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134 SARS-CoV-2 IN CHILDREN & ADOLESCENTS LIVING WITH HIV IN EUROPE & 
SOUTH AFRICA
Charlotte Jackson1, Siobhan Crichton1, Alasdair Bamford2, Arantxa Berzosa3, 
Kimberly Gilmour2, Tessa Goetghebuer4, Sarah May Johnson2, Ali Judd1, Antoni 
Noguera5, Marthe Le Prevost1, Vana Spoulou6, Kate Sturgeon1, Alla Volokha7, 
Heather J Zar8, Intira Jeannie Collins1

EPPICC (European Pregnancy and Paediatric Infections Cohort Collaboration)
1University College London, London, United Kingdom, 2Great Ormond Street NHS Foundation Trust, 
London, United Kingdom, 3Hospital General Universitario Gregorio Marañón, Madrid, Spain, 4Hopital 
St Pierre, Brussels, Belgium, 5Hospital Sant Joan de Déu Barcelona, Barcelona, Spain, 6Aghia Sophia 
Children's Hospital, Athens, Greece, 7Shupyk National Healthcare University of Ukraine, Kyiv, Ukraine, 
8University of Cape Town, Cape Town, South Africa
Background: Adults living with HIV may have higher risk of SARS-CoV-
2 infection than HIV negative adults. There are no published data on 
seroprevalence of SARS-CoV-2 in children and adolescents living with HIV 
(CALWHIV).
Methods: We did a repeat SARS-CoV-2 seroprevalence study in 7 paediatric HIV 
observational cohorts in 5 countries in the European Pregnancy & Paediatric 
Infections Cohort Collaboration (EPPICC; Belgium, Greece, Spain, Ukraine, 
United Kingdom (UK)) and also the Cape Town Adolescent Antiretroviral Cohort 
(CTAAC), South Africa (SA) (CALWHIV and HIV negative adolescents). Participants 
gave 2 blood samples for SARS-CoV-2 antibody testing ~6 months apart during 
routine visits between May 2020 and July 2022, and completed questionnaires 
on SARS-CoV-2 exposure/infection and vaccine status. Clinical and demographic 
data were extracted from clinic records.
Results: Of 906 participants, 53%(477) were female, 89%(803) CALWHIV, 
median [IQR] age at first visit 17[15-19] years. Most were enrolled in SA (45%, 
410/906), UK (23%, 205/906) or Ukraine (18%, 160/906). 85%(767/906) had 
2 blood samples and the rest a single sample. For CALWHIV, at time of first 
sample, 99%(761/765) were on antiretroviral therapy, median CD4 count 
was 666[478-858] cells/mL, 70%(535/764) had HIV-1 viral load < 50c/mL. Of 
those with known SARS-CoV-2 vaccine status, 23%(181/773) CALWHIV and 
22% (22/100) HIV negative participants received ≥1 vaccine dose. 6%(43/762) 
of CALWHIV had a documented prior SARS-CoV-2 positive PCR (including 2 
hospitalised for COVID, neither severe), and 16%(124/762) self-reported previous 
positive test and/or COVID-19 symptoms, giving a total of 17%(128/762) with 
any previous infection. Based on serum testing, 63%(562/898) of participants 
overall were seropositive on at least one sample (55% (269/488) Europe, 67% 
(205/307) SA CALWHIV, 85% (88/103) SA HIV negative group), and among 
the unvaccinated subgroup, 53%(408/765) were seropositive (41% (167/412) 
Europe, 64% (168/263) SA CALWHIV, 81% (73/90) SA HIV negative). Among 
samples taken prior to or in absence of vaccination, the proportion testing 
antibody positive increased over time (Figure). Of unvaccinated CALWHIV with 
≥1 positive result, 17%(52/299) reported any previous SARS-CoV-2 infection.
Conclusion: Most CALWHIV were SARS-CoV-2 seropositive by mid-2022 
despite low vaccine coverage. Fewer had documented or self-reported COVID-19 
infection or disease, suggesting most infections were mild or asymptomatic.

Seroprevalence of SARS-CoV-2 antibodies in Europe and South Africa, by HIV 
status and calendar quarter of sampling. Colours indicate dominant variant 
based on GISAID data for adults and children.

 

135 SINGLE-CELL PROTEOGENOMIC PROFILING OF HIV-1 RESERVOIR CELLS
Weiwei Sun1, Ce Gao1, Ciputra A. Hartana1, Matthew R. Osborn1, Kevin B. 
Einkauf1, Xiaodong Lian1, Benjamin R. Bone1, Nathalie Bonheur1, Tae-Wook 
Chun2, Eric S. Rosenberg3, Bruce D. Walker1, Xu G. Yu1, Mathias Lichterfeld1

Ragon Institute of MGH, MIT and Harvard, Cambridge, MA, USA, 2National Institute of Allergy and 
Infectious Diseases, Bethesda, MD, USA, 3Massachusetts General Hospital, Cambridge, MA, USA
Background: HIV-1 reservoir cells persist lifelong despite ART but may be 
vulnerable to host immune responses that could be exploited for HIV-1 cure 
strategies. Here, we used a novel single-cell, next-generation sequencing 
approach for the direct ex vivo phenotypic profiling of individual HIV-1 infected 
memory CD4 (mCD4) T cells from peripheral blood (PB) and lymph nodes (LN) of 
people living with HIV-1.
Methods: mCD4 T cells derived from PB and LN of 8 participants were 
analyzed by a novel single-cell proteogenomic profiling assay. Cells were 
labeled with oligomer-tagged antibodies directed against n=53 surface 
markers and encapsulated into single cells. Multiplex PCR was conducted 
to amplify small fragments of genomic HIV-1 DNA (n=18) and the viral-
host chromosomal junctions of large clones, coupled with amplification of 
antibody-bound oligomer tags. DNA and protein libraries were sequenced and 
biocomputationally deconvoluted.
Results: We analyzed n=530,143 individual mCD4 T cells from PB of 5 
participants with around 10 years of suppressed viremia: n=2,859 represented 
HIV-infected cells; n=193 cells harbored genome-intact HIV-1; n=125 included 
clonally-expanded reservoir cells. Cells encoding for intact HIV or being part 
of large clones displayed more mature, effector memory phenotypic features 
and frequently expressed ensemble signatures of surface markers conferring 
increased resistance to immune-mediated killing (such as PVR and HVEM), 
paired with elevated expression of immune checkpoint markers (such as PD1 
and KLRG1) likely to limit proviral gene transcription. A total of n=396,628 
mCD4 T cells from LN were assayed from 3 participants who received ART 
for around 10-15 years: n=3,888 were HIV-1 infected cells, and n=111 cells 
harbored genome-intact HIV-1. Cells encoding for intact proviruses were equally 
distributed between T follicular helper cell (TFH) and resident memory (TRM) 
CD4 cells and expressed higher levels of CD44, the IL-21 receptor (CD360), and 
the IL-7 receptor (CD127), all of which are associated with cell survival.
Conclusion: Cells encoding intact proviruses display distinct phenotypic 
features in PB and LN and upregulate markers associated with proviral 
transcriptional repression, resistance to immune-mediated killing, and cell 
survival. We propose that these phenotypic changes result from immune 
selection processes, implying that only small subsets of infected cells with 
optimal adaptation to their anatomical immune microenvironment can survive 
during long-term ART.
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Extended Data Fig. 1 | Single-cell proteogenomic profiling of HIV-1 
reservoir cells from peripheral blood. (A): Schematic representation of the 
experimental workflow for the PheP-seq assay. (B): Virograms summarizing 
individual HIV-1 DNA amplification products in single HIV-1-infected cells 
from study participants 1, 3, 4 and 5. Each row represents data from one 
infected cell; numbers of sequences meeting criteria for categories 1, 2, 3 and 
4 are shown. For longer amplification products (amplicons 5, 10, 12), centrally 
located nucleotides could not be efficiently amplified using the Illumina 

NextSeq 2 x 150-bp sequencing read length used in this study. (C): Highlighter 
plots reflecting representative clonal proviral sequences identified by 
PheP-seq. Sequencing data from all 18 amplification products from each 
single cell were fused. Sequencing reads corresponding to defined virus-host 
junctions and corresponding chromosomal IS are indicated. Gray areas 
reflect gaps in sequencing reads related to incomplete sequence coverage. 
Graphics in a and b were created using BioRender.com.

Simultaneous detection of HIV-1 proviral sequence and surface phenotype at the single-cell level

Nature | www.nature.com | 3

2B4 and KLRG1; only minor, nonsignificant changes were observed 
for CTLA4, TIM3 and LAG3. By increasing the threshold for cellular 
activation, these markers may limit proviral gene expression and 
reduce subsequent visibility and vulnerability of reservoir cells to host 
immune recognition mechanisms; pharmacological blockade of one 
checkpoint marker (PD1) was indeed shown to increase proviral gene 
expression in recent animal26 and human clinical studies27,28. Notably, 
category 2 cells also showed elevated expression of several markers 
that act as ligands for inhibitory receptors expressed on immune 
effector cells and increase resistance of target cells to CD8+ T or natu-
ral killer (NK) cell-mediated immune activity by conferring negative 

immunoregulatory impulses (Figs. 2c and 3a); overexpression of such 
markers might defend HIV-1-infected cells against cellular immune 
responses and may translate into a longitudinal selection advantage. In 
particular, we observed upregulation of the herpes virus entry mediator 
(HVEM), which negatively regulates T and NK cells through binding to 
BLAT29 and CD160 (refs. 30,31) and has a known role for protecting virally 
infected cells against host immune effects, supported by the discov-
ery of the HVEM paralogue UL144 encoded by human CMV32 (Fig. 3a). 
In addition, we noted upregulation of the poliovirus receptor (PVR), 
which can inhibit cytotoxic effects of T and NK cells by interactions 
with its high-affinity ligands TIGIT33 and KIR2DL5 (ref. 34), respectively. 
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Fig. 1 | Combined assessment of cellular phenotype and proviral sequence 
in HIV-1-infected cells (PheP-seq) from PB. a, The genomic location of 18 
different HIV-1 amplification products incorporated in the PheP-seq assay; 
these 18 amplicons cover approximately 4,000 bp of the HIV-1 genome; gaps 
between amplification products are indicated. Note that additional amplicons 
corresponding to predefined virus–host junctions of large proviral clones were 
also included. Amplicons 2 and 16 were previously described for the IPDA assay. 
LTR, long terminal repeat. Ψ, retroviral psi packaging element. b, A virogram 
summarizing individual HIV-1 DNA amplification products in single HIV-
1-infected cells from study participant 2 (P2). Each row represents data from 
one infected cell; the numbers of sequences meeting criteria for categories 1, 2, 

3 and 4 are shown. For longer amplification products (amplicons 5, 10 and 12), 
centrally located nucleotides could not be efficiently amplified using the 
Illumina NextSeq 2 × 150-bp sequencing read length used in this study. c, Venn 
diagrams summarizing the numbers of category 1–4 HIV-1-infected cells, 
shown separately for each study participant (P1–P5) and for all study 
participants combined. The numbers of sequences meeting criteria for 
different proviral categories are shown individually in each category.  
d, Circular maximum-likelihood phylogenetic trees of selected proviral 
sequences from each study participant, determined by PheP-seq. Clonal 
sequences are indicated; chromosomal integration sites are listed when 
available. Graphics in a were created using BioRender.com.
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effector cells and increase resistance of target cells to CD8+ T or natu-
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markers might defend HIV-1-infected cells against cellular immune 
responses and may translate into a longitudinal selection advantage. In 
particular, we observed upregulation of the herpes virus entry mediator 
(HVEM), which negatively regulates T and NK cells through binding to 
BLAT29 and CD160 (refs. 30,31) and has a known role for protecting virally 
infected cells against host immune effects, supported by the discov-
ery of the HVEM paralogue UL144 encoded by human CMV32 (Fig. 3a). 
In addition, we noted upregulation of the poliovirus receptor (PVR), 
which can inhibit cytotoxic effects of T and NK cells by interactions 
with its high-affinity ligands TIGIT33 and KIR2DL5 (ref. 34), respectively. 
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Fig. 1 | Combined assessment of cellular phenotype and proviral sequence 
in HIV-1-infected cells (PheP-seq) from PB. a, The genomic location of 18 
different HIV-1 amplification products incorporated in the PheP-seq assay; 
these 18 amplicons cover approximately 4,000 bp of the HIV-1 genome; gaps 
between amplification products are indicated. Note that additional amplicons 
corresponding to predefined virus–host junctions of large proviral clones were 
also included. Amplicons 2 and 16 were previously described for the IPDA assay. 
LTR, long terminal repeat. Ψ, retroviral psi packaging element. b, A virogram 
summarizing individual HIV-1 DNA amplification products in single HIV-
1-infected cells from study participant 2 (P2). Each row represents data from 
one infected cell; the numbers of sequences meeting criteria for categories 1, 2, 

3 and 4 are shown. For longer amplification products (amplicons 5, 10 and 12), 
centrally located nucleotides could not be efficiently amplified using the 
Illumina NextSeq 2 × 150-bp sequencing read length used in this study. c, Venn 
diagrams summarizing the numbers of category 1–4 HIV-1-infected cells, 
shown separately for each study participant (P1–P5) and for all study 
participants combined. The numbers of sequences meeting criteria for 
different proviral categories are shown individually in each category.  
d, Circular maximum-likelihood phylogenetic trees of selected proviral 
sequences from each study participant, determined by PheP-seq. Clonal 
sequences are indicated; chromosomal integration sites are listed when 
available. Graphics in a were created using BioRender.com.
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for CTLA4, TIM3 and LAG3. By increasing the threshold for cellular 
activation, these markers may limit proviral gene expression and 
reduce subsequent visibility and vulnerability of reservoir cells to host 
immune recognition mechanisms; pharmacological blockade of one 
checkpoint marker (PD1) was indeed shown to increase proviral gene 
expression in recent animal26 and human clinical studies27,28. Notably, 
category 2 cells also showed elevated expression of several markers 
that act as ligands for inhibitory receptors expressed on immune 
effector cells and increase resistance of target cells to CD8+ T or natu-
ral killer (NK) cell-mediated immune activity by conferring negative 

immunoregulatory impulses (Figs. 2c and 3a); overexpression of such 
markers might defend HIV-1-infected cells against cellular immune 
responses and may translate into a longitudinal selection advantage. In 
particular, we observed upregulation of the herpes virus entry mediator 
(HVEM), which negatively regulates T and NK cells through binding to 
BLAT29 and CD160 (refs. 30,31) and has a known role for protecting virally 
infected cells against host immune effects, supported by the discov-
ery of the HVEM paralogue UL144 encoded by human CMV32 (Fig. 3a). 
In addition, we noted upregulation of the poliovirus receptor (PVR), 
which can inhibit cytotoxic effects of T and NK cells by interactions 
with its high-affinity ligands TIGIT33 and KIR2DL5 (ref. 34), respectively. 
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in HIV-1-infected cells (PheP-seq) from PB. a, The genomic location of 18 
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d, Circular maximum-likelihood phylogenetic trees of selected proviral 
sequences from each study participant, determined by PheP-seq. Clonal 
sequences are indicated; chromosomal integration sites are listed when 
available. Graphics in a were created using BioRender.com.
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Enrichment within category 2 cells was also observed for PDL1 (the 
physiological ligand for PD1) and for HLA-E, a non-classical MHC class 
I molecule that acts as the high-affinity ligand for the inhibitory recep-
tor NKG2A expressed on NK and T cells35; however, these markers were 
expressed on more limited numbers of cells and statistical scores were 
weaker (false discovery rate (FDR)-adjusted P = 0.02 for HLA-E and 
P = 0.04 for PDL1). Category 2 cells harbouring intact HIV-1 DNA were 
further enriched for a higher level of surface expression of CD49d, 
CD45RO and CD95, all of which can be associated with T cell activation 
and differentiation towards an effector memory profile. Moreover, they 
exhibited elevated expression of the receptor for transforming growth 
factor β (TGFβ), which can promote proviral latency36, of the receptor 
for IL-21, and of CD127, the receptor for the homeostatic cytokine IL-7. 
In a subsequent analysis, we noted little phenotypic variation between 
cells harbouring clonal genome-intact proviruses and intact proviruses 
detected only once, with the notable exception of KLRG1, which was 
more strongly expressed on the former (Extended Data Fig. 4a). Moreo-
ver, we compared the phenotypic profiles of category 2 cells with those 
of cells encoding for defective proviruses (category 1 cells after exclud-
ing category 2 cells; Figs. 2c and 3a); these analyses involved lower 
numbers of cells and reached lower levels of statistical significance, but 
also identified elevated surface expression of markers associated with 
resistance to immune-mediated killing (PVR, HLA-E and HVEM) as key 
distinguishing features for cells enriched for harbouring genome-intact 
HIV-1 DNA. Markers associated with functional inhibition of T cells, in 
particular PD1, were also upregulated in category 2 cells relative to cells 
harbouring defective proviruses (Figs. 2c and 3a).

Phenotype of clonal reservoir cells
In a dedicated analysis of cells harbouring clonally expanded proviruses 
(category 3), we noted strong enrichment for expression of KLRG1, 
which, in addition to its role as an inhibitory checkpoint marker bind-
ing to E-cadherin37, has been associated with terminal differentiation 
and cellular senescence38; enrichment of KLRG1 in category 3 cells 
probably reflects a history of strong clonal proliferative turnover in 
this specific cell population (Figs. 2c and 3). PDL1 emerged as a nega-
tive immunoregulatory marker with a more notable enrichment on 
category 3 cells, suggesting a role of this marker for protecting clonal 
HIV-1-infected target cells against T cell immune attacks. Among mark-
ers associated with functional inhibition of T cells, TIGIT exhibited 
the most notable upregulation in category 3 cells; expression of PD1 
and BTLA was also increased on category 3 cells. For a more detailed 
analysis of individual clones of HIV-1 reservoir cells, we investigated the 
phenotype of clonal HIV-1-infected cells sharing a common chromo-
somal integration site. In a global analysis, cells belonging to the same 
clone tended to cluster near one another on a UMAP plot, suggesting 
a rather homogenous phenotypic behaviour of HIV-1-infected cells 
derived from the same clone (Fig. 4a); however, some clones showed 
a higher level of phenotypic variability. Moreover, we noted that the 
upregulation of specific immunoregulatory markers on category 3 
cells, including PDL1, HVEM and PVR, was not selectively driven by 
specific cell clones but occurred relatively consistently across most 
analysed clonal reservoir cell populations (Fig. 4b); nevertheless, some 
inter-clonal phenotypic diversity was noted and deserves additional 
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Fig. 2 | Phenotypic profile of patient-derived HIV-1-infected cells 
circulating in PB. a, Global visualization of phenotypic properties of HIV-
1-infected CD4+ T cells from five study participants using two-dimensional 
UMAP plots; five computationally defined spherical clusters reflecting 
phenotypically distinct mCD4+ T cell subsets are shown. One plot is shown for 
each cell category. b, A heatmap summarizing the normalized phenotypic 
profile of cells in each spherical cluster, based on 53 surface markers included 
in this study. c, Volcano plots showing enrichment ratios of marker-positive 

cells and corresponding FDR-adjusted (adj.) P values for all 53 surface markers 
included in this study; selected markers are labelled individually. Marker 
sensitivities, calculated as the proportions of marker-positive cells in the 
indicated categories of cells, are indicated by dot sizes. Comparisons between 
indicated categories of cells are depicted; bootstrapped data from all five 
participants are shown. Significance was tested using a two-sided chi-squared 
test; FDR-adjusted P values are shown.
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Enrichment within category 2 cells was also observed for PDL1 (the 
physiological ligand for PD1) and for HLA-E, a non-classical MHC class 
I molecule that acts as the high-affinity ligand for the inhibitory recep-
tor NKG2A expressed on NK and T cells35; however, these markers were 
expressed on more limited numbers of cells and statistical scores were 
weaker (false discovery rate (FDR)-adjusted P = 0.02 for HLA-E and 
P = 0.04 for PDL1). Category 2 cells harbouring intact HIV-1 DNA were 
further enriched for a higher level of surface expression of CD49d, 
CD45RO and CD95, all of which can be associated with T cell activation 
and differentiation towards an effector memory profile. Moreover, they 
exhibited elevated expression of the receptor for transforming growth 
factor β (TGFβ), which can promote proviral latency36, of the receptor 
for IL-21, and of CD127, the receptor for the homeostatic cytokine IL-7. 
In a subsequent analysis, we noted little phenotypic variation between 
cells harbouring clonal genome-intact proviruses and intact proviruses 
detected only once, with the notable exception of KLRG1, which was 
more strongly expressed on the former (Extended Data Fig. 4a). Moreo-
ver, we compared the phenotypic profiles of category 2 cells with those 
of cells encoding for defective proviruses (category 1 cells after exclud-
ing category 2 cells; Figs. 2c and 3a); these analyses involved lower 
numbers of cells and reached lower levels of statistical significance, but 
also identified elevated surface expression of markers associated with 
resistance to immune-mediated killing (PVR, HLA-E and HVEM) as key 
distinguishing features for cells enriched for harbouring genome-intact 
HIV-1 DNA. Markers associated with functional inhibition of T cells, in 
particular PD1, were also upregulated in category 2 cells relative to cells 
harbouring defective proviruses (Figs. 2c and 3a).

Phenotype of clonal reservoir cells
In a dedicated analysis of cells harbouring clonally expanded proviruses 
(category 3), we noted strong enrichment for expression of KLRG1, 
which, in addition to its role as an inhibitory checkpoint marker bind-
ing to E-cadherin37, has been associated with terminal differentiation 
and cellular senescence38; enrichment of KLRG1 in category 3 cells 
probably reflects a history of strong clonal proliferative turnover in 
this specific cell population (Figs. 2c and 3). PDL1 emerged as a nega-
tive immunoregulatory marker with a more notable enrichment on 
category 3 cells, suggesting a role of this marker for protecting clonal 
HIV-1-infected target cells against T cell immune attacks. Among mark-
ers associated with functional inhibition of T cells, TIGIT exhibited 
the most notable upregulation in category 3 cells; expression of PD1 
and BTLA was also increased on category 3 cells. For a more detailed 
analysis of individual clones of HIV-1 reservoir cells, we investigated the 
phenotype of clonal HIV-1-infected cells sharing a common chromo-
somal integration site. In a global analysis, cells belonging to the same 
clone tended to cluster near one another on a UMAP plot, suggesting 
a rather homogenous phenotypic behaviour of HIV-1-infected cells 
derived from the same clone (Fig. 4a); however, some clones showed 
a higher level of phenotypic variability. Moreover, we noted that the 
upregulation of specific immunoregulatory markers on category 3 
cells, including PDL1, HVEM and PVR, was not selectively driven by 
specific cell clones but occurred relatively consistently across most 
analysed clonal reservoir cell populations (Fig. 4b); nevertheless, some 
inter-clonal phenotypic diversity was noted and deserves additional 
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Fig. 2 | Phenotypic profile of patient-derived HIV-1-infected cells 
circulating in PB. a, Global visualization of phenotypic properties of HIV-
1-infected CD4+ T cells from five study participants using two-dimensional 
UMAP plots; five computationally defined spherical clusters reflecting 
phenotypically distinct mCD4+ T cell subsets are shown. One plot is shown for 
each cell category. b, A heatmap summarizing the normalized phenotypic 
profile of cells in each spherical cluster, based on 53 surface markers included 
in this study. c, Volcano plots showing enrichment ratios of marker-positive 

cells and corresponding FDR-adjusted (adj.) P values for all 53 surface markers 
included in this study; selected markers are labelled individually. Marker 
sensitivities, calculated as the proportions of marker-positive cells in the 
indicated categories of cells, are indicated by dot sizes. Comparisons between 
indicated categories of cells are depicted; bootstrapped data from all five 
participants are shown. Significance was tested using a two-sided chi-squared 
test; FDR-adjusted P values are shown.
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Enrichment within category 2 cells was also observed for PDL1 (the 
physiological ligand for PD1) and for HLA-E, a non-classical MHC class 
I molecule that acts as the high-affinity ligand for the inhibitory recep-
tor NKG2A expressed on NK and T cells35; however, these markers were 
expressed on more limited numbers of cells and statistical scores were 
weaker (false discovery rate (FDR)-adjusted P = 0.02 for HLA-E and 
P = 0.04 for PDL1). Category 2 cells harbouring intact HIV-1 DNA were 
further enriched for a higher level of surface expression of CD49d, 
CD45RO and CD95, all of which can be associated with T cell activation 
and differentiation towards an effector memory profile. Moreover, they 
exhibited elevated expression of the receptor for transforming growth 
factor β (TGFβ), which can promote proviral latency36, of the receptor 
for IL-21, and of CD127, the receptor for the homeostatic cytokine IL-7. 
In a subsequent analysis, we noted little phenotypic variation between 
cells harbouring clonal genome-intact proviruses and intact proviruses 
detected only once, with the notable exception of KLRG1, which was 
more strongly expressed on the former (Extended Data Fig. 4a). Moreo-
ver, we compared the phenotypic profiles of category 2 cells with those 
of cells encoding for defective proviruses (category 1 cells after exclud-
ing category 2 cells; Figs. 2c and 3a); these analyses involved lower 
numbers of cells and reached lower levels of statistical significance, but 
also identified elevated surface expression of markers associated with 
resistance to immune-mediated killing (PVR, HLA-E and HVEM) as key 
distinguishing features for cells enriched for harbouring genome-intact 
HIV-1 DNA. Markers associated with functional inhibition of T cells, in 
particular PD1, were also upregulated in category 2 cells relative to cells 
harbouring defective proviruses (Figs. 2c and 3a).

Phenotype of clonal reservoir cells
In a dedicated analysis of cells harbouring clonally expanded proviruses 
(category 3), we noted strong enrichment for expression of KLRG1, 
which, in addition to its role as an inhibitory checkpoint marker bind-
ing to E-cadherin37, has been associated with terminal differentiation 
and cellular senescence38; enrichment of KLRG1 in category 3 cells 
probably reflects a history of strong clonal proliferative turnover in 
this specific cell population (Figs. 2c and 3). PDL1 emerged as a nega-
tive immunoregulatory marker with a more notable enrichment on 
category 3 cells, suggesting a role of this marker for protecting clonal 
HIV-1-infected target cells against T cell immune attacks. Among mark-
ers associated with functional inhibition of T cells, TIGIT exhibited 
the most notable upregulation in category 3 cells; expression of PD1 
and BTLA was also increased on category 3 cells. For a more detailed 
analysis of individual clones of HIV-1 reservoir cells, we investigated the 
phenotype of clonal HIV-1-infected cells sharing a common chromo-
somal integration site. In a global analysis, cells belonging to the same 
clone tended to cluster near one another on a UMAP plot, suggesting 
a rather homogenous phenotypic behaviour of HIV-1-infected cells 
derived from the same clone (Fig. 4a); however, some clones showed 
a higher level of phenotypic variability. Moreover, we noted that the 
upregulation of specific immunoregulatory markers on category 3 
cells, including PDL1, HVEM and PVR, was not selectively driven by 
specific cell clones but occurred relatively consistently across most 
analysed clonal reservoir cell populations (Fig. 4b); nevertheless, some 
inter-clonal phenotypic diversity was noted and deserves additional 
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Fig. 2 | Phenotypic profile of patient-derived HIV-1-infected cells 
circulating in PB. a, Global visualization of phenotypic properties of HIV-
1-infected CD4+ T cells from five study participants using two-dimensional 
UMAP plots; five computationally defined spherical clusters reflecting 
phenotypically distinct mCD4+ T cell subsets are shown. One plot is shown for 
each cell category. b, A heatmap summarizing the normalized phenotypic 
profile of cells in each spherical cluster, based on 53 surface markers included 
in this study. c, Volcano plots showing enrichment ratios of marker-positive 

cells and corresponding FDR-adjusted (adj.) P values for all 53 surface markers 
included in this study; selected markers are labelled individually. Marker 
sensitivities, calculated as the proportions of marker-positive cells in the 
indicated categories of cells, are indicated by dot sizes. Comparisons between 
indicated categories of cells are depicted; bootstrapped data from all five 
participants are shown. Significance was tested using a two-sided chi-squared 
test; FDR-adjusted P values are shown.
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Enrichment within category 2 cells was also observed for PDL1 (the 
physiological ligand for PD1) and for HLA-E, a non-classical MHC class 
I molecule that acts as the high-affinity ligand for the inhibitory recep-
tor NKG2A expressed on NK and T cells35; however, these markers were 
expressed on more limited numbers of cells and statistical scores were 
weaker (false discovery rate (FDR)-adjusted P = 0.02 for HLA-E and 
P = 0.04 for PDL1). Category 2 cells harbouring intact HIV-1 DNA were 
further enriched for a higher level of surface expression of CD49d, 
CD45RO and CD95, all of which can be associated with T cell activation 
and differentiation towards an effector memory profile. Moreover, they 
exhibited elevated expression of the receptor for transforming growth 
factor β (TGFβ), which can promote proviral latency36, of the receptor 
for IL-21, and of CD127, the receptor for the homeostatic cytokine IL-7. 
In a subsequent analysis, we noted little phenotypic variation between 
cells harbouring clonal genome-intact proviruses and intact proviruses 
detected only once, with the notable exception of KLRG1, which was 
more strongly expressed on the former (Extended Data Fig. 4a). Moreo-
ver, we compared the phenotypic profiles of category 2 cells with those 
of cells encoding for defective proviruses (category 1 cells after exclud-
ing category 2 cells; Figs. 2c and 3a); these analyses involved lower 
numbers of cells and reached lower levels of statistical significance, but 
also identified elevated surface expression of markers associated with 
resistance to immune-mediated killing (PVR, HLA-E and HVEM) as key 
distinguishing features for cells enriched for harbouring genome-intact 
HIV-1 DNA. Markers associated with functional inhibition of T cells, in 
particular PD1, were also upregulated in category 2 cells relative to cells 
harbouring defective proviruses (Figs. 2c and 3a).

Phenotype of clonal reservoir cells
In a dedicated analysis of cells harbouring clonally expanded proviruses 
(category 3), we noted strong enrichment for expression of KLRG1, 
which, in addition to its role as an inhibitory checkpoint marker bind-
ing to E-cadherin37, has been associated with terminal differentiation 
and cellular senescence38; enrichment of KLRG1 in category 3 cells 
probably reflects a history of strong clonal proliferative turnover in 
this specific cell population (Figs. 2c and 3). PDL1 emerged as a nega-
tive immunoregulatory marker with a more notable enrichment on 
category 3 cells, suggesting a role of this marker for protecting clonal 
HIV-1-infected target cells against T cell immune attacks. Among mark-
ers associated with functional inhibition of T cells, TIGIT exhibited 
the most notable upregulation in category 3 cells; expression of PD1 
and BTLA was also increased on category 3 cells. For a more detailed 
analysis of individual clones of HIV-1 reservoir cells, we investigated the 
phenotype of clonal HIV-1-infected cells sharing a common chromo-
somal integration site. In a global analysis, cells belonging to the same 
clone tended to cluster near one another on a UMAP plot, suggesting 
a rather homogenous phenotypic behaviour of HIV-1-infected cells 
derived from the same clone (Fig. 4a); however, some clones showed 
a higher level of phenotypic variability. Moreover, we noted that the 
upregulation of specific immunoregulatory markers on category 3 
cells, including PDL1, HVEM and PVR, was not selectively driven by 
specific cell clones but occurred relatively consistently across most 
analysed clonal reservoir cell populations (Fig. 4b); nevertheless, some 
inter-clonal phenotypic diversity was noted and deserves additional 

UMAP1

U
M

A
P

2

Category 1
(all HIV-1-infected cells) 

Category 2
(cells with intact proviruses) 

Category 4
(cells with hypermutated proviruses) 

Category 3
(cells with clonal proviruses) 

Category 3.1
(cells with clonal intact proviruses) 

Category 3.2
(cells with clonal defective proviruses) 

a

TEM

TCM

Act. TEM

Tmem no. 2

LI
G

H
T

P
D

L1
C

D
12

0b
O

X
40

C
X

C
R

5
C

D
15

4
IL

-1
0R

C
D

16
0

C
D

30
IL

-2
R

B
IL

-1
2R

B
2

4-
1B

B
TI

M
3

C
D

57
C

D
27

6
C

TL
A

4
LA

G
3

M
IC

A
 o

r 
M

IC
B

C
D

45
R

A
H

LA
-D

R
C

D
16

1
P

D
1

IL
-1

5R
A

C
X

C
R

3
G

IT
R

TI
G

IT
C

D
25

IL
-6

R
A

H
LA

-E
C

C
R

5
C

C
R

7
C

D
69

C
D

38
K

LR
G

1
P

V
R

H
V

E
M

TG
Fβ

R
B

TL
A

C
C

R
6

C
C

R
4

C
D

12
7

C
D

28
IL

-2
1R

C
D

45
R

O
2B

4
C

D
95

C
D

49
d

C
D

44
C

D
3

C
D

62
L

C
D

2
C

D
6

C
D

4

−1
.5

−0
.5 0.
50

1.
5

Column z score

Tmem no. 1

CD4+ T central memory cells (TCM) CD4+ T effector memory cells (TEM)

Activated CD4+ T effector memory cells (Act. TEM)

Memory CD4+ T cells no. 1 (Tmem no. 1) Memory CD4+ T cells no. 2 (Tmem no. 2)

b

Sensitivity

CD95

CD45RO

PVR

PD1

PDL1

HLA-E

IL-21RCD127
CD49d

HVEM
TIGIT
BTLA

KLRG1

BTLA
CD127

2B4
CD49d

KLRG1

CXCR5CD45RO

CD95 CCR5 TIGIT

PDL1
PD1PVR

CCR4

HLA-E
HVEM

0 1 2 3

IL-21R PDL1BTLA

CXCR5

PVR

TIGIT

PD1

KLRG1

CD45RO

HVEM
HLA-E

CD95 CD49d

0 1 2 3

CD127 HLA-DR
PDL1

CCR5
BTLA

CXCR5

PVR

TIGIT

PD1

CD95

CXCR3

2B4

KLRG1

CD45RO

HVEM
HLA-E

CCR4
IL-21R

0 1 2

PD1
KLRG1

PDL1

LIGHT
HLA-DR
TIGIT

CD127

2B4
HLA-E

TGFβR
BTLA

CD45RO

IL-21R
PVR

HVEM

CD95
CD49d

0 1 2

0 1 2

0 1 2

10–30

10–20

10–10

10–5

100

10–10

100

100

10–5

10–10

100

10–10

100

10–10

10–20

100

10–5

10–10

Enrichment ratio Enrichment ratio

Enrichment ratio Enrichment ratio

Enrichment ratio Enrichment ratio

A
dj

. P
 v

al
ue

A
dj

. P
 v

al
ue

A
dj

. P
 v

al
ue

A
dj

. P
 v

al
ue

A
dj

. P
 v

al
ue

A
dj

. P
 v

al
ue

CCR6

KLRG1

CD49d

GITR
OX40 IL-10R

CD57HLA-DR
CCR5

TIM3
CD154
CD160

LIGHT
CD276
IL12RB2
MICA or MICB

Sensitivity
0.01
0.10
1.00

Sensitivity
0.01
0.10
1.00

Sensitivity
0.01
0.10
1.00

Sensitivity
0.01
0.10
1.00

Category 1 versus 0
HIV-1-infected versus HIV-uninfected

Category 2 versus 0
Intact versus HIV-uninfected

Category 2 versus 1 – 2
Intact versus defective

Category 3 versus 0
Clonal versus HIV-uninfected

Category 3 versus 1 – 3
Clonal versus non-clonal

Category 3.1 versus 0
Clonal intact versus HIV-uninfected

≤0.01
0.10
1.00

Sensitivity
≤0.01
0.10
1.00

c

0.01
0.01

0.01
0.01
0.05

0.01
0.05 0.01

0.05

TGFβR

TGFβR

Fig. 2 | Phenotypic profile of patient-derived HIV-1-infected cells 
circulating in PB. a, Global visualization of phenotypic properties of HIV-
1-infected CD4+ T cells from five study participants using two-dimensional 
UMAP plots; five computationally defined spherical clusters reflecting 
phenotypically distinct mCD4+ T cell subsets are shown. One plot is shown for 
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profile of cells in each spherical cluster, based on 53 surface markers included 
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sensitivities, calculated as the proportions of marker-positive cells in the 
indicated categories of cells, are indicated by dot sizes. Comparisons between 
indicated categories of cells are depicted; bootstrapped data from all five 
participants are shown. Significance was tested using a two-sided chi-squared 
test; FDR-adjusted P values are shown.
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Enrichment within category 2 cells was also observed for PDL1 (the 
physiological ligand for PD1) and for HLA-E, a non-classical MHC class 
I molecule that acts as the high-affinity ligand for the inhibitory recep-
tor NKG2A expressed on NK and T cells35; however, these markers were 
expressed on more limited numbers of cells and statistical scores were 
weaker (false discovery rate (FDR)-adjusted P = 0.02 for HLA-E and 
P = 0.04 for PDL1). Category 2 cells harbouring intact HIV-1 DNA were 
further enriched for a higher level of surface expression of CD49d, 
CD45RO and CD95, all of which can be associated with T cell activation 
and differentiation towards an effector memory profile. Moreover, they 
exhibited elevated expression of the receptor for transforming growth 
factor β (TGFβ), which can promote proviral latency36, of the receptor 
for IL-21, and of CD127, the receptor for the homeostatic cytokine IL-7. 
In a subsequent analysis, we noted little phenotypic variation between 
cells harbouring clonal genome-intact proviruses and intact proviruses 
detected only once, with the notable exception of KLRG1, which was 
more strongly expressed on the former (Extended Data Fig. 4a). Moreo-
ver, we compared the phenotypic profiles of category 2 cells with those 
of cells encoding for defective proviruses (category 1 cells after exclud-
ing category 2 cells; Figs. 2c and 3a); these analyses involved lower 
numbers of cells and reached lower levels of statistical significance, but 
also identified elevated surface expression of markers associated with 
resistance to immune-mediated killing (PVR, HLA-E and HVEM) as key 
distinguishing features for cells enriched for harbouring genome-intact 
HIV-1 DNA. Markers associated with functional inhibition of T cells, in 
particular PD1, were also upregulated in category 2 cells relative to cells 
harbouring defective proviruses (Figs. 2c and 3a).

Phenotype of clonal reservoir cells
In a dedicated analysis of cells harbouring clonally expanded proviruses 
(category 3), we noted strong enrichment for expression of KLRG1, 
which, in addition to its role as an inhibitory checkpoint marker bind-
ing to E-cadherin37, has been associated with terminal differentiation 
and cellular senescence38; enrichment of KLRG1 in category 3 cells 
probably reflects a history of strong clonal proliferative turnover in 
this specific cell population (Figs. 2c and 3). PDL1 emerged as a nega-
tive immunoregulatory marker with a more notable enrichment on 
category 3 cells, suggesting a role of this marker for protecting clonal 
HIV-1-infected target cells against T cell immune attacks. Among mark-
ers associated with functional inhibition of T cells, TIGIT exhibited 
the most notable upregulation in category 3 cells; expression of PD1 
and BTLA was also increased on category 3 cells. For a more detailed 
analysis of individual clones of HIV-1 reservoir cells, we investigated the 
phenotype of clonal HIV-1-infected cells sharing a common chromo-
somal integration site. In a global analysis, cells belonging to the same 
clone tended to cluster near one another on a UMAP plot, suggesting 
a rather homogenous phenotypic behaviour of HIV-1-infected cells 
derived from the same clone (Fig. 4a); however, some clones showed 
a higher level of phenotypic variability. Moreover, we noted that the 
upregulation of specific immunoregulatory markers on category 3 
cells, including PDL1, HVEM and PVR, was not selectively driven by 
specific cell clones but occurred relatively consistently across most 
analysed clonal reservoir cell populations (Fig. 4b); nevertheless, some 
inter-clonal phenotypic diversity was noted and deserves additional 
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Fig. 5 | Phenotypic analysis of HIV-1 reservoir cells from inguinal LNs. 
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dimensional UMAP plots. Six computationally defined spherical clusters are 
indicated; one plot is shown each for category 1, category 2 and category  
4 cells. b, A heatmap summarizing the phenotypic profile of cells in each 
spherical cluster, based on 53 surface markers included in this study. c, Volcano 
plots showing enrichment ratios of marker-positive cells (upper panel) or  
fold changes in marker expression intensity (lower panel) and corresponding 
FDR-adjusted P values for all 53 surface markers included in this study; selected 
markers are labelled individually. Marker sensitivities, calculated as the 
proportions of marker-positive cells in the indicated categories of cells, are 

indicated by dot sizes. Comparisons between indicated categories of cells are 
depicted; bootstrapped data from all three donors of LN biopsies are shown. 
Significance was tested using a chi-squared test or two-sided t-test, FDR- 
adjusted P values are shown. d, Density plots indicating the expression of 
selected phenotypic markers on indicated categories of cells from all three LN 
donors. e, SPICE diagrams reflecting the proportions of HIV-1-infected LN cells 
expressing the ensemble phenotypic cell survival markers CD127, CD28 and  
IL-21R. The pie charts indicate the relative proportions of cells expressing none, 
one, two or three of the indicated markers; individual markers are shown as 
overlaying arches. One separate diagram is shown for each indicated population 
of cells. Significance was tested using an FDR-adjusted permutation test.
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Fig. 5 | Phenotypic analysis of HIV-1 reservoir cells from inguinal LNs. 
 a, Global phenotypic analysis of HIV-1 reservoir cells from LNs by two- 
dimensional UMAP plots. Six computationally defined spherical clusters are 
indicated; one plot is shown each for category 1, category 2 and category  
4 cells. b, A heatmap summarizing the phenotypic profile of cells in each 
spherical cluster, based on 53 surface markers included in this study. c, Volcano 
plots showing enrichment ratios of marker-positive cells (upper panel) or  
fold changes in marker expression intensity (lower panel) and corresponding 
FDR-adjusted P values for all 53 surface markers included in this study; selected 
markers are labelled individually. Marker sensitivities, calculated as the 
proportions of marker-positive cells in the indicated categories of cells, are 

indicated by dot sizes. Comparisons between indicated categories of cells are 
depicted; bootstrapped data from all three donors of LN biopsies are shown. 
Significance was tested using a chi-squared test or two-sided t-test, FDR- 
adjusted P values are shown. d, Density plots indicating the expression of 
selected phenotypic markers on indicated categories of cells from all three LN 
donors. e, SPICE diagrams reflecting the proportions of HIV-1-infected LN cells 
expressing the ensemble phenotypic cell survival markers CD127, CD28 and  
IL-21R. The pie charts indicate the relative proportions of cells expressing none, 
one, two or three of the indicated markers; individual markers are shown as 
overlaying arches. One separate diagram is shown for each indicated population 
of cells. Significance was tested using an FDR-adjusted permutation test.
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Fig. 5 | Phenotypic analysis of HIV-1 reservoir cells from inguinal LNs. 
 a, Global phenotypic analysis of HIV-1 reservoir cells from LNs by two- 
dimensional UMAP plots. Six computationally defined spherical clusters are 
indicated; one plot is shown each for category 1, category 2 and category  
4 cells. b, A heatmap summarizing the phenotypic profile of cells in each 
spherical cluster, based on 53 surface markers included in this study. c, Volcano 
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fold changes in marker expression intensity (lower panel) and corresponding 
FDR-adjusted P values for all 53 surface markers included in this study; selected 
markers are labelled individually. Marker sensitivities, calculated as the 
proportions of marker-positive cells in the indicated categories of cells, are 

indicated by dot sizes. Comparisons between indicated categories of cells are 
depicted; bootstrapped data from all three donors of LN biopsies are shown. 
Significance was tested using a chi-squared test or two-sided t-test, FDR- 
adjusted P values are shown. d, Density plots indicating the expression of 
selected phenotypic markers on indicated categories of cells from all three LN 
donors. e, SPICE diagrams reflecting the proportions of HIV-1-infected LN cells 
expressing the ensemble phenotypic cell survival markers CD127, CD28 and  
IL-21R. The pie charts indicate the relative proportions of cells expressing none, 
one, two or three of the indicated markers; individual markers are shown as 
overlaying arches. One separate diagram is shown for each indicated population 
of cells. Significance was tested using an FDR-adjusted permutation test.
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Fig. 5 | Phenotypic analysis of HIV-1 reservoir cells from inguinal LNs. 
 a, Global phenotypic analysis of HIV-1 reservoir cells from LNs by two- 
dimensional UMAP plots. Six computationally defined spherical clusters are 
indicated; one plot is shown each for category 1, category 2 and category  
4 cells. b, A heatmap summarizing the phenotypic profile of cells in each 
spherical cluster, based on 53 surface markers included in this study. c, Volcano 
plots showing enrichment ratios of marker-positive cells (upper panel) or  
fold changes in marker expression intensity (lower panel) and corresponding 
FDR-adjusted P values for all 53 surface markers included in this study; selected 
markers are labelled individually. Marker sensitivities, calculated as the 
proportions of marker-positive cells in the indicated categories of cells, are 

indicated by dot sizes. Comparisons between indicated categories of cells are 
depicted; bootstrapped data from all three donors of LN biopsies are shown. 
Significance was tested using a chi-squared test or two-sided t-test, FDR- 
adjusted P values are shown. d, Density plots indicating the expression of 
selected phenotypic markers on indicated categories of cells from all three LN 
donors. e, SPICE diagrams reflecting the proportions of HIV-1-infected LN cells 
expressing the ensemble phenotypic cell survival markers CD127, CD28 and  
IL-21R. The pie charts indicate the relative proportions of cells expressing none, 
one, two or three of the indicated markers; individual markers are shown as 
overlaying arches. One separate diagram is shown for each indicated population 
of cells. Significance was tested using an FDR-adjusted permutation test.
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Conclusions

6

§ PheP-Seq is capable of profiling the phenotypic features of single HIV-1-infected cells ex-vivo

§ No major phenotypic differences between HIV-1-infected (defective) and non-infected cells

§ After ∼10 years of ART, cells harboring intact proviruses are enriched for negative 
immunoregulatory markers and immune checkpoint markers

§ This phenotype may help reservoir cells with intact HIV-1 to avoid being exposed to and killed 
by host immune cells

§ Data suggest that only HIV-1-infected cells with optimal adaptation to host immune activity or 
their specific tissue microenvironment can survice long term

➙ Reservoir cells with intact HIV are subject to active immune selection pressure
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103  MUTATIONS OUTSIDE INTEGRASE LEAD TO HIGH-LEVEL RESISTANCE TO 
DOLUTEGRAVIR
Yuta Hikichi1, Jennifer L. Groebner1, Ann Wiegand1, John W. Mellors2, Mary F. 
Kearney1, Eric O. Freed1

1National Cancer Institute, Frederick, MD, USA, 2University of Pittsburgh, Pittsburgh, PA, USA
Background: We reported that mutations in the envelope glycoprotein (Env) 
can broadly reduce HIV-1 susceptibility to ARVs. The aim of the current study 
was to examine the pathway(s) by which HIV-1 develops high-level resistance to 
the integrase (IN) strand transfer inhibitor (InSTI) dolutegravir (DTG).
Methods: Long-term passaging of lab-adapted and primary viral isolates using 
the SupT1 T-cell line was performed over nearly one year with an escalating 
concentration (0.1 – 2,000 nM) of DTG. Viral sequence analysis was performed 
longitudinally. Identified mutations were introduced into WT HIV-1 molecular 
clones and the replication kinetics and viral infection through cell-cell contact 
were examined in the presence and absence of drug. To measure the multiplicity 
of infection (MOI), we monitored viral replication by co-infection with eGFP- and 
mRuby-expressing reporter viruses harboring the Env mutations.
Results: In a manner independent of viral isolate and coreceptor usage, HIV-1 
became resistant to DTG by sequentially acquiring mutations in Env and Gag-
nucleocapsid (NC) in the absence of resistance mutations in IN. The selected 
NC mutations clustered in the zinc-finger domain and conferred modest (3-5 
fold) resistance to InSTIs. An Env mutant, 7XEnv, containing seven substitutions 
(V85A, S162K, R298K, Q363R, A541V, V693I and G825E) exhibited faster-
than-WT replication and resistance to multiple classes of ARVs, with the fold 
resistance being markedly higher for InSTIs. Viral transmission of 7XEnv through 
cell-cell contact is 15-fold more efficient than WT, resulting in a higher MOI and 
reduced sensitivity to DTG. Viral infection using VSV-G-pseudotyped viruses 
over a range of MOIs revealed that InSTIs are more readily overwhelmed by high 
MOI compared to RT inhibitors. Co-infection experiments using fluorescently 
tagged reporter viruses demonstrated that 7XEnv infection leads to a higher 
number of cells expressing multiple proviruses compared to WT.
Conclusion: These findings demonstrate that a combination of mutations 
in Env and NC can confer high-level resistance to InSTIs in the absence of IN 
mutations. The Env mutations overcome inhibition by InSTIs through increased 
MOI mediated by highly efficient cell-cell transfer. These results advance the 
understanding of how HIV-1 can evolve resistance to ARVs in the absence of 
mutations in drug-target genes and provide new insights into the contribution 
of cell-cell transfer to viral replication and drug resistance. 

104 MX2 ANTIVIRAL SPECIFICITY IS AFFECTED BY GTPase ACTIVITY AND 
CAPSID-CypA INTERACTIONS
Bailey Layish, Haley Flick, Ram Goli, Mariah Cashbaugh, Robert Z. Zhang, 
Melissa Kane
University of Pittsburgh, Pittsburgh, PA, USA
Background: Mx2 (myxovirus resistance 2), an antiviral protein whose 
expression is strongly upregulated by type 1 interferon, localizes to the nuclear 
pore complex (NPC) and inhibits HIV-1 infection by preventing nuclear import 
of the viral preintegration complex. The HIV-1 capsid (CA) is the major viral 
determinant for sensitivity to Mx2, and complex interactions between Mx2, CA, 
nucleoporins (Nups), cyclophilin A (CypA), and other cellular proteins influence 
the outcome of viral infection. Like Mx1, Mx2 is comprised of a GTPase domain 
connected to a carboxy-terminal stalk domain via a tripartite bundle-signaling 
element (BSE), however while GTPase function and higher order oligomerization 
are generally required for the antiviral activity of Mx1, they are dispensable for 
the anti-lentiviral activity of Mx2.
Methods: To explore the interactions between Mx2, the viral CA, and CypA, we 
utilized a CRISPR/AAV approach to generate CypA knock-out cell lines as well 
as cells that express CypA from its endogenous locus, but with specific point 
mutations that would abrogate CA binding but should not affect enzymatic 
activity or cellular function.
Results: We found that antiviral activity of Mx2 was altered in CypA mutant cell 
lines in a virus-specific manner, as elimination of CA-CypA interactions reduced 
the antiviral activity of Mx2 against HIV-1 but not HIV-2. We additionally 
found that infection of CypA knock-out and point mutant cell lines with 
wild-type HIV-1 and CA mutants recapitulated the phenotypes observed upon 
cyclosporine A (CsA) addition, indicating that effects of CsA treatment are the 
direct result of blocking CA-CypA interactions and are therefore independent 
from potential interactions between CypA and Mx2 or other cellular proteins. 
Interestingly, abrogation of GTP hydrolysis by Mx2 conferred enhanced antiviral 

activity when CA-CypA interactions were abolished. Elimination of GTPase 
activity also altered the Nup requirements for Mx2 localization and activity 
against wild-type HIV-1 and the G89V CA mutant which does not bind CypA.
Conclusion: Our data demonstrate that the antiviral activity of Mx2 is affected 
by CypA-CA interactions in a virus-specific and GTPase activity-dependent 
manner. These findings further highlight the importance of the GTPase 
domain of Mx2 in regulation of substrate specificity and interaction with 
nucleocytoplasmic trafficking pathways.

105 HOST CELL GLYCOSYLATION DIFFERENTIALLY AFFECTS CCR5- AND 
CXCR4-TROPIC HIV-1 INFECTION
Hannah L. Itell1, Julie M. Overbaugh2

1Fred Hutchinson Cancer Research Center, Seattle, WA, USA, 2University of Washington, Seattle, WA, 
USA
Background: HIV-1 infection typically involves a selection bottleneck 
that leads to successful transmission of one or a few HIV variants, which are 
nearly always CCR5-tropic (R5). While the preferential transmission of R5 
over CXCR4-tropic (X4) viruses is well known, the viral or host properties that 
drive this selection remain a longstanding question in the field. We recently 
performed CRISPR knockout screens in primary CD4+ T cells to enrich for HIV 
restriction factors and identified SLC35A2 as a candidate inhibitory factor of a 
X4 virus but not an R5 variant. SLC35A2 is a human UDP-galactose transporter 
whose inactivation causes truncated glycans. We therefore hypothesized that 
normal host cell glycosylation impairs X4 infection, which may contribute to R5 
selection during transmission.
Methods: For screen validation, we inactivated SLC35A2 in CD4+ T cells from 
two donors and infected with the full-length R5 (Q23.BG505) and X4 (LAI) 
strains used in the screen as well as four more R5 (Q23, SF162, BaL, 93MW965) 
and X4 (NL4-3, 92UG021, 92UG029, 92UG024) viruses. Glycan features were 
assessed via lectin staining. Finally, we analyzed a published RNA-seq dataset 
to compare SLC35A2 expression in CD4+ T cells from matched blood and female 
genital tract samples.
Results: SLC35A2 edited CD4+ T cells enhanced X4 infection, whereas R5 
infection was notably lower than wildtype cells. This phenotype was consistent 
across eight additional strains: SLC35A2 editing increased X4 infection 5-28 fold 
and reduced R5 levels 36-96 fold. Lectin staining detected a higher prevalence 
of terminal b-GlcNAc on N-glycans (5.31% GS-II+) and terminal a-GalNAc on 
O-glycans (4.61% VVA+) in SLC35A2 inactivated cells whereas these populations 
were negligible (< 1%) in wildtype cells, indicating altered, truncated 
glycosylation with SLC35A2 knockout. Examination of SLC35A2 expression 
patterns revealed that SLC35A2 expression is elevated in CD4+ T cells in the 
important transmission site of the lower female genital tract as compared to 
the blood.
Conclusion: Our study uncovered an underappreciated role for host cell 
glycans on HIV infection; namely, that wildtype glycosylation promotes R5 
infection while hindering that of X4. This differing phenotype may be even 
more pronounced in the genital tract due to elevated levels of SLC35A2, a 
gene required for normal glycosylation. The differential impact of host cell 
glycosylation on X4 and R5 viruses may therefore largely drive R5 selection 
during HIV transmission.

106  THE FRACTION OF CELLS WITH UNSPLICED HIV RNA IS NOT ASSOCIATED 
WITH PLASMA VIREMIA
Adam A. Capoferri1, Ann Wiegand1, Francis Hong2, Jana Jacobs2, Jonathan 
Spindler1, Andrew Musick1, Michael J. Bale1, Wei Shao3, Michele D. Sobolewski2, 
Anthony Cillo2, Rebecca Hoh4, Steven G. Deeks4, John M. Coffin5, John W. 
Mellors2, Mary F. Kearney1

1National Cancer Institute, Frederick, MD, USA, 2University of Pittsburgh, Pittsburgh, PA, USA, 
3Frederick National Laboratory for Cancer Research, Frederick, MD, USA, 4University of California San 
Francisco, San Francisco, CA, USA, 5Tufts University, Boston, MA, USA
Background: Untreated viremic controllers (VC) have low levels of plasma 
HIV RNA compared to untreated non-controllers (NC). We asked if the different 
levels of viremia between VC and NC were better explained by the fraction of 
infected PBMC containing unspliced HIV RNA (usRNA) or by the number of copies 
of usRNA in single infected cells.
Methods: PBMC were obtained from donors with chronic HIV infection who 
were untreated VC (n=8; plasma HIV RNA 60-2,000 copies/mL), untreated NC 
(n=7; plasma HIV RNA 5,700-275,000 copies/mL), or NC on ART (n=5; plasma 
HIV RNA < 50 copies/mL). We applied cell-associated HIV RNA and DNA single-
genome sequencing (CARD-SGS) to estimate the total number of infected cells/
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 Oral Abstract Session-01 VIROLOGY/PATHOGENESIS
 Ballroom 2 (Level 5)                                                              10:00 AM - 12:00 PM 
Moderators

Stuart Neil,  King's College London, London, United 
Kingdom
Molly Ohainle,  University of California Berkeley, 
Berkeley, CA, USA

100 LENACAPAVIR INHIBITS VIRION MATURATION BY BLOCKING 
FORMATION OF CAPSID PENTAMERS 

 Szu-Wei Huang, Lorenzo Briganti, Guochao Wei, Arun Annamalai, 
 Stephanie Bester, Nikoloz Shkriabai, Mamuka Kvaratskhelia

101  INHIBITION OF NEUTRAL SPHINGOMYELINASE 2 BLOCKS HIV-1 
MATURATION

 Abdul Waheed, Yanan Zhu, Seung-Wan Yoo, Ferri Soheilian, Eva 
 Agostino, Lwar Naing, Pragney Deme, Yun Song, Peijun Zhang, Barbara S 
 Slusher, Norman Haughey, Eric O. Freed

102  INVESTIGATING THE ROLE OF CAPSID STABILITY IN INNATE 
IMMUNE SENSING OF HIV-1 CORES  

 Jenna E. Eschbach, Sebla B. Kutluay

103  MUTATIONS OUTSIDE INTEGRASE LEAD TO HIGH-LEVEL 
 RESISTANCE TO DOLUTEGRAVIR
 Yuta Hikichi, Jennifer L. Groebner, Ann Wiegand, John W. Mellors, Mary 
 F. Kearney, Eric O. Freed
104 MX2 ANTIVIRAL SPECIFICITY IS AFFECTED BY GTPase ACTIVITY 

AND CAPSID-CypA INTERACTIONS  
 Bailey Layish, Haley Flick, Ram Goli, Mariah Cashbaugh, Robert Z Zhang, 
 Melissa Kane  

105 HOST CELL GLYCOSYLATION DIFFERENTIALLY AFFECTS CCR5- 
AND CXCR4-TROPIC HIV-1 INFECTION  

 Hannah L. Itell, Julie M. Overbaugh

106 THE FRACTION OF CELLS WITH UNSPLICED HIV RNA IS NOT 
ASSOCIATED WITH PLASMA VIREMIA   

 Adam A. Capoferri, Ann Wiegand, Francis Hong, Jana Jacobs, Jonathan 
 Spindler, Andrew Musick, Michael J. Bale, Wei Shao, Michele D. Sobolewski, 
 Anthony Cillo, Rebecca Hoh, Steven G. Deeks, John M. Coffin, John W. 
 Mellors, Mary F. Kearney

107 HUMAN ANTI-ACE2 MONOCLONAL ANTIBODIES AS PAN-  
SARBECOVIRUS PROPHYLACTIC AGENTS  

 Fengwen Zhang, Jesse Jenkins, Renan de Carvalho, Sandra Nakandakari-
 Higa, Teresia Chen, Morgan Abernathy, Elisabeth Nyakatura, Ivo Lorenz, 
 H.-Heinrich Hoffmann, Charles Rice, Gabriel Victora, Christopher Barnes, 
 Theodora Hatziioannou, Paul D. Bieniasz
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R5-tropic HIV bottleneck during transmission

Wolinski, 1992; Wolfs, 1992, Zhu, 1993, Long, 2002; Keele, 2008 and many subsequent references (reviewed in Ronen, AIDS 2015)

Longstanding question in the HIV field:

What are the viral and host properties that drive 
preferential transmission of CCR5-tropic viruses?

?



SLC35A2 is associated with R5-tropic infection 

9

CRISPR KO screen for HIV restriction factors 
comparing R5-tropic vs. X4-tropic HIV

JMPicado 20230302

SLC35A2 KO has consistent, opposite effects on X4 
vs. R5 HIV (primary CD4+ cells)

➧

Days post-infection Days post-infection

CXCR4-tropic
↑ infection

CCR5-tropic
↓ infection

SLC35A2 encodes a transporter of UDP-galactose 
whose inactivation causes truncated glycans
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SLC35A2 is more highly expressed in the lower 
Female Reproductive Tract than in blood

Increased SLC35A2 ➛ Increased glycosylation ➛ R5 selection at transmission sites
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Conclusions

11

§ Underappreciated role for host cell glycans on the infection of different tropic-HIV strains

§ Wildtype glycosylation promotes R5 infection while hindering that of X4

§ Putative role of SLC35A2, a gene required for normal glycosylation, which encodes a 
transporter of UDP-galactose. Its inactivation causes truncated glycans.

§ Wildtype glycosylation may be even more pronounced in the genital tract due to elevated levels 
of SLC35A2, contributing to R5 selection at transmission sites

➙ The differential impact of host cell glycosylation on X4 and R5 viruses may therefore largely 
drive R5 selection during HIV transmission.
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181 ANTI-PD-1 THERAPY INDUCED RAPID INNATE INTERFERON RESPONSES 
DRIVE HIV RESERVOIR DECAY
Ashish Arunkumar Sharma1, Aarthi Talla2, Ana B. Enriquez1, Gabriela 
Sanchez1, Adam Pelletier3, Leonard D’Amico4, Nicolas Chomont5, Sharon Lewin6, 
Steven G. Deeks7, Kathryn Lurain8, Elad Sharon8, Steven Fling4, Martin Cheever4, 
Thomas Uldrick9, Rafick P. Sékaly1

1Emory University, Atlanta, GA, USA, 2Allen Institute for Immunology, Seattle, WA, USA, 3RPM Bioinfo 
Solutions, Montreal, Canada, 4Fred Hutchinson Cancer Research Center, Seattle, WA, USA, 5Université 
de Montréal, Montréal, Canada, 6University of Melbourne, Melbourne, Australia, 7University of 
California San Francisco, San Francisco, CA, USA, 8National Cancer Institute, Bethesda, MD, USA, 
9Regeneron Inc, New York, NY, USA
Background: Antiretroviral therapy (ART) is not curative and HIV patients 
continue to present with co-morbidities including cancer. Persistence of HIV 
in latently-infected CD4 T cells remains a major impediment to eradication. 
These cells express high levels of inhibitory receptor PD-1, which is associated 
with immune dysfunction in both HIV infection and cancer. Inhibitors that 
target PD-1 have been successful against cancers and have proven to be safe/
can effectively target the HIV reservoir in cancer patients living with HIV. The 
mechanisms associated with HIV reservoir decay in these patients remain 
unknown.
Methods: Immune responses from 30 cancer patients living with HIV who 
received Pembrolizumab monoclonal antibody against PD-1 every 3 weeks for 
up to 2 years (Cancer Immunotherapy Network-12 trial) were profiled using 
an integrated multiomic approach. Plasma and PBMC responses (assessed 
using flow cytometry and single-cell/bulk RNA-sequencing) were measured at 
baseline, 24 hours, and 1 week following therapy and at the end of treatment 
(EOT) to identify molecular and cellular mechanisms associated with decay of 
the HIV reservoir.
Results: Anti-PD-1 therapy was associated with a further decrease in HIV 
reservoir in patients that had reduced HIV reservoir at baseline; and increase in 
HIV RNA within 1 week (P < 0.05) that remained significant at EOT (P < 0.05). 
Our multiomic analyses shows that anti-PD-1 therapy leads to a rapid increase 
(within 24h) in effector CD8 T cell function gene expression concomitant with 
increased plasma viral RNA, and reduced TGF-bsignaling (GSEA; P < 0.05). 
Higher frequencies of classical monocytes with augmented anti-viral functions 
and increased transcription of interferon-stimulated genes (IRF1, 7, 9 and higher 
plasma IFN-b/g), chemokine secretion (CXCL9, 10), restriction factors (TRIM21, 
22), and TLR signaling (TLR4 and high plasma IL-6) were also observed 24h after 
therapy initiation. Importantly, this early monocyte specific antiviral signature 
persisted only in the 8 participants that maintain reduced HIV reservoir levels 
at EOT.
Conclusion: Our data demonstrate that anti-PD-1 therapy rapidly induces 
sustained antiviral innate responses as early as day 1 post treatment initiation 
that can lead to long-term reservoir reduction by limiting infection of new 
target cells and priming effector HIV specific T cell responses. Our findings pave 
the way for mechanism-based therapeutic opportunities that can help eradicate 
HIV.

182 SINGLE INFUSION OF STEM LIKE CCR5-MODIFIED CD4 T CELLS PROVIDE 
LONG-TERM HIV CONTROL
Ana B. Enriquez1, Ashish Arunkumar Sharma1, Joumana Zeidan2, Gary Lee3, 
Slim Fourati1, Khader Ghneim1, Gabriela Sanchez1, Francesco Procopio4, Robert 
Balderas5, Nicolas Chomont6, Dale Ando7, Steven G. Deeks8, Rafick P. Sékaly1, 
Rémi Fromentin9

1Emory University, Atlanta, GA, USA, 2CellCarta, Montreal, QC, Canada, 3Senti Biosciences, San 
Francisco, CA, USA, 4Lausanne University Hospital, Lausanne, Switzerland, 5BD Biosciences, San Diego, 
CA, USA, 6Université de Montréal, Montréal, Canada, 7Consultant, Walnut Creek, CA, USA, 8University 
of California San Francisco, San Francisco, CA, USA, 9Centre de Recherche du CHUM, Montreal, QC, 
Canada
Background: Antiretroviral therapy (ART) fails to fully restore immune 
function and is not curative, therefore more effective therapies are required for 
people with HIV (PWH). A cure for HIV has previously been observed in several 
individuals in which bone marrow transfer of CCR5-modified stem cells for 
leukemia treatment was also found to eliminate HIV. While these results are 
encouraging, a less invasive and more broadly applicable curative strategy is 
warranted. Transfer of autologous CCR5-modified CD4 T cells has been found 
to be safe and well-tolerated in PWH. However, whether this treatment re-
programs the immune response to provide long-term viral control is unknown.
Methods: We performed two clinical studies, SB-728-902 (n = 9) and SB-728-
1101 (n = 9), in which participants were provided a single infusion of autologous 
CCR5-modified T cells and ART was either maintained or interrupted (ATI), 
respectively. At 3-6 timepoints over 6 years, we collected blood samples and 
comprehensively profiled the immune response using multi-parameter flow 
cytometry and single-cell RNA sequencing.
Results: A single infusion of autologous CCR5-modified CD4 T cells led to 
a significant increase in absolute CD4 T cell count (+162 cells/μL, P = 0.02), 
reduced integrated HIV DNA (P = 0.004) in patients on ART (SB-728-902) and 
control of plasma viremia (for 1 to 6 years) upon ATI in 5 participants (SB-728-
1101). These outcomes were associated with high frequencies of CCR5-modified 
CD45RAintCD45ROint CD4 T cells that had a quiescent metabolic profile (high 
oxidative phosphorylation) and were enriched in pathways/markers that 
regulate stemness (i.e., TCF1 protein, WNT/b-catenin signaling and TGF-b 
cascades). Single-cell trajectory analyses showed that this population gave rise 
to an effector CD4 T cell population which expressed high interferon inducible 
anti-viral genes. Higher frequencies of this subset were associated with both 
heightened effector CD8 T cell responses and reduced viral load.
Conclusion: Our results indicate that a single infusion of autologous CCR5-
modified CD4 T products that are enriched in the novel CD45RAintCD45ROint 
stem-like phenotype are protected against HIV “re-infection” because they 
express mutated CCR5, which favors this anti-viral signature. This protection 
from infection promotes long-lasting effector CD4/8 T cell responses that can 
control viremia and facilitate a functional cure against HIV.

183 SEX MODIFIES THE ASSOCIATION OF AGE AND VIREMIA WITH STROKE RISK 
IN HIV
Felicia C. Chow1, Robin Nance2, Emily Ho2, Andrew Huffer3, Rizwan Kalani2, 
Christina Marra2, Joseph Zunt2, Laura Bamford4, Greer Burkholder5, Edward R. 
Cachay4, Mari Kitahata2, Sonia Napravnik6, David Tirschwell2, Joseph Delaney7, 
Heidi Crane2

CFAR Network of Integrated Clinical Systems (CNICS) Network
1University of California San Francisco, San Francisco, CA, USA, 2University of Washington, Seattle, WA, 
USA, 3VA Puget Sound Health Care System, Seattle, WA, USA, 4University of California San Diego, San 
Diego, CA, USA, 5University of Alabama at Birmingham, Birmingham, AL, USA, 6University of North 
Carolina at Chapel Hill, Chapel Hill, NC, USA, 7University of Manitoba, Winnipeg, MB, Canada
Background: The increased risk of stroke conferred by HIV may be greater for 
women than for men. Little is known about potential mechanisms driving the 
differential stroke risk by sex in people with HIV (PWH). We examined whether 
sex modifies the effect of traditional and HIV-related risk factors associated 
with stroke in PWH.
Methods: We analyzed the Centers for AIDS Research Network of Integrated 
Clinical Systems (CNICS) cohort of PWH receiving HIV care. Strokes occurring in 
PWH from 5 sites across the U.S. were centrally adjudicated by neurologists. 
Follow-up in care was from ~2005-2020 (end dates varied by site). The 
observation period began at the date of stroke surveillance by site or the initial 
CNICS visit date plus 6 months and ended at the earliest of: stroke, last visit 
plus 9 months, death, or administrative censoring date. Data from the CNICS 
central data repository included demographics, laboratory values, medication 
prescriptions, and diagnoses. Substance use, depression, and physical activity 
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WEDNESDAY FEBRUARY 22, 2023
Oral Abstract Session-10 IMMUNOPATHOGENESIS AND VACCINES     
Ballroom 3 (Level 5) 10:00 AM - 12:00 PM

Moderators
Richard A. Koup,  National Institute of Allergy and 
Infectious Diseases, Bethesda, MD, USA
Cynthia Derdeyn,  University of Washington, Seattle, 
WA, USA

174  CD8+ T CELLS INDUCE HIV LATENCY IN CD4+ T CELLS THROUGH 
THE DOWNMODULATION OF NF-κB 

 Simona Mutascio, Hong Wang, Mirko Paiardini, Guido Silvestri, 
 Deanna A. Kulpa

175  BLOCKING CD4+T CELL MIGRATION DELAYS VIRAL SPREAD 
FOLLOWING VAGINAL SIV CHALLENGE

 Christine M. Fennessey, David R. Morcock, Jorden L. Welker, 
 James A. Thomas, Charles M. Trubey, Caroline Widmaier, 
 Kristin Killoran, Jeffrey D. Lifson, Brandon F. Keele, Claire Deleage  
176  DEPLETION OF SIV-SPECIFIC CD8+ T CELLS DOES NOT ALTER 

VIRAL LOAD DURING SIV INFECTION 
 Jennifer Simpson, Carly Starke, Alexandra Ortiz, Amy Ransier, Sam 
 Darko, Daniel C. Douek, Sian Llewellyn-Lacey, David Price, Jason Brenchley

177  PROTECTION AGAINST HTLV-1 CHALLENGE BY VACCINATION 
 INDUCING ANTIBODIES IN MACAQUES
 Midori Nakamura-Hoshi, Hiroshi Ishii, Takushi Nomura, Midori Okazaki, 
 Yuriko Suzaki, Kenzo Yonemitsu, Yasushi Ami, Tetsuro Matano

178 SHIFTS IN SYSTEMIC INFLAMMATION AFTER FECAL MICROBIOTA 
 TRANSPLANT IN PEOPLE WITH HIV 
 Claudio Díaz-García, Elena Moreno, Alba Talavera, José A. Pérez-Molina, 
 Fernando Dronda, María José Gosalbes, Jorge Díaz-Álvarez, 
 Javier Martínez-Sanz, Raquel Ron, María Jesús Vivancos, Santiago Moreno, 
 Sergio Serrano-Villar

179 AUTOLOGOUS NEUTRALIZING ANTIBODY RESPONSES IN bNAb-
 TREATED RHESUS MACAQUES
 Elise Viox, Ryan Krause, Emily Lindemuth, Jin Wang, Sadia Samer, 
 Kevin Nguyen, Steffen Docken, Suvadip Mallick, Brandon F. Keele, 
 Michael R. Betts, Miles Davenport, Mirko Paiardini, Katharine Bar

180  ANALYSIS OF EPITOPE-SPECIFIC T CELLS IN SARS-CoV-2 
INFECTION AND VACCINATION 

 Kristin L. Boswell, Lauren A. Bowman, Amy Ransier, Jesmine Roberts-
 Torres, Jakob T. Samsel, David R. Ambrozak, Phillip A. Swanson, 
 Giune Padilla, Sam Darko, Ingelise Gordon, Irini Sereti, 
 Adrian B. McDermott, Martin Gaudinski, 
 Daniel C. Douek, Richard A. Koup

181  ANTI-PD-1 THERAPY INDUCED RAPID INNATE INTERFERON 
RESPONSES DRIVE HIV RESERVOIR DECAY 

 Ashish Arunkumar Sharma, Aarthi Talla, Ana B. Enriquez, Gabriela 
 Sanchez, Adam Pelletier, Leonard D’Amico, Nicolas Chomont, Sharon 
 Lewin, Steven G. Deeks, Kathryn Lurain, Elad Sharon, Steven Fling, Martin 
 Cheever, Thomas Uldrick, Rafick P. Sékaly
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Autologous CCR5-modified T cells 
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RORA cells are distinct from
conventional T stem cell memory subsets

14
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§ Single infusion of CCR5-modified T cells enriches a novel RORA CD4 T cell population:
o Have a stem-like phenotype (innately more “quiescent”)
o Correlate with CCR5-modified T cells
o Can differentiate into effector cells that correlate with reduced viral load and effector CD8 

T cells (in absence of ART)
o Confer long-term HIV protection

Single Infusion
CCR5-Modified CD4 T cells

HIV Viral Load

Lymphocyte Count

Integrated HIV

ROintRAint
T Cell

Effector Anti-Viral CD4

Induction of Anti-Viral CD8
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and autoimmune phenomena. These mechanisms may act in isolation or in 
combination to drive Long COVID syndromes. Notably, many if not all of these 
pathways have been implicated as possible mechanisms for the excess rate 
of cardiovascular disease and other comorbidities in people living with HIV. 
Industry engagement in Long COVID research is growing, and NIH funding for 
clinical trials is emerging through programs such as the RECOVER Initiative. As 
a result, we are entering an era of experimental medicine, in which potential 
interventions will be used as tools to probe the biology of the disease. This 
presentation will provide an overview of the proposed biological mechanisms 
contributing to Long COVID, with a focus on the current state of evidence, 
human and animal models, and the emerging therapeutic agenda.

34 IMPLEMENTING THE PrEP AND PEP TOOLKIT
Colleen Kelley
Emory University, Atlanta, GA, USA
Since FDA approval of daily, oral FTC/TDF for HIV pre-exposure prophylaxis 
(PrEP) in 2012, the HIV prevention field has been diligently working on the 
development of more options for biomedical interventions to empower users 
with choice of prevention products. While the metaphorical HIV prevention 
‘toolkit’ remains sparsely filled, some people can now benefit from the use 
of on-demand oral FTC/TDF or injectable, long-acting cabotegravir for HIV 
prevention in addition to daily, oral FTC/TDF or FTC/TAF. However, stark racial, 
gender, and global disparities in PrEP use and significant implementation 
challenges are hindering the true potential of PrEP to reduce HIV incidence 
for all populations and achieve the US Ending the HIV Epidemic initiative 
goals. For clinical providers of PrEP, access to post-exposure prophylaxis (PEP) 
services, supporting persistence on PrEP, implementing new PrEP follow-up 
care guidelines, and providing holistic sexual health services are evolving 
components of cutting-edge PrEP care delivery. In this talk, we will review the 
current landscape of PrEP and PEP options, identify challenges to wide-spread 
uptake, summarize current best practices for implementing the PrEP and PEP 
toolkit, and identify outstanding questions for future research.  

35 PREVENTION OF STIs IN ADULTS AND ADOLESCENTS A SEXUAL 
REPRODUCTIVE HEALTH PERSPECTIVE
James Kiarie
World Health Organization, Geneva, Switzerland
Sustained scale up of STI prevention requires an approach that comprehensively 
addresses the reproductive health, sexual health and wellbeing of affected and 
at-risk adults and adolescents. Beyond upcoming interventions such doxyPEP 
and vaccines that this presentation will focus on, they will be discussed in the 
context of the entire prevention armamentarium including socio behavior 
change, condoms, screening and treatment.
The impact of STI prevention interventions will be determined not only by their 
efficacy but also by a cascade of need, demand, uptake and adherence as seen 
in other sexual reproductive health areas such a contraception, antenatal care 
and HIV PrEP.  Programs to prevent STIs will need to draw on lessons from these 
areas for rights-based approaches to address each level of this cascade in the 
context of client choice. It will be important to consider socio, economic and 
health system contexts for sustainability and scale up of the prevention of STIs. 
In this session we will also discuss what is still unknown and where STI 
prevention needs to go.   This will include concerns regarding antimicrobial 
resistance, the state of evidence and research, appropriateness of the 
interventions for different populations and STIs, systematic screening, and 
controversies in the field.

36 MPOX PREVENTION
Jade Ghosn
University of Paris Cité, Paris, France
Since May 2022, dozens of countries worldwide have reported cases of mpox in 
individuals with no link with endemic countries in Africa. This 2022 multi-
country outbreak has mostly affected MSM. On January 5, 2023, a cumulative 
total of 83 943 confirmed cases have been reported to WHO from 110 countries 
in all 6 WHO regions, 96.6% being young men. To contain the spread of this 
outbreak, several countries have recommended vaccination with the 3rd 

generation live Modified Vaccinia Ankara (MVA), first as a post-exposure 
vaccination of exposed individuals, and rapidly after as a preventive pre-
exposure strategy in at-risk individuals (multiple-partner MSM). In addition, 
WHO and the United States CDC issued specific risk-reduction guidelines 
targeted towards the MSM key population (including, but not limited to 

abstaining from risk exposure until two weeks after the second dose of the 
vaccine, avoiding kissing, limiting the number of sexual partners). As of 
January 2, 2023, only 8 of the 110 affected countries have reported an increase 
in the weekly number of cases, and 79/110 have not reported new cases for 
over 21 days, the maximum incubation period of the disease. The extent of 
contribution of vaccination and/or behavioral exposure mitigation strategies 
in this waning epidemic is unknown. Globally, vaccines are available in North 
America and Europe, whereas Africa remains without access to vaccines. Thus, 
even if some countries in Europe and North America can control and eliminate 
mpox, other countries in Africa will remain affected, which will be inequitable 
in addition to being also a threat to future outbreaks worldwide. For mpox, 
stigma, discrimination and racism have been particularly directed against 
MSM, trans people, gender diverse communities and people from previously 
affected regions. This may prolong the disease outbreak by refraining people 
from coming forward for information or seeking testing or care, subsequently 
undermining public health efforts. Specific interventions addressing 
misconceptions and stigma are needed. Also, of particular interest are 
congregated settings (prisons, dormitories, schools), as well as sexual networks 
of heterosexual individuals. In this talk, we will present current literature on 
the efficacy of MVA on mpox prevention and we will try to decipher to which 
extent vaccination roll-out and community engagement did play a role in the 
control of the 2022 outbreak. Also, we will address the role and how much does 
asymptomatic infection contribute to spread of the infection.

37 HOW THE HUSH COMPLEX PROTECTS YOUR GENOME FROM RNA-DERIVED 
RETROELEMENTS
Paul J. Lehner
Cambridge University, Cambridge, United Kingdom
Since the discovery of reverse transcriptase, retrotransposition, the reverse 
transcriptase-mediated conversion of RNA to cDNA and its subsequent 
genome integration is now recognized as the predominant route by which our 
genome acquires new genetic material. Indeed retroelements (retroviruses/
retrotransposons) make up >40% of the human genome. This acquisition 
of new genetic material may be beneficial, increasing genome diversity and 
resilience, or potentially catastrophic as seen in HIV infection, exposing the 
genome to invasion from foreign, RNA-derived DNA. Retrotransposition is 
therefore tolerated, but needs to be closely regulated. My group discovered 
and characterised ‘HUSH’ (Human Silencing Hub), an epigenetic transcriptional 
repressor complex which silences invading DNA. HUSH defends the genome 
from retroelement attack from outside the cell i.e. retroviruses (including HIV) 
and from within the cell (LINE1 retrotransposons). HUSH is therefore a unique 
RNA-dependent genome surveillance system linking transcription to epigenetic 
gene silencing. 
HUSH’s ability to immediately identify and silence invading transgenes 
led to the question: What does HUSH recognize in the genome? We found 
that HUSH discriminates ‘self’ from ‘non-self’ genomic DNA by recognizing 
‘intronless’ DNA, the essential hallmark of reverse transcription. Retroelements 
(retroviruses/retrotransposons) are RNA-derived and therefore lack non-coding 
introns. Intronless cDNA provides the ‘pathogen-associated molecular pattern’, 
which allows HUSH to distinguish invading retroelements from host genes. 
This discovery provides an elegant solution to how the host genome silences 
retroelement-derived invaders, provides the basis for genome immune-
surveillance and defines a novel function for introns: to distinguish ’self’ from 
‘non-self’ DNA. The identification of an immune-surveillance system to protect 
the genome from ‘reverse genetic flow’ (from RNA to DNA) was unanticipated 
and reveals a new aspect of innate immunity - immunosurveillance of the 
genome, a compartment not thought to be accessible to the immune system.
HUSH is not only of fundamental biological importance - HUSH inhibition 
also has major therapeutic potential. As HUSH represses long cellular cDNAs 
>1.5kb, strategies over the last 50 years to express genes for a wide range of 
purposes have, somewhat unwittingly, been a battle against HUSH.  HUSH 
inhibition therefore has the potential to dramatically improve gene expression, 
and to release neo-antigens for cytotoxic T-lymphocyte recognition for 
immunotherapy. 
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Retrotransposition
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§ Reverse Transcriptase: RNA ➙ cDNA ➙ subsequent genome integration
§ 40% of the human genome are retroelements (retroviruses/ retrotransposons) 
§ Retrotransposition is therefore tolerated, but needs to be closely regulated

increases genome diversity and 
resilience

invasion from foreign, RNA-
derived DNA ( eg HIV)

§ ‘HUSH’ (Human Silencing Hub): epigenetic transcriptional                    
repressor complex which identifies and silences invading transgenes
o It defends the genome from retroelement attack from outside the cell i.e. 

retroviruses (including HIV) and from within the cell (LINE1 retrotransposons)

as cellular machinery which controlled L1 activity and was specifically ‘programmed’ to target L1
elements for repression. However, a recent study showed that HUSH function extends well be-
yond control of L1s. To understand how HUSH recognizes incoming L1s, we mimicked L1
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Figure 1. Human silencing hub (HUSH) – a complex of transcription activation suppressor (TASOR), M-phase
phosphoprotein 8 (MPP8), and periphilin – is an epigenetic repressor which promotes deposition of histone 3
lysine 9 trimethylation (H3K9me3). (A) Schematic representation of the mechanism of HUSH recruitment and function. HUSH
is recruited to transcribed target loci through periphilin binding to nascent RNA. MPP8 then recruits Su(var)3-9, Enhancer-of-zeste
and Trithorax (SET) domain bifurcated histone lysine methyltransferase 1 (SETDB1) through an interaction with SETDB1 nuclear
chaperone activating transcription factor 7 interacting protein (ATF7IP); SETDB1 deposits H3K9me3, which is in turn bound by
MPP8, maintaining HUSH at the locus. HUSH also recruits microrchidia CW-type zinc finger 2 (MORC2), an ATP-dependent
chromatin remodeler. (B) Schematic representation of the domain structures of the core HUSH complex subunits: TASOR, MPP8,
periphilin, and HUSH effector proteins SETDB1 and MORC2. Abbreviations: CC, coiled-coil domain; CD, chromodomain; CW,
CW-type zinc finger domain; DomI, domain I; DomII, domain II; GHKL, gyrase, histidine kinase, and MutL domain; helix, helices;
MBD, methyl-binding domain; Me, methyl; PARP, poly(ADP-ribose) polymerase domain; PIN, PiIT N terminus; RNAP II, RNA
polymerase II; S-rich, serine-rich domain; SPOC, Spen paralog and ortholog C-terminal domain; TCD, Tudor-chromodomain.

into the host genome. A lentivirus (unlike
a retrovirus) can infect both dividing and
nondividing cells.
Long interspersed element-1
(LINE-1, L1): an autonomous, non-LTR
retrotransposon which constitutes ~17%
of the human genome. The only mobile
transposon in humans, it replicates
through an RNA intermediate and
encodes two proteins: ORF1p, which has
nonsequence-specific RNA-binding
activity, and ORF2p, an endonuclease
and reverse transcriptase.
Mouse embryonic stem cells
(mESCs): cells derived from inner cell
mass of the developing blastocyst;
mESCs are able to self-renew indefinitely
in vitro while preserving ‘naive’
pluripotency (the developmental potential
to reconstitute all embryonic lineages).
Murine leukemia virus (MLV): the
prototypical gammaretrovirus and one of
the simplest retroviruses; causes leukemia
in mice.
Noncanonical HUSH silencing
pathway: target silencing through
HUSH recruitment via DNA-binding
protein NP220/ZNF638 and potentially
other ZFPs.
Nuclear exosome targeting (NEXT)
complex: required for exosomal
degradation of many nuclear RNA
substrates, especially newly synthesized
RNA.
Pathogen-associated molecular
pattern (PAMP): small molecular
motifs conserved within a class of
microbes; recognized by host pattern
recognition receptors.
P-element-induced Wimpy testis
(PIWI)-interacting RNAs (piRNAs):
small noncoding RNAs that associatewith
PIWI proteins to mediate transposon
silencing in a sequence-specificmanner at
both post-transcriptional and
transcriptional levels; expressed
abundantly in germline cells.
Position-effect variegation: refers to
the differences in expression observed
when an identical gene is positioned at
different sites in the genome. The
expression level of such a gene can vary
widely depending on the specific site of
integration, usually with integration into
actively transcribed chromatin resulting
in strong expression, and integration into
repressive chromatin resulting in
transcriptional repression.
Processed pseudogenes:
nonfunctional copies of mRNAs that have
been reverse transcribed into DNA and
inserted into the genome using the
enzymatic activities of active L1 elements.

Trends in Genetics
OPEN ACCESS

4 Trends in Genetics, Month 2023, Vol. xx, No. xx
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How does HUSH discriminate ‘self’ from ‘non-self’ genomic DNA? 
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§ HUSH recognizes ‘intronless’ DNA ➙ retroelements lack non-coding introns acting (∼PAMPs)
§ cDNA > ∼1.5Kb, rich in adenine, and transcriptionally active

genome is intronless. Consistently, a subset of intronless genomic loci show HUSH occupancy,
HUSH-mediated H3K9me3 deposition, and periphilin binding to their RNAs [15] (Box 6). In contrast,
the majority of intron-containing genes (without intronic L1 insertions) are not susceptible to HUSH.
The main exceptions are genes with unusually long exons, as HUSH treats these very long exons
in a similar manner to intronless genes [14,15]. The average exon length in the human genome is
~150 bp, but many genes have single long exons (>1.5 kb). For instance, ZFP domains within
KRAB-ZFPs are encoded by a single long 3′ exon (average length ~4.5 kb) and coding sequences
of some protocadherin genes are within a single large exon (average length >2.5 kb) [63]. HUSH is
recruited to such transcribed exons of KRAB-ZFPs, protocadherins, and other genes (e.g.,BRCA2,
MUC16) where it promotes H3K9me3 deposition [7,14,15,51]. This targeting of long exons, whose
molecular features clearly resemble intronless cDNAs, shows that any deviation from a classical
exon–intron architecture can initiate HUSH recruitment. It can also have significant cellular and phys-
iological consequences as illustrated by HUSH-mediated repression of protocadherin genes being
important for brain development and neuronal individuality [51].

The emergence of new genes
The ability of HUSH to recognize sequence-diverse genetic elements is essential as it enables
HUSH to target retrotransposed cellular mRNAs (intronless retrocopies and processed
pseudogenes) for transcriptional repression. This capability appears to be unique: no other
mammalian transposon silencing pathway targets such products of reverse transcription.
Retrotransposition of cellular mRNA creates new intronless genomic loci and represents a
major route for the formation of new genes (Box 5) [64]. HUSH-mediated repression therefore

Key figure

Human silencing hub (HUSH) targets products of reverse transcription for repression and controls
the reverse flow of genetic information within the genome
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Figure 4. Mammalian genes have an intron–exon structure and undergo splicing during DNA-to-RNA transcription. Retroelements replicate through an RNA intermediate
and are reverse transcribed to DNA and integrate into the host genome. Recognition of intronless complementary DNA (cDNA), a product of reverse transcription, allows
HUSH to control the reverse genetic flow within the host genome. Abbreviations: LINE-1, long interspersed element-1; MPP8, M-phase phosphoprotein 8; TASOR,
transcription activation suppressor.
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HUSH silencing pathway (Figure 3). Noncanonical HUSH-mediated silencing of unintegrated
MLV differs mechanistically from silencing of other targets, as it requires both the DNA-binding
activity of NP220 as well as a functional MPP8 chromodomain [25], a critical difference from L1
or transgene silencing [7,23]. Whether other DNA-binding proteins recruit HUSH through this
noncanonical pathway is unknown.

HUSH repression acts as a transcription-responsive rheostat
By binding its target RNA, HUSH can respond to increased transcription from its repressed locus if
H3K9me3 levels decline. This may occur during cell replication when unmodified, newly synthe-
sized histones assemble on replicated chromatin, resulting in an approximate twofold dilution of
H3K9me3 levels and concomitant increase in transcription [27]. Transcription-induced recruitment
of HUSH to newly replicated chromatin would therefore enable inheritance of the repressed state
following DNA replication, consistent with transcription being required for the maintenance of
HUSH-mediated H3K9me3 at the target locus [15], and similar to transcription-coupled hetero-
chromatin formation and propagation in fission yeast [28–30].HUSH-mediated repression thus ap-
pears to function as an epigenetic rheostat: increased transcription from the target locus increases
the amount of target RNA, leading to further RNA binding by periphilin, increased occupancy of
HUSH components at the locus, SETDB1 andMORC2 recruitment, which in turn inhibits transcrip-
tion. In this model, the maintenance of HUSH repression is mechanistically identical to de novo es-
tablishment: following each cell division, there is a re-establishment of repression driven by
increased target transcription, in a way similar to what happens when a transcribed target is en-
countered by the cell for the very first time. This continual sensing of transcription and target
RNA explains how HUSH represses L1s in euchromatic environments, often within introns of ac-
tively transcribed genes, and why L1 ‘fossils’ (i.e., evolutionarily old L1s, which have lost transcrip-
tional potential) are ignored by HUSH and are no longer H3K9me3-modified [12–14].
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Figure 3. Two mechanisms of human silencing hub (HUSH) recruitment to the target loci. RNA-mediated HUSH
recruitment is a common recruitment mode for the majority of targets, but HUSH can also be recruited to a target locus via
DNA-binding protein nuclear protein 220 (NP220). Unlike RNA-mediated recruitment, the ‘noncanonical HUSH pathway’ requires
MPP8 chromodomain (CD) for repression. Abbreviations: AAV, adeno-associated virus; L1 transposon, long interspersed
element-1; Me, methyl; MPP8, M-phase phosphoprotein 8; TASOR, transcription activation suppressor; ZFP, zinc finger protein.
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§ Novel component of the innate immunosystem ➙ immunosurveillance of the genome, 
a compartment not thought to be accessible to the immune system (no cell killing!)

§ Major therapeutic potential (beyond fundamental biological importance):
o Strategies to express genes for a wide range of purposes have, somewhat unwittingly, been 

a battle against HUSH
o HUSH inhibition has the potential to dramatically improve gene expression, and to release 

neo-antigens for cytotoxic T-lymphocyte recognition for immunotherapy
o HIV?

Article

Progressive transformation of the HIV-1 reservoir
cell profile over two decades of antiviral therapy

Graphical abstract

Highlights
d After LT-ART, intact HIV proviruses are predominantly

integrated in heterochromatin

d These distinct integration sites result from longitudinal

selection mechanisms

d No similar selection processes are observed for defective

proviruses

d Intact proviruses are mainly integrated in heterochromatin in

post-treatment controllers

Authors

Xiaodong Lian, Kyra W. Seiger,
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Mathias Lichterfeld
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In brief
Lian et al. show that following two

decades of continuous antiretroviral

therapy, the integration site profile of

intact HIV-1 proviruses is heavily biased

toward heterochromatin locations, likely

as a result of immune selection

mechanisms; such proviruses are less

transcriptionally active and, possibly, less

rebound competent.

Lian et al., 2023, Cell Host & Microbe 31, 1–14
January 11, 2023 ª 2022 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.chom.2022.12.002 ll
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Lian et al. Cell Host and Microbes 2023

• Elite controllers
• Long-term ART

Enrichment of the repressive histone feature 
H3K9me3 at intact-HIV integration sites
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§ HUSH ➙ epigenetic transcriptional repressor complex which silences invading DNA

§ HUSH defends the genome from retroelement attack from outside the cell i.e. retroviruses 
(including HIV) and from within the cell (LINE1 retrotransposons)

§ Unique RNA-dependent genome surveillance system linking transcription to epigenetic gene 
silencing, by recognizing ‘intronless’ DNA

§ Major therapeutic potential: improve gene expression to release neo-antigens for cytotoxic T-
lymphocyte recognition for immunotherapy, and maybe HIV …

➙ HUSH: “Molecular domestication” of retroviruses and retrotransposons
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In-depth virological and immunological 
characterization of HIV-1 cure after 
CCR5∆32/∆32 allogeneic hematopoietic 
stem cell transplantation

Björn-Erik Ole Jensen    1,24  , Elena Knops    2,3,24, Leon Cords    4,24, 
Nadine Lübke5,24, Maria Salgado    6,7,23,24, Kathleen Busman-Sahay    8, 
Jacob D. Estes8, Laura E. P. Huyveneers9, Federico Perdomo-Celis10, 
Melanie Wittner4,11, Cristina Gálvez6, Christiane Mummert12,20, 
Caroline Passaes    10, Johanna M. Eberhard    4,11,21, Carsten Münk1, 
Ilona Hauber13, Joachim Hauber11,13, Eva Heger2,3, Jozefien De Clercq14, 
Linos Vandekerckhove    14, Silke Bergmann12, Gábor A. Dunay11,13,22, 
Florian Klein    2,3, Dieter Häussinger    1, Johannes C. Fischer15, 
Kathrin Nachtkamp16, Joerg Timm    5, Rolf Kaiser2,3, Thomas Harrer12, 
Tom Luedde    1, Monique Nijhuis    9, Asier Sáez-Cirión    10,25, 
Julian Schulze zur Wiesch    4,11,25  , Annemarie M. J. Wensing9,17,25, 
Javier Martinez-Picado    6,7,18,19,25 & Guido Kobbe16,25

Despite scienti!c evidence originating from two patients published to 
date that CCR5∆32/∆32 hematopoietic stem cell transplantation (HSCT) 
can cure human immunode!ciency virus type 1 (HIV-1), the knowledge 
of immunological and virological correlates of cure is limited. Here we 
characterize a case of long-term HIV-1 remission of a 53-year-old male who 
was carefully monitored for more than 9 years after allogeneic CCR5∆32/
∆32 HSCT performed for acute myeloid leukemia. Despite sporadic traces 
of HIV-1 DNA detected by droplet digital PCR and in situ hybridization 
assays in peripheral T cell subsets and tissue-derived samples, repeated ex 
vivo quantitative and in vivo outgrowth assays in humanized mice did not 
reveal replication-competent virus. Low levels of immune activation and 
waning HIV-1-speci!c humoral and cellular immune responses indicated a 
lack of ongoing antigen production. Four years after analytical treatment 
interruption, the absence of a viral rebound and the lack of immunological 
correlates of HIV-1 antigen persistence are strong evidence for HIV-1 cure 
after CCR5∆32/∆32 HSCT.

Human immunodeficiency virus type 1 (HIV-1) persists in the body dur-
ing antiretroviral therapy (ART) in latently infected CD4+ T cells, but 
allogeneic hematopoietic stem cell transplantation (HSCT) has been 
shown to substantially reduce the viral reservoir1,2. However, some 

of the reservoir-harboring immune cells are extremely long-lived3, 
partially resistant to chemotherapy regimens used during HSCT pro-
cedures and can cause viral rebound on analytical treatment interrup-
tion (ATI)4,5. Notably, both cases of successful HIV-1 cure published 
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Title:

1) We report the first known case of HIV reactivation during 
ATI following a CCR5∆32/32 Allogenic SCT.
2) Residual R5-tropic HIV can persist in vivo even >1 year 
after SCT.
3) R5 tropic reactivation occurs without increases in 
plasma HIV-associated antibodies and without evidence of 
graft infection to date.

CONCLUSIONS
• We report a successful CCR5∆32/32 homozygous allogenic

reduced intensity SCT in a 67yo with high risk AML, in

remission for 20 months.

• ATI was initiated after 15 months after undetectable HIV

Plasma RNA and cell-associated DNA and RNA for over

12 months and no detectable wt CCR5 DNA by dPCR in

the PBMCs.

• HIV plasma RNA was detected by qPCR 2 months after ATI

at 780 copies/ml, with repeat viral load 1 week later at 300

copies/ml, prior to resumption of ART.

• At rebound: 1) the HIV was found to be 100% R5 tropic; 2)

only CCR5∆32 DNA was identified in the PBMCs via dPCR;

and 3) to date no cell-associated HIV RNA/DNA has been

identified by scPCR.

• Data implies that the virus arose from virally infected wt

CCR5 cells prior to transplant, secondary to ATI, and that the

graft (PBMCs) to date remains HIV free despite rebound.

• 40 millions PBMCs and 9 million CD4+ T-cell have been

assayed for HIV cell-associated DNA/RNA

• Reactivation occurred wo elevations in plasma HIV-

associated antibodies. Antibody levels remain close to

uninfected controls, even after HIV reactivation.

• Seven HIV env sequences were identified, genetically

diverse, all predicted to be R5 tropic, implying a non-clonal

HIV reactivation
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BACKGROUND
To date, four persons living with HIV infection (PLWH) have

achieved sustained antiretroviral-free remission through a

CCR5∆32/32 homozygous allogeneic stem cell

transplantation (SCT). Post-SCT events leading to remission

in this setting are uncertain, and no reports of HIV

reactivation have been reported. Here we conducted

virologic and immunologic analyses of HIV reactivation after

a CCR5∆32/32 SCT; in a 67 year old with high risk acute

myeloid leukemia with reduced intensity conditioning with a

10/10 matched unrelated donor.

METHODS
The HEME-17 protocol evaluates HIV persistence in PLWH

before and after allogeneic SCT utilizing CCR5∆32/32

donors. Pre- and post-SCT blood samples were analyzed by

single-copy (scPCR) quantification of CCR5/CCR5∆32

(digital PCR, dPCR) and of HIV gag DNA and RNA (HMMC-
gag), and by single-genome sequencing (SGS) of HIV env.
Plasma antibodies to HIV Gag, Env, RT and Nef were

quantified by luciferase immunoprecipitation system (LIPS).

Control samples from PLWH and uninfected individuals were

also studied. Prior to ART interruption (ATI), peripheral blood

mononuclear cells (PBMC) had to demonstrate no cell-

associated HIV DNA or RNA, undetected plasma HIV RNA,

for 1 year and no copies of wt CCR5 identified by dPCR.

Results
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Figure 1:(A)PRE-ATI dPCR of CCR5△32 of PBMCs at 1 year post SCT, demonstrating 
100% CCR5△32. (B) Demonstration of 100% Chimerism, single copy 

PCR of Plasma HIV-1 RNA and Cell associated RNA/DNA below level of detection.  

Figure 1: (A) Demonstrates DNA amplification via dPCR of CCR5(wt) and CCR5d32  1 year post SCT compared 
to controls. The red Line demonstrates the limit of detection. (B) AML and transplant treatment course are noted, 
top. scPCR of cell-associated HIV-1 DNA (   ), RNA (   ),  and plasma HIV-1 RNA(  ) are noted with respect to days 
pre and post stem cell transplant. Open symbols represent below the limit of detection. Chimerism (  ) described 
as % donor cells is also noted over time.

Figure 2: (A) Two months after ATI, Viral Load rebound was identified at 780 copies/ml utilizing quantitative HIV-1 PCR 
(qPCR). Repeat qPCR 1 week later showed a decrease in HIV viral load to 300 copies/ml (A). ART was re-initiated.
(B) Chimerism at viral rebound remained 100% and scPCR for cell-associated HIV-1 DNA and RNA remained 
Undetectable. dPCR demonstrated 100% CCR5d32 DNA in the PBMCs at time of HIV relapse (data not shown).   

Figure 3:Plasma anti-MA, p24, GP120, and RT antibody
levels over time.  At ATI were similar to HIV-uninfected controls.
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Figure 4: Phylogenetic tree
of the seven HIV env sequences
obtained at time of HIV
Reactivation. All predicted
to be CCR5-tropic by
Geno2pheno
coreceptor analysis.

Figure 3: Plasma antibody levels of anti-MA, P24, GP120, and anti-RT of 
the Chicago patient over time compared to levels of uninfected controls and 
HIV progressors. The blue arrow represents time of ATI. The T5 time point 
represents  antibody levels 3 weeks after HIV rebound. 
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Figure 2: (A) Demonstrates CD4+ T-cell count (cells/ul) over time (  ) and HIV viral load by qPCR (copies/ml) ( ). Open symbols
represent below the level of detection. TR (ART Resumption) and TI (ART Interruption). (B) scPCR of cell-associated 
HIV-1 DNA (   ), RNA (   ),  and plasma HIV-1 RNA(  ) are noted with respect to days pre and post SCT. Open symbols represent 
below the limit of detection. Chimerism (  ) described as % donor cells is also noted over time.
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Table 1:Types of Conditioning,
ATI initiation, and years of HIV
prior SCT of the previous 4 reported
cures utilizing CCR5∆32/32 SCT
compared to the Chicago patient

Berlin Patient1
Myeloablative SCT, ATI day 0, HIV 
dx >10 years  prior to SCT
London Patient2
Non-Myeloablative, ATI 16 months
HIV dx 9 years prior to SCT
City of Hope Patient3
Non-myeloablative, ATI 17 months, 
HIV dx >30 years prior to SCT
Impact P1107 Patient4
Myeloablative, ATI 37 months, HIV 
dx 4 years prior to SCT
Chicago Patient
Non-myeloablative, ATI 15 months, 
HIV dx 10 years prior to SCT

1Hütter et al. N Engl J Med 2009; 360:692-698, 2Gupta et al Nature 2019; 568: 244–248, 3 Dickter et al. 24th international 
AIDS Conference, 2022; 4 JingMei Hsu et al. CROI 2022, Abstract Number 65, Oral 05

Presenting Author Contact info: Paul G. Rubinstein, University of Illinois Medical Center,  paulgr@uic.edu

§ AML; 10/10 match, CCR5Δ32
§ Rapid full donor chimerism (in peripheral blood)
§ Decrease in cell-associated DNA and RNA
§ Decrease in ultrasensitive plasma viral load
§ Rebounding viruses are CCR5-tropic
o Residual R5-tropic HIV can persist in vivo even >1 year after SCT
o Non clonal reactivation

§ No increase in plasma HIV-associated antibodies
§ No evidence of graft infection to date
§ No data on tissues

#434 HIV-1 Host Reservoir Reactivation after a CCR5△32/32 Allogeneic Stem Cell Transplant

15 months 2
780

300

600



JMPicado 20230302 22


