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Establishment of the SIV Reservoir and Mechanisms of Viral Rebound in Rhesus Monkeys 

Abstract 

ART leads to durable suppression of HIV-1 replication in the majority of individuals, but 

the persistent viral reservoir in resting memory CD4+ T cells is the key barrier to HIV-1 cure. In 

this thesis, we focus on the strategies to prevent the establishment of viral reservoir, as well as the 

cellular origins and the immunological signatures that lead to viral rebound. Broadly neutralizing 

antibodies (bNAbs) against HIV-1 Env are currently being developed for HIV-1 prevention. 

However, HIV-1 sequence diversity limits the prophylactic efficacy of bNAbs. In Chapter II, we 

evaluate the usage of bNAbs to prevent viral reservoir establishment in rhesus animals. We 

demonstrate that the V3 glycan-dependent antibody PGT121 alone and the V2 glycan-dependent 

antibody PGDM1400 alone both fail to protect against a mixed SHIV challenge. In contrast, the 

combination of both bNAbs provides 100% protection against this mixed SHIV challenge. These 

data reveal the importance of bNAb cocktails for the prevention of viral reservoir establishment. 

In Chapter III, we explore the origin and nature of the rebound virus in ART-suppressed, 

chronically SIV-infected rhesus monkeys following ART discontinuation. We sequenced putative 

replication-competent viral DNA from peripheral blood and lymph node mononuclear cells 

(PBMC and LNMC) during ART suppression, and compare to the rebound viral RNA after ART 

discontinuation. Sequences of initial rebound viruses closely matched viral DNA sequences in 

PBMC and LNMC during ART suppression, but recombinant viruses arose quickly after the initial 

rebound. These data suggest that intact proviral DNA in PBMC and LNMC during ART 

suppression is likely the direct origin of viral rebound in chronically SIV-infected rhesus monkeys 

following ART discontinuation. To further explore the immunological signatures at the time of 
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ART discontinuation to predict viral rebound, we performed the transcriptomic analysis in a cohort 

of early ART-treated animals in Chapter IV. Together, these data suggest a critical interplay 

between the immune system and the viral reservoir, and has important implications for the design 

of next generation HIV cure strategies. 
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CHAPTER I  

INTRODUCTION 
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The HIV-1 Pandemic 

Human immunodeficiency virus (HIV-1) was first identified as the causative agent of 

Acquired Immunodeficiency Syndrome (AIDS) in 1981 and subsequently became a global 

pandemic1,2. Current data from the World Health Organization suggests that there are 75 million 

people have been infected with HIV. As of 2018, 37.9 million people were living with HIV. HIV 

infection is one of the leading causes of morbidity and mortality worldwide, with about 32 million 

people who have died of HIV, mainly in sub-Saharan Africa3.  

The global HIV-1 strains can be classified as part of the main group (group M), which 

represents the majority of the HIV infections on a global scale, as non-pandemic outlier group 

(group O), or non-major and non-outlier group (group N)4,5. Group M strains can be further 

subtyped into clades A–D, F–H, J, and K based on the HIV-1 sequences. Sequences within a clade 

differ by about 15-20%, while sequences between clades differ by about 25-35%, further showing 

the vast sequence diversity of HIV-15-7. Isolates that have recombined are designated as circulating 

recombinant forms (CRF) with the clades used to form the isolate5. Different regions of the world 

have predominant clades circulating. Clade B is found in Europe and the western hemisphere, 

while clade C isolates are found in sub-saharan Africa and India. 

 

HIV Infection and Antiretroviral Therapy 

HIV-1 establishes infection in CD4+ T cells8-10. Most HIV‑1 infections occur by sexual 

exposure through the genital tract or rectal mucosa, and then the virus spreads through the 

lymphoid system. Following HIV-1 transmission, there is a period of approximately 5-10 days, 

known as the eclipse phase, before viral RNA becomes detectable in the plasma11. During this 

period, the virus replicates rapidly and spreads throughout the body to other lymphoid tissues, 
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particularly gut‑associated lymphoid tissue (GALT), where activated CD4+ memory T cells are 

present in high numbers12. Plasma viremia then increases exponentially to reach a peak, usually 

more than a million RNA copies/ml of blood, at 21-28 days after HIV‑1 infection in humans, and 

at 14-21 days after SIV infection in rhesus monkeys. At approximately 12-20 weeks, the levels of 

virus decrease by about 100‑fold to a steady-state level that is often referred to as the viral set point, 

reflecting the balance between virus turnover and the immune responses. If untreated, HIV-1 

infection causes progressive loss of CD4+ T cells and can last an average of 10 years as the virus 

continues to replicate in lymphoid organs. However, the number of CD4+ T cells will drop from 

typically between 500 and 1200 cells per µl to less than 200 cells per µl, indicating the disease has 

progressed to AIDS.  

HIV is one of the most serious public health challenges. Access to HIV treatment is the 

key to the global effort to end AIDS. Currently, more than two dozens of antiretroviral drugs have 

been approved for use to treat HIV infection13. These drugs are organized in classes, each targeting 

a unique step in the HIV life cycle, including reverse transcription, integration, maturation, and 

entry14. With the development of antiretroviral therapy (ART), significant progress has been made 

to suppress viral replication and to allow infected individuals to have a better quality of life and 

near-normal life spans. However, of the 38 million people living with HIV, only 23.3 million of 

infected individuals (62%) have access to ART3.  

The initiation of ART limits HIV replication and leads to the elimination of most infected 

CD4+ T cells. However, ART cannot cure HIV due to a small viral reservoir composed of resting 

CD4+ T cells harboring latent, replication-competent proviruses8,9,15,16. This “hidden” latent 

reservoir is unaffected by the HIV-1-specific immune responses or current therapy and, therefore, 

is the major barrier to achieving HIV remission. 
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HIV-1 Genome and Replication  

HIV-1 is classified in the genus of lentivirus and in the family of Retroviridae. The virion 

of HIV is approximately 120 nm in diameter. Each virion is composed of a lipid bilayer membrane, 

a symmetrical outer capsid formed by the matrix protein (MA), and an inner cone-shaped core that 

includes two copies of the noncovalently linked, unspliced, positive-sense single-stranded RNA, 

reverse transcriptase, integrase and protease, and other accessory proteins. The HIV genome is 

9,749 nucleotides in length and contains multiple open reading frames that encode structural 

proteins Gag, Pol and Envelope (Env), essential regulatory elements Tat and Rev, and accessory 

regulatory proteins Nef, Vpr, Vif, and Vpu.  

HIV-1 entry occurs when its viral Env protein binds to the cellular receptor CD4 and the 

co-receptor (CXCR4 or CCR5) on the cell surface17-19. Binding of the coreceptor triggers viral 

fusion with the host cell membrane, providing the access of the viral capsid to the cellular cytosol. 

Following viral entry, disassembly of the capsid core and formation of the reverse transcriptase 

complex (RTC) allows for traverse transcription from single-stranded viral RNA to double-

stranded viral DNA20,21. This DNA, together with viral integrase protein (IN), Vpr, and MA, forms 

a stable pre-integration complex (PIC). The PIC enters the nucleus where integrase catalyzes the 

insertion of the viral DNA into the host genome by the process known as integration22,23. The 

integrated viral genome is flanked at both ends by LTR (long terminal repeat) sequences. The 5’ 

LTR region codes for the promotor for transcription of the viral genes24. The integrated virus, also 

known as the provirus, uses host transcriptional machinery for the production of viral RNA 

transcripts.  

Transcription begins with the processing of the early genes: tat, rev, and nef. Tat binds 

transcription complexes at the 5’ LTR for transcriptional regulation25. Rev binds a region called 
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rev response element (RRE) in env gene26-28. This binding promotes the transport of the un-spliced 

9-kb and partially spliced 4-kb viral mRNA out of the nucleus and undergoes alternative splicing 

to produce a wide range of transcripts needed to generate all the viral proteins29,30. The longer 

transcript serves as a genome for packaging, and other transcripts are used for producing the 

structural viral proteins needed for assembly. 

The Gag precursor is synthesized in the cytosol from full-length viral RNA, while the Gag-

Pol precursor polyprotein is synthesized as the result of a programmed frameshifting event during 

the translation of Gag-encoding viral RNA31. At the last stage of the life cycle, Gag precursor 

reaches the plasma membrane and utilizes its RNA packaging sequence to recruit two copies of 

the viral genomic RNA31. The assembling particle incorporates Env from the plasma membrane 

and then recruits the endosomal sorting complex required for transport (ESCRT) for membrane 

scission that leads to particle release32. The Gag-Pol polyprotein is cleaved by protease after viral 

budding from the infected cell, allowing for the production of mature virions31. 

 

HIV Envelope Protein 

HIV-1 Env is generated from the env gene encoded by the virus, and is the only viral 

antigen on the surface of the viral membrane, allowing for virion attachment and fusion to host 

cells. Env is initially synthesized as an approximately 845- to 870-amino acid precursor 

polypeptide33. During the maturation process, Env acquires numerous N-linked, high-mannose 

glycans, oligomerizes into a trimeric complex, and is furin-cleaved into subunits34,35. The mature 

HIV-1 Env protein is made of a trimer containing a gp120 surface subunit, containing most of the 

surface-exposed elements, and a gp41 transmembrane domain that are non-covalently linked 

together35. There are about 7-14 mature Env expressed on an infectious virion36,37. 
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The gp120 of the Env trimer consists of five variable loops (V1-V5) and five relatively 

constant regions (C1-C5)38,39. Variable loops 1 and 2 together form one large loop (V1/V2 loop), 

while variable loops 3 and 4 each form their own loop40. The variable loop sequences evolve in 

length, charge, and glycosylation at different stages of infection or treatments, while the constant 

regions are more conserved41-45. On the other hand, the gp41 of the Env trimer consists of an 

ectodomain, a transmembrane region, and a cytoplasmic tail46. 

The primary target for Env is CD4, which is found predominantly on CD4+ T cells, 

monocytes, macrophages, and dendritic cells47. The primary co-receptors for HIV-1 are CCR5 and 

CXCR4. Different HIV variants use either one or both, and are called R5, X4 or R5X4 viruses, 

respectively. CCR5 and CXCR4 are differentially expressed on different cell subsets, with CCR5 

expressed at high levels in memory T lymphocytes, but not on naive T lymphocytes, whereas 

CXCR4 is expressed on both. CCR5 is also expressed on macrophages and dendritic cells. R5 

viruses are the primary viruses responsible for transmission from person-to-person since CCR5 is 

highly expressed in CD4+ T cells within mucosal surfaces48. In some but not all individuals, the 

virus population evolves with CXCR4 viruses emerging later in infection, and this co-receptor 

tropism switch is driven by mutations in V348,49.  

 

Broadly Neutralizing Antibody (bNAb)  

Development of broadly neutralizing antibodies 

The constant mutation of Env due to the low-fidelity of HIV reverse transcriptase, along 

with its structural features that promote immune evasion, has become the major challenge for 

developing broadly neutralizing antibodies (bNAbs) against HIV-1.  
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HIV-1 Env is a heavily glycosylated protein with approximately half of its molecular 

weight attributed to highly branched, complex glycans50,51. Extensive glycosylation on Env serves 

as a glycan shield from neutralization by host antibody responses. In response to antibody immune 

pressures, Env sequences evolve to shift glycan positions to prevent binding of the similarly 

evolving antibody response52,53. Furthermore, fluctuation in the length, charge, sequence, and 

glycosylation pattern of genetic sequences in the variable loops make it difficult for antibodies to 

successfully neutralize HIV virions. This often results in the generation of sequence-specific 

neutralizing antibodies or non-neutralizing antibodies41-44.   

During HIV infection, the patient’s immune system develops cellular and humoral 

responses against the infecting virus(es). The earliest elicited antibody responses are often strain-

specific and non-neutralizing antibodies. Neutralizing antibodies develop early at approximately 

3 months against the initial viruses that establish infection54,55. However, these neutralizing 

antibodies exhibit immune pressure on the circulating viruses and result in Env mutations on viral 

glycans, resulting in viral escape from neutralization54,56. These antibody-resistant viral variants 

are no longer being efficiently neutralized. The low-affinity interactions between the strain-

specific antibody and the newly resistant viral variant trigger additional rounds of affinity 

maturation. The resulting mutations in the germinal center lead to the development of an antibody 

that neutralizes the initial escape variant and selects for the second generation of antibody-resistant 

variants57,58. The arms race between the virus and the antibody system involves repetitive cycles 

of germinal center maturation and eventually produces highly mutated antibodies, with an 

accumulation of 40–100 mutations in their heavy chain variable gene, that recognize a broad 

spectrum of HIV-1 viruses57,59-62. Approximately 20–25% of infected individuals continue to 

develop neutralizing antibodies with moderate to broad neutralization characteristics after multiple 
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years during chronic infection, and approximately 1% of infected individuals, termed elite 

neutralizers, develop an exceptionally broad and potent neutralizing antibody response63,64. 

 

Discovery of broadly neutralizing antibodies 

The discovery of novel monoclonal antibodies that capable of neutralizing a broad 

spectrum of HIV-1 isolates of various clades has provided valuable new reagents and opportunities 

for both HIV-1 prevention and therapy in the past few years65. Currently, there are more than 100 

bNAbs has been isolated, largely due to the development of new single-cell antibody cloning 

methods. These methods enable the identification and subsequent characterization of bNAbs with 

remarkable potency and breadth in comparison with previously identified anti-HIV-1 neutralizing 

antibodies58,66. These newly identified bNAbs have been shown to target multiple regions on the 

viral Env, including the CD4 binding site, the V1/V2 subdomain, and the V3/C3 site on gp120, 

the membrane proximal external region (MPER) of gp41 and at the interface between gp120 and 

gp4167.  

Some of the earliest identified bNAbs target the membrane proximal external region 

(MPER) of Env, including 4E10, 2F5, and 10E8. 10E8 and 4E10 could neutralize approximately 

98% of tested viruses at a relatively low maximum inhibitory concentration (IC50)68. While this 

family of antibodies has the potential to be extremely broad and potent, it suffers from 

autoreactivity, making it difficult to use in therapy and difficult to generate through vaccination 

due to clonal deletion of autoreactive B cells. Thus, MPER antibodies are distinct in that they can 

interact with both the viral lipid membrane as well as epitopes within the MPER. 

A second family of bNAbs targets the highly conserved CD4 binding site, preventing 

binding of Env to its primary receptor CD4 and resulting in effective neutralization. This class of 
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antibodies is unique with the long CDRH3 regions, allowing the antibodies to reach into the CD4bs 

pocket, to overcome glycan and conformational masking, and to mimic CD4 binding61,69,70. This 

family of bNAbs includes some of the best described, broadest, and most potent CD4bs antibodies, 

like b12, VRC01, and 3BNC11771,72.  

The third class of bNAbs targets variable loop 3 as well as the glycans surrounding this 

loop. This class of antibodies contains a long CDRH3 that is capable of interacting with a portion 

of the V3 loop and is highly dependent on glycan-binding for successful neutralization (including 

branched glycans at positions 295, 301, 332)73-76. The evolution of bNAbs to the V3 loop also 

appears to be strongly driven by the locations of glycans77. V3-targeting bNAbs obtain their 

potency by either evolving to use or avoid glycans as presented on the surface of evolving Env77. 

A large number of broad and potent antibodies to both amino acids in the V3 loop and the 

surrounding glycans were discovered, including 10-1074, PGT121, and PGT12873-76. PGT121 is 

the most potent anti-HIV-1 bNAb family identified to date and can neutralize 65–70% of HIV-1 

isolates. PGT121 has the ability to swap glycan usage as the glycan shield evolves to maintain 

neutralization and to lock the Env trimer in its prefusion conformation, preventing the ability of 

CD4 to bind to the Env trimer52,74,78. Thus, the V3/glycan-targeting antibodies are unique for their 

long CDHR3s and are capable of interacting with glycans. 

The fourth class of bNAbs targets variable loops 1/2 and the glycans surrounding these 

loops. Similar to the V3/glycan-directed antibodies, V2/glycan-directed antibodies form long 

CDHR3s and bind to glycans for neutralization. This class of antibodies includes PG9, PG16, 

PGT145, and PGDM1400. PGDM1400 is one of the broadest and most potent bNAbs to date, 

targeting a quaternary structure at the V1/V2 apex of the Env trimer79. This class of antibodies 
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appears to require less somatic hypermutation and develop faster than antibodies than bind the 

CD4bs antibodies71,80,81.  

The final class of bNAbs includes antibodies that target the gp120-gp41 interface as well 

as glycans across both regions. In particular, this class of antibodies is only capable of binding the 

pre-fusion Env trimer. So far, only PGT151 and 35O22 has been identified82,83. 

 

HIV-1 Diversity 

The high levels of genetic diversity of the HIV-1 virus enable the virus to escape the 

immune system, to evolve drug resistance rapidly, and to circumvent vaccination strategies. The 

high genetic diversity of HIV-1 derives from its high mutation and turnover rates, host immune 

response, and viral genome recombination.  

During reverse transcription, the lack of proofreading activity of HIV transcriptase creates 

a high error rate estimated at 10-4 nucleotide substitutions per site per year, resulting in high rates 

of mutation accumulated every replication cycle84. With the persistently high viral turnover rate 

during infection, by which billions of new virions are generated each day, results in a quasispecies 

of sequence diverse viruses within each infected individual.  

Based on the analysis of viral divergence from the founder strain in untreated HIV 

individuals, their distinct phases are identified. In the first phase, both viral diversity and 

divergence increases linearly at a rate of 1% per year for the first 6-8 years before reaching the 

peak of viral diversity and viral divergence85. The intermediate phase is characterized by a 

continued increase in divergence but with stabilization or decline in diversity, and lasted an 

average of 1.8 years. The final phase is characterized by a slowdown or stabilization of divergence 

and continued stability or decline in diversity. X4 variants emerge and reach the peak during the 
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early-to-intermediate-phase transition and begin to decline between the intermediate and late 

phases. The late-phase transition is also associated with the failure of T-cell homeostasis and the 

decline of CD4 T cells to <200 cells/ul.  

Additionally, studies have suggested that HIV-1 reverse transcriptase contributes only 2% 

of mutations, whereas 98% result from editing by the apolipoprotein mRNA editing enzyme 

catalytic polypeptide-like 3 (APOBEC3) proteins86. However, the amount of APOBEC3-mediated 

mutations varies broadly, and the activity of APOBEC3 proteins might influence HIV genetic 

diversity and pathogenesis.  

 

HIV Recombination 

Retroviral recombination is unique among all known Retroviruses families in which they 

package two complete copies of their genome into one viral particle, although each infection event 

yields only a single DNA provirus87. Retroviral recombination occurs frequently during reverse 

transcription where reverse transcriptase switches between co-packaged RNA templates 8 to 10 

times during minus-strand DNA synthesis, resulting in a hybrid DNA recombinant that contains 

portions of both RNA genomes88-94. As a result, recombination has led to the emergence of more 

than 96 circulating recombinant forms (CRFs) of different HIV-1 group M subtypes, and these 

CRFs cause a substantial proportion of worldwide infections95. 

Recombination has been shown to produce variants that confer multidrug resistance or 

evade the host immune response and significantly accelerate viral diversification96-100. Thus, 

frequent recombination acts as a barrier to the development of effective vaccines and antiviral 

therapies. In contrast, recombination may also drive beneficial combinations of mutations apart 

and, therefore, not necessarily benefit HIV101,102. Additionally, recombination could occur when 
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dual infection (superinfection) of different HIV variants happens within the individual cell. Taken 

together, these findings demonstrate that recombination plays an important role in generating viral 

diversity and shaping the current worldwide HIV-1 pandemic. 

 

HIV Reservoirs 

Establishment of the viral reservoir  

Latently infected resting memory CD4+ T cells are the best-characterized reservoirs of 

HIV‑1 infection8,9,16. This small population of infected cells is established within days of acute 

infection. As demonstrated in the SIV macaque model, the viral reservoir can be established within 

one to two days after infection103,104. Once HIV DNA is integrated into the host chromatin, the 

virus has the capacity to reinitiate rounds of replication as long as the cell persists8,16,105. These 

infected cells are maintained indefinitely through homeostatic proliferation and could even persist 

in patients on long-term ART who have no detectable viremia8-10,16,106. 

Although early ART restricts the size of the reservoir, it does not prevent the establishment 

of latent, persistent HIV‑1 infection103,105,107. During ART suppression, the expression of viral 

RNA and proteins is limited while the cells remain in a resting state. Infected resting CD4+ T cells 

are essentially indistinguishable from uninfected cells and are therefore not eliminated by cytolytic 

effectors. Direct measurements of the latent reservoir in patients on ART show a very slow decay 

rate (t1/2 of 6–44 months) in resting CD4+ T cells in the blood, suggesting that it would take several 

decades for the reservoir to decay to negligible levels naturally, assuming all new infection events 

are inhibited with ART10,108-111. Thus, research toward a cure focuses on the molecular mechanisms 

of HIV-1 latency and approaches for eliminating the reservoir112-115. 
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Cellular reservoir 

Elimination of the viral reservoir requires full identification and characterization of all 

cellular reservoirs of HIV-1 infection. Besides memory CD4+ T cells, HIV can establish long-

term infection in naive CD4+ T cells, monocyte and macrophage lineage, and other long-lived 

cells8,15,16,105.  

In memory CD4+ T cells, HIV-1 DNA is primarily detected in central memory CD4+ T 

(TCM) cells and transitional memory CD4+T (TTM) cells116. TCM cells are characterized by the 

expression of lymph node homing receptor CCR7 and CD27, while TTM expresses only CD27. 

TCM is a significant reservoir for replication-competent HIV-1 due to its relatively large size, 

retention of proliferative ability through T cell survival and low-level antigen-driven proliferation, 

and long-life span116,117. TTM is also one of the major reservoirs harboring HIV-1 DNA and can 

expand by homeostatic proliferation116. However, it was recently shown that the HIV-1 DNA in 

TTM is less frequently replication-competent than in TCM, indicating that there is an excess of 

defective viruses that are possibly expanded through proliferation117. 

A recently defined subset of memory CD4+ T cells that may contribute to HIV-1 

persistence is the stem cell-like memory T cell (TSCM) subset118. Although this subset of cells 

represent only 2–4% of circulating lymphocytes, its ability to differentiate into TCM and TEM and 

self-renew upon stimulation makes it a durable HIV-1 reservoir. TSCM is permissive to HIV-1 

infection, and the proportion of TSCM containing cell-associated HIV DNA is higher than in Naïve 

T cells, TCM, and TEM
118. 

Innate immune cells could also harbor latent HIV-1. Macrophages are a major target of 

HIV infection and have been demonstrated to contain HIV-1 DNA in HIV-1-infected individuals 

on ART119-121. The macrophage reservoir may be clinically relevant as it is potentially long-lived, 
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relatively resistant to the cytopathic effects of HIV infection and resistant to CTL-mediated 

killing122,123. The follicular dendritic cell has been suggested as a cellular reservoir for the ability 

to trap infectious virus on its surface, which leads to CD4+ T lymphocyte infection124. Natural 

killer cells can be infected with HIV-1 ex vivo, and the replication-competent virus has been 

recovered thought viral outgrowth assay in natural killer cells from participants on ART125,126. 

 

Anatomical reservoir 

Studies of the latent reservoir have largely focused on CD4+ T cells from peripheral blood. 

However, an early study showed that latently infected cells are observed at roughly equal 

frequency in blood and lymph nodes15. Phylogenetically similarity between the cell-associated 

HIV-1 sequences from the peripheral blood and lymph nodes also suggests that cells containing 

HIV-1 proviruses traffic between these tissues127. The anatomical reservoirs that may harbor the 

latent reservoir include the genital tract, the gastrointestinal tract and the gut‐associated lymphoid 

tissue and other lymphoid organs, and the central nervous system. Determining the anatomic 

reservoirs and the types of cells involved are important in the current efforts for HIV eradication. 

The genital tract mucosa is important for the initial establishment of infection and the 

spread of the virus to different reservoirs. Dendritic cells in the genital tract mucosa are the main 

HIV targets during sexual transmission128. DCs express HIV receptor CD4, co-receptors, as well 

as dendritic cell-specific intercellular adhesion molecule‐3‐grabbing nonintegrin (DC‐SIGN). DC-

SIGN efficiently captures HIV-1 through binding of gp120 and facilitates its transport to secondary 

lymphoid organs to enhance infection of CD4+ T cells in trans. On the other hand, subpopulations 

of HIV‐1 from the male and female genital tracts showed the characteristics of 

compartmentalization compared to those of blood and lymphoid tissue129-132. As shown in the SIV 
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macaque model, SIV sequences were intermixed between the blood and semen at the time of peak 

virus replication but exhibit compartmentalization when reaches virus set point, suggesting 

restricted virus gene flow between anatomic compartments after the resolution of primary 

viremia133. 

After initial exposure to DC‐SIGN–positive DCs at mucosal surfaces, the virus is presented 

to CD4+ T cells in lymphoid tissues. On average, there are 500 to 700 lymph nodes in an adult 

human body and are the primary site for viral replication. Infected CD4+ T cells, as well as free 

viruses, enter the thoracic duct and spread into the bloodstream, to other lymphoid tissues and 

immune‐associated organs such as the thymus, bone marrow, gut‐associated lymphoid tissue 

(GALT), and spleen, and to other possible reservoirs such as the CNS134-137. Several studies have 

demonstrated that viral DNA and/or RNA levels are higher in lymphoid tissues, including lymph 

nodes, spleen, and GALT, compared to peripheral blood127,138-140.  

The gastrointestinal tract (GIT) contains a large proportion of the lymphoid tissue (up to 

85%) and lymphocytes (up to 90%) in the body141,142. The gastrointestinal tract is one of the earliest 

targets of HIV infection and one of the organs with the highest numbers of infected cells, even in 

individuals on ART. During early HIV infection, prolonged immune activation results in the 

depletion of GALT lymphocytes. However, the level of CD4+ T cells in the GALT fails to restore 

in infected individuals after long-term effective ART with consistently undetectable levels of 

plasma viremia127. Early initiation of ART also does not seem to completely restore and prevent 

CD4+ T cell depletion in the GALT143.  

Genotypic and phenotypic differences may exist between viral isolates in lymphoid tissues 

and blood144. However, it is still unclear whether the virus found in lymphoid tissues is genetically 

distinct from that in blood and whether ART penetration is sufficient to prevent ongoing viral 
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replication in lymph nodes and GIT. In lymph nodes, some studies report differences between 

lymph node and blood in viral sequences and drug-resistance patterns145,146, while other studies 

show similar HIV sequences in lymphoid tissues to blood147,148. In GALT, recent reports have 

shown that ART penetration is sufficient to prevent ongoing viral replication as no viral evolution 

and compartmentalization was observed over time in chronic HIV patients149,150. Additionally, 

phylogenetic analysis of the viral sequences taken from patients who initiated ART shortly after 

infection showed no significant change in the provirus sequences after several years on ART151. 

Instead, viral evolution observed after initiation of ART might occur due to the sampling of long-

lived cells established prior to ART initiation or during acute infection152,153. After the initiation 

of ART, clonal expansion is primarily responsible for driving viral persistence and not viral 

evolution154,155. The question of whether regional differences exist among lymphoid tissues for 

infected cell content, infected cell viral expression, or likelihood of compartmentalized virus with 

distinct genetic attributes remain unanswered. 

 

Replication-competent viral reservoir 

HIV-1 latent reservoir is composed of a small pool of CD4+ T cells that harbor latent 

replication-competent HIV-1 proviruses. On average, 0.01-1% of circulating CD4+ T cells harbor 

an HIV-1 proviral genome and only a small proportion (<5-10%) of which are fully intact156. 

Among these intact genomes, only a small proportion of which may be inducible upon treatment 

discontinuation.  

A replication-competent provirus was defined that the viral genome can code for all the 

necessary structural proteins, Gag, Pol, and Env, and essential elements for transcription, including 

major splice donor site (MSD) used in all the spliced viral RNAs, promoter, and transcriptional 
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start site157. For the defective proviral genomes, they generally have acquired large deletions that 

affect the expression of major structural and regulatory proteins or are classified as hypermutated 

where proviral genomes contain a multitude of point mutations due to the host APOBEC3 family 

activity156,158. 

The low frequency, the overabundance of defective proviruses, and lack of a cellular 

marker to distinguish HIV-infected cells from uninfected cells, contribute to the challenges of 

studying the latent reservoir and lead to an overestimate of the true size of the latent reservoir. 

Although some work has shown only cells carrying defective proviruses can clonally expand159, 

cells with replication-competent provirus can be clonal with the potential to rebound after 

treatment discontinuation and are the major challenge for reservoir elimination160-164.  

 

The dynamics of replication-competent viral reservoir 

The timing of reservoir formation is an important question since an understanding of when 

the reservoir forms could provide new opportunities for limiting its size. It has been shown in the 

rhesus monkey model that the viral reservoir was seeded remarkably early within the first few days 

after infection103. The viral reservoirs of individuals who initiate ART during chronic infection are 

generally larger and genetically more diverse than acutely- or early-treated patients, suggesting 

that the reservoir is formed and evolved continuously throughout untreated infection. By 

comparing the replication-competent viruses from peripheral resting CD4+ T cells of HIV-infected 

patients prior to and during ART suppression, Abrahams et al. demonstrated that approximately 

71% of the unique viruses from the reservoir during ART suppression were most genetically 

similar to viruses replicating just before ART initiation165. These data suggested that the 

replication-competent HIV-1 latent reservoir is primarily established and stabilized near the time 
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of therapy initiation, and limiting the formation of the reservoir at the time of therapy initiation 

will be the new strategy for reservoir elimination.  

The proliferation of the replication‑competent viral reservoir during ART suppression is a 

major barrier to cures10,106,109,110. The proliferation of infected cells could be driven by antigens, 

cytokines, or effects related to the site of integration116,166,167. Previous sequencing studies have 

provided evidence for in vivo proliferation of infected cells159,160,168-171. Sequencing of replication-

competent proviruses isolated from patients at different time points demonstrated that clones 

harboring replication competent virus persist longitudinally on a scale of years, others wax and 

wane172. Furthermore, a longitudinal study of proviral sequences in HIV-infected patients showed 

that two opposing forces simultaneously exert negative and relative positive selection pressures on 

cells containing proviral DNA in HIV-infected individuals on ART173. Proviruses with both an 

intact 5’UTR and ORFs declined over time while proviruses with strong donor splice sites and a 

truncated 5’UTR increased relatively over time. Furthermore, even though the total amount of HIV 

DNA does not decrease over time, intact proviruses decayed at a rate of -0.38/year with a half-life 

of 1.8 to 3.4 years in individuals on ART for >10 years173. Together, these results suggested that 

clonal expansion and proliferation of the provirus-containing cells present challenges to cure. 

CD4+ T cells have many levels of differentiation, and each subtype contributes differently 

to the functional latent reservoir. By analyzing near-full-genome HIV-1 DNA sequences derived 

from CD4 cells of HIV-1–infected patients receiving suppressive ART, 62% of all analyzed 

genome-intact sequences were from clonally expanded CD4+ T cells. Among these sequences, the 

majority of the intact sequences were found in the Th1 subset. These intact clonal sequences were 

phylogenetically mixed, suggesting the sequences did not originate from a dominant strain but 

were proliferated from individual clones that become clonal. Viral outgrowth assays confirmed the 
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clonal sequences classified as fully intact were replication-competent and were longitudinally 

detected over a duration of up to 5 years162. These data suggest that clonal proliferation of CD4+ 

T cells, especially Th1-polarized CD4+cells, harboring the intact HIV-1 represents a driving force 

for stabilizing the pool of latently infected CD4+ T cells. 

 

Measurements of HIV-1 reservoir size 

Quantitative viral outgrowth assay (QVOA) is the standard method to measure the numbers 

of CD4 resting T cells that can be induced to produce replication-competent virus in culture8,106,109. 

In this assay, resting CD4+T cells are purified from the blood of HIV-infected individuals on 

suppressive ART in a limiting dilution format, followed by stimulation with T cell activators to 

reverse latency and induce virus production. Usage of mitogen phytohemagglutinin (PHA), CD3 

and CD28 antibody-coated beads, and phorbol 12-myristate 13-acetate (PMA) with ionomycin 

have been successfully employed to induce the outgrowth of replication-competent HIV-1174,175. 

The induced virus is propagated by adding of feeder cells that are susceptible to infection, 

including CD8 depleted PBMCs obtained from uninfected donors or the cell lines that are 

susceptible for HIV-1 replication (e.g., MOLT-4/ CCR5 cells), allowing exponential expansion of 

virus produced from a single latently infected cell until the virus could be detected by either viral 

antigen ELISA or viral RNA real-time quantitative PCR (RT-qPCR)176,177. Even though the 

QVOA remains a gold-standard assay for quantifying the latent reservoir, recent studies have 

suggested that CD4+ T cells carrying replication-competent provirus are present at a higher 

frequency than detected by the standard QVOA, suggesting that QVOA with multiple rounds of 

stimulation might be required to capture the level replication-competent reservoir156,163.  
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RT-qPCR methods targeting conserved viral regions are amongst the most common and 

widely-used tools to measure the levels of all forms of HIV DNA, including circular unintegrated, 

linear unintegrated, and linear integrated viral genome. However, the frequency of HIV DNA-

containing cells is at least 2 logs higher than the viral outgrowth assay, and the ratio of infected 

cell frequencies determined by viral outgrowth and PCR assays varied dramatically between 

patients. The differences in infected cell frequencies and the lack of a precise correlation between 

culture and PCR-based assays suggest the existence of a variable pool of cells with defective 

proviruses178. Therefore, a molecular understanding of the differences between infected cell 

frequencies measured by viral outgrowth versus PCR assays is needed. 

Two recent studies have used a novel and unbiased single genome amplification method to 

define the sequence landscape of persistent proviruses156,179. In this method, near full-length PCR 

is performed to amplify single proviral proviruses in patient samples at limiting dilution, allowing 

for the amplification of individual proviruses regardless of the structural integrity of the viral 

genome. The results demonstrate that the vast majority of these proviruses were defective, 

harboring either large internal deletions and/or APOBEC3G-mediated hypermutation, suggesting 

that PCR assays for proviral DNA dramatically overestimate reservoir size due to detection of 

defective proviruses156,178-181. Furthermore, subsequent in vitro infection experiments using 

synthetic reconstructions of non-induced proviruses suggested the existence of replication-

competent noninduced proviruses. These data suggest that the traditional QVOA was not capturing 

all replication-competent proviruses. 
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Proviral landscape 

As a result, understanding the landscape of provirus by single proviral genome sequencing 

is becoming increasingly popular, leading to the development of Intact Proviral DNA assay (IPDA) 

for better measurement of the true size of the intact proviral reservoir182. The IPDA relies on the 

analysis of near-full-length genome sequences as well as defective proviruses from HIV-1 infected 

individuals. The analysis of proviral sequences suggested that >90% of the defective proviruses 

harbor deletions in the packaging signal and/or env, and 97% of hypermutated sequences had one 

or more mutations in a conserved region within the Rev response element (RRE)182. These 

observations allowed the design of a droplet digital PCR (ddPCR) method that distinguishes the 

intact proviruses from deleted and/or hypermutated proviruses via multiplex PCR. By using the 

IPDA assay, it has been demonstrated that defective proviruses accumulate rapidly within the first 

few weeks of infection to make up over 93% of all proviruses, and early initiation of ART limits 

the size of the reservoir but does not profoundly affect the proviral landscape179. The observations 

by IPDA assay allow us to better understand the composition of proviral populations and have 

important implications for the design of future HIV cure strategies. 

Little is known about the SIV proviral landscape in infected rhesus animals until recently. 

We utilized a cohort of chronically SIV-infected rhesus animals under long-term ART suppression 

and used a similar strategy described above to develop an IPDA assay for rhesus animals183. We 

observed that the majority of the analyzed genomes (72%) had fatal defects, including large 

internal deletions (39%), G-to-A hypermutation (13%), or both (19%). Comparing to HIV-infected 

individuals, not only the fraction of hypermutated genomes was higher than for HIV-1, but an 

extraordinarily high fraction of G-to-A mutations were observed across each hypermutated SIV 
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genome. These mutations can have profound functional consequences since they introduce 

multiple internal stop codons, alter start codons, and cause missense mutations. 

Another difference is in the sequence context in which the hypermutation occurs. 

Hypermutated HIV-1 proviruses all show hypermutation at GG consensus sites or at both the GG 

and GA consensus sites. In contrast, the majority of hypermutated SIV genomes showed AG/AA 

hypermutation, suggesting the differences in expression and activity of APOBEC3 proteins as well 

as differences in Vif-induced degradation.  

Furthermore, a significantly higher fraction (28%) of intact SIV proviral genomes were 

observed in SIV-infected rhesus animals under ART suppression compared to HIV-1 infected 

humans. A plausible explanation is the timescale of SIV studies as the time-dependent changes in 

the pool of persisting genomes may occur following the initiation of ART. However, the detailed 

mechanism of having a significantly higher percentage of intact provirus as well as the dynamics 

of intact provirus before and during long-term ART suppression remains unclear.   

 

Viral Rebound 

Viral rebound upon discontinuation of antiretroviral therapy poses a major barrier toward 

an HIV cure. Although substantial advances have been made in identifying cell types and 

anatomical compartments that contribute to the HIV latent reservoir, the origin of the rebound 

virus during treatment interruption remains unclear184,185.  

Viral rebound can only be assessed by an analytical treatment interruption (ATI) in fully 

suppressed HIV-1 infected individuals or SIV-infected rhesus animals186,187. Due to the restricted 

access to tissues, limited sample sizes, and ethical considerations, replication competence has 

mostly been investigated in vitro using the QVOA. However, the in vitro replication competency 
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might be a poor proxy of the in vivo rebound capacity due to the existence of replication-competent 

noninduced proviruses156,163,188. Recently, the advance has been made by utilizing sequencing 

techniques to acquire near full-length provirus from cells to better quantitatively and qualitatively 

assess the replication competency of the reservoir.  

The relationship of the intact provirus in circulating CD4+ T cells and the emerging 

rebound viruses was investigated in several recent clinical trials on anti-HIV broadly neutralizing 

antibodies (bNAbs), and individuals who underwent ATI189-191. Comparison of circulating latent 

viruses in blood and rebound viruses showed a very limited number of overlapping env sequences, 

suggesting that rebound viruses are either not present in or are rare in the latent reservoir found in 

blood circulation189-192. These studies also suggested that the rebound viruses appeared to represent 

the recombinations of latent viruses found in blood circulation and/or lymphoid tissues in 

individuals on ART189. 

Although studies have shown that CD4+ T cells carrying replication-competent provirus 

proliferate under ART suppression and may contribute to the stability and persistence of the latent 

reservoir, the peripheral blood populations of viral reservoirs represent only a small fraction of the 

total lymphocyte pool. Cell subsets in lymph node (LN) and gut-associated lymphoid tissue 

(GALT) were shown to constitute important sanctuaries for viral reservoirs during ART 

suppression. Therefore, HIV persistence in anatomical compartments may be profoundly different 

from what is observed in peripheral blood. From the HIV-STAR (HIV-1 sequencing before 

analytical treatment interruption to identify the anatomically relevant HIV reservoir) clinical trial, 

sequences from different cellular and anatomical compartments from ART-suppressed HIV 

patients were compared to plasma viruses sampled during analytical treatment interruption193. The 

results indicated that resources of the rebound virus are remarkably heterogeneously across 
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different tissues and cell types, suggesting that there does not seem to be a primary source for 

rebound HIV. Furthermore, genetically identical viral expansions played a significant role in viral 

rebound, supporting the previous observations that cellular proliferation is an important driver of 

HIV persistence and should, therefore, be considered in future curative strategies. However, 

studies published so far only focused on sequencing the Env V1-V3 region or part of the proviral 

genome, and it might overestimate the numbers of provirus that leads to viral rebound due to the 

fact that the vast majority of proviruses are defective156,179,181,194. 

In this thesis, we investigate the strategies to prevent viral reservoir establishment by bNAb 

cocktails in the rhesus monkey model in Chapters II and explore the origin and nature of viral 

rebound in SIV-infected rhesus monkeys following ART discontinuation in Chapters III and IV. 

Together, these data contribute to our understanding of the establishment of the viral reservoir and 

the mechanisms that lead to viral rebound after treatment discontinuation and are critical for the 

future design of therapeutic strategies for HIV cure. 
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CHAPTER II  

PROTECTION AGAINST A MIXED SHIV CHALLENGE BY A BROADLY 

NEUTRALIZING ANTIBODY COCKTAIL  
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Abstract 

HIV-1 sequence diversity presents a major challenge for the clinical development of 

broadly neutralizing antibodies (bNAbs) for both therapy and prevention. Sequence variation in 

critical bNAb epitopes has been observed in the majority of HIV-1 infected individuals and can 

lead to viral escape following bNAb monotherapy in humans. In this study, we show that viral 

sequence diversity can limit both the therapeutic and prophylactic efficacy of bNAbs in rhesus 

monkeys. We first demonstrate that monotherapy with the V3 glycan-dependent antibody 10-1074, 

but not PGT121, results in a rapid selection of pre-existing viral variants containing N332/S334 

escape mutations and loss of therapeutic efficacy in SHIV-SF162P3-infected rhesus monkeys. We 

then show that the V3 glycan-dependent antibody PGT121 alone and the V2 glycan-dependent 

antibody PGDM1400 alone both fail to protect against a mixed challenge with SHIV-SF162P3 

and SHIV-325C. In contrast, the combination of both bNAbs provides 100% protection against 

this mixed SHIV challenge. These data reveal that single bNAbs efficiently select resistant viruses 

from a diverse challenge swarm to establish infection, demonstrating the importance of bNAb 

cocktails for HIV-1 prevention. 
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Introduction 

Broadly neutralizing antibodies (bNAbs) against HIV-1 Env are currently being developed 

for both HIV-1 prevention and therapy195,196. However, HIV-1 diversity presents a major challenge 

for the clinical development of bNAbs. Recent studies have demonstrated that bNAb monotherapy 

in chronically HIV-1-infected individuals rapidly selects for resistant viral variants197-201, 

suggesting that cocktails of bNAbs will be required for effective therapeutic strategies. However, 

the question of whether multiple bNAbs will be required to protect against acquisition of infection 

has not previously been studied in detail.  

 Previous studies in non-human primates that have demonstrated bNAb-mediated 

protection against simian-human immunodeficiency virus (SHIV) challenge have typically used 

single challenge viruses202-204. During sexual transmission of HIV-1 across mucosal barriers, 

however, exposure to a swarm of viral variants is common, even though only a small number of 

founder viruses typically establish the infection205,206. These data suggest that bNAb combinations 

may also be required for HIV-1 prevention strategies. 

In this study, we explored whether single bNAbs would select for resistant SHIV variants 

in both therapeutic and prophylactic experiments in rhesus monkeys. We also evaluated whether 

a bNAb cocktail would be required to protect against a mixed SHIV challenge. We selected the 

V3 glycan-specific antibody PGT121 and the V2 glycan-specific antibody PGDM140073,79 for this 

study, as these bNAbs target different epitopes and are both currently being evaluated in clinical 

trials (NCT02960581, NCT03205917).  
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Results 

Rapid viral escape from single bNAb therapy 

It has been hypothesized that certain bNAbs, such as the V3 glycan-dependent antibody 

PGT121207, might have an intrinsically higher bar to escape than other bNAbs targeting this 

epitope208 as a result of making multiple glycan contacts on the Env surface, a phenomenon termed 

“glycan promiscuity”78. We therefore first compared the therapeutic efficacy of the two related V3 

glycan-dependent antibodies, PGT121 and 10-107476,207, in chronically SHIV-SF162P3-infected 

rhesus monkeys. Animals were infected with SHIV-SF162P3 approximately 7 months prior to a 

single i.v. infusion with 10 mg/kg PGT121 (N=4) or 10-1074 (N=2). Both antibodies had 

comparable neutralizing potency against SHIV-SF162P3 in vitro (IC50 of 0.1 g/ml for 10-1074, 

IC50 of 0.1 g/ml for PGT121) but resulted in markedly different therapeutic efficacy in vivo 

(Figure 2.1). Consistent with our previous findings208, PGT121 infusion resulted in up to a 3 log 

reduction of plasma viral loads to undetectable levels, which was followed by viral rebound in 2 

of 4 animals by day 40 when PGT121 titers declined to <1 ug/ml (data not shown). In contrast, 

10-1074 infusion resulted in only a transient 1.5 log decline of plasma viral loads followed by 

rapid viral rebound to baseline levels by day 14, which is comparable to the reported efficacy of 

10-1074 in SHIV-AD8-infected monkeys209 and HIV-1-infected humans200. 
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Figure 2.1. SHIV-SF162P3 escape from 10-1074 in rhesus monkeys. (A) Log plasma 

viral RNA copies/ml in chronically SHIV-SF162P3-infected rhesus monkeys following 

infusion with a single dose of 10 mg/kg 10-1074 or PGT121 on day 0. Detection limit is 50 

copies/ml. 
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Pre-existing persistent variants in viral challenge stock 

Viral sequencing by single genome amplification following 10-1074 infusion 

demonstrated the emergence of Env mutations at critical contact sites (N332D/T/S/I/K, S334N/R), 

which eliminate the N-linked glycan at position 332 (Figure 2.2). These mutations were present at 

detectable but low levels in the challenge stock and in baseline plasma samples (Figure 2.3), 

suggesting that 10-1074 selected rare pre-existing viral escape variants. In contrast, no mutations 

were observed in the PGT121-treated animals following rebound (data not shown), consistent with 

our prior observations208. Taken together, these data suggest that PGT121 has a higher bar to 

escape than 10-1074 for SHIV-SF162P3, presumably as a result of the ability of PGT121 to make 

multiple glycan contacts on HIV-1 Env78, and thus a single N332/S334 point mutation in the 

context of SHIV-SF162P3 may be insufficient to escape from PGT121. 
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o  

o  

Figure 2.2. Analysis of SHIV env sequences in 10-1074 treated animals. Viral 

sequences by single genome amplification (SGA) of plasma viruses before and after 10-

1074 administration. Highlighted in red are amino acid residues that were detected at day 

14 and 42. *Experiments were designed and performed by J.B.W. 

 



34 

 

 

Figure 2.3. Frequencies of amino acids at critical PGT121 and 10-1074 contact sites in 

the SHIV-SF162P3 challenge stock. “O” indicates an Asn that is part of a potential N-linked 

glycosylation site (PNGS) (positions 295, 301, 332). The critical N332 and S334 residues are 

circled in red. 
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Complementary HIV-1 coverage by PGT121 and PGDM1400 

PGT121 covers approximately 60-70% of global viruses207, and thus we explored which 

bNAbs would complement PGT121 to improve global virus coverage210. PGDM1400 is a V2 

glycan-dependent bNAb with exceptional neutralizing potency and breadth79. We evaluated the 

neutralizing activity of PGT121, PGDM1400, and the combination of PGT121+PGDM1400 

against a panel of 118 multiclade pseudoviruses in TZM-bl assays. PGDM1400 covered 77% of 

viruses in this panel with a median IC80 of 0.57 g/ml, and PGT121 covered 60% of viruses in 

this panel with a median IC80 of 3.26 g/ml (Figure 2.4A). The combination of both bNAbs 

neutralized 97% of pseudoviruses with a median IC80 of 0.03 g/ml, indicating that the 

combination was substantially more potent than either bNAb alone (P=1.0x10-6 and P=4.2x10-11 

comparing IC80 titers for the combination versus PGDM1400 alone and PGT121 alone, 

respectively, Wilcoxon rank-sum tests) and also had greater breadth than either bNAb alone 

(P=2.2x10-6 and P=2.2x10-13 comparing breadth for the combination versus PGDM1400 alone and 

PGT121 alone, respectively, Fisher’s exact tests) (Figure 2.4B). These data suggest a remarkable 

complementarity between PGT121 and PGDM1400, as viruses resistant to one of these antibodies 

are largely susceptible to the other antibody79. The combination of PGT121+PGDM1400 covered 

97-100% of viruses from clades A, B, C, and CRF01 in this global panel (Figure 2.4C). Moreover, 

the combination led to complete (>95%) neutralization of 86% of viruses in this panel, as 

compared with 59% for PGDM1400 and 53% for PGT121 (P=9.3x10-6 and P=5.1x10-8, 

respectively, Fisher’s exact tests).  
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Figure 2.4. Complementarity of neutralization profiles of PGDM1400 and PGT121 

against HIV-1. (A) IC80 titers for PGDM1400, PGT121, and the combination of 

PGT121+PGDM1400 against a panel of 118 multiclade viruses. IC80 titers are shown as a 

heatmap with viruses represented in rows. Dark red indicates more potent neutralization and 

light yellow indicates less potent neutralization. Blue indicates IC80 neutralization titers >50 

g/ml. The IC80 titers in the combination reflect the concentration of each bNAb. (B) IC80 

breadth-potency plots for PGDM1400, PGT121, and the combination of PGT121 and 

PGDM1400. (C) IC80 titers for PGDM1400, PGT121, and the combination of PGT121 and 

PGDM1400 for pseudoviruses from clades A, B, C, and CRF01. The percent of viruses with 

IC80 titers >50 g/ml are shown on the top of each panel. P values reflect Fisher’s exact tests. 

*Experiments were designed and performed by M.S.S., K.W., W.M.F., and B.T.K. 
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In vivo protection against mixed SHIV challenge 

The complementarity of PGT121 and PGDM1400 in vitro suggests the combination of 

these two bNAbs as an HIV-1 prevention strategy. We, therefore, evaluated the protective efficacy 

of PGDM1400 alone, PGT121 alone, or the combination of PGT121+PGDM1400 in rhesus 

monkeys against a mixed SHIV challenge with the clade B SHIV-SF162P3211 and the clade C 

SHIV-325C. SHIV-SF162P3 was sensitive to PGT121 but resistant to PGDM1400 in vitro, 

whereas SHIV-325C was sensitive to PGDM1400 but resistant to PGT121. 20 rhesus monkeys 

(N=5/group) were infused i.v. with 10 mg/kg of PGDM1400, 10 mg/kg of PGT121, the 

combination of 5 mg/kg PGT121 + 5 mg/kg PGDM1400, or phosphate-buffered saline as control. 

Animals were challenged the following day by the i.r. route with 500 TCID50 of SHIV-SF162P3 

+ 500 TCID50 of SHIV-325C.  

Following the challenge, all sham control animals became infected with peak plasma viral 

loads of 6.60-7.73 log RNA copies/ml on day 14 (Figure 2.5). Similarly, 100% (5 of 5) of animals 

that received PGDM1400 alone became infected with peak plasma viral loads of 5.46-7.74 log 

RNA copies/ml, and 100% (5 of 5) of animals that received PGT121 alone also became infected 

but with lower peak plasma viral loads of 3.97-5.26 log RNA copies/ml. In contrast, 0% (0 of 5) 

of animals that received the combination of PGT121+PGDM1400 exhibited detectable plasma 

viral loads (>50 RNA copies/ml) at any point in time (Figure 2.5), indicating that only the 

PGT121+PGDM1400 combination protected against this mixed SHIV challenge (P=0.008 

comparing the combination group with either the PGDM1400 alone group or the PGT121 alone 

group, Fisher’s exact tests).  
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 Figure 2.5. Protective efficacy of the combination of PGT121+PGDM1400 against a mixed 

SHIV challenge in rhesus monkeys. 5 animals per group received either an i.v. single dose of 

PGDM1400, PGT121, the combination of PGT121+PGDM1400, or saline (Sham) before being 

rectally challenged with a high dose of both SHIV-SF162P3 and SHIV-325c. Log plasma viral 

RNA copies/ml following mixed challenge with SHIV-SF162P3 and SHIV-325C. Red line 

indicates median values. Detection limit is 50 copies/ml. 
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SHIV env sequences in breakthrough infections from plasma and PBMC 

Viral sequencing by single genome amplification from both plasma and PBMC at weeks 

2-6 following challenge indicated that 100% of clones in the PGT121-treated animals were SHIV-

325C, whereas 100% of clones in the PGDM1400-treated animals were SHIV-SF162P3 (Figure 

2.6 and 2.7), consistent with the resistance patterns of these viruses. The sham controls were 

detectably infected with only SHIV-SF162P3 (Figure 2.6 and 2.7), which has greater replication 

capacity than SHIV-325C. These findings were confirmed by strain-specific RT-PCR assays 

(Figure 2.8 and 2.9), demonstrating that each bNAb alone efficiently selected resistant variants 

from the challenge swarm for the establishment of primary infection.  
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Figure 2.6. Analysis of SHIV env sequences in breakthrough infections. Maximum 

likelihood tree depicting SHIV env sequences by single genome amplification (SGA) of 

plasma viruses at weeks 2-6 following challenge. Highlighted in green are the sequences 

of the challenge stock SHIVs. 
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Figure 2.7. Analysis of SHIV env sequences in breakthrough infections. Maximum 

likelihood tree depicting SHIV env sequences by single genome amplification (SGA) 

of PBMC viral DNA at weeks 2-6 following challenge. Highlighted in green are the 

sequences of the challenge stock SHIVs. 



42 

 

 Figure 2.8. Protective efficacy as measured by SHIV-SF162P3–specific viral loads. 

Complementing the data shown in Figure 5, log plasma viral RNA copies/ml following mixed 

challenge with SHIV-SF162P3 and SHIV-325C, using SHIV-SF162P3-specific RT-PCR 

assays. Red line indicates median values. 
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Figure 2.9. Protective efficacy as measured by SHIV-325C–specific viral loads. 

Complementing the data shown in Figure 5, log plasma viral RNA copies/ml following mixed 

challenge with SHIV-SF162P3 and SHIV-325C, using SHIV-325C-specific RT-PCR assays. 

Red line indicates median values. 
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Diversity of HIV-1 sequences in target bNAb epitopes 

We next evaluated the variation in key PGDM1400 and PGT121 contact and signature 

positions in HIV-1-infected humans. Signature residues were resolved using a phylogenetically 

corrected strategy using large panels of M group or C clade viruses (B. Korber et al., submitted), 

and contact sites were found by structural modeling using structures of PGT145 and PGT122 

complexed with HIV-1 Env and of PGDM1400 and PGT121 Fabs79,212-214. The variation of key 

signature residues at contact sites for PGDM1400 and PGT121 binding to HIV-1 Env from 

multiple clades was then defined. In these Logo plots, “O” represents an Asn that occurs in a 

potential N-linked glycosylation site (PNGS).  

We assessed sequence variability in these key PGDM1400 and PGT121 signature positions 

in 10 HIV-1-infected individuals that had been sampled longitudinally and for whom there were 

>150 full-length published env sequences in the Los Alamos Sequence Database. The key N332 

PNGS for PGT121 exhibited variability in 8/10 individuals, including in those with primarily 

sensitive virus, and the D325 site showed variability in 7/10 individuals (Figure 2.10). D325 is a 

key contact residue, and a D325A substitution can reduce neutralization sensitivity 9-fold and can 

completely abrogate sensitivity in conjunction with the loss of the N332 glycosylation site 215. The 

key N160 PNGS for PGDM1400 was variable in only 3/10 individuals, but a critical R166 

signature was either variable or lost in 5/10 individuals, and the key K/R169 positive charge was 

either variable or lost in 10/10 individuals (Figure 2.10)212. These findings in a random sample of 

HIV-1 infected individuals suggest that diverse resistance profiles evolve over time in HIV-1-

infected humans.  
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Figure 2.10. Intrapatient variation in key contact signatures for PGDM1400 and PGT121. 

LOGO plots of viral sequence diversity in the key PGDM1400 and PGT121 contact sites in 10 

HIV-1-infected individuals for whom >150 full-length env sequences were available in the Los 

Alamos Sequence Database. The subject ID is indicated above each plot. The x-axis indicates the 

amino-acid position based on HxB2 numbering. The y-axis indicates the probability of an amino-

acid at this location. “O” indicates an Asn that is part of a potential N-linked glycosylation site 

(PNGS). Blue reflects sensitivity signatures, red reflects resistance signatures, and black reflects 

no statistically significant associated with antibody sensitivity. *Experiments were designed and 

performed by P.A., K.W., W.M.F., and B.T.K. 
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Discussion 

Our data demonstrate that bNAbs can rapidly and specifically select for resistant viral 

variants within a diverse challenge swarm, resulting in efficient breakthrough infection with 

resistant SHIV strains. Both PGDM1400 alone and PGT121 alone failed to protect against 

challenge with a mixture of SHIV-SF162P3 and SHIV-325c in rhesus monkeys, whereas the 

combination of both bNAbs protected with 100% efficacy. These findings suggest that a 

combination of bNAbs will be required to provide optimal protection against the acquisition of 

HIV-1 infection.  

All the sham controls exhibited only SHIV-SF162P3 replication by both SGA and subtype-

specific RT-PCR assays. The absence of detectable SHIV-325c replication in the sham controls 

suggests that SHIVSF162P3 has higher replicative capacity than SHIV-325c in vivo, although we 

cannot exclude the possibility that a low level of SHIV325c replication occurred in these animals 

below the level of detection (<50 copies/ml). In the presence of PGT121 selection pressure, 

however, robust infection with SHIV-325c occurred in 100% of animals. These findings are 

consistent with the observation that during primary HIV-1 infection, transmitted founder viruses 

with higher replication rates are selected from a mixed swarm216. However, whether the bNAb-

mediated selection of resistant viral variants occurs entirely at the mucosal site of inoculation or 

at distal sites of early infection remains to be determined217,218. 

Multiple previous studies have shown that single bNAbs and bNAb combinations robustly 

protect against SHIV challenges in rhesus monkeys, presumably as a result of relatively limited 

viral sequence diversity in most SHIV challenge stocks202-204. Our findings suggest that the 

increased viral diversity observed in HIV-1 swarms may compromise the efficacy of single bNAbs 

for prevention of acquisition of HIV-1 infection, as a result of a greater frequency of resistant viral 
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variants and the remarkable efficiency of bNAbs to select resistant viruses within a swarm. In the 

plasma viruses of the 10 randomly selected individuals that we analyzed, variations in key 

PGDM1400 and PGT121 contact and signature positions were frequent. Moreover, bNAbs rapidly 

select minor resistant variants in chronically infected hosts, as shown here for 10-1074, as well as 

in prior studies in SHIV-infected rhesus monkeys and HIV-1–infected humans197-201,209, although 

certain bNAbs such as PGT121 may have a higher bar to escape than 10-1074 against a subset of 

viruses. PGT121 and PGDM1400, both alone and in combination, are currently being explored in 

clinical trials (NCT02960581 and NCT03205917). A recent study has similarly shown that a tri-

specific Env antibody can also protect against a mixed SHIV challenge219.  

Taken together, these data demonstrate the importance of developing bNAb cocktails for 

both prevention and therapy of HIV-1 infection to cover viral diversity as well as resistant variants 

within diverse viral populations.  
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Materials and Methods 

Animals 

26 outbred, Indian-origin male and female rhesus monkeys (Macaca mulatta) were genotyped and 

selected as negative for the protective MHC class I alleles Mamu-A*01, Mamu-B*08, and Mamu-

B*17. TRIM5 polymorphisms were balanced equally among groups. 6 animals were chronically 

infected with SHIV-SF162P3 and were utilized for the therapeutic study, whereas 20 naïve animals 

were utilized for the prophylactic study. Monkeys were housed at Bioqual, Rockville, MD, and 

AlphaGenesis, Yemassee, SC. Animals received 5-10 mg/kg of various bNAbs (10-1074, PGT121, 

PGDM1400) by the i.v. route and were challenged i.r. with 500 TCID50 of SHIV-SF162P3 + 500 

TCID50 of SHIV-325C. Generation of these SHIV stocks has been previously described211,220 (B. 

Julg et al., submitted). All immunologic and virologic assays were performed blinded. All animal 

studies were approved by the appropriate Institutional Animal Care and Use Committee (IACUC). 

Antibodies 

10-1074, PGT121, and PGDM1400 were produced as previously described207 and purified by 

Protein A affinity matrix (GE Healthcare). All the monoclonal antibody preparations were 

endotoxin-free.  

ELISAs 

PGDM1400 and PGT121 antibody titers were measured by a quantitative ELISA as previously 

described207 using anti-idiotypic antibody-coated microtiter plates to capture the monoclonal 

antibodies followed by detection using an HRP-conjugated anti-human IgG antibody. 

TZM-bl neutralization assays 

Neutralization of the two SHIV challenge stocks was evaluated in vitro by using TZM-bl target 

cells and a luciferase reporter assay as described221. 
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Viral RNA assays  

Plasma SHIV RNA levels were measured using a gag targeted quantitative real-time RT-PCR 

assay, and tissue levels of SHIV RNA and DNA were measured using gag targeted, nested 

quantitative hybrid real-time/digital RT-PCR and PCR assays, essentially as described208.  

Strain-specific RT-PCR assays 

Viral RNA was reverse transcribed using the universal SHIV primer vl-EnvR, 5’-

CAATAATTGTCTGGCCTGTACCGTC. Probes and primers were designed to target the specific 

regions of either SHIV-SF162P3 or SHIV-325C. Primers including SF162P3 vl-EnvF, 5’-

TTGGAGAATGCTACTAATACCAC, vl-EnvR, 5’-CCTATGCTTGTGGTGACGTT and probe, 

5’-ATGAACAGAGGAGAAATA linked to FAM and BHQ (Biosearch Technology) were used 

for SHIV-SF162P3-specific viral load assay; primers including 325C vl-EnvF, 5’-

CGGGAAACATAACATGTAGATCAAA, vl-EnvR, 5’-TTCTCCCTTTTCTCCTCCATCA and 

probe, 5’-ACAGGACTACTGGTGACAC linked to Cy5 (Integrated DNA Technologies) were 

used for SHIV-325C-specific viral load assay.  

SHIV-SF162P3 deep sequencing 

Env amplicon deep sequencing was performed using pairs of primers designed to target V3 and 

V2 regions of SHIV-SF162P3 Env. SHIV-SF162P3 RNA was isolated and reverse transcribed by 

SF162P3 NGS-V3R, 5’-TTCTGGGTCCCCTCCTGAGG. Primers including NGS-V3F, 5’-

GTACAGCTGAAGGAATCTGTAG, and NGS-V3R were used for V3 amplification; primers 

including NGS V2F, 5’- GTAATTGGAAAGAGATGAACAGAGGAG, and NGS V2R, 5’- 

GGGCACAATAATGTATGGGAATTGG were used for V2 amplification. NEBNext DNA 

Library Prep Kit for Illumina (New England Biolabs) was used for V3 and V2 amplicon library 

preparation based on manufacturer’s protocols.  
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Sequence analysis 

Adaptor sequences and low-quality bases (quality scores < 30) were removed from Illumina 

sequences using bbduk from the BBTools suite (http://jgi.doe.gov/data-and-tools/bbtools). The 

following adaptor sequences were used: the NEBnext 'universal' primer, 5'-

AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC

T-3' and its complement; two index primers, 5'-CAAGCAGAAGACGGCATACGAGATC-

ACTGTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC-3' (for the V2 sequences), and 5'-

CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTCAGACGTGTGCTCT-

TCCGATC-3' (for the V3 sequences), and their reverse complements (dash characters delimit the 

complements of the sequencing bar codes). Adaptor trimming used the parameters "ktrim=r k=27 

mink=4 hdist=2 tpe tbo"; quality trimming used "qtrim=rl trimq=30". Paired-end sequences were 

aligned against SF162P3 Env using Bowtie2 (http://bowtie-

bio.sourceforge.net/bowtie2/index.shtml; version 2.1.0; parameters "--very-sensitive-local --

reorder"), sorted and indexed using samtools, processed into paired-end fasta files and translated 

into amino-acids using custom Perl code (wfischer@lanl.gov). PCR-primer derived sequences 

were removed by visual inspection of translated sequences (V3-F: VQLKESV; V3-R: SGGDPE; 

V2-F: NWKEMNRG; V2-R: PIPIHYCA) using Aliview 222. Sequences were removed from the 

data set if they were not complete throughout the regions of interest, or if they contained stop-

codons. N-linked glycosylation sites were computed by matches to the recognition sequence N-x-

[ST], where x represents any amino-acid other than proline, and represented in alignments by the 

letter 'O'. Finally, columns matching signature positions were extracted from the alignment based 

on HXB2 numbering (https://www.hiv.lanl.gov/content/sequence/LOCATE/locate.html and the 

PDB entry 5FYJ, chain G).  
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Single genome amplification (SGA) 

SGA assays were performed essentially as described 205 except that the primers used here were 

designed to target conserved regions of SHIV SF162P3 and 325C. Briefly, viral RNA was isolated 

and reverse transcripted to viral cDNA using SHIV SGA EnvR1, 5’-CAATAATTGTCTGG-

CCTGTACCGTC. First-round PCR was carried out with Q5 High-Fidelity 2X Master Mix (NEB) 

together with primer SHIV SGA EnvF1, 5’-TATGGGGTACCTGTGTGGAA and SHIV SGA 

EnvR1. PCR conditions were programmed as follows, 1 cycle of 98°C for 30 s, 35 cycles of 98°C 

for 15s, 55°C for 15s and 72°C for 55s, followed by a final extension of 72°C for 2 min. 1 μL of 

the first-round PCR product was added to Q5 Master Mix with primer SHIV SGA EnvF2, 5’-

GCCTGTGTACCCACAGAC and EnvR2, 5’- ATAGTGCTTCCTGCTGC. PCR conditions were 

programmed as above mentioned but increased to 45 cycles for the second step. Amplicons from 

cDNA dilutions resulting in less than 30% positive were a result of a single cDNA amplification 

and were preceded for sequencing. For each sample, between 15-30 sequences were analyzed. 

Env contact sites for PGDM1400 

Since no structures exist for PGDM1400 in complex with Env trimers, we used a cryo-EM 

structure of the related antibody PGT145 in complex with Env trimer 212 and structural modeling 

to find Env contact sites for PGDM1400. We aligned the HCDR3 from the crystal structure of the 

PGDM1400 Fab79 to the PGT145 Fab, using positions 88-108 and the alignment function from 

Pymol, to estimate how PGDM1400 might interact with Env trimer. Then we isolated all Env 

amino acids and glycans that had any heavy atoms within 8.5Å of PGDM1400 heavy atoms. The 

lists below show PGDM1400 HXB2 positions of contact sites (including glycans) and PGT145 

contact sites, which we obtained from the original cryo-EM structure. Most of the contact sites are 

shared between PGDM1400 and PGT145, with 119,129,130 and 158 being only in PGT145 
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contacts, and 200 and 314 only in PGDM1400 contacts. When the PGDM1400 contact sites 

contained amino acids that were significantly associated with sensitivity or resistance with a q-

value of < 0.2 (Korber et al., submitted), they are shown below in bold, and these are the positions 

we tracked globally and within-subjects using published longitudinal sequencing data (Figure 4). 

Positions 160-162 comprise a glycosylation site with the motif Nx[ST] that is essential an Env to 

be sensitive to PGDM1400 neutralization. A positive charge at position 169 was also particularly 

highly significantly associated with PGDM1400 sensitivity (Korber et al., submitted). The other 

sites (161, 165, 166, and 167) had significant but more modest associations. 

PGDM1400 contact sites: 120 121 122 123 124 125 126 127 128 159 160 161 162 163 164 165 

166 167 168 169 170 171 200 309 312 313 314 315 

Env contact sites for PGT121 

Since no structures exist for PGT121 in complex with Env trimers, we used a cryo-EM structure 

of the related antibody PGT122 in complex with Env trimer 213 and modeled the contact surface 

of PGT121 on the SOSIP trimer. Specifically, we aligned the HCDR3 from the crystal structure 

of the PGT121 Fab crystal structure 74 to the PGT122 Fab, using positions 88-101 and the 

alignment function from Pymol to estimate how PGT121 might interact with the Env trimer. Then 

we isolated all Env amino acids and glycans that had any heavy atoms within 8.5Å of 

PGT121/PGT122 Fab heavy atoms. These contact sites are listed below. The hypervariable region 

of V1 is not alignable, so we did not perform standard signature analysis on this region, and these 

positions are shown in grey. The contact sites with significant PGT121 resistance signatures (q < 

0.2, Korber et al., submitted), are shown below in bold.  
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PGT121 contact sites: 133 134 135 136 137 138 138A 138B 138C 138D 138E 151 152 154 175 

296 297 298 299 300 301 302 322 322A 323 324 325 326 327 328 329 330 331 332 385 414 415 

416 417 418 419 

PGT121 glycan sites: 156 301 332 392 413 442 

We also included several strong signatures that were not directly in the contact surface. The 

potential N-linked glycosylation site (PNGS) at 295, which is a favored signature for PGT121, but 

it is not present in this particular structure. We also included the potential N-linked glycosylation 

site (PNGS) at 334, which is often gained when the key signature site when the PNGS at N332 is 

lost. The signature sites were then resolved using a phylogenetically corrected strategy223,224 to 

identify amino acid in key positions that are associated with either resistance or sensitivity to 

PGT121 to large panels of 207 M group viruses or 200 C clade viruses (Korber et al., submitted). 

Statistical analyses 

Analyses of independent data were performed by Wilcoxon rank sum tests, and comparisons of 

categorical variables were performed using Fisher’s exact tests. P values less than 0.05 were 

considered significant. Combination IC80 titers were calculated using the Bliss-Hill model, which 

has been shown to provide accurate predictions of combination neutralization properties using 

those of individual bNAbs210. Statistical analyses were performed using GraphPad Prism or the 

Stats module in Scipy (http://www.scipy.org2015). MEGA6 was used to do the single genome 

sequence alignments and create the maximum likelihood tree.  

http://www.scipy.org2015)/
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CHAPTER III 

ORIGIN OF REBOUND VIRUS IN CHRONICALLY SIV-INFECTED RHESUS 

MONKEYS FOLLOWING TREATMENT DISCONTINUATION  
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Abstract 

Viral rebound following antiretroviral therapy (ART) discontinuation in HIV-1-infected 

individuals is believed to originate from a small pool of CD4+ T cells harboring replication-

competent provirus8,10,15,109,110,225. However, the origin and nature of the rebound virus have 

remained unclear. Recent studies have suggested that the rebound virus does not originate directly 

from individual latent proviruses but rather from recombination events involving multiple 

proviruses189-191,226. Here we evaluate the origin of rebound virus in 16 ART-suppressed, 

chronically SIV-infected rhesus monkeys following ART discontinuation. We sequenced viral 

RNA and viral DNA in these animals prior to ART initiation, during ART suppression, and 

following viral rebound, and we compared rebound viral RNA after ART discontinuation with 

near full-length viral DNA from peripheral blood and lymph node mononuclear cells (PBMC and 

LNMC) during ART suppression. Sequences of initial rebound viruses closely matched viral DNA 

sequences in PBMC and LNMC during ART suppression. Recombinant viruses were rare in the 

initial rebound virus populations but arose quickly within 2-4 weeks after viral rebound. These 

data suggest that intact proviral DNA in PBMC and LNMC during ART suppression is likely the 

direct origin of viral rebound in chronically SIV-infected rhesus monkeys following ART 

discontinuation. 
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Introduction 

ART leads to durable suppression of HIV-1 replication in the majority of individuals, but 

the persistent viral reservoir in resting memory CD4+ T cells is the key barrier to HIV-1 cure and 

leads to viral rebound in the vast majority of HIV-1-infected individuals following ART 

discontinuation8,10,15,109,110,225. A major gap in our knowledge is an understanding of the molecular 

and cellular origin of rebound virus. Prior studies from clinical trials of HIV-1-specific broadly 

neutralizing antibodies (bNAbs) in which individuals underwent analytical treatment interruption 

(ATI) reported that latent proviruses prior to ATI and rebound viruses following ATI share very 

limited overlapping env sequences, suggesting that rebound viruses are either not present or are 

rare in the viral reservoir189-191,226. Moreover, these studies suggested that rebound viruses 

represented recombinants of multiple latent proviruses found in the reservoir during ART 

suppression189-191,226. To evaluate this question in further detail, we generated near full-length 

sequences of putative replication-competent viral DNA in PBMC and LNMC from ART-

suppressed, SIV-infected rhesus monkeys, and we compared these sequences to rebound viral 

RNA sequences following ART discontinuation. 
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Results 

Dynamics of plasma viral RNA and cell-associated DNA prior to and post ART initiation  

16 Indian-origin adult rhesus monkeys (Macaca mulatta) were chronically infected with 

SIVmac251 and were viremic for 85 weeks prior to ART initiation (Figure 3.1). At the time of 

ART initiation with TDF/FTC/DTG (week 0), monkeys had median plasma viral loads of 5.04 log 

RNA copies per ml (range 2.67–6.45 log RNA copies per ml) and were divided into three groups 

based on viral loads (Figure 3.2). Viral RNA declined following initiation of ART, but animals 

with higher viral loads required up to 40 weeks for full virologic suppression. Residual viral blips 

were observed during ART in all groups. From week 64-86, 10 doses of TLR7 (GS-9620) or TLR8 

(GS-566) agonists were administered to monkeys approximately every two weeks. Blood was 

collected on days 0, 1, 2 relative to each TLR agonist administration, and was assessed for viral 

blips and evidence of cellular immune activation (Fig 3.2). Viral blips were observed in 2 monkeys 

in the TLR7 agonist group, 2 monkeys in the TLR8 agonist group, and 3 monkeys in the sham 

group, suggesting that the viral blips were not related to TLR7 or TLR8 agonist administration, 

consistent with a previous report227.  
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Figure 3.1. Study design. (A) Sixteen rhesus monkeys were infected with SIVmac251 at 

week -85 and were viremic until ART initiation at week 0. TLR7 agonist (GS-9620) and 

TLR8 agonist (GS-566) were administered 10 times from weeks 64 to 86. ART was 

discontinued at week 90. Colored arrows showed the timepoints when plasma viral RNA 

or viral DNA was sequenced. (B) Animal IDs in each group. 
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Figure 3.2. Plasma SIV RNA during ART suppression. (A) Plasma viral RNA (log 

copies/ml) is shown before (weeks 0-64) and during (weeks 64-86) TLR administrations. 

Vertical dashed lines reflect the 10 TLR administrations. The x-axis represents weeks 

following ART initiation.  
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The effect of Toll-like receptor (TLR) agonists on cell-associated DNA during ART 

suppression 

Viral DNA levels remained relatively stable in the sham group over the course of the study, 

and there was no clear impact of either TLR7 or TLR8 agonists on viral DNA levels in PBMC or 

LNMC (Figure 3.3). Both TLR7 and TLR8 agonists led to the activation of CD4+ T cells in PBMC, 

as evidenced by increased CD69 expression by day 1 after TLR agonist administration as well as 

enhanced TLR7- and TLR8-specific plasma cytokine profiles (Figure 3.4). 
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Figure 3.3. Cell-associated DNA during ART suppression. (B) Cell-associated viral 

DNA (log copies/million cells) in PBMC and LNMC. Red lines indicate median values. 
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Figure 3.4. Immune activation and plasma cytokine profile following TLR agonist 

administration. (A) Activation of CD4+ T cells was assessed by CD69 expression on days 0 

and 1 following TLR agonist administration. (B) Plasma cytokine following TLR agonist 

administration. Values were shown by subtracting the pre-dose value from the post-dose value. 

Representative data are shown following the first TLR agonist dose, which were comparable to 

the subsequent TLR7 agonist doses. Red horizontal bars indicate mean values.  
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The effect of TLR agonists on viral rebound following ART discontinuation 

At week 90, ART was discontinued in all groups, and animals were monitored for viral 

rebound. Viral rebound in plasma was observed in all animals (Figure 3.5A). All sham controls 

rebounded by day 7-10 following ART discontinuation and exhibited median setpoint plasma SIV 

RNA levels of 4.38 log copies per ml (range 4.29-6.42 log copies per ml). Animals in the TLR8 

agonist group also rebounded by day 7-10 following ART discontinuation and exhibited median 

setpoint plasma SIV RNA levels of 5.71 log copies per ml (range 3.58-6.34 log copies per ml). In 

contrast, animals in the TLR7 agonist group rebounded by day 10-28 following ART 

discontinuation and exhibited median setpoint plasma SIV RNA levels of 3.89 log copies per ml 

(range 2.38-6.09 log copies per ml). Thus, the TLR7 agonist GS-9620 led to a modest 2.5-fold 

delay in the time to viral rebound from a median of 8.5 to 21 days, as compared with the TLR8 

agonist group and the sham controls (P=0.02 and P=0.05, respectively, Mann–Whitney test) 

(Figure 3.5 and 3.6), consistent with our previous published data228,229.  
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Figure 3.5. Plasma SIV RNA following after ART discontinuation. (A) Plasma viral 

RNA (log copies/ml) is shown for days 0-56 following ART discontinuation for the TLR7 

agonist, TLR8 agonist, and sham groups. (B) Days to viral rebound defined as the first 

detectable plasma SIV RNA in each animal. Red horizontal bars indicate median values. 

P values calculated using two-sided Mann–Whitney tests. 
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Figure 3.6. Kinetics of viral rebound after treatment discontinuation. (A) Summary of 

median viral rebound kinetics in each group. Data are shown as median log SIV RNA 

copies/ml (B) Kaplan–Meier curve shows the time to viral rebound. 
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Diversity of plasma viremia in chronically SIV-infected animals prior to ART initiation 

We utilized this cohort of animals to compare the sequences of rebound viral RNA 

following ART discontinuation, pre-ART viral RNA and near full-length viral DNA in PBMC 

prior to ART initiation, and near full-length viral DNA in PBMC and LNMC during ART 

suppression. Pre-ART viral RNA was extracted from plasma from viremic monkeys at week -14 

prior to ART initiation, and 10-15 full-length env and gag+pol sequences were generated by single 

genome amplification (SGA). Sequences were aligned and compared to the reference SIVmac251 

challenge stock, and neighbor-joining trees showed the viral diversity and divergence of 

circulating virus in these animals (Figure 3.7A). Viral sequences isolated from each animal were 

clustered in distinct lineages that separated from other animals. The average distance of the 

sequences from each animal to the SIVmac251 challenge consensus ranged from 0.0048 to 0.0174 

with the median of 0.0104 base substitutions per site (Figure 3.7B), and the average pairwise 

distance of virus population diversity for each animal ranged from 0.0032 to 0.0149 with the 

median of 0.0086 base substitutions per site (Figure 3.7C). The viral divergence to the stock and 

viral diversity within each animal was comparable to those parameters in HIV-1-infected 

individuals after 1 year of chronic infection (0.0102 ± 0.0014 and 0.0092 ± 0.0027 per year, 

respectively)85. These data demonstrate substantial viral sequence diversity in the chronically SIV-

infected animals prior to ART initiation.  
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Figure 3.7. Diversity of plasma viral RNA sequences prior to ART initiation. (A) 

Phylogenetic tree of env sequences from plasma viral RNA in viremic, chronically SIV-infected 

monkeys at 14 weeks prior to initiation of ART. The black lines represent the SIVmac251 

challenge stock and viral RNA sequences from each animal are shown in colors. (B) Average 

phylogenetic distance of plasma virus from each animal to the SIVmac251 challenge stock. (C) 

Average pairwise distance of virus population diversity for each animal. (B) and (C) Viral 

divergence and viral diversity within each animal were compared to previously reported values 

of HIV-1-infected individuals after 1 year of infection. 
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Near full-length hypermutated proviruses in LNMC and PBMC during ART suppression 

We next sequenced near full-length (NFL) viral DNA prior to and during ART suppression. 

Genomic DNA was extracted from PBMC during chronic infection prior to ART initiation (Pre-

ART PBMC), PBMC during ART suppression (ART PBMC), and LNMC during ART 

suppression (ART LNMC). A total of 800 NFL viral sequences were obtained (Figure 3.8). Similar 

to the previous findings183, we observed that 9% of NFL viral DNA sequences in PBMC were 

hypermutated prior to ART initiation (Figure 3.9A), and this percentage increased to 20% during 

ART suppression. Notably, the percentage of hypermutated NFL viral sequences was 52% in 

LNMC during ART suppression, suggesting potential anatomic differences in PBMC and LNMC 

viral reservoirs and indicating that over half of NFL viral genomes in lymph nodes were defective.  

 



70 

 

 
Figure 3.8. NFL viral landscape in PBMCs and LNMCs. All NFL sequences harvested 

from (A) Pre-ART PBMC (B) ART PBMC and (C) ART LNMC samples were aligned to 

the SIVmac251 challenge stock consensus sequence. Individual horizontal lines represent 

800 unique NFL sequences. Vertical black bars showed the nucleotide mismatches 

compared to challenge stock consensus sequence.  
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Figure 3.8. NFL viral landscape in PBMCs and LNMCs (continued).  
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Figure 3.9. Near full-length viral DNA from PBMC and LNMC. (A) Percentage of 

hypermutated NFL viral DNA sequences. (B) Average distance of putative replication-

competent NFL (rcNFL) viral DNA sequences in each animal compared to the 

SIVmac251 challenge stock. Viral DNA from PBMC prior to and during ART 

suppression, and from LNMC during ART suppression are shown. Red lines indicate 

median values. P values calculated using two-sided Mann–Whitney tests. 
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Evolution of putative replication-competent near full-length provirus during ART 

suppression 

We established a pipeline to identify putative replication-competent NFL (rcNFL) viral 

DNA with intact gag, pol, and env open reading frames and Ψ/MSD sequences (Figure 3.10). A 

total of 500 rcNFL viral DNA sequences were obtained, and we selected the most diverse env gene 

for detailed analysis. The average distance of env sequences from rcNFL viral DNA to the 

consensus sequence of the SIVmac251 challenge stock was calculated (Figure 3.9B). The 

phylogenetic distances of rcNFL viral DNA from pre-ART PBMC, ART PBMC, and ART LNMC 

samples to the stock were comparable, suggesting that there was no substantial viral evolution 

while on ART, consistent with previous studies165,230.  
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 Figure 3.10. Pipeline for identification of putative replication-competent NFL (rcNFL) 

viral DNA. Raw sequences were first filtered to obtain NFL viral DNA sequences at 

appropriate length. NFL sequences were analyzed by the Hypermut 2.0 (www.hiv.lanl.gov) 

and manually to exclude hypermutants that contain early stop codons in gag, pol or env 

regions. The remaining sequences that contained Ψ/MSD were considered as putative 

replication-competent NFL viral DNA. 



75 

 

Phylogenetic analysis of rebound viral RNA following ART discontinuation and near full-

length proviral DNA during ART suppression 

Following ART discontinuation, viral loads were monitored twice weekly in all animals. 

To evaluate whether the rebound viral RNA sequences were genetically related to rcNFL viral 

DNA sequences from PBMC or LNMC during ART suppression, we isolated initial plasma 

rebound viruses in each monkey 1-4 weeks after ART discontinuation (Figure 3.5), and env regions 

were sequenced. The median distance of rcNFL viral DNA in ART PBMC and ART LNMC to 

the initial rebound viral RNA was comparable (Figure 3.11A). env sequences from the initial 

rebound viral RNA and rcNFL viral DNA during ART suppression were then aligned with the 

SIVmac251 challenge stock, and neighbor-joining trees were generated for all 16 monkeys (Figure 

3.11B-11D, 3.12).  

The initial rebound viral RNA sequences closely clustered with putative rcNFL viral DNA 

sequences from PBMC and LNMC in all animals. We identified nearly identical sequences to the 

initial rebound viruses in the putative rcNFL viral DNA sequences in PBMC and LNMC during 

ART suppression. In monkey KIC (Figure 3.11B), the closest initial rebound viral RNA sequences 

matched rcNFL viral DNA sequences in PBMC by 99.96% (1 nucleotide difference). Within the 

same rebound viral lineage, additional rebound viral RNA sequences matched rcNFL viral DNA 

sequences in PBMC by 99.92% and 99.84% (2 and 4 nucleotide differences), respectively. In 

monkey DEKW (Figure 3.11C), the initial rebound viral RNA sequences matched rcNFL viral 

DNA sequences in PBMC by 99.81% (5 nucleotide difference). In monkey DEAE (Figure 3.11D), 

the initial rebound viral RNA sequences matched rcNFL viral DNA sequences in LNMC by 

99.89% (3 nucleotide difference) and in PBMC by 99.85% (4 nucleotide difference). For the 

remaining 13 animals (Figure 3.12), the initial rebound viral RNA sequences matched rcNFL viral 
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DNA sequences by 99.2-99.8%, except for monkey DEL5 that likely had insufficient samples for 

sequencing, but still showed a 98.3% match. Similar results were obtained by including Pre-ART 

PBMC sequences in the trees (Figure 3.13). These data demonstrate that putative rebound-

competent proviral DNA persisted in PBMC and LNMC despite prolonged ART suppression and 

closely matched the initial rebound virus following ART discontinuation. 
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Figure 3.11. Initial rebound viral RNA sequences compared with rcNFL viral DNA 

sequences from PBMC and LNMC. (A) Average distance of env sequences from the 

initial rebound virus to rcNFL viral DNA in PBMC and LNMC in each animal. (B) to 

(D) Phylogenetic trees of initial plasma rebound viral RNA sequences following ART 

discontinuation and rcNFL viral DNA sequences from PBMC and LNMC from three 

animals (KIC, DEKW, DEAE). The closest matches are indicated with a vertical red 

line with the sequence identity indicated. 
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Figure 3.12. Initial rebound viral RNA sequences compared with rcNFL viral DNA 

sequences from PBMC and LNMC. Phylogenetic trees of initial plasma rebound viral 

RNA sequences following ART discontinuation and rcNFL viral DNA sequences from 

PBMC and LNMC from 13 animals. The closest matches are indicated with a vertical red 

line with the sequence identity indicated. 
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Figure 3.12. Initial rebound viral RNA sequences compared with rcNFL viral DNA 

sequences from PBMC and LNMC (continued). 
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 Figure 3.13. Initial rebound viral RNA sequences compared with rcNFL viral DNA 

sequences from Pre-ART PBMC, ART PBMC and ART LNMC. Phylogenetic trees of 

initial plasma rebound viral RNA sequences following ART discontinuation and rcNFL 

viral DNA sequences from Pre-ART PBMC, ART PBMC and ART LNMC from all 16 

animals. The closest matches are indicated with a vertical red line with the sequence identity 

indicated. 

 identity indicated. 
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 Figure 3.13. Initial rebound viral RNA sequences compared with rcNFL viral DNA 

sequences from Pre-ART PBMC, ART PBMC and ART LNMC (continued). 
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Recombination analysis of viral reservoir during ART suppression and rebound virus 

following ART discontinuation 

To explore the degree of recombination in rebound viruses in the SIV-infected rhesus 

monkeys after ART discontinuation, we utilized a recently developed Recombination Analysis 

PRogram (RAPR, LANL database)231. We first analyzed the extent of recombination in the initial 

rebound viruses compared with putative rcNFL viral DNA sequences in PBMC or LNMC. We 

observed recombination events in the initial rebound viruses in 3 of 16 animals compared with 

rcNFL viral DNA in PBMC and in 1 of 16 animals compared with rcNFL viral DNA in LNMC in 

a minority (<20%) of all sequences (Figure 3.14A). We next sequenced viral RNA at a later 

timepoint reflecting post-peak viremia, which represented 2-4 weeks after initial viral rebound 

(Figure 3.2). In contrast to the initial rebound viruses, 13 of 16 monkeys demonstrated 

recombination at this timepoint in 5-83% of all sequences (P<0.0001 and P=0.0002 compared with 

recombination of initial viral rebound sequences with rcNFL viral DNA in PBMC and LNMC, 

respectively; Figure 3.14A). To evaluate the detailed recombinant structures in post-peak viral 

RNA sequences, we analyzed recombination breakpoints. The post-peak rebound recombinants 

with statistically significant (P<0.001) breakpoint intervals typically included one or more initial 

rebound virus sequences (Figure 3.14B).  
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Figure 3.14. Recombination events in rebound viruses. (A) Percentage of recombinant 

sequences in initial rebound virus compared to rcNFL viral DNA from PBMC and LNMC, and 

percentage of recombinant sequences in post-peak rebound virus compared to initial rebound 

virus. Red lines indicate median values. P values calculated using two-sided Mann–Whitney tests. 

(B) Post-peak recombinant env sequences identified by RAPR program (LANL database) from 

seven representative animals. Recombinants with the P values less than 0.0001 from the Wald-

Wolfowitz test were shown here. Red and blue rectangles showed the similar regions of the 

recombinants and the parental sequences.  
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Discussion 

Our data demonstrate that initial rebound viruses are largely non-recombinant and closely 

match putative rcNFL viral DNA sequences in the viral reservoir in SIV-infected rhesus monkeys. 

Recombinant viruses emerge quickly after viral rebound in the setting of active viral replication 

but are rare in initial rebound virus populations. These findings are consistent with a prior report 

showing that rebound viruses are heterogeneous across different tissues193. However, these 

findings contrast with prior studies that reported that rebound viruses in HIV-1-infected humans 

following discontinuation of ART consist primarily of recombinants of latent proviruses, and that 

suggested that individual proviruses in the latent reservoir are not the direct origin of rebound 

virus189-191,226. One possibility is that HIV-1-infected humans and SIV-infected rhesus monkeys 

are fundamentally different in this regard156,179,183. Another possibility is that the true initial 

rebound viruses were not obtained in the clinical studies as a result of insufficient sampling 

frequency. Indeed, our data show that recombinant viruses emerge quickly in almost all animals 

within 2-4 weeks after the initial rebound, and probably much earlier (Figure 3.6A). It is also 

possible that the rare low frequency recombinants detected in the initial rebound viruses in our 

SIV-infected rhesus monkeys also reflect suboptimal sampling frequency. Finally, it is possible 

that additional depth of sequencing may be required in chronically HIV-1-infected individuals with 

substantial sequence diversity in the viral reservoir. The SIV diversity and divergence in our 

chronically SIV-infected animals were similar to HIV-1 after one year of infection (Figure 3.3) 

but still less than HIV-1 after many years of infection85.  

The sequence match between the initial rebound virus and the putative rcNFL viral DNA 

was >99% in 15 of 16 animals and was >99.5% in 9 of 16 animals. Given the tremendous viral 

diversity, one would not expect to find the exact match of the rebound virus in the reservoir unless 
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the rebounding virus originated from a highly expanded clone. Consistent with a previous study183, 

we observed that identical viral DNA sequences from a single animal are rare in SIV-infected 

monkeys with 1–2 years of infection and/or treatment. 

In summary, we evaluated the putative origin of rebound virus following ART 

discontinuation in the well-controlled model of ART-suppressed, chronically SIV-infected rhesus 

monkeys. By fine monitoring of the kinetics of viral rebound after ART discontinuation, we 

observed that initial rebound viral RNA sequences closely matched putative rcNFL viral DNA 

sequences in PBMC and LNMC during ART suppression. These data strongly suggest that 

rebound viruses emerged directly from individual cells in the viral reservoir, without the need for 

viral recombination. Recombination nevertheless occurred frequently and quickly following 

rebound in the context of active viral replication, as expected, but initial plasma rebound viruses 

were generally non-recombinant. These data provide fundamental insights into reservoir biology 

and critically focus HIV-1 cure efforts on the rebound-competent intact viral reservoir. 
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Materials and Methods 

Monkeys and study design 

Sixteen outbred, Indian-origin adult male and female rhesus monkeys (Macaca mulatta) were 

genotyped and selected as negative for the protective major histocompatibility complex (MHC) 

class I alleles Mamu-A*01, Mamu-B*08, and Mamu-B*17. Tripartite motif-containing protein 5 

(TRIM5) polymorphisms were balanced equally among groups. All monkey studies were 

approved by the appropriate Institutional Animal Care and Use Committee. All monkeys were 

housed at Alphagenesis, Yemassee, SC. Animals were infected with IR SIVmac251 at week -85. 

Plasma viral RNA was isolated at week -14 for viral diversity and divergence analysis. Following 

infection, all the monkeys were viremic until ART initiation at week 0. ART was administered 

daily by subcutaneous injection with a pre-formulated cocktail of tenofovir, emtricitabine, and 

dolutegravir (Gilead, Foster City, CA) for 64 weeks prior to initiation of TLR administration. 

Monkeys were divided into three groups based on viral loads at the time of ART initiation. Group 

I (N=7) received either 0.15 mg/kg or 0.5 mg/kg TLR7 agonist GS-9620 (Gilead), Group II (N=5) 

received TLR8 agonist GS-566 (Gilead) at 6 mg/kg for doses 1 to 5 and at 10 mg/kg for doses 6 

to 10, and Group III (N=4) was the sham control. TLR agonists were administrated every two 

weeks for a total of ten doses, with a break of six weeks between the 6th and 7th dose. Blood was 

collected on day 0, 1, and 2 after each TLR administration. At week 90, ART was discontinued in 

all groups to monitor for viral rebound. Plasma was collected twice weekly to monitor viral 

rebound. For viral sequencing, pre-ART plasma and PBMC were collected at week -14, ART 

PBMC was collected at weeks 40-58, ART LNMC was collected at weeks 56-64. Immunologic 

and virologic assays were performed blinded. 
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Viral RNA assays 

Viral RNA was isolated from cell-free plasma using a viral RNA extraction kit (Qiagen) and was 

quantified essentially as described229. 

Viral DNA assays 

Viral DNA was quantified as previously described229. Total cellular DNA was isolated from 5 

million cells using a QIAamp DNA Blood Mini kit (Qiagen). The absolute quantification of viral 

DNA in each sample was determined by qPCR using primers specific to a conserved region 

SIVmac239. All samples were directly compared to a linear virus standard and the simultaneous 

amplification of a fragment of the human RPP30 gene. PCR assays were performed with 100–200 

ng sample DNA. 

Plasma Cytokine analysis 

EDTA whole blood was collected pre- and post-administration of the TLR7 and TLR8 agonists at 

each dose. Cytokine and chemokine measurements were performed on plasma by Luminex assay 

on Luminex 200 system using a 29-plex monkey panel per manufacturer’s instructions 

(ThermoFisher Scientific). Data were analyzed by subtracting the pre-dose value from the post-

dose value for each analyte at each dose for each animal, and a mean was calculated for each dose. 

Data were plotted using GraphPad Prism (GraphPad Software). 

Single genome amplification 

Single-genome amplification SGA assays were performed essentially as described232 except the 

polymerase was changed to Q5 High-Fidelity DNA Polymerase (New England Biolabs), and PCR 

condition was modified according to the manufacturer’s protocol.  
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Near full-length viral sequencing 

Genomic DNA was isolated from PBMC of monkeys at week -14 (Pre-ART PBMC) as well as 

from PBMC at weeks 40-58 and LNMC at weeks 56-64 during ART suppression (ART PBMC 

and ART LNMC). Size selection by Blue Pippin (Sage Science) was performed according to the 

manufacturer’s protocol to obtain the DNA fragments containing potential NFL viral DNA, 

followed by a limiting-dilution semi-nested PCR. PCR was carried out with LongAmp Taq DNA 

Polymerase (New England Biolabs) together with primers SIV-NFL-OutF (5′- 

TAGCAGATTGGCGCCCGAA-3′) and SIV-NFL-OutR (5′-CCCTTCCAGTCCCCCCTTT-

TCTTT-3′) for first-round PCR, and SIV-NFL-InnF (5′-CTATAAAGGCGCGGGTCGGTA-3′) 

and SIV-NFL-InnR (5′-GCTCTTAGGGGAACTTTTGGCC-3′) for second-round PCR. PCR 

conditions were programmed as previously described156. Amplicons from dilutions resulting in 

less than 30% positive were considered to result from amplification of a single viral amplification 

and were processed for sequencing. For each sample, 15 to 30 sequences were analyzed. Viral 

genome sequencing was performed by the CCIB DNA Core Facility at Massachusetts General 

Hospital (Cambridge, MA). The raw sequencing data were analyzed by quality control pipelines 

only to obtain the viral genomes without any detectable deletions. A total of 800 intact NFL 

sequences were obtained. Hypermutated NFL sequences were analyzed by the Hypermut 2.0 

(www.hiv.lanl.gov) and by manually check. The identified hypermutants were excluded for 

downstream replication competency analysis. The remaining sequences were further checked by 

a pipeline (Extended Data Figure 4) only to obtain the rcNFL viral sequences with intact open-

reading frames of major viral transcripts and without pre-mature stop codons. 
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Phylogenetic analysis 

All alignments were made with GeneCutter (www.hiv.lanl.gov), and env regions were extracted 

for the following analysis. A consensus sequence of SIVmac251 challenge stock was generated 

and used in all subsequent alignments232. The alignment was manually checked with Geneious 

Prime (Biomatters Ltd) to exclude any sequence with deletions or stop codons due to 

hypermutation. Neighbor-joining trees were constructed using the Kimura 2-parameter model with 

1000 bootstrap replications (MEGA X)233. The consensus sequence of SIVmac251 challenge stock 

was used as the outgroup to root the trees. Viral diversity among lineages was measured as the 

mean pairwise distances, as previously described85. Viral nucleotide change over time was 

measured as the mean distance of each taxa from the consensus sequence of challenge stock 

(MEGA X). All sequences have been deposited in GenBank with accession numbers MN884181-

MN885434. 

Recombination 

env sequences were processed through ElimDupes program (www.hiv.lanl.gov) to eliminate 

sequences with identity larger than 99.9%. The resulting unique sequences were used as the 

baseline to compare to other timepoints by recombinant analysis program (RAPR) 

(www.hiv.lanl.gov)231. Recombinations were checked manually by highlighter plots and sequence 

alignments. False discovery rate (FDR) cut was adjusted accordingly (0.1-0.15) depending on the 

animals in order to include the recombinants that were identified manually. The percentage of 

recombination was calculated by the numbers of recombined sequences of total sequences. 

Statistical analyses 

Analysis of virologic and immunologic data was performed using GraphPad Prism (GraphPad 

Software). Comparisons of groups were performed using two-sided Mann–Whitney tests without 
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Bonferroni adjustments. Analysis of viral rebound was performed using Kruskal–Wallis tests to 

compare all groups. For pairwise group comparisons, the area under the curve (AUC) for total 

viral RNA following ART discontinuation was compared with chi-square tests, and viral rebound 

was compared with a censored Poisson regression model. Except as stated, the experiments were 

randomized, and assays were performed blinded. 
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CHAPTER IV 

IMMUNOLOGICAL SIGNATURES PREDICT VIRAL REBOUND IN SIV-INFECTED 

RHESUS MONKEYS BY EARLY ANTIRETROVIRAL THERAPY  
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Abstract 

The latent reservoir is responsible for viral rebound following ART discontinuation and is 

the main barrier for an HIV cure. However, the virological and immunological signatures that 

predict viral rebound after treatment discontinuation have remained unclear. Here, we utilized a 

cohort of previously described SIVmac251-infected animals, which initiated ART extremely early 

at 6h, day 1, day 2, and day 3. We first performed the phylogenetic analysis of the putative 

replication-competent near full-length (rcNFL) viral DNA in PBMC and lymph node during ART 

suppression and rebound viral RNA following ART discontinuation. However, the rcNFL viral 

DNA sequences did not match the sequences of rebound virus, suggesting that the identified intact 

viral DNA does not contribute to viral rebound after ART discontinuation. We then performed 

transcriptomic analysis from PBMC and multiplex cytokine assay from serum at the time of ART 

discontinuation to explore the immunological signatures that correlate with viral rebound. We 

observed that genes enriched in innate immune cells monocytes, dendritic cells, and neutrophils 

were up-regulated in rebound animals compared to non-rebound animals prior to ART 

discontinuation. Furthermore, inflammatory, interferon pathways, and cytokines were up-

regulated in rebound animals. Together, we demonstrated that gene signatures identified prior to 

ART discontinuation could be used to differentiate rebound animals from non-rebound animals 

following ART discontinuation. These data provide an insight between the immune signaling 

events and the potential of associated risks upon treatment interruption. 
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Introduction 

Human immunodeficiency virus (HIV) has infected more than 75 million people, and 37 

million people are now living with the virus234. With the development of ART, significant progress 

has been made to diminish viral loads to undetectable levels and allow infected individuals to have 

a better quality of life and near-normal life spans. However, ART cannot cure HIV due to a small 

viral reservoir that establishes latency by integrating into the host genome and becomes 

transcriptionally silent until ART discontinuation8,156. Previous studies have demonstrated that the 

viral reservoir was established during the acute phase of infection, as early as 1-2 days after 

exploring the virus235. Moreover, it is generally believed that the viral reservoirs of infected 

individuals who initiate ART during acute infection show less divergence from the founder virus 

than those who initiate ART during chronic infection85. However, the relationship between the 

early-seeded viral reservoir and the emerging rebound viruses was still unclear. 

Cytokines play an important role in controlling the homeostasis of the immune system and 

are considered important initiators and mediators of inflammation. Infection with HIV results in 

dysregulation of the cytokines involved in regulating the host immune functions and viral 

replication236. Cytokines and chemokines further regulate and coordinate the cellular components 

of innate immunity, including dendritic cells, natural killer (NK) cells, NK T cells, macrophages, 

as well as adaptive immunity, including B and T lymphocytes. Therefore, it is important to 

understand the cytokine profiles and further explore immunological signatures by transcriptomic 

analysis in order to predict viral rebound and the susceptibility of viral infection. 
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Results 

Phylogenetic analysis of virus from animals that establish viral rebound upon ART 

discontinuation  

We utilized a cohort of 20 rhesus monkeys (N= 5/group) with the initiation of suppressive 

ART at 6 hours, 1, 2, or 3 days following mucosal SIV infection103. ART was administered daily 

by subcutaneous injection for 24 weeks. Following initial control of viremia, almost all animals 

exhibited undetectable plasma viral loads (<50 RNA copies/ml) for the full course of suppressive 

therapy with no detectable viral blips, except one animal from Group IV that exhibited detectable 

viral RNA on Day 3, suggesting that viral replication was blocked at a very early stage with little 

to no window of viral evolution until ART discontinuation. To understand the diversity of viral 

reservoir in these early ART-treated animals, ART was discontinued at wk24, and viral rebound 

was monitored. All animals that initiated ART on day 3 showed rapid viral rebound. In contrast, 

60% (3/5), 20% (1/5), and 0% (0/5) of animals that initiated ART on day 2, 1, and 0 (6h), 

respectively, showed viral rebound103. Timepoints that viral RNA copies drop to setpoint viral load 

were selected, and plasma viral RNA was isolated for single genome analysis (SGA). Both the 

Gag+Pol and Env region of the rebound virus was analyzed. 10-15 sequences were generated for 

each animal, and sequences were aligned to the consensus of SIVmac251 challenge stock232. 

By sequence alignment, env sequences generated from each monkey showed a similar 

pattern on nucleotide polymorphism and nucleotide mismatches compared to challenge consensus 

(Figure 4.1).  

 



96 

 

 

Figure 4.1. Nucleotide alignment of virus from animals that establish viral rebound 

upon ART discontinuation. env region of the rebound virus was aligned to SIVmac251 

challenge consensus by Highlighter plot (https://www.hiv.lanl.gov/).  
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Comparison of viral diversity and the level of hypermutations between early and chronically 

ART-treated animals 

By phylogenetic analysis, sequences isolated from each animal were clustered on separate 

branches among the challenge stock with no overlap, suggesting that rebound virus within each 

monkey were potentially originated from a predominate clone after ART discontinuation and were 

phylogenetically close to the original challenge stock (Figure 4.2A). To further explore the 

characteristics of the rebound virus, the average number of mismatches and APOBEC-mediated 

hypermutations per sequence were analyzed. Sequences obtained from monkeys with ART 

initiation on day 3 had more mismatches and APOBEC-mediated hypermutations compared to 

other groups that initiated ART earlier (data not shown). 

To evaluate the impact of early ART on viral sequence diversity, a group of 16 long-term 

ART-suppressed chronic SIVmac251-infected animals was selected as a comparison (Liu et al., 

submitted, 2020). These animals were chronically infected with SIV for over 1.5 years and were 

then suppressed by ART for over a year until ART discontinuation. All of these animals exhibited 

viral rebound after ART discontinuation. Timepoints that viral RNA copies first became positive 

were selected for SGA assay. env sequences obtained from these chronic animals (Chronic) were 

compared to the sequences from 9 early ART-treated animals showed viral rebound (Acute). In 

Figure 4.2B, env sequences obtained from Chronic animals had significantly higher average 

mismatches and APOBEC-mediated mutations per sequence compared to Acute animals. These 

data demonstrated that early ART limited not only the sequence diversity but also the APOBEC-

mediated mutations of the viruses that established infection.   
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Figure 4.2. Phylogenetic analysis and characterization of the virus from animals that 

establish viral rebound. (A) Neighbor-joining trees of env sequences isolated from rebound 

animals. The sequences from challenge stock are shown in black. (B) Nucleotide 

polymorphism and APOBEC-mediated mutations observed in acute- and chronic-infected 

animals. Left: Average numbers of mismatches and APOBEC-mediated mutations per 

sequence observed in acute-infected animals when comparing to consensus challenge stock 

sequence. Right: Average numbers of mismatches and APOBEC-mediated mutations per 

sequence observed in acute- and chronic-infected animals when comparing to consensus 

challenge stock sequence. 
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Identification of putative replication-competent NFL viral DNA from PBMC or LNMC 

during ART suppression 

To further characterize the sequence diversity of the reservoir prior to early-ART initiation 

and to explore the potential origins of viral rebound, genomic DNA was isolated from PBMC and 

lymph nodes during ART suppression for NFL viral DNA sequencing as previously described (Liu 

et al., submitted, 2020). We utilized a custom pipeline to identify putative replication-competent 

NFL (rcNFL) viral DNA with the intact gag, pol and env open reading frames, Ψ/MSD sequences, 

and to exclude provirus with premature stop codons and defective provirus for downstream 

analysis. The resulting NFL proviruses were compared to the pool of challenge stock sequences 

and rebound viruses (Figure 4.3). Only a 4 and 1 NFL viral DNA were identified from two 

individual animals in group IV. However, the rcNFL viral DNA sequences did not match the 

sequences of rebound virus, suggesting that the identified rcNFL viral DNA in PBMC does not 

contribute to viral rebound after ART discontinuation. The above finding also suggested the 

potential existence of replication-competent noninduced proviruses, as shown by the previous 

study156.  
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Figure 4.3. Near full-length provirus identified from PBMC or LNMC during ART 

suppression. NFL provirus identified from PBMC or LNMC is shown in red and rebound 

virus identified after ART discontinuation in that animal was shown in blue. 
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Identification of cytokines and chemokines that segregate rebound from non-rebound 

animals prior to ART discontinuation 

Next, we explored the immunological signatures prior to ART discontinuation that predicts 

viral rebound as well as viral infection upon viral challenge. We first investigated the cytokines 

and chemokines profile in serum at wk24 prior to ART discontinuation by Luminex multiplex 

assays. From the initial analysis, G-CSF, IL-1ra, IL-10, IL-13, IL-15, TNF-a, and VEGF were 

slightly higher in rebound animals compared to non-rebound animals. In contrast, IL-4, IL-8, IL-

12, and MCP-1 were slightly lower in rebound animals (Figure 4.4A). However, none of the 

individual makers showed a statistically significant difference between non-rebound and rebound 

groups.  

Supervised clustering using PLSDA and feature selection were used to detect the presence 

of clusters of cytokines and chemokines at wk24 that segregated rebound animals from non-

rebound animals prior to ART discontinuation237. Overall, cytokine expression becomes predictive 

of rebound status following treatment interruption (AUC=0.91, P=0.001) (Figure 4.4B). The 

contribution of each cytokine was represented in a bar plot where each bar length corresponds to 

the loading weight (importance) of the cytokine in segregating rebound and non-rebound animals. 

The loading weight can be positive or negative, depending on how this cytokine is contributing to 

the outcome. As shown by the heatmap and PLSDA plots (Figure 4.4C-4E), the positive loading-

weight cytokines including IL-10, IL-13, IL-15, IL-1ra, TNF-a, VEGF, and G-CSF were higher in 

the rebound monkeys while negative loading-weight cytokines including IL-4, IL-8, IL-18, and 

MCP-1 were higher in the non-rebound monkeys.  
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Figure 4.4. Identification of cytokines and chemokines that segregate non-rebound from 

rebound animals at wk24 before ART discontinuation. (A) Differences of the immunological 

markers between non-rebound and rebound animals. P-value>0.05 for all groups. (B) Heatmap 

of the immunological markers (C) and (D) Supervised clustering using PLSDA and feature 

selection segregates non-rebound from rebound animals. 
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Identify immune signatures that predict viral rebound prior to ART discontinuation by 

transcriptomics analysis 

To further characterize the contribution of innate and adaptive immune cell signatures and 

other biological pathways that correlate with viral rebound following treatment interruption, cell-

associated RNA was collected from PBMCs at pre-infection and wk24 for RNA-sequencing. Gene 

set enrichment analysis (GSEA) and compiled lists of gene sets were used to identify upregulated 

and downregulated pathways in rebound monkeys compared to non-rebound monkeys238-241. To 

further identify the genes that predict viral rebound, we focused on the analysis in groups II and 

III, which had a mixed population of rebound and non-rebound animals, and compared to all 

groups (Figure 4.5A). A P-value cut-off of 0.05 was used to assess significant genes that were 

either up-regulated or down-regulated in the rebound monkeys compared to non-rebound monkeys 

in the animals in group II and III as well as in all groups (Figure 4.5B). Gene set enrichment 

analysis was then used to explore the pathway enrichment at week 24 prior to ART discontinuation. 

Cytokine and chemokine signatures at week 24 that segregate rebound and non-rebound 

animals prior to ART discontinuation were first investigated. Cytokines, including IL-1, IL-2, IL-

6, IL-10, TGF-beta, and TNF pathways as well as chemokine clusters, were upregulated at wk24 

in rebound animals (Figure 4.6A). All of the identified signatures were also observed in the 

analysis from all groups (Figure 4.6B). In concordance with the previous finding, IL-1, IL-10, and 

TNF signatures were both observed in multiplex Luminex assay and transcriptomics analysis, 

suggesting that these signatures could be the signatures that predict viral rebound prior to ART 

discontinuation.  
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Figure 4.5. Identify the immunological signatures to predict viral rebound in SIV-infected rhesus 

monkeys at week 24. (A) Study design. (B) Volcano plot showing the upregulated and downregulated 

genes at week 24 from group II and III (left) and all groups (right). Genes downregulated in rebound 

animals were represented in blue filled circles and genes upregulated in rebound animals were 

represented in red filled circles. The size of each circle corresponds to the gene log2 fold change 

(rebound/ no rebound).  
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Figure 4.6. Cytokine and chemokine signatures from rebound and non-rebound animals at wk24 

before ART discontinuation. Normalized enrichment scores of the top cytokine and chemokine 

signatures correlated positively in rebound animals compared to nonrebound animals at week 24 from 

animals in group II and III (A) and all groups (B).  
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Innate and adaptive immune signatures and pathways that predict viral rebound prior to 

ART discontinuation 

Innate and adaptive immune cell signatures at week 24 that segregate rebound and non-

rebound animals prior to ART discontinuation were investigated. Signatures of monocytes (FDR 

q value =0.003), macrophages M0 (FDR q value = 0.001), neutrophils (FDR q value < 10E-6) and 

dendritic cells (FDR q value = 0.001) were upregulated at wk24 in rebound animals (Figure 4.7A). 

In contrast, genes and signatures enriched in B cells (FDR q value = 0.005) were downregulated 

in rebound animals. Most of the identified signatures were also observed in the analysis from all 

groups (Figure 4.7B). 

Pathways of AP-1 transcription factor network (FDR q value = 0.001), STAT3 signaling 

(FDR q value = 0.0006), inflammation pathways (FDR q value =0.006), NFκB signaling (FDR q 

value = 0.03) and apoptosis pathways (FDR q value = 0.01) were upregulated at wk24 in rebound 

animals (Figure 4.8A). Notably, all of the signaling pathways identified in groups II and III were 

also observed in all groups (Figure 4.8B). These results suggest that transcriptomics signatures at 

the time of ART discontinuation could be used to predict viral rebound following ART 

discontinuation. 
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Figure 4.7. Innate and adaptive immune signatures from rebound and non-rebound 

animals at wk24 before ART discontinuation. Normalized enrichment scores of the top 

innate immune and adaptive signatures correlated positively (red, up-regulated) or negatively 

(blue, down-regulated) in rebound animals compared to non-rebound animals at week 24 from 

animals in group II and III (A) and all groups (B).  
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Figure 4.8. Top enriched and decreased pathways from non-rebound and rebound animals at 

wk24 before ART discontinuation. Normalized enrichment scores of the top up-regulated 

pathways in rebound animals compared to non-rebound animals at week 24 from animals in group 

II and III (A) and all groups (B).  
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Conclusions 

Here, we demonstrated that early ART-initiation limits the sequence diversity of the viral 

reservoir by analyzing the rebound virus after ART discontinuation. Rebound viruses from 

monkeys initiated ART at day 3 showed more mutations and APOBEC-mediated hypermutations 

than the monkeys that initiated ART on day 1 and 2. Phylogenetic analysis showed that rebound 

viruses from each monkey formed separated phylogenetic lineage and was distanced from other 

animals, indicating the single clonality of the rebound virus. Minimal mutations found in rebound 

virus suggested that little to no virus replication occurred prior to seeding the viral reservoir. 

By transcriptomic analysis, we demonstrated that gene signatures identified at wk24 prior 

to ART discontinuation could be used to differentiate rebound animals from non-rebound animals 

following ART discontinuation. Prior to ART discontinuation, genes enriched in innate immune 

cells monocytes, dendritic cells, and neutrophils were up-regulated in rebound animals compared 

to non-rebound animals prior to ART discontinuation. Furthermore, inflammatory, interferon 

pathways, and cytokines were also up-regulated in rebound animals, and some of these signatures 

were also observed from multiplex Luminex assay. These signatures could, therefore, be utilized 

to predict viral rebound right before ART discontinuation.  
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Materials and Methods 

Monkeys and study design 

Sixteen outbred, Indian-origin adult male rhesus monkeys (Macaca mulatta) were genotyped and 

selected as negative for the protective major histocompatibility complex (MHC) class I alleles 

Mamu-A*01, Mamu-B*08, and Mamu-B*17. Tripartite motif-containing protein 5 (TRIM5) 

polymorphisms were balanced equally among groups. All monkey studies were approved by the 

appropriate Institutional Animal Care and Use Committee. All monkeys were housed at Bioqual, 

Rockville, MD. Animals were infected with 500 tissue culture infective doses (TCID50) of 

SIVmac251, essentially as described. The pre-formulated antiretroviral therapy (ART) cocktail 

containing two reverse transcriptase inhibitors, 20mg/mL tenofovir (TFV) and 50mg/mL 

emtricitabine (FTC) plus 2.5mg/mL of the integrase inhibitor dolutegravir (DTG) was 

administered once daily at 1 mL/kg body weight via the subcutaneous route. ART regimen was 

initiated on days 0 (6 h), 1, 2, and 3 post-infection and continued for 24 weeks. Peripheral blood 

was harvested at wk24 prior to ART discontinuation.  

Plasma Cytokine analysis 

EDTA whole blood was collected at week -2 and wk24. Cytokine and chemokine measurements 

were performed on plasma by Luminex assay on the Luminex 200 system using a 29-plex monkey 

panel per manufacturer’s instructions (ThermoFisher Scientific). Data were analyzed and plotted 

using GraphPad Prism (GraphPad Software). 

Single genome amplification 

Single-genome amplification SGA assays were performed essentially as described232, except the 

polymerase was changed to Q5 High-Fidelity DNA Polymerase (New England Biolabs), and PCR 
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condition was modified according to the manufacturer’s protocol. Hypermutated sequences were 

analyzed by the Hypermut 2.0 (www.hiv.lanl.gov) and by manually check.  

Near full-length viral sequencing 

Genomic DNA was isolated from PBMC at the time of ART initiation in each group. Size selection 

by Blue Pippin (Sage Science) was performed according to the manufacturer’s protocol to obtain 

the DNA fragments containing potential NFL viral DNA, followed by a limiting-dilution semi-

nested PCR. PCR was carried out with LongAmp Taq DNA Polymerase (New England Biolabs) 

together with primers SIV-NFL-OutF (5′-TAGCAGATTGGCGCCCGAA-3′) and SIV-NFL-

OutR (5′-CCCTTCCAGTCCCCCCTTTTCTTT-3′) for first-round PCR, and SIV-NFL-InnF (5′-

CTATAAAGGCGCGGGTCGGTA-3′) and SIV-NFL-InnR (5′-GCTCTTAGGGGAACTTTTG-

GCC-3′) for second-round PCR. PCR conditions were programmed as previously described156. 

Amplicons from dilutions resulting in less than 30% positive were considered to result from 

amplification of a single viral amplification and were processed for sequencing. For each sample, 

15 to 30 sequences were analyzed. Viral genome sequencing was performed by the CCIB DNA 

Core Facility at Massachusetts General Hospital (Cambridge, MA). The raw sequencing data were 

analyzed by quality control pipelines as previously described (Liu et al., submitted, 2020) 

Phylogenetic analysis 

All alignments were made with GeneCutter (www.hiv.lanl.gov), and env regions were extracted 

for the following analysis. A consensus sequence of SIVmac251 challenge stock was generated 

and used in all subsequent alignments232. The alignment was manually checked with Geneious 

Prime (Biomatters Ltd) to exclude any sequence with deletions or stop codons due to 

hypermutation. Neighbor-joining trees were constructed using the Kimura 2-parameter model with 

1000 bootstrap replications (MEGA X)233. The consensus sequence of SIVmac251 challenge stock 
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was used as the outgroup to root the trees. Viral diversity among lineages was measured as the 

mean pairwise distances, as previously described85. Viral nucleotide change over time was 

measured as the mean distance of each taxa from the consensus sequence of challenge stock 

(MEGA X). 

Transcriptomic analysis 

Cell-associated RNA was collected from PBMCs and tissue biopsied LNMCs two weeks prior to 

infection as a baseline control, the timepoints that each group of monkeys initiated ART (6 hours 

for group I, day 1 for group II, day 2 for group III and day 3 for group IV) and week 24 before 

ART discontinuation. Total RNA was extracted from these samples, and libraries were prepared 

for Illumina NextSeq 500 Next-Gen Sequencing Paired-End 75bp (PE75). All samples were 

processed using an RNA-seq pipeline implemented in the bcbio-nextgen project (https://bcbio-

nextgen.readthedocs.org/en/latest/). Raw reads were examined for quality issues using FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) to ensure library generation and 

sequencing are suitable for further analysis. Adapter sequences, other contaminant sequences such 

as polyA tails, and low-quality sequences with PHRED quality scores less than five were trimmed 

from reads using Atropos (https://github.com/jdidion/atropos). Trimmed reads were aligned to the 

Macaca mulatta genome using STAR242. Alignments will be checked for evenness of coverage, 

rRNA content, genomic context of alignments (for example, alignments in known transcripts and 

introns), complexity, and other quality checks using a combination of FastQC, Qualimap, and other 

custom tools. Counts of reads aligning to known genes are generated by featureCounts243. In 

parallel, Transcripts Per Million (TPM) measurements per isoform were generated using 

Salmon244. Differential expression at the gene level was performed by DESeq2 

(http://www.bioconductor.org/packages/release/bioc/html/DESeq2.html), using counts per gene 

estimated from the Salmon quasialignments by tximport. Supervised clustering using PLSDA and 

https://bcbio-nextgen.readthedocs.org/en/latest/
https://bcbio-nextgen.readthedocs.org/en/latest/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://github.com/jdidion/atropos
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feature selection were used to detect the presence of cytokines signatures at week 24 that segregate 

rebound from non-rebound animals after ART discontinuation. A P-value cut-off of 0.05 was used 

to assess significant genes that were either up-regulated or down-regulated in the rebound monkeys 

compared to non-rebound monkeys. Gene set enrichment analysis238 were used to explore the 

pathway enrichment in each group of animals at week 24 

Statistical analyses 

Analysis of virologic and immunologic data were performed using GraphPad Prism (GraphPad 

Software). Comparisons of groups were performed using two-sided Mann–Whitney tests without 

Bonferroni adjustments. Except as stated, the experiments were randomized, and assays were 

performed blinded. 
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CHAPTER V 

GENERAL DISCUSSION 
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Overview 

In this thesis, we evaluated the strategies to prevent viral reservoir establishment, 

investigated the dynamics of viral reservoir prior to and during ART suppression, and explore the 

origin and nature of the rebound virus after treatment discontinuation in the rhesus monkeys model. 

Chapter II of this thesis described the use of the anti-HIV Env bNAb cocktails to prevent mixed 

SHIV infection and establishment of viral reservoir. Chapter III described the dynamics of the 

viral reservoir during chronic SIV infection and ART suppression in peripheral blood as well as 

lymphoid tissues. We further identified the potential origins of the rebound virus and proposed a 

mechanism of viral recombination after ART discontinuation. Finally, Chapter 4 described the 

immunological signatures identified prior to ART discontinuation that could be used to predict 

viral rebound. Together, these data contribute to our understanding of the dynamics of the viral 

reservoir and the mechanisms that lead to viral rebound after treatment discontinuation. 

bNAb cocktail for HIV therapy 

During the past few years, the field has already recognized the value of using bNAbs as a 

cocktail for treating HIV-1 infection. In an early study, humanized mice infected with HIV-1 JR-

CSF or HIV-1 SF162 were treated with a cocktail of the antibodies b12, 2G12, and 2F5. Even 

though there was a transient decline in the viral load, viremia returned to baseline within 1-2 weeks, 

suggesting that even bNAb cocktails could not effectively control viremia245. Another study used 

a cocktail of three overlapping antibodies, 2G12, 2F5, and 4E10 to treat selected HIV patients 

infected with the virus that were sensitive to at least two of the three components of the antibody 

cocktail in vitro. ART was stopped one day after starting a course of 11 weeks of treatment with 

the antibody cocktail. However, antibody therapy failed in most of the infected subjects, and viral 

escape variants were observed against 2G12246. Very similar results were observed in a study with 
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the same cocktail of antibodies given weekly for 12 weeks after ART interruption in acutely or 

early infected individuals247. Viral escape was observed during therapy and was only resistant to 

2G12. Together, both the original mouse and human studies suggested that the previous generation 

of antibody cocktail was not able to effectively control HIV-1 infection, because the virus rapidly 

escapes by selection of resistant variants. 

In Chapter 2, we tested the hypothesis that certain V3 glycan-dependent antibody bNAbs, 

such as PGT121, might have an intrinsically higher bar to escape than other bNAbs targeting this 

epitope as a result of making multiple glycan contacts on the Env surface, a phenomenon termed 

“glycan promiscuity”73,78,208. In comparison to another V3 glycan-dependent antibody 10-1074, 

we compared the therapeutic efficacy of these antibodies in chronically SHIV-SF162P3-infected 

rhesus monkeys73,76. Although both antibodies had comparable neutralizing potency against 

SHIV-SF162P3 in vitro, only 10-1074-treated animals showed viral escape and selected for the 

pre-existed resistant variants. Moreover, point mutations at critical glycan contact position N332 

in SHIV-SF162P3 completely abrogated 10-1074 neutralization activity in vitro but only partially 

reduced PGT121 neutralization activity (Figure 2.3B). Taken together, these data suggest that 

PGT121 has a higher bar to escape than 10-1074 for SHIV-SF162P3, presumably as a result of the 

ability of PGT121 to make multiple glycan contacts on HIV-1 Env, making PGT121 a potential 

bNAb for future bNAb cocktail therapy78.  

Advances in antibody isolation from infected individuals with exceptional neutralizing 

serum activity resulted in the identification of a new generation of bNAbs with high potency and 

breadth. Several new-generation bNAbs targeting two non-overlapping epitopes on the HIV-1 

envelope trimer are undergoing clinical testing as a cocktail for its safety, pharmacokinetics, and 

antiviral activity. These cocktails include the CD4 binding site bNAbs (3BNC117, VRC01, 
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VRC01LS, VRC07–523LS) and the V3 glycan-dependent bNAbs (10–1074, PGT121)248. The 

PGT121+PGDM1400 cocktail from our study has also entered clinical trials. In addition, 

antibodies targeting MPER (NCT03565315), another CD4bs antibody (N6LS; NCT03538626), as 

well as bi-specific (10E8.4/iMab, NCT03875209)249, and a tri-specific antibody (SAR 441236, 

NCT03705169)219 have also been initiated in clinical trials.  

In a recent study, the combination of 3BNC117 and 10-1074 showed similar safety and 

pharmacokinetic profiles to either antibody alone226,250. Treatment with up to three infusions of 

10-1074 and 3BNC117 showed in an average drop in viremia of 100 copies/ml 250. Reduced viral 

loads were maintained for 8–12 weeks until antibody decline to the subtherapeutic level and did 

not develop escape250. However, full suppression was only achieved in study participants with 

relatively low levels of viremia (<3000 copies/ml)250. On the other hand, the therapeutic efficacy 

of this bNAb combination was observed in infected individuals undergoing ATI. Infected 

individuals received the antibody combination at 0, 3, and 6 weeks after ART interruption. The 

combination maintained viral suppression for a median of 21 weeks after the last infusion226. These 

results suggest that combinations of new generation bNAbs at sufficient antibody concentrations 

are effective in maintaining viral suppression in humans infected with sensitive viruses. 

There are a few obstacles for using bNAb cocktail as therapy for HIV, but the major 

challenge is the possibility of escape mutants from the bNAb(s) used in the cocktail. Antibodies 

targeting multiple epitopes on HIV Env often show better coverage and a higher chance of success 

for suppressing different HIV-1 variants. However, due to the different half-life of the bNAbs, 

viral escape might happen against the last remaining antibody at the later phase of the treatment. 

In rhesus macaques injected with an inoculum of 20 mg/kg of antibody, titers decreased to low 

concentration levels by day 7 post-injection. As a result, engineered antibodies with extended half-
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lives, such as VRC01-LS and VRC07–523LS, are currently under investigation in clinical trials. 

On the other hand, in order to make the passive transfer a viable therapy, new technologies need 

to be developed in order to increase the time the antibody lasts in the host. AAV vector expressing 

the bNAb is the most popular tool to bypass the need for continuous passive administration251,252. 

However, the consequence for long-term, high-level antibody production in the absence of 

infection must be better understood.  

bNAb cocktail for HIV prevention 

Antibodies can prevent HIV-1 infection in mice and chimpanzees, and SHIV infection in 

macaques208,209,253-256, but attempts to produce effective HIV-1 vaccines by eliciting neutralizing 

antibodies have been disappointing to date257. Combinations of bNAbs with increased potency 

promise new strategies for HIV prevention.  

Recently discovered highly potent bNAbs could protect from infection in parenteral, 

vaginal, rectal viral challenge258. In the rhesus monkey model, several bNAbs have been shown to 

prevent SHIV infection by high titer viral challenge (reviewed in reference 258). Although high 

viral titer ensures the infection after a single challenge, it might not represent the case of HIV 

transmission in humans. As a result, several studies have tested the protection efficacy of single 

bNAb administration against the low-dose repeated mucosal challenge to mimic clinical 

scenarios259-262. For example, macaques challenged intrarectally with SHIV-AD8 were protected 

from infection after a single administration of 10-1074, 3BNC117, or VRC01 until the antibody 

concentrations declined to subtherapeutic levels261. In healthy individuals, these bNAbs showed 

mean half-lives of 11–24 days when infused intravenously, and this period can be potentially 

extended by antibody modifications discussed above199,200,263-265. The results demonstrated that a 

single bNAb administration could significantly delay the time of infection. 
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As shown in Chapter 2, the bNAb combination could be used as a novel cocktail to protect 

the infection against a mixed SHIV challenge. A limitation of this study is that even two SHIVs 

might not be representative of a diverse HIV-1 swarm. In addition, our study assessed only one 

bNAb combination, and thus testing additional bNAb combinations against mixed SHIV 

challenges will be required to further define the generalizability of our findings. In addition, it is 

still unclear whether a cocktail should target a single epitope, anticipating multiple escape 

pathways, or multiple distinct epitopes, and it requires further investigation. 

Taken together, these data demonstrate the importance of developing bNAb cocktails for 

both prevention and therapy of HIV-1 infection to cover viral diversity as well as resistant variants 

within diverse viral populations. 

Effect of bNAb on the latent reservoir 

In addition to HIV-1 prevention and treatment, bNAbs are also being explored in cure 

strategies. Antibodies are the key modulators of immunity and can recruit immune effector 

functions through the Fc domains266. Antibodies accelerate the clearance of viruses and infected 

cells, and antigen-antibody immune complexes are potent immunogens for the development of 

host immune responses266-268.  

Studies in humanized mice and nonhuman primates have explored the impact of bNAbs on 

HIV cure229,269,270. Nishimura et al. evaluated the effects of the combination of 3BNC117 and 10-

1074 in the absence of ART during early SHIVAD8 infection. Six of 13 animals achieved long-

term viral control, and an additional four became elite controllers. These results demonstrate that 

immunotherapy can durably suppress virus replication270. However, the effects of bNAbs on the 

latent HIV-1 reservoir in humans is still unclear. VRC01 or 3BNC117 administered during ART 
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suppression did not interfere with reservoir size191,201. Similarly, repeated infusions of 3BNC117 

and 10-1074 during ATI did not lead to statistically changes in the reservoir.  

Since the engagement of Fc-mediated effector functions requires sustained cell surface 

binding of bNAbs to Env271, the immunomodulatory effects of bNAbs may require their use in 

combination with potent latency-reversing agents, or other immunomodulatory strategies, such as 

toll-like receptor agonists, cytokines, checkpoint blockade inhibitors or therapeutic vaccines248. 

Data from our group demonstrated that administration of the PGT121 together with the TLR7 

agonist during ART delayed viral rebound following discontinuation of ART in SHIV SF162P3-

infected rhesus monkeys in which ART was initiated on day 7229. In the subset of monkeys that 

were treated with both PGT121 and GS-9620 and that did not show viral rebound after 

discontinuation of ART. Furthermore, adoptive transfer and CD8-depletion also did not reveal the 

virus.  

These data demonstrate the potential of bNAb administration together with innate immune 

stimulation as a possible strategy for targeting the viral reservoir229. Additionally, modified 

antibodies with enhanced Fc functions and bi-functional antibodies, which bind to HIV-1 envelope 

while also engaging other cellular receptors such as CD3, are also being considered as future cure 

strategies266,272-274.  
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Dynamics of replication-competent provirus 

Although ART is highly effective at suppressing HIV-1 replication, the virus persists as a 

latent reservoir in resting CD4+ T cells during therapy. Studies have shown that viral reservoir 

forms even when ART is initiated early after infection, but the dynamics and evolution of the viral 

reservoir are largely unknown. It is generally believed that the viral reservoirs of infected 

individuals who initiate ART during chronic infection are genetically more diverse than those who 

initiate ART during acute infection, suggesting that the reservoir is formed continuously 

throughout untreated infection179. In Chapter III and IV, we utilized two cohorts of animals which 

initiated ART at 0-3 days or >85 weeks after challenge to explore the level of viral diversity in the 

reservoir. Since initiation of ART inhibits viral replication and halt viral evolution, we are able to 

measure the level of viral diversity by analyzing the rebound virus phylogenetically after treatment 

discontinuation and comparing to the challenge stock (Figure 3.11-3.13, 4.1-4.2). Here, we 

demonstrated that env sequences obtained from chronic animals had significantly higher average 

mismatches and APOBEC-mediated mutations per sequence compared to animals treated during 

acute infection. Additionally, in Chapter II, the breakthrough viral infection in the single bNAbs-

treated animals showed the homogeneity of the viral RNA sequences in plasma and viral DNA 

sequences in PBMC in the first two weeks after viral challenge (Figure 2.6, 2.7). Together, these 

data showed that viral reservoirs of chronically-treated animals are genetically more diverse than 

early-treated animals, suggesting that reservoir is formed continuously throughout untreated 

infection. 

In HIV-infected individuals on ART, greater than 90% of the proviral genomes in resting 

CD4+ T cells are defective156,179. These defective genomes may contribute to continued immune 

activation and exhaustion181,275, but are not the source of viral rebound after treatment is stopped. 
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In contrast, cells harboring intact proviruses are theoretically capable of producing replication-

competent virus and is the main challenge for an HIV cure.  

Quantitative viral outgrowth assay (QVOA) is the standard method to measure the numbers 

of CD4 resting T cells that can be induced to produce replication-competent virus in culture8,106,109. 

However, several recent studies suggested that multiple rounds of maximal T cell stimulation are 

required to induce the latent virus in the reservoir, posing the difficulties of purging the entire 

population of reservoir156,163. Recently, generating the intact provirus by near full-length 

sequencing (NFL) is widely used, and the resulting numbers of provirus are 20-60-folds higher 

than the measurement by standard QVOA, making it a more suitable method to understand the 

viral reservoir comprehensively.  

In Chapter III, we investigated the nature of intact provirus by NFL sequencing. We 

showed that replication-competent NFL provirus (or the rebound competent provirus) persist when 

viremic and under long-term ART suppression and are phylogenetically similar, again showing 

that the extremely stable latent reservoir is the major barrier for reservoir eradication. Our 

observations is in accordance with a recent study by Abrahams et al., where they showed that 71% 

of the unique viruses induced from the post-therapy latent reservoir were most genetically similar 

to viruses replicating just before ART initiation165, indicating that most of the reservoir formed 

around the time of therapy initiation. Previous studies have suggested that the stabilization of the 

reservoir upon ART initiation is likely driven by the rapidly changing immune environment within 

the host in response to lowering viral loads and decreased antigen drive276,277. Reduction of HIV-

1 antigen restores the proliferative ability of HIV-specific CD4+ T cells278, allowing them to 

become long-lived memory cells capable of proliferation. As a results, initiation of ART may 

therefore promote the increased transition of infected as well as uninfected CD4+ T cells from 
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being short-lived effectors to being long-lived memory T cells. Together, these findings suggest 

that profound immunologic changes at the time of ART may allow HIV-infected cells to become 

the stable long-lived reservoir165. 

Additionally, in Chapter IV, we utilized the above NFL sequencing method to explore the 

diversity of the viral reservoir upon ART initiation. we observed almost identical sequences of the 

replication competent provirus in either PBMC or lymphoid nodes to the challenge stock, 

suggesting that there was little to none viral replication prior to ART initiation and again showed 

that viral reservoir was primarily established near the time of therapy initiation.  

Viral reservoirs in central memory T-cell compartments, which are most abundant in 

inductive lymphoid tissues, are established within the first several days of HIV or SIV infection, 

with an exponential increase in the first few weeks of infection followed by slower increases over 

the next few years104,279,280. Once ART-mediated viral suppression is established, this primarily T-

cell reservoir of HIV persists in lymphoid tissues and likely contributes to ongoing in the anatomic 

compartment281-283. Studies have shown that CD4+ T cells carrying latent viruses circulate between 

blood and lymphoid tissues, indicating that rebound virus might originate from numerous tissue 

compartments and results in a complex viral population in blood after treatment interruption281. In 

Chapter III, we used rcNFL proviral sequences obtained from lymphoid tissue samples as well as 

peripheral blood to better understand the dynamics of viral recrudescence. We observed that the 

distance of the replication competent provirus compared to the challenge stock remain constant 

prior to initiation of ART and during ART suppression, and no significant difference was observed 

between peripheral blood and lymph node. 

Clonal expansion of the viral reservoir is an important mechanism of reservoir persistence 

in HIV-infected individuals as well as the proliferation of latently infected CD4+ T cells carrying 
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replication-competent provirus, which presents a major challenge to cure strategy163,164,169,193. 

Individual clones of cells carrying replication-competent HIV-1 persist, wax and wane on a 

timescale of months to years by cellular proliferation without viral reactivation poses a challenge 

to cure172. However, the dynamics of the intact proviral sequences remain unanswered in the SIV 

model. As previously described183, the level of the intact provirus and the percentage of 

hypermutants were higher in SIV-infected animals, making the SIV model suitable to address this 

question. In our study, we identified multiple sequences with nearly identical sequences (0-2 

nucleotides difference in Env and <5 in NFL sequence) in PBMCs and LNMCs, indicating that 

we start seeing the indication of clonal expansion during prolong ART suppression. These 

replication-competent proviral sequences were mostly found in ART-PBMCs in multiple monkeys, 

while hypermutated provirus was largely found in lymph nodes. In the case of defective provirus 

in HIV-infected individuals, defective HIV-1 proviruses can be transcribed, spliced, and translated 

and can as well be recognized by cytotoxic T lymphocytes275. Cells with hypermutated provirus 

from peripheral blood correlated inversely with the duration of infection275. However, the role of 

hypermutated sequences and their impact on shaping the proviral landscape in anatomic tissues in 

either the SIV model or HIV-infected individuals are still unclear. 

There are several important caveats of using the near full-length sequences to address the 

replication competency of the provirus. First, it’s unclear whether the structural intact provirus 

generated by deep sequencing could replicate as well as the actual replicating virus unless 

reconstructing the full-length provirus and measuring its replication capacity. It’s been shown that 

the reconstructed full-length intact noninduced proviral clones has functional promoters and 

showed comparable growth kinetics comparable to reconstructed induced proviruses from the 

same HIV-1 patients156. It suggests that the current method of analyzing the replication 
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competency by sequencing the near full-length provirus is sufficient. Second, the error rate of the 

assays (including the polymerase, library prep, Illumina sequencing) and the nucleotide 

polymorphism happening during viral replication need to be taken into consideration. The potential 

assay error rate of the polymerase used in this study is 1.5-2.8x10-5 (Manufacturer’s website and 

reference284). Illumina sequencing-by-synthesis chemistry is 0.1% per nucleotide, and the error 

rate for the first 100 sequencing cycles is typically less than 0.25% (Manufacturer’s website and 

personal communication with MGH DNA core). Considering the evolutionary rate of the env 

region in HIV infected individuals, the highest average rate was estimated at 0.001 

substitution/month85,285. The average dates of sampling the early rebound virus and longest post-

rebound period is 14 days and 42 days. For the length of full env region we analyzed in this study, 

an estimation of substitutions will be between 1.3 to 4 substitutions. Considering all of the above 

potential error rates, we used the >99% identity to address the similarities between the cell-

associated sequences and the rebound virus193. In 15 of 16 animals, the identity reaches the >99% 

criteria, and among these animals, 9 of 16 animals even achieve >99.5% identity.    

Origins of rebound virus 

The relationship of the intact provirus in circulating CD4+ T cells and the emerging 

rebound viruses was still unclear. Comparison of circulating latent viruses in blood and rebound 

viruses showed a very limited number of overlapping env sequences in several recent clinical trials 

on anti-HIV Env bNAbs, and individuals underwent ATI189-191, suggesting that rebound viruses 

are either not present in or are rare in latent reservoir found in blood circulation189-192. These studies 

further suggested that recombination might play a role in the emergence of rebound viremia in 

HIV-1 infected individuals, indicating that provirus found in the latent reservoir was not the direct 

origin of the rebound virus189-191. In contrast, by using in-depth env V1-V3 sequencing, De 
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Scheerder et al. showed the dynamics of the identical proviral sequences among different cellular 

and anatomical compartments, and these expansions play the major role in viral rebound193.  

In Chapter III, we identified nearly identical proviral sequences from peripheral blood and 

lymphoid tissues to the rebound virus in most of the animals. While the minimal level of 

recombination was observed from PBMCs and LNMCs during the early phase of viral rebound in 

some animals, the majority of recombination events happened after the initial viral rebound. We, 

therefore, speculate that recombination events only happened after initial viral rebound but not the 

cause of viral rebound. The inconsistency of the findings above reflects the fact that 1) the initial 

rebound virus was not sampled or not sampled deeply enough by the time of initial viral rebound, 

or 2) the increased diversity for HIV did not allow sufficient resolution to find that rebound virus 

in HIV-infected individuals. Nevertheless, we demonstrate that the rebound virus appears to 

emerge from provirus in lymph nodes and/or PBMCs that the initial rebound virus is not 

recombinant, but recombination occurs quickly afterward. These data suggested that the reservoirs 

harboring replication-competent provirus in peripheral blood and lymph nodes were likely the 

origins of viral rebound and the findings provide fundamental insights into reservoir biology and 

critically focus HIV-1 cure efforts on the rebound-competent intact viral reservoir. 
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Immunological signatures to predict viral rebound 

Thanks to antiretroviral therapy (ART) introduction, people living with HIV have a longer 

life expectancy and decreased morbidity and mortality than untreated patients, but despite effective 

therapy, the virus is not completely eradicated. The persistence of the virus supports a chronic 

status of immune activation and inflammation, leading to the increased production of pro-

inflammatory cytokines and thymus dysfunction286,287. In addition, persistent inflammation 

exacerbates tissue damage in HIV patients, particularly in the gastrointestinal tract288.  

Treatment of HIV-1 infection with ART in the weeks following infection may induce a 

state of ‘post-treatment control’ (PTC) in some patients, in whom viremia remains undetectable 

when ART is stopped. Understanding the mechanism behind PTC might give us an insight 

regarding the relationship between immunological signatures and viral rebound. In the VISCONTI 

cohort, PTC was associated with low reservoirs, almost non-existent HIV-specific immune 

responses, an absence of protective HLA Class I alleles, and highly symptomatic seroconversion 

illnesses289. Although the mechanisms that induce and maintain this remissive state of PTC remain 

unclear, there is debate over whether the timing of viral rebound after stopping ART is a random, 

stochastic process based on the spontaneous reactivation of HIV-1 in latently infected T 

lymphocytes, or whether the host HIV-1-specific or innate immunity is the determining factor. 

In Chapter IV, we expand the above observation and initiate ART at 6h, day 1, day 2, and 

day 3 to better understand the connections between immunological markers and viral rebound. By 

phylogenetic analysis, we demonstrated that early ART-initiation limits the sequence diversity of 

the viral reservoir by analyzing the rebound virus after ART discontinuation. Rebound viruses 

from monkeys initiated ART at day 3 showed more mutations and APOBEC-mediated 

hypermutations than the monkeys that initiated ART on day 1 and 2. Phylogenetic analysis showed 
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that rebound viruses from each monkey formed separated phylogenetic lineage and was distanced 

from other animals, indicating the single clonality of the rebound virus. Minimal mutations found 

in rebound virus suggested that little to no virus replication occurred prior to seeding the viral 

reservoir. 

By transcriptomic analysis, we demonstrated that gene signatures identified at wk24 prior 

to ART discontinuation could be used to differentiate rebound animals from non-rebound animals 

following ART discontinuation. Prior to ART discontinuation, genes enriched in innate immune 

cells were up-regulated in rebound animals compared to non-rebound animals prior to ART 

discontinuation. Pathways in inflammatory, interferon, and cytokines were also up-regulated in 

rebound animals. These signatures could, therefore, be utilized to predict viral rebound right before 

ART discontinuation.  

Previous studies have shown that plasma levels of TNF-α were increasing in all phases of 

HIV infection and were elevated in patients on ART compared to control patients290. In this study, 

we observed an elevated level of serum TNF-α and TNF signaling pathways prior to ART 

discontinuation. We also observed the upregulation of pro-inflammatory signaling pathways at the 

phase prior to ART discontinuation, suggesting the inflammation status of the infected animals 

correlates with the outcome of viral rebound (Figure 4.8). The serum level of IL-10 was 

upregulated prior to ART initiation and prior to viral challenge, suggesting that IL-10 is an 

important factor for predicting viral rebound and susceptibility to viral infection.  

Previous studies have demonstrated that IL-15 could induce homeostatic proliferation of 

peripheral effector memory CD4+ and CD8+ T cells as well as NK cells291-293. In nonhuman 

primates, the administration of IL-15 has been shown to drive the proliferation of 

effector/transitional memory CD8+ T cells294-296. In our study, we observed that serum levels of 
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IL-15 were positively correlated to rebound animals prior to ART discontinuation. We are 

currently investigating the signatures in cell proliferation and in adaptive immune cells, like T cell 

activation pathways to better understand the correlation of IL-15 and viral rebound. 

On the other hand, immunological biomarkers at baseline or prior to viral infection could 

be used to evaluate the susceptibility of infection after exposure. In the Short Pulse Anti-Retroviral 

Therapy at Seroconversion (SPARTAC) trial, HIV-1 patients were given a 48-week ART or 12-

week ART to study determinants of viral rebound upon treatment discontinuation289. HIV-1 DNA 

levels were sampled at the pre-therapy baseline (week 0), and at the point of stopping ART (week 

12 or 48) and immunological markers of T-cell exhaustion and activation were also analyzed. For 

participants who received 48 weeks of ART, the total HIV-1 DNA level at baseline and week 48 

was associated with shorter time to viral rebound. Additionally, the level of T-cell exhaustion (PD-

1, Tim-3, and Lag-3) prior to ART initiation was the significant predictor of viral rebound, 

suggesting that these markers should be considered in future algorithms used to detect PTC. In our 

study, we harvested plasma samples for multiplex Luminex assay in order to better understand the 

trends of cytokine and chemokine levels prior to viral exposure. We also harvest RNA from 

PBMCs at baseline in order to investigate the immunological signatures that could be used to 

predict viral infection. The analysis for the baseline data is currently in progress. Taken together, 

the above observations will allow us to better understand and to identify immunological signatures 

that correlate with viral rebound and the susceptibility of viral infection, and could help to design 

interventions to modulate these biomarkers and prevent viral rebound or infection. 
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