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Background: HIV persistence during antiretroviral therapy (ART) is the principal obstacle to cure. Lymphoid tissue is a compartment for HIV, but mechanisms of persistence during ART and viral rebound when ART is interrupted are inadequately understood. Metabolic activity in lymphoid tissue of patients on long-term ART is relatively low, and increases when ART is stopped. Increases in metabolic activity can be detected by 18F-fluorodeoxyglucose Positron Emission Tomography (FDG-PET) and may represent sites of HIV replication or immune activation in response to HIV replication.

Methods: FDG-PET imaging will be used to identify areas of high and low metabolic uptake in lymphoid tissue of individuals undergoing long-term ART. Baseline tissue samples will be collected. Participants will then be randomized 1:1 to continue or interrupt ART via analytic treatment interruption (ATI). Image-guided biopsy will be repeated 10 days after ATI initiation. After ART restart criteria are met, image-guided biopsy will be repeated once viral suppression is re-achieved. Participants who continued ART will have a second FDG-PET and biopsies 12–16 weeks after the first. Genetic characteristics of HIV populations in areas of high and low FDG uptake will be assesed. Optional assessments of non-lymphoid anatomic compartments may be performed to evaluate HIV populations in distinct anatomic compartments.

Anticipated results: We anticipate that PET standardized uptake values (SUV) will correlate with HIV viral RNA in biopsies of those regions and that lymph nodes with high SUV will have more viral RNA than those with low SUV within a patient. Individuals who undergo ATI are expected to have diverse viral populations upon viral rebound in lymphoid tissue. HIV populations in tissues may initially be phylogenetically diverse after ATI, with emergence of dominant viral species (clone) over time in plasma. Dominant viral species may represent the same HIV population seen before ATI.

Discussion: This study will allow us to explore utility of PET for identification of HIV infected cells and determine whether high FDG uptake respresents areas of HIV replication, immune activation or both. We will also characterize HIV infected cell populations in different anatomic locations. The protocol will represent a platform to investigate persistence and agents that may target HIV populations.

Study protocol registration: Identifier: NCT05419024.
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Introduction

HIV infection can be controlled, but not cured, by antiretroviral therapy (ART). The persistence of HIV-infected cells during ART is the principal reason for the inability to cure HIV with conventional therapy. Understanding persistence of HIV-infected cells during ART is critical; although HIV-infected cells are readily detectable during therapy in blood, their anatomic distribution remains uncertain, and new approaches to sample tissues and analyze HIV-infected cells from tissues are needed. The use of imaging technologies such as 18F-fluorodeoxyglucose Positron Emission Tomography (FDG-PET) to evaluate metabolic activity in studies of HIV infection dates back to the early years of the HIV epidemic. This was mostly for assessment of opportunistic infections, which were detected by increased metabolic activity. More recently, FDG-PET has been used to investigate the pathogenesis of HIV, and has demonstrated increased metabolic activity in lymph nodes of viremic untreated patients (1). Higher metabolic activity of spleen and lymph nodes also were found to correlate with plasma HIV viremia (1), while arterial inflammation correlated with soluble inflammatory markers in virally suppressed persons (2). The precise source of increased metabolic uptake is uncertain, and may be the result of HIV-infected cells that are metabolically active or the result of activation of immune cells directed against viral infection. The use of FDG-PET in the setting of long-term ART and ATI has the potential of visualizing the dynamics of viral rebound and lymphoid organ involvement, especially in the spleen, lymph nodes, and bone marrow.


HIV persistence

Despite the availability of effective ART that suppresses viral replication, discontinuation of therapy results in prompt and rapid rebound in HIV viremia, and return of progressive immunodeficiency. HIV-infected individuals are obliged to lifelong ART for disease control. However, long-term ART is associated with complications of drug therapy, persistent immune activation, and emergence of drug resistance, particularly in the setting of non-adherence. New efforts to eradicate or control HIV infection are essential, but require a better understanding of viral persistence during therapy.

Untreated HIV infection proceeds with rapid virus replication, progressive CD4 depletion, and death from opportunistic infections or neoplastic diseases. Prior to initiating ART, HIV populations are relatively large (~104-106 infected cells transmitting HIV to uninfected cells per day) and genetically diverse (3). Infection results in cell death in the great majority (>99%) of infected T cells. A relatively small proportion of the entire CD4 cell compartment is infected, and the progressive CD4 lymphopenia characteristic of HIV-infected individuals is probably not the result of direct viral infection. Rather, progressive lymphopenia is likely due to immune mechanisms. HIV infection results in broad immune activation; mechanisms such as T-cell activation–induced cell death, T-cell exhaustion, and bystander effects of infected cells are likely responsible for progressive CD4 cell decline. There is active immunity to HIV, including soluble and cellular (CD4 and CD8) responses; despite these antiviral immune mechanisms, HIV persists.

During ART, the overwhelming majority of CD4 cells (~98%) are distributed in lymphoid tissue, including lymph nodes and spleen (4). Since these tissues are generally difficult to sample, much of our understanding of HIV infection has been derived studying plasma and peripheral blood mononuclear cells (PBMCs). As a result, sources of HIV persistence and anatomic locations of replication-competent HIV-infected cells remains uncertain.

Upon introduction of ART, new virus transmissions to uninfected cells are effectively blocked. Viral RNA levels in blood decline as new cells are not being infected and infected cells are eliminated, either by direct viral killing or by immune-based mechanisms to eliminate virus-infected cells. Viral RNA levels in plasma decline as infected cells are eliminated by multimodal decay kinetics. A sharp initial decline of 10- to 100-fold in the first 1–2 weeks of therapy corresponds to loss of cells with a relatively short half-life (1–2 days) (5). This initial decline is followed by a second phase decline, with a characteristic half-life of 2–3 weeks, corresponding to the loss of longer-lived cells, including macrophages and long-lived CD4+ T cells. Within 1–6 months, viral RNA levels decline to a level less than that quantifiable by commercial HIV RNA detection. Use of sensitive single-copy HIV RNA detection assays has revealed HIV RNA levels undergo a third phase decline with a half-life of ~39 weeks, likely corresponding to long-lived cell compartments. Analysis of individuals undergoing long-term ART has revealed persistent viremia with no further decay detected after 3 to 4 years (6).

HIV-infected cells persist during therapy and are readily detectable using sensitive techniques. Viral RNA levels decline a median of 17,000-fold after introduction of ART, but cell-associated viral DNA declines only 10- to 30-fold, suggesting a substantial population of remaining virus-infected cells (7, 8). These quantitative studies only measure the presence of HIV DNA and do not detect or quantify levels of replication-competent virus. Other detailed studies have consistently demonstrated that the level of replication-competent HIV is only a small fraction (1–3%) of the total number of infected cells, as demonstrated by Chun et al. and Bruner et al. (9–12). HIV-infected cells are present in peripheral blood as well as diverse anatomic compartments, including secondary lymphoid organs [lymph nodes, spleen, and gut-associated lymphoid tissue (GALT)], central nervous system (CNS), and renal tissue, all of which may represent viral sanctuaries.

Two potential mechanisms for the source of persistent low-level viremia have been proposed: (1) persistence of long-lived cells producing HIV in low-level constitutive fashion, or producing low-level viremia after transition from latent to active infection, and (2) continued cycles of HIV replication despite effective ART, because drugs are not completely effective or do not sufficiently penetrate all anatomic sites [gastrointestinal (GI) tract, CNS, renal tissue, etc.] with HIV-infected cells. Distinguishing between these two potential mechanisms is critical to the development of HIV eradication strategies. If ongoing cycles of HIV replication persist during therapy, then new and improved antiviral modalities are an essential component of curative strategies. Alternatively, if reservoirs of cells with replication-competent HIV are responsible for persistence, then new strategies to eliminate infected cells will be necessary.

In the past, studies have reported roles for both ongoing replication and for persistence of long-lived reservoirs of replication-competent HIV. Most recently, comparative analysis of HIV plasma viremia prior to and following ART revealed no evidence of molecular evolution of HIV populations, even after prolonged (>9 years) ART, suggesting little or no ongoing viral replication (8). Viral populations frequently include identical viral variants, suggestive of clonal expansion, and direct evidence of clonal expansion of HIV-infected cells has been demonstrated. Recent studies of replication-competent virus from clonally expanded CD4 T-cell lineages demonstrate that clonally expanded cells can harbor infectious HIV and that HIV-1 viremia during ART can originate from large T-cell clones (13, 14). Most infected cells, clonally expanded or not, contain defective proviruses, though the proportion of infectious proviruses that are clonally expanded is uncertain.



Anatomic distribution of HIV-infected cells during ART

Anatomic locations and potential sanctuary sites of HIV infection have been investigated, but it is uncertain whether many of these sites represent a source of replication-competent HIV. Sensitive genetic techniques have been used to determine whether virus populations present in specific anatomic locations are compartmentalized, i.e., separate from the virus-producing cells present outside the anatomic location. A number of studies have suggested HIV compartmentalization in the genital tract, lymphoid tissue including GALT, and in the CNS. HIV infection of the CNS is established by infected cells trafficking across the blood-brain barrier to establish local infection. Virus enters the CNS within days of infection. Long-lived cells, including microglia, macrophages, and astrocytes in the brain can harbor the virus and also serve as a reservoir (15).

The role of the bone marrow in HIV remains poorly understood. Although bone marrow is an important source of CD4, CD8, and other immune cells in adults, it is unclear whether bone marrow represents a large site for persistence of HIV-infected cells. Differentiated bone marrow cells can become infected with HIV and infected marrow–derived monocytes may traffic HIV into the CNS. In turn, HIV proteins and associated cytokine changes can alter maturation of marrow cell lineages and cause apoptosis (16).

Another important HIV reservoir is the genital tract, which is often the site of primary infection. The uterine cervix may be an important reservoir, as rebound virus with ART cessation can be genetically identical to cervical sequences (17). HIV-1 populations in cervical and vaginal tissue may also have genetic features that differ from plasma virus, suggesting a degree of compartmentalization (18). Compartmentalization and clonal expansion in semen samples have also been identified in ART-naïve men (19). However, there are few analyses of HIV genetics and clonal expansion in blood and specific compartments in individuals suppressed for prolonged periods or after ATI. It is also important to understand these genital tract compartments because they represent sources of HIV transmission during treatment interruption.



Imaging HIV-infected individuals

Traditional histologic, immunohistochemical, and molecular approaches to identify and characterize lymphoid tissue prior to and following introduction of ART are challenged by difficulties in routinely obtaining such tissues. Non-invasive imaging modalities have been explored to characterize HIV infection, persistence, and reactivation following ATI. PET is an imaging modality that is useful for localizing and quantifying sites of increased metabolic activity, which are generally over-represented in neoplastic or inflammatory/infectious processes. The radionuclide tracer F-18 FDG is an analog of glucose that is readily taken up into cells that are actively metabolizing glucose. FDG is typically transported by GLUT-1 and GLUT-3 (20) transporters, and undergoes phosphorylation by hexokinase to FDG-6-phosphate, however it does not undergo further metabolism, but accumulates in cells instead (21–23). FDG accumulates in tumor cells, macrophages, and other immune cells and granulation tissue. FDG-PET of healthy individuals demonstrates a physiologic biodistribution involving increased uptake in the brain and liver and excretion through the kidney; uptake in the heart is variable depending on the myocardial energy substrate (24). Studies of individuals with HIV infection have shown FDG-PET activity in the CNS, even in individuals with suppressed viremia (25, 26). Extensive studies of FDG-PET imaging in the setting of rebound viremia have not been performed to confirm that increased uptake represents local viral replication or to characterize contributing viral populations.

Activated lymphocytes and neutrophils also utilize high levels of glucose, comparable to that of malignant cells. FDG-PET has accordingly been explored for localizing sites of infection and in the evaluation of individuals with fever of unknown origin. In evaluation of individuals infected with HIV, FDG-PET is effective for distinguishing the discrete lesions of CNS lymphoma from cerebral toxoplasmosis, which may appear similar by computed tomography (CT) and magnetic resonance imaging (MRI). Using PET scans, the high metabolic activity of CNS lymphoma (FDG-avid) is typically distinguishable from the low metabolic activity appearance of toxoplasmosis (FDG-non-avid).

PET has also been used to identify sites of inflammation in various non-HIV conditions, such as vasculitides, osteomyelitis, and sarcoidosis (27).

Several disease stratification scoring systems based on FDG-PET have been developed, particularly for oncologic and rheumatologic conditions (28–32). The most commonly used semiquantitative measure is SUV (standard uptake value) representing the ratio of target tissue/lesion radioactivity concentration to the injected dose normalized to body weight/or lean body weight. In clinical practice, most studies report the SUVmax, which is the maxium pixel value measured in the target lesion. However, the SUVmax does not represent the metabolic burden in the entire lesion since it is only derived from the highest pixel and does not provide information regarding the distribution of metabolic activity in the remaining lesion. More so, SUVmax is influenced by image noise and patient and imaging characteristics. Alternatively, SUVpeak has been used, representing the average pixel value within a fixed region of interest, usually of 1 cm3 volume.

A visual qualitative scoring system has also been found to be of high diagnostic accuracy. When comparing the lesion SUV with hepatic uptake, a fairly universal 4 grade system has been established: grade 0 = no evidence of FDG uptake in the lesion; grade 1= detectable uptake in the lesion of lower intensity than the liver; grade 2 = uptake in the lesion similar with liver uptake; grade 3= uptake in lesion above liver uptake. Alternatively, a ratio of the lesion uptake vs. the liver uptake can be derived.

Other quantitative measures have been studied and added value, particularly in treatment response assessment and disease prognosis: metabolic tumor volume (MTV) representing the tumor volume expressing a predermined threshold uptake as a percentage of the SUVmax, and total lesion glycolysis (TLG) defined as the product of mean SUV and MTV (33). However, MTV and TLG require meticulous software-based analysis and are not used in clinical practice.

Less attention has been given to FDG based stratification systems for HIV and other infectious diseases. In our experience, providing a combined visual quantitative scoring, as described above, together with measurements of standard uptake values (SUV) in different target tissues/lesions, such as lymph nodes, spleen and bone marrow, will provide adequate information regarding metabolic activation status.

FDG-PET has previously been employed for investigations of HIV pathogenesis. In HIV-infected individuals not on ART, PET has detected areas of intense metabolic activity within secondary lymphoid tissue, especially lymph nodes that are not present in uninfected individuals. In quantitative studies, the degree of FDG uptake into lymphoid tissue is directly related to peripheral viral RNA levels, and inversely proportional to CD4 counts (34–36). The distribution of PET-positive nodes has been longitudinally evaluated after HIV infection, although extensive data are not available (37). Uptake into the spleen and GI tract, which contain substantial lymphoid tissue, has been described but uptake was inconsistently observed. HIV-infected cells or related activity may be diffusely distributed in large lymphoid organs, preventing clear visualization by standard PET approaches. Taken together, these data indicate ongoing immune activation during untreated HIV infection (38).

It has been assumed in studies of HIV infection that areas of metabolic activity correspond to active HIV replication and infected cells. However, HIV infection engenders broad immune activation, with levels of activation proportional to viral RNA levels in plasma. It is not certain that FDG uptake in lymphoid tissue corresponds to infected cells, broad immune activation, or both.

In contrast to PET studies of untreated HIV-infected patients showing marked FDG uptake, studies of virally suppressed HIV-infected individuals have revealed little or no FDG uptake in lymphoid tissues. No studies of individuals with persistent low-level viremia above clinical assay detection limits during ART have been performed. In our own experience, we evaluated a patient with squamous cell cancer and low-level HIV viremia due to a large population of HIV-infected cells who underwent PET to evaluate disease recurrence, and we did not detect any lymphoid uptake. Studies have investigated FDG uptake in animals and humans discontinuing ART. Schreiber-Stainthorp et al. found that ATI was associated with increased brain glucose metabolism in SIV-infected macaques (39). A study of SHIV infected macaques showed increased tissue FDG uptake preceded viral replication (34). In humans, Brust et al. noted strong uptake within 14 days of drug discontinuation, indicating rapid activation of metabolic activity after interrupting ART (35). Although FDG uptake may be detectable prior to increases in viral RNA levels, greater active uptake correlated with concurrent rapidly increasing plasma viral RNA levels. Combining PET scanning with CT localization is superior to PET alone (40–43), with improved resolution and increased specificity in detecting inflammation. However, specific studies in HIV pathogenesis have not been performed. In the present study, we will use state-of-the-art combined PET/CT localization in collaboration with interventional radiology colleagues who have pioneered the ability to identify and biopsy tissues of relatively small size.

Although metabolic activity has been detected in lymph nodes following ATI, it is not known what metabolically active sites represent. These may be primary sites of HIV replication or sites of early seeding of spreading virus; in contrast, they may not be sites of HIV replication at all, but simply sites of immune activation in response to viral rebound. Histology, immunohistochemistry, and in situ hybridization evaluation of nodal material from individuals undergoing ART were able to localize HIV DNA, but no such studies in individuals undergoing PET or ATI have been reported (44). A study of lymph node and GALT biopsies before and during ATI revealed a large number of viral sequences, likely representing recrudescent viremia from multiple sources (45). However, PET was not done in this study. Furthermore, not all nodes are FDG avid. During HIV infection, lymph nodes may become fibrotic with extensive collagen deposition, which may contribute to poor immune recovery (46–48). For patients continuing ART, changes in uptake would not be expected over a short period. Thus, imaging of these patients is not needed at the same frequency as in patients undergoing ATI.

Much can be learned about HIV persistence and reactivation by in-depth analysis of lymphoid tissue prior to and following ATI. Unfortunately, little clinical material from patients undergoing long-term ART or ATI has been available for study. The decrease in lymph node size that occurs during long-term effective ART prevents straightforward identification and facile surgical sampling for research studies. As a result of practical limitations, one of the most prominent sources of HIV persistence has not been extensively investigated in patients undergoing long-term ART. New approaches to study this key source of HIV infection are essential.

In the past several years, new imaging and interventional techniques have revolutionized identification, biopsy, and in situ treatment of diseased human tissues (49–52). The coregistration of PET, MRI, and CT facilitates accurate spatial identification of lesions; electromagnetic tracking (medical GPS) and optical tracking permit the positioning of biopsy instruments in real time (49, 53). The resulting precision has enabled targeted ablation of tumors such as paragangliomas, delicate vascular stent placement, and specific biopsy of smaller tissues, including adrenal and abnormal prostate tissue (54, 55). Using such techniques, lymphoid tissue has been routinely biopsied for clinical indications at NIH, and sampling of regressed lymph nodes after prolonged ART is well within the typical scope of image-guided biopsy.



Analytic treatment interruption

Treatment interruptions have been studied over the last 15 years and have contributed significantly to understanding ART and HIV pathogenesis. Early studies demonstrated that cure from HIV is not possible with ART alone, and few patients maintain suppressed viral RNA levels following treatment interruption. Viral RNA levels are typically detectable within 2–4 weeks after ATI. During this early rebound period, viral RNA levels may rebound higher than viral set points prior to initial therapy, but with time off therapy, stable levels of viral RNA that are comparable to pre-therapy RNA are achieved. Shortly after treatment interruption, CD4 cell numbers may remain stable or decline slightly. New opportunistic infections are not an early consequence of treatment interruption (2–12 weeks post-interruption). The emergence of HIV drug resistance is not a typical consequence of discontinuing antiretroviral drugs (ARVs) with similar half-lives. In discontinuing regimens consisting of drugs with dissimilar half-lives [such as regimens containing non-nucleoside reverse transcriptase inhibitors (NNRTIs), which have half-lives more than 10-fold longer than nucleoside reverse transcriptase inhibitors (NRTIs) or protease inhibitors], there is a risk of emergence of NNRTI drug resistance due to the prolonged low level of NNRTI. Prolonged discontinuation from ART is associated with persistent viremia as well as progressive CD4 lymphopenia and disease progression. With the appropriate safeguards and patient counseling, ATI studies can be carried out without complications of drug resistance or HIV disease progression (56–64).



Relevance to HIV cure

Characterization of HIV populations in different anatomic compartments contributing to the HIV reservoir will inform cure strategies. Understanding how those populations are activated or change in response to ATI may reveal unique opportunities for interventions that target specific reservoirs. As currently effective cure strategies are both life-threatening and not scalable, novel approaches are needed.



Protocol plan

There are many gaps in understanding of HIV persistence and reactivation following ATI. The proposed study will use virologic, immunologic, genetic, and imaging approaches to investigate HIV persistence and kinetics of reactivation following short ART interruption. We will specifically evaluate the utility of FDG-PET for identifying changes in activity of potential HIV reservoirs in diverse anatomic locations. We will identify and biopsy FDG-avid and FDG-non-avid areas.




Objectives and endpoints

Our primary objective is to assess the correlation of FDG-PET activity with changes in HIV RNA in lymphoid tissues before and after ATI. Secondary objectives will evaluate correlation of FDG-PET with HIV RNA in other compartments, as well as characterize changes in both DNA and RNA. Objectives and endpoints are summarized below in Table 1.


TABLE 1 Study objectives and endpoints.

[image: Table 1]



Methods and analysis


Study design

This is a single-site randomized trial of the effects of ATI in six adult participants with HIV who are virally suppressed compared to six adult participants with HIV who are virally suppressed and who do not undergo ATI. Participants will be randomized 1:1 to either ATI or to continue their ART. Neither the participants nor the study team will be blinded, except for an imaging reader and biopsy reader, as described below. The study schema is shown in Figure 1. The schedule of events for participants randomized to ATI or to continue ART are shown in Supplementary Tables S2, S3.


[image: Figure 1]
FIGURE 1
 Study schema. ART, antiretroviral therapy; ATI, analytic treatment interruption; VL, viral load. Depicts the overall schema for participant randomization and study procedures. Participants will be randomized 1:1 to continue ART or undergo ATI. ATI participants will undergo a total of three PET/CTs with biopsy, while those who continue ART will receive two PET/CTs with biopsy.



Screening

Up to 50 individuals will be screened in order to identify 12 individuals who will be enrolled onto the study. Inclusion and exclusion criteria are described below. Those who are determined eligible will return for a baseline/first imaging visit.



Baseline/First imaging visit

At baseline, blood will be drawn via venipuncture for clinical and research evaluations, and participants will undergo whole body FDG PET/CT. Within the next 5 days, PBMCs will be collected by leukapheresis, and lymphoid tissue biopsies will be taken on the basis of imaging results. Approximately 2–5 biopsies will be performed after each PET scan. PET-avid (“hot”) and non-avid (“cold”) areas will be sampled. Lymph node biopsies will be guided by the combination of modalities most appropriate for each biopsy, which may include CT, ultrasound, and anatomic landmarks. Approximately 3 needle passes are typically performed, with the exact number guided by cytology feedback, intra-procedural factors, maintenance of low-risk, and size of target. Hot and cold nodes will be biopsied based on accessibility, with consideration for prior biopsies and consistency in biopsy site across participants. Optional sample collections are bone marrow biopsy, CSF via LP, and vaginal fluid or semen samples (which may be collected at home for the participant's convenience). Research evaluations on the samples are described in Table 2.


TABLE 2 Biospecimen evaluations.

[image: Table 2]



ATI or continue ART phase

After the baseline imaging visit, participants will be randomized 1:1 to either continue their ART regimen or undergo ATI, to begin 2 weeks (±3 days) after baseline. This interim serves two purposes: (1) to give ATI participants time to recover so they can be biopsied from the same site again if indicated, and (2) for those on ATI who take NNRTIs, to switch to a protease inhibitor or an integrase inhibitor–based regimen to ensure that the washout period of ARV drugs is roughly equal. The study team will work with the participant's regular care team to adjust ART regimens as needed and oversee the ATI. If necessary to ensure a safe discontinuation of ART, the interval between baseline and ATI initiation may be lengthened up to 8 weeks. ATI participants will have a second set of imaging and biospecimen collection 7–13 days after starting ATI. A biopsy reviewer who is blinded to cohort assignment (ATI or continuing ART) will review the whole body PET/CT images and determine what sites to biopsy.

Participants on ATI will have weekly study visits to monitor HIV symptoms, viral load, and CD4 count. When the participant meets a restart criterion, including reaching 90 days of interruption even if no other criterion is met, they will resume their ART at the next weekly visit. This ART restart visit will include a research blood draw. As this blood draw is critical to the study goals, participants who do not return for their ART restart visit will be replaced. Participants who withdraw prior to achievement of ART resumption criteria will similarly be replaced. However, their data will be kept as it can be used in the PET/CT and biopsy timing analyses. They will be advised on resuming their ART at home and will be followed for safety.



Resume ART phase or continue ART phase

Participants who underwent ATI will continue weekly visits after ART restart, and will undergo a third and final set of imaging and sample collection within 21 days after achieving viral suppression (HIV RNA < 40 copies/mL) to facilitate understanding of what increased SUV represents (viral activity, generalized inflammation, or another process). The blinded biopsy reviewer will again determine what sites to biopsy on the basis of the whole body PET/CT images. Participants will also have the option to undergo additional lymph node biopsies on ART restart days 0, 5, and/or 10, if the lymph nodes are superficial and easily accessible for biopsy, as determined by the radiologist. Participation in this study for the ATI group ends after the third imaging visit. Supplementary Table S2 summarizes the schedule of events for ATI participants.

Participants who remained on ART will have a second and final set of imaging and lymph node biopsies at 12–16 weeks after the first, which is anticipated to correspond with the final imaging and sample collection of the ATI group. As with the ATI group, the blinded biopsy reviewer will determine what sites to biopsy on the basis of the whole body PET/CT images. Participation in this study ends after this visit. A third set of imaging and biopsies will not be pursued for those who remained on ART, because changes in PET or biopsy findings are unlikely and would be unnecessary procedures. Supplementary Table S3 summarizes the schedule of events for participants who continue ART.

After these initial 12 participants complete the study, an NIH Clinical Center (CC) staff radiologist on the study team will act as a blinded imaging reader to review the whole body PET/CT results and attempt to identify whether the participant continued their ART regimen or was on ATI. This is a different person from the blinded biopsy reviewer. The blinded imaging reviewer's success rate, and the data analysis described below, will determine if the study should be repeated to optimize timing of imaging and biopsy. A routine clinical read of the whole body PET/CT scans will also be performed by a CC staff radiologist unaffiliated with the protocol who is not blinded, and actionable results provided to the participant and/or care providers.

Initial data analysis will entail measurement of total HIV RNA by polymerase chain reaction (PCR) from lymph node biopsy specimens. Comparisons will be made between the ATI and continued-ART groups, as well as within each randomization group across time points. This analysis will be used to (1) determine if ATI participants vs. controls could be identified via PET/CT, and (2) determine if viral RNA in lymph nodes increased over the course of ATI. Based on the results of the analysis of this group, we may need to adjust the timing of the first PET/CT with biopsy after ATI; this change will be done through a protocol amendment. If it is determined after the first 12 participants that the timing of the first PET/CT with biopsy should be adjusted, according to criteria outlined under “PET/CT and Biopsy Timing Justification” (0–1 ATI participants has >3 fold increase RNA in a biopsy site OR none of the 6 ATI participants are correctly classified), then the study would be repeated with new participants and a modified schedule with the 2nd imaging and biopsy assessment moved to 14–17 days post-ATI. If all 6 have 3 fold tissue RNA increase, we will move the imaging and biopsy to 3–6 days post-ATI. The study would be repeated with the same number of participants. Data analysis would be repeated using the same criteria. The study may be repeated more than once, if needed. Additional repetitions would shift the imaging and biopsy by increments of 4 days.

Study visits will typically be done as outpatients, but participants may be admitted as inpatients at the discretion of the investigators.




Study population
 
Inclusion criteria

Participants must meet all of the following criteria to be eligible for this study:

1. Aged ≥ 18 years.

2. HIV-1 infection documented using FDA-approved screening and confirmatory or supplemental assays in Centers for Disease Control and Prevention (CDC)–recommended testing strategies.

3. Established medical care outside NIH.

4. Able to provide informed consent.

5. Willing to allow samples to be stored for future research.

6. Willing to allow genetic testing.

7. Undergoing ART using recommended, alternative, or other regimens as defined by “Guidelines for the use of Antiretroviral Agents in HIV-1 infected adults and Adolescents” (65).

8. Viral RNA < 40 copies/mL plasma by conventional assay for at least 3 years [blips (transient increases within 6 weeks) (66) of <200 copies/mL are allowable when succeeding viral levels return to <40 copies/mL on subsequent testing].

9. CD4 cell count ≥350 cell/μL.

10. Willing to interrupt ART for up to 90 days.

11. Willing to use a barrier method of contraception such as condoms or dams when engaging in sexual activity, or remain abstinent during ATI and after re-initiating ART until viral re-suppression is achieved, to prevent pregnancy and transmission of HIV.



Exclusion criteria

Participants who meet any of the following criteria will be excluded from this study:

1. Active intercurrent illness or infection, including fever >38°C.

2. Known history of initiating ART during the first year of infection with HIV. Patients will be considered to have initiated ART within 1 year of infection as defined by documented screening/confirmatory seroconversion [positive testing within 1 year of non-reactive HIV enzyme-linked immunosorbent assay (ELISA)].

3. Pregnant.

4. Breastfeeding.

5. Currently undergoing therapy with drugs that, in the judgment of the investigators, may interfere with biodistribution of FDG, including prednisolone, valproate, carbamazepine, phenytoin, phenobarbital, and catecholamines.

6. Undergoing ART that is incompatible with an ATI.

7. Has undergone PET/CT within the last 6 months.

8. History of poorly controlled diabetes that, in the judgment of the investigators, would prevent completion of PET/CT scan.

9. Vaccination within the previous 4 weeks.

10. History of ATI within the past 1 year.

11. Has comorbid illness for that, in the judgment of the investigators, an ATI will represent elevated risk.

12. Active opportunistic infection as defined by the Guidelines for the Prevention and Treatment of Opportunistic Infections in Adults and Adolescents with HIV (67).

13. Significant active substance abuse or psychiatric illness that may, in the judgment of the investigator, interfere with study visits or procedures.

14. Allergy to planned anesthetic agents that are expected to be used. For local anesthetics, this is lidocaine. For sedation, this is midazolam and fentanyl.

15. Currently undergoing chronic systemic steroid therapy (corticosteroid nasal spray or inhaler and topical steroid use are acceptable).

16. Contraindication to use of IV contrast.

17. History of developing keloids.

18. Renal impairment: HIV-related kidney disease or estimated glomerular filtration rate (eGFR) CKD-EPI equation <60 mL/min/m2. For individuals undergoing therapy with cobicistat or integrase strand inhibitors (INSTIs), GFR may be estimated using cystatin C or creatinine.

19. Active or chronic hepatitis B virus infection, with detectable hepatitis B surface antigen, hepatitis B virus DNA, or both.

20. Active hepatitis C virus infection, with detectable virus RNA.

21. History of HIV-associated dementia or progressive multifocal leukoencephalopathy.

22. Documented ARV drug resistance that, in the judgment of the investigator, would pose a risk of virologic failure should additional mutations develop during the study.

23. History of cardiovascular event or at high risk of an event (e.g., atherosclerotic cardiovascular disease score >20%) (https://tools.acc.org/ascvd-risk-estimator-plus/#!/calculate/estimate/).

24. History of AIDS-defining illness according to CDC criteria within the past 3 years (68).

25. Hepatic impairment: alanine transaminase >2.5 × the upper limit of normal or documented history of cirrhosis (69).

26. Any condition that, in the judgment of the investigator, contraindicates participation in this study.




Study intervention
 
ATI

Participants randomized to ATI will halt their ART medications starting 2 weeks (±3 days) after the first imaging visit. This plan will be discussed with participants during the baseline visit. Patients will be contacted 1–3 days prior to ATI initiation. An interim history will be collected to ensure there are no new safety concerns. ATI may be delayed or canceled if there are new safety concerns. HIV plasma viral levels and CD4 counts will be monitored every week during the ATI phase. If a participant meets any of the ART restart criteria during the ATI phase, then they will discontinue ATI and restart ART. Participants who do not meet restart criteria will remain off ART and continue to be monitored weekly until they have been on ATI for 90 days, and then will restart ART.



Criteria to restart ART

Participants assigned to ATI will resume ART and continue the study if they meet any of the following criteria during the ATI phase:

• HIV RNA > 40 copies/mL and either a confirmed >30% decline in baseline CD4 cell count or an absolute CD4 count <300 cells/mL on 2 consecutive assesements within 2 weeks.

• A sustained (≥4 weeks) HIV RNA level of >1,000 copies/mL.

• Any HIV-related symptoms or acute retroviral syndrome presenting as fever, lymphadenopathy, sore throat, rash, myalgia/arthralgia, or diarrhea not already determined by physician examination to be related to something other than HIV.

• Any development of HIV-specific opportunistic infections, as listed in the DHHS guidelines (clinicalinfo.hiv.gov).

• ART is deemed medically necessary for non-HIV-related causes.

• Absolute HIV RNA >100,000 copies/mL.

• Participant becomes pregnant.

• At 90 days after starting ATI, any participant who has not met criteria to end the ATI will be instructed to restart ART.

• Participants who are in the ATI period who trigger a withdrawal criterion (Supplementary material S2) will also resume their pre-study ART regimen.





Measures to minimize bias: Randomization and blinding

Randomization will be completed after study enrollment and will be 1:1 ATI to control (maintain ART). Image reviewers and biopsy reviewers will be blinded to randomization assignments until all 12 participants have completed the protocol and results have been analyzed as described in statistical considerations. The imaging reviewer is blinded as part of the determination of whether this study will be repeated. The biopsy reader is blinded to minimize bias in choosing which “hot” or “cold” nodes to biopsy. A Clinical Center (CC) staff radiologist who is not the blinded radiologist will review the PET/CT scans as they come in for clinical review and identification of sites to biopsy. As the ATI group will have three scans and the non-ATI group will have two scans, scans will be de-identified, and the first two scans will be used for discrimination of ATI vs. non-ATI to preserve blinding.

Randomization will be done by the Biostatistics Research Branch of the National Institute of Allergy and Infectious Diseases (NIAID). The randomization code will be maintained by the Biostatistics Research Branch on secure servers. The randomization code will be shared with all study staff except the blinded imaging and biopsy reviewers during the course of the study. Randomization will be performed via block randomization.


Biospecimen evaluations

Biospecimen collection includes both required and optional samples. A summary of planned specimen collection and analyses to be conducted with these specimens is outlined in Table 2.



Genetic/Genomic analysis

Somatic genetic testing may be conducted on blood, biopsy, and/or CSF samples. Genetic tests include HLA typing, interferon variant analysis, and mitochondrial DNA analysis.

The following may be done on samples collected under this study:

• In order to understand molecular evolution of HIV over time in infected individuals, HIV DNA and/or RNA will be sequenced. It will include both whole genome sequencing (9–10 kb) and HIV env sequencing (1.2 kb).

• Transcriptomic (sequencing from mRNA) analyses of cells.

• Limited genomic DNA sequencing to identify targeted polymorphisms. The limited genomic DNA sequencing may also include epigenetic analyses.

• Whole genome or whole exome sequencing will not be done under this protocol. All participants will be offered co-enrollment in the NIAID Centralized Sequencing Protocol (NIH IRB# 17-I-0122), but this is optional and not a condition of participation on this study.




Design and statistical considerations


Sample size justification

We will use a sample of size n = 12, with 6 participants randomized to the ATI group and 6 to the control group. A blinded PET/CT reader will attempt to correctly classify participants into their respective groups.

We determined the sample size of 12 participants (six on each arm) to allow for the blinded imaging reader to make an incorrect assignment and still obtain a significant P-value (p = 0.04) using a 1-tailed Fisher exact test and an alpha of 0.05. If we had used 10 participants (5 in each arm) instead of 12, then one incorrect assignment would yield a Fisher's exact test P-value of 0.103.



Estimating the probability that an ATI participant has at least one productive hot spot

The probability p that an ATI participant has at least one hot spot that corresponds to a potential site of HIV replication or immune activation after ART discontinuation (we will use the term “productive hot spot”) will be estimated using a Bayesian procedure. Further details can be found in Supplementary material S1.



Comparison of PET hot and cold biopsy samples for ATI participants

This will be restricted to ATI participants with abnormal hot spots; cold spots will be identified for comparison. HIV DNA values for hot and cold samples on each participant will be ranked and participant mean rank differences computed. A permutation test will be used to determine whether differences between cold and hot spots are beyond what would be explained by chance. Further details can be found in Supplementary material S1.



PET/CT and biopsy timing justification

The timing of our interventions is based on current understanding of HIV rebound and imaging capability. If we do not find that analysis of FDG-PET is sufficiently sensitive to detect differences in metabolic activity, or we do not find increases in HIV RNA in tissues, the timing of imaging is likely too early and we will amend the protocol to extend the timing of the biopsy relative to the ATI start.

Conversely, if lymph node biopsies from all participants have a significant increase in HIV RNA after the first assessment, then the samples were likely collected too late and do not reflect the early stages of viral rebound. In this case, the study would be repeated with the first post-ATI assessment moved earlier. In some instances where consistency in biopsy site is not possible, different lymph nodes, preferably in the same region, will be biopsied across time points. Evidence suggests compartmentalization between different lymph nodes in the same individual does not occur (70).

After completing the analysis to examine data from the first 12 patients, the first PET/CT with biopsy will be moved from days 10 ± 3 post-ATI based on the following criteria:

a. Move later, to days 14 to 17 post-ATI

i). If 0/6 or 1/6 ATI patients have 3-fold increase in viral RNA

ii). If 0/6 ATI patients are recognized on PET/CT

b. Move earlier, to days 3 to 6 post-ATI

i). If 6/6 ATI patients have 3-fold increase in viral RNA

A 3-fold increase in HIV RNA is being used as the threshold because it represents an increase that is significantly different by single-copy assay.




Discussion

HIV is controlled but not cured by combination antiretroviral therapy, and the mechanisms of HIV persistence remain poorly characterized. ATI studies have been useful in investigating the events in HIV rebound (71–77); many ATI studies analyze HIV present in plasma or in peripheral blood mononuclear cells. Most replication takes place in tissues, however, and HIV reactivation in tissues during ATI has not been well-studied. This protocol will allow us to explore utility of PET for identification of areas of high FDG uptake indictive of increased metabolic activity. By biopsying both FDG hot and FDG cold areas, we will be able to characterize these regions and investigate HIV replication during treatment interruption. One hypothesis is that PET SUV correlates with HIV viral RNA in biopsy of those regions and that lymph nodes with high SUV have higher viral RNA compared with areas with low SUV within a patient. If this is true, PET may be useful for identification of HIV infected cell populations, as well as monitoring response to cure strategies.

A randomized design was selected for this study to account for natural variation that might be seen in FDG uptake over time and to test the hypothesis that ATI engenders changes in FDG uptake not seen in patients who continue ART. Neither of these considerations could have been addressed without inclusion of the control ART continuation group. The possibility of doing only the ATI group, with each participant's baseline scan serving as their own control, was explored. Natural longitudinal variation in FDG uptake could, however, confound this approach. As Pfaehler and coworkers have reported, FDG PET uptake may be subject to variation from a number of potential sources (78, 79). Randomization to ATI vs. continuation of ART was necessary to optimize the balance of additional known and unknown confounders. The data generated, using rigorous uptake quantification, will also serve as an assessment of natural variation in FDG uptake over time, which will have general utility for FDG uptake studies.

A key feature of this protocol is that it will facilitate study of early events in HIV reactivation. Controlled ATI with frequent sample acquisition and targeted biopsies during the ATI will enable capture of data from very early timepoints, when reservoirs are expected to reactivate as suppression from ART wanes. In many current ATI studies, data on viral dynamics, genetic composition, immunologic responses, cell populations and anatomic localization may reveal biomarkers of persistence, and targets for intervention.

Individuals who undergo ATI are expected to have diverse viral populations upon viral rebound in lymphoid tissue. HIV populations in tissues may initially be phylogenetically diverse after ATI, with emergence of dominant viral species (clone) over time in plasma. Dominant viral species may represent the same HIV population seen before ATI. We will characterize reservoirs in different anatomic locations. Understanding local population dynamics will facilitate development of eradication and control strategies.

Our protocol design has built in flexibility to identify the optimal timeframe for studying reactivation events. Depending on the change in RNA or ability of the radiologist to classify ATI vs. non-ATI participants, schedules for imaging and biopsy may be shifted earlier or later. Establishment of optimal timing for reactivation studies, particularly with an imaging approach, will be useful in design of interventional studies evaluating HIV reservoirs and agents that may affect them (80–83).
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Author contributions

C-YL, MA, AN, BS, and FM conceptualized the study. DH, CM, and BW provided guidance regarding radiologic aspects of the study. AO-V and MP completed stastical analyses required for protocol design. TN provided input on laboratory analyses. JE, CS, and AS provided clinical and administrative input. All authors provided intellectual input. All authors contributed to the article and approved the submitted version.



Funding

This work has been funded by the Intramural Research Program, National Cancer Institute, Center for Cancer Research, and federal funds from the National Institute of Allergy and Infectious Diseases, NIH, the NIH Center for Interventional Oncology, and the Intramural Research Program of the National Institute of Biomedical Imaging and Bioengineering. Partial support comes from intramural NIH Grants Z1ACL040015 and 1ZIDBC011242. NIH may also have intellectual property in the field. A list of specific patents is available by request.



Acknowledgments

We are grateful to our protocol navigators Benjamin Snow, Alexander Kuhn, and Kristin Young for ensuring the integrity of this protocol. We thank our colleagues in the HIV Dynamics and Replication Program for their tireless work. We thank Connie Kinna, Anne Arthur, Valerie Turnquist, and Susan Toms (HIV Dynamics and Replication Program, NCI, Frederick, MD, USA) for administrative support.



Conflict of interest

Author BW would like to disclose the following: Licensed Patents/Royalties: Philips and NIH have a patent licensing agreement under which NIH receives royalties, a portion of which are then given to BW. NVIDIA and NIH have a licensing agreement. NIH and Canon have a licensing agreement. BW is Principal Investigator on the following Cooperative Research & Development Agreements (CRADAs), between NIH and industry: Philips (CRADA), Philips Research (CRADA), Celsion Corp (CRADA), BTG Biocompatibles/Boston Scientific (CRADA), Siemens (CRADA), NVIDIA (CRADA), XAct Robotics (CRADA). Negotiating CRADA with ProMaxo, Tempus, Galvanize, Theromics, Imactis, Varian. The following industry partners also support research in the Center for Interventional Oncology/Dr. Wood's lab via equipment, personnel, devices and/or drugs: 3T Technologies (devices), Exact Imaging (data), Angiodynamics (equipment), Astra Zeneca (pharmaceuticals, NCI CRADA), ArciTrax (devices and equipment), Imactis (Equipment), Johnson and Johnson (equipment), Medtronic (equipment), Promaxo (equipment & personnel), Theromics (Supplies), Profound (equipment and supplies), and QT Imaging (equipment and supplies).

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Author disclaimer

The content of this publication does not necessarily reflect the views or policies of the Department of Health and Human Services, nor does mention of trade names, commercial products, or organizations imply endorsement by the U.S. Government.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2022.979756/full#supplementary-material




References

 1. Belkhir L, Jonckheere S, Lhommel R, Vandercam B, Yombi JC. High FDG uptake on FDG-PET scan in HIV-1 infected patient with advanced disease. Acta Clin Belg. (2011) 66:419–21. doi: 10.2143/ACB.66.6.2062606

 2. Zanni MV, Toribio M, Robbins GK, Burdo TH, Lu MT, Ishai AE, et al. Effects of antiretroviral therapy on immune function and arterial inflammation in treatment-naive patients with human immunodeficiency virus infection. JAMA Cardiol. (2016) 1:474–80. doi: 10.1001/jamacardio.2016.0846

 3. Shaw GM, Hunter E. HIV transmission. Cold Spring Harb Perspect Med. (2012) 2(11). doi: 10.1101/cshperspect.a006965

 4. Bronnimann MP, Skinner PJ, Connick E. The B-cell follicle in hiv infection: barrier to a cure. Front Immunol. (2018) 9:20. doi: 10.3389/fimmu.2018.00020

 5. Blankson JN, Finzi D, Pierson TC, Sabundayo BP, Chadwick K, Margolick JB, et al. Biphasic decay of latently infected CD4+ T cells in acute human immunodeficiency virus type 1 infection. J Infect Dis. (2000) 182:1636–42. doi: 10.1086/317615

 6. Riddler SA, Aga E, Bosch RJ, Bastow B, Bedison M, Vagratian D, et al. Continued slow decay of the residual plasma viremia level in HIV-1-infected adults receiving long-term antiretroviral therapy. J Infect Dis. (2016) 213:556–60. doi: 10.1093/infdis/jiv433

 7. Maldarelli F, Palmer S, King MS, Wiegand A, Polis MA, Mican J, et al. ART suppresses plasma HIV-1 RNA to a stable set point predicted by pretherapy viremia. PLoS Pathog. (2007) 3:e46. doi: 10.1371/journal.ppat.0030046

 8. Kearney MF, Spindler J, Shao W, Yu S, Anderson EM, O'Shea A, et al. Lack of detectable HIV-1 molecular evolution during suppressive antiretroviral therapy. PLoS Pathog. (2014) 10:e1004010. doi: 10.1371/journal.ppat.1004010

 9. Bruner KM, Wang Z, Simonetti FR, Bender AM, Kwon KJ, Sengupta S, et al. A quantitative approach for measuring the reservoir of latent HIV-1 proviruses. Nature. (2019) 566:120–5. doi: 10.1038/s41586-019-0898-8

 10. Takata H, Kessing C, Sy A, Lima N, Sciumbata J, Mori L, et al. Modeling HIV-1 latency using primary CD4(+) T cells from virally suppressed HIV-1-infected individuals on antiretroviral therapy. J Virol. (2019) 93:e02248–18. doi: 10.1128/JVI.02248-18

 11. Chun TW, Finzi D, Margolick J, Chadwick K, Schwartz D, Siliciano RF. In vivo fate of HIV-1-infected T cells: quantitative analysis of the transition to stable latency. Nat Med. (1995) 1:1284–90. doi: 10.1038/nm1295-1284

 12. Chun TW, Carruth L, Finzi D, Shen X, DiGiuseppe JA, Taylor H, et al. Quantification of latent tissue reservoirs and total body viral load in HIV-1 infection. Nature. (1997) 387:183–8. doi: 10.1038/387183a0

 13. Anderson EM, Maldarelli F. The role of integration and clonal expansion in HIV infection: live long and prosper. Retrovirology. (2018) 15:71. doi: 10.1186/s12977-018-0448-8

 14. Halvas EK, Joseph KW, Brandt LD, Guo S, Sobolewski MD, Jacobs JL, et al. HIV-1 viremia not suppressible by antiretroviral therapy can originate from large T cell clones producing infectious virus. J Clin Invest. (2020) 130:5847–57. doi: 10.1172/JCI138099

 15. Spudich S, Gonzalez-Scarano F. HIV-1-related central nervous system disease: current issues in pathogenesis, diagnosis, and treatment. Cold Spring Harb Perspect Med. (2012) 2:a007120. doi: 10.1101/cshperspect.a007120

 16. Alexaki A, Wigdahl B. HIV-1 infection of bone marrow hematopoietic progenitor cells and their role in trafficking and viral dissemination. PLoS Pathog. (2008) 4:e1000215. doi: 10.1371/journal.ppat.1000215

 17. Bull ME, McKernan JL, Styrchak S, Kraft K, Hitti J, Cohn SE, et al. Phylogenetic analyses comparing HIV sequences from plasma at virologic failure to cervix versus blood sequences from antecedent antiretroviral therapy suppression. AIDS Res Hum Retroviruses. (2019) 35:557–66. doi: 10.1089/aid.2018.0211

 18. Mabvakure BM, Lambson BE, Ramdayal K, Masson L, Kitchin D, Allam M, et al. Evidence for both intermittent and persistent compartmentalization of HIV-1 in the female genital tract. J Virol. (2019) 93:e00311–19. doi: 10.1128/JVI.00311-19

 19. Kariuki SM, Selhorst P, Anthony C, Matten D, Abrahams M-R, Martin DP, et al. Compartmentalization and clonal amplification of HIV-1 in the male genital tract characterized using next-generation sequencing. J Virol. (2020) 94:e00229–20. doi: 10.1128/JVI.00229-20

 20. Sorbara LR, Maldarelli F, Chamoun G, Schilling B, Chokekijcahi S, Staudt L, et al. Human immunodeficiency virus type 1 infection of H9 cells induces increased glucose transporter expression. J Virol. (1996) 70:7275–9. doi: 10.1128/jvi.70.10.7275-7279.1996

 21. Delbeke D, Martin WH. Positron emission tomography imaging in oncology. Radiol Clin North Am. (2001) 39:883–917. doi: 10.1016/S0033-8389(05)70319-5

 22. Pham KH, Ramaswamy MR, Hawkins RA. Advances in positron emission tomography imaging for the GI tract. Gastrointest Endosc. (2002) 55 (7 Suppl):S53–63. doi: 10.1067/mge.2002.124741

 23. Weber WA, Schwaiger M, Avril N. Quantitative assessment of tumor metabolism using FDG-PET imaging. Nucl Med Biol. (2000) 27:683–7. doi: 10.1016/S0969-8051(00)00141-4

 24. Boellaard R, Delgado-Bolton R, Oyen WJ, Giammarile F, Tatsch K, Eschner W, et al. FDG PET/CT: EANM procedure guidelines for tumour imaging: version 2.0. Eur J Nucl Med Mol Imaging. (2015) 42:328–54. doi: 10.1007/s00259-014-2961-x

 25. Hammoud DA, Sinharay S, Steinbach S, Wakim PG, Geannopoulos K, Traino K, et al. Global and regional brain hypometabolism on FDG-PET in treated HIV-infected individuals. Neurology. (2018) 91:e1591–601. doi: 10.1212/WNL.0000000000006398

 26. Sinharay S, Hammoud DA. Brain PET imaging: value for understanding the pathophysiology of HIV-associated neurocognitive disorder (HAND). Curr HIV/AIDS Rep. (2019) 16:66–75. doi: 10.1007/s11904-019-00419-8

 27. Vaidyanathan S, Patel CN, Scarsbrook AF, Chowdhury FU. FDG PET/CT in infection and inflammation–current and emerging clinical applications. Clin Radiol. (2015) 70:787–800. doi: 10.1016/j.crad.2015.03.010

 28. Stellingwerff MD, Brouwer E, Lensen KDF, Rutgers A, Arends S, van der Geest KSM, et al. Different scoring methods of FDG PET/CT in giant cell arteritis: need for standardization. Medicine. (2015) 94:e1542. doi: 10.1097/MD.0000000000001542

 29. McDonald JE, Kessler MM, Gardner MW, Buros AF, Ntambi JA, Waheed S, et al. Assessment of total lesion glycolysis by (18)F FDG PET/CT significantly improves prognostic value of GEP and ISS in myeloma. Clin Cancer Res. (2017) 23:1981–7. doi: 10.1158/1078-0432.CCR-16-0235

 30. Takahashi MES, Mosci C, Souza EM, Brunetto SQ, Etchebehere E, Santos AO, et al. Proposal for a quantitative (18)F-FDG PET/CT metabolic parameter to assess the intensity of bone involvement in multiple myeloma. Sci Rep. (2019) 9:16429. doi: 10.1038/s41598-019-52740-2

 31. van der Geest KSM, van Sleen Y, Nienhuis P, Sandovici M, Westerdijk N, Glaudemans A, et al. Comparison and validation of FDG-PET/CT scores for polymyalgia rheumatica. Rheumatology. (2021) 61:1072–82. doi: 10.1093/rheumatology/keab483

 32. Yee E, Popuri K, Beg MF, Alzheimer's Disease Neuroimaging I. Quantifying brain metabolism from FDG-PET images into a probability of Alzheimer's dementia score. Hum Brain Mapp. (2020) 41:5–16. doi: 10.1002/hbm.24783

 33. Hammoud DA, Boulougoura A, Papadakis GZ, Wang J, Dodd LE, Rupert A, et al. Increased metabolic activity on 18F-fluorodeoxyglucose positron emission tomography-computed tomography in human immunodeficiency virus-associated immune reconstitution inflammatory syndrome. Clin Infect Dis. (2019) 68:229–38. doi: 10.1093/cid/ciy454

 34. Wallace M, Pyzalski R, Horejsh D, Brown C, Djavani M, Lu Y, et al. Whole body positron emission tomography imaging of activated lymphoid tissues during acute simian-human immunodeficiency virus 89.6PD infection in rhesus macaques. Virology. (2000) 274:255–61. doi: 10.1006/viro.2000.0479

 35. Brust D, Polis M, Davey R, Hahn B, Bacharach S, Whatley M, et al. Fluorodeoxyglucose imaging in healthy subjects with HIV infection: impact of disease stage and therapy on pattern of nodal activation. AIDS. (2006) 20:985–93. doi: 10.1097/01.aids.0000222070.52996.76

 36. Lucignani G, Orunesu E, Cesari M, Marzo K, Pacei M, Bechi G, et al. FDG-PET imaging in HIV-infected subjects: relation with therapy and immunovirological variables. Eur J Nucl Med Mol Imaging. (2009) 36:640–7. doi: 10.1007/s00259-008-1023-7

 37. Ankrah AO, Glaudemans A, Klein HC, Dierckx R, Sathekge M. The role of nuclear medicine in the staging and management of human immune deficiency virus infection and associated diseases. Nucl Med Mol Imaging. (2017) 51:127–39. doi: 10.1007/s13139-016-0422-0

 38. Di Mascio M, Srinivasula S, Kim I, Duralde G, St Claire A, DeGrange P, et al. Total body CD4+ T cell dynamics in treated and untreated SIV infection revealed by in vivo imaging. JCI Insight. (2018) 3:e97880. doi: 10.1172/jci.insight.97880

 39. Schreiber-Stainthorp W, Sinharay S, Srinivasula S, Shah S, Wang J, Dodd L, et al. Brain (18)F-FDG PET of SIV-infected macaques after treatment interruption or initiation. J Neuroinflammation. (2018) 15:207. doi: 10.1186/s12974-018-1244-z

 40. Kung BT, Seraj SM, Zadeh MZ, Rojulpote C, Kothekar E, Ayubcha C, et al. An update on the role of (18)F-FDG-PET/CT in major infectious and inflammatory diseases. Am J Nucl Med Mol Imaging. (2019) 9:255–73. 

 41. Karashima R, Watanabe M, Imamura Y, Ida S, Baba Y, Iwagami S, et al. Advantages of FDG-PET/CT over CT alone in the preoperative assessment of lymph node metastasis in patients with esophageal cancer. Surg Today. (2015) 45:471–7. doi: 10.1007/s00595-014-0965-6

 42. Lebech AM, Gaardsting A, Loft A, Graff J, Markova E, Bertelsen AK, et al. Whole-Body (18)F-FDG PET/CT is superior to CT as first-line diagnostic imaging in patients referred with serious nonspecific symptoms or signs of cancer: a randomized prospective study of 200 patients. J Nucl Med. (2017) 58:1058–64. doi: 10.2967/jnumed.116.175380

 43. Okada M, Sato N, Ishii K, Matsumura K, Hosono M, Murakami T. FDG PET/CT versus CT, MR imaging, and 67Ga scintigraphy in the posttherapy evaluation of malignant lymphoma. Radiographics. (2010) 30:939–57. doi: 10.1148/rg.304095150

 44. Deleage C, Chan CN, Busman-Sahay K, Estes JD. Next-generation in situ hybridization approaches to define and quantify HIV and SIV reservoirs in tissue microenvironments. Retrovirology. (2018) 15:4. doi: 10.1186/s12977-017-0387-9

 45. Rothenberger MK, Keele BF, Wietgrefe SW, Fletcher CV, Beilman GJ, Chipman JG, et al. Large number of rebounding/founder HIV variants emerge from multifocal infection in lymphatic tissues after treatment interruption. Proc Natl Acad Sci USA. (2015) 112:E1126–34. doi: 10.1073/pnas.1414926112

 46. Zeng M, Southern PJ, Reilly CS, Beilman GJ, Chipman JG, Schacker TW, et al. Lymphoid tissue damage in HIV-1 infection depletes naive T cells and limits T cell reconstitution after antiretroviral therapy. PLoS Pathog. (2012) 8:e1002437. doi: 10.1371/journal.ppat.1002437

 47. Estes JD. Role of collagen deposition in lymphatic tissues and immune reconstruction during HIV-1 and SIV infections. Curr HIV/AIDS Rep. (2009) 6:29–35. doi: 10.1007/s11904-009-0005-0

 48. Estes JD, Haase AT, Schacker TW. The role of collagen deposition in depleting CD4+ T cells and limiting reconstitution in HIV-1 and SIV infections through damage to the secondary lymphoid organ niche. Semin Immunol. (2008) 20:181–6. doi: 10.1016/j.smim.2008.04.002

 49. Abi-Jaoudeh N, Kruecker J, Kadoury S, Kobeiter H, Venkatesan AM, Levy E, et al. Multimodality image fusion-guided procedures: technique, accuracy, and applications. Cardiovasc Intervent Radiol. (2012) 35:986–98. doi: 10.1007/s00270-012-0446-5

 50. Venkatesan AM, Partanen A, Pulanic TK, Dreher MR, Fischer J, Zurawin RK, et al. Magnetic resonance imaging-guided volumetric ablation of symptomatic leiomyomata: correlation of imaging with histology. J Vasc Interv Radiol. (2012) 23:786–94.e4. doi: 10.1016/j.jvir.2012.02.015

 51. Krucker J, Xu S, Venkatesan A, Locklin JK, Amalou H, Glossop N, et al. Clinical utility of real-time fusion guidance for biopsy and ablation. J Vasc Interv Radiol. (2011) 22:515–24. doi: 10.1016/j.jvir.2010.10.033

 52. Venkatesan AM, Kadoury S, Abi-Jaoudeh N, Levy EB, Maass-Moreno R, Krucker J, et al. Real-time FDG PET guidance during biopsies and radiofrequency ablation using multimodality fusion with electromagnetic navigation. Radiology. (2011) 260:848–56. doi: 10.1148/radiol.11101985

 53. Wood BJ, Kruecker J, Abi-Jaoudeh N, Locklin JK, Levy E, Xu S, et al. Navigation systems for ablation. J Vasc Interv Radiol. (2010) 21 (8 Suppl):S257–63. doi: 10.1016/j.jvir.2010.05.003

 54. Sharma KV, Venkatesan AM, Swerdlow D, DaSilva D, Beck A, Jain N, et al. Image-guided adrenal and renal biopsy. Tech Vasc Interv Radiol. (2010) 13:100–9. doi: 10.1053/j.tvir.2010.02.005

 55. Trivedi H, Turkbey B, Rastinehad AR, Benjamin CJ, Bernardo M, Pohida T, et al. Use of patient-specific MRI-based prostate mold for validation of multiparametric MRI in localization of prostate cancer. Urology. (2012) 79:233–9. doi: 10.1016/j.urology.2011.10.002

 56. Hoen B, Fournier I, Lacabaratz C, Burgard M, Charreau I, Chaix ML, et al. Structured treatment interruptions in primary HIV-1 infection: the ANRS 100 PRIMSTOP trial. J Acquir Immune Defic Syndr. (2005) 40:307–16. doi: 10.1097/01.qai.0000182628.66713.31

 57. Hogan CM, Degruttola V, Sun X, Fiscus SA, Del Rio C, Hare CB, et al. The setpoint study (ACTG A5217): effect of immediate versus deferred antiretroviral therapy on virologic set point in recently HIV-1-infected individuals. J Infect Dis. (2012) 205:87–96. doi: 10.1093/infdis/jir699

 58. Investigators ST, Fidler S, Porter K, Ewings F, Frater J, Ramjee G, et al. Short-course antiretroviral therapy in primary HIV infection. N Engl J Med. (2013) 368:207–17. doi: 10.1056/NEJMoa1110039

 59. Kilby JM, Goepfert PA, Miller AP, Gnann JW Jr, Sillers M, et al. Recurrence of the acute HIV syndrome after interruption of antiretroviral therapy in a patient with chronic HIV infection: a case report. Ann Intern Med. (2000) 133:435–8. doi: 10.7326/0003-4819-133-6-200009190-00011

 60. Piketty C, Weiss L, Assoumou L, Burgard M, Melard A, Ragnaud JM, et al. A high HIV DNA level in PBMCs at antiretroviral treatment interruption predicts a shorter time to treatment resumption, independently of the CD4 nadir. J Med Virol. (2010) 82:1819–28. doi: 10.1002/jmv.21907

 61. Pollard RB, Rockstroh JK, Pantaleo G, Asmuth DM, Peters B, Lazzarin A, et al. Safety and efficacy of the peptide-based therapeutic vaccine for HIV-1, Vacc-4x: a phase 2 randomised, double-blind, placebo-controlled trial. Lancet Infect Dis. (2014) 14:291–300. doi: 10.1016/S1473-3099(13)70343-8

 62. Schooley RT, Spritzler J, Wang H, Lederman MM, Havlir D, Kuritzkes DR, et al. AIDS clinical trials group 5197: a placebo-controlled trial of immunization of HIV-1-infected persons with a replication-deficient adenovirus type 5 vaccine expressing the HIV-1 core protein. J Infect Dis. (2010) 202:705–16. doi: 10.1086/655468

 63. Strategies Strategies for Management of Antiretroviral Therapy (SMART) Study Group, Emery S, Neuhaus JA, Phillips AN, Babiker A, Cohen CJ, et al. CD4+ count-guided interruption of antiretroviral treatment. N Engl J Med. (2006) 355:2283–96. doi: 10.1056/NEJMoa062360

 64. Volberding P, Demeter L, Bosch RJ, Aga E, Pettinelli C, Hirsch M, et al. Antiretroviral therapy in acute and recent HIV infection: a prospective multicenter stratified trial of intentionally interrupted treatment. AIDS. (2009) 23:1987–95. doi: 10.1097/QAD.0b013e32832eb285

 65. Guidelines for the Use of Antiretroviral Agents in HIV-Infected Adults Adolescents. Department of health human services Henry J. Kaiser family foundation. MMWR Recomm Rep. (1998) 47:43–82. 

 66. Sorstedt E, Nilsson S, Blaxhult A, Gisslen M, Flamholc L, Sonnerborg A, et al. Viral blips during suppressive antiretroviral treatment are associated with high baseline HIV-1 RNA levels. BMC Infect Dis. (2016) 16:305. doi: 10.1186/s12879-016-1628-6

 67. Stalder JF, Barbarot S, Wollenberg A, Holm EA, De Raeve L, Seidenari S, et al. Patient-Oriented SCORAD (PO-SCORAD): a new self-assessment scale in atopic dermatitis validated in Europe. Allergy. (2011) 66:1114–21. doi: 10.1111/j.1398-9995.2011.02577.x

 68. Schneider E, Whitmore S, Glynn KM, Dominguez K, Mitsch A, McKenna MT, et al. Revised surveillance case definitions for HIV infection among adults, adolescents, and children aged <18 months and for HIV infection and AIDS among children aged 18 months to <13 years–United States, 2008. MMWR Recomm Rep. (2008) 57:1–12.

 69. Julg B, Dee L, Ananworanich J, Barouch DH, Bar K, Caskey M, et al. Recommendations for analytical antiretroviral treatment interruptions in HIV research trials-report of a consensus meeting. Lancet HIV. (2019) 6:e259–68. doi: 10.1016/S2352-3018(19)30052-9

 70. McManus WR, Bale MJ, Spindler J, Wiegand A, Musick A, Patro SC, et al. HIV-1 in lymph nodes is maintained by cellular proliferation during antiretroviral therapy. J Clin Invest. (2019) 129:4629–42. doi: 10.1172/JCI126714

 71. Bar KJ, Sneller MC, Harrison LJ, Justement JS, Overton ET, Petrone ME, et al. Effect of HIV antibody VRC01 on viral rebound after treatment interruption. N Engl J Med. (2016) 375:2037–50. doi: 10.1056/NEJMoa1608243

 72. Bartsch YC, Loos C, Rossignol E, Fajnzylber JM, Yuan D, Avihingsanon A, et al. Viral rebound kinetics correlate with distinct HIV antibody features. mBio. (2021) 12:e00170–21. doi: 10.1128/mBio.00170-21

 73. Castagna A, Muccini C, Galli L, Bigoloni A, Poli A, Spagnuolo V, et al. Analytical treatment interruption in chronic HIV-1 infection: time and magnitude of viral rebound in adults with 10 years of undetectable viral load and low HIV-DNA (APACHE study). J Antimicrob Chemother. (2019) 74:2039–46. doi: 10.1093/jac/dkz138

 74. Le CN, Britto P, Brummel SS, Hoffman RM, Li JZ, Flynn PM, et al. Time to viral rebound and safety after antiretroviral treatment interruption in postpartum women compared with men. AIDS. (2019) 33:2149–56. doi: 10.1097/QAD.0000000000002334

 75. Li JZ, Etemad B, Ahmed H, Aga E, Bosch RJ, Mellors JW, et al. The size of the expressed HIV reservoir predicts timing of viral rebound after treatment interruption. AIDS. (2016) 30:343–53. doi: 10.1097/01.aids.0000499516.66930.89

 76. Scheid JF, Horwitz JA, Bar-On Y, Kreider EF, Lu CL, Lorenzi JC, et al. HIV-1 antibody 3BNC117 suppresses viral rebound in humans during treatment interruption. Nature. (2016) 535:556–60. doi: 10.1038/nature18929

 77. Wang CY, Wong WW, Tsai HC, Chen YH, Kuo BS, Lynn S, et al. Effect of anti-CD4 antibody UB-421 on HIV-1 rebound after treatment interruption. N Engl J Med. (2019) 380:1535–45. doi: 10.1056/NEJMoa1802264

 78. Eertink JJ, van de Brug T, Wiegers SE, Zwezerijnen GJC, Pfaehler EAG, Lugtenburg PJ, et al. (18)F-FDG PET baseline radiomics features improve the prediction of treatment outcome in diffuse large B-cell lymphoma. Eur J Nucl Med Mol Imaging. (2022) 49:932–42. doi: 10.1007/s00259-021-05480-3

 79. Pfaehler E, Beukinga RJ, de Jong JR, Slart R, Slump CH, Dierckx R, et al. Repeatability of (18) F-FDG PET radiomic features: a phantom study to explore sensitivity to image reconstruction settings, noise, and delineation method. Med Phys. (2019) 46:665–78. doi: 10.1002/mp.13322

 80. Beckford-Vera DR, Flavell RR, Seo Y, Martinez-Ortiz E, Aslam M, Thanh C, et al. First-in-human immunoPET imaging of HIV-1 infection using (89)Zr-labeled VRC01 broadly neutralizing antibody. Nat Commun. (2022) 13:1219. doi: 10.1038/s41467-022-28727-5

 81. Henrich TJ, Jones T, Beckford-Vera D, Price PM, VanBrocklin HF. Total-Body PET imaging in infectious diseases. PET Clin. (2021) 16:89–97. doi: 10.1016/j.cpet.2020.09.011

 82. Vansant G, Bruggemans A, Janssens J, Debyser Z. Block-And-Lock strategies to cure HIV infection. Viruses. (2020) 12:84. doi: 10.3390/v12010084

 83. Yeh YJ, Ho YC. Shock-and-kill versus block-and-lock: targeting the fluctuating and heterogeneous HIV-1 gene expression. Proc Natl Acad Sci USA. (2021) 118:e2103692118. doi: 10.1073/pnas.2103692118



OPS/images/fmed-09-979756-t002.jpg
Samples to be collected Collection method  Study requirements Analyses planned for samples (assuming
sufficient material obtained)

Peripheral whole blood Venicpuncture Required  Human leukocyte antigen (HLA) testing
o Collection of PBMCs
o Characterization of HIV populations

 Sequencing of HIV-1, including ARV resistance testing

o Inflammatory markers/cytokine profiling
o Soluble markers of immune response
o ARV drug levels
o Interferon gene variant analysis
o Storage for future research
Peripheral leukocytes Leukapharesis Required o Tecell repertoire
o Characterization of HIV populations
o Sequencing of HIV-1, including ARV resistance testing

Cerebrospinal fluid Lumbar puncture Optional o Albu

in
« Quantitative amino acids
o Glucose

o 1gG

 Total protein

o Cell count and differential
o Blood

© HIV quantitative PCR

o HIV sequencing

© Cytokine analysis

re research

o Storage for fut
Lymph node tissue and bone marrow  Needle biopsy forlymph ~ Lymph node biopsy is o Insitu hybridization, including RNAscope and DNAscope
nodes, biopsy and required, bone marrow  HIV-1 viral load. HIV RNA levels will be normalized to total
aspirate for bone marrow  biopsy is optional number of CD4 cells, quantified using CCRS
o Cell populations, flow cytometry

 Immunohistochemistry
 Cytokine analysis
o Interferon sensitivity of replication-competent HIV recovered
 Soluble markers of immune response
o ARV drug levels
© Genetic testing, including HLA typing
« Storage for future research
Semen/vaginal fluid Patient self-collection Optional o HIV RNA and DNA levels

o Storage for future rescarch





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Imaging and biopsy of HIV-infected individuals undergoing analytic treatment interruption



		Introduction



		HIV persistence



		Anatomic distribution of HIV-infected cells during ART



		Imaging HIV-infected individuals



		Analytic treatment interruption



		Relevance to HIV cure



		Protocol plan







		Objectives and endpoints



		Methods and analysis



		Study design



		Screening



		Baseline/First imaging visit



		ATI or continue ART phase



		Resume ART phase or continue ART phase









		Study population



		Inclusion criteria



		Exclusion criteria









		Study intervention



		ATI



		Criteria to restart ART













		Measures to minimize bias: Randomization and blinding



		Biospecimen evaluations



		Genetic/Genomic analysis







		Design and statistical considerations



		Sample size justification



		Estimating the probability that an ATI participant has at least one productive hot spot



		Comparison of PET hot and cold biopsy samples for ATI participants



		PET/CT and biopsy timing justification







		Discussion



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		Author disclaimer



		Supplementary material



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Imaging and biopsy of
HIV-infected individuals
undergoing analytic treatment
interruption





OPS/images/fmed-09-979756-g001.gif





OPS/images/fmed-09-979756-t001.jpg
Objectives

Primary
To evaluate if changes in glucose metabolism (as
measured by FDG-PET SUV) correlate with changes in
levels of HIV RNA in lymphoid tissue before and after
ATI

Secondary

Characterize HIV populations (sequences) in

sampled tissues, PBMCs, and plasma prior to and

following ATI, and after treatment resumption

2. Assess relationship between changes in PET SUV
and genetic characteristics (e.g, diversity,
phylogenetics, and clonality) of HIV populations
prior to, during, and after ATI

3. Assess relationship between changes in soluble and
cellular immune parameters and imaging findings
during viral rebound

4. Estimate replication competence of HIV variants
from different anatomic compartments (sample
tissues, PBMCs, plasma, semen, vaginal secretions,
and CSF)

5. Compare kinetics of viral rebound after ATI with

changes in immune activation markers

Tertiary/Exploratory

Evaluate interaction of host characteristics, HIV

population characteristics, and immune profiles

2. Investigate HIV reactivation in other anatomic
locations (CSF, semen, or vaginal secretions) in
individuals who elect to undergo optional LP, or
semen or vaginal secretion collection

3. Evaluate the relationship between FDG-PET SUV
and immunologic activity

4. Investigate impact of ATl-associated changes in ART

levels with changes in viral and

immunologic characteristics

Endpoints

Proportion of participants who have a 3-fold increase in
HIV RNA levels in tissue sites identified by imaging as
having increased SUV on FDG-PET as defined below

1. Levels of HIV DNA and integration site analysis to
assess clonal distribution at different biopsy sites,
semen, vaginal fluid, and PBMCs

2. Correlation between regional and overall change in
PET SUV with HIV DNA and RNA sequencing
characteristics pre-ATI to post-ATI

3. Cytokine and T-cell profiles during suppression and
after ATI criteria for treatment resumption are met

4. HIV RNA and DNA sequence analyses for genetic
studies and potential for replication competence

5. Correlation of HIV RNA levels and cytokine and
Tcell profiles

1. Correlations between HIV population markers,
lymphocyte phenotype parameters, and participant
characteristics

2. Comparative analysis of HIV DNA and RNA, levels
of inflammatory markers, cytokine profiles, and
antibody levels at different sites

3. Correlation between regional and overall change in
PET SUV with changes in cytokine and T-cell
profiles pre-ATI and post-ATI

4. Correlations of viral population changes, HIV DNA
levels, HIV RNA levels, and immune markers with

drug levels

Justification for endpoints

There are limited data on sensitivity of FDG-PET
to detect HIV-infected cell populations during
ATL We will determine utility of this approach for
investigating HIV persistence in people living with
HIV

HIV infection and viral replication are complex
micro- and macro-level processes. Impact of ATI
must be characterized at each of these levels for
meaningful understanding of HIV persistence,
and also to serve as a comparison point for future

studies on this topic

Understanding the interaction between HIV

populations and host characteristics is essential for

devising eradication and cure strategies.
Knowledge of adequacy of lymph node biopsy for
virus characteristics and local immunologic milleu

will inform future study design
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