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Abstract
Purpose of Review Deep tissue HIV reservoirs, especially within the central nervous system (CNS), are understudied due to 
the challenges of sampling brain, spinal cord, and other tissues. Understanding the cellular characteristics and viral dynamics 
in CNS reservoirs is critical so that HIV cure trials can address them and monitor the direct and indirect effects of interven-
tions. The Last Gift program was developed to address these needs by enrolling altruistic people with HIV (PWH) at the 
end of life who agree to rapid research autopsy.
Recent Findings Recent findings from the Last Gift emphasize significant heterogeneity across CNS reservoirs, CNS com-
partmentalization including differential sensitivity to broadly neutralizing antibodies, and bidirectional migration of HIV 
across the blood–brain barrier. Our findings add support for the potential of CNS reservoirs to be a source of rebounding 
viruses and reseeding of systemic sites if they are not targeted by cure strategies.
Summary This review highlights important scientific, practical, and ethical lessons learned from the Last Gift program in 
the context of recent advances in understanding the CNS reservoirs and key knowledge gaps in current research.

Keywords HIV reservoirs · Central nervous system (CNS) · Cure · Eradication · Brain · Spinal cord

Introduction

Within days of infection, HIV disseminates into the central 
nervous system (CNS) and throughout the body, establish-
ing reservoirs of proviral DNA in infected cells [1, 2]. These 
HIV reservoirs persist indefinitely despite antiretroviral ther-
apy (ART) and are the main obstacle to cure [1, 3•, 4–7]. 

Cure efforts have largely focused on  CD4+ T cells in terms 
of characterizing the cellular reservoirs, therapeutic targets, 
and monitoring during analytical treatment interruption 
(ATI) [7, 8•]. However, the frequency of infiltration of T 
cells into the brain and their role in neuropathology is not 
fully understood. CD4+ and CD8+ T cells have been shown 
in brain tissue and CSF from people with and without HIV 
but further characterization is needed [cite 92, PMC6751344, 
PMC6214977]. In   addition, accumulating evidence has 
made it clear myeloid predominant and deep tissue reser-
voirs also need to be addressed as part of HIV cure strat-
egies [8•, 9•, 10–13, 14••, 15]. These reservoirs continue 
to produce viral transcripts and proteins, which have been 
tied with local inflammation and pathology despite undetect-
able HIV RNA in blood [16–19]. Controversy exists about 
whether brain myeloid cells (BMCs) in protected reservoirs 
produce replication-competent HIV but current evidence sup-
ports that they do [7, 8•, 9•, 15, 16, 20–24]. This is important 
because, compared to lymphoid cells, BMCs are relatively 
resistant to the cytolytic effects of HIV as well as killing by 
cytotoxic T-lymphocytes (CTLs), which are a key component 
of many proposed cure strategies [14••, 25, 26]. These and 
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other observations have increased interest in the mechanisms 
of persistence, viral dynamics, and strategies for targeting 
infected BMCs in deep-tissue reservoirs. In particular, the 
HIV reservoirs within the CNS are challenging to study due 
to limited access to brain and spinal tissues in living individu-
als. Some of key knowledge gaps in the current understand-
ing of CNS reservoirs are summarized in Table 1.

Effective ART has greatly altered the landscape of neuro-
logical complications due to HIV [27–29]. Two of the most 
severe complications, HIV-associated dementia (HAD) and 
HIV encephalitis, are now rare. However, the prevalence of 
mild-to-moderate HIV associated neurocognitive disorders 
(HAND) and mental health disorders has increased in people 
with HIV (PWH) [27–34]. Evidence that this may be driven by 
HIV reservoirs in the CNS and resulting unresolved neuroin-
flammation in the setting of suppressive ART includes associa-
tions between worse neurocognitive performance and higher 
HIV DNA levels in cerebrospinal fluid (CSF), CSF viral escape 
(detectable HIV RNA in CSF but not in blood), detection of 
Tat protein in CSF, and greater microglial activation based on 
Translocator Protein (TSPO) positron emission tomography 
(PET) imaging [19, 25, 35–38, 39••, 40, 41]. Notably, these 
do not require replication-competent provirus, underscoring the 
importance of even defective proviral genomes in injuring the 
brain, similarly to resting  CD4+ T cells where immune activa-
tion could be triggered by defective HIV [42•, 43].

Most of the foundational data on neuro-HIV has been 
from the perspective of neuroinflammation and neuropa-
thology, which relied on observational neuropsychological 
assessments, neurological examinations, neuroimaging, and 
blood and CSF biomarkers [16, 28, 34, 44, 35]. Organoid, 
animal, and especially non-human primate models have pro-
vided key insights into HIV reservoirs, viral dynamics, the 
immune response, and neurocognitive impairment [10, 14••, 
44, 45–48]. Ongoing human research projects have collected 
autopsy tissues and created biobanks for more than two 
decades. These resources provide crucial biospecimens and 
linked data to determine the neuropathological correlates of 
disease [30, 49–54]. However, these existing projects were 
not specifically designed for HIV cure research, aiming for 

example to assess participants within months of death and 
perform autopsy within 24 h. Assessing participants’ viral 
loads and medications more frequently as death nears will 
allow improved antemortem phenotyping. Collecting tissues 
within 6 h of death better preserves cell viability and nucleic 
acid integrity, which will optimize use of newer technologies 
[55, 56]. The goal of the Last Gift cohort at the University 
of California San Diego (UCSD) is to accomplish this to 
better support HIV cure research, particularly focused on 
deep-tissue reservoirs [57–64].

What Is the Last Gift Cohort?

The Last Gift is a unique cohort that enrolls altruistic PWH 
with a life-shortening illness who wish to participate in HIV 
cure research at the end-of-life (EOL), including tissue dona-
tion for a rapid research autopsy (completed within 6 h of 
death [65–67]), which greatly increases viable cell count and 
nucleic acid integrity [64, 68]).

The Last Gift cohort builds on the well-established 
institutional infrastructure and expertise of the California 
NeuroAIDS Tissue Network (CNTN) [69, 70]. Specifically, 
all participants in the Last Gift cohorts are co-enrolled in 
CNTN, which performs detailed neuropsychological test-
ing, neurological examination, medical history (including 
ART history), and collection of blood and CSF at enroll-
ment and then every 6 months. The Last Gift cohort expands 
the scope of CNTN in a subset of participants with close 
follow-up and sequential blood collection in the immediate 
antemortem period followed by a rapid research autopsy. 
These unique features make the Last Gift cohort a resource 
for ongoing and future HIV cure-related investigations using 
cutting-edge approaches that require viable cells or excellent 
RNA integrity, such as high dimensional multi-omics and 
single cell technologies, quantitative viral outgrowth assays 
(QVOA), next-generation sequencing (NGS), and cell sort-
ing technologies.

The Last Gift rapid autopsy protocol also expands on stand-
ard CNTN protocols and includes collection of tissue samples 

Table 1  Key knowledge gaps for understanding CNS reservoirs guiding current and future investigations

What are the cellular characteristics of the CNS reservoirs and how do they differ within the CNS (especially CSF vs brain tissue)?
What are the molecular mechanisms contributing to persistence of HIV reservoirs and resistance to intrinsic and extrinsic cytolytic stimuli? How 

do these mechanisms differ between cell types (e.g., microglia vs T-cells) and immunologic microenvironments?
Do CNS reservoirs in humans have replication-competent provirus capable of rebound and systemic spread (proven in non-human primates but 

not yet in humans)?
How can cure therapies target CNS reservoirs? Should the intervention target only replication-competent provirus or all HIV transcription and 

translation in order to protect the CNS from neurotoxic viral proteins?
What are the direct and indirect effects of cure interventions on CNS reservoirs, CNS inflammation, microglial activation, inflammasome 

upregulation, neuronal injury, neurocognitive function, and mental health?
What is the effect of long-term suppressive ART on all of the above?
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from at least 40 different anatomic sites. The 16 CNS specific 
tissue samples collected are: basal ganglia, cerebellum, deep 
white matter, dura mater, frontal motor cortex, frontal pre-
motor cortex, hippocampus, medulla, occipital cortex, pons, 
parietal cortex, prefrontal medial cortex, temporal cortex, and 
cervical, thoracic, and lumbar spinal cord. CSF is also col-
lected from the right lateral ventricle. All brain tissue is col-
lected from the right hemisphere so that the left hemisphere 
is preserved and stored per the CNTN protocol. To support a 
wide range of research methodologies, tissues are processed in 
several ways at time of rapid research autopsy. This includes 
specimens for Formalin-fixed paraffin embedded tissue for 
histological analysis, snap-frozen tissue collected in liquid 
nitrogen, preserved in RNALaterTM, as well as viable cell 
suspensions from each tissue. Several publications provide 
additional details on the methods [58, 59, 64, 65, 71, 72].

Preliminary Data Generated from the Last 
Gift Study

Since June 2017, 31 participants have enrolled in the Last 
Gift cohort with 19 research autopsies completed, nearly 
all within 6 h of death. Nine participants remain in active 

follow-up, one participant withdrew, and two passed away 
without autopsy. Table 2 summarizes the demographic and 
disease characteristics for the 19 participants who completed 
the Last Gift protocol.

The initial analysis of the HIV reservoir characteristics and 
dynamics from the first six Last Gift participants were pub-
lished just before the COVID-19 pandemic [57]. Throughout 
the pandemic, enrollment continued, and study assessments 
and rapid autopsies were performed with adjustments due 
to limited access to care facilities. In contrast, the virology 
and immunology labs experienced more disruption due to 
temporary closures and repurposing of resources and staff. 
As a result, most of the data summarized here will be from 
the initial six autopsies with an emphasis on CNS findings.

CNS Reservoirs in the Last Gift

In the first six Last Gift rapid autopsies, HIV DNA levels 
were measured by digital droplet PCR (ddPCR) and full-
length envelope single genome sequencing was performed 
on tissue and blood samples. Sequences were analyzed to 
determine phylogenetic relationships and bioinformatic 
approaches were used to track the dispersal of HIV DNA 
throughout the body. Two of these six participants discon-
tinued ART prior to death and experienced antemortem viral 
rebound. The other four individuals remained virally sup-
pressed on ART. The following sections organize findings 
based on the “Lessons Learned” from the investigations and 
summarized in Table 3.

Lesson Learned: the CNS Reservoirs Are 
Heterogeneous

While the CNS reservoirs are often considered a single 
entity, this does not reflect the heterogeneity within the 
CNS. Overall, total HIV DNA levels in the CNS were 
lower than other anatomic sites, likely because the den-
sity of target cells is lower in the CNS than in lymphoid 
tissues. We detected HIV DNA within the CNS in all 
but one participant. Proviral DNA levels varied between 
CNS regions, with HIV DNA levels up to 4.6 copies per 
 106 cells in the occipital lobe and up to 33.6 copies per 
 106 cells in the frontal lobe. This is consistent with prior 
studies showing significant heterogeneity in the distribu-
tion of microglia ranging from 0.5–16.6% of all cells in 
the brain [48, 73, 74]. Due to the small sample size, initial 
analyses were not powered to determine a significant dif-
ference in distribution of HIV DNA within the CNS across 
individuals [6, 23, 57, 75, 76••], but HIV DNA levels 
were unexpectedly high in the spinal cord (see Fig. 1). 
Prior data on HIV DNA in spinal tissues is sparse [73, 
77], but the findings strongly underscore the importance 

Table 2  Demographic and disease characteristics of the 19 partici-
pants who completed the Last Gift study with rapid research autopsy

Deceased with autopsy (N = 19) N (%) or median [IQR]

Age: median [IQR] 63 [52–72]
Sex assigned at birth

  Male 17 (89.5%)
  Female 2 (10.5%)

Gender
  Men 16 (84.2%)
  Women 2 (10.5%)
  Non-binary 1 (5.3%)

Race/ethnicity
  White/Non-Hispanic 15 (78.9%)
  White/Hispanic 2 (10.5%)
  Black/non-Hispanic 1 (5.3%)
  Asian/Pacific Islander/non-Hispanic 1 (5.3%)

Continued ART until death 14 (73.7%)
Plasma HIV RNA < 50 copies/mL 15 (78.9%)
Last CD4 + T-cell count (cell/µL) 237 [138–464]
CD4 + T-cell Nadir (cell/µL) 63 [20–186]
Estimated duration of infection (years) 23 [15–31]
Terminal illness

  ALS 3 (15.8%)
  Solid tumor malignancy 10 (52.6%)
  Hematologic malignancy 2 (10.5%)
  Other 4 (21%)
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of sampling multiple sites simultaneously and the need 
for mapping the HIV reservoir across the CNS in relation 
to CD4+ T cells, microglia, astrocyte, and macrophage 
distribution [77]. It is interesting that two participants had 
amyotrophic lateral sclerosis, which has significant inflam-
mation in the spinal cord, but these two samples were not 
outliers [78]. Initial analyses to estimate reservoir size 
focused on total HIV DNA (which includes both intact and 
non-intact provirus) and were performed on bulk brain tis-
sue. Future studies will focus on the intact and replication-
competent reservoir within cellular subsets.

Comparing the size and cellular characteristics of the 
HIV reservoir in the brain with CSF is also important 

because CSF is accessible and inexpensive to measure 
in living PWH and may serve as a window into deeper 
reservoir dynamics. The extent to which the CSF cel-
lular reservoir reflects those in CNS tissues is largely 
unknown [25, 38, 39••, 40, 79, 80]. Prior studies have 
found that CSF contains HIV populations from both 
brain and systemic sources but most CSF cell-associated 
HIV DNA resides in T cells in contrast to the BMCs of 
deep brain tissues [39••, 81, 82]. Thus, analysis of paired 
specimens is underway and will advance understanding 
of the differences between CNS reservoirs, which will 
be important for HIV cure clinical trials and monitoring 
during analytical treatment interruptions.

Table 3  Summary of preliminary lessons and corresponding next steps for Last Gift and collaborators

Last Gift lessons about CNS reservoirs to date Next steps

Heterogeneous distribution of HIV proviral DNA even within different 
cortical regions

1) Cell sorting, single-cell, and spatial omics analyses to determine 
cellular characteristics of the different reservoirs and immunologic 
microenvironments (microglial macrophage phenotypes, CD4 + sub-
types)

2) Compare more CNS sites (multiple cortical areas, brain stem, spinal 
cord, and CSF)

CNS compartmentalization and differential bNAb susceptibility in 
brain tissue

1) Expand analysis with larger sample size and more CNS sites
2) Measure ART concentrations, resistance mutations
3) Tropism assays

Migration within brain and bidirectionally across BBB by HIV DNA 
sequence analysis and statistical modeling

1) Using single-cell techniques and spatial omics analyses to identify 
which cell types are migrating

2) Tropism
CNS has provirus with intact full length envelope gene, supportive of 

potential for viral rebound from CNS reservoirs
1) Adapted quantitative viral outgrowth assays, full-length HIV genome 

sequencing, and insertion site analysis to better characterize replica-
tion competence and clonality

2) Tropism of replication-competent virus

Fig. 1  HIV DNA copies per 
 106 cells by digital droplet PCR 
(ddPCR) in five CNS locations 
from the first six Last Gift 
participants
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Lesson Learned: Some PWH Have CNS 
Compartmentalization and Distinct Susceptibility 
Patterns to Broadly Neutralizing Antibodies

Statistical analysis confirmed evidence of compartmentali-
zation of the HIV reservoirs populations in at least one ana-
tomical site in all participants, including presence of CNS 
specific clades in some PWH, consistent with prior findings 
from CSF studies [25, 79, 80, 83–86]. Figure 2 shows viral 
phylogenies for two representative participants who were 
virally suppressed at time of death, one with CNS compart-
mentalization and one without. Autopsy-based analyses are 
unable to determine when compartmentalization occurred 
or confirm ongoing replication within the CNS prior to 
death while taking suppressive ART. However, it does con-
firm persistence of the distinct CNS reservoirs.

Prior studies have found HIV DNA has more antiret-
roviral resistance genes in the setting of CNS compart-
mentalization [88], possibly since CNS penetration of 

therapeutics is limited by the blood brain barrier to vary-
ing degrees. Levels also vary significantly between CNS 
sites particularly between CSF and brain tissue [89, 90]. 
Others have shown transition to more X4-tropic virus in 
the CNS with compartmentalization and later in disease 
course [91, 92]. Therefore, CNS compartmentalization 
likely reflects differential selective pressure and adapta-
tion to BMCs [80, 91]. Our initial sample size was too 
small to replicate these findings, but we will further 
investigate tropism and CNS ART levels.

It is not yet clear whether compartmentalization will be 
an important distinction beyond the presence of a persistent 
CNS reservoir for cure strategies and is likely to depend on 
the type of intervention. Recently reported data started to 
address this issue focusing on tissue-specific HIV neutrali-
zation by broadly neutralizing antibodies. Using mathemati-
cal modeling, our group found that of all tissues analyzed, 
brain tissue was the only tissue with significantly different 
predicted susceptibility patterns to 9 bNAbs currently in 

Fig. 2  Maximum Likelihood 
(ML) Phylogenies and Clonal 
Populations (Full Length 
Envelope) for two participants 
who both remained virally 
suppressed at time of death. 
Phylogenies were estimated 
using IQtree [87] from the full 
length (FL) HIV env sequences 
obtained from ante-mortem 
blood plasma and from tissues 
and PBMC collected during 
rapid autopsy. Circle sizes 
reflect level of HIV DNA. A 
LG05 with pronounced viral 
compartmentalization within 
brain tissues. B LG08 without 
compartmentalization within 
CNS (arrows show frontal 
cortex). Both participants were 
heavily treatment-experienced 
with at least 8 years of suppres-
sive ART. Figure adapted with 
permission from “HIV persists 
throughout deep tissues with 
repopulation from multiple 
anatomical sources.” By A. 
Chaillon, 2020, J Clin Invest, 
130(4):1699–712

B.

A.



 Current HIV/AIDS Reports

1 3

cure trials or under development. Brain tissue bNAb pre-
dicted susceptibilities differed significantly from blood/
PBMCs, lymphatic and gastrointestinal tissues (p-values: 
0.002, 0.0008, and 0.03, respectively) [93]. Together, our 
data provide further evidence that infected cells can survive 
within the brain for extended periods of time and that they 
might have unique characteristics that should be considered 
when designing HIV cure interventions.

Lesson Learned: CNS Reservoirs are Dynamic 
with Migration Within the CNS and Bidirectionally 
Across the Blood Brain Barrier

The Last Gift project used novel statistical approaches to 
track dispersal patterns of HIV DNA across tissues [57, 72]. 
Overall, migration events were more common between tis-
sues within the same biological system (e.g., CNS, gastro-
intestinal systems) but were not limited by anatomic loca-
tion or organ system. Figure 3 illustrates migration patterns 
Inferred from Bayesian discrete trait analyses for two rep-
resentative participants demonstrating dynamic transitions 
within the cortex and bidirectionally between the cortical 
sites and systemic blood and PBMCs. This demonstrates 
the ability of HIV DNA, and most likely infected cells, to 
migrate across the brain and from the brain to systemic cir-
culation supporting the possibility of viral rebound in the 
CNS leading to reseeding of systemic reservoirs [57, 80, 85].

Interestingly, there was no correlation between the HIV 
DNA levels in a tissue and the number of migration events. 
This is further evidence that the relatively low levels of provi-
ral DNA in the CNS tissues does not necessarily correspond 
to the level of risk of migration from the CNS. Additional 

work is ongoing to determine the cellular subtypes that traffic 
to other sites and to evaluate replication competence.

Lesson Learned: Challenges Remain in Definitive 
Evaluation of the Potential for Viral Rebound 
and Dissemination from CNS Reservoirs

Production of replication-competent HIV solely from CNS-
resident cells has not yet been definitively proven in humans 
largely due to methodological limitations. The strongest evi-
dence for replication competent provirus in microglia comes 
from non-human primate (NHP) using macrophage QVOA 
studies showing replication-competent HIV provirus in 
microglia despite ART [4, 13, 14••]. NHP models are highly 
valuable but findings from NHP studies are not always con-
firmed in human studies [94–99]. A key limitation in NHP 
models is the relatively short duration of SIV infection and 
ART that is feasible in NHPs compared to human. This is 
important for evaluating the reservoir sizes and percentage 
of intact or replication-competent proviral DNA considering 
prior evidence that viral decay is most affected by ongoing 
replication, not the initial viral set point [5, 100, 101].

Another key difficulty in directly proving potential for 
viral rebound and systemic spread from CNS reservoirs is 
that detection of HIV DNA or RNA is not a surrogate for 
replication competence (or intact proviral genome). The 
majority of HIV DNA is either inert or produces viral tran-
scripts and proteins but not replication-competent virus. The 
gold standard to determine replication competence has been 
QVOA but it requires many viable cells and significant time 
and expense even though it underestimates the size of the 
replication-competent reservoir [3•]. Additionally, QVOA 

Fig. 3  Sankey plots showing the proportion of migration events 
between anatomic locations for which the adjusted Bayes factor (BF) 
was 3 or higher for two participants showing migration within brain 
sites and bidirectionally across the blood brain barrier. The source 
locations are depicted on the left side of the plots and the destination 
locations on the right side. A Participant LG03 who remained virally 
suppressed on ART. Plots show evidence of bidirectional migration 
events of HIV DNA between the frontal motor and occipital cortex 

and occipital cortex to peripheral blood mononuclear cells [PBMCs]. 
B Data for a participant LG01 who stopped ART 53  days prior to 
death with viral rebound (antemortem plasma HIV RNA of 280 cop-
ies/mL). Note transitions of HIV DNA from frontal motor cortex to 
PBMC and plasma (and vice versa). Figure adapted with permission 
from “HIV persists throughout deep tissues with repopulation from 
multiple anatomical sources.” By A. Chaillon, 2020, J Clin Invest, 
130(4):1699–712
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was developed for ex vivo stimulation of viral replication 
in T cells and was only recently adapted for macrophages 
[8•, 13, 14••]. NGS technology can overcome many of the 
described limitations of QVOA for tissue specimens [3•], 
allowing assessment of intact proviral genomes and evalu-
ation of the relative viral diversity in blood and in tissues 
but is currently cost and resource prohibitive for large scale 
use. The commercially available intact proviral DNA assay 
(IPDA) has shown promise in measuring intact provirus but 
also needs significant amount of cells, is clade-dependent 
and does not provide sequence data [102].

For our initial analysis of the first six participants, up to 
90% (range 43–90%) of HIV proviruses recovered from CNS 
tissues were intact based on full-length envelope sequencing 
[57], which is higher than prior animal and autopsy stud-
ies [103–105]. This is likely an overestimate since we only 
focused on one HIV gene (env). Since genomic DNA is more 
stable postmortem than RNA, it is unlikely that this simply 
reflects the better yield due to rapid autopsy. The next step 
for the Last Gift project is to perform full-length genome 
sequencing and integration site analysis together with other 
methods of quantifying intact provirus and replication-com-
petence [3•, 106•].

Lesson Learned: Cohort Heterogeneity Can Be a Gift 
and a Challenge

Last Gift participants would generally be excluded from 
research due to the confounding inherent in their non-AIDS 
defining terminal illnesses. However, it is fitting for this era 
of personalized medicine and focus on what the individual or 
outliers within study samples can teach us [107–111]. In fact, 
looking at the HIV cure research field, the major milestones 
have been successful cure or HIV ART free remission in one 
person at a time, starting with Timothy Ray Brown (the “Ber-
lin Patient”) in 2008 [21, 112, 113]. The range of pathologies 
in Last Gift participants likely influences the HIV reservoir, 
particularly in diseased tissues. Pathologies and treatments for 
these diseases (e.g., cancer and chemotherapy) are accounted 
for to the degree possible. For example, we collected and 
stored the brain of a person with multiple brain lesions but 
excluded it from virological analyses of the CNS reservoir.

We are currently generating longitudinal biomarkers to 
evaluate organ dysfunction, inflammation, gut dysbiosis 
during the peri-mortem periods, and we will evaluate how 
these conditions might affect the HIV reservoirs at the time 
of death. Despite these limitations, Last Gift participants are 
uniquely valuable for assessment of patterns across partici-
pants, such as tissue-specific viral phylogenies. Unexpected 
insights can also result from the research. For example, some 
of the data on T cell clonal expansion and maintenance of 
reservoirs were initially generated from samples taken to 
evaluate tumor microenvironments and found enrichment 

of HIV-infected T cells surrounding the tumor [106•, 114]. 
The Last Gift may similarly provide insights into character-
istics of interactions between HIV and comorbid conditions, 
including those that affect the CNS. Even if no clear patterns 
of HIV persistence are identified, the Last Gift program will 
still represent a comprehensive and unprecedented charac-
terization of blood and tissue HIV reservoirs, which will be 
a valuable resource for future investigations.

Practical Lessons Learned from the Last Gift 
Study

The field of HIV cure research needs more studies similar 
to the Last Gift and we wish to encourage and facilitate this. 
Since the study brought many new challenges for us, we 
wish to share some general lessons learned for other teams 
interested in pursuing similar studies.

Lesson Learned: EOL and Rapid Autopsy for HIV 
Research Is Feasible

EOL Research Is Feasible

As the first study with rapid autopsy in the field of HIV 
research, one of the most important lessons is that this can 
be done in a reliable and ethical manner. Rapid autopsy stud-
ies in other fields generally had more limited tissue collec-
tion (e.g., collection of tumor and regional lymph nodes) and 
the number of tissues collected and processed within 6 h for 
Last Gift participants is unprecedented to our knowledge. 
Overall, research autopsy time has shortened with experi-
ence in managing the legal, logistical, and procedural pro-
cesses both before and immediately after death.

An additional concern was that rapid autopsy tissue from 
people who died of natural causes is not directly analogous to 
necropsy in animal research or tissue samples collected through 
biopsies from living individuals. For example, the physiologic 
process of gradual human death could alter microglial pheno-
types, viral transcription, and viral dynamics in unique ways 
compared to animal euthanasia [42•, 115–117]. It is unknown 
whether CNS cells, particularly BMCs that are considered the 
major HIV reservoirs in the CNS, are viable 6 h post-mortem 
and whether the quality of those isolated BMCs are good 
enough to determine the replication competent HIV ex vivo. 
However, so far with our protocols for cell sorting and isola-
tion of BMCs, including microglia and macrophages, up to  106 
viable BMCs/gram of fresh brain tissues have been reliably 
collected. These cells are IBA1 + , CD68 + , and TMEM119 + , 
which retain HIV DNA/RNA and produce outgrowth HIV after 
latency reversal (unpublished data). Studies are ongoing to fur-
ther determine the replication-competent HIV and the underly-
ing mechanisms of HIV latency in those BMCs ex vivo.
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Lesson Learned: EOL and Rapid Autopsy Studies 
Pose Unique Challenges

Study Flexibility

Basic components of study design are different in EOL and 
rapid autopsy research compared to traditional studies with 
predetermined visit schedules and duration of enrollment. 
For example, the visit schedule needs flexibility to account 
for participant’s clinical condition and is essentially trying 
to count backward from the estimated time of death which, 
of course, is difficult to predict due to prognostic uncertainty. 
This means that the first three study visits may occur over 
9 months or within one week since the goal is to have fre-
quent, brief visits with HIV RNA results as close to death 
as possible. This represents a paradigm shift to individual-
ize visit schedules with implications from database set-up, 
informed consent, and study visits. Similarly, the unpredict-
ability of antemortem events requires more frequent com-
munication with participants, caregivers, and next-of-kin/
loved ones and round-the-clock availability of study staff.

Study Visits at Home or Facility

The visits near the EOL are not conducted at the study site. 
Study staff travel to the participants’ home or healthcare facil-
ity. This is a necessity but does raise many legal and logistical 
hurdles to ensure legality of conducting research off-site, which 
need to be addressed with a memorandum of understanding 
and signed by each party involved. If a participant is in a facil-
ity, substantial documentation and reminders are needed about 
study participation and procedures at the time of death.

Phlebotomy at the End of Life

One major challenge is that blood collection frequently 
becomes more technically difficult closer to death due to 
edema and hypovolemia. Also, most participants are on 
hospice or comfort care near death and are unlikely to have 
central venous catheters or clinical reasons for phlebotomy. 
Employing experienced phlebotomists is critical.

Tissue Analysis Versus Fluid Samples

Analysis of tissue introduces additional difficulties com-
pared with cells or extracellular fluid from body fluids, in 

part because of its three-dimensional architecture. Decades 
of clinical and research assays have been primarily based on 
body fluids and adapting tests to solid tissues is challenging. 
Tissues can be homogenized but can also be contaminated 
with blood, even small amounts of which may affect findings 
[61]. However, the impact is likely to be a small considering 
the small size of capillaries compared to overall tissue mass. 
Furthermore, tissue-resident lymphocytes have immune 
profiles distinct from circulating lymphocytes [118], which 
we will assess in our bulk expression analyses [119, 120] to 
exclude tissues heavily contaminated with blood. Variability 
in the number of immune cells in tissues could also con-
tribute to variation in HIV levels. To normalize HIV DNA 
copy counts in tissues, we use published methods to quantify 
 CD4+ T-cell numbers in tissue by ddPCR [121] although pre-
sorting various population will provide the most information.

Shipping Specimens

Death does not always occur during business hours. While the 
study team is on call and prepared to work at any time, we still 
rely on logistical services. One challenge is shipping biospeci-
mens to collaborators at any time, day, or night. This requires 
coordination with the receiving labs outside of their regular 
hours and use of alternative shipping companies, which can 
lead to higher prices.

Lesson Learned: the Critical Importance 
of Multi‑disciplinary Research Teams 
and Community Involvement

Developing the Last Gift cohort has underscored the criti-
cal importance of multi-disciplinary, translational research 
teams with meaningful and sustained community involve-
ment and engagement. This goes beyond “bench to bedside” 
and includes bioethics, socio-behavioral sciences. Key les-
sons summarized in Table 4.

Bioethics

At inception, we sought bioethics expertise to establish 
detailed ethical considerations for HIV reservoir research at 
the EOL [122, 123]. We emphasized five ethical domains: 
(1) protection of autonomy through informed consent, (2) 
avoidance of exploitation and fostering of altruism, (3) main-
tenance of favorable benefits/risks, (4) safeguarding against 

Table 4  Key practical and ethical lessons learned – end of life and rapid autopsy research

Research at EOL has provided our participants with autonomy and ability to leave a meaningful scientific legacy
Sustained community engagement and patient/participant-centered focus is particularly critical in EOL research
Multi-disciplinary teams are key and should include paid positions for socio-behavioral scientists and members of the HIV community
Decisions regarding goals-of-care, hospice, and medical aid in dying (where applicable) must be done completely outside the study
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vulnerability through patient/participant-centeredness, and (5) 
acceptance of research by next-of-kin/loved ones and com-
munity. As the Last Gift program unfolded, we identified, 
documented, resolved, and integrated ethical lessons learned. 
For example, due to the challenge of declining cognitive func-
tion at the EOL, our team has implemented process consent. 
We test cognition multiple times during the study to ensure 
participants continue to consent to research procedures (e.g., 
blood draws) and the tissue donation as they approach the 
EOL [122]. With rapid research autopsy focused on the brain 
region, we attempt to minimize the degree of invasiveness 
of the research and justify in terms of expected scientific 
benefits. In particular, we minimize the risk of unanticipated 
disfigurement and preserve dignity of person after their pass-
ing, consistent with ethics guidelines with the recently dead 
[124]. Furthermore, while Last Gift participants can elect to 
follow medical aid in dying (MaiD) now legal in California, 
this decision and process must be done completely outside the 
scope of the Last Gift [59, 122, 125].

The next research frontier will be evaluating the effects 
of interventions on the CNS and deep tissue compartments. 
Our team is proactively evaluating ethical considerations of 
interventional HIV cure-related research at the EOL [123]. 
As with all clinical research, we have an ethical obligation 
to limit risk of undue pain, suffering, and accelerated death 
at the end of life [123]. Only well-vetted interventions sup-
ported by robust pre-clinical data should be considered for 
testing at the EOL [123].

Socio‑Behavioral Sciences

The Last Gift program has employed a 360-degree approach 
to socio-behavioral sciences to understand perspectives and 
experiences of participants [126], next-of-kin/loved ones [71, 
127], clinical and rapid research autopsy staff [60], community 
members, and other stakeholders. This holistic approach helps 
ensure sensitive EOL research remains acceptable to various 
groups. The Last Gift team must continue to understand how 
PWH make decisions to participate in HIV reservoir research 
at the end of life. This is critical to fully informed research 
designs that preserve participants’ voices and lived experi-
ences. More empirical research will be needed to understand 
the mental health, emotional, psychosocial, and social deter-
minant aspects of EOL research participation.

Meaningful Community Involvement and Engagement

The HIV community has been crucial in designing and imple-
menting the Last Gift study [128–130]. The Last Gift concept 
was initially controversial with some reviewers and the HIV 
research community, which raised concerns about “vulner-
ability.” However, PWH and community advocates fiercely 

defended the Last Gift idea [128] and advised basic and bio-
medical scientists from the beginning. This involvement was 
critical in ensuring mutual understanding and alignment of 
research goals and priorities. Due to age, co-morbidities, and 
longer duration of HIV infection prior to ART [131], HIV long-
term survivors have been excluded from HIV cure research, 
often after being at the forefront of lifesaving HIV discover-
ies in the 1980s and 1990s. The Last Gift program gives them 
an unprecedented opportunity to contribute and leave a legacy 
(“last gift”) to the community. For example, one issue arose 
where an institutional review board viewed cremation as a study 
benefit; however, community advocates requested it be consid-
ered a necessity given the nature of research. Community mem-
bers came up with the name ‘On Deck’ for potential participants 
who did not meet the 6-month prognosis inclusion criteria but 
wanted to be considered for the Last Gift in due course. The 
puzzle-piece logo for Last Gift was also designed by a com-
munity representative to symbolize how each study participant 
is a piece of a larger puzzle toward an HIV cure and ending the 
HIV epidemic. Community members have continued to advise 
on several aspects the Last Gift program.

Furthermore, the Last Gift adopts an inclusive approach 
with next-of-kin/loved ones, who play an integral role in 
EOL research [71, 127]. We learned that early involvement 
of and clear communication with next-of-kin/loved ones are 
necessary. More research will be needed to understand per-
spectives of less supportive next-of-kin/loved ones [127]. 
To preserve public acceptance and trustworthiness [132] of 
EOL research, sustained community engagement is essential. 
The Last Gift has a strong commitment to equity, diversity, 
and inclusion, and understanding how cultural and spiritual 
differences affect willingness to participate. We are also 
working to increase diversity in the cohort in order to study 
how sex, race, and ethnicity affect HIV reservoir and CNS 
dynamics as this continues to remain a key research gap [59, 
63, 133, 134].

Conclusions

The possibility of a cure for HIV holds the potential for indi-
viduals to avoid or reduce the effects of chronic HIV, ART tox-
icity, polypharmacy, treatment expense (when compared to the 
cost of ART over a lifetime), HIV transmission, and stigma, 
among many others. Many possibilities are under investiga-
tion that would present safer and more feasible options for the 
larger population of PWH, other than stem cell transplants for 
participants with concomitant hematologic malignancies. As 
the management of HIV continues to become increasingly well 
tolerated and effective, the level of acceptable risk of adverse 
effects for HIV cure trials decreases. Thus, cure scientists must 
make the best use of each clinical trial opportunity, which 
heightens the importance of fully characterizing the diverse 
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HIV reservoirs in the brain, spinal cord, and other organs. The 
Last Gift, and similar studies, will be a critical piece of this 
larger puzzle and complement the other investigations.

So far, the Last Gift program has provided important 
insights into the CNS reservoirs and continues to do so in 
innovative ways. Our preliminary data showed migration 
of HIV DNA from brain tissues to systemic circulation and 
that migration events are not proportional to the size of the 
reservoir. Additional studies are underway but our findings 
add to the evidence of the risk of viral rebound from CNS 
reservoirs if cure strategies do not specifically target them. 
Also, the discovery that CNS reservoirs in brain may have 
different bNAb susceptibilities than blood and other deep 
reservoirs has direct implications for cure trial.

The past two decades have taught us that sustained viral 
suppression in blood and even CSF is not enough to avoid 
neurologic complications from HIV. Sustained viral sup-
pression in blood and CSF is an essential, but not sufficient 
measure of successful ART-free remission. If HIV is eradi-
cated or silenced within the blood and PBMCs, we need to 
ensure there is not ongoing viral transcription and associated 
inflammation in deeper, less accessible reservoirs. The clinical 
impact of such local inflammation is not known but is rea-
sonable to anticipate it may be subtle and gradual. Therefore, 
monitoring for known adverse effects of the cure therapies and 
unstructured, subjective reporting of mood or neurocognitive 
changes is not sufficient. Biomarkers and neuroimaging may 
provide additional information but cannot replace neurocogni-
tive testing and standard psychiatric screening questionnaires. 
We recognize that it will be difficult to find the critical bal-
ance between undue participant burden, study expense and 
appropriate monitoring but argue that the field cannot afford 
to miss potential adverse effects. This will continue to require 
the innovation, dedication, advocacy, and community partner-
ships that have defined the last four decades of HIV research.

Additionally, due to limitations in geographic reach of 
an individual study site, need for larger sample sizes with 
more diverse populations, the field will be best served by 
multiple collaborative sites doing similar studies. It is a 
large undertaking for the number of participants, however, 
the amount of data from each participant is extraordinary 
and adds social and scientific value. In addition, the inclu-
sion of community members as part of the study team 
has reinvigorated the bond between people with HIV and 
researchers. Even more, the privilege of working with 
truly remarkable individuals at the end of their life is pro-
foundly meaningful for the entire team.
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