
Multiomic analysis of ART-interruption cohorts identifies 
cell-extrinsic and -intrinsic mechanisms driving lymphocyte-
mediated control of HIV rebound

Tongcui Ma1,2,17, Ashley F. George1,2,17, Zichong Li1, Reuben Thomas1, Kailin Yin1,2, 
Min-Gyoung Shin1, Mauricio Montano1, Yusuke Matsui1, Manickam Ashokkumar3, Kyrlia 
Young1,2, Julia Prigann1, Julie Frouard1,2, Sabrina Leddy4, Maisha Adiba5, Christina 
Herrde5, Ulrike C. Lange5,6, Cedric Feschotte4, Douglas F. Nixon7, Edward P. Browne3, 
Nancie M. Archin3, Jonathan Z. Li8, Davey Smith9, Steven Deeks2, Ole S. Søgaard10, Martin 
Tolstrup10, Sulggi Lee2, Satish K. Pillai2,11, Mohamed Abdel-Mohsen12,13,14, Katherine 
S. Pollard1,2,15, Robert Siliciano16, Melanie Ott1,2,15,*, Warner C. Greene1,2,*, Nadia R. 
Roan1,2,18,*

1Gladstone Institutes, San Francisco, CA 94158, USA

2University of California, San Francisco, San Francisco, CA 94158, USA

3Department of Medicine, University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA

4Department of Molecular Biology and Genetics, Cornell University, Ithaca, NY, USA

5Leibniz Institute of Virology, Hamburg, Germany

6Institute of Infection Research and Vaccine Development, University Medical Center Hamburg-
Eppendorf, Hamburg, Germany

7Institute of Translational Research, Feinstein Institutes for Medical Research, Manhasset, NY 
11030, USA

8Department of Medicine, Brigham and Women’s Hospital, Boston, MA 02115, USA

9School of Medicine, University of California, San Diego, La Jolla, CA 92093, USA

10Department of Clinical Medicine, Aarhus University, Aarhus, Denmark

11Vitalant Research Institute, San Francisco, CA 94105, USA

12Division of Infectious Diseases, Department of Medicine, Feinberg School of Medicine, 
Northwestern University, Chicago, IL 60611, USA

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
*Correspondence: nadia.roan@gladstone.ucsf.edu (N.R.R.), melanie.ott@gladstone.ucsf.edu (M.O.), 
warner.greene@gladstone.ucsf.edu (W.C.G.).
AUTHOR CONTRIBUTIONS
Conceptualization/methodology, T.M., A.F.G., and N.R.R.; investigation, T.M., A.F.G., Z.L., K. Yin, M.M., Y.M., M.A., K. Young, 
J.P., S.K.P., and M.A.-M; software/formal analysis/visualization, T.M., R.T., M.-G.S., A.F., J.F., S. Leddy, M.A.-M., and E.P.B.; 
resources, J.Z.L., D.S., S.D., O.S.S., M.T., and S. Lee; supervision, U.C.L., C.F., D.F.N., E.P.B., N.M.A., K.S.P., R.S., M.O., W.C.G., 
and N.R.R.; funding, M.O., W.C.G., and N.R.R.; original draft writing, N.R.R.; writing/review/editing, T.M. All authors reviewed the 
final manuscript.

DECLARATION OF INTERESTS
The authors declare no completing interests.

HHS Public Access
Author manuscript
Immunity. Author manuscript; available in PMC 2026 June 08.

Published in final edited form as:
Immunity. 2026 May 12; 59(5): 1454–1472.e9. doi:10.1016/j.immuni.2026.01.029.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://creativecommons.org/licenses/by-nc-nd/4.0/


13Center for Human Immunobiology, Department of Medicine, Feinberg School of Medicine, 
Northwestern University, Chicago, IL 60611, USA

14Potocsnak Longevity Institute, Department of Medicine, Feinberg School of Medicine, 
Northwestern University, Chicago, IL 60611, USA

15Biohub, San Francisco, CA 94158, USA

16Division of Infectious Diseases, Johns Hopkins University School of Medicine, Baltimore, MD 
21205, USA

17These authors contributed equally

18Lead contact

SUMMARY

Immunological mechanisms regulating HIV rebound after antiretroviral therapy (ART) 

interruption remain unclear. We examined relationships between host factors, HIV reservoir, 

and HIV time-to-rebound after analytical treatment interruption (ATI) by characterizing pre-ATI 

peripheral blood mononuclear cells (PBMCs) from 75 ART-suppressed people with HIV (PWH) 

using high-parameter methods. Across interventional (CLEAR, TEACH, and REDUC) and non-

interventional (A5345) cohorts, delayed rebound was not associated with intact HIV. Cohort-

specific immune effectors were associated with delayed rebound. RNA sequencing of CD4+ T 

cells from A5345 revealed that the mTOR inhibitor DDIT4 and zinc finger protein ZNF254 

were associated with delayed rebound. In vitro and in vivo studies demonstrated that DDIT4 and 

ZNF254 suppressed HIV expression. Metformin induced DDIT4 and suppressed HIV expression 

in primary cells and cells from ART-suppressed PWH, suggesting that this affordable diabetes 

drug could be repurposed to silence HIV. Our results support the pursuit of both immune- and 

HIV-silencing strategies to achieve ART-free HIV remission.

Graphical abstract
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In brief

To identify factors that can mediate post-ART HIV control, Ma et al. performed “omics” on 

PBMCs from PWH from 4 analytical treatment interruption cohorts. NK and T cell features were 

identified, and the top two genes in CD4+ T cells predicting delayed rebound were ZNF254 and 

DDIT4—a metformin-inducible gene—which both silenced HIV expression in vitro and in vivo.

INTRODUCTION

Antiretroviral therapy (ART) has been transformative for people with HIV (PWH) but is not 

curative as it cannot eliminate the long-lived reservoir of HIV-infected cells. For most PWH, 

viremia typically rebounds within a period of a few weeks upon ART cessation.1 There 

are, however, outliers who exhibit delayed rebound, including those termed post-treatment 

controllers (PTCs), who can maintain viral remission for months or even years after stopping 

ART.2,3 Over the past decade, numerous analytical treatment interruption (ATI) trials have 

been performed, in the context of both trials that implemented therapeutic interventions4–9 

and those that did not.10–17 Such studies have revealed that rebound time associates with 

features of both the reservoir and host immunity.

Recent efforts have assessed whether levels of genome-intact proviruses, particularly those 

measured with the intact proviral DNA assay (IPDA),18 can predict timing of viral rebound. 

The rationale has been that intact proviruses are most likely to be replication-competent 

and hence capable of viral resurgence upon ART cessation. However, findings have 
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been inconsistent: while some found associations between intact proviruses and time-to-

rebound,19 others have not.20,21 Finding such an association may also be context-dependent, 

as intact proviral DNA predicted fast rebound in those who initiated ART during the chronic 

but not acute phase of infection.11 By contrast, high total proviral DNA is generally found 

to be associated with faster rebound.12–15 Multiple studies have also found cell-associated 

HIV RNA to associate with faster rebound.10,11,16,17,21,22 One study additionally found 

that in roughly half of participants who stopped ART, HIV polymerase (pol) sequences 

from rebound virus matched those found in cell-associated RNA prior to ATI.23 These 

observations together suggest that the “active” reservoir (transcribing/translating HIV gene 

products) is a predictor of viral rebound time and includes rebound-competent virus, and is 

therefore an important target for HIV cure strategies.24

Compared with viral reservoir features, less is known about cellular features associated 

with HIV rebound time. Expression of exhaustion markers PD1, TIM3, and LAG3 on T 

cells25 and frequencies of activated CD8+ T cells11 are associated with faster rebound in 

acute-treated individuals. Conversely, lower T cell activation and numbers of functional 

natural killer (NK) cells are associated with ART-free viral control.20,25 However, the 

immunological mechanisms that can drive delayed viral rebound remain incompletely 

understood. Establishing this understanding can provide a roadmap to therapeutically elicit 

durable ART-free control of HIV and may help fine-tune biomarkers to effectively predict 

rebound time, which would have great utility for the field.

Our goal was to leverage a variety of “omics” tools to identify host immune responses 

that associate with viral rebound time upon ART cessation, and to relate these findings to 

HIV persistence measurements, using specimens from four recent ATI trials. Three were 

interventional trials performed in Denmark: CLEAR, wherein participants orally received 

the latency reversing agent (LRA) panobinostat7; TEACH, wherein participants received the 

TLR9 agonist lefitolimod as both an LRA and an immune-boosting agent9; and REDUC, 

wherein participants received therapeutic vaccination followed by intravenous administration 

of romidepsin as an LRA.8 The fourth trial was the Advancing Clinical Therapeutics for 

HIV/AIDS (ACTG) trial A5345, wherein individuals underwent ATI in the absence of 

therapeutic intervention.11 We set out to test two overall hypotheses: that unique phenotypic 

features of T and NK effector immune cells control the timing of viral rebound; and that 

delayed rebound reflects CD4+ T cell-intrinsic mechanisms that promote silencing of HIV 

gene expression. We report evidence supporting both hypotheses, and in doing so identify 

two targetable suppressors of HIV gene expression whose manipulation may help achieve 

long-term, ART-free HIV remission.

RESULTS

Study design and IPDA measurements

Blood from a total of 34 participants from Danish cohorts CLEAR, TEACH, and REDUC, 

and 41 participants from non-interventional cohort ACTG A5345, were analyzed in the 

current study (Figure 1; Table S1, STAR Methods). Peripheral blood mononuclear cells 

(PBMCs) collected immediately prior to ATI were analyzed by RNA sequencing (RNA-seq) 

and cytometry by time-of-flight (CyTOF). For CyTOF, we focused on T and NK cells, 
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given their potential to recognize and eliminate HIV-infected cells (Tables S2–S4). As 

validation, we confirmed their differential expression patterns between cellular subsets using 

approaches previously described26–29 (Data S1). Primary outcome was time-to-rebound post 

ATI, and secondary outcome was genome-intact proviral content as determined by IPDA.18 

IPDA data from ACTG A5345 were taken from a recently published dataset11 (Figure S1A), 

and we performed IPDA from the three Danish cohorts. In all three, total HIV DNA content 

associated with faster time-to-rebound, but this only reached statistical significance for 

CLEAR (Figure S1B). Intact HIV DNA trended with faster rebound in CLEAR and TEACH 

and slower rebound in REDUC, but none of these associations were significant (Figure 

S1C). Defective HIV DNA, particularly hypermutated or 3′ defective, was associated with 

faster rebound in all three Danish cohorts (Figure S1D).

T cell predictors of time-to-rebound differ between CLEAR, TEACH, and REDUC

We first performed CyTOF on specimens from the three interventional cohorts. Focusing 

initially on T cells, we gated for the following classic T cell subsets: T central memory 

(Tcm), T transitional memory (Ttm), T effector memory (Tem), T resident memory (Trm), 

T regulatory (Treg), T follicular helper (Tfh), Temra, and T naive/T stem cell memory (Tn/

Tscm), using strategies detailed in Data S1. Most subsets showed no association with time-

to-rebound to ≥1,000 HIV RNA copies/mL, and those that did differed between cohorts. 

For instance, frequencies of CD4+ Tfh and CD4+ Temra predicted longer rebound time, 

and frequencies of CD4+ Ttm and CD8+ Tem shorter time, in REDUC only. In TEACH, 

frequencies of CD8+ Tn/Tscm predicted longer time-to-rebound (Figures S2A and S2B). 

Moreover, different T cell subsets associated with intact proviral content in the different 

cohorts: frequencies of Tfh predicted lower proviral DNA in TEACH, while frequencies of 

CD8+ Trm and CD8+ Tn/Tscm predicted lower and higher proviral DNA, respectively, in 

REDUC (Figures S2C and S2D).

We next asked whether clustering would reveal more consistent correlations between T cell 

compartments and rebound time or intact proviral DNA. The Louvain method30 identified 5 

clusters (Figure 2A) which we named T-D1–T-D5 (“T” refers to T cell clusters, and “D” to 

Danish cohorts). Slower rebound was associated with cluster T-D2 frequencies in REDUC, 

but T-D4 frequencies in TEACH (Figure 2B). Associations with intact HIV were only 

observed in REDUC, where intact DNA frequencies were associated with lower frequencies 

of cluster T-D1 but higher frequencies of cluster T-D4 (Figure 2C).

We then examined phenotypic features of the two clusters predicting the favorable outcome 

of longer time-to-rebound (clusters T-D2 in REDUC and T-D4 in TEACH). Cluster 

T-D2 consisted of memory (CD45RO+CD45RA−) CD4+ T cells highly expressing PD1 

and CXCR5 (Figures 2D and 2E), suggesting they are primarily Tfh cells, consistent 

with our prior observation of Tfh frequencies associating with longer time-to-rebound 

in REDUC (Figure S2A). Cluster T-D2 also highly expressed activation markers OX40, 

CTLA4, and CD25, homing receptors CCR6 and CD29, and the alpha chain of the 

interleukin 7 (IL-7) receptor (CD127), which is associated with stemness and important 

for homeostatic proliferation (Figure 2E). Cluster T-D4 consisted of CD8+ T cells that 

were CD45RO−CD45RA+ and highly expressed CCR7 and CD27 (Figures 2F and 2G), 
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suggesting their identity to be either Tn or Tscm.31 In stark contrast to cluster T-D2, cluster 

T-D4 lowly expressed activation markers OX40, CTLA4, CD25, and HLADR, but exhibited 

elevated CD30, relative to total T cells (Figure 2G). In addition, homing receptor CXCR4 

and stemness-associated marker BIRC5 were elevated (Figure 2G).

Overall, these results suggest inter-cohort heterogeneity in T cell features associated with 

rebound time.

In REDUC, CD56intCD16+ NK cells are associated with accelerated time-to-rebound in 
opposition to CD56–CD16+ cells

We then implemented an analogous approach to find associations with NK cells. Louvain 

clustering of NK cells, identified through a sequential gating strategy (Data S1), revealed 7 

clusters we named NK-D1–NK-D7 (Figure 3A). We only observed significant associations 

with rebound time in REDUC, where cluster NK-D1 predicted faster, while cluster NK-D2 

predicted slower, rebound (Figure S2E). However, neither of these clusters associated with 

intact HIV DNA (Figure S2F).

To gain further insight into the opposing effects of NK-D1 and NK-D2 in REDUC, we 

assessed their phenotypic features. Cluster NK-D1, which associated with the unfavorable 

outcome of faster rebound, predominantly included immature CD56intCD16+ cells, the 

most abundant subset of NK cells in PBMCs (Figures 3B and 3C). In contrast to cluster 

NK-D1 as a whole, which was statistically associated with time-to-rebound, CD56intCD16+ 

NK cells only trended with faster time-to-rebound in REDUC (Figure 3D). In contrast 

to cluster NK-D1, cluster NK-D2 was composed predominantly of CD56−CD16+ cells, 

and the frequencies of both cluster NK-D2 and CD56−CD16+ cells associated with slower 

rebound time (Figures 3E–3G). NK-D2 and NK-D1 cells displayed nearly opposite profiles 

of NK receptors: NK-D1 expressed elevated NKG2D, NKp46, NKp30, NKG2A, KIR3DL1, 

and 2B4 and lower KIR2DL1 and LILRB1, compared with total NK cells from REDUC 

(Figure 3H), whereas NK-D2 expressed lower NKG2D, NKp46, NKp30, NKG2A, and 2B4, 

and elevated KIR2DL1 and LILRB1 (Figure 3I). The contrasting patterns of NK receptor 

expression between clusters NK-D1 and NK-D2 may relate to their different differentiation 

states, as CD57, a marker of NK cell maturity,32 was elevated in cluster NK-D1 but lowly 

expressed in cluster NK-D2 (Figure 3J).

The CD56−CD16+ population is known to expand during HIV infection and although 

considered dysfunctional,33 has also been demonstrated to promote development of broadly 

neutralizing antibody (bnAb) responses.34 The mechanism driving the bnAb response 

appears to be indirect and mediated by the inability of CD56−CD16+ cells to kill Tfh cells 

that promote development of bnAb responses, in contrast to canonical CD56+ NK cells, 

which can eliminate the Tfh cells.34 We therefore assessed whether there were opposing 

relationships between the frequencies of clusters NK-D1 (mostly canonical CD56+ NK 

cells) or NK-D2 (mostly CD56−CD16+ cells) and Tfh frequencies. Indeed, Tfh frequencies 

negatively associated with cluster NK-D1 frequencies but positively with cluster NK-D2 

frequencies in REDUC (Figure 3K). Tfh frequencies also trended positively with anti-HIV 

antibody responses in REDUC (Figure 3L). These results support an overall model whereby 

delayed rebound in REDUC is mediated by increased frequencies of CD56−CD16+ cells, 
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which unlike their CD56+ counterparts are unable to hinder Tfh-mediated enhancement of 

robust antibody responses against HIV, or which alternatively may directly promote killing 

of infected cells given their ability to efficiently engage in antibody-dependent cellular 

cytotoxicity (ADCC).35

CD103+ T cell frequencies predict increased time-to-initial-rebound viremia in ACTG A5345

We then performed a similar set of CyTOF analyses with ACTG A5345. Manual gating for 

classic T cell subsets did not reveal significant associations with time-to-rebound to ≥ 1,000 

HIV RNA copies/mL (Figures S3A and S3B). As ACTG A5345 included an additional 

measurement of time to earliest detectable viremia (HIV RNA above limit of detection), 

we also assessed for subset association with this parameter and found positive associations 

with frequencies of CD4+ Tcm, CD4+ Trm, Tfh, and CD8+ Trm (Figures S3C and S3D). 

No significant associations were found between T cell subset frequencies and intact HIV 

(Figures S3E and S3F), although CD4+ and CD8+ Trm as well as CD8+ Ttm associated 

negatively with the percentages of intact provirus out of total HIV DNA (Figures S3G and 

S3H).

Louvain clustering identified 9 T cell clusters we named T-A1–T-A9 (“A” refers to ACTG 

A5345) (Figure 4A). Time-to-rebound to ≥ 1,000 HIV RNA copies/mL positively associated 

with size of cluster T-A5 (Figure S3I). By contrast, time-to-detectable HIV RNA associated 

positively with sizes of clusters T-A1 and T-A9 and negatively with size of cluster T-A4 

(Figures 4B and S3J). Focusing initially on the cluster which had the most significant 

association (cluster T-A9), we noted that its size also associated negatively with intact HIV 

DNA, whether measured as numbers per million CD4+ T cells or as percentage of total 

HIV DNA (Figures S3K, S3L, and 4C). By contrast, neither 3′ defective nor 5′ defective 

percentages exhibited such a negative association (Figure 4C). Cluster T-A9 was primarily 

memory cells (CD45RO+CD45RA−) (Figure 4D), and highly expressed Trm marker CD103, 

stemness marker CD127, and gut-homing receptor CCR6, but lowly expressed lymph node-

homing receptor CCR7 (Figure 4E). As CD103 was only expressed in cluster T-A9 (Figure 

4F), we assessed the extent to which T cells expressing it were sufficient to predict rebound 

time. Indeed, frequencies of CD103+ T cells associated with time-to-detectable HIV RNA 

(Figure 4G). CD103+ T cell frequencies also negatively associated with percentages of intact 

HIV but not defective HIV (Figure 4H). Although cluster T-A9 was uniformly CD103+, cells 

in this cluster were a mix of CD4+ and CD8+ T cells. To assess whether the CD4+ and 

CD8+ subsets of cluster T-A9 exhibited similar associations, we separated cluster T-A9 into 

sub-cluster T-A9a (CD4+) and sub-cluster T-A9b (CD8+) (Figure S3M). Both sub-clusters 

associated with time-to-detectable HIV RNA (Figures S3N and S3O). Both sub-clusters also 

associated with percentages of intact HIV (Figures S3P and S3Q). The two sub-clusters 

exhibited phenotypic differences, in that T-A9a highly expressed co-stimulatory molecule 

CD28, while T-A9b highly expressed Trm markers CD49d and CD69 (Figure S3R and S3S), 

suggesting the CD8+ T cell subset of cluster T-A9 to be more reminiscent of Trm cells than 

their CD4+ T cell counterparts.

The data presented thus far suggest that the relative size of T-A9 was associated with 

favorable outcomes of delayed time until initial detectable viremia and lower intact HIV 
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reservoir. Given associations of inflammation with viral rebound kinetics,1,21 we assessed 

whether the size of cluster T-A9 associated with inflammatory markers. Multiple markers 

of inflammation (sCD163, TNFa, MCP2, IL15, and IL23) associated negatively with the 

size of cluster T-A9 (Figure 4I), suggesting that having high numbers of cluster T-A9 cells 

associates with a lower state of inflammation. The size of cluster T-A9 also positively 

associated with higher frequencies of polyfunctional (IFNγ+TNFα+IL2+CD107a+) Gag-

specific CD4+ T cell responses, but the opposite association was observed for polyfunctional 

Gag-specific CD8+ T cell responses (Figure 4J). By contrast, no associations were observed 

with polyfunctional HIV pol- or envelope (env)-specific T cell responses (Figure 4K).

Besides cluster T-A9, other clusters associated with longer time-to-rebound were clusters T-

A1 and T-A5 (Figures S3I and S3J). Cluster T-A1, associated with longer time-to-detectable 

HIV RNA, consisted of memory (CD45RO+CD45RA−) CD4+ T cells (Figures S3T and 

S3U). These cells highly expressed stemness marker CD127, activation/co-stimulatory 

receptors CTLA4, CD28, and OX40, and homing receptors CD29 and CCR6 (Figure S3V). 

Cluster T-A5, associated with longer time-to-rebound to ≥ 1,000 copies/mL of HIV RNA, 

consisted of CD8+ T cells that were CD45RO−CD45RA+ (Figures S3W and S3X). Of 

note, the phenotypic features of cluster T-A5 mirrored that of cluster T-D4 (Figure 2G), in 

that there was elevated expression of CCR7, CD27, BIRC5, CD30, and CXCR4, and low 

expression of OX40, CTLA4, and HLADR (Figure S3Y). To directly assess whether cluster 

T-A5 was the equivalent of cluster T-D4, we performed label transfer,36 where clusters 

generated from different datasets can be linked to one another. This analysis confirmed 

cluster T-A5 is the equivalent of cluster T-D4 (Figure S3Z). Hence, a cluster of CD8+ T 

cells characterized by elevated expression stemness-associated markers (CCR7, CD27, and 

BIRC5) and low expression of activation markers (OX40, CTLA4, and HLADR) with the 

exception of CD30, is associated with delayed rebound in both TEACH and ACTG A5345.

In contrast to the T cell dataset, Louvain clustering of the NK cells from ACTG A5345 did 

not identify associations between any NK clusters with either time-to-rebound or intact HIV 

DNA (Figure S4).

RNA-seq analysis of CLEAR, TEACH, REDUC, and ACTG A5345

As a parallel strategy, we implemented RNA-seq assessment of genes associated with 

time-to-rebound. Because the Danish cohorts revealed both T and NK cell features to 

associate with rebound time, we opted to perform RNA-seq on bulk specimens inclusive 

of both T and NK cells for these cohorts. Inter-cohort heterogeneity was observed in 

terms of genes associated with time-to-rebound (Figure S5A). In CLEAR, associations 

were mostly found with shorter time-to-rebound; genes showing these associations belonged 

to pathways related to mitochondrial and energy metabolism and to protein translation. 

In TEACH, pathways were mostly associated with longer rebound time; these included a 

variety of protein translation and metabolic pathways including cholesterol metabolism. In 

REDUC, pathways related to cell adhesion and immune signaling were associated with 

longer rebound times, while similar to CLEAR, mitochondrial and energy metabolism, as 

well as protein translation, were associated with shorter rebound times (Figure S5B).
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Because CyTOF analysis of ACTG A5345 did not reveal any NK signatures associated 

with rebound time (Figure S4), we opted to focus RNA-seq analysis on not PBMCs but 

rather CD4+ T cells because (1) multiple CD4-expressing clusters exhibited associations 

with rebound time (Figures 4 and S3), and (2) CD4+ T cells are major reservoirs for HIV 

and hence their transcriptomic analysis could reveal insights into cell-intrinsic reservoir 

features that can suppress/delay rebound of HIV. The top gene predicting longer time-to-

detectable HIV RNA was the gene for the long non-coding RNA SNHG3, while the 

top gene predicting longer time-to-rebound to ≥ 1,000 HIV RNA copies/mL was the 

protein-coding gene DNA damage-inducible transcript 4 (DDIT4), a negative regulator of 

mechanistic target of rapamycin (mTOR) signaling (Figure S5C). Pathway analysis revealed 

faster time-to-detectable HIV RNA to be associated with oxidative phosphorylation and 

mitochondrial activity, and faster time-to-rebound to ≥ 1,000 copies/mL of HIV RNA to be 

associated with lipid biosynthesis/metabolism and vesicle organization (Figure S5D). Given 

recent suggestions that the HIV reservoir may persist in granzyme B-expressing cytotoxic 

CD4+ T cells,37 we assessed for associations of GZMB and other cytotoxic effectors with 

time-to-rebound. Although none of these cytotoxic genes had any statistically significant 

associations, it was noteworthy that all of them trended with faster rebound time (Figure 

S5E), consistent with the notion of cytotoxic reservoir cells contributing to viral rebound 

upon ART cessation.

DDIT4 predicts longer rebound time in ACTG A5345 and suppresses HIV gene expression 
in vitro and in vivo

We first focused on DDIT4, the most statistically significant hit from our CD4+ T cell 

analysis in ACTG A5345 (Figures 5A and 5B), given that DDIT4 is a negative regulator 

of mTOR signaling,39 and mTOR signaling promotes HIV expression.40–43 Mining public 

RNA-seq databases (STAR Methods), we found DDIT4 is preferentially expressed in 

immune cells, particularly T cells, across a variety of tissues including spleen, lymph nodes, 

adipose tissue, and male and female reproductive tracts (Figure S6A). Among CD4+ T cells, 

DDIT4 expression is highest in omentum and lowest in gut (Figure S6B). Among peripheral 

blood CD4+ T cells, DDIT4 expression is highest in memory T cells including the Tfh, 

Th17, and Th2 subsets, and lowest in naive CD4+ T cell subsets and Temra cells (Figure 

S6C).

Given the broad expression of DDIT4 in CD4+ T cells and its role of mTOR signaling, we 

hypothesized that the association of DDIT4 expression with delayed rebound may be due to 

the ability of DDIT4 to restrict HIV expression. To test this hypothesis, we assessed whether 

DDIT4 can impact reactivation of HIV in the 5A8 Jurkat cell line model of HIV latency. 

Small interfering RNA (siRNA)-mediated knockdown of DDIT4 expression by ~50% did 

not reactivate HIV (Figure 5C). However, given the low baseline HIV gene expression in 

5A8, we also assessed the extent to which DDIT4 knockdown could increase HIV gene 

expression following low-dose PMA (phorbol 12-myristate 13-acetate) treatment. Under 

these conditions, there was a significant increase in HIV gene expression upon DDIT4 

knockdown (Figure 5C). To confirm the ability of DDIT4 to limit HIV reactivation in a more 

physiologically relevant model, we used a primary cell model of HIV latency (Figure 5D).44 

As with the 5A8 model, under conditions where ~50% DDIT4 knockdown was achieved, 
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basal HIV gene expression was not altered, while cells that were stimulated exhibited 

increased HIV gene expression upon DDIT4 knockdown (Figure 5E).

To further characterize the relationship between DDIT4 inhibition and mTOR signaling, 

we tested the effects of small molecule Torin1, an inhibitor of mTORC1 (one of the two 

complexes driving mTOR signaling), as well as the small molecule SMAP2, an activator 

of PP2A that ultimately drives inhibition of mTOR signaling (Figure 5F). We reasoned 

that if the increase in HIV gene expression induced by DDIT4 knockdown is mediated 

by activation of mTOR, then both Torin1 and SMAP2 should decrease the ability of the 

knockdown to increase HIV reactivation. Indeed, Torin1 had such an effect, and SMAP2 

further increased Torin1’s inhibition of HIV reactivation induced by DDIT4 knockdown 

(Figure 5G). Finally, to determine the extent to which DDIT4 can suppress HIV gene 

expression in vivo, we leveraged a recently published RNA-seq dataset generated from 

CD4+ T cells from 191 ART-suppressed PWH.38 We observed a significant negative 

association between DDIT4 and HIV RNA, but not HIV DNA (Figure 5H).

Hence, DDIT4 expression is associated with suppression of HIV gene expression both in 
vitro and in vivo.

Metformin induces DDIT4 expression and suppresses HIV gene expression

Besides being a known inhibitor of mTOR, DDIT4 has also been reported to be induced by 

the type 2 diabetes drug metformin.45 Given the interest in leveraging the anti-inflammatory 

effects of metformin to diminish chronic inflammation and promote healthy aging in 

PWH,46,47 we next assessed whether metformin could increase DDIT4 expression and 

diminish HIV expression in CD4+ T cells. Using a tissue-based primary cell model48 

(Figure 6A), we first assessed the effects of metformin on DDIT4 expression in T cells. We 

found that metformin increased DDIT4 expression in a dose-dependent manner, by up to 

>10-fold at the highest metformin dose tested (Figure 6B). Three days following infection, 

CD4+ T cells (identified through a gating strategy to include those that have downregulated 

cell-surface CD4,49 Figure 6C) that were treated with metformin exhibited a dose-dependent 

decrease in expression of the HIV LTR-driven reporter gene (Figures 6D and 6E). The 

diminished infection rates in the presence of metformin were not due to cytotoxicity, 

as metformin tended to increase viability (Figure 6F). At the highest concentration of 

metformin tested (10 mM), HIV infection rates were diminished by a mean of 37% (n = 5 

donors) with no drop in viability (Figure 6G). Metformin also significantly diminished HIV 

reactivation in cells from ART-suppressed PWH, by a mean of 51% (Figures 6H and 6I). 

Given the relationship between metformin and mTOR signaling, we additionally examined 

whether the mTOR inhibitor Torin1 similarly diminished HIV reactivation in participant 

cells and found that this was indeed the case, although inhibition was less potent than that 

observed with metformin (Figure 6J).

ZNF254 predicts longer rebound time in ACTG A5345 and is a suppressor of HIV gene 
expression in vitro and in vivo

After DDIT4, the next statistically significant gene predicting increased time-to-rebound to 

≥ 1,000 HIV RNA copies/mL in ACTG A5345 was ZNF254 (Figures 7A and 7B). Like 
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DDIT4, ZNF254 is expressed in T cells, although less preferentially so than DDIT4 (Figure 

S6D). Among CD4+ T cells, ZNF254 expression is highest in stomach, and in stark contrast 

to DDIT4 is undetectable in omentum (Figure S6E). Also in contrast to DDIT4, ZNF254 is 

preferentially expressed among naive CD4+ T cells relative to memory subsets (Figure S6F).

ZNF254 is a member of a large family of DNA-binding proteins called Kruppel-associated 

box (KRAB) zinc finger (ZNF) proteins. Like other members of this family, ZNF254 

includes two conserved motifs: an N-terminal KRAB domain that recruits TRIM28 to 

modulate chromatin architecture and gene expression, and a C-terminal ZNF region that 

binds to specific DNA sequences (Figure 7C). Although ZNF254 has not previously 

been implicated in HIV persistence, other KRAB ZNFs—in particular ZNF10, ZNF304, 

ZNF350, ZNF417, and ZNF587—have been reported to silence HIV expression in vitro.51–

54 And although these five genes are expressed comparably to ZNF254 in CD4+ T cells 

across a variety of tissues (Figure S6G), expression did not significantly associate with 

time-to-rebound (Figure 7D). To determine whether ZNF254 can inhibit HIV expression, 

we knocked it down in cell line- and primary cell-based latency models. As for DDIT4, 

knockdown of ZNF254 increased reactivation of stimulated reservoir cells in both models 

(Figures 7E and 7F). Conversely, overexpression of ZNF254 decreased both baseline and 

tumor necrosis factor alpha (TNFα)-induced HIV transcriptional activity (Figures 7G and 

7H). Lentiviral-mediated overexpression of ZNF254 in primary CD4+ T cells similarly 

diminished HIV expression (Figure 7I).

We then assessed the extent to which the in vivo expression patterns of ZNF254 associate 

with HIV RNA expression. Like DDIT4 (Figure 5H), ZNF254 expression associated 

with diminished HIV RNA expression in the aforementioned RNA-seq dataset38 but did 

not reach statistical significance (not shown). However, when we leveraged a single-cell 

RNA-seq (scRNA-seq) dataset of transcriptionally-active (HIV RNA+) cells from three 

ART-suppressed PWH,50 we found that for all three donors, HIV RNA+ cells expressed 

significantly lower ZNF254 than their HIV RNA− CD4+ T cell counterparts (Figure 7J). 

These data support a model whereby low expression of ZNF254 enables active HIV gene 

expression from reservoir cells during ART.

Given these results, we hypothesized that individuals that naturally control HIV may do 

so in part through increasing ZNF254 expression to suppress HIV expression. Indeed, 

leveraging public RNA-seq datasets generated from CD4+ T cells from elite controllers 

(ECs) vs. non-controllers,55 we discovered that ECs preferentially expressed ZNF254 
(Figure 7K). These findings support the notion that CD4+ T cell expression of ZNF254 

can mediate ART-free control of HIV.

DISCUSSION

In this study, we leveraged pre-ATI specimens from four clinical trials in PWH to identify 

predictors of time-to-rebound upon ART interruption. Consistent with some20,21 but not 

other19 studies, we found intact HIV DNA did not predict time-to-rebound. In fact, in all the 

interventional cohorts we analyzed, defective proviral content were better predictors. These 
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observations prompted us to focus on the relationship between host responses and timing of 

viral rebound.

Most of the host associations we observed were cohort-specific, which was expected given 

the differences between the interventions (or lack thereof) the participants had undergone. 

CyTOF analyses revealed REDUC to harbor the most T and NK cell associations with 

time-to-rebound. This may be because this trial was the only one where participants had 

received a therapeutic vaccination with an LRA, which should impact the activity of 

both types of effector cells. Indeed, a subset of REDUC participants exhibited a boost in 

HIV-specific T cell responses following the intervention.56 Three clusters associated with 

time-to-rebound to ≥ 1,000 HIV RNA copies/mL in REDUC: T-D2 (CD4+ Tfh cells) and 

NK-D2 (CD56−CD16+ cells) with longer rebound time, and NK-D1 (mostly canonical 

CD56intCD16+ NK cells) with shorter rebound time. We postulate that these associations 

are all inter-related, and that the driver behind the control of rebound is the decreased 

ratio of the NK-D1 to NK-D2 cells. Cluster NK-D1 corresponds to the most abundant 

NK cells in blood, and although they can exert anti-HIV activity, they can also hinder 

the development of HIV bnAbs due to their ability to kill Tfh cells which are needed 

for bnAb maturation.34 By contrast, atypical CD56−CD16+ cells (cluster NK-D2), which 

are enriched in PWH and often thought of as dysfunctional, have diminished cytolytic 

activity against Tfh cells.34 We propose a model whereby the therapeutic vaccination 

elicited Tfh-helped antibodies, which benefited the participants with a higher ratio of the 

dysfunctional CD56−CD16+ to functional CD56intCD16+ NK cells, as these individuals 

could better mount a Tfh-mediated anti-HIV antibody response. Supporting this model are 

our observations that in REDUC, (1) Tfh frequencies associate with longer time-to-rebound; 

(2) Tfh frequencies negatively associate with frequencies of the functional CD56intCD16+ 

NK cells, and positively associate with the frequencies of the dysfunctional CD56−CD16+ 

cells; and (3) Tfh frequencies trend with anti-HIV antibody titers. The higher titers of 

anti-HIV antibodies may facilitate ADCC, perhaps even mediated by the CD56−CD16+ cells 

themselves, since despite being considered dysfunctional, these cells may have enhanced 

ADCC activity.35 Our observation that this subset preferentially expresses LILRB1, an NK 

receptor that promotes killing of HIV-infected cells,57 is also consistent with the subset 

having potential cytotoxic activity against HIV. Future studies testing how NK cells and 

antibody-mediated effector functions may work together to promote ART-free HIV control 

are warranted.

Notably, among T cell clusters, T-D4 was the most abundant in the individual with longest 

time-to-rebound (more than 22 weeks after ATI) in TEACH. Cluster T-D4 are CD8+ T 

cells that are CD45RO−CD45RA+CCR7+CD27+, suggesting them to be either Tn or Tscm 

cells. Cluster T-D4 lowly expressed multiple activation markers (OX40, CTLA4, CD25, 

and HLADR), with the exception of CD30, which was elevated. Because CD30 is not 

expressed on Tn cells, we postulate cluster T-D4 to be composed primarily of Tscm cells, 

which can be induced to express CD30. The high expression of stemness-associated factor 

BIRC5 is also consistent with the Tscm identity.58 Notably, the TEACH outlier participant 

with the prolonged time-to-rebound who had the highest relative numbers of cluster T-D4 

cells has evidence of immune-mediated control—this individual had exceptional numbers of 

polyfunctional Gag-specific CD8+T cells, and had 3 transient blips during ATI suggesting 
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the ability of the immune system to control rebound viremia.9 Notably, cluster T-D4 

exhibited almost the identical phenotype as ACTG A5345’s cluster T-A5, which similarly 

associated with increased time-to-rebound to ≥ 1,000 HIV RNA copies/mL. And as in 

TEACH, ACTG A5345 included a controller (in this case who rebounded after more than 

33 weeks post ATI), and who had the highest frequencies of this CD8+ T cell subset. Based 

on these observations, we speculate that both clusters T-D4 and T-A5 include HIV-specific 

Tscm that can expand robustly post ATI and mediate a prolonged period of ART-free 

control. Alternatively, it is possible that these cells mediate antigen-independent suppression 

of HIV gene expression, a notable property of CD8+ cells.59 Future studies examining the 

anti-viral activity of CD30-expressing Tscm are warranted.

In ACTG A5345, the additional inclusion of time-to-first-detectable HIV RNA enabled us 

to compare the host factors predicting different rebound endpoints, and the associations 

were completely different: while cluster T-A5 associated with longer time-to-rebound to 

≥ 1,000 HIV RNA copies/mL as discussed above, it did not associate with longer time-to-

detectable HIV RNA, which instead associated with clusters T-A1 and T-A9. Cluster T-A9 

exhibited the more significant association and could be defined by exclusive expression of 

CD103, an integrin component expressed on Trm cells that promotes their interaction and 

retention within epithelium.60 Consistently, Trm cells, whether defined by just CD103 or the 

combination of CD69 and CD103, also associated with time-to-detectable HIV RNA. As 

the gene expression profile of CD103+ T cells in blood is reminiscent of gut T cells,61 it 

is possible that the CD103-expressing cluster T-A9 are T cells that are homing to or from 

the gut. We postulate that such gut-residing T cells could control viral reactivation in the 

gut, a major site of HIV persistence, and that the detectable HIV RNA measurement reflects 

tissue-based reactivation that occurs before the virus has a chance to replicate to higher 

titers in blood. High frequencies of the CD103-expressing T cells were also associated 

with lower systemic inflammation (sCD163, TNFa, MCP2, IL15, and IL23), which may 

be an indirect effect of being able to prevent viral rebound. Further supporting the notion 

of gut-targeting therapeutics as a strategy to achieve HIV remission are observations that 

vedolizumab intervention at the time of ART initiation to block gut-homing receptor α4β7 

resulted in a modest delay in time-to-HIV-rebound.62

Our study’s RNA-seq analysis focused on genes predicting time-to-rebound to ≥ 1,000 

copies/mL of HIV RNA, as it was the endpoint shared between all four trials, and also 

because it was the primary outcome previously analyzed.7–9,11 The three Danish trial 

specimens were analyzed first, and given that bulk RNA-seq analysis of total PBMCs from 

these trials did not yield clear targets that could be tested in validation studies, we opted, 

for the ACTG A5345 specimens, to perform bulk RNA-seq on purified CD4+ T cells. We 

reasoned that focusing on CD4+ T cells may reveal reservoir-intrinsic features associated 

with delayed time-to-rebound. Indeed, the top two hits from this analysis were genes that 

appear to be potential mediators of viral suppression, albeit through different mechanisms.

The first of these hits, DDIT4, was validated as a suppressor of HIV expression by 

demonstrating that (1) its knockdown in both cell line and primary cell models of 

HIV latency promoted reactivation of HIV, through a mechanism involving mTOR; (2) 

endogenous HIV RNA but not DNA from CD4+ T cells of ART-suppressed PWH 
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significantly associated with DDIT4 expression; (3) metformin increased DDIT4 expression 

in tissue T cells and reduced HIV infection rates without causing cellular toxicity; and (4) 

metformin diminished HIV reactivation in cells from ART-suppressed PWH. Our finding 

that metformin decreases HIV infection rates in tissue-derived CD4+ T cells is consistent 

with studies in a Jurkat cell line, PBMCs, and humanized mice.63 Paradoxically, however, a 

recent study suggested that metformin may increase p24 protein within infected PBMCs.64 

The reason for this apparent discrepancy is unclear, but may relate to experimental protocol 

differences (ex vivo stimulated PBMCs in64 vs. unstimulated tonsils here) and/or to the 

ability of metformin to induce expression of tetherin,64 which could trap any packaged 

virions onto the surface of cells resulting in an accumulation of p24 signal. Regardless, 

the link between metformin, DDIT4 expression, and time-to-rebound calls for further 

interrogation into the use of this common drug in the context of HIV cure strategies. 

Metformin has already been tested in PWH for its anti-inflammatory effects and its ability 

to decrease T cell exhaustion and delay epigenetic aging.46,47,65 Furthermore, the LILAC 

cure study demonstrated that a 12-week course of metformin could decrease the HIV 

RNA/DNA ratio in CD4+ T cells from colons of 8/13 ART-suppressed participants,66 which 

would be consistent with metformin-mediated induction of DDIT4 to block HIV gene 

expression. That direct inhibition of mTOR in ART-suppressed PWH can diminish unspliced 

HIV RNA, albeit not reaching statistical significance,41 along with our finding that Torin1 

inhibits HIV reactivation in cells from ART-suppressed PWH, are also consistent with our 

model of DDIT4-mediated ART-free viral suppression through inhibition of mTOR. Of note, 

the association of DDIT4 expression with rebound time to ≥ 1,000 copies/ml HIV RNA 

copies/mL, but not with time-to-first-detectable HIV RNA, suggests that DDIT4 may play a 

more important role in preventing systemic spread of HIV viremia than in preventing initial 

viral recrudescence, which likely originates within tissues as discussed above.

The second hit from our RNA-seq analysis of CD4+ T cells was ZNF254. As for DDIT4, 

we had multiple lines of evidence supporting ZNF254’s role in viral suppression beyond the 

association with time-to-rebound. First, knockdown of ZNF254 in cell line and primary cell 

models of HIV latency increased HIV reactivation. Second and conversely, overexpression 

of ZNF254 blocked HIV gene expression. Third, analysis of a recently generated scRNA-

seq dataset of HIV RNA+ cells from ART-suppressed PWH50 demonstrated that ZNF254 
expression was significantly lower in the HIV RNA+ CD4+ T cells than their HIV RNA− 

counterparts, which is consistent with the ability of ZNF254 to prevent HIV RNA expression 

among latently-infected reservoir cells. Finally, further in vivo support of the relevance of 

ZNF254 was our finding from RNA-seq datasets55 that CD4+ T cells from ECs express 

more ZNF254 than do their counterparts from non-controller PWH on ART; this could 

reflect preferential elicitation of ART-free viral suppression in ECs. Notably, other ZNF 

family members (ZNF10, ZNF304, ZNF350, ZNF417, and ZNF578) that have previously 

been reported to suppress HIV gene expression in vitro51–54,65 did not associate with time-

to-rebound in our dataset. The reason underlying the select association of ZNF254 is unclear 

and does not appear to stem from preferential expression of ZNF254 among CD4+ T cells 

from blood and tissues. Of note, ZNF genes also serve as sites of HIV integration, and such 

integration sites are especially common among genome-intact HIV provirus (~23% in Lian 

et al.67). It is postulated that genome-intact HIV provirus at these sites is selected for over 
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time due to minimal expression of HIV gene products in the ZNF loci, which are generally 

heterochromatized. Indeed, ZNF254 was reported to be in a region of lamina-associated 

domains (LADs), which contain mostly transcriptionally silent heterochromatin, and to 

harbor genome-intact HIV provirus.67 Future studies should interrogate whether ZNF254 

may be a more potent blocker of HIV gene expression than other ZNFs, and the impact of 

HIV integration into the ZNF254 gene on ZNF254 expression.

In summary, our results support the notion that viral rebound following ART interruption 

can be influenced by the relative numbers of canonical CD56intCD16+ cells vs. 

CD562210032 NK cells, multiple subsets of T cells distinguished by expression of CD30 

or CD103, and cell-intrinsic viral suppression mechanisms in infected CD4+ T cells. The 

notion that pathways associated with viral suppression can lead to prolonged ART-free 

control is consistent with the notion that HIV RNA associates with time-to-rebound during 

ATI.10,11,16,17,21,22 Since most HIV RNA derives from defective proviral genomes and 

hence would not be capable of driving rebound viremia,68 increased HIV RNA may 

reflect a more dysfunctional immune system, and indeed HIV RNA associates with chronic 

inflammation and immune exhaustion in ART-treated PWH.69–71 Future studies should 

examine the extent to which DDIT4 and ZNF254 can mediate post-ATI control in other 

cohorts, and test the therapeutic potential of targeting the pathways associated with these 

genes. For example, we propose the implementation of a placebo-controlled ATI trial testing 

the effects of metformin treatment both during ART and post ATI. We expect that beyond 

its potential to mediate viral suppression through DDIT4 induction, metformin may have 

additional benefits including increasing HIV-specific T cell effector function,46,65 helping 

mediate antibody-mediated recognition of HIV-infected cells and ADCC,64 and blocking 

homeostatic expansion of HIV reservoir cells by inhibiting mTOR.41

Limitations of the study

Our study has limitations. IPDA data can be noisy, and the assay can misclassify some 

proviruses as intact72; future studies should assess associations with intact proviral content 

measured using full-length proviral sequencing. Because bulk instead of scRNA-seq was 

used, we were not able to determine the extent to which the RNA-seq profiles predicting 

time-to-rebound were shared between the interventional and non-interventional cohorts. 

Finally, our overall cohort is small (75 individuals total) which resulted in some sub-group 

analyses having low “n” and some associations being driven by outlier datapoints, but small 

sample sizes are a general limitation of ATI studies, which are challenging and logistically 

impossible on a large scale.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the lead contact, Nadia Roan (nadia.roan@gladstone.ucsf.edu).

Materials availability

This study did not generate new unique reagents.
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Data and code availability

The raw datasets generated for this study can be found in the public repository Dryad, and 

accessible via following link: https://10.5061/dryad.5qfttdzhh. This paper does not report 

original code. Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.

STAR★METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

CLEAR participants had received 12 oral doses of 20 mg Panobinostat 3x/week every other 

week for 8 weeks, and exhibited a median time-to-rebound of 17 days (range 14–56).7 

TEACH participants had received subcutaneous injections of 8 doses of 60 mg of the 

TLR9 agonist MGN1703 2x/week for 4 weeks, and exhibited a median time-to-rebound 

of 17 days (range 14–151).9 REDUC participants had received 6 doses of therapeutic 

peptide vaccine (BioNor) followed by 3 doses Romidepsin (1x/week for 3 weeks), and 

exhibited a median time-to-rebound of 21 days (range 10–56).8 In all three interventional 

trials, the intervention induced transient changes in peripheral immune subset distribution or 

phenotypes.56,73–75 CLEAR, TEACH, and REDUC participants all initiated ART during the 

chronic phase of HIV infection. ACTG A5345 participants consisted of those that initiated 

ART during chronic (n = 30) and acute (n = 11) infection who underwent ATI in the 

absence of any therapeutic interventions, and exhibited a median time-to-rebound of 22 

days (range 13–230), and were a subset of those previously analyzed with sufficient banked 

specimen availability.11 This study was approved by the institutional review boards of the 

corresponding institutes. The approval numbers for CLEAR, REDUC, and TEACH were 

1-10-72-98-12, M-2013-364-13, and 1-10-72-10-15, respectively. The ACTG A5345 study 

was approved by the institutional review boards of each ACTG A5345 site. Ex vivo reservoir 

reactivation experiments entailed use of cryopreserved PBMCs from PWH obtained under 

UNC IRB # 08-1575.

METHOD DETAILS

HIV reservoir and RNA quantification: Total, intact, 3′ defective, and 5′ defective 

proviral HIV DNA was quantified in CD4+ T cells from CLEAR, TEACH, and 

REDUC participants using the IPDA performed at AccelevirDx using methods previously 

described.18 For ACTG A5345, recently reported IPDA measurements11 were used in the 

current study. The primary outcome of time-to-rebound to ≥ 1,000 HIV RNA copies/ml 

were obtained from the original published CLEAR, TEACH, REDUC, and ACTG A5345 

studies.7–9,11 For ACTG A5345 we additionally included the parameter of weeks to 

detectable HIV RNA. This parameter corresponded to the number of weeks until ≥ 20 HIV 

RNA copies/ml or until <20 HIV RNA copies/ml but with target detected (above the limit 

of detection but below the lower limit of quantification), among the subset of ACTG A5345 

participants who had no target detected prior to ATI.

Cell preparation for CyTOF staining: For each specimen, a total of 1–6 million cells 

were washed with PBS/EDTA (contaminant-free PBS from Rockland, supplemented with 2 

mM EDTA), followed by a 60-second incubation at room temperature with 25 μM cisplatin 
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in 4 ml PBS/EDTA for subsequent assessment of cellular viability. The reaction was then 

quenched with 6 ml CyFACS (metal contaminant-free PBS from Rockland supplemented 

with 0.1% bovine serum albumin and 0.1% sodium azide). The cells were then fixed 

with 2% PFA diluted in metal contaminant-free PBS (Rockland), washed three times with 

CyFACS, and frozen at −80°C until CyTOF staining.

CyTOF antibody conjugation with metals: Antibodies necessitating in-house 

conjugation were conjugated to their respective metal isotopes using X8 antibody labeling 

kits, following manufacturer’s guidelines (Standard BioTools). Briefly, metal was mixed 

with the polymer, and the mixture was incubated for 1 h at room temperature. During this 

incubation time, the unconjugated antibody was transferred into 50 kDa Amicon Ultra 500 

μl V-bottom filters (Fisher) and subjected to R buffer exchange, followed by 30-minute 

reduction at 37°C using a 1:125 dilution of tris (2-carboxyethyl) phosphine (TCEP) from 

Pierce. Following two washes with C-buffer (Standard BioTools), the metal-loaded polymer 

and antibodies were resuspended within a 3 kDa and 50 KDa Amicon Ultra 500 μl V-bottom 

filter (Fisher), respectively. Subsequently, the metal-loaded polymer was transferred to the 

antibody and coupled for 2 hours at 37°C. After three washes, conjugated antibodies were 

quantified for protein content (Nanodrop). The conjugates were then diluted 1:1 with a 

PBS-based Antibody Stabilizer (Boca Scientific) supplemented with 0.05% sodium azide, 

and stored at 4°C until use.

CyTOF cell barcoding and staining: Cell barcoding was performed using the Cell-

ID 20-Plex Pd Barcoding Kit in accordance with manufacturer’s guidelines (Standard 

BioTools). Briefly, for each sample, a total of 1–3 million cells was washed twice with 

Barcode Perm Buffer (Standard BioTools). The appropriate barcode was then added at a 

ratio of 1:90 and incubated with the cells for 30 minutes. Cells were then washed once 

with 0.8 ml Maxpar™ Cell Staining Buffer (Standard BioTools), followed by a second 

wash with CyFACS. The barcoded samples were next blocked for 15 minutes on ice 

using sera derived from mouse (1:33 dilution, Thermo Fisher), rat (1:33 dilution, Thermo 

Fisher), and human (1:166 dilution, AB serum, Sigma-Aldrich) in CyFACS. The cells were 

then washed twice with CyFACS buffer, and stained for 45 minutes on ice with CyTOF 

surface staining antibody cocktails (Tables S2–S4) in a total volume of 100 μl per well. 

Following a series of three sequential washes with CyFACS buffer, the cells were fixed 

overnight at 4°C with 2% paraformaldehyde (PFA, Electron Microscopy Sciences) diluted 

in metal contaminant-free PBS (Rockland). The next day, cells were permeabilized by a 

30-minute incubation at 4°C using fix/perm buffer (eBioscience), followed by two washes 

with Permeabilization Buffer (eBioscience). Cells were then blocked for 15 minutes on 

ice with sera from mouse (1:6.7 dilution, Thermo Fisher,) and rat (1:6.7 dilution, Thermo 

Fisher) in CyFACS. After two washes with Permeabilization Buffer (eBioscience), the cells 

were stained for 45 minutes on ice with the CyTOF intracellular staining antibody cocktail 

(Tables S2–S4). Cells were then washed once with CyFACS, and incubated for 20 minutes 

at room temperature with 250 nM Cell-ID™ DNA Intercalator-Ir (Standard BioTools) in 

2% PFA diluted in metal contaminant-free PBS (Rockland). The cells were then washed 

twice with CyFACS, followed by sequential washing with Maxpar® Cell Staining Buffer 

(Standard BioTools), Maxpar® PBS (Standard BioTools), and Maxpar® Cell Acquisition 
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Solution (Standard BioTools). Immediately before data acquisition, cells were resuspended 

at a concentration of 7 × 105/ml in EQ™ calibration beads (Standard BioTools) diluted 

in H2O. Cell acquisition was performed at a rate of 250–350 events/sec on a CyTOF2 

instrument (Standard BioTools) at the UCSF Parnassus FACS Core.

CyTOF data processing: Raw CyTOF datasets were normalized to EQ™ calibration 

beads, and de-barcoded using CyTOF software provided by Standard BioTools. The 

normalized data were then imported into both FlowJo (BD Biosciences) and Cytobank 

for gating and phenotyping analysis. Total T cells and NK cells were identified through 

sequential gating strategies following gating from live, intact singlet cells as depicted in 

Figures S1 and S2. Raw datasets corresponding to these gated events are available for 

download as FCS files from the following link in the Dryad public repository: https://

datadryad.org/dataset/doi:10.5061/dryad.5qfttdzhh. For clustering, these gated events were 

exported as csv files for downstream analyses.

CyTOF data pre-processing and clustering: The arcsine-transformed data for a given 

CyTOF panel across all the cells derived from the samples in a given cohort were combined 

into a single Seurat R object.36,76–79 A Principal Component Analysis (PCA) embedding for 

each of the resulting cells of dimension equal to the number of markers in the panel was 

generated using the RunPCA function in Seurat applied to the scaled arcsine-transformed 

data. A 2D UMAP-based80 visualization of the data was then derived from this PCA 

embedding. Biological variables (e.g., viral rebound week, intact over total HIV RNA 

copies, sex, ethnicity) and technical variables (processing batch) were visualized in the 

resulting UMAPs. Besides the presence of batch effects in the NK cell data from the 

Danish cohort as determined by visual inspection of the corresponding UMAP, batch effects 

were not evident. Hence, a second batch-corrected cell embedding for the NK cells in 

the Danish cohort was determined after running the RunHarmony function that is part 

of the Harmony package.81 The clustering of cells based on similar marker profiles in 

each data set was determined using the FindClusters function implementing the Louvain 

method30 that was either applied to the Harmony-based embedding (for the NK cells in 

the Danish cohort) or the PCA embedding for all other datasets. The optimal clustering 

resolution parameters for this clustering in each dataset were determined using Random 

Forests82 and a silhouette score-based assessment of clustering validity and subject-wise 

cross-validation, as previously implemented.83,84 This Louvain-based method prevents over- 

and under-clustering by using a Leave-One-Out-Cross-Validation (LOOCV) method to 

predict cluster membership. The method fits cells from all but one of the subjects, and 

then evaluates the resulting predicted clusters of the cells from the held-out subject using the 

Average Silhouette Width (ASW) clustering metric. The resolution parameter in the Louvain 

algorithm is identified that maximizes both the mean (across all samples) of the Average 

(across cells within each sample) Silhouette Width (ASW) of the resulting clusters, along 

with the local maxima, while also taking into account prior biological domain knowledge 

when appropriate. Using this procedure, the optimal resolution parameters for both the NK 

cell and T cell panels in the Danish cohorts was determined to be 0.06, while for the ACTG 

A5345 cohort they were equal to 0.2 for the T cell panel and 0.13 for the NK cell panel. The 

markers for each cluster were determined using the FindAllMarkers function in Seurat. The 
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average expression for each marker was determined using the AverageExpression function 

in Seurat. Clusters that contained less than a total of 1,000 cells were excluded from 

further analyses. Heatmap depiction of expression of protein antigens within each cluster is 

presented in Figure S7.

CyTOF cluster association analysis: A generalized linear mixed model (GLMM) 

implemented in the lme485 package in R with the family argument set to the binomial 

probability distribution was used to estimate the association between cluster membership 

and each of the variables (viral rebound week, intact proviral frequencies, cytokine and 

plasma protein content, and HIV immune-specific responses). A sample-specific random 

effect was included to model the inter-sample variability in terms of change in log odds of 

cluster membership for samples with the same set of covariates. Subsets were either defined 

as manually gated groups of cells or via the Louvain clustering method. Sample-specific 

cluster memberships were defined as the proportion of cells derived from each of the 

samples in the cluster. The change in cluster membership per unit change in variable was 

estimated as a log odds ratio, defined as the change in the log odds of cluster membership 

per unit change in the variable. This was estimated with the emmeans R package86 using the 

GLMM model fit. Separate associations for each of the samples in each of the three trials 

were estimated for the Danish cohorts. The models used for ACTG A5345 were adjusted 

for sex and ethnicity. The association of memberships of two cluster definitions for the 

samples in the same cohort was determined using spearman correlation of logit-transformed 

proportions.

Label transfer analysis: The T cell clusters defined for ACTG A5345 were linked to 

clusters defined in CLEAR, TEACH and REDUC using the label transfer approach36 

where anchor cells were first determined between the two datasets in 20-dimensional 

PCA space using scaled log-normalized data for the two cohorts by implementing the 

FindTransferAnchors function. Linked clusters were then identified using the TransferData 
function.

Plasma profiling: Anti-HIV antibody responses were measured using the Luciferase 

Immunoprecipitation Systems (LIPS) assay.87 This assay measures binding of plasma 

antibodies to luciferase fusion proteins, and raw light units are log-transformed for better 

visualization. Our dataset had LIPS units within the range of 4.0–6.5, corresponding to 

raw light units of 104.0–106.5. Targeted proteomic profiling was used to quantitate 247 

soluble markers in plasma samples using the NULISAseq Inflammation Panel 250 (Alamar 

Biosciences) according to the manufacturer’s protocols as previously described.88

HIV-specific T cell responses: A quantitation of HIV-specific T cell responses by FACS 

was recently published11 and associated with the abundance of cluster T-A9 cells for the 

current study.

RNA-seq data generation: Cryopreserved PBMCs were rapidly thawed in a 37°C 

water bath, and then washed once with complete RPMI (Corning) containing 20% FBS 

(Avantor), 2 mM L-glutamine (Gibco), 100 μg/ml Penicillin-streptomycin (Gibco) and 10 

mM HEPES (Gibco). The PBMCs were then resuspended in 10 ml of RPMI with 20% 
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FBS and transferred to 15 mL conical tubes. The cells were treated with 10 μL of RNase 

free DNase I (Sigma) (10 units/μl). After washing once with 10 ml of Ca+/Mg+-free PBS 

(Corning) containing 2% FBS, cells were stained with trypan blue solution and counted 

using a Bio-Rad TC-20 cell counter. Final PBMC cell numbers from each participant 

sample ranged from 7 × 106 to 25 × 106, with cell viability counts ranging from 70% 

to 96%. For specimens belonging to ACTG A5345, CD4+ T cells were purified using 

the EasySep™ Human CD4+ T Cell Isolation Kit from StemCell Technologies following 

the manufacturer’s protocol. Total RNA was extracted from PBMCs (CLEAR, TEACH 

and REDUC) and CD4+ T cells (ACTG A5345) using the Qiagen RNeasy Micro Kit 

per manufacturer’s protocol. RNA yields ranged from 300 ng to 3,500 ng. RNA quality 

was tested using a Qubit 2 fluorometer (Thermo Scientific). Sequencing libraries were 

prepared by Azenta Life Sciences employing the NEB Next Ultra II RNA Library Prep 

Kit for Illumina. Briefly, mRNA was enriched using oligo (dT) beads, then fragmented 

for 15 minutes at 94°C followed by cDNA synthesis. Fragments were then end-repaired 

and adenylated. Universal adapters were ligated to cDNA fragments, then indexes were 

added with library enrichment by PCR. RNA integrity and library size was assessed by 

Agilent Tapestation, and concentrations were determined by Qubit 2 fluorometer with 

final quantification by qPCR. Flow cells were prepared with multiplexed and clustered 

sequencing libraries, then loaded onto an Illumina HiSeq instrument. Illumina HiSeq 

sequencing used a 2 × 150 bp, single index configuration with an estimated data output 

of ~350 M raw paired-end reads per lane. HiSeq Control software was used for base calling 

and image analysis. Raw data were delivered in FASTQ format, and are deposited in the 

Gene Expression Omnibus (GEO) database under accession number GSE290636.

RNA-seq and IPDA association analyses: The preprocessing of the raw sequencing 

reads from the samples in the Danish cohorts was run on a custom bioinformatics pipeline 

while the preprocessing for the samples in the ACTG cohort was run on the nf-core/rnaseq89 

pipeline. Sequencing reads were trimmed for known adapters and low-quality regions of 

reads using Fastq-mcf90 for the Danish samples and Trim-galore91 for the ACTG A5345 

samples. For both sets of samples, sequence quality control was assessed using FastQC92 

and RSeQC.93 Alignment of reads of both sets of samples to the human hg38 genome 

was performed using STAR.94 Reads for the Danish samples were assigned to genes using 

“featureCounts”95, part of the Subread suite (http://subread.sourceforge.net/). Transcript 

content for the ACTG A5345 samples were quantified using Salmon96 and summarized 

as gene counts using tximport.97 The filterByExpr function in the edgeR bioconductor 

package98 with the min.count argument set to 5 was used to filter out lowly expressed genes. 

Principal Component Analysis (PCA) plots using the log2-transformed Counts-Per-Million 

(CPM) of the top-500 most variable genes revealed an outlier sample among the ACTG 

A5345 samples, which was removed from further analysis. Gene-wise dispersion values 

were estimated using a quasi-likelihood (QL) method implemented in the glmQLFit function 

in edgeR. The association of gene expression with time-to-viral-rebound to ≥ 1,000 HIV 

RNA copies/ml and to the number of intact proviruses per million CD4+ T cells was 

estimated using an empirical Bayes quasi-likelihood F-based test (glmQLFTest)99 separately 

in each of the three Danish trials (TEACH, CLEAR and REDUC). No adjustments were 

made for sex and ethnicity because the samples were all European and mostly male 
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(only two of the 34 samples were female). For the ACTG A5345 samples, the association 

between gene expression and time to detectable HIV RNA and time-to-rebound to ≥ 1,000 

HIV RNA copies/ml, number of intact proviruses per million CD4+ T cells, and ratio 

of intact HIV DNA to total HIV DNA was estimated using the glmQLFTest99 function 

after adjusting for sex and the clinic from which the sample was derived. The clinic 

variable was used as a potential confounder of the associations since there was better 

clustering of gene expression profiles of samples by their clinic variable than by ethnicity. 

Volcano plots showing the results of these association analyses were generated using 

the EnhancedVolcano bioconductor package.100 Enrichment of Gene Ontology-based gene 

sets101,102 and WikiPathways gene sets103 was assessed using the GSEA function in the 

clusterProfiler package.104 Genes were selected for pathway analysis based on a raw p-value 

threshold of 0.05 for differential expression values. Pathways were considered significantly 

enriched if their Benjamini-Hochberg–adjusted p-values were below 0.1.

Analysis of DDIT4 and ZNF254 expression across cellular subsets in tissues: 
Four public databases were used to assess expression of DDIT4, ZNF254, and other 

ZNF genes in cellular subsets across human tissues: the Human Protein Atlas (https://

www.proteinatlas.org/), the Tabula Sapiens dataset (https://tabula-sapiens.sf.czbiohub.org/), 

and two RNAseq datasets of CD4+ T cell subsets generated from PBMCs.105,106 Single cell-

type clusters were normalized separately from other transcriptomics datasets using Trimmed 

mean of M values (TMM) following the Human Protein Atlas normalization process. To 

generate expression values per cell type, clusters were aggregated per cell type by first 

calculating the weighted mean normalized transcript expression values (nTPM) in all cells 

with the same cluster annotation within a dataset. The values for the same cell types in 

different data sets were then mean-averaged to a single aggregated value. Only clusters with 

medium and high reliability were included. For the PBMC datasets, nTPM values below 0.1 

were not visualized. For the Tabula Sapiens dataset, which were pre-normalized, the filters 

applied were: Disease type = Normal, and Cell type = CD4-positive helper T cells.

siRNA knockdown experiments: siRNAs for DDIT4 (L-010855-01-0005) and ZNF254 

(L-019877-02-0005) were purchased from Horizon, while the negative control siNegative 

was purchased from ThermoFisher (4390843). For every million J-Lat 5A8 cells,107 30 

pmol siRNA was introduced using SE Cell Line 4D- Nucleofector X Kit L (Lonza 

V4XC-1024) and the CL-120 program of the Lonza 4D-Nucleofector X Unit (AAF-1002X). 

The cells were treated with 5 nM PMA (Selleckchemor, S7791) or DMSO one day after 

nucleofection, and assessed one day later for GFP using a BD LSRFortessa™ X-20 flow 

cytometer. Latently-infected primary CD4+ T cells were generated using a single-round 

HIV GFP reporter virus as previously described.44 For every 107 primary cells, 30 pmol 

siRNA was introduced using P3 Primary Cell 4D-Nucleofector X Kit L (Lonza V4XP-3024) 

and the E0–115 program of the of the Lonza 4D-Nucleofector X Unit (AAF-1002X). One 

day after nucleofection, half of the cells were maintained in resting conditions, and the 

other half were activated with 1 μg/ml anti-CD28 antibody (BD Biosciences 555725) in 

12-well plates coated with anti-CD3 antibody (BD Biosciences 555336). Where indicated, 

10 nM Torin (Selleckchem S2827) and/or 5 μM SMAP-2 (MedChemExpress HY-120272) 
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(or DMSO as negative control) were added. One day later, GFP levels were assessed using 

BD LSRFortessa™ X-20 flow cytometer.

Western blot: A total of 0.2 million J-Lat cells 5A8 or 1 million primary cells were lysed 

in 20 μl Laemmli buffer and loaded per lane. Human lymphoid aggregate culture (HLAC) 

cells were positively selected for CD3+ cells using the EasySep™ Human CD3 Positive 

Selection Kit II prior to western blotting. The primary antibodies used for western blotting 

were mouse anti-human α-tubulin (Sigma CP06), rabbit anti-human CDK9 (Bethyl A303–

493A), rabbit anti-human DDIT4 (Bethyl A302–169A), and mouse anti-human ZNF254 

(Novusbio H00009534-B01P). The secondary antibodies were goat anti-mouse-680 nm 

(Thermo Fisher A-21057) and goat anti-rabbit-680 nm (Thermo Fisher A-21076). Primary 

antibodies were diluted to 1 μg / ml with the exception of α-tubulin, which was used at a 

concentration of 200 ng / ml. All secondary antibodies were diluted 10,000-fold.

Tonsil infection assays: Tonsils from healthy donors were obtained from the 

Cooperative Human Tissue Network (CHTN) and processed into HLACs as previously 

described.26,48 The cells were then incubated with media alone or the indicated 

concentrations of metformin (Sigma-Aldrich, PHR1084) for 24 hours. Some cells were 

set aside to establish the effects of metformin on cellular cytotoxicity using a lactate 

dehydrogenase (LDH) assay (Roche). The remaining cells were then mock-treated or 

exposed to 100 ng / ml of p24Gag of the F4.HSA reporter virus.48 Three days later, cells 

were treated with Fc block (BioLegend, 422302), and stained with the panel of antibodies 

listed in Table S5. Following fixation with 2% PFA (Electron Microscopy Science, 15710), 

cells were analyzed on a BD LSRFortessa™ X-20 flow cytometer to monitor infection rates 

and final cellular viability.

Ex vivo reservoir reactivation assays using cells from PWH: Cryopreserved 

PBMCs from PWH who had initiated ART during the chronic phase of infection and had 

been virally suppressed for at least 9 years (Table S6) were obtained. The cells were revived 

for 24 hours in RPMI media containing 1 μM Raltegravir and 4 μM Abacavir to prevent 

spreading infection. CD4+ T cells were then isolated using the EasySep™ Human CD4+ 

T Cell Isolation Kit (StemCell Technologies) and cultured in media supplemented with 5 

U/mL IL2. CD4+ T cells were then treated with media alone or 10 mM metformin (Sigma-

Aldrich, PHR1084) or 10 nM Torin1 (Selleckchem S2827) for 24 hours, and then stimulated 

with 10 nM PMA (Sigma-Aldrich) and 500 nM ionomycin (Sigma-Aldrich). Cells were 

harvested at 24 hours post-stimulation for quantification of Gag expression by qRT-PCR 

as previously described.108 Briefly, RNA was extracted from the treated cells using the 

RNeasy plus kit (Qiagen), and 1 μg of Nanodrop-quantified RNA from replicates of each 

condition were reverse transcribed and amplified using Fastvirus (Thermo, Waltham, MA) 

and primer sets for HIV Gag RNA (GAG-F: ATCAAGCAGCCATGCAAATGTT, GAG-

R: CTGAAGGGTACTAGTAGTTCCTGCTATGTC, GAG Probe: FAM/ZEN-ACCATCAAT 

GAGGAAGCTGCAGAATGGGA-IBFQ). The Quant Studio 3 Real-Time PCR system 

thermocycler (Applied Biosystems) was used for the quantification. Cycling parameters 

were 5 min reverse transcription step at 50°C, 95°C for 20 sec for Taq activation, followed 

by 40 cycles of 95°C (3 sec.), and 60°C (30 sec.). Normalized relative expression was 
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calculated using the Prism software version 10.1.1 (GraphPad). Experiments were performed 

as experimental triplicates for each donor.

ZNF254 overexpression studies: VSV-G-pseudotyped lentiviral vectors encoding 

either an empty vector or ZNF254–3xHA109 under the control of a Tet-inducible promoter 

were co-transfected with psPAX2, pCMV-VSV-G, and the respective transfer vector using 

the CalPhos Mammalian Transfection kit (Takara) in 293T cells according to manufacturer’s 

instruction. Lentiviral particles collected from the supernatants were then used to transduce 

J-Lat 11.1 cells110 followed by selection with 1 μg/ml puromycin (Thermo Fisher). For 

reactivation experiments, ZNF254-expressing and control J-Lat 11.1 cells were cultured 

for 4 days in RPMI supplemented with 250 ng/ml Doxycycline (StemCell Technologies) 

before treatment with indicated concentrations of TNFα (Peprotech) for 16 hours. For 

overexpression in primary cells, lentiviral vectors encoding ZNF254 (ZNF254-V5-SBP-

ΔLNGFR) or BFP are a negative control (BFP-V5-SBP-ΔLNGFR) were produced by 

combining psPAX2, pCMV-VSV-G,111 and the corresponding transfer vector at a ratio 

of 3.25:1:3.25, and transfecting Lenti-X 293T cells (Takara Bio) for 24 hours with 

polyethylenimine (PEI, Polysciences) in Opti-MEM™ (Fisher Scientific) followed by 

replacement of culture medium supplemented with medium containing 1 mM sodium 

butyrate (Sigma-Aldrich), and harvesting of supernatants 3 days later. For generating HIV-

infected primary cells, CD4+ T cells were isolated from PBMCs of n=3 HIV-seronegative 

donors using the EasySep™ Human CD4+ T Cell Isolation Kit (StemCell Technologies) 

and activated using the ImmunoCult™ Human CD3/CD28 T Cell Activator (StemCell 

Technologies) for 4 days. The cells were then infected with a VSV-G pseudotyped HIV 

GFP reporter virus (HIVd6EGFP), produced by co-transfecting Lenti-X 293T cells with 

psPAX2, pCMV-VSV-G, and pNL4–3-Δ6-drEGFP111 using the TransIT-LT1 Transfection 

Reagent (Mirus Bio). Ten days later, cells were stimulated again with the ImmunoCult™ 

Human CD3/CD28 T Cell Activator, and then transduced with ZNF254-V5-SBP-ΔLNGFR 

or BFP-V5-SBP-ΔLNGFR. Transduced cells were cultured for 7 days prior to treatment for 

16 hours with media alone, or with 50 ng/mL PMA (Sigma-Aldrich) and 1 μM ionomycin 

(Sigma-Aldrich). All J-Lat and primary cells were monitored for GFP expression using a BD 

LSRFortessa™ X-20 flow cytometer.

QUANTIFICATION AND STATISTICAL ANALYSIS

Associations between numeric meta-data variables were determined using Spearman 

correlation coefficients. We reported all significant associations that met a raw, unadjusted 

p-value threshold of 0.05, and further highlighted associations that met the False Discovery 

Rate (FDR)112 multiple testing correction threshold of 0.05. Select associations were 

further validated using orthogonal assays. For associations of rebound time with IPDA 

measurements, undetectable IPDA values in ACTG A5345 were valued at zero. For defining 

genes differentially expressed in selected clusters, Wilcoxon Signed-Rank tests were used 

and adjusted for multiple comparisons using the FDR-based Benjamini-Hochberg method. 

The DFBETAS parameter113 was used to estimate the influence of an extreme observation 

for given statistical associations. This parameter tests the scaled difference in the slopes 

of the respective linear associations that are estimated with the inclusion of the extreme 

observation. An observation was deemed influential for a given association when its 
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value was greater than 2/sqrt(N) where N is the number of observations used to estimate 

this association. Analysis of the DFBETAS parameter demonstrated that the associations 

reported in Figures 3D, 3E, 3G, and S2D were not driven by the outlier datapoints. In 

knockdown studies of DDIT4 and ZNF254, one-way ANOVA with Bonferroni correction 

for multiple comparisons were performed. Metformin studies were analyzed using one-

way ANOVA followed by Tukey’s multiple comparisons test or Mann-Whitney U test as 

indicated. Student’s t-test were used for assessing ex vivo effects of drugs on cells from 

PWH. Student’s t-test and Welch’s t-test with Holm-Sidak correction were used to assessing 

on ZNF254 over-expression. Welch’s t-tests were used to compare ZNF254 expression in 

HIV+ versus HIV− CD4+ T cells, and in CD4+ T cell subsets from ECs vs. non-controllers. 

For all analyses, p-values less than 0.05 were considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• “Omics” analysis of PBMCs from people with HIV (PWH) undergoing ART 

interruption

• Atypical NK cells, and durable/CD103+ T cells, associate with delayed HIV 

rebound

• Delayed rebound is associated with CD4+ T cell expression of ZNF254 and 

DDIT4

• ZNF254, DDIT4, and metformin silence HIV gene expression
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Figure 1. Schematic of experimental design
Blood collected immediately prior to ATI from three interventional cohorts (CLEAR, 

TEACH, and REDUC) based in Denmark, and non-interventional cohort ACTG A5345, 

were profiled by multiple methods including CyTOF and RNA-seq, and associated with HIV 

reservoir and time-to-rebound.
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Figure 2. Clusters T-D2 and T-D4 predict increased time-to-rebound in REDUC and TEACH, 
respectively
(A) Uniform manifold approximation and projection (UMAP) depiction of the five clusters 

of T cells (T-D1 to T-D5) from CLEAR, TEACH, and REDUC.

(B and C) Association of T cell cluster frequencies with time-to-rebound to ≥ 1,000 

copies/mL of HIV RNA (B) or number of intact proviruses per million CD4+ T cells 

(C). p-values were calculated based on fit of the generalized linear mixed effects models 

(GLMM) modeling, and those highlighted with an asterisk (*) remained significant (p < 

0.05) following adjustment for multiple comparison using the false discovery rate (FDR)-

based Benjamini-Hochberg method.

(D) Histogram plots demonstrating that cluster T-D2 are primarily memory 

(CD45RO+CD45RA−) CD4+ T cells.

(E) Phenotypic features of cluster T-D2 cells.

(F) Histogram plots demonstrating that cluster T-D4 are CD45RO−CD45RA+.
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(G) Phenotypic features of cluster T-D4 cells. In (E) and (G), boxes represent the 

interquartile range (IQR), with horizontal lines indicating median. Individual datapoints 

correspond to participants. p-values were calculated by Wilcoxon signed-rank test and 

adjusted for multiple comparisons using the FDR-based Benjamini-Hochberg method.

See also Figures S1, S2, and S7.
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Figure 3. In REDUC, CD56intCD16+ NK cells associate with shorter time-to-rebound, while 
CD56–CD16+ NK cells associate with longer time-to-rebound
(A) UMAP depiction of the seven clusters of NK cells (NK-D1 to NK-D7) from CLEAR, 

TEACH, and REDUC.

(B) Association of cluster NK-D1 with time-to-rebound to ≥ 1,000 copies/mL of HIV RNA.

(C) Cluster NK-D1 are primarily CD56IntCD16+ cells.

(D) Association of CD56IntCD16+ NK cell frequencies with time-to-rebound to ≥ 1,000 

copies/mL of HIV RNA.

(E) Association of cluster NK-D2 with time-to-rebound to ≥ 1,000 copies/mL of HIV RNA.

(F) Cluster NK-D2 are primarily CD56−CD16+ cells.

(G) Association of CD56−CD16+ NK cell frequencies with time-to-rebound to ≥ 1,000 

copies/mL of HIV RNA.

(H and I) NK receptor expression of cluster NK-D1 (H) or NK-D2 (I) cells.

(J) CD57 expression on cluster NK-D1 and NK-D2 cells from REDUC.
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(K) Associations of Tfh frequencies with cluster NK-D1 and NK-D2 frequencies.

(L) Association of Tfh frequencies with HIV serological responses. In (B), (D), (E), (G), 

(K), and (L), pvalues were calculated based on fit of GLMM modeling. pvalues highlighted 

with an asterisk (*) remained significant (p < 0.05) following adjustment for multiple 

comparison using the FDR-based Benjamini-Hochberg method. In (H)–(J), boxes represent 

the IQR, with horizontal lines indicating median. Individual datapoints correspond to 

participants. pvalues were calculated by Wilcoxon signed-rank test and adjusted for multiple 

comparisons using the FDR-based Benjamini-Hochberg method.

See also Figures S1, S2, and S7.
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Figure 4. CD103+ cluster associates with increased time to initial detectable viremia in ACTG 
A5345
(A) UMAP depiction of the nine clusters of T cells (T-A1 to T-A9) from ACTG A5345.

(B) Association of cluster T-A9 with time-to-detectable HIV RNA.

(C) Association of cluster T-A9 with HIV reservoir.

(D) Cluster T-A9 are primarily CD45RO+CD45RA−.

(E) Phenotypic features of cluster T-A9 cells.

(F) CD103 is exclusively highly expressed in cluster T-A9.

(G and H) Association of CD103+ T cell frequencies with time-to-detectable HIV RNA (G) 

or HIV reservoir (H).

(I) Association of cluster T-A9 with inflammatory markers.

(J and K) Association of cluster T-A9 with frequencies of polyfunctional Gag-specific T 

cells (J) or pol/env-specific T cells (K). pvalues in (B), (C), and (G)–(K) were calculated 

based on fit of the GLMM modeling, and those highlighted with an asterisk (*) remained 
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significant (p < 0.05) following adjustment for multiple comparison using the FDR-based 

Benjamini-Hochberg method.

See also Figures S1, S3, and S7.
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Figure 5. DDIT4 associates with increased time-to-rebound in ACTG A5345 and suppresses HIV 
expression
(A) Volcano plot depicting differetially expressed genes (DEGs) from RNA-seq analysis 

of CD4+ T cells from ACTG A5345. X axis corresponds to slope of log2fold-change in 

expression per unit increase in the time-to-rebound to ≥ 1,000 HIV RNA copies/mL, with 

positive corresponding to genes associated with increased time-to-rebound. Y axis reflects 

the −log10 of the association’s unadjusted p-value for each gene, with null hypothesis 

corresponding to log2fold-change = 0. Horizontal dashed line corresponds to threshold 

0.001. The top DEG (DDIT4) as ranked by p-values is labeled.

(B) Association of DDIT4 expression with time-to-rebound to ≥ 1,000 copies/mL of HIV 

RNA in ACTG A5345. p-value calculated based on fit of GLMM modeling. Counts per 

million, CPM.

(C) Knockdown of DDIT4 in J-Lat increases PMA-induced HIV latency reversal. Left: 

Western blot image showing partial knockdown of DDIT4 by siRNA as compared to non-

targeting (NT) siRNA. Indicated is percentage of DDIT4 signal remaining after knockdown 

by siDDIT4 relative to control condition. Right: GFP, a reporter for HIV gene expression, 

was monitored after 2 days of treatment with NT or DDIT4 siRNA, in absence or presence 

of 5 nM PMA. ****p < 0.0001 (one-way ANOVA with multiple comparison correction by 

Bonferroni). Error bars depict mean with standard deviation (SD).

(D) Schematic of experimental design for DDIT4 knockdown in a primary CD4+ T cell 

HIV latency model. Primary CD4+ T cells were infected with HIV-GFP and nucleofected 

with siRNA. Western blot analysis was conducted to evaluate DDIT4 knockdown efficiency, 
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and cultures were reactivated or not with anti-CD3/CD28 with after which fluorescence-

activated cell sorting (FACS) was performed.

(E) Knockdown of DDIT4 in primary model of HIV latency increases anti-CD3/CD28-

induced HIV latency reversal. Left: Western blot image showing partial knockdown of 

DDIT4 by siRNA against DDIT4. Indicated is the percentage of DDIT4 signal remaining 

after knockdown by siDDIT4 relative to non-targeting siRNA (siNT). Right: GFP was 

monitored after 2 days of treatment with NT or DDIT4 siRNA, in absence or presence of 

anti-CD3/CD28 stimulation. ****p < 0.0001 (one-way ANOVA with multiple comparison 

correction by Bonferroni). Bars indicate mean with SD.

(F) Schematic of effects of DDIT4 on mTORC1 signaling. DDIT4 activates a signaling 

cascade which culminates in inhibition of mTOR. SMAP2 activates PP2A, while Torin1 is 

an mTORC1 inhibitor.

(G) DDIT4-mediated repression of HIV gene expression is mediated by inhibition of mTOR 

signaling. GFP expression in primary CD4+ T cells was monitored after 2 days of treatment 

with NT or DDIT4 siRNA, in absence or presence of 10 nM of mTOR inhibitor Torin1 

and/or 5 μM of the PP2A activator SMAP2. **p < 0.01 and ****p < 0.0001 (one-way 

ANOVA with multiple comparison correction by Bonferroni). Bars indicate mean with SD.

(H) Plots depicting DDIT4 expression within CD4+ T cells from 191 ART-suppressed PWH 

obtained from an RNA-seq dataset,38 relative to HIV RNA (left) or HIV DNA (right). 

p-values were calculated based on fit of GLMM modeling. n.s. = non-significant.

See also Figures S5 and S6.
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Figure 6. Metformin upregulates DDIT4 and suppresses HIV expression
(A) Schematic of experimental design to assess the impact of metformin on HIV infection 

of tissue-derived CD4+ T cells. Human lymphoid aggregate cultures (HLACs) were treated 

with media alone or supplemented with metformin, after which a fraction of the culture was 

purified for T cells and analyzed for DDIT4 expression by western blot. Remaining HLACs 

were mock-treated or exposed to HIV reporter virus F4.HSA. Infection rates were monitored 

by FACS. (B) Western blot analysis of DDIT4 expression in purified T cells from two 

representative tonsil donors, with α-tubulin as loading control. Values indicate fold-increase 

in signal relative to 0 mM metformin.

(C) Gating strategy for FACS. Cells were gated on live singlets, followed by sub-gating on 

CD3+CD8− cells.
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(D and E) Representative FACS plots depicting productively infected cells (HSA+CD4dim) 

among CD3+CD8− cells in absence or presence of metformin (D). Infection data from 5 

independent donors are shown in (E).

(F) Cell viability as determined by lactate dehydrogenase (LDH) assay (left) or FACS 

viability dye (right) after treatment with indicated concentrations of metformin among 

infected tonsillar cultures. For (E) and (F), *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 

0.0001, as determined by one-way ANOVA followed by Tukey’s multiple comparisons test. 

Bars indicate mean with SD, colors represent independent donors (n = 5), and all conditions 

were performed in experimental triplicates.

(G) Metformin diminishes HIV expression by mean of 37% among infected tonsillar 

cultures. Plot depicts HIV infection rates in five independent donors in presence of 10 mM 

metformin, normalized to infection rates in absence of metformin. **p < 0.01 as determined 

by Mann-Whitney U test.

(H) Schematic of experimental design to assess impact of metformin treatment on 

HIV reactivation in cells from ART-suppressed PWH. Cryopreserved PBMCs from ART-

suppressed PWH were cultured overnight in presence of ART, purified for CD4+ T cells, 

and cultured in absence or presence of 10 mM metformin. Cells were then stimulated with 

PMA/ionomycin and quantitated by real-time-qPCR for HIV Gag.

(I) Metformin decreases ex vivo reactivation of HIV in CD4+ T cells from ART-suppressed 

PWH. Cells from four participants tested in experimental triplicates are shown on the left, 

while line graph on the right depicts overall mean decrease (51%) in HIV Gag RNA among 

the donors.

(J) Torin1 decreases reactivation of HIV in cells from ART-suppressed PWH. Experiment 

was performed as detailed in (H) but using Torin1 instead of metformin, and data depicted as 

in (I). HIV RNA induction was decreased by a mean of 40% among the donors. *p < 0.05, 

**p < 0.01, and ***p < 0.001 (unpaired Student’s t test).
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Figure 7. ZNF254 associates with increased time-to-rebound in ACTG A5345 and suppresses 
HIV expression
(A) Volcano plot depicting DEGs from RNA-seq analysis of CD4+ T cells from ACTG 

A5345, highlighting ZNF254.

(B) Association of ZNF254 expression with time-to-rebound to ≥ 1,000 copies/mL of HIV 

RNA in ACTG A5345. p-value calculated based on fit of GLMM modeling.

(C) Genomic structure ZNF254 gene. Untranslated regions (UTRs) are depicted as gray 

boxes, while coding regions are depicted as black boxes. Regions encoding the KRAB 

and ZNF domains are outlined in red and blue, respectively. Arrows along genes indicate 

transcriptional direction.

(D) Associations of ZNF10, ZNF304, ZNF350, ZNF417, and ZNF587 with time-to-rebound 

to ≥ 1,000 copies/mL of HIV RNA in ACTG A5345. For (B) and (D), p-values were 

calculated based on fit of GLMM modeling.
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(E) Knockdown of ZNF254 in J-Lat cell line increases PMA-induced HIV latency reversal. 

Left: Western blot image showing partial knockdown of ZNF254 by siRNA against ZNF254. 

Indicated is percentage of ZNF254 signal remaining after knockdown by siZNF254 relative 

to control condition. Right: GFP was monitored after 2 days of treatment with NT or 

ZNF254 siRNA, in absence or presence of 5 nM PMA. **p < 0.01 (one-way ANOVA with 

multiple comparison correction by Bonferroni). Bars indicate mean with SD.

(F) Knockdown of ZNF254 in primary model of HIV latency increases anti-CD3/CD28-

induced HIV latency reversal. Left: Western blot image showing partial knockdown 

of ZNF254 by siRNA against ZNF254. Indicated is the percentage of ZNF254 signal 

remaining after knockdown by siZNF254 relative to siNT. Right: GFP was monitored 

after treatment with NT or ZNF254 siRNA, in absence or presence of anti-CD3/CD28 

stimulation. **p < 0.01 (one-way ANOVA with multiple comparison correction by 

Bonferroni). Bars indicate mean with SD.

(G) ZNF254 overexpression suppresses basal HIV gene expression in J-Lat. J-Lat cells were 

transduced with ZNF254 or empty vector and monitored for GFP. **p < 0.01 (unpaired 

Student’s t test).

(H) ZNF254 overexpression suppresses TNFα-induced HIV gene expression in J-Lat. J-Lat 

cells were transduced as in (G) and treated with indicated concentrations of TNFα. *p < 

0.05 and **p < 0.01 (Welch’s t test with Holm-Sidak correction).

(I) ZNF254 overexpression suppresses HIV expression in primary CD4+ T cells. HIV-

infected primary CD4+ T cells were transduced with ZNF254 or control vector, stimulated 

or not with PMA/ionomycin, and monitored for GFP. *p < 0.05 (paired Student’s t test).

(J) Assessment of ZNF254 expression among HIV RNA+ (vs. HIV RNA−) CD4+ T 

cells identified by HIV-seq from three ART-suppressed PWH (PID1052, PID8026, and 

PID8027).50 *p < 0.05 and ****p < 0.0001 as determined by Welch’s t test.

(K) Box plots of distribution of normalized ZNF254 expression across 75 sorted CD4+ T 

cell subsets from ART-suppressed PWH (n = 15, corresponding to five subsets from each 

of 3 donors) and ECs (n = 60, corresponding to 5 subsets from each of 12 donors). Boxes 

represent IQR, with horizontal line indicating median expression. **p < 0.01 by Welch’s t 
test for unequal variances. TPM, transcripts per million.

See also Figures S5 and S6.
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