol lysis reagent (Qiagen, 

Hilden, Germany) was added to each tube containing the fresh tissue. After 5 minutes 

incubation of the homogenate, 140 μl chloroform followed by 12,000 x g at 4°C for 15 

minutes to separate phases. Total RNA from the top aqueous phase was then extracted 

with QIAgen miRNeasy mini kit (Qiagen, Hilden, Germany) according to manufacturer’s 

protocol. On-column DNase I treatment was also applied during the RNA extraction. The 

RNA concentrations were measured via QubitTM RNA BR assay kit (Invitrogen, 

Waltham, MA), the RNA samples were then stored at -80°C for the subsequent viral RNA 

analyses. 
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HIV-1 subtyping  

To confirm HIV-1 clade C infection in the aviremic cases studied, nested PCR 

with primers against gp120 V3 loop was performed with the following procedure for both 

rounds: polymerase activation at 95°C for 10 minutes, then 35 cycles of denaturation at 

95°C for 30 seconds, annealing at 55°C for 30 seconds and elongation at 72°C for 2 

minutes, then one cycle of 72°C for 7 minutes. In first round, 100 ng genomic DNA was 

used as template with envelope primers (Forward: CCTGCTGGTTATGCGATTCTAAA; 

Reverse 1: ACCTCCTGCCACATGTTTATAATTTG) were applied. Then 2 μl of the first 

round PCR product was utilized as template for the second round with another pair of 

envelope primers (Forward: CCTGCTGGTTATGCGATTCTAAA; Reserve 2: 

CAATAGAAAAATTCTCCTCTACAATTAAA). Products from the second round nested 

PCR were checked for size and purified via gel extraction, then sequenced with the 

forward primer. A recombinant identification program (RIP) and BLAST-based HIV-1 

genotyping tool were used for subtyping sequence alignments. 

Real time qPCR for HIV-1 DNA quantification  

100 ng extracted genomic DNA from each tissue was used as template for both 

quality control GAPDH and HIV-1 LTR, gag, and env DNA detection. TaqMan® 

Universal PCR Master Mix (Thermo Fisher Scientific, Fremont, CA) was used with 300 

nM each of HIV-1 LTR U5 forward and reserve primers 

(GCCTCAATAAAGCTTGCCTTGA; GGGCGCCACTGCTAGAGA) and Fam-labeled 

HIV-1 LTR probe (/56-FAM/CCAGAGTCACACAACAGACGGGCACA/3BHQ_1). For 

HIV-1 gag, each HIV-1 gag forward and reserve primers 

(CAAGCAGCCATGCAAATGTT; ATGTCACTTCCCCTTGGTTCTC) and Fam-labeled 
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HIV-1 gag probe (/56-FAM/CCTGGTGCAATAGGCCCTGC/3BHQ_1/) were used. For 

HIV-1 env, each HIV-1 env forward and reserve primers 

(TGTTCCTTGGGTTCTTGGGAG; TGCTGCTGCACTATACCAGAC) and HEX-

labeled HIV-1 env probe (HEX-TCTGGCCTGTACCGTCAGCG-IFBQ) were used. 

Genomic 8E5 cellular DNA containing a single proviral HIV-1 genome in each cell was 

mixed with uninfected peripheral blood mononuclear cells (PBMCs) genomic DNA to 

generate standards that contain 5, 10, 100, 1000 8E5 HIV-1 copies in 100 ng total 

genomic DNA, respectively. DNA sample from an uninfected individual was used as 

negative control. Standards and tissue DNA samples were applied in QuantStudio™ 3 

Real-Time PCR System (Thermo Fisher Scientific, Fremont, CA) in triplicates with a 

reaction volume of 20 μl for each. The thermal cycling conditions utilized in real time 

qPCR were: 95°C for 15 seconds for polymerase activation, then 40 cycles of 95°C for 

15 seconds for DNA denaturation and 60°C for 1 minute for annealing and elongation.  

Digital PCR (dPCP) for HIV-1 DNA quantification 

HIV-1 DNA copies in the genomic DNA from LN, appendix, testis, and occipital 

lobes of cases 2, 3 and 4 were also determined by dPCR performed on QIAcuity One 

instrument with QIAcuity probe PCR kit (Qiagen, Hilden, Germany). Briefly, genomic 

DNA samples were first digested with restriction enzyme SalI whose recognition site 

does not exist in the target HIV-1 LTR sequences to reduce sample viscosity and increase 

template accessibility. Human beta-globin internal control and HIV-1 LTR DNA in 

triplicates with 10 ng digested DNA beta-globin detection and 700 ng digested DNA as 

templates were used. Each dPCR reaction mixture in total volume of 40 μl consisted of 

1X QIAcuity probe master mix, 800 nM each of HIV-1 LTR primers, 400 nM FAM-
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labeled HIV-1 LTR probe, template DNA and molecular grade water. The reaction 

mixtures were then transferred to a 26K 24-well nanoplate (Qiagen, Hilden, Germany) 

and, sealed with a plate seal, then amplified in the QIAcuity One thermocycler. The 

thermal cycling conditions used for dPCR were: 95°C for 2 minutes, 40 cycles of 95°C 

for 15 seconds for DNA denaturation and 60°C for 30 seconds for annealing and 

elongation. The threshold for dPCR positivity was determined using signals for viral 

DNA detection in digested genomic DNA from the corresponding tissues of an HIV-1 

negative individual, and DNA from the mesenteric LN of a HIV-1 viremic case was used 

as positive control (supplementary table 5). By dividing the mixture into partitions, the 

instrument measured and calculated the target sequence copies after end-point PCR 

cycling based on the presence or absence of a fluorescent signal for human beta-globin or 

HIV-1 LTR DNA in every individual partition. Analysis was performed using the 

software suite, providing the concentration in copies per ml of LTR sequence as well as 

for human beta-globin.  

RT-qPCR for HIV-1 tissue RNA load quantification 

To quantify HIV-1 RNA copies in tissues that harbor viral DNA, total RNA in the 

tissues was extracted as described above. 500 ng total RNA and 2.5 ul AcroMetrix HIV-1 

standards (5, 50, 500, 5000, 50000 copies of cell free HIV-1, respectively) were subjected 

into RT-qPCR in triplicates by RNA UltraSense One-Step RT-qPCR System (Invitrogen, 

Waltham, MA) to detect the tissue viral RNA loads. Using primers and probes against 

HIV-1 LTR, gag, and env region used for DNA copy determination. The thermocycle 

procedure for RT-qPCR was the same as that for plasma viral load determination.  
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RNAscope in situ hybridization (ISH) and immunohistochemistry (IHC)  

To identify the tissue parenchymal location of HIV-1 nucleic acids and infected 

cell type, 6 μm of adjacent sections was cut from FFPE appendix tissues of subject case 3 

and then subjected for RNAscope ISH and IHC staining.  For viral DNA and RNA 

detection, one section of each appendix tissue was stained with DNAscope antisense 

probe using RNAscope® 2.5 HD red reagent kit (Advanced Cell Diagnostics, CA) based 

on the RNAscope® 2.5 HD red reagent kit instruction and a previously reported protocol 

(200). Other adjacent sections were stained with Homo sapiens ubiquitin C (UBC) probe 

as positive control and dihydrodipicolinate reductase (dapB) probe as negative control by 

RNAscope, respectively. One of adjacent slides was stained for CD4 cell marker by IHC 

with mouse anti-human CD4 monoclonal antibody (M7310, 1:100, Dako), and the 

staining signal was developed with substrate diaminobenzidine (DAB) by Dako Envision 

and Peroxidase kit. Matched IgG 1 isotype controls were applied in IHC staining to 

confirm signal specificity. For viral p24 protein detection, IHC was performed on FFPE 

inguinal LN from case 3, monoclonal mouse anti-HIV p24 antibody was utilized (M0857, 

1:20, Dako). The stained slides were then digital scanned by MoticEasyScan Pro 

instrument (Motic, Xiamen, China) according to the instruction manual provided by the 

manufacturer.  

Statistical analysis 

To examine the differences in HIV-1 LTR DNA copies between brain and 

periphery of the ART-suppressed individuals, and the differences in HIV-1 LTR DNA 

copies between group 1 (LNs, spleen, and appendix) and group 2 (other peripheral 

tissues) of the ART-suppressed individuals, both Wilcoxon matched-pairs signed rank test 
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and nonparametric Mann-Whitney test were used to assess the differences between 

comparison groups. GraphPad Prism 9 (Graphpad Software, San Diego, CA) was utilized 

for statistical analyses. All tests were 2-tailed and P-values < 0.05 were considered as 

significant. 

Results 

Tissue sampled and subtype determination in ART-suppressed aviremic individuals 

The experimental design highlighting the collected postmortem sampling in this 

study is shown in Figure 2.1A. Serologic testing for HIV was conducted for screening 

HIV-1 infected individuals using femoral or cardiac plasma samples. Plasma RNA 

preparations from HIV-1 positive cases were subjected to standard qRT-PCR to quantify 

plasma viral loads. Eight male subjects were identified as seropositive but lacking 

detectable plasma viral loads (< 70 copies/ml) and were defined as ‘aviremic’ (Table 2.1).  

 

 

 

 

 

 

 

 

 

Figure 2.1. HIV-1 aviremic cohort and postmortem sample collection. (A) The flow 

diagram showed postmortem HIV-1 screening. HIV serologic tests were conducted on plasma 

samples of all postmortem cases to identify HIV-1–infected individuals. qPCR was utilized for 

plasma viral load detection, and those cases with undetectable plasma viral load were then 

subjected for HIV-1 subtyping to confirm clade C HIV-1 infection in those aviremic 
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individuals. Eventually, an 8-case cohort was identified to be infected with subtype C HIV-1. 

Viral DNA and RNA copies were determined by different PCR-based methods from frozen 

tissue genomic DNA and total RNA. To characterize more detail for subtype C HIV-1 

reservoirs, RNAscope was performed on representative FFPE tissues. (B) Postmortem 

samples were collected within 48 hours of a subject’s death. Half of each brain and peripheral 

tissue was collected and processed into a frozen sample, while the other half was processed 

into a FFPE sample. Frozen plasma samples were also collected. 

The samples listed in Figure 2.1B, including 8 CNS tissues, [frontal lobe, parietal 

lobe, temporal lobe, occipital lobe, hippocampus, cerebellum, basal ganglia, and choroid 

plexus (CPx)], and 13 peripheral tissues (mesenteric LN, axillary LN, inguinal LN, spleen, 

bone marrow, Ileum, appendix, liver, kidney, lung, pancreas, belly fat, testis), and plasma 

were collected within 48 hours of the aviremic subject’s death. The median age of the 8 

patients at death was 46 (range from 39 to 60). Among the 8 aviremic individuals, 

information about ART duration was obtained for 6 (information missing for case 3 and 7) 

whose median duration of ART was 6.5 years (range from 4 to 10 years). Self-reported data 

indicated that, after commencing on ART, those 6 subjects received ART until their deaths 

(Table 2.1).  

Table 2.1. HIV-1 aviremic subjects analyzed 

ID Age Gender 
Plasma 

VL 

Age of ART 

Initiation 

ARV 

Duration 

ART 

Regimena 

Post-mortem 

Interval 

HIV-1 

Subtype 

Case 1 40 M 

<70 

copies/ml 

32 8 years Atripla 30 hours C 

Case 2 60 M 52 8 years Atripla 7 hours C 

Case 3 45 M Unknown Unknown Atripla 3 hours C 

Case 4 50 M 40 10 years Atripla 4 hours C 

Case 5 53 M 48 5 years Atripla < 48 hours C 

Case 6 40 M 36 4 years Atripla 26 hours C 

Case 7 47 M Unknown Unknown Atripla 18 hours C 

Case 8 39 M 34 5 years Atripla 33 hours C 

Note: a, Atripla is a combination of 3 different ART medications (efavirenz, emtricitabine, and tenofovir disoproxil 

fumarate) in 1 tablet form. 
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In Zambia, Atripla, which is a combination of efavirenz, emtricitabine, and 

tenofovir disoproxil fumarate in 1 tablet form, is the only ART regimen offered by 

government clinics serving as the first line of treatment sites where all the decedents 

received treatment. Tissues from all 8 aviremic, presumably ART-suppressed, subjects were 

evaluated for HIV reservoirs.  

To first determine the HIV-1 subtype and to validate HIV serologic testing on the 8 

aviremic cases, we subjected equivalent genomic DNA extracts from frozen postmortem 

tissues to nested PCR for the HIV-1 env gene. The HIV-1 env gene sequences were 

amplified from at least one peripheral tissue for all individuals, and those amplification 

products were gel-purified and then sequenced using primers against the HIV-1 gp120 V3 

loop. Application of Recombinant Identification Program (RIP) and a BLAST-based HIV-1 

genotyping tool to env sequence alignments revealed highest alignment with HIV-1 subtype 

C (Table 2.1). 

 Brain is not a good reservoir for subtype C HIV-1 in aviremic individuals 

After subtyping, we proceeded to identify tissues harboring subtype C HIV-1 

provirus. Genomic DNA samples from frozen postmortem tissues were tested for quality 

through cellular gene GAPDH amplification, and then subjected to qPCR with primers 

against the HIV-1 LTR, gag, and env DNA, respectively. Similar amplification efficiencies 

of those three pairs of primers had been validated through qPCR utilizing 8E5 genomic 

DNA, which carries a single copy of integrated HIV genome. 

The brain has been documented as a reservoir for subtype B HIV-1, but it is 

unclear whether it is a robust reservoir for other subtypes, including subtype C. Our 

qPCR results show that, among 64 tested brain tissues (8 tissues for each subject), 
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subtype C HIV-1 LTR DNA was only detected in 12 (18.8%) brain tissues. The frontal 

lobe and basal ganglia are the two CNS sites with highest frequency in harboring HIV-1 

proviruses. However, the HIV-1 viral DNA copies in brain vary in different individuals 

and different brain regions (Figure 2.2). Particularly, subtype C HIV-1 LTR DNA was 

detected in the frontal lobe of cases 5, 6, and 8 with 57, 20, 37 viral DNA copies/106 

cells, respectively: in the basal ganglia of cases 1, 5, and 6 with 37, 30, 18 viral DNA 

copies/106 cells, respectively. Furthermore, subtype C HIV-1 LTR DNA were also 

detected in the occipital lobe of cases 4 and 7, the hippocampus of cases 1 and 6, and the 

CPx of cases 2 and 7, whereas there was no detectable viral LTR DNA in the parietal 

lobe, temporal lobe, and cerebellum. Among those 12 HIV-1 LTR DNA harboring brain 

tissues, case 8 frontal lobe, cases 1 and 5 basal ganglia tissues, case 4 occipital lobe, and 

case 7 CPx were identified to contain HIV-1 gag DNA with 46, 44, 14, 22, 89 viral DNA 

copies/106 cells, respectively. Eventually, besides harboring HIV-1 LTR and gag DNA, 

cases 1 and 5 basal ganglia tissues, and case 7 CPx were found to harbor HIV-1 env DNA 

with 30, 54, 28 viral DNA copies/106 cells, respectively (Figure 2.2B). The presence of 

all three subtype C HIV-1 genes implied the potential full-length or nearly full-length 

subtype C HIV-1 proviruses in those 3 brain tissues, while the presence of viral LTR DNA 

but lack of gag or env DNA indicated probable existence of defective HIV-1 reservoirs in 

the other 9 of 12 viral DNA harboring brain tissues (75%).  

Besides showing a variation among different CNS tissues, the frequencies, and 

the copies of subtype C HIV-1 proviruses in the CNS also varied among different 

individuals. In general, subtype C HIV-1 LTR DNA was detected in at least one brain 

tissue in 7 of 8 cases (87.5%), while viral provirus was not detectable in any brain tissue 
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from case 3. Three brain regions from case 6, the frontal lobe, hippocampus and basal 

ganglia were identified as tissues harboring subtype C HIV-1 provirus. Moreover, each 

case 2, 4 and 8 has only one brain tissue containing HIV-1 provirus, which is the CPx, 

occipital lobe, and frontal lobe, respectively. However, cases 1, 5, and 7 have two 

different brain tissues with detectable HIV-1 proviruses (Figure 2.2A). Among those 7 

subjects harboring viral LTR DNA in brain, 5 cases (1, 4, 5, 7 and 8) harboring viral gag 

DNA were identified, and 3 cases (1, 5 and 7) were further determined to contain viral env 

DNA in brain. Notably, the viral DNA copies in brain tissues were all lower than 100 

copies/106 cells after normalizing to one million cells (Figure 2.2B). The medians of 

detectable viral DNA copies were all 0, no matter in the same brain region of different 

subjects or in different brain regions of same subject. Moreover, we did not observe a 

specific pattern regarding the distribution of subtype C HIV-1 reservoirs in the brain. 
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Figure 2.2. Subtype C HIV-1 DNA in aviremic brain tissues. (A) Heatmap of subtype C 

HIV-1 DNA in aviremic brain tissues. A heatmap displaying the abundance of 3 subtype C 

HIV-1 DNA (LTR, gag, and env) in different brain regions of 8 aviremic subjects was 

generated by qPCR analysis. Blocks with colors indicate undetectable (0) DNA copy (blue) to 

increase DNA copies (brown, up to 93 copies/1 × 106 cells). CNS tissues from the same 

hemisphere were analyzed (left). (B) Copy numbers of subtype C HIV-1 DNA detected in 

aviremic brain. The different regions harboring viral DNA and the viral DNA copy numbers in 

the brain of the 8 aviremic subjects were shown. There was no detectable viral DNA in the 

parietal lobe, temporal lobe, and cerebellum of 8 aviremic cases. HIV-1 DNA copies were 

identified by qPCR with 100 ng genomic DNA as a template. HIV-1 LTR (blue), gag (green), 

and env (red) DNA copy numbers were calculated as the mean of triplicate qPCR reactions 

and normalized to 1 million cells. The rectangles mark 3 tissues that have all 3 viral genes, 

indicating potential intact viral genome in those tissues. 

Despite the rare and low subtype C HIV-1 viral DNA detected in aviremic brain, 

we wanted to know whether those proviruses express any viral RNA. However, 

according to the results of one-step RT-qPCR utilizing total RNA that extracted from 

brain tissues harboring viral DNA and RNA sample quality confirmed by cellular RNA 

PPIB amplification, there was no detectable viral RNA (LTR, or gag, or env RNA) in any 

aviremic brain region. 

Detection of subtype C HIV-1 peripheral tissue reservoirs 

In contrast to the rare presence in brain, subtype C HIV-1 proviruses were 

extensively detected in different peripheral tissues throughout the body, and the overall 

viral DNA copies detected in periphery was remarkably higher than that in the brain 

(P<0.001) (Figures 2.2A and 2.3). Moreover, 82 out of 103 peripheral tissues (79.6%) 

were identified harboring HIV-1 DNA, and this frequency is also significantly higher 

than that in the brain (18.8%) (P<0.0001) (Figure 2.3).  
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Figure 2.3. Heatmap of subtype C HIV-1 DNA in aviremic periphery. A heatmap displays 

the abundance of 3 subtype C HIV-1 DNA (LTR, gag, and env) in peripheral anatomical 

locations of the 8 aviremic subjects based on qPCR analysis. Blocks with colors indicate 

undetectable (0) DNA copy (blue) to increased DNA copies (up to 1538 copies/1 × 106 cells). 

Spleen of case 7 failed to be sampled (blank cell). HIV-1 DNA copies were identified by 

qPCR with 100 ng genomic DNA as a template. All samples were analyzed in triplicate qPCR 

reactions, and viral DNA copy numbers were calculated as the mean of triplicate and 

normalized to 1 million cells. 

Unlike the brain, no specific peripheral tissue was found to be completely free of 

viral DNA. Furthermore, there is no correlation between the viral burden in the brain and 

periphery. Subtype C HIV-1 proviral DNA copies varied in different peripheral tissues, 

which indicated different proviral reservoir sizes. Notably, of the 13 types of peripheral 

tissues analyzed, only two types of lymphoid tissue, the LNs and spleen, and two types of 

GI tract tissue, the ileum and appendix, were found to contain viral LTR DNA in all 

aviremic subjects (Figure 2.3). Furthermore, compared to other peripheral tissues, LNs, 

spleen, Ileum, and appendix showed higher viral LTR DNA burdens, with the median of 

LTR DNA copies at 308, 213, 88, 211 copies/106 cells, respectively (Table 2.2). Another 

lymphoid tissue, bone marrow, was found to have viral LTR DNA in 6 aviremic subjects 

with the median LTR DNA copies of 62 copies/106 cells. Other tissues involved in different 

human organ systems were also found to harbor HIV-1 LTR DNA. They include the liver, 

kidney, lung, pancreas, adipose tissue, and testis, which have the median of HIV-1 LTR 
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Mesenteric 44 0 0 1102 32 166 223 22 0 183 4 42 541 0 0 1538 156 220 174 20 84

Axillary 159 15 18 342 0 0 983 645 53 180 0 0 18 7 0 338 12 0 570 43 134 215 29 50

Inguinal 412 74 52 868 141 32 139 22 12 45 3 39 278 10 20 455 67 121 134 18 90

94 8 23 601 0 0 398 170 44 213 8 55 40 27 30 134 0 0 215 37 117

81 25 20 47 0 0 192 20 0 165 0 0 23 14 0 77 0 0

108 0 0 153 0 0 348 160 36 537 25 291 28 20 19 31 0 0 69 10 18 7 0 0

76 31 41 358 75 47 1169 291 132 244 21 81 56 11 49 41 14 26 430 7 32 179 53 133

62 54 23 338 14 34 112 25 0 68 0 0 35 0 0 82 8 38 104 9 20

164 13 0 82 13 0 20 17 32 78 0 0 29 0 0 54 12 23

261 0 0 85 20 0 43 12 5 52 0 0 4 0 0 23 0 0

88 0 0 37 28 0 67 22 0

22 21 17 60 20 15 31 0 0 75 0 0

215 205 650 134 53 0 25 0 0 6 5 0 11 0 0

Viral DNA in Peripheral Tissues (copies/10
6
 cells)

Case ID 1 2 3 4 5 6 7 8

0

0

LN

Spleen

Bone Marrow

Ileum

Appendix

Liver

Kidney (Left)

Lung (Left)

Pancreas

0

0

0

0

0

0

NA

0

0

0

0

00

0

0

Belly Fat

Testis (Left)

0

0

0

0

0

DNA copies at 75, 41, 33, 0, 11, 8 copies/106 cells, respectively. The highest viral LTR 

DNA copy is 1538 copies/106 cells in the mesenteric LN of case 7 (Table 2.2).  

Among the 82 HIV-1 LTR DNA harboring peripheral tissues, 56 tissues were 

found to also contain HIV-1 gag DNA, and 43 tissues were further identified to harbor 

HIV-1 env DNA, indicating that intact HIV-1 provirus might be integrated into the host 

genome of those 43 tissues. Interestingly, only the LNs and appendix were determined to 

harbor all three proviral genes in all aviremic cases (Table 2.2). Proviruses that harbor 

HIV-1 LTR, gag and env DNA were also found in the spleen of cases 1, 3, 4, 5 and 8. In 

addition, potential intact proviruses were also detected in the bone marrow, ileum, liver, 

kidney, lung, adipose tissue, and testis of some cases, whereas there was no detectable 

viral env DNA in any pancreas tissue (Table 2.2). 

Table 2.2. Subtype C HIV-1 viral DNA copies in the aviremic case periphery 

 

 

 

 

 

 

 

 

 

 

Note: Regular (LTR DNA); Italic (gag DNA); Bold (env DNA); 0 (HIV DNA negative) 

The comparison of the variations in the proviral DNA copy number among 

different tissues from different cases are shown in Figure 2.4. In scatter plots, quantified 
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viral DNA copy numbers from tissues of case 1 to 8 were indicated as red, orange, 

yellow, green, blue, purple, pink, and gray dots, respectively. In general, three cases with 

relative shorter postmortem interval (PMI), cases 2 (7 hours), 3 (3 hours) and 4 (4 hours) 

had relatively higher overall viral LTR DNA burden than that in other three cases with 

longer PMI, cases 1 (30 hours), 6 (26 hours), and 8 (33 hours) (Figure 2.4A).  

Moreover, although the PCR detection may have limited our ability to capture 

extremely low levels of viral DNA in some tissues, we have detected more tissues 

harboring HIV-1 LTR DNA for cases 2, 3, and 4 than cases 1, 6, and 8 (Figure 2.4A). 

Particularly, viral LTR DNA was detected in nearly every peripheral tissue of cases 2, 3 

and 4, except the belly fat of case 2 and pancreas of case 3 (Figure 2.4A, Table 2.2). In 

contrast, case 1 had the least peripheral tissues with detectable HIV-1 DNA. However, 

except for displaying a negative correlation in ileum (correlation coefficient = -0.8015, R2 

= 0.6424), we did not observe the correlation of PMI with levels of viral DNA detected in 

other peripheral tissues.  

With regard to potential intact proviruses, cases 4 and 8 have most peripheral 

tissues, 8 and 7 tissues, respectively, harboring HIV-1 LTR, gag, and env DNA, whereas 

case 6 only had two peripheral tissues (inguinal LN and appendix) containing all three 

viral genes. Additionally, case 5 displayed lowest overall subtype C HIV-1 reservoir 

magnitude possessing <100 copies/106 cells of proviral DNA in every HIV-1 provirus 

containing peripheral tissues (Figure 2.4, Table 2.2). For most cases, those with higher 

viral DNA copies in the LNs appeared to have higher viral DNA copies in other 

peripheral tissues, except for cases 6 and 7 whose viral DNA copies in LN were high but 

low in other peripheral tissues relatively to other cases.  
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Figure 2.4. Subtype C HIV-1 DNA quantification in peripheral anatomical locations. 

Scatter plots sorted by different peripheral tissues and colored for different subjects. The y axis 

showed HIV-1 DNA copies/1 × 106 cells. (A) HIV-1 LTR DNA in the periphery. (B) HIV-

1 gag DNA in the periphery. (C) HIV-1 env DNA in the periphery. In total, 100 ng genomic 

DNA was used in each qPCR reaction as template. The dots represent the means of triplicate 

qPCR reactions for the HIV-1 DNA copies. 

To confirm our real time qPCR results, we also performed ultra-sensitive digital 

PCR (dPCR) to obtain absolute HIV-1 DNA copies. Considering the similar amplification 

efficiencies of LTR, gag, and env primers and the higher overall viral LTR DNA copies in 

cases 2, 3 and 4, we have utilized the same LTR primers and same batch of genomic DNA 

used in qPCR from occipital lobe, mesenteric LN, appendix, and testis of cases 2, 3 and 

4, to perform dPCR. The dPCR results showed good correlation with qPCR results for 

both CNS tissue occipital lobe and three other peripheral tissues (Figure 2.5). Overall, it 

showed a positive qPCR/dPCR efficiency correlation with a 0.7054 R2 value (Figure 

2.5B). The dPCR results further confirmed and strengthened our findings by qPCR.  
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Figure 2.5. Heatmap of subtype C HIV-1 RNA in aviremic periphery. A heatmap 

displaying viral RNA transcript (LTR, gag, and env) abundance in the periphery of 8 aviremic 

subjects was produced by qPCR analysis. Blocks with colors indicate undetectable (0) DNA 

copy (blue) to increased RNA copies (up to 1,566 copies/500 ng total RNA). HIV-1 RNA 

copies were identified by qPCR with 500 ng input RNA as template. All samples were 

analyzed in duplicate qPCR reactions. 

Persistent expressing of subtype C HIV-1 proviruses in periphery 

It is well documented that defective integration is common in retroviruses (55, 

201-203), the presence of viral LTR DNA but lack of gag or env DNA in some tissues of 

our cohort suggests the existence of defective subtype C HIV-1 reservoirs in those 

tissues, while the higher LTR DNA copies than gag or env DNA copies in most tissues 

suggests that intact and defective subtype C HIV-1 proviruses might co-exist in those 

tissues. However, proviral DNA detection in tissues is not necessarily indicative of a 

functional latent reservoir. Therefore, total RNA was extracted from frozen tissues that 

harbored viral DNA and subjected to one-step qRT-PCR with HIV-1 LTR, gag, and env 

primers after DNase I treatment.  

As seen in Figure 2.5 and Table 2.3, HIV-1 LTR, or gag, or env RNA was 

detected in 6 of 8 aviremic cases (undetectable in cases 1 and 5). Subtype C HIV-1 RNA 

was mainly detected in lymphoid tissues (LNs, spleen, bone marrow), and the 

predominant site of concordant viral gene expression was the LNs. Among those 6 cases 
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Mesenteric 143 105 - 153 0 59

Axillary 1609 - 0 164 0 102 75 - - 115 37 - 1566 157 272 141 26 30

Inguinal 466 0 36 283 184 152 162 0 0 794 83 40 13 14 22

423 - 0 326 0 69

49 - 0 444 51 -

497 27 28 45 0 82

481 144 141 28 0 0

26 0 0 56 0 -

106 0 0

29 - 0 20 22 - 81 0 0

Viral RNA in Peripheral Tissues (copies/500 ng input RNA)

Case ID 1 2 3 4 5 6 7 8
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-

-

Spleen NA

Bone Marrow - -
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0

0

0

0

0

0

0

0
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Liver -

Kidney (Left) - -

Lung (Left) - -

0

0

0

Pancreas - - - - -

Belly Fat - - - -0

Testis (Left) - - -

0

0

0

0
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0

0
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0

0

0

0
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0

0

0

0

0
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0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

harboring viral RNA in the lymph nodes, three cases (cases 6, 7 and 8) did not have any 

detectable viral RNA besides the lymph nodes. 

Table 2.3. Copy numbers of subtype C HIV-1 RNA in peripheral tissues harboring viral DNA 

 

 

 

 

 

 

 

 

 

 

Note: Regular (LTR RNA); Italic (gag RNA); Bold (env RNA); 0 (HIV RNA negative); - (HIV DNA 

negative) 

As shown in Figure 2.6 for case 2 (orange), case 3 (yellow) and case 4 (green) 

which had higher overall viral LTR DNA burden, viral LTR, and/or gag, and/or env RNA 

were also sporadically detected in spleen, bone marrow, ileum, appendix, liver, kidney, 

and lung at variable RNA copies in addition to lymph nodes. The presence of viral RNA 

indicated potential persistent expression of proviruses in those tissue reservoirs. Pancreas, 

testis, and belly fat tissues in all aviremic individuals were found to be devoid of 

detectable subtype C HIV-1 RNA. Additionally, all tissues that expressed viral gag or env 

RNA were found to contain viral LTR RNA (Figure 2.6). 

In the peripheral tissues harboring HIV-1 DNA, more viral LTR RNA (ranging 0 

to 1609 copies/500 ng total RNA) was detected, compared to viral gag RNA (ranging 0 to 
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184 copies/500 ng total RNA) (p=0.0045) or env RNA (ranging 0 to 272 copies/500 ng 

total RNA) (p=0.0049), respectively. The main reason is that our LTR primers target 

proviral sequence region encoding leader exon 1 which exists in all HIV-1 transcripts 

variants. It is also possible that there are undefined promoters outside the provirus 

allowing the 3’ end LTR gene to transcribe, or some subtype C HIV-1 defective 

proviruses with deletions in gag or env region were transcribed, hence leading to more 

LTR transcripts than gag or env.  

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Subtype C HIV-1 RNA quantification in peripheral tissues harboring viral 

DNA. Scatter plots sorted by different peripheral tissues and colored for different subjects. 

The y axis showed HIV-1 RNA copies/500 ng input RNA. (A) HIV-1 LTR RNA in the 

periphery. (B) HIV-1 gag RNA in the periphery. (C) HIV-1 env RNA in the periphery. In total, 

500 ng input RNA was applied in each qPCR reaction as a template. Viral RNA copy numbers 

were calculated as the mean of duplicate qPCR reactions. 

The appendix as a novel subtype C HIV-1 reservoir 

To our knowledge, the appendix tissue has not previously been investigated or 

reported as an HIV-1 reservoir. The systematic nature of our sample collection has 
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allowed this first investigation of the appendix as a potential reservoir in fully suppressed 

subtype C HIV-1 infection. Interestingly, subtype C HIV-1 LTR, gag and env DNA were 

detected in the appendix from all aviremic individuals, indicating the very likely presence 

of full-length subtype C HIV-1 proviral integrants. HIV-1 LTR, gag and env RNA were 

also detected in appendix tissue from case 3, suggesting a possible persistent reservoir in 

this unique tissue. Blood contamination was unlikely to confuse our results from tissue 

samples because all our cases have undetectable pVL. To identify whether proviral DNA 

resulted from lymphocyte infiltration into appendix under inflammation, we first perform 

histology on appendix FFPE of all aviremic subjects. Classical appendicitis histology 

would display scattered clusters of dark blue dots (hematoxylin-stained lymphocyte 

nuclear) in the muscle layer, which we did not observe in any appendix FFPE slide of the 

8 aviremic cases, indicating proviral DNA was not from infiltrated lymphocyte (Figure 

2.7).  

 

 

 

 

 

 

 

 

Figure 2.7. No detectable inflammation in the appendix of the aviremic subjects. The 

inflammatory statuses, as a pathological indicator of appendicitis of the 8 aviremic appendix 

tissues were analyzed by histology. Classical appendicitis histology would display scattered 

clusters of dark blue dots (hematoxylin-stained lymphocyte nuclear) in the muscularis propria, 
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which was not observed in the appendix FFPE slides of 8 aviremic cases (panel A-H). Black 

arrows mark the muscularis propria and LF means lymphoid follicle. Thumbnails and 

magnification of representative areas (10X) are also shown. 

To further determine whether proviral signal quantified in frozen tissues 

corresponded to parenchymal cell infection and the potential cell types involved, we 

performed RNAscope with subtype C HIV-1-specific probes on case 3 appendix tissue 

FFPE. Adjacent 6 μm sections were cut from case 3 appendix tissue FFPE, and then 

processed for subtype C HIV-1 DNA and RNA detection by RNAscope and CD4 staining 

by immunohistochemistry (IHC). Using adjacent sections, we stained different cells in 

the same area of consecutive slides with CD4 cell markers and subtype C HIV-1 specific 

RNAscope probe for HIV-1 nucleic acids. The unique structure of the appendix allowed 

us to focus precisely on a small area of adjacent slides where the HIV nucleic acid is 

concentrated. In agreement with our qPCR results, both viral DNA (horizontal arrows) 

and RNA (vertical arrows) were detected in case 3 appendix (Figure 2.8).  

 

 

 

 

 

 

 

 

 

Figure 2.8. Adjacent 6 μm FFPE sections of the appendix of case 3 were stained by 

RNAscope or IHC. (A) Homo sapiens ubiquitin C+ (UBC+) control in the appendix of case 3. 

(B) No HIV-1 DNA or RNA detected in the pancreas (HIV-1 DNA negative by qPCR) of case 



60 

 

3. (D) RNAscope for HIV-1 nucleic acid in case 3 appendix. (C) Higher magnification of D to 

show HIV-1 DNA and RNA in the appendix of case 3. (E) CD4 staining by IHC on the 

adjacent section of D, shown as the same region of C. Representative UBC+ signals are 

pointed by blue arrows in A, while signals positive for HIV-1 DNA are indicated by horizontal 

arrows in C, shown as pink foci in the nucleus, and HIV-1 RNA signals are pointed by vertical 

arrows, shown as pink foci outside of the nucleus. CD4 staining is shown brown in E. Black 

rectangles highlight representative regions containing cells positive for HIV-1 RNA and/or 

DNA and CD4 expression. 

Viral RNA (pink foci) was localized outside the counterstained nuclei while viral 

DNA staining colocalized with the nucleus. The co-localization of viral DNA signal (pink 

foci) and CD4 staining (brown) in appendix tissue suggested appendix-associated 

lymphoid tissues (CD4 expressing cells) can persist as a potentially transcriptionally 

active and treatment resistant cellular reservoir for subtype C HIV-1 (Figure 2.8C&E). 

Collectively, the results showed that appendix is a subtype C HIV-1 tissue reservoir in our 

aviremic subjects analyzed.  

Discussion  

Characterizing the distribution and magnitude of HIV-1 reservoirs in tissues other 

than lymphoid cells, as well as their capacities for reactivation is a crucial step toward 

developing optimal strategies to eliminate or permanently silence HIV-1 proviruses in 

PLWH under ART suppression. The majority of HIV-1 tissue reservoir studies have 

focused on subtype B HIV-1, which is prevalent in high-resource European and North 

American countries. Yet even in those settings, technical limitations and the difficulty in 

obtaining appropriate tissues have resulted in only a few HIV-1 studies that encompassed 

diverse human tissues systems, such as CNS tissues, lymphoid tissues, GI tract tissues, 

etc., to investigate HIV-1 subtype-B tissue reservoirs (92, 186). Instead, blood samples or 

those collected through routine biopsy methods, such as colonoscopy or surgically 

obtained colon tissue, have been the focus (190, 204). Alternatively, macaques or 
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humanized mice have been systematically sampled (171, 174, 205). These approaches 

have indeed provided a substantial body of about subtype B HIV-1 reservoirs.  Despite 

the global prevalence of subtype C HIV- 1 and its detection in PBMCs of ART naïve 

individuals (195),  the localization, magnitude and expression activity of those reservoirs 

after ART suppression is relatively unknown. In part this is because pathology resources 

and individuals with appropriate skills and access to instrumentation for systematic post-

mortem invetigations are uncommon in the sub-Saharan which is the epicenter of subtype 

C HIV-1 infection.  This study focused on sensitive recruitment of defined postmortem 

tissue collection, systematic sampling, and careful fixation and processing focused 

toward unambiguous downstream molecular applications on subtype C HIV-1 infected 

postmortem tissues, through our long-term collaborative pathology laboratory resource at 

the University of Zambia Teaching hospital in Lusaka, Zambia. This unique postmortem 

collection of frozen and FFPE specimens allowed us to accurately identify potential 

anatomical locations of subtype C HIV-1 reservoirs.  

In previous studies, the brain has been reported as a reservoir of subtype B HIV-1 

even under ART suppression, despite being somewhat immunologically privileged and 

separated from the circulating immune system by the blood brain barrier (BBB) (206-

208). It is generally believed that the relatively poor penetration of ART drugs into the 

brain due to the protection of the BBB, and therefore the limited capacity of ART to 

eliminate infiltrated HIV-1 infected cells or cell-free HIV-1 virions is the main reason that 

brain serves as subtype B HIV-1 reservoir.  

Currently, little is known about the extent to which the brain serves as a reservoir 

for subtype C HIV-1, and likewise, long-term neurocognitive impacts of subtype C HIV-1 
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are unclear in the ART treated and virally suppressed. A previous study showed that 

subtype B HIV-1 DNA was detected in 48/87 (55.2%) of brain tissues from HIV-1 

infected ART-suppressed patients at levels >200 HIV-1 DNA copies/106 cell equivalents 

(92). In contrast, our laboratory had detected subtype C HIV-1 proviral DNA at low and 

variable levels in CNS tissues regardless of ART success or failure (196). However, the 

small size of ART-suppressed cohort (n=4) and lack of systematic collection of other 

major organ tissues had limited the exploration of subtype C HIV-1 reservoirs throughout 

the bodies. In this study, we demonstrated that HIV-1 DNA was only detected in 12/64 

(18.8%) of Zambian brain tissues from subtype C infected but aviremic individuals. And 

when detectable, the brain tissue proviral levels were quite low (< 100 HIV-1 DNA 

copies/106 cell equivalents). Our findings are consistent with previous studies that have 

suggested lower neurotropism of subtype C in comparison to subtype B HIV-1. First, 

clinically, subtype C HIV-1 infected patients showed a reduced incidence of HAND 

(209). In addition, severe combined immunodeficiency (SCID) mice injected with 

subtype C HIV-1-infected macrophages exhibited less cognitive deficits and brain 

pathology than that infected with subtype B HIV-1 (210). Furthermore, subtype C HIV-1 

was found to have slower replication kinetics in monocyte-derived macrophages, 

resulting in lower levels of macrophage-mediated neurotoxicity in vitro (211). Together 

these investigations suggest subtype C HIV-1 differentially accesses the CNS 

parenchyma in comparison to subtype B, indicating that brain is an unfavorable or 

inaccessible reservoir site for subtype C HIV-1. However, despite our sampling of eight 

distinct brain regions it is still possible that subtype C proviral DNA preferentially 

integrates and establishes reservoirs in very specific tissue locations in the CNS that we 
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failed to sample. In addition, the presence of detectable proviral sequences despite the 

absence of viral RNA in the brain suggests the possibility that some latent subtype C 

HIV-1 reservoirs in the CNS may be intact in some PLWH. Studies on subtype B HIV-1 

have shown that microglia, astrocyte, and macrophage can be infected by HIV-1 (212-

214). Unfortunately, these approaches cannot be readily applied to the brain sections from 

aviremic cases to determine the subtype C HIV-1 infected cell types in the brain, because 

the subtype C HIV-1 DNA copy was so low in the brain that the total number of cells 

needed to detect infected cells with detectable viral DNA is beyond what can be observed 

in a single brain section.  

Infection and reservoir formation in peripheral tissues has been adequately 

investigated for subtype B HIV-1. Lymphoid and GI tract tissues had been identified as 

primary sites of subtype B HIV-1 infection and persistence (186). In agreement with 

these observations, we also detected subtype C HIV-1 reservoirs in lymphoid and GI tract 

tissues. These sites (LNs, spleen, ileum, and appendix) showed significantly higher levels 

of subtype C HIV-1 DNA than other peripheral tissues. Consistent with subtype B studies 

(215, 216), we likewise found subtype C HIV-1 RNA primarily in lymphoid and GI tract 

tissues. We detected subtype C HIV-1 DNA in diverse peripheral tissues, including testis 

and adipose tissues, which remain the subject of some debate as subtype B HIV-1 

reservoirs. Nevertheless, subtype C HIV-1 proviruses were also detected in all other 

peripheral tissues analyzed but with variable levels, and differ among individuals. Our 

results suggest that, even under ART suppression, subtype C HIV-1 tissue reservoirs are 

unevenly distributed and occur at various magnitudes throughout the body, posing a huge 

challenge for a functional or sterile cure of subtype C HIV-1. 
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The co-existence of three viral genes indicated the potential for full-length or 

nearly full-length HIV-1 proviruses in those tissues. Single genome amplification and 

sequencing (SGA/S) would increase the sensitivity of integrity analysis of proviral 

genome, but these methods require high cellular input, which may limit the ability to 

explore subtype C HIV-1 reservoirs. In tissues with relatively low infected cell numbers, 

for instance, the CNS, adipose tissue, and testis, these analyses would be prohibited. In 

such cases our 3-gene amplification method provides a viable approach to assess the 

potential intactness of subtype C reservoirs. However, recent studies utilizing intact 

proviral DNA analysis (IPDA) have shown that both intact and defective subtype B HIV-

1 proviruses exist in tissue reservoirs, with the majority being defective (217-219). In 

agreement with those findings, we also detected lack of stoichiometric equality of LTR, 

gag and env DNA detection in the same tissue, suggesting that intact and defective 

subtype C HIV-1 proviruses might also co-exist. Notably, among 94 tissues of our cohort 

harboring subtype C HIV-1 DNA, 48 tissues (51.1%) have detectable LTR but lack gag or 

env DNA, indicating the majority of proviruses are defective in subtype C HIV-1 

reservoirs.  

It would be important to determine whether proviruses in the reservoirs are 

replication-competent, whether they are intact and express viral RNA and protein to 

better determine whether they may stay latent or persistent expressing, particularly in 

those infected individuals under ART suppression. Although quantitative viral outgrowth 

assay (QVOA) is considered as gold standard assay for detecting and measuring potential 

for reactivation of replication-competent HIV-1 virus (220-223). Our limitation is that 

QVOA has not yet been successfully conducted from postmortem tissues. From tissues 



65 

 

harboring viral DNA, we tested for expression of viral LTR, gag, and env and found that 

subtype C HIV-1 RNA can only be detected in peripheral (non-CNS) tissues, suggesting 

that proviruses in those tissue reservoirs might be replication-competent and persistently 

expressing viral RNA. We attempted IHC for HIV-1 p24 CA on the FFPE tissue the 

inguinal LN from case 3 which had the highest gag RNA copies (184 copies per 500 ng 

RNA input) in the corresponding frozen tissue, but there was no detectable viral p24 in 

the FFPE sections. It is possible there was a very low level p24 protein expressed in 

FFPE tissues but below the detection sensitivity of IHC or the efficiency of p24 antibody 

we used.  

Notably, the appendix, a GI tract tissue rich in lymphoid cells and recently 

described as having important immune functions (224), has not previously been reported 

as an HIV-1 tissue reservoir. In our analysis, we detected viral LTR, gag, and env DNA in 

all 8 appendix tissues, implying the presence of at least some intact subtype C genomes in 

the appendix. Moreover, viral RNA has also been detected in two appendix tissues (cases 

3 and 4). Interestingly, previous studies had revealed that the prevalence of appendicitis 

in PLWH is 4-fold higher than that in uninfected individuals (225-227), and opportunistic 

infections and immune reconstitution inflammatory syndrome (IRIS) at initiation stage of 

ART were thought to be the reasons. Given our findings, there may also be active HIV-1 

proviruses existing in the appendix of those other cases studied, and persistent HIV-1 

expression could be another reason for the higher occurrence of appendicitis in HIV 

infected people. However, the co-localization of CD4 staining with proviral DNA signal 

is not sufficient to identify the infected cell type in appendix because CD4 is expressed 

by multiple immune cell types, such as T cell, macrophage, and dendritic cell. Defining 
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the specific cell type of the appendix HIV-1 reservoir needs to be further studied via 

multiple immunostainings with different cell markers. Additionally, whether appendix 

can harbor ART resistant HIV-1 also needs to be determined. 

The study had some clear limitations. First, we only had eight aviremic cases for 

full body post-mortem evaluation. A bigger cohort size could potentially provide more 

information on subtype C HIV-1 reservoirs. Second, as a result of deaths in the 

community as opposed to be under clinical care, our study subjects lacked detailed 

clinical information, including: HIV diagnosis date, ART initiation date, ART adherence, 

HIV load data, additional health status, and CD4 cell counts prior to death, etc. This 

information is often difficult to obtain even in studies with subtype B under different 

settings, thus it has been very challenging to gather such information in Zambia where 

clinical records are not typically computerized or linked. Furthermore, subtype C HIV-1 

is responsible for approximately 99% of HIV infections in Zambia, and we hence failed 

to sample a single subtype B HIV-1 infected Zambian subject in the past 4 years of our 

study. It is also not possible to obtain autopsy samples from HIV/AIDS diseased cases in 

North America or Europe or from countries with subtype B infection to establish tissue 

matched controls for subtype C HIV-1, especially of the need to systematically collect 8 

brain and 13 peripheral subtype B HIV-1 infected biopsy or autopsy tissues from a single 

individual. Additionally, although dPCR results from several tissues supported our qPCR 

results, the sensitivity of qPCR may limit our ability to capture extremely low level of 

subtype C HIV-1 proviruses in some tissues. Besides case 3 appendix FFPE tissues, 

RNAscope was also performed on case 2 mesenteric LN, case 3 axillary LN, and case 4 

appendix tissues, estimated to have lower copies of proviral DNA by PCR. Nevertheless, 
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no proviruses were detectable in those three FFPE tissues by RNAscope. It is possible 

that low copy number of the HIV-1 proviruses may not be evenly distributed and were 

not in the embedded section of the tissues we investigated, or RNAscope may still be not 

sensitive enough to identify very low level of proviruses in subtype C HIV-1 infected 

aviremic FFPE tissues. Finally, since all the subjects were deceased, the generalizability 

of our findings to healthy PLWH cannot be ascertained.  

In summary, this study demonstrates that subtype C HIV-1 DNA copies varied 

among viral suppressed individuals and anatomical compartments, and the CNS is poorly 

accessed or not a robust reservoir. To our knowledge, this is the first study which 

systematically quantify the magnitude and distribution of subtype C HIV-1 reservoirs in 

human tissues from different compartments throughout the body of subtype C HIV-1 

infected individuals under ART suppression. Our findings that the appendix is a potentially 

important persistent reservoir, but CNS is not for subtype C HIV-1 is significant. Whether 

subtype B or other HIV-1 subtypes can establish a persistent reservoir in the appendix 

needs to be examined. Whether other non-subtype B HIV-1 is similar to subtype C HIV-1 

that do not efficiently establish persistent infection in the CNS also needs to be determined. 

Considering that over 50% prevalence of subtype C HIV-1 among all HIV-1 infections 

and the relative high economic burden caused by lifelong ART, especially in low-source 

regions, our findings that only few and very low level subtype C HIV-1 DNA with no 

detectable viral RNA in the brain but can be readily detectable in the appendix could 

provide useful information for the cure effort against subtype C HIV-1, including 

optimization and administration of ART towards the various tissue reservoirs involved. 
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CHAPTER 3:  

CELLULAR TROPISM AND VIRAL GENETICS IN APPENDIX TISSUE 

RESERVOIRS OF SUBTYPE C HIV-1 INFECTED AVIREMIC INDIVIDUALS 

Abstract 

Antiretroviral therapy (ART) can suppress plasma viral loads in people living 

with HIV-1 (PLWH) and enable them to have a normal lifespan. However, the infection 

cannot be readily cured because HIV-1 persists in various tissue reservoirs, and lifelong 

ART is required since HIV-1 will rebound after ART cessation. There are a number of 

well characterized tissue reservoirs such as lymph nodes and gut-associated lymphoid 

tissues that can harbor latent viruses. We have recently identified the human appendix as 

a novel tissue reservoir in subtype C HIV-1 infected individuals. Here we utilize single 

genome analysis (SGA) of the amplified HIV-1 env DNA and compared the viral 

sequences obtained from appendix tissues and lymph nodes of the same subtype C 

infected individuals. We found that the viral populations from the appendix were less 

heterogeneous when compared to the lymph nodes, suggesting that there could be 

reduced selective pressures by ART or there may be a unique compartmentalization of 

HIV-1 in the appendix. Furthermore, we demonstrated that the follicular dendritic cells 

(FDCs) within the appendix are the main cell types harboring proviral DNA, representing 

a key cell population for viral persistence in this tissue reservoir. These results highlight 

the importance of analyzing all potential tissue reservoirs, including the less characterized 

tissues across different HIV-1 subtypes, to improve our understanding of HIV-1 

persistence and inform tailored therapeutic strategies that include considerations for the 

diverse tissues reservoirs that may differ across HIV-1 subtypes. 
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Introduction 

With approximately 39.0 million individuals living with HIV-1 worldwide, the 

proposed ending of the AIDS epidemic by 2030 will continue to pose a challenge (12). 

This is mainly due to persistent viral infection in different tissue reservoirs established 

soon after acute HIV infection during the viremic phase, with viruses spreading to, and 

populating various tissues throughout the body (228-232). Long-term antiretroviral 

therapy (ART) can suppress plasma viral loads (pVLs) to undetectable levels (aviremia) 

in people living with HIV (PLWH), yet it is not curative because of its inability to 

eliminate integrated proviruses that are persistence in tissue reservoirs (233-235). HIV-1 

could rebound from different tissue reservoirs after the interruption of ART (235, 236). 

HIV-1 is characterized by its high genetic diversity, with multiple subtypes and 

circulating recombinant forms (CRFs) (26, 237). Most of the research to date has focused 

on subtype B HIV-1 predominant in resource-rich Western countries (237). Previously 

studies have shown that, in ART-treated aviremic individuals, subtype B proviruses and 

viral production were readily detectable in the blood (97, 98), lymphoid tissues (99-101), 

gastrointestinal (GI) tract tissues including gut-associated lymphoid tissues (GALTs) 

(102-104), and central nervous system (CNS) (105-107). Other peripheral tissues 

including genital tract tissues (108), liver (109), lung (238), kidney (111), pancreas (112), 

and prostate (113), were also reported as potential subtype B HIV-1 tissue reservoirs. 

Despite extensive research, the complete landscape of subtype B HIV-1 reservoirs is still 

not fully understood, and recent studies suggest that HIV proviruses can also persist in 

other less characterized tissues, such as the adipose tissue (114). Additionally, HIV-1 

infected cell types varied among different tissues, such as CD4+ T cells in different 
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tissues (114-116), microglia in the CNS (117), and macrophages and dendritic cells (DCs) 

in some peripheral tissues (108, 118-121).  

Despite the fact that subtype C accounts for nearly 50% of all HIV-1 infections, 

few HIV studies have focused on this subtype. This is because subtype C HIV-1 is 

prevalent mostly in resource limiting setting such as sub-Saharan Africa (SSA), India, 

and parts of South America, where it has been difficult to conduct systematical molecular 

investigation. Notably, utilizing postmortem tissues from virally suppressed individuals 

enrolled in SSA, our laboratory had identified subtype C tissue reservoirs throughout the 

body (239). Although subtype C HIV-1 proviruses were also mainly detected in lymphoid 

and GI tract tissues, unlike subtype B, it poorly accesses the CNS (239). These findings 

suggest that subtype-specific variations of HIV-1 tissue reservoirs might exist. 

Furthermore, our lab had also recently identified that human appendix, which was never 

reported previously as a HIV-1 tissue reservoir, harbored relatively high copies of subtype 

C HIV-1 proviral DNA in most HIV+ individuals despite viral suppression, suggesting 

the potential role of appendix serving as a novel HIV-1 tissue reservoir (239, 240). 

Although almost every GI tract organ, including esophagus (112, 241) , stomach (241), 

duodenum (112, 241-243), jejunum (112), ileum (112, 242, 244), colon (112, 241, 242), 

and rectum (245, 246), has been identified as HIV-1 tissue reservoir in subtype B HIV-1 

studies, the appendix has not been investigated since it has been historically considered as 

vestigial.  

The human vermiform appendix has recently gained interest for its potential 

immunological functions, acting as a site for immune cell priming and potentially 

contributing to regional immunity within the intestine (247-249). It possesses a similar 
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structure and immune cell composition as the small intestine Peyer’s patches (PP) (250). 

The appendix has also been proposed to act as a “sanctuary” for intestinal bacteria by 

offering protection from diarrheal clearing and intestinal peristalsis, which could be 

attributed to the location of the appendix and its tubular, cul de sac morphology (251). Its 

histological structure includes muscularis (MS), submucosa (SM), and lamina propria 

with multiple lymphocyte follicles (LFs) (248). The appendix contains dense 

concentrations of immune cells, including B cells, T cells, dendritic cells, macrophages, 

and follicular dendritic cells (FDCs), which could provide a favorable setting for HIV-1 

replication and persistence (248, 252). 

Building on our previous findings that human appendix could be a novel HIV-1 

tissue reservoir under suppressive ART (239, 240), we sought to delve deeper into the 

unique characteristics of this organ to serve as a subtype C HIV-1 reservoir, including 

potential viral compartmentalization and cellular tropism in this tissue. We conducted 

single genome analysis (SGA) of the v1-v5 region of subtype C HIV-1 env DNA from 

both appendix and intestine-draining mesenteric lymph node (LN) tissues. Interestingly, 

bootstrapping phylogenetics indicates that subtype C HIV-1 genotypes in the aviremic 

appendixes were less heterogeneous compared to those in LNs, suggesting unique 

selective pressures or viral compartmentalization in the infected appendix. Follicular 

dendritic cells (FDCs) appeared to harbor the majority of subtype C HIV-1 in the 

appendix tissue reservoir. Our findings not only contribute to the growing body of 

knowledge on HIV-1 reservoirs but also underscore the need to account for HIV-1 

subtype-specific variations in potential tissues as therapeutic targets and a better 

understanding of HIV-1 pathogenesis. 
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Materials and methods 

Study setting and sample collection 

With our long-term collaboration with University Teaching Hospital (UTH) in 

Lusaka, Zambia, we are able to collect postmortem appendix and LN tissues via forensic 

autopsies. When a potential autopsy case arrived at the UTH mortuary, a clinical officer or 

study nurse counselor approached the family members of the deceased to determine 

whether the deceased met study inclusion criteria with regard to time of death. Deceased 

persons were consented by the next-of-kin for the postmortem tissue collection at the UTH 

mortuary. Sociodemographic information as well as available medical history were 

collected whenever possible. Eventually, appendix and mesenteric LN of the 14 deceased 

Zambians analyzed in this study were collected within 48 hours of these individuals’ 

deaths. These tissues were cryopreserved at -80°C or processed to formalin-fixed, paraffin-

embedded (FFPE) blocks.  

HIV-1 env v1-v5 amplification using nested PCR 

To amplify HIV-1 env v1-v5 DNA, nested PCR with high-fidelity (HF) Q5 DNA 

polymerase (New England Biolabs, MA, USA) and primers against env was performed 

with the following procedure for both rounds: polymerase activation at 95°C for 10 

minutes, then 35 cycles of denaturation at 95°C for 30 seconds, annealing at 55°C for 30 

seconds and elongation at 72°C for 2 minutes, then one cycle of 72°C for 7 minutes. In the 

first round, 100 ng genomic DNA was used as template with env primers (Forward 1: 5’-

GATGCTTGAGGATATAATCAGTTTATGGGA-3’; Reverse 1: 5’-

ATTGATGCTGCGCCCATAGTGCT-3’) were applied. Then 2 μl of the first round PCR 

product was utilized as template for the second round with another pair of env primers 
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(Forward 2: 5’- AGTTTATGGGACCAAAGCCTAAAGCCATGT-3’; Reserve 2: 5’- 

ACTGCTCTTTTTTCTCTCTCCACCACTCT-3’). The second round of env PCR products 

were gel-purified and then subjected to bulk sequencing. 

Single genome analysis (SGA) 

To perform SGA, nested PCR against HIV-1 env v1-v5 using serial diluted 

genomic DNA samples was utilized. Serial dilution of genomic DNA samples from both 

appendixes and LNs of aviremic and viremic individuals was conducted to make sure the 

positivity of the 2nd round of nested PCR to be around 22~30%. Gel-purification of those 

positive env products were then conducted. Sequencing results of those env products 

confirmed that each of those products was amplified from a single copy of HIV-1 

provirus.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      

Phylogenetic analysis  

Appendix env sequences in aviremic individuals from bulk sequencing, and SGA 

env sequences from appendixes and LNs of aviremic and viremic individuals were 

analyzed by phylogenetics. Initially, multiple sequence alignment (MSA) of bulk and 

SGA data was performed using CLUSTAL Omega (v1.2.4). The alignment data were 

then converted into phylogeny objects using the as.phyDat() function from phangorn 

package in R. The unweighted pair group method with arithmetic Mean (UPGMA) was 

employed as a hierarchical clustering method to construct the phylogenetic trees. For the 

estimation of evolutionary distances, different models were applied based on the type of 

sequence data using the dist.ml() function in R. The Dayhoff model was used to generate 

distance matrices for amino acid sequences, leveraging its ability to account for the 

observed rates of amino acid substitution. In contrast, for DNA sequences, the Felsenstein 
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1981 (F81) model was selected over the simpler Jukes-Cantor model (JC69). This choice 

allowed for a more accurate representation of nucleotide substitutions. To assess the 

robustness of the inferred phylogenetic relationships, bootstrapping was performed using 

the bootstrap.phyDat() function in R, which provides a measure of support for each clade 

in the tree. Finally, the generated trees with branch lengths and bootstrap values were 

imported into iTOL (Interactive Tree of Life) tool for further customization and 

visualization of the constructed phylogenetic trees. 

Histological H&E staining 

For H&E staining, sections of 6 μm thickness were cut from FFPE appendix 

tissues from both HIV- and HIV+ individuals. Slides were first deparaffinized using 

xylene (American MasterTech Scientific, Lodi, California) washes and then rehydrated 

by serial washes with 100% ethanol (twice) (Thermo Fisher Scientific, Pittsburgh, USA), 

85% ethanol, 70% ethanol. Slides were then stained with hematoxylin (American 

Mastertech Scientific, Lodi, California), followed by 1% acid alcohol (American 

Mastertech Scientific, Lodi, California), and then 0.05% ammonia water. After washing 

in distilled water, slides were placed in 95% ethanol, followed by staining with eosin 

(American MasterTech Scientific, Lodi, California). Slides were then dehydrated through 

two 100% ethanol washes and two xylene washes, mounted with Cytoseal-60 (Thermo 

Fisher Scientific, Pittsburgh, USA) and left to dry overnight at room temperature. 

Immunohistochemistry (IHC) 

For IHC, sections of 6 μm thickness were also cut from all FFPE appendix 

tissues. Briefly, sections on slides were deparaffinized and rehydrated as described above. 

Endogenous peroxidase was quenched using 3% H202 (Thermo Fisher Scientific, 
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Pittsburgh, USA) in methanol (Thermo Fisher Scientific, Pittsburgh, USA) for 30 

minutes at room temperature. After washing in distilled water, antigen retrieval was 

performed using sodium citrate (pH = 6.0) at 98 ℃ water bath for 15 minutes. Slides 

were then washed in phosphate buffered saline (PBS). Tissue sections were blocked with 

10% normal goat serum (NGS, Vector, Burlingame, CA) for 30 minutes at room 

temperature. After blocking, primary antibody solution was put onto the slides and the 

slides were incubated overnight at 4℃. The following primary antibodies were then used: 

mouse-anti HIV-1 p24 (Invitrogen, 1:50 dilution), goat-anti CD4 (Biotechne, 1:50 

dilution), rabbit-anti CD3 (Abcam, 1:200 dilution), rabbit-anti CD21 (Abcam, 1:5000 

dilution), and rabbit-anti CD68 (Abcam, 1:5000 dilution). After that, slides were washed 

in PBS and HRP secondary antibody (Dako) was added to each slide. Slides were 

incubated with anti-mouse or anti-rabbit HRP at room temperature for 30 minutes, and 

then washed with PBS. Diaminobenzidine (DAB, Dako) was prepared according to 

manufacturer’s instructions. Similar DAB developing time was applied to all slides. After 

DAB development, slides were stained with hematoxylin (American MasterTech 

Scientific, Lodi, California). Slides were dehydrated using serial ethanol and xylene 

washes. Matched IgG 1 isotype controls were applied in IHC staining to confirm signal 

specificity. Eventually, the slides were cover-slipped with Cytoseal-60 for subsequent 

scanning. The stained slides were then digital scanned by MoticEasyScan Pro instrument 

(Motic, Xiamen, China) according to the instruction manual provided by the 

manufacturer.  
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Immunofluorescence triple staining on FFPE tissue 

IF triple staining was used to visualize protein co-localization. As described in the 

IHC protocol, adjacent slides were deparaffinized, followed by antigen retrieval in 

sodium citrate solution for 15 min at 98 °C, and then blocked for 30 min using Bloxall 

(Vector Labs). Primary antibodies were added, and the slides were incubated at 4°C 

overnight. The same primary antibodies and dilutions used IHC were also utilized in IF, 

including antibodies against viral p24 and cellular CD4, CD3, CD21, and CD68. After 

washing, the slides were incubated with their corresponding secondary antibody (donkey 

anti-mouse AF647 (Invitrogen, 1:100), donkey anti-rabbit AF405 (Invitrogen, 1:100), 

donkey anti-goat AF488 (Invitrogen, 1:100)) for 2 h at RT. The slides were then 

counterstained with 300 nM DAPI for 30 min at RT and mounted using Fluoro-gel 

(Electron Microscopy Sciences, Hatfield, PA, USA). The representative IF images were 

taken with an image analysis software (Keyence, Itasca, IL). 

Results 

Study cohort 

We have previously shown that subtype C HIV-1 LTR DNA could be detected in 

the appendix of most aviremic individuals (pVL < 70 copies/ml) analyzed (253), 

indicating the potential role of human appendix serving as a novel HIV-1 tissue reservoir. 

To have a better understanding of the unique characteristics of this subtype C HIV-1 

tissue reservoir, 14 aviremic individuals with detectable viral LTR DNA in their 

appendixes were enrolled in this study (Table 3.1). In addition, two viremic individuals 

(P088 and P049), whose pVLs were 1.74 x 106 copies/ml and 2.90 x 106 respectively, and 

an uninfected individual (P070) were also enrolled and utilized as positive and negative 
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controls in this study (Table 3.1). More information of our studied cohort including age, 

gender, ART duration, and post-mortem interval, was also shown in Table 3.1.   

Table 3.1. Information of the cohort analyzed 

Case 

ID 
Gender Age 

HIV 

Status 

Plasma VL 

(copies/mL) 

ART 

Duration 

Post-

mortem 

Interval 

LTR DNA in 

Appendix 

(copies/106 

cells) 

env v1-v5 in 

Appendix  

HIV-1 

Subtype 

P003 M 53 Aviremia < 70 5 years < 48 hours 56 Detectable C 

P086 M 60 Aviremia < 70 8 years 7 hours 358 Detectable C 

P092 M 47 Aviremia < 70 Unknown 18 hours 430 Detectable C 

P113 M 45 Aviremia < 70 Unknown 3 hours 1169 Detectable C 

P176 M 36 Aviremia < 70 Unknown 18 hours 66 Detectable C 

P227 M 39 Aviremia < 70 5 years 33 hours 179 Detectable C 

P280 M 28 Aviremia < 70 Unknown 5 hours 19 Detectable C 

P031 M 40 Aviremia < 70 4 years 26 hours 41 Not detectable C 

P040 M 40 Aviremia < 70 8 years 30 hours 76 Not detectable C 

P124 M 50 Aviremia < 70 10 years 4 hours 244 Not detectable C 

P191 M 25 Aviremia < 70 Unknown 6 hours 251 Not detectable C 

P293 M 60 Aviremia < 70 Unknown 27 hours 12 Not detectable C 

P308 M 59 Aviremia < 70 Unknown 40 hours 12 Not detectable C 

P360 M 28 Aviremia < 70 Unknown 14 hours 6 Not detectable C 

P049 M 45 Viremia 2.90 x 106 Unknown 33 hours 3099 Detectable C 

P088 M 35 Viremia 1.74 x 106 Unknown 18 hours 6072 Detectable C 

P070 M 25 HIV- N/A N/A 12 hours N/A N/A N/A 

Homogeneous HIV-1 genotypes in the appendix of virally suppressed individuals  

The appendix tissues from the 14 aviremic individuals were further characterized 

to determine the heterogeneity of the proviral sequences by analyzing HIV-1 env 

sequences. Genomic DNA was extracted from the 14 postmortem cryopreserved appendix 

tissues and subjected to nested PCR against HIV-1 env v1-v5. However, HIV-1 env DNA 

was only detected in the appendixes of 7 of the 14 aviremic individuals (P003, P086, 

P092, P113, P176, P227 and P280) (Table 3.1), indicating that at least 50% of the 
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appendix tissues harbored defective proviral viruses lacking the env gene. HIV-1 env 

DNA was detected in the LNs of those 7 aviremic individuals. Additionally, genomic 

DNA was also extracted from the appendixes and mesenteric LNs of viremic individuals 

P088 and P049, and the uninfected individual P070. As expected, HIV-1 env DNA was 

readily detectable in the appendix tissues from both P088 and P049, and none was 

detectable in the P070 uninfected control.   

We first conducted bulk sequencing of the amplified env DNA from appendix 

tissues of the 7 aviremic individuals and compared them to the viral env sequences from 

the mesenteric LNs of the same aviremic individuals. The viral env sequences from the 

mesenteric LNs of all aviremic individuals analyzed displayed high genetic diversity and 

no predominant viral sequence was detectable (data not shown). Interestingly, bulk 

sequencing of amplified env DNA from all 7 aviremic appendixes displayed high 

homologies. Bootstrapping phylogenetics of these appendix env DNA sequences revealed 

that these env sequences are clustered with reference subtype C HIV-1 sequences, but not 

with other subtypes. This is consistent with our previously subtyping results showing that 

all the 7 aviremic individuals characterized were infected with subtype C HIV-1 (Figure 

3.1A, (240)). These phylogenetical results also suggest the potential presence of 

appendix-tropic viruses. Alternatively, it could be due to the persistence of the latent 

founder virus which spreads to the appendix tissue early in infection where there is a lack 

of selective pressure on the virus for it to replicate and diversify.  
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Figure 3.1. Subtype C HIV-1 proviral DNA sequences are less heterogeneous in the 

appendix than LN from aviremic individuals. HIV-1 env DNA v1-v5 regions were amplified 

from the appendix and LN and then subjected to both bulk sequencing and single genome 

analysis (SGA). (A) Bulk sequencing results showed homogeneous HIV-1 env sequences from 

appendixes of 7 aviremic individuals. Phylogenetics analyses showed the env sequences 

clustered with subtype C clade reference sequence, consistent with previous subtyping results. 

(B) Bootstrapping phylogenetics with SGA env sequences from the appendix and mesenteric 

LN of one aviremic individual (P086). The presence of distinct cluster of P086 appendix env 

sequences (Cluster A) confirmed less heterogeneity of subtype C HIV-1 genotypes compared 

to those from mesenteric LN.  

To confirm that the viral env DNA sequences from the appendix are homogeneous 

whereas those from the LNs are heterogeneous from the aviremic cases, we further 

conducted single genome analysis (SGA) of HIV-1 env v1-v5 sequences from the  
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appendix and mesenteric LN of one aviremic individual (P086) which we have enough 

appendix tissue DNA for analysis to evaluate the potential in viral diversity between the 

two viral reservoirs. Consistent with bulk sequencing results bootstrapping phylogenetics 

with SGA env sequences revealed that the majority of P086 appendix HIV-1 genotypes 

(Cluster A) are likely to be derived from clonal expansion and largely distinct from the 

peripheral circulating (LN) genotypes (Figure 3.1B). This implies the possibility of the 

maintenance of a potential appendix specific viral variant. However, a second minor 

cluster of the appendix env sequences (Cluster B) intermixed and shared homology with 

the env sequences obtained from the LN (Figure 3.1B).  

Less homogeneity of SGA env sequences from the appendix of viremic individuals 

To characterize the HIV-1 genotypes in the appendix of viremic individuals we 

also conducted SGA of the amplified HIV-1 env DNA from appendix tissues and LNs in 

viremic individuals (P088 and P049) since the sequences were too heterogeneous to be 

analyzed using bulk sequencing. As expected, the HIV-1 env sequences from both 

viremic appendixes and LNs displayed high heterogeneity and intermixed with each other 

with the phylogenetic analyses. This was likely due to the circulating infected cells 

throughout the body of these individuals, hence leading to shared appendix viral 

genotypes with peripherally circulated genotypes (Figure 3.2). However, in viremic 

individual P088, there is a presence of two clusters of the appendix env sequences 

(Clusters 1&2), possibly representing a clonal expansion of a subpopulation of proviruses 

in P088 appendix and sharing most of the genotypes with peripheral circulating viral 

genotypes since it is a viremic case (Figure 3.2A). However, for P049 there was little 

evidence of appendix tropism or compartmentalized HIV-1 proviruses in the appendix 
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since the derived env sequences were found to be intermixed with its LN env sequences 

(Figure 3.2B).   

 

 

 

 

 

 

 

 

 

 

Figure 3.2. SGA env sequences from the appendix tissues and LNs of viremic individuals. 

HIV-1 env sequences from both appendixes and LNs of viremic individuals P088 and P049 

displayed high heterogeneities. (A) Bootstrapping phylogenetics for HIV-1 env sequences 

from P088 appendix and LN showed intermixed env sequences between these two tissues, 

although the presence of clusters 1 and 2 env sequences in P088 appendix suggested potential 

less extensive heterogeneity than LN. (B) Phylogenetic analysis of HIV-1 env sequences from 

P049 indicated similar levels of heterogeneity in the env sequences between the appendix and 

LN. 

In addition to conducting phylogenetic analysis using HIV-1 env DNA sequences, 

we also evaluated HIV-1 env amino acid (aa) sequences from both appendix tissues and 

LNs from both aviremic and viremic individuals to identify non-synonymous changes 

and whether they affect potential glycosylation. We conducted an analysis comparing the 

potential N-linked glycosylation patterns of HIV-1 envelope proteins between the 

appendixes and lymph nodes (LNs). We focused on the gp120 subunit encoded by env 

c1-v5, known for its extensive glycosylation at approximately 25 sites. The analysis 
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utilized predictions based on the N-X-S/T amino acid motifs and did not reveal any 

discernible differences in the glycosylation patterns of HIV-1 viruses between appendixes 

and LNs of both aviremic and viremic individuals (data not shown). Moreover, there was 

no consensus sequence observed when aligning appendix env aa sequences from 9 HIV+ 

individuals (data not shown), suggesting there is no common appendix-tropic viruses 

across individuals. 

Histological changes in appendix tissues of subtype C HIV-1 infected individuals 

To characterize the potential histological changes of the appendix tissues in HIV-1 

infected individuals, Hematoxylin and Eosin (H&E) staining was conducted on formalin-

fixed, paraffin-embedded (FFPE) appendix tissues of HIV negative (P070), 

HIV+/viremic (P088 and P049), and HIV+/aviremic (P092 and P086) individuals. In 

HIV- P070 appendix, normal structures of muscularis (MC) layer, submucosa (SM), and 

the lamina propria with lymphatic follicles (LFs) were observed (Figure 3.3A). 

Compared to HIV-1 negative appendix, there are reduced lymphocytes and fewer 

numbers of lymphatic follicles in HIV+ appendix tissues (Figure 3.3B-E). Moreover, 

severe degradation of LFs was observed in the appendix tissues of viremic individuals 

(P088 and P049), accompanied by CD4 depletion (Figure 3.3B&C). In addition, in all 

analyzed appendix tissues (HIV+ and HIV-), there was no obvious inflammation 

observed, which is usually characterized as infiltrating lymphocytes into the MC layer 

(254). 
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Figure 3.3. Histological changes observed in the appendix from HIV-1 infected 

individuals. Hematoxylin and Eosin (H&E) staining was conducted on HIV negative, 

HIV+/Viremic, and HIV+/Aviremic individuals. Overall, there was no inflammation observed 

in both HIV- and HIV+ appendixes, which usually displayed infiltrating lymphocytes into the 

muscularis (MC) layer. (A) The normal structures of MC layer, submucosa (SM), and the 

lamina propria with lymphatic follicles (LFs) were observed in the HIV negative individual 

(P070). (B-C) There were reduced number of LFs and varying degrees of LF degradation, 

likely accompanied by CD4 depletion, in viremic as compared to HIV-1 infected appendix 

tissues. (D-E) There was no overt LF degradation in aviremic appendixes in contrast to 

viremic appendix tissues. 

HIV antigen detection and potential cellular reservoirs in HIV+ appendix tissues 

To determine the cell types that harbor subtype C HIV-1 in the appendix, we 

performed IHC to detect HIV-1 antigen (p24 capsid protein) in the infected individuals. 

Among the 7 aviremic individuals, HIV-1 p24 was only detected in P092 appendix but 

remained undetectable in the other 6 aviremic appendix tissues even though proviral 

DNA was detected. For the 2 viremic individuals, HIV-1 p24 was readily detected in their 

appendix tissues. To determine the infected cell types, we conducted IHC with antibodies 

against different cellular surface markers (CD4, CD3, CD21, CD68). While CD3+ 
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identified all T cells but CD4+ cells would represent all potential HIV-1 target cells in the 

appendix since CD4 is the required major HIV-1 receptor needed for HIV-1 binding and 

entry. Anti-CD21 antibodies would detect both B cells and follicular dendritic cells 

(FDCs), and anti-CD68 antibodies would detect macrophages in the appendix.   

IHC was performed on adjacent FFPE sections of the appendix tissues from 

aviremic (P092) and one viremic (P049) individual serving as positive control, and with 

HIV negative P070 as negative control. The representative IHC images are shown in 

Figure 4. For the aviremic P092 appendix, the majority of HIV-1 p24 was detected in the 

LFs. On the adjacent FFPE tissues, positive signals were detected with cellular CD4 and 

CD21 in the same regions where viral p24 was detected but not with CD3 or CD68 

(Figure 3.4). Although CD21 could also detect B cells, they cannot be infected by HIV-1, 

therefore, the potential co-localization between viral p24 and cellular CD21 indicated that 

FDCs are the potential cellular reservoirs in the appendix. In addition, HIV-1 antigen in 

viremic appendix (P049) was also mainly detected in the LFs, with much stronger p24 

signals as compared to the aviremic appendix. Similarly, IHC on adjacent appendix tissue 

sections of the viremic P049 also indicated overall co-localization between the viral p24 

and cellular CD21. Nevertheless, due to the intense HIV-1 p24 antigen signals, some 

CD3+ T cells and CD68+ macrophages could also be co-localized within the viral p24 

stained region in this viremic appendix tissue (Figure 3.4). Taken together, these results 

indicated that FDCs could be the major cell type that harbored subtype C HIV-1 in human 

appendix. 
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Figure 3.4. IHC for potential HIV-1cellular targets in the human appendix. IHC with 

antibodies against viral p24 and different cellular markers (CD4, CD3, CD21, CD68) were 

conducted on the adjacent FFPE sections of the appendix tissues of an HIV negative (P070), 

HIV+/Aviremic (P092) and an HIV+/Viremic (P049) individuals. Viral p24 protein was 

detected in both aviremic and viremic individuals, with the majority of p24 signals in the 

follicular regions of the appendix tissues. CD4 cellular maker, the major receptor for HIV-1 

entry, indicated all potential susceptible cell targets. Among those CD4+ cell targets, CD3 

cellular marker indicated T cells, while CD21 represented follicular dendritic cells (FDCs), 

and CD68 for macrophage in the appendix. IHC results showed that the majority of viral p24 

signal was colocalized with CD21 cellular marker, suggesting the potential of FDCs as major 

cellular reservoir for subtype C HIV01 in the appendix. 

Follicular dendritic cells harboring and expressing majority of subtype C HIV-1 in 

appendix 

To confirm the IHC data we further conducted immunofluorescence (IF) triple 

labeling with antibodies against viral p24 and with different cellular markers, including 

CD4/CD21, CD4/CD3, and CD4/CD68 on the same appendix FFPE tissue section for co-

localization. The different antibody panels were utilized to determine if FDCs 

(CD4+/CD21+), or CD4+ T cells (CD4+/CD3+), or macrophages (CD4+/CD68+) in the 

appendix can serve as cellular reservoirs for subtype C HIV-1.  

For the aviremic P092 appendix, the IF signals for viral p24 (red) co-localized 

with both cellular CD4 (green) and CD21 (blue) (Figure 3.5A-D), which is consistent 



86 

 

with the IHC results.  Although the IF CD4 labeling on P092 appendix appeared to be 

atypical of p24 staining and seemed to be more punctated, nevertheless this result 

indicated that FDCs in the appendix of aviremic individuals harbored subtype C HIV-1. 

Whereas, on the adjacent sections, there was no detectable CD68 (blue) co-colocalizing 

with viral p24 (red) (Figure 3.5I-L). Our results suggested there were no detectable 

macrophage reservoirs, and with very rarely detectable cellular CD3 (blue) and CD4 

(green) cells co-localized with p24 (red) in the aviremic appendix tissue analyzed (Figure 

3.5E-L). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5. Follicular dendritic cells (FDCs) as major cellular reservoir for subtype C 

HIV-1 in aviremic appendix. Triple immunofluorescence (IF) staining with antibodies 

against viral p24/CD4/CD21, or p24/CD4/CD3, or p24/CD4/CD68 were conducted on the 

same FFPE section of aviremic P092 appendix. (A-D) Colocalization of CD4, and CD21 with 

majority of p24 was observed in the P092 appendix, indicating the major infected cell type in 

aviremic appendix is FDC. (E-H) There was no identifiable CD3+ T cell colocalizing with p24 
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signals in the aviremic P092 appendix. (I-L) There was also a lack of D68+ macrophage co-

localizing with p24 signals in the aviremic P092 appendix. Arrows are representative IF 

signals. 

For the viremic appendix (P049), the majority of viral p24 was also detected in 

the lymphoid follicles. The p24 signals (red) were also co-localized with FDCs 

(CD4+/CD21+) (Figure 3.6A-D), although the CD4 signals in the appendix lymphoid 

follicles were weaker than the region outside probably due to reduction or depletion CD4 

T-cells because of active HIV-1 infection.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Cellular reservoirs of subtype C HIV-1 in viremic appendix. Triple IF staining 

was conducted on the same FFPE section of viremic P049 appendix. (A-D) There is a clear 

colocalization of CD4, and CD21 with majority of the p24 in viremic appendix, demonstrating 

FDC as a major cellular reservoir in the appendix. (E-H) Some p24 signals colocalized with 

CD4/CD3 cells in the viremic appendix, indicating THC are also targets of HIV-1 in the 

appendix. (I-L) Some p24 signals co-localized with CD4/CD68 in viremic appendix were 

detected, demonstrating the potential role of macrophage as additional HIV-1 cellular reservoir 

in the human appendix. Arrows are representative IF signals. 
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Additionally, some CD3+ T cells (blue) and CD68+ macrophages (blue) were 

found to be also co-localized with viral p24 (red) in the viremic appendix (Figure 3.6E-

L), as shown by the representative IF signals indicated by arrows. Our IF triple labeling 

results further confirmed that FDCs are the main cell type that harbored majority of the 

subtype C HIV-1 in the appendix tissues of infected individuals. 

Discussion 

Despite the successes of ART in controlling HIV replication and disease progress 

in PLWH, the presence of various tissue and cellular HIV-1 reservoirs has hampered 

ART’s ability to cure HIV-1 infection (255).  Although various tissue and cellular HIV-1 

reservoirs were identified, they were mostly limited to cellular reservoirs in the peripheral 

blood and biopsies tissues. In addition, most information generated on the HIV-1 tissue 

reservoirs were mainly from subtype B HIV-1 (99, 108, 112, 115), and very little is 

known about other subtypes. Whether there are any tissue and cellular differences 

between HIV-1 subtypes is not known. We have recently reported through autopsies 

analyses of various bodily tissues of subtype C infected individuals, and showed that in 

addition to the known tissue reservoirs, the appendix could be a potential reservoir for the 

most widespread HIV-1 subtype C. In this study we have further confirmed the appendix 

as a potential reservoir tissue for this subtype and demonstrated that FDCs are the most 

common infected cell lineage. Our study has not only contributed to the growing 

literature on the heterogeneity of HIV-1 reservoirs, and more importantly, suggest a 

rationale for further evaluation to determine if human appendix could also serve as a 

tissue reservoir in PLWH infected with subtype B and other non-C HIV-1 subtypes. 

Insights from this study also informed the need of region-specific strategies for 
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combating HIV-1 in areas where subtype C is prevalent, such as sub-Saharan Africa and 

India. 

Since the appendix is mainly composed of lymphoid tissues, it was anticipated 

that the proviral sequences will reflect what can be found in other gut associated lymph 

nodes, even in aviremic individuals. Interestingly, our finding that the subtype C HIV-1 

genotypes in the appendix tissues are less heterogeneous compared to those in mesenteric 

LNs based on bulk sequencing of the DNA from all the aviremic cases. Moreover, from 

the one aviremic case (P086) hat we have enough appendix tissues DNA to conduct 

single genome analyses, we found that in general the viral sequences in the appendix 

were much more homogeneous and appeared to be more compartmentalized than those 

observed in the mesenteric lymph node from the same individual, most likely through 

clonal expansion within the appendix. However, the presence of a minor cluster of the 

appendix env sequence which intermixed and shared homology with the env sequences 

obtained from the LN suggested that may be some circulating infected cells in the blood 

between these two anatomical locations even under viral suppression, or the appendix 

reservoir was established early during primary infection by founder viruses but have 

undergone only limited clonal expansion in the appendix due to less selective pressures, 

including ART, which differs from those from the lymph nodes that have undergone 

substantial clonal expansion and diversifications, but still share some viral sequence 

homologies to those presence in the appendix. It is also possible that the proviral 

sequences we found in the appendix are footprints of defective viruses established in this 

reservoir since we were not able to detect p24 expression in this appendix tissue.  

However, even though we were able to detect both HIV-1 env DNA and p24 capsid 
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protein in the appendix from another case (P092), currently we do not know if the 

proviruses in this tissue were defective or replication competent, which will require 

detection of full-length HIV-1 genomes and infectious viral particles that cannot be 

carried out due to tissue limitations. Our findings nevertheless suggest that the subtype C 

HIV-1 genotypes in the appendix tissue are less heterogeneous compared to that in 

mesenteric LNs, and that the appendix may present a distinct tissue environment for viral 

persistence or potential compartmentalization of proviruses.  

The identification of FDCs as most plausible cell lineage harboring subtype C 

HIV-1 proviral DNA in the appendix is of significance. Previous studies showed that 

FDCs in the LNs can retain antigens and virions for a prolonged duration and can serve 

as HIV-1 cellular reservoirs (256-258). In this study, IF triple staining results confirmed 

that the FDCs in the appendix have the capacity to harbor and express subtype C HIV-1. 

Like the other HIV reservoirs, appendix FDCs that harbor HIV-1 might also contribute to 

both low-level viremia and viral resurgence upon cessation or failure of ART. In addition, 

previous in vitro studies reported that FDC could up-regulate the expression of CXCR4 

but not CCR5 on the CD4+ T cell surface, therefore render surrounding follicle T cells 

highly susceptible to infection with X4 tropic HIV-1 (259, 260). There may be a similar 

scenario in the appendix on the interaction between CD4 T follicular helper (CD4 Tfh) 

cells and FDCs under HIV-1 infection, which warrants further investigation. 

Our histological staining results showed that the appendix tissues from our 

infected individuals compared to those from uninfected have reduced cell density and 

different levels of follicle lysis in infected tissues. This may be due to microbial 

translocation from intestinal tissues, including the appendix, since chronic HIV-1 
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infection has been shown to lead to inflammation and cell death (261-263), Moreover, the 

inflammatory status of the appendix may influence the establishment and maintenance of 

HIV-1 reservoirs since chronic inflammation can impact viral replication and persistence. 

Although there were no overt inflammatory pathologies observed in the appendix tissues 

analyzed in this study, we have previously reported that the mRNA levels of pro-

inflammatory cytokines IL-1β and IL-6 were significantly higher in aviremic appendix 

compared to uninfected cases (240). In addition, previous epidemiological studies have 

also reported a 3 to 4-fold increase of the incidence of appendicitis in HIV-1 infected 

individuals compared to healthy individuals (225, 264). As reported in previous findings, 

our results showing that HIV-1 infection and replication in human appendix infected by 

subtype C HIV-1 could lead to increase changes in the tissue histological structure and 

could be associated with the level of microbial translocation. This could also lead to a 

possible increase in the incidence of appendicitis in subtype C infected individuals that 

warrant further investigations. Future studies will also be needed to elucidate the 

possibility of productive viral infection of FDCs in the appendix, and the mechanisms by 

which the appendix and FDCs contribute to HIV-1 persistence, the potential impact of the 

appendix's unique microenvironment on viral latency and reactivation, as well as their 

role in gut microbiome perturbations and microbial translocation. 

There are also some limitations in this study. First, the study was only able to 

investigate a limited number of postmortem appendix samples from subtype C HIV-1 

infected individuals due to the difficulties in obtaining a larger number of aviremic 

subtype C infected individuals to conduct complete autopsies in our study setting. 

Expanding the study to include a larger and more diverse cohort, including individuals 
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with different HIV-1 subtypes and those with varying histories of ART use would further 

confirm that the appendix is a unique and important viral reservoir that warrants attention 

in the era of HIV cure. Moreover, the current study was not able to distinguish between 

replication-competent and defective viruses within the follicular dendritic cells due to the 

limitations with autopsies tissues in isolating viable cells for isolation of infectious 

viruses. In addition, due to lack of computerized clinical documentation in Zambia and 

linkage to HIV/ART use databases, information such as time since diagnosis of HIV 

infection, treatment histories and adherence to ART treatment, were not available.  

In summary, our study has contributed to the knowledge on the diversity of HIV-1 

in tissue reservoirs, emphasizing the need to investigate the role of various tissue types to 

further understand the complexities of viral persistence. The identification of the 

appendix as a reservoir raises intriguing questions about the cellular and molecular 

mechanisms that allow the virus to persist in this tissue. Moreover, considering the global 

prevalence of subtype C HIV-1, establishing the human appendix as an additional tissue 

reservoir has implications for the need to develop region-specific therapeutic strategies. 

Tailoring interventions based on the specific characteristics of subtype C reservoirs, such 

as the now identified human appendix, could enhance the effectiveness of antiretroviral 

therapies, and contribute to the global effort to cure HIV-1. 
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CHAPTER 4:  

LIMITED HIV-ASSOCIATED NEUROPATHOLOGIES AND LACK OF 

IMMUNE ACTIVATION IN SUB-SAHARAN AFRICAN INDIVIDUALS WITH 

LATE-STAGE SUBTYPE C HIV-1 INFECTION 

Abstract 

Although studies with subtype B HIV-1 have suggested that proviruses in the 

brain are associated with physiological changes and immune activation accompanied with 

microgliosis and astrogliosis, the natural course of neuropathogenesis of the most 

widespread subtype C HIV-1 has not been adequately investigated, especially for people 

living with HIV (PLWH) in sub-Saharan Africa. To characterize the natural 

neuropathology of subtype C HIV-1, postmortem frontal lobe and basal ganglia tissues 

were collected from nine ART-naïve individuals who died of late-stage AIDS with 

subtype C HIV-1 infection, and eight uninfected deceased individuals as controls. 

Histological staining was performed on all brain tissues to assess brain pathologies. 

Immunohistochemistry (IHC) against CD4, p24, Iba-1, GFAP, and CD8 in all brain 

tissues was conducted to evaluate potential viral production and immune activation. 

Histological results showed mild perivascular cuffs of lymphocytes only in a minority of 

the infected individuals. Viral capsid p24 protein was only detected in circulating immune 

cells of one infected individual, suggesting a lack of productive HIV-1 infection of the 

brain even at the late-stage of AIDS. Notably, similar levels of Iba-1 or GFAP between 

HIV+ and HIV- brain tissues indicated a lack of microgliosis and astrogliosis, 

respectively. Similar levels of CD8+ cytotoxic T lymphocyte (CTL) infiltration between 

HIV+ and HIV- brain tissues indicated CTL was not likely to be involved in subtype C 
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HIV-1 neuropathogenesis. Our study suggests that there is a lack of productive infection 

and limited neuropathogenesis by subtype C HIV-1 even at late-stage disease, which is in 

contrast to what was reported for subtype B HIV-1.  

Introduction 

There are approximately 39.0 million people living with HIV (PLWH) globally, 

69% of whom are in sub-Saharan Africa (SSA) (12). HIV-1 can be subdivided into nine 

genetically distinct subtypes that are unevenly distributed geographically (26). Subtype C 

HIV-1 is predominant in SSA and India, and accounts for nearly 50% of new global HIV-

1 infections, whereas subtype B is prevalent in North America and Europe, and is 

responsible for about 12% of all HIV-1 infections (26). The natural course of HIV 

infection includes an acute stage of intense viral replication and dissemination within 

several weeks following infection. The acute phase is followed by several years of 

chronic (asymptomatic) infection characterized by sustained immune activation, CD4 

depletion and low-level viremia. Subsequently, the late stage is characterized by marked 

depletion of CD4+ T cells, elevated plasma viral load (pVL), and susceptibility to 

opportunistic infections that define the acquired immune deficiency syndrome (AIDS) 

(65, 265). Antiretroviral therapy (ART) has turned once fatal HIV-1 infection to a 

manageable scenario by suppressing pVL to undetectable levels (aviremia) (266, 267), 

ART does not eliminate HIV-1 from latently infected cells in tissue reservoirs throughout 

the body, including the central nervous system (CNS) (186, 253, 255). If ART is 

interrupted, HIV-1 will rebound from these tissue reservoirs and lead to disease (268-

271).  
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The CNS as a sanctuary for subtype B HIV-1 has been well documented (93, 105, 

107, 272). Reports show that subtype B proviral DNA was detected in between 86% - 

100% of brain tissues from ART naïve (viremic) individuals (93, 105, 273), and HIV 

p24CA, a marker for active viral replication (productive infection), was readily detectable 

in late disease stage viremic AIDS patients’ brains and associated with HIV encephalitis 

(HIVE) (274, 275). Despite ART suppression, subtype B HIV-1 DNA can still readily be 

detected in the  parenchymal brain tissues (> 50% brain tissues) (93, 276), and p24CA can 

also be detected in some aviremic brain tissues (93). Moreover, CNS-derived subtype B 

HIV-1 proviruses were reported to have the ability to reseed peripheral tissues (186). 

HIV-1 has been shown to reside in diverse brain cell types (214), including infiltrating 

CD4+ T cells (277-279), macrophages (171, 280), microglia (117, 281), and potentially 

astrocytes and pericytes (206, 282, 283). Subtype B HIV-1 studies have also shown that 

HIV-1 in the CNS can cause brain pathophysiological changes and immune activation, 

accompanied with microgliosis and astrogliosis (94, 95, 284-286). In addition, enhanced 

infiltration of CD8+ cytotoxic T lymphocytes (CTLs) into the human brain in response to 

HIV-1 infection is well documented (287-289). HIV-1 associated immune activation and 

neuroinflammation are the basis of neurological injury and neurocognitive impairment 

syndromes, such as HIV-1 associated neurocognitive disorders (HAND) (290, 291). The 

neuropathology of this condition is characterized by perivascular cuffs of lymphocytes, 

mixed with prominent giant multinucleated cells as well as parenchymal microglial 

nodules. In severe cases, when the perivascular lymphocytic infiltration is severe, it can 

lead to micro-infarcts, and in chronic states, a prominent astrocytic gliosis develops 

(292). 
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Neuropathogenesis for other HIV subtypes, including the much more abundant 

subtype C, is less well studied (196, 253). Subtype C HIV-1 viral DNA has been reported 

to be rarely detectable brain tissues from the aviremic (< 20% brain tissues) and in such 

cases, p24CA is undetectable (196, 253). To our knowledge, only a single case-report, 

derived from our group, has systematically sampled and assessed the various brain tissues 

from an entire brain hemisphere from an ART-treated, but viremic, subtype C infected 

subject (293). We showed lack of productive viral infection, and limited viral DNA 

distribution in the CNS. Given that subtype C HIV-1 infection is responsible for the 

majority of HIV infections, and concentrates in SSA, investigation of the 

neuropathogenesis of subtype C HIV-1 in more than one subject from the region is 

warranted.  

The current study made use of postmortem brain tissue collections from ART-

naïve individuals with late-stage subtype C HIV-1 infection to characterize the associated 

neuropathology. Frontal lobe and basal ganglia FFPE tissues from nine ART naïve 

individuals with late-stage subtype C HIV-1 infection, and from eight uninfected normal 

controls were analyzed. Histological results revealed brain pathologies in only a minority 

of infected individuals and the grading of those pathologies were mild when it existed at 

all.  Immunohistochemistry (IHC) for CD4, p24, Iba-1, GFAP, and CD8 was conducted in 

all brain tissues. HIV p24CA was detected in the brain of one individual (11%), suggesting 

lack of productive subtype C infection in the brain tissues even at late stage/AIDS 

categorization. No significant differences in microgliosis and astrogliosis, based on 

detection of IBA-1 and GFAP, respectively, were detected between tissues from HIV+ 

and HIV- subjects. Likewise, we did not observe significant differences in CTL 



97 

 

infiltration into brain between HIV+ and HIV- individuals. Our study suggests that there 

is very limited neuropathogenesis by subtype C HIV-1 among SSA patients even at late-

stage of infection. The lack of neuropathogenesis coupled to apparent lack CNS 

reservoirs (253, 294) is important to consider in strategies for curing subtype C infection 

and improving clinical management for PLWH in SSA.  

Materials and methods 

Study cohort and tissue collection 

When a potential autopsy case arrived at the morgue of the University of Zambia 

Teaching Hospital (UTH) in Lusaka, Zambia, a clinical officer or study nurse counselor 

approached family members of the deceased to determine whether the deceased met 

study inclusion criteria with regard to time of death, and to seek informed consent for the 

postmortem collection of tissue specimens. Because sociodemographic and lifestyle 

behaviors could not be directly assessed from the deceased, the nurse counselor, working 

with the clinical officer, surveyed the next of kin for demographic information about the 

deceased. At the same time, we accessed clinical records to extract portions of the 

patient’s medical history, including ART history and CD4 count. Only the local study 

personnel had access to the study database, and only de-identified data were made 

available for data analysis. Postmortem samples were obtained using standardized 

procedures. Within 48 hours of death, multiple CNS and lymph nodes were collected, 

fixed at 4% paraformaldehyde, and then further processed for FFPE tissue blocks.  

HIV-1 subtype determination 

To confirm subtype C HIV-1 infection in the HIV+ individuals studied, genomic 

DNA was extracted from lymph nodes from all HIV+ individuals. Nested PCR using 
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primers against gp120 V3 loop was performed with the following procedure for both 

rounds: polymerase activation at 95°C for 10 minutes, 35 cycles of denaturation at 95°C 

for 30 seconds, annealing at 55°C for 30 seconds and elongation at 72°C for 2 minutes, 

then 1 cycle of 72°C for 7 minutes. In first round, 100 ng genomic DNA was used as 

template with envelope primers (Forward: 5’-CCTGCTGGTTATGCGATTCTAAA-3’; 

Reverse 1: 5’-ACCTCCTGCCACATGTTTATAATTTG-3’) were applied. Then, 2 μL of 

the first-round PCR product was utilized as a template for the second round with another 

pair of envelope primers (Forward: 5’-CCTGCTGGTTATGCGATTCTAAA-3’; Reserve 

2: 5’-CAATAGAAAAATTCTCCTCTACAATTAAA-3’). Products from the second 

round–nested PCR were checked for size and purified via gel extraction; they were then 

sequenced with the forward primer. BLAST-based HIV-1 genotyping tools were used for 

subtyping sequence alignments. 

Histological analysis with H&E staining 

For H&E staining, sections of 6 μm thickness were cut from FFPE brain tissues 

from all individuals. Slides were first deparaffinized using xylene (American MasterTech 

Scientific, Lodi, California) washes and then rehydrated by serial washes with 100% 

ethanol (twice) (Thermo Fisher Scientific, Pittsburgh, USA), 85% ethanol, 70% ethanol. 

Slides were then stained with hematoxylin (American Mastertech Scientific, Lodi, 

California), followed by 1% acid alcohol (American Mastertech Scientific, Lodi, 

California), and then 0.05% ammonia water. After washing in distilled water, slides were 

placed in 95% ethanol, followed by staining with eosin (American MasterTech Scientific, 

Lodi, California). Slides were then dehydrated through two 100% ethanol washes and 
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two xylene washes, mounted with Cytoseal-60 (Thermo Fisher Scientific, Pittsburgh, 

USA) and left to dry overnight at room temperature. 

Immunolabeling for CD4, p24, Iba-1, GFAP, CD8 

For immunohistochemistry, sections of 6 μm thickness were also cut from all 

brain tissues. Briefly, sections on slides were deparaffinized and rehydrated as described 

above. Endogenous peroxidase was quenched using 3% H202 (Thermo Fisher Scientific, 

Pittsburgh, USA) in methanol (Thermo Fisher Scientific, Pittsburgh, USA) for 30 

minutes at room temperature. After washing in distilled water, antigen retrieval was 

performed using sodium citrate (pH = 6.0) at 98 ℃ water bath for 15 minutes. Slides 

were then washed in phosphate buffered saline (PBS). Tissue sections were blocked with 

10% normal goat serum (NGS, Vector, Burlingame, CA) for 30 minutes at room 

temperature. After blocking, primary antibody solution was put on the slides and the 

slides were incubated overnight at 4 ℃. The following primary antibodies were then 

used: anti-human HIV-1 p24 clone Kal-1 (Dako, 1:5 dilution), anti-human Iba-1 (1:750, 

Wako, Richmond, VA), anti-human glial fibrillary acidic protein (GFAP, Dako, 1:500 

dilution), anti-human CD4 (Dako, 1:100 dilution), and anti-human CD8 clone C8/144B 

(Dako, 1:25 dilution). After that, slides were washed in PBS and HRP secondary antibody 

(Dako) was added to each slide. Slides were incubated with HRP at room temperature for 

30 minutes, and then washed with PBS. Diaminobenzidine (DAB, Dako) was prepared 

according to manufacturer’s instructions. Similar DAB developing time was applied to all 

slides. After DAB development, slides were stained with hematoxylin (American 

MasterTech Scientific, Lodi, California). Slides were dehydrated using serial ethanol and 
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xylene washes. Eventually, slides were cover-slipped with Cytoseal-60 for subsequent 

scanning. 

Image analysis and cell quantification 

After H&E and IHC staining, the stained slides were then digitally scanned by 

MoticEasyScan Pro instrument (Motic, San Antonio, TX) according to the instruction 

manual provided by the manufacturer. Scanned images were analyzed for Iba-1+, 

GFAP+, and CD8+ cell quantification. To quantify the percentage of Iba-

1+/GFAP+/CD8+ cells in the brain tissues, a region of similar size was defined on all 

scanned images, which covered both white matter and gray matter. The defined region in 

each scanned image was then gridded into 360 partitions of the same size. Twelve 

random partitions were then selected to quantify the total cell number, as well as the 

number of Iba-1+ or GFAP+ cell numbers. The positive signal was identified using an 

image analysis software (Keyence, Itasca, IL). The proportions of Iba-1+, GFAP+, and 

CD8+ cells in the frontal lobe and basal ganglia were compared between HIV+ and HIV- 

individuals.  

Statistical analysis 

The statistical analyses conducted included Student’s t-test and ANOVA. To 

examine the differences in the percentage of Iba-1+/GFAP+/CD8+ cells in the brain 

tissues between HIV+ and HIV- individuals, the Wilcoxon matched-pairs signed-rank test 

and the nonparametric Mann-Whitney U test were used to assess the differences between 

comparison groups. GraphPad Prism 9 (GraphPad Software) was utilized for statistical 

analyses. All tests were two-tailed, and P values < 0.05 were considered as significant. 
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Results 

Brain tissue sampling and subtype determination 

Since our previous case report study showed that frontal lobe and basal ganglia in 

the viremic brain are two sites having relatively higher frequencies of detectable subtype 

C HIV-1 viral DNA, we focused on these two brain regions to further investigate the 

neuropathology of subtype C HIV-1 infection in cases from Zambia. After HIV 

serological test using postmortem plasma samples, nine HIV+ with late-stage infection 

were selected. Their CD4 counts were < 200 cells/microliter, and causes of death were 

AIDS-defining opportunistic infections. Based on our previous report, postmortem 

frontal lobe and basal ganglia tissues were sampled and processed into FFPE blocks from 

the nine HIV+ individuals. Lymph nodes from those HIV+ individuals were also sampled 

for HIV-1 subtype determination. Corresponding brain tissues from eight age- and 

gender-matched, HIV-1 uninfected individuals were also sampled and used as controls. 

Information on age, gender, and cause of death of our cohort is shown in Table 4.1. 

Specifically, for the HIV+ individuals, their CD4 counts were < 200 cells/microliter 

(ranging from 7 to 141), and they all died from opportunistic infections including 

meningoencephalitis and tuberculosis. The median age of HIV+ individuals was 34 years 

(ranging from 22 to 60), and of HIV- individuals was 40.5 years (ranging from 25 to 54). 

To determine the HIV-1 subtype in the HIV+ individuals, genomic DNA was 

extracted from lymph nodes of those individuals and subjected to nested PCR of the C2-

V4 region of HIV-1 envelope DNA. PCR products were then sequenced and analyzed for 

subtype determination. Utilizing the REGA HIV subtyping tool and MEGA 5.10 

software with maximum likelihood phylogenetic analysis, as well as group M reference 
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consensus sequences from the Los Alamos HIV Sequence Database, all HIV+ individuals 

in this study were confirmed to be infected by subtype C HIV-1 (Table 4.1). 

Table 4.1. Clinical information of the cohort analyzed  

ID HIV Status Gender Age CD4 count Cause of Death HIV-1 Subtype 

PLWH 1 HIV+ M 39 109 Bacteria meningoencephalitis C 

PLWH 2 HIV+ M 32 68 Tuberculosis C 

PLWH 3 HIV+ M 60 35 Retroviral disease, Tuberculosis C 

PLWH 4 HIV+ M 22 115 Bacteria meningoencephalitis  C 

PLWH 5 HIV+ F 35 59 Disseminated tuberculosis C 

PLWH 6 HIV+ F 36 7 Pulmonary tuberculosis C 

PLWH 7 HIV+ F 34 60 Retroviral disease, Tuberculosis, Meningitis C 

PLWH 8 HIV+ M 34 30 Toxic epidermal necrolysis C 

PLWH 9 HIV+ M 30 141 Toxoplasmosis C 

NC 1 HIV- M 25 no data Disseminated tuberculosis NA 

NC 2 HIV- M 37 no data Pulmonary tuberculosis relapse NA 

NC 3 HIV- F 34 no data Ischemic heart disease NA 

NC 4 HIV- M 34 no data Disseminated tuberculosis  NA 

NC 5 HIV- F 48 no data Meningitis NA 

NC 6 HIV- M 44 no data Organophosphate Poisoning NA 

NC 7 HIV- M 54 no data Septicemia, Hypertensive encephalopathy NA 

NC 8 HIV- M 45 no data Pellagra NA 

 

Mild HIV-related brain pathologies in a minority of individuals with late-stage HIV-1 

infection 

To characterize the levels of HIV-related brain pathology in the individuals with 

subtype C HIV-1 late-stage infection, hematoxylin and eosin (H&E) staining was 

conducted on frontal lobe and basal ganglia from all HIV+ and HIV- individuals. 

Histological results revealed that most brain tissues showed no evident pathology. Brain 

pathologies that are not HIV-related, such as hypertensive and hypoxic changes, were 
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observed in tissues from some HIV+ and HIV- individuals (PLWHs 1 and 3; NCs 1, 4, 5, 

and 6) (Table 4.2).  

Table 4.2. Neuropathological findings in this cohort 

ID Frontal Lobe Basal Ganglia 

PLWH 1 Moderate hypoxic changes No pathology 

PLWH 2 Mild perivascular cuffs of lymphocytes Mild focal microglial nodule (1 nodule) 

PLWH 3 Hypertensive changes/Lacunar infarct  Hypertensive changes/Lacunar infarct  

PLWH 4 Mild perivascular cuffs of lymphocytes Mild perivascular cuffs of lymphocytes 

PLWH 5 No pathology No pathology 

PLWH 6 No pathology No pathology 

PLWH 7 Moderate perivascular cuffs of lymphocytes Perivascular cuffs of lymphocytes/Infarct 

PLWH 8 Sickle cell anemia Sickle cell anemia 

PLWH 9 No pathology No pathology 

NC 1 No pathology Hypertensive changes 

NC 2 No pathology No pathology 

NC 3 No pathology No pathology 

NC 4 Moderate hypoxic changes No pathology 

NC 5 Extensive subacute ischemic infarct Extensive subacute ischemic infarct 

NC 6 Mild hypoxic changes/diffuse cerebral edema Severe hypertensive changes 

NC 7 No pathology No pathology 

NC 8 No pathology No pathology 

 

However, among 9 PLWH with late-stage subtype C infection, PLWHs 2, 4, and 7 

displayed overall mild levels of HIV-related brain pathology (Figure 4.1). Specifically, in 

PLWH 2, there were 5 perivascular cuffs of lymphocytes and 1 focal microglial nodule in 

the analyzed FFPE frontal lobe (Figure 4.1A) and basal ganglia (Figure 4.1D), 

respectively. In PLWH 4, mild perivascular cuffs of lymphocytes were observed in the 

frontal lobe (Figure 4.1B), and moderate perivascular cuffs of lymphocytes and small 
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recent microinfarct were observed in the basal ganglia (Figure 4.1E). For PLWH 7, 

moderate meningeal vascular inflammation was observed in the frontal lobe (Figure 

4.1C), while the basal ganglia displayed severe pathologies, including multiple 

perivascular cuffs of lymphocytes and a large HIV-related subacute infarct (Figure 4.1F). 

Taken together, these histological results suggested that there are only mild levels of HIV-

associated neuropathology in a minority of the individuals with late-stage subtype C HIV-

1 infection. 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Overall mild brain pathology in individuals with late-stage subtype C HIV-1 

infection. The minimal changes observed in cases PLWHs 2, 4, and 7 are presented. (A) A 

minimal accumulation of perivascular cuffs of lymphocytes was observed in the frontal lobe 

of PLWH 2. (B) A minimal accumulation of perivascular cuffs of lymphocytes was also 

observed in the frontal lobe of PLWH 4. (C) Meningeal vascular inflammation was observed 

in the frontal lobe of PLWH 7. (D) A single microglial node was observed in the basal ganglia 

of PLWH 2. (E) A moderate level of perivascular cuffs of lymphocytes was observed in the 

basal ganglia of PLWH 4. (F) in the basal ganglia of case PLWH 7, a subacute infarct 

characterized by abundant foamy macrophages was found in an area of perivascular 

inflammation. 
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Lack of infected cells expressing viral protein in the brain with late-stage subtype C 

infection 

Subtype B HIV-1 studies indicated that HIV-1 established brain reservoir early 

during the acute infection stage (295, 296), probably via infected CD4+ T cells or 

monocytes that migrate across the blood brain barrier (BBB) as a “Trojan horse” (297), or 

via cell-free viruses (298, 299). To determine the extent of CD4+ cells infiltration into the 

brain at the late-stage of subtype C HIV-1 infection, we conducted IHC labeling using 

anti-CD4 antibody. However, among the 9 ART-naïve individuals, CD4+ cells were 

detected in the perivascular regions in the brain of one individual, but not in the others 

(data not shown). This is likely due to the low CD4 count in the peripheries of all HIV+ 

individuals with late-stage infection.  

In ART naïve individuals with late-stage subtype B infection, it has been reported 

that there was active viral production in the infected brain cells, we then examined the 

brain tissues for subtype C viral p24 protein. Interestingly, subtype C viral p24 was only 

detected in the circulating inflammatory cells of PLWH 8 (Figure 4.2A), but not in any 

glial or parenchymal cells, and not in the frontal lobes of the other eight infected 

individuals (Figure 4.2B-I). Moreover, there was no detected p24 protein in the basal 

ganglia of any infected individuals (data not shown). Taken together, those results 

suggested a lack of infected cells expressing p24 viral protein in the brain even at late-

stage of subtype C HIV-1 infection. 
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Figure 4.2. Lack of HIV+ cells in brains of individuals with late-stage subtype C HIV-1 

infection. Immunohistochemistry with p24 antibodies was conducted on frontal lobe tissues of 

all 9 infected individuals. (A) p24 was robustly expressed in circulating immune cells within a 

blood vessel of PLWH 8, while no expression was detected in neural glial cells. (B) Viral p24 

was not detectable in the frontal lobe of PLWH 1. (C) Viral p24 was not detectable in the 

frontal lobe of PLWH 2. (D) Viral p24 was not detectable in the frontal lobe of PLWH 3. (E) 

Viral p24 was not detectable in the frontal lobe of PLWH 4. (F) Viral p24 was not detectable 

in the frontal lobe of PLWH 5. (G) Viral p24 was not detectable in the frontal lobe of PLWH 6. 

(H) Viral p24 was not detectable in the frontal lobe of PLWH 7. (I) Viral p24 was not 

detectable in the frontal lobe of PLWH 9. 

Similar activation levels of microglia and astrocytes between HIV+ and HIV- individuals’ 

frontal lobes 

We then investigated the impact of late-stage subtype C HIV-1 infection on 

immune activation in the brain tissues. Given that elevated microgliosis and astrogliosis 

have been well documented in subtype B HIV-1 infected individuals, we immunolabeled 

the brain tissues from HIV+ and HIV- individuals with Iba-1 and GFAP antibodies to 
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evaluate if late-stage subtype C HIV-1 infection will lead to the expected elevated levels 

of microgliosis (Iba-1+) and astrogliosis (GFAP+). After immunohistochemistry, the 

proportions of Iba-1+ or GFAP+ cells were quantified and compared between HIV+ and 

HIV- frontal lobes.  

For the frontal lobe tissues, the mean (SD) of percentage of Iba-1+ cells in HIV+ 

individuals were 10.49% (1.36%), and it did not differ significantly from the HIV- 

individuals [9.96% (1.57%)] (Figure 4.3A-C). In addition, there were no significant 

differences in the mean (SD) of percentages of GFAP+ cells between HIV+ frontal lobes 

[22.20% (3.28%)] and HIV- frontal lobes [22.13% (3.59%)] (Figure 4.3D-F). 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Similar activation levels of microglia and astrocytes between HIV+ and HIV- 

frontal lobes. Microglia and astrocytes were labeled in the frontal lobe of HIV+ and HIV- 

individuals by IHC using anti-Iba-1 and anti-GFAP antibodies, respectively. Quantifications of 

Iba-1+ and GFAP+ cells were also conducted. (A) Microglia (Iba-1+) staining in the frontal 

lobe of HIV+ individuals showing almost identical percentages of positive cells. (B) Microglia 

in the frontal lobe of HIV- individuals. (C) There was no significant difference in the 

percentage of Iba-1+ cells in the frontal lobes between HIV+ and HIV- groups. (D) Astrocytes 

(GFAP+) staining in the frontal lobe of HIV+ individuals. (E) Astrocytes in the frontal lobe of 
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HIV- individuals, once again showing very similar percentages. (F) No significant difference 

in the proportion of GFAP+ cells in the frontal lobes between HIV+ and HIV- groups. PLWH, 

people living with HIV; NC, normal control; ns, not significant. 

Similar activation levels of microglia and astrocytes between HIV+ and HIV- individuals’ 

basal ganglia tissues  

In support of the findings from frontal lobes, there were also no differences in the 

levels of Iba-1+ and GFAP+ cells between HIV+ and HIV- in the basal ganglia tissues. 

Specifically, the mean (SD) percentage of Iba-1+ cells in HIV+ basal ganglia tissues were 

11.07% (1.49%), which were not significantly different from those in HIV- basal ganglia 

tissues [10.78% (1.50%)] (Figure 4.4A-C). Moreover, the mean (SD) percentages of 

GFAP+ cells between HIV+ [20.74% (3.26%)] and HIV- basal ganglia tissues [21.14% 

(3.01%)] were also similar (Figure 4.4D-F). 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Similar activation levels of microglia and astrocytes between HIV+ and HIV- 

basal ganglia tissues. Microglia and astrocytes were immunohistochemically labeled and 

quantified in the basal ganglia tissues of HIV+ and HIV- individuals. (A) Microglia (Iba-1+) 

staining in the basal ganglia of HIV+ individuals. (B) Microglia in the basal ganglia of HIV- 

individuals. (C) There was no significant difference in the percentages of Iba-1+ cells in the 
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basal ganglia tissues between HIV+ and HIV- groups. (D) Astrocytes (GFAP+) staining in the 

basal ganglia of HIV+ individuals. (E) Astrocytes in the basal ganglia of HIV- individuals. (F) 

Similar percentages of GFAP+ cells were observed in the basal ganglia tissues between HIV+ 

and HIV- groups. PLWH, people living with HIV; NC, normal control; ns, not significant.  

Similar levels of CD8+ CTL infiltration into the brains between HIV+ and HIV- 

individuals 

Since HIV-1 infection has been shown to lead to an increased in CD8+ CTL 

infiltration into the brain tissues in subtype B infected individuals, we then determined if 

there is increased CD8+ CTL infiltration in the HIV+ brain tissues, we performed 

immunohistochemistry in frontal lobe and basal ganglia from all HIV+ and HIV- 

individuals using anti-CD8 antibody. Utilizing the same quantification method for 

microgliosis and astrogliosis evaluation, the proportions of CD8+ cells were compared 

between HIV+ and HIV- brain tissues. However, we did not observe any significant 

differences in the levels of CD8+ CTL infiltration between HIV+ and HIV- individuals 

[0.68% (0.16%) vs 0.66% (0.14%) in the frontal lobe; 0.62% (0.14%) vs 0.61% (0.19%) 

in the frontal lobe] (Figure 4.5). 

Taken together, our results suggest that at the late-stage of subtype C HIV-1 

infection there were no significant differences in microgliosis or astrogliosis compared to 

the controls. Moreover, no detectable increased CD8+ CTL infiltration was detected due 

to HIV-1 infection. In support of the reported low levels of subtype C HIV-1 proviruses 

detectable in both aviremic and viremic brain tissues, our report on the unremarkable 

neuropathology findings of the HIV+ brain tissues further substantiate our earlier 

findings that subtype C HIV-1 has poor neurotropism and that the brain is not a 

significant reservoir for subtype C HIV-1. 
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Figure 4.5. Similar levels of CD8+ CTL infiltration into the brain between PLWH and 

uninfected controls. CD8+ T cells were labeled and quantified in the brain tissues of HIV+ 

and HIV- individuals. Most CD8+ T cells were observed in perivascular regions in the brain 

tissues. (A) CD8+ T cells observed in the frontal lobe of HIV+ individuals. (B) CD8+ T cells 

observed in the frontal lobe of HIV- individuals. (C) No significant difference in the 

percentage of CD8+ T cells in the frontal lobes between HIV+ and HIV- groups. (D) CD8+ T 

cells observed in the basal ganglia of HIV+ individuals. (E) CD8+ T cells observed in the 

basal ganglia of HIV- individuals. (F) Similar levels of CD8+ T cell infiltration was observed 

in the basal ganglia tissues between HIV+ and HIV- groups. PLWH, people living with HIV; 

NC, normal control; ns, not significant. Arrows indicate representative CD8+ cells. 

Discussion 

Although ART has enabled PLWH to live a normal lifespan, the development of 

HAND in 30-50% PLWH still severely affects the quality of life for these individuals 

(300, 301). The presence of HIV-1 in the brain in ART era poses dual risks to PLWH, as 

the brain serves not only as an important HIV tissue reservoir for viral reactivation but 

also for contributing to HAND. Results from subtype B and C HIV-1 studies suggest that 

subtype C HIV-1 is less neurotropic compared to subtype B. Subtype B proviruses were 

readily detected in the brain even under ART (93, 105), while subtype C proviruses were 
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only detected in a minority of brain tissues in viremic individuals (196, 253, 293). 

However, whether genetic variations among different HIV-1 subtypes affect neurological 

outcomes remains unresolved. Pre-clinical in vitro studies have indicated lower 

neurotropism and neurotoxicity for the subtype C virus and its viral Tat protein compared 

to subtype B HIV-1 (302, 303). Moreover, epidemiological studies have reported that 

subtype C HIV-1 infection in India is associated with reduced severity and rate of HAND 

(304, 305). In contrast, another study conducted in southern Brazil indicated that subtype 

B and subtype C HIV-1 infected individuals did not differ significantly in the rate of 

HAND (306). This discrepancy might be due, at least in part, to differences in geographic 

conditions of the subtype C HIV-1 infected populations, making it challenging to clearly 

understand the neuropathogenesis of subtype C HIV-1.  

Previous studies suggested that subtype C is present in the brain at lower 

frequencies with lower viral burden (proviral DNA copies), and likely to be a less robust 

reservoir for reactivation. The lack of detectable viral p24 protein in the brains of subtype 

C infected individuals is in significant contrast to subtype B HIV-1 infection, for which 

studies have consistently reported the presence of viral p24 protein in the brains of both 

viremic and aviremic individuals (93, 274, 275). This indicates that even at late stages of 

infection, subtype C HIV-1 may not establish productive infection in the brain, which is 

promising from a therapeutic perspective as it may limit the potential for viral rebound 

from the CNS after interruption of ART. However, it is not clear if the presence of 

subtype C proviruses can either directly or indirectly lead to a similar extent of 

neuropathology as subtype B HIV-1. Consistent with the absence of viral production, we 

observed only mild HIV-related brain pathologies, such as perivascular cuffs of 
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lymphocytes and microglial nodules, in a minority of late-stage subtype C-infected 

individuals (3 out of 9 individuals). These findings aligned with the notion that subtype C 

infections may lead to milder neuropathological outcomes compared to subtype B (302, 

303).  

CD8+ CTLs may play a crucial role in the immune surveillance against viral 

infections, including HIV-1, by targeting and killing cells presenting viral antigens, 

thereby limiting viral replication and spread (307, 308). On the other hand, excessive or 

dysregulated CTL activity in the brain can lead to neuroinflammation and collateral 

damage to neurons and glial cells, contributing to the pathogenesis of HAND and HIV 

encephalitis (HIVE) (289, 309, 310). Although increased CD8+ CTL infiltration into the 

brain could be one of the underlying mechanisms of absence of overt brain pathologies 

and immune activation, our findings indicated otherwise. No increased CTL infiltration 

into the brain at late-stage subtype C infection suggested that CTLs are not likely to be 

involved in subtype C HIV-1 neuropathogenesis. Further understanding of the delicate 

balance between the beneficial and detrimental effects of CTL infiltration in the context 

of HIV-1 infection will be important for developing targeted therapeutic strategies that 

harness the positive aspects of the immune response while mitigating its negative 

consequences in the CNS.  

A caveat of our study is the likely degradation of cellular nucleic acids in the 

brain tissues during the post-mortem sampling, processing, and storage of the brain 

tissues into FFPE blocks. The degradation of cellular DNA and RNA has hampered our 

ability to evaluate subtype C HIV-1 proviral DNA and RNA in the collected brain tissues. 

Nevertheless, the lack of viral p24 in the brains of those with late-stage subtype C 
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infection provided important insights into the overall viral burden and the nature of 

subtype C HIV-1 infection at this stage. It is unlikely that the degradation of cellular 

nucleic acids affected our detection of cellular and viral proteins by 

immunohistochemistry (IHC), as other cellular protein (Iba-1/GFAP/CD8) were readily 

detected on the same brain tissues, suggesting that IHC was effective for our archival 

FFPE brain tissues. Additionally, the lack of computerized clinical documentation in 

Zambia meant that detailed clinical information, such as time since diagnosis of HIV 

infection, was unavailable. Nevertheless, having access to brain tissues from ART-naïve 

individuals who died from AIDS in the era of ART presents a unique opportunity to 

evaluate late-disease disease neuropathology. Our results from nine such cases 

consistently showed that there were no remarkable HIV-related neuropathologies and 

immune activation compared to normal brains tissues, accompanied by the lack of 

productive infection in the infected brains tissues even at late-stage subtype C HIV-1 

infection.  

Taken together, besides shedding light on the distinct neuropathological features 

of subtype C HIV-1 in SSA, our findings also provided further evidence on the lack of 

neurotropism for subtype C HIV-1 and emphasized the need for subtype-specific 

considerations in understanding HIV-associated neurological complications. Future 

research is needed to further understand how subtype C HIV-1 interacts with the CNS, 

which could lead to targeted therapeutic interventions and improved management of HIV-

related neurological complications in regions where subtype C is predominant. 
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CHAPTER 5:  

CANNABIS USE ASSOCIATES WITH REDUCED PROVIRAL BURDEN AND 

INFLAMMATORY CYTOKINE EXPRESSION IN TISSUES FROM MEN WITH 

CLADE C HIV-1 ON SUPPRESSIVE ART 

Abstract 

HIV-1 tissue reservoirs remain the main obstacle against an HIV cure. Limited 

information exists regarding cannabis’s effects on HIV-1 infections in vivo, and the 

impact of cannabis use on HIV-1 parenchymal tissue reservoirs is unexplored. To 

investigate whether cannabis use alters HIV-1 tissue reservoirs, we systematically 

collected 21 postmortem brain and peripheral tissues from 20 men with subtype C HIV-1 

and with suppressed viral load enrolled in Zambia, 10 of whom tested positive for 

cannabis use. The tissue distribution and copies of subtype C HIV-1 LTR, gag, env DNA 

and RNA, and the relative mRNA levels of cytokines IL1β, IL6, IL10, and TGFβ1 were 

quantified using PCR-based approaches. Utilizing generalized linear mixed models we 

compared persons with HIV-1 and suppressed viral load, with and without cannabis use. 

The odds of tissues harboring HIV-1 DNA, and the viral DNA copies in those tissues 

were significantly lower in persons using cannabis. Moreover, the transcription levels of 

pro-inflammatory cytokines IL1β and IL6 in lymphoid tissues of persons using cannabis 

were also significantly lower. Our findings suggested that cannabis use is associated with 

reduced sizes and inflammatory cytokine expression of subtype C HIV-1 reservoirs in 

men with suppressed viral load. 
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Introduction 

Although antiretroviral therapy (ART) can suppress HIV plasma viral load (pVL) 

to undetectable levels (aviremia) and people living with HIV (PLWH) are living a more 

normal life (311), it is not a cure as ART cessation will lead to viral rebound (96). This 

rebound is derived from integrated HIV-1 DNA (provirus) in different tissues - viral 

reservoirs (203, 312). Most reservoir studies have focused on subtype B HIV-1, and 

central nervous system (CNS) and multiple peripheral tissues were documented as 

potential tissue reservoirs (92, 108, 186, 194). Few reservoir studies have focused on 

subtype C HIV-1 which predominates in sub-Saharan Africa (SSA) and India, and 

accounts for nearly 50% of global infection with the premise that all HIV-1 subtypes 

infection would parallel findings from subtype B (196, 313). Utilizing postmortem tissues 

from people with suppressed pVL enrolled in Zambia, we have demonstrated that subtype 

C DNA is variably detected in peripheral tissues and unlike subtype B, it poorly accesses 

the CNS (253).  

Currently, little is known about the impact of co-factors, including substance 

abuse, on the establishment and maintenance of HIV-1 reservoirs. Cannabis (Cannabis 

sativa) is widely consumed in the general population and PLWH (314, 315). Cannabis 

use prevalence in SSA appears to be approximately 12% for adults and just under 8% for 

adolescents. Notably, regional differences exist in the prevalence of cannabis use, with a 

high prevalence of cannabis use was reported in South Africa [16.7% (9.1–26.0%)] and 

Zambia [36.5% (34.3–38.7%)](138, 145-147). Of the > 100 cannabinoids in Cannabis 

sativa, Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD) are the primary 

psychoactive and non-psychoactive ingredients, respectively (148). To date, the effects of 
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cannabis on HIV-1 have only been evaluated for subtype B infections and remained 

controversial. Some have reported cannabis either had no effect (149, 150), or detrimental 

effects (139, 151), or lower pVL in cannabinoid exposure (152), and reduced 

inflammation in experimental macaques (153-155). Notably, most of these studies 

utilized subtype B infected blood samples to study cellular reservoirs, whether cannabis 

use impacts the size of tissue reservoirs is unknown. Moreover, the impact of cannabis 

use in subtype C reservoirs is unexplored. 

In this study, we systematically quantified HIV-1 LTR, gag, env DNA and RNA in 

21 postmortem CNS and peripheral tissues from 20 men with subtype C HIV-1 and with 

suppressed pVL, 10 of whom were identified as persons using cannabis (THC+). We 

evaluated the effects of cannabis use on subtype C HIV-1 reservoir distribution, viral 

burden and expression. Compared to men without cannabis use (THC-), THC+ men have 

significantly lower odds of a given tissue harboring subtype C HIV-1 proviral DNA, and 

lower proviral DNA burdens in tissues. Viral RNA was also expressed in fewer tissues in 

THC+ men. Moreover, in THC+ men, the relative mRNA levels of pro-inflammatory 

cytokines IL1β and IL6 were also significantly lower in the tissues analyzed. Our 

findings suggest that there are potential beneficial effects of cannabinoids in reducing the 

subtype C HIV-1 tissue reservoir size and expression of pro-inflammatory mediators in 

men with suppressed pVL. 

Materials and methods 

Study cohort and tissue collections 

Deceased persons were consented by the next-of-kin for the postmortem 

collection of tissue specimens at the mortuary of the University Teaching Hospital (UTH) 
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in Zambia. Sociodemographic information as well as available medical history were 

collected whenever possible. Eventually, 381 deceased Zambians were enrolled and 

autopsied within 48 hours of their deaths. Different brain and peripheral tissues of these 

381 persons were collected and cryopreserved at -80°C or processed to formalin-fixed, 

paraffin-embedded (FFPE) blocks. During autopsy, blood samples were also obtained 

from the carotids or the hearts of all persons. In cases of severe anemia, blood samples 

were obtained from the femoral vessels. 

Screening of persons with suppressed pVL and with cannabis use 

Postmortem plasma samples of the deceased were first utilized to determine HIV-

1 serological status using HIV Rapid Test. For HIV-1 seropositive persons, plasma VL 

were quantified in triplicates using the RNA UltraSense One-Step RT-qPCR System 

(Invitrogen, Waltham, MA) with AcroMetrix HIV-1 standard (Thermo Fisher Scientific, 

Fremont, CA) with HIV-1 LTR primers and probe (Supplementary Table 1). The cutoff of 

HIV-1 LTR RNA detection in our system was 70 copies/ml. In this study, HIV+ persons 

with pLV lower than 70 copies/ml were identified as persons with suppressed pVL. 

Plasma samples were also used in laboratory testing for 11-nor-9-carboxy-Δ9-

tetrahydrocannabinol (THC-COOH), a stable main secondary metabolite of THC, using 

the Cannabinoid (THCA/CTHC) Direct ELISA Kit (Immunalysis, Pomona, CA) to 

validate the information about cannabis use from surrogate interviewees (next-of-kin). 

Eventually, ten men with suppressed pVL were determined with cannabis use 

(HIV+/THC+) according to both ELISA and next-of-kin reports. To investigate the 

potential impacts of cannabis use on HIV-1 tissue reservoirs in persons with suppressed 
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pVL, ten age-matched men with suppressed pVL who tested negative and were not next-

of-kin-reported for cannabis use (HIV+/THC-) were included in this study as controls. 

Quantifications of HIV-1 DNA/RNA in different tissues  

For HIV-1 DNA quantification, 100 ng genomic DNA were used as templates 

utilizing QuantStudio™ 3 Real-Time PCR System (Thermo Fisher Scientific, Fremont, 

CA). Genomic 8E5 cellular DNA, containing single proviral HIV-1 genome/cell, was 

used as standards. To determine viral RNA loads, 500 ng total RNA and AcroMetrix HIV-

1 standards were used with the UltraSense One-Step RT-qPCR System (Invitrogen, 

Waltham, MA). Amplicons against HIV-1 LTR, gag, and env genes used for DNA copy 

determination were also used for viral cDNA (RNA) quantification.  

Quantification of inflammatory cytokine mRNA levels by SYBR Green qPCR 

To identify the relative transcription levels of inflammatory cytokines in tissues, 

total RNA extracted from frozen tissues were used to synthesize first-strand cDNA using 

Invitrogen™ SuperScript™ III First-Strand Synthesis System (ThermoFisher, Carlsbad, 

CA), with 25 ng of cDNA as template in subsequent SYBR Green qPCR. PrimePCRTM 

SYBR Green Assays, using Bio-Rad primer pairs against inflammatory cytokine cDNAs 

(IL1β, Assay ID: qHsaCID0022272; IL6, Assay ID: qHsaCID0020314; IL10, Assay ID: 

qHsaCED0003369; TGFβ1, Assay ID: qHsaCID0017026). Primers against the internal 

reference, GAPDH mRNA were also used (Supplementary Table 1). The ΔCT value was 

calculated (cytokine CT value – GAPDH CT value), and when the cytokine mRNA level 

CT value was over 40, the ΔCT value was set as 99. 
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Statistical analysis 

Generalized linear mixed models (GLMMs) were used to compare THC+ and 

THC- persons. Fixed effects were included for cannabis use and tissue location, while 

random effects were used for each participant. Negative binomial families were assumed 

for predicting the copies of viral DNA and RNA, while binomial families were assumed 

for predicting the presence of any viral DNA or RNA. The functions glmer.nb and glmer 

from the lme4 package in R statistical software were used for the analyses. Confidence 

intervals (CIs) and associated p-values were Wald-based, and no multiple correction 

adjustment was used. To tests whether there were THC differences within each specific 

tissue (no repeated measures), Firth’s corrected logistic regression (via the logistf 

function) was used for testing presence of any viral DNA/RNA while negative binomial 

(via the nb.glm function) was used for analyzing the counts directly. Firth’s correction 

was used here to correct for the separation that was observed in several tissue locations. 

The Mann-Whitney test was utilized in cytokine ΔCT comparisons. All tests were 2-

tailed and P-values < 0.05 were considered as significant. 

Results 

Identification of THC+ persons with subtype C HIV-1 and suppressed pVL 

Figure 5.1A shows the experimental design and postmortem sampling. In this 

study, 381 deceased Zambians were enrolled and autopsied within 48 hours of their deaths. 

Among those persons, 82 persons with ‘undetectable’ pVL (< 70 copies/ml) were 

identified. Among them 10 men (U1-U10) were identified as persons using cannabis via 

plasma THC metabolite detection (THC+), and 10 age-matched men with suppressed pVL 

(N1-N10) from the other 72 THC- persons with suppressed pVL were used as controls 
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(253). Eight CNS tissues [frontal lobe, parietal lobe, temporal lobe, occipital lobe, 

hippocampus, cerebellum, basal ganglia, and choroid plexus (CPx)], and 13 peripheral 

tissues, as well as plasma sample, were collected from each person (Figure 5.1B). 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Postmortem sampling of persons with suppressed pVL, with or without 

cannabis use. (A) The flow diagram showed the screening of postmortem persons 

with/without cannabis use. Plasma RNA preparations from HIV-1 seropositive persons were 

subjected to standard RT-qPCR to identify persons with suppressed pVL (< 70 copies/ml). The 

detection of THC-COOH by ELISA in plasma from persons with suppressed pVL was used as 

the criteria to group persons with cannabis use (THC+) (U1, U2, U3, U4, U5, U6, U7, U8, U9, 

U10) and without cannabis use (THC-) (N1, N2, N3, N4, N5, N6, N7, N8, N9, N10). HIV-1 

subtyping by sequencing of env DNA confirmed subtype C HIV-1 infection. Viral DNA and 

RNA copies were determined by different PCR-based methods from frozen tissue genomic 

DNA and total RNA. The relative mRNA levels of different inflammatory cytokines were also 

measured in different tissues utilizing SYBR Green qPCR. (B) Postmortem samples were 

collected within 48 hours of persons’ death. Multiple cryopreserved brain and peripheral 

tissues were systematic collected. Frozen plasma samples were also collected. 

Information including age, gender, and ART treatment of our cohort are shown in 

Table 5.1. To confirm subtype C HIV-1 infection, genomic DNA was extracted from frozen 

tissues of each person and subjected to nested PCR to amplify the HIV-1 env gene. 

Amplified HIV-1 env products were sequenced to determine the HIV-1 subtypes using 
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REGA HIV Subtyping Tool. HIV-1 env sequences were obtained from 17 persons with 

suppressed pVL, but not from three THC+ persons U4, U5, and U9 due to exceptionally 

low viral burden. Those 17 persons with env sequences were demonstrated to harbor 

subtype C HIV-1 (Table 5.1). However, given that subtype C is responsible for 

approximately 99% of HIV infections in Zambia, persons U4, U5, and U9 are likely to be 

also infected with subtype C HIV-1. 

Table 5.1. Clinical information of the cohort analyzed  

 

Person 

ID 

Age 
Sex at 

Birth 

THC 

Status 

pVL 

(copies/ml) 

Age of ART 

Initiation 

ART 

Duration 

ART 

RegimenA 

Post-mortem 

Interval 

HIV-1 

Subtype B 

U1 28 M THC+ <70 Unknown Unknown Atripla 5 hours C 

U2 60 M THC+ <70 Unknown Unknown Atripla 27 hours C 

U3 59 M THC+ <70 Unknown Unknown Atripla 40 hours C 

U4 28 M THC+ <70 Unknown Unknown Atripla 15 hours NA 

U5 25 M THC+ <70 Unknown Unknown Atripla 45 hours NA 

U6 20 M THC+ <70 Unknown Unknown Atripla 27 hours C 

U7 28 M THC+ <70 Unknown Unknown Atripla 14 hours C 

U8 52 M THC+ <70 Unknown Unknown Atripla 17 hours C 

U9 35 M THC+ <70 32 3 years Atripla 12 hours NA 

U10 50 M THC+ <70 Unknown Unknown Atripla 27 hours C 

N1 40 M THC- <70 32 8 years Atripla 30 hours C 

N2 60 M THC- <70 52 8 years Atripla 7 hours C 

N3 45 M THC- <70 Unknown Unknown Atripla 3 hours C 

N4 50 M THC- <70 40 10 years Atripla 4 hours C 

N5 53 M THC- <70 48 5 years Atripla < 48 hours C 

N6 40 M THC- <70 36 4 years Atripla 26 hours C 

N7 47 M THC- <70 Unknown Unknown Atripla 18 hours C 

N8 39 M THC- <70 34 5 years Atripla 33 hours C 

N9 36 M THC- <70 Unknown Unknown Atripla 18 hours C 

N10 25 M THC- <70 Unknown Unknown Atripla 6 hours C 
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Detectable HIV-1 DNA in various tissues of THC+ persons with suppressed pVL 

Eight of 10 THC- persons with suppressed pVL (N1-N8) had already been 

previously characterized for viral tissue distribution and viral burden (253). To identify 

the tissue distribution and viral burden of subtype C reservoirs in THC+ persons with 

suppressed pVL, HIV-1 LTR DNA copies in tissues of 10 THC+ men were quantified 

(Figure 5.2). Moreover, to identify which tissues might harbor potentially intact HIV-1 

provirus, gag and env DNA were also quantified in LTR DNA+ tissues.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Heatmap of subtype C HIV-1 DNA in THC+ and THC- persons with 

suppressed pVL. The heatmap displays the abundance of three subtype C HIV-1 genes (LTR, 

gag, and env) DNA in different anatomical locations of 10 THC+ and 10 THC- men with 
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suppressed pVL based on qPCR analysis. Blocks with color indicate viral copy numbers; 

undetectable are in blue to highest DNA copies in red (up to 1538 copies/1 x 106 cells). The 

spleen of person N7 failed to be sampled (blank cells). Three subgroups of tissues were also 

shown. HIV-1 DNA copies were determined by qPCR with 100 ng genomic DNA as template. 

All samples were analyzed in triplicate qPCR reactions, and viral DNA copy numbers were 

calculated as the means of triplicate PCR and normalized to 1 million cells. 

For the THC+ persons, HIV-1 DNA burden varied among different tissues and 

persons, and viral DNA was rarely detected in the brain tissues. Specifically, out of 80 

total brain tissues from 10 THC+ persons, HIV-1 DNA was only detected in 12 tissues 

(15%), and only 3 brain tissues harbored LTR, gag, and env DNA (3.8%). Viral burdens in 

all brain tissues were lower than 100 copies/106 cells, supporting our previously finding 

that brain is not a good reservoir for subtype C HIV-1 [Figure 5.2, (253)]. In contrast, 

HIV-1 DNA was detected in 40 of 130 peripheral tissues (30.8%), and 6 of them harbored 

all three viral genes (Figure 5.2). However, the highest viral LTR DNA copy in THC+ 

tissues were quite low at 100 copies/106 cells, as detected in the inguinal lymph node of 

person U2 (Figure 5.2). In addition, the tissue distributions of detectable provirus also 

varied among the THC+ persons (Figure 5.2).  

Less tissues harboring subtype C provirus in THC+ persons 

To investigate the potential impact of cannabis use on subtype C HIV-1 reservoirs, 

we compared the tissue distribution of HIV-1 DNA between THC+ and THC- groups 

using a GLMM. After accounting for individual dependence and tissue location, THC+ 

persons had significantly lower odds of a tissue harboring HIV-1 DNA (Figure 5.3A). 

Specifically, tissues of THC+ persons showed 0.16 times, or ~6-fold lower odds of 

harboring HIV-1 LTR DNA (95% CI = 0.08-0.32) and 0.07 times or ~14 -fold lower odds 

of harboring all three LTR/gag/env DNAs (95% CI = 0.03-0.17) (Figure 5.3A).  
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Figure 5.3. Comparisons of tissue distribution of subtype C HIV-1 DNA between THC+ 

and THC- persons with suppressed pVL. Adjusted odds ratios (OR) of harboring HIV-1 

DNA in tissues for THC+ versus THC- groups were calculated from mixed logistic regression 

models with random effects for person ID and fixed effects for specific locations. (A) Overall 

comparisons of THC effects across all tissues: Significantly lower odds of tissues harboring 

any proviral DNA (LTR DNA) or all three proviruses (LTR/gag/env DNA) in THC+ persons 

compared to THC- persons. (B) Comparisons of THC effects within 3 tissue subgroups: In 

THC+ persons, tissues from “lymphoid & GI tissues” and “other tissues” subgroups, but not 

from “brain tissues” subgroup, had significantly lower odds of containing LTR DNA and all 

three viral DNAs compared to their counterparts in THC- persons. (C) Comparison of THC 

effects within individual tissues: Forest plots showing the differences in the odds of presence 

of LTR DNA in tissues in subgroups “lymphoid & GI tissues” and “other tissues” between 

THC+ and THC- persons. Tissues were shown in order based on their p-values, which were 

calculated from univariable logistic regression models (no repeated measurements within one 

tissue type). 95% CI and p-values were shown in all three plots. Significance was labelled 

when p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). 

To better understand how this difference might be related to different organ/tissue 

systems, we stratified 21 tissues into 3 subgroups. The eight CNS tissues were classified 

into “brain tissues” subgroup, three types of lymph nodes (LNs), bone marrow, spleen, 

ileum, and appendix were divided into “lymphoid & GI tract tissues” subgroup, and the 
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remaining 6 peripheral tissues were categorized as the “other tissues” subgroup. The 

GLMM results showed that comparing THC+ to THC- persons, the odds of presence of 

any proviruses (LTR DNA) or potential intact proviruses (LTR/gag/env DNA) were 

significantly lower in “lymphoid & GI tract tissues” and “other tissues” subgroups, 

whereas the “brain tissues” subgroup showed no significant differences (Figure 5.3B). 

Furthermore, we also analyzed THC-dependent distribution differences of LTR DNA at 

single tissue level using Firth’s corrected logistic regression. Here there was only one 

observation per patient. Axillary LN, ileum, appendix, liver, testis, inguinal LN, and bone 

marrow showed significant differences, whereas belly fat, spleen, kidney, mesenteric LN, 

pancreas, and lung tissues did not (Figure 5.3C). For example, the odds of harboring LTR 

DNA in THC+ axillary LNs were 0.02 times or ~50-fold lower than that in THC- axillary 

LNs, and this difference is significant (p = 0.001, ***). Although the odds of harboring 

LTR DNA in THC+ spleen tissues were 0.25 times or ~4-fold lower than that in THC- 

spleen tissues, this difference is not significant as the p value is 0.181, which is > 0.05 

(Figure 5.3C). 

Lower viral burden of subtype C reservoir in THC+ persons 

We also tested for significant magnitude of proviral burden (HIV-1 DNA copies) 

differentials between THC+ and THC- persons. Detectable DNA copies ranged from 4 to 

1538 copies/106 cells in THC- persons, and from 4 to 100 copies/106 cells in THC+ 

persons (Figure 5.2). The GLMM results showed that THC+ persons had significantly 

lower copies of viral LTR, gag, and env DNA (Figure 5.4A). At the tissue subgroup level, 

copies of LTR DNA or env DNA were significantly lower in “lymphoid & GI tract 

tissues” and “other tissues” subgroups in THC+ persons, while the “brain tissues” 
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subgroup showed no significant differences (Figure 5.4B). However, all peripheral 

tissues in THC+ persons were shown to harbor a lower level of viral LTR DNA compared 

to the THC- persons (Figure 5.4C). Specifically, the copies of LTR DNA in THC+ 

appendix tissues were 0.02 times or ~50-fold lower than that in THC- appendix tissues, 

and this difference is significant (p < 0.001, ***). Moreover, the copies of LTR DNA in 

THC+ ileums were 0.08 times or ~12-fold lower than that in THC- ileums, and this 

difference is also significant (p = 0.011, **) (Figure 5.4C). 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Comparisons of the levels of viral burden between THC+ and THC- persons 

with suppressed pVL. Multiplicative effect (ME) of THC+ versus THC- groups on the copies 

of viral DNA were calculated from mixed negative binomial regression models with random 

effects for individual ID and fixed effects for specific locations. (A) Overall comparisons of 

THC effects across all tissues:  Significantly lower copies of proviral LTR DNA (p < 0.001), 

gag DNA (p < 0.001), env DNA (p < 0.001) in THC+ persons compared to THC- persons. (B) 

Comparisons of THC effects within 3 tissue subgroups:  In THC+ persons, tissues from 

“lymphoid & GI tissues” and “other tissues” subgroups, but not from “brain tissues” 

subgroup, had significantly lower copies of LTR DNA and env DNA compared to their 

counterparts in THC- persons. (C) Comparison of THC effects within individual tissues:  

Forest plot showing the differences in the levels of viral burden in tissues from subgroups 

“lymphoid & GI tissues” and “other tissues” between THC+ and THC- persons. Tissues were 
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shown in order based on their p-values, which were calculated from univariable negative 

binomial regression models (no repeated measurements within one tissue type). 95% CI and p-

values were shown in all three plots. Significance was labelled when p < 0.01 (**) and p < 

0.001 (***). 

Few tissues express viral RNA in THC+ persons 

To detect and quantify THC-dependent differences in viral RNA expression in 

different tissues, HIV-1 LTR, gag, and env RNA copies were quantified. In THC- persons, 

HIV-1 RNA was detected in 8 out of 10 persons (80%). Viral RNA was detectable 

primarily in the “lymphoid and GI tract tissues”, sporadically in the “other tissues”, but 

not in the “brain tissues” [Figures 5.5, (253)]. Specifically, viral LTR RNA was 

detectable in 30.7% proviral DNA+ tissues (35 out of 114 tissues) with copy number 

ranging from 13 to 1609 copies/500 ng total RNA (Figure 5.5). For THC+ persons, LTR 

RNA was only detected in 4 persons, compared to 8 in THC- group. Moreover, viral RNA 

was only detected in “lymphoid and GI tract tissues” subgroup and only 7 tissues 

expressed detectable viral RNA (Figure 5.5) with the copy number ranging from 52 to 

278 copies/500 ng total RNA, suggesting a decrease in RNA expression compared to 

THC- group (Figure 5.5).  

Although the GLMM results revealed that the odds of tissues expressing LTR 

RNA in THC+ persons were significantly lower than that in THC- persons (p = 0.041) 

(data not shown), the odds of tissues expressing gag or env RNA could not be analyzed 

because they were undetectable for the THC+ group (Figure 5.5). 

 

 

 

 



128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5. Heatmap of subtype C HIV-1 RNA in THC+ and THC- persons with 

suppressed pVL. A heatmap displaying viral RNA transcripts (LTR, gag, and env) abundance 

as determined by RT-qPCR analysis in 10 THC+ and 10 THC- persons with suppressed pVL. 

Blocks with color indicate viral copy numbers; undetectable are in blue to highest DNA copies 

in red (up to 1566 copies/500 ng total RNA). Blank indicates sample was not available. HIV-1 

RNA copies were identified by RT-qPCR with 500 ng input RNA as template. All samples 

were analyzed in duplicate RT-qPCR reactions. 

Lower levels of relative mRNA of pro-inflammatory cytokines in the lymph node and 

appendix tissues of THC+ persons 

We then investigated the expressions of pro-inflammatory cytokines, IL1β and 

IL6, and anti-inflammatory cytokines, IL-10 and TGFβ1 in HIV+/THC- and HIV+/THC+ 
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groups. Ten HIV-/THC- people were also used as normal controls. Cytokine mRNA 

levels were quantified from axillary lymph node and appendix, two tissues which showed 

lower viral burden in THC+ persons than in THC- persons (Figure 5.4). Relative mRNA 

levels of the four cytokines in axillary lymph node showed no significant differences 

between HIV-/THC- controls and HIV+/THC- persons. However, the axillary lymph 

nodes from HIV+/THC+ group had significantly lower IL1β and IL6, but equivalent IL10 

and TGFβ1 relative mRNA levels (Figure 5.6A) when compared to HIV+/THC- group. 

Similarly for appendix tissues, there were also significantly lower relative mRNA levels 

of IL1β and IL6, but similar mRNA levels of IL10 and TGFβ1 in the HIV+/THC+ group 

(Figure 5.6B).  

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6. Transcription levels of inflammatory cytokines in subtype C HIV-1 tissue 

reservoirs between THC+ and THC- persons with suppressed pVL. The relative mRNA 

levels of pro-inflammatory cytokines IL1β and IL6, and anti-inflammatory cytokines IL10 and 

TGFβ1 were measured in axillary LN, appendix, lung, and basal ganglia among HIV-/THC-, 

HIV+/THC-, and HIV+/THC+ persons. (A) Significantly lower relative transcription levels of 
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pro-inflammatory cytokines IL1β and IL6 in axillary LN in HIV+/THC+ persons compared to 

HIV+/THC- persons (p < 0.05). (B) Lower relative mRNA levels of pro-inflammatory 

cytokines IL1β (p < 0.05) and IL6 (p < 0.01) in appendix tissues in HIV+/THC+ persons 

compared to HIV+/THC- persons. (C) There was no significant difference in inflammatory 

cytokine levels in lung tissues among the three groups. (D) No significant difference in 

cytokine levels was observed in basal ganglia between any groups. The mRNA level of 

GAPDH was used as internal reference. Each data point represents a single tissue. -ΔCT value 

was used to have a better visualization (a higher Y axes location reflect a higher relative 

mRNA level). Significance was labelled when and p < 0.05 (*) and p < 0.01 (**), and ‘ns’ 

means ‘not significant’. 

We also analyzed the cytokine mRNA levels in tissues (Lung and basal ganglia) 

with very low levels of viral DNA and RNA. We did not observe any significant 

differences in any cytokine mRNA in either tissue among the groups (Figure 5.6C&D). 

Taken together, these results indicated that cannabis use associated with reduced pro-

inflammatory cytokine expression but did not alter anti-inflammatory cytokine 

expression in subtype C HIV-1 lymphoid tissue reservoirs that harbored most of 

proviruses. 

Discussion 

Despite the common use of cannabis by PLWH its potential effects on HIV-1 have 

not been extensively evaluated, even for subtype B HIV-1. Studies using blood samples 

from persons with subtype B HIV-1 showed that cannabis use is associated with lower 

pVLs (152), reduced frequency of activated immune cells (154), and accelerated viral 

DNA decay in peripheral blood mononuclear cells (PBMCs) (155). Whether cannabis use 

affect proviral DNA burden in parenchymal tissue reservoirs of people with subtype B 

HIV-1 requires further investigation. More importantly, whether cannabis use has any 

effects on non-B subtypes need to be explored. In this study we showed that the odds of 

tissue harboring subtype C HIV-1 DNA, and proviral burden in peripheral tissues were 

significantly lower in THC+ men with suppressed pVL when compared to THC- men 
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(Figures 3 and 4). Our findings suggest that cannabis use has a beneficial effect on 

reducing size and the distribution of subtype C HIV-1 tissue reservoirs in men with 

suppressed pVL.  

At this point it is not clear whether any of our identified subtype C tissue 

reservoirs harbor replication-competent proviruses. However, we are not able to perform 

quantitative viral outgrowth assay (QVOA) (220-222, 316), or two-probe intact proviral 

DNA assay (IPDA) or near full length (nfl) Q4PCR (317, 318), to determine whether 

there are full length proviral DNA because of the postmortem tissue sampling and the low 

copies of detectable viral DNA in the tissues. Given that the majority (> 90%) of HIV-1 

proviruses were shown to be defective in subtype B reservoirs (203, 319), it is likely a 

similar proportion of intact proviruses may exist in subtype C infected tissues.  

Subtype B HIV-1 studies have shown that cannabis use associates with reduced 

inflammatory cytokine production in cerebrospinal fluid (CSF) and blood (320). 

Consistent with that, the proinflammatory cytokines IL1β and IL6 transcript levels in 

tissues with relatively high subtype C proviral DNA burden (axillary lymph node and 

appendix) was reduced in THC+ persons whereas anti-inflammatory cytokine expression 

was not differential. Our findings with subtype C HIV-1 tissue reservoirs suggest 

cannabinoid negative regulation of inflammatory mediators in tissues reservoirs without 

concomitant positive regulation of anti-inflammatory pathways. Previous studies have 

indicated that cannabinoids might modulate inflammatory responses via endocannabinoid 

system with interactions with NF-κB or toll-like receptor (TLR) pathways (321-323). The 

findings presented here suggest that the specific mechanisms may be involved in 
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cannabinoid modulation of inflammation in subtype C HIV-1 infection and will need 

further investigation. 

One of the limitations in this study is the number of persons with suppressed pVL 

and with cannabis use available for postmortem sampling and comparison. We were 

readily able to identify and recruit THC+/HIV- persons but even though we have 

screened through 381 autopsied persons, we were only able to identify 29 deceased 

THC+/HIV+ persons, and only 10 of whom were virally suppressed (ART-treated 

aviremic). This is due to common practices in Zambia where health care providers 

encourage PLWH to cease drinking alcohol and smoking (including cannabis) due to 

their potential detrimental effects. Additionally, although all participants were autopsied 

within 48 hours of their deaths, there were variations of postmortem intervals among 

persons and possible degradation of nucleic acid. Nevertheless, our results clearly 

demonstrate significant differentials in subtype C HIV-1 tissue reservoirs with cannabis 

use in the cases analyzed. A further caveat of our study is that we were only able to 

identify people using cannabis by measuring the presence of THC metabolite in the 

deceased plasma using commercially available ELISA test. The test was not designed to 

be quantitative and can only provide a positive or negative result from recent cannabis 

use. We have been using it as confirmation of the report from next-of-kin. Similarly, 

given the limited resources we have on site we were not able to quantify the levels of 

cannabidiol (CBD) even though CBD was reported to have more significant anti-

inflammatory effect than THC. Future similar study in a resource rich setting will be 

needed to confirm our observations. In addition, due to lack of computerized clinical 

documentation in Zambia, and linkage to HIV/ART databases, information such as time 
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since diagnosis of HIV infection, duration and adherence to ART treatment, were also not 

available.  

In summary, our work demonstrates that cannabis use is associated with reduced 

distribution and size of subtype C HIV-1 reservoirs in men who received ART and 

achieved pVL suppression. Our findings also have clinical implications; cannabinoids 

could have therapeutic benefit in conjunction with ART to further reduce viral burden and 

inflammation in HIV-1 proviral tissue reservoirs and mitigate susceptibility to a variety of 

chronic inflammation-associated conditions that disproportionately impact PLWH. Our 

study also suggests that cannabis use should be further evaluated in the future 

randomized studies with larger PLWH cohorts to study its potential effects.  
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CHAPTER 6:  

CONCLUDING REMARKS 

The Joint United Nations Programme on HIV/AIDS (UNAIDS) has taken a lead 

on the HIV cure agenda to achieve its vision of zero new HIV infections, zero 

discrimination and zero AIDS-related deaths by 2030. However, substantial challenges 

still remain. First is the existence of HIV-1 reservoirs being a major hurdle for the cure of 

HIV-1 infection even with ART. Second, is the lack of information on other HIV-1 

subtypes besides subtype B, which have presented challenges to our overall 

understanding of HIV-1 reservoirs and the development of effective cure strategies. Much 

of the knowledge on HIV-1 reservoirs accumulated has been on the subtype B because of 

the available of resources and infrastructure to conduct such HIV-1 studies in North 

America and Europe where this subtype is prevalent, and still little is known about HIV-1 

reservoirs for other non-B subtypes, including the most widespread subtype C HIV-1. 

Consequently, the overall objectives of this dissertation research were to better 

understand subtype C HIV-1 reservoirs in virally suppressed PLWH and evaluate the 

impact of cannabis use on subtype C HIV-1 reservoirs. We hypothesize that the viral 

burden and distributions of the subtype C HIV-1 reservoirs are distinct from the subtype 

B’s, and cannabis use associates with reduced size of the reservoirs.  

Subtype C HIV-1 is predominant in resource-limited SSA and India, and accounts 

for approximately 47% of the global HIV-1 pandemic. A major challenge is the collection 

and analyses of biopsy tissues from PLWH in the resource limiting settings. Therefore, to 

accomplish the specific aim 1 of this study, which was to identify all potential subtype C 

HIV-1 tissue reservoirs in ART-treated aviremic individuals using autopsy cases, our 
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strategy was to collect post-mortem HIV-1 infected human specimens and conduct 

systematic molecular investigations in HIV-1 endemic area where subtype C HIV-1 is 

predominant in an effort to identify all potential subtype C HIV-1 reservoirs as described 

in Chapter 2. Our study represents the first detail characterization of subtype C HIV-1 

tissue reservoirs via full body autopsies and systematic collections of tissues from ART-

suppressed aviremic bodies, employing detailed characterization and molecular analyses 

of the postmortem tissues. The presence of subtype C HIV-1 proviral DNA varies 

significantly across different tissues, they were detected predominantly in the lymphoid 

and GI tract tissues but rarely detectable in the CNS. Interestingly, subtype C HIV-1 

proviruses were readily detected in the appendix tissues, which has never been 

investigated and reported as an HIV-1 tissue reservoir. This discovery underscores the 

critical need for a comprehensive reservoir analysis and the need to develop HIV-1 

subtype specific strategies to target potentially different reservoirs in PLWH infected with 

different HIV-1 subtypes. Future studies should also be conducted with a larger cohort of 

subtype C HIV-1 infected individuals to confirm our findings. In addition, given that 

more than 90% of subtype B HIV-1 proviruses were found to be defective, to determine 

whether it is similar for subtype C proviruses will require detection and analyses of full-

length proviruses, and isolation of infectious viral particles from these tissue reservoirs, 

which unfortunately cannot be readily carried out with our autopsied tissues.  

Our findings in Chapter 2 that human appendix might serve as a novel HIV-1 

tissue reservoir, had accomplished part of the aim 2, which was to identify and 

characterize novel tissue reservoirs for subtype C HIV-1 infected ART treated aviremic 

individuals and determine the extent of infection and infected cell types in these tissue 
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reservoirs. To fully accomplish the aim 2, Chapter 3 extended the findings in Chapter 2 

and further characterized the viral genetics and cellular tropism of the infected appendix 

tissues. The HIV-1 env DNA from both appendix and intestine-draining mesenteric LN 

tissues of aviremic PLWH were analyzed in parallel utilizing SGA. We observed 

substantial viral homogeneities within the appendix tissues when compared to LNs, 

which suggests that the appendix tissues can provide a unique tissue environment, 

possibly due to different immunological or therapeutic selective pressures. Further 

investigations utilizing single cell genomics and spatial multi-omics to evaluate the 

potential impact of the appendix's unique tissue environment for viral latency and 

reactivation, the interactions between infected or bystander FDCs and CD4+ T cells, as 

well as the role of gut associated microbiome perturbations and microbial translocation 

on the HIV-1 persisting in the appendix will be warranted. 

The IF triple staining in this Chapter revealed that the FDCs are the most 

plausible cell lineage harboring subtype C HIV-1 whereas only a minor population of 

CD4+ T follicle helper cells and macrophages were found to be infected by subtype C 

HIV-1. Future studies, with single-cell RNA sequencing on FDCs and CD4+ T cells 

isolated from the appendix tissues or with spatial multi-omics on appendix tissues, should 

be conducted to uncover specific cellular mechanisms and molecular pathways that 

render FDCs more susceptible to subtype C HIV-1 infection in the appendix. The 

identification and characterization of this novel HIV-1 tissue and cellular reservoir for 

subtype C HIV-1 will need to be followed up with studies to determine whether the 

human appendix can also serve as reservoirs for other HIV-1 subtypes. Further 

investigation will also be needed to determine whether there are additional unrecognized 
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tissues reservoirs for different HIV-1 subtypes so that tailored therapeutic approaches can 

be developed to target those tissue reservoirs. At this point it is not clear whether the 

appendix tissues harbor any potential infectious proviral DNA even though there were 

detectable env genes in the appendix. Unfortunately, such analyses also will not be 

possible with autopsied tissues.  

It has been well-documented that the brain could also be a crucial reservoir for 

subtype B HIV-1. The presence of HIV-1 in the brain in ART era poses dual risks to 

PLWH, as the brain serves not only as an important HIV tissue reservoir for viral 

reactivation, but infection of the brain can contribute to a spectrum of HAND, from 

asymptomatic neurocognitive impairment (ANI) to severe HAD or HIVE. The specific 

aim 3 of my dissertation research is to determine whether brain tissues can serve as HIV 

reservoir in subtype C infected individuals, and the extent of neuropathology, viral 

burden, CD8+ lymphocyte infiltration, and immune activation. However, our findings in 

Chapter 2 and Chapter 4 indicated that HIV proviral DNA was rarely detectable in the 

brain tissues for subtype C HIV-1, even in late-stage HIV disease individuals. This 

suggests that there could be differences in neurotropism between different HIV-1 

subtypes, future characterization of HIV-1 reservoirs for these other subtypes, such as 

subtype A (the third most widespread which accounts for 10% of all infections), should 

be carried out in order to gain a better understanding of potential differences in HIV-1 

reservoirs and tissue tropism of different HIV-1 subtypes. Moreover, the penetration 

efficacy of ART for the brain and other immune privileged sites, such as testicular tissue 

may play a crucial role in the persistence of HIV-1 reservoirs. These sites can harbor viral 

reservoirs that escape the full antiviral effects of ART, allowing HIV-1 to persist and 
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potentially rebound if therapy is interrupted. Future studies to understand the dynamics of 

ART penetration into these sites will be critical for developing strategies that can 

effectively target these hidden reservoirs and achieve a more comprehensive suppression 

of the virus. 

Although studies with subtype B HIV-1 have suggested that proviruses in the 

brain are associated with physiological changes and immune activation accompanied with 

microgliosis and astrogliosis, the natural courses of neuropathogenesis of other HIV-1 

subtypes, especially the most widespread subtype C in SSA, have not been adequately 

investigated. Thus, in Chapter 4, postmortem brain tissues from ART-naïve individuals 

with late-stage subtype C HIV-1 infection, and from uninfected normal controls were 

characterized for evaluating HIV-1 associated neuropathology. The comparative analysis 

utilizing H&E and IHC results demonstrated only limited neuropathology and brain 

immune activation (microgliosis or astrogliosis) associated with subtype C HIV-1 

infection, which contrasts with the findings from late disease stage subtype B HIV-1 

infected brain tissues. Our observations from this study not only broaden our 

understanding of subtype C HIV-1's impact on the CNS but also emphasizes that future 

subtype-specific studies on potential CNS pathogenesis will be needed. Moreover, future 

studies on the molecular and cellular mechanisms such as the role of cellular factors in 

contributing to the distinct neuropathological outcomes by different HIV-1 subtypes will 

be needed. Overall, the lack of neuropathogenesis coupled to apparent lack of CNS 

reservoirs have provided useful insights for strategies in curing subtype C infection and 

improving clinical management for PLWH in SSA. 
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While co-factors such as ART initiation timing, co-infections, and lifestyle 

choices (e.g., substance use, diet) have been investigated for their impacts on subtype B 

HIV-1 infection, most studies focused on their impact on host immune responses, ART 

efficacy, disease progression, and comorbidities. Their potential impacts on HIV-1 

reservoirs have not been investigated. Cannabis use is increasingly prevalent in PLWH 

due to shifting legal and societal norms, and emerges as a critical co-factor in HIV-1 

infection with its proposed immunomodulatory effects. To date, the effects of cannabis on 

HIV-1 have only been evaluated for subtype B infections and remained controversial. 

Few studies evaluated its impacts on HIV-1 cellular reservoirs in peripheral blood in 

vitro, but its impacts on parenchymal tissue reservoirs remain unexplored. The last aim of 

this study is to determine whether cannabis use impacts the size, distribution as well as 

inflammatory cytokine expression in subtype C HIV-1 reservoirs. In our ART-suppressed 

African cohort, we compared the distribution and viral burden in different subtype C 

HIV-1 tissue reservoirs between PWLH with and without cannabis use. Interestingly, our 

findings indicated that cannabis use is associated with reduced sizes of subtype C HIV-1 

tissue reservoirs and the expression inflammatory cytokine in the tissues, and presented a 

compelling case for considering lifestyle factors in therapeutic strategy development. 

These findings not only provided support on medicinal cannabis use, but also has 

implications on its legalization and usage for PLWH. Future studies will be needed to 

understand the mechanism on how it can affect the HIV proviruses and latent tissue 

reservoirs, whether there are dosage effects of the cannabinoids (CBD or THC) on the 

HIV proviruses in different tissue reservoirs, such as in human appendix tissues. Future 

studies with more detailed information about cannabis use, including the frequency and 
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types of cannabis used, the route of cannabis consumption, should be done to evaluate 

whether it can be used as novel adjunct therapies to target and reduce HIV-1 persistence.  

Moreover, longitudinal studies assessing the long-term impact of cannabis use on HIV-1 

progression and reservoir dynamics are also warranted. This could involve monitoring 

changes in reservoir dynamics over time relative to cannabis use patterns, ART 

adherence, and clinical outcomes. 

Overall, this dissertation research has enhanced our understanding of subtype C 

HIV-1, particularly subtype C reservoirs, and the impact of cannabis use on these 

reservoirs. An interesting finding in this research is the identification of the appendix as a 

novel HIV-1 tissue reservoir. This finding highlights the importance for healthcare 

providers to look beyond the usual locations when managing HIV-1 infection. This 

knowledge encourages a more comprehensive approach to targeting viral persistence, 

beyond the traditionally recognized sites. Insights from this thesis, coupled with recent 

advances in technology such as advance imaging and molecular characterization 

techniques, single-cell RNA sequencing and spatial multi-omics will present powerful 

tools for further detail mapping of reservoir locations and quantifying viral RNA 

expression with unparalleled detail. These tools would help us to have a better understand 

about the distribution and dynamics of viral reservoirs, which is crucial for efforts to 

eliminate HIV from the body.  

The research on how cannabis affects HIV-1 reservoirs also opens new pathways 

for both scientific study and healthcare. The findings in my dissertation research suggest 

that incorporating lifestyle choices, such as cannabis use, into HIV treatment plans could 

improve health outcomes for PLWH. This study also contributes to ongoing discussions 
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about the legal and medical use of cannabis, especially for PLWH. As policies around 

cannabis evolve, this research supports the need for policies based on solid evidence, 

considering both the potential benefits and risks of cannabis use in HIV-1 management. 

While the present study has concentrated on the impact of cannabis use on HIV-1 

reservoirs, a broader exploration of the roles of other co-factors is warranted. Future 

studies should consider a wide array of other factors that could influence HIV-1 

reservoirs, including but not limited to other lifestyle factors (diet, alcohol use) and co-

infections (HBV, TB, or HPV). Understanding the multifaceted interactions between 

these co-factors and ART, and their collective impact on reservoir dynamics, is crucial. 

This knowledge could drive the development of personalized treatment strategies, 

tailored to meet the specific needs and situations of PLWH. 

In conclusion, this dissertation research has deepened our understanding of HIV-1 

infection, particularly for subtype C, and laid the groundwork for new research and 

treatment strategies. By delving into the complexities of HIV-1 reservoirs and the impact 

of cannabis use, this dissertation paved the way for future innovative approaches on 

HIV/AIDS management, which ultimately will inch us closer to the ultimate goal of a 

cure for HIV-1 infection. 
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