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Humanimmunodeficiency virus (HIV) persistsininfected individuals

despite effective antiretroviral therapy due to the rapid establishment of
latent reservoirs, mainly composed of quiescent memory CD4+ T cells.

The mechanisms governing latent reservoir formation remain poorly
understood. Here, using single-cell RNA-seq and functional studiesin
human primary CD4+ T cell models, we show that HIV infection with
reporter constructs and laboratory and patient-derived strains triggers
transcriptomic remodelling, activating the p53 pathway and a quiescence
programme mediated by Kriippel-like factor 2 (KLF2), a key quiescence
regulator. Loss- and gain-of-function studies, including unbiased shRNA
screens and confirmatory studies in CD4+ T cells from HIV+ donors,
demonstrate that HIV infection drives KLF2 and p53 signalling, which
downregulate MYC and proliferation pathways, resulting in proviral
transcriptional silencing. This enhances latent reservoir formationin T cells,
ensuring viral persistence. These findings present amechanism for forming
the latent HIV reservoir and broaden the repertoire of strategies through
whichviruses control host cells to their advantage.

The cessation of antiretroviral therapy in HIV-infected individuals is
almostinvariably followed withinweeks by areturn of viraemia due to
theactivation of a persistent and latent reservoir of HIV-infected cells' .
Eradication of these latently infected cells, which largely consist of
memory CD4+T cells, microgliaand, to asmaller extent, macrophages,
requires the development of novel therapeutic strategies* . Most of
the latent reservoir is found in quiescent CD4+ memory T cells’™’.
Recent studies have shown that during the transition from proliferat-
ing effector to quiescent memory cells, remodelling of the cellular gene
expression programme facilitates the entry of an integrated provirus
to latency’ ™. While entry into quiescence is thought to play a domi-
nantroleintheinductionof proviral latency, additional mechanisms,

such as direct infection of resting cells”>'?, the genomic locus of the
provirus™™, stochastic fluctuations in the expression of the viral
Tat protein and cellular proteins such as KAP1 (refs. 16-18) also help
regulate proviral entry into latency.

The mechanisms involved in entry of HIV-infected cells into qui-
escence and their impact on proviral transcription remains largely
unstudied, partly because this requires modellingin realistic primary
cellmodels. Several factors have beenimplicated in the induction and
maintenance of quiescence in uninfected cells, including key regula-
tory factors KLF2 (Kruppel-like factor 2), a zinc finger transcription
factor'®?, and the p53-induced antiproliferative factor TOB1 (Trans-
ducer of ERBB2-1)*2. Both proteins are known to be highly expressedin
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quiescent cells, and upon activation of T cells, their cellular levels are
strongly downregulated to nearly undetectable levels®*; however,
direct evidence that they play a regulatory role in primary human
T cells is lacking. TOB1 appears to partly mediate the cell cycle arrest
caused by activation of p53 (ref. 23). Overexpression of KLF2in human
CD4+T celllinesandin vivoin the mouse led to amarked downregula-
tion of proliferation and MYC expression, followed by cellular qui-
escence characterized by inhibition of proliferation, decreased cell
sizeand reductionin cellular activation markers*****, Similarly, KLF2
loss-of-function studies in vitro and in vivo in the mouse CD4+ T cells
led to spontaneous entry into the S phase, an activated phenotype
with increased cell size and expression of proliferation markers and
ahighlevel of apoptotic death that mimicked activation-induced cell
death®®*, However, some of these observations could be attributed to
the essential role of KLF2 for mature T cell egress from the thymus?**.
The pro-quiescence impact of KLF2 could be rescued by the expression
of MYC in Jurkat cells***, Further, expression of a dominant negative
MadMyc fusion protein could largely recapitulate the impact of KLF2
overexpression in Jurkat cells®. Together these results indicate that
KLF2 is a powerful inducer of quiescence in CD4+ T cells acting at
least partly through downregulation of MYC expression. However,
key questions such as whether the same factors areinvolved ininduc-
tion of quiescence in infected cells and the conditions in which the
quiescence programme is activated in productively infected cells
remain unanswered. Whether KLF2 plays asimilar role in CD8+ T cells
remains unstudied”**.

Results

We analysed global gene expression changes during the HIV life cycle
using ex vivo latency models of primary human CD4+T cells (QUECEL),
which provide highly pure, homogeneous populations of Thl, Th2, Treg
and Thi7 polarized, HIV-infected cells. The polarized cells were infected
using a pseudotyped, single-round HIV virus based on the NL4-3 strain
containing a CD8-EGFP fusion protein (Fig. 1a), which can be used to
gently and efficiently purify the infected cells*’. The QUECEL model
hasbeen extensively characterized by imaging of proviruses frominfec-
tion through quiescence® and measurements of the sequestration of
key transcription factors® and heterochromatin during quiescence®.

We performed RNA-seq on untreated, vector-infected (+vector)
and purified HIV-infected (+HIV) cells in proliferation-supporting
media 72 h post infection (72 hpi); 2 weeks after the addition of
quiescence-inducing cytokines when full quiescence and proviral
latency are achieved; and 24 h after reactivation through T cell recep-
tor (TCR) stimulation (aTCR 24 h) (Fig. 1a)". Differential expression
tests and dimensionality reduction studies indicated that within the
quiescent and a TCR 24-h groups, the uninfected, +vector and +HIV
cells clustered together and have very similar global gene expres-
sion patterns (Figs. 1b and 2a), which is consistent with published
data®**. Dimensionality reduction, differential expression studies
and pathway analysis on uninfected versus +vector cells maintained
in proliferative media indicated that these two cellular populations
were nearly identical in gene expression pattern (Figs. 1b and 2a, and
Extended DataFig.1a). Incontrast, +HIV 72 hpiformed adistinct cluster
(Fig.2a), indicating virally induced changes to the transcriptome, which
was confirmed by differential gene expression studies (Fig. 1b). Thl,
Th2,Th17 and Treg polarized cells showed virtually identical changein
gene expression patternin the above studies regardless of polarization
identity (Fig.2b and Extended Data Fig. 1b).

The use of QUECEL models enabled us to investigate the poorly
understood process of entry of primary human CD4+ T cells into qui-
escence at high transcriptomic resolution. Quiescence state transcrip-
tomicsignatures that were shared among uninfected, +vector and +HIV
quiescent cells included known pro-quiescence regulatory factors
KLF2, TOB1 and CDKN2B (Fig. 2c,d). By contrast, multiple pathways,
including MYC signalling and MTORC pathways, both of which are

known to be key drivers of the T cell proliferative phase®, were down-
regulated, along with pathways related to cell cycle, transcriptional
and translational regulation, and cellular metabolism (Fig. 2e,f and
Extended DataFig. 1c). Similarly, genes known to be up- or downregu-
lated during entry into quiescence, based on mSigDB gene sets and
published studies®®, overwhelmingly showed differential regulation
in the expected direction during entry of uninfected cells into quies-
cence in QUECEL models (Extended Data Fig. 1d), further confirming
the quiescentidentity of these cells.

These changes in gene expression were largely reversed after
TCR stimulation. Most genes downregulated during entry into
quiescence were upregulated after reactivation and vice versa
(Extended DataFig.1e). The majority of genes differentially expressed
following TCR stimulation were upregulated, indicating a global rise
in transcriptional activity (Fig. 1b). The upregulated genes and path-
ways included several cellular growth and proliferation markers and
pathways, including MYC and E2F signalling, while quiescent markers
were downregulated (Fig. 2c and Extended Data Fig. 1f,g). However,
several additional pathways, such as TNF and IL2-STATS5 signalling,
which were not enriched during entry into quiescence, were among
thereactivation-induced gene sets (Extended Data Fig. 1f,g).

HIV infection leads to transcriptomic changes identical to
those observed in quiescent cells

Unexpectedly, dimensionality reduction studies and Jensen-Shan-
non divergence calculations (Fig. 2a,b) showed that +HIV 72-hpi
cells (Extended Data Fig. 2a) clustered close to quiescent cells. Com-
pared to uninfected and +vector 72-hpi cells maintained in the same
proliferation-supporting media, +HIV 72-hpi cells showed a predomi-
nant pattern of transcriptional downregulation, with over 1,150 and
2,400 protein-coding genes up and downregulated, respectively
(Fig.1b). The cellular pathways altered after HIV infection (Fig. 3aand
Extended Data Fig. 2b) closely resembled those downregulated after
quiescence entry in uninfected and +vector cells (Figs. 3a and 2e).
Among the -3,300 protein-coding genes that were differentially
expressed in both uninfected and +vector cells when entering quies-
cence, over 2,650 showed a correlated change in expression in +HIV
72-hpi cells (Extended Data Fig. 2¢), further demonstrating strong
similarities between quiescence and 72-h post HIV infection gene
expression patterns.

The HIV-downregulated pathways correspond to key prolifera-
tive pathways, including MYC and mTORCI signalling, consistent
with reduced transcriptional and translational activity, bolstering
the above results. Metabolic pathways such as glycolysis, adipogen-
esis and oxidative phosphorylation similarly showed reduced activ-
ity (Fig. 3a and Extended Data Fig. 2b). Pathways regulated by E2F
and HIF1A (hypoxia-related pathways), also important players in the
T cell proliferative state®**, were likewise downregulated (Fig. 3a and
Extended Data Fig. 2b), even though the +HIV 72-hpi cells were main-
tained in proliferation-supporting media containing a high level of
IL-2(60 IU mI™), aknown inducer of proliferation in T cells. Activation
of the quiescence transcriptomic programme in HIV-infected cells
did not stem from an inability to respond to IL-2, as we could show
that despite downregulation of the IL-2 receptor IL-2RA/CD25 at RNA
level in these cells (Fig. 2c), the level of CD25 protein does not show a
decline in HIV-infected cells at 48 hpi (Extended Data Fig. 2d,e), while
the activation of the quiescence programme is clearly detectable at
this timepoint (see below). Further, cells showing the transcriptional
programme of quiescence could efficiently respond to IL-2 addition
(Extended Data Fig. 2f). Thus, acutely HIV-infected cells showed an
unexpected pattern of metabolic and transcriptional shutdown and
based on downregulation of MTOR, probably translational repression.

In contrast, upon addition of quiescence-inducing cytokines to
the +HIV cells (Fig. 1a), entry into a fully quiescent state isaccompanied
by relatively mild changes in key cellular proliferative and metabolic
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Fig.1|HIVinfectioninduces a strong pattern of transcriptional shutdown.

a, Schematic representation of the timecourse of ex vivo CD4+ T cell HIV latency
QUECEL modeland HIV reporter construct used in the majority of experiments

in this study. In the HIV reporter construct schematic, the location of each gene
isshown, along with the locus of the CD8a-EGFP-Nef fusion reporter gene.
Representative flow cytometry analyses are included, each containing two panels
corresponding to days 27 and 29 of the QUECEL timecourse. b, HIV-infected

cells require markedly fewer transcriptomic changes to enter the quiescent

state compared with identically maintained uninfected or vector-infected cells.

The number of genes up- or downregulated during transition between different
stages of HIV and T cell life cycle are shown. Pink and blue bars reflect the
number of up and downregulated protein-coding genes during each transition
or comparison, respectively. Dashed vertical lines compare the gene expression
patterns of uninfected (untreated HIV-naive), vector-infected and purified
HIV-infected cells after achieving full quiescence, or 24 h after TCR stimulation,
showing that the 3 experimental groups achieve nearly identical transcriptomic
patternsin either the quiescent or reactivated state.
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Fig. 2| HIV infection, entry into and exit from quiescence are accompanied

by strong changes in overall gene expression patterns. a, Dimensionality
reduction study using multidimensional scaling indicates the presence of strong
transcriptomic changesin early timepoints following HIV infection.
b,Jensen-Shannon distance analysis of the overall transcriptomic pattern of

the four polarized QUECEL ex vivo models at each step of the HIV life cycle
indicates strong similarities between the quiescent and 72-hpi HIV-infected
cells. ¢, Expression of quiescence and proliferation markers at different stages of
HIV and T cell life cycle points to the induction of a quiescence-like pattern 72 h
following HIV infection resembling that seen in cells maintained in quiescence-
inducing media for 2 weeks (cells labelled ‘Quiescence media’). Asterisks

mark MYC and KLF2, key factors in regulation of T cell activated and quiescent
states, respectively. d, Western blots indicating the timecourse of changes in

expression of KLF2, TOB1 and two MYC-regulated effectors CDCA7L and VEGF-A
atthe protein level, which corroborate the pro-quiescence transcriptomic
patterns observed in c following HIV infection. Molecular weight markers

are shown on the left in kilodaltons (kDa). This western blot experiment was
performed twice independently with similar results. dpi, days post infection.
e, Several pathways from the Hallmark gene lists of mSigDB, including MYC
signalling (marked by asterisks), were significantly positively and negatively
enriched during transition of vector-infected and uninfected cells from
proliferating to quiescent state. Numbers in parentheses indicate the number
of genes in each pathway that drive the enrichment phenotype (see Methods).
f, The activity of multiple transcription factors, including MYC (marked by an
asterisk), show strong changes after entry into quiescence in uninfected and
+vector primary CD4+T cells.
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pathways (Figs. 1b and 3a, compare lanes labelled +HIV quiescent and
+vector quiescent, also see Extended Data Fig. 3a,b). Consistent with
pathway analysis patterns, the number of genes differentially expressed
duringtransition of +HIV 72-hpi cells to full quiescence is small relative
to the magnitude of change during entry of +vector 72-hpi cells into
quiescence (Fig. 1b). As the fully quiescent +HIV and +vector cells are
largely identical in terms of their gene expression pattern as shown by
the very smallnumber of genes (<500) differentially expressed between

in proliferative medi

a

the two (Fig. 1b, also see Fig. 2b), these results indicate that after 72 h
of HIV infection, the cells have already undergone a large fraction of
transcriptomic changes needed to achieve the fully quiescent state.
In summary, transcriptomic results, along with confirmatory
western blots (Fig. 2d), indicate that HIV infection led to increased
expression of the key quiescence markers KLF2, TOB1 and CDKN2B,
along with the downregulation of proliferation markers such as CD25/
IL-2RA, CD71/TFRC and MYC (Fig. 2¢,d, see also Extended Data Fig. 3¢).
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Fig. 3 |HIVinfection leads to strong downregulation of the key proliferation
factor MYC and decrease in cellular proliferation. a, Several proliferative
pathways and gene sets are negatively enriched at 72 hpi. For comparison,
pathways changing in +vector cells during entry into and exit from the
quiescence state are shown, along with those changing during the transition of
+HIV 72-hpi cells to full quiescence. For this panel and in e and f, plus and minus
signs at the bottom indicate positive or negative enrichment, respectively.

b, Flow cytometry analysis of unpurified, minimally disturbed HIV-infected and
identically treated uninfected cells after 2, 4 and 6 days of infection or mock
infectionindicates areduction in proliferation markers in HIV-infected cells.
The circular gate marks the position of proliferative cells prior to HIV infection
or mock infection, with cells inside and outside this gate shown as purple
andblue dots, respectively. ¢, HIV infection leads to a slowdown of cellular
proliferation. Uninfected and HIV infected cells from 2 healthy donors were
grownin proliferative mediain the presence of IL-2and IL-7, and cell numbers
for each group were counted at indicated timepoints after infection or mock

infection. In this panel and in h, values shown are the mean + s.d. of 2 biological
replicates. d, CellTrace proliferation assays confirm the slowed proliferation rate
of HIV-infected cells. Peaks representing cells with decreasing CellTrace signal
mark each round of cell division after the application of CellTrace Yellow stain
(see Methods). e, Targets of proliferative transcription factors including MYC and
E2F1are negatively enriched 72 h after HIV infection. For comparison, changes
intranscription factor activity during entry into and exit from quiescence
in+vector cells are shown. f, Knockdown of MYC in CD4+ T cells resultsin a
transcriptomic profile closely similar to the one observed 72 h after HIV infection,
characterized by the negative enrichment of key proliferative pathways.

g h, Knockdown of MYC using siRNAs (siMYC) results in strong loss of expression
of Ki67 and cyclins D3 and Bl compared to cells treated with a non-targeting
siRNA. Both control and knockdown cells obtained from a total of 3 healthy
donors (2donors in h) were incubated in proliferative media containing high
levels of IL-2. Circular gate in g marks the position of proliferative cells, with cells
inside and outside the gate shown in blue and red, respectively.

Validating these unexpected results, a flow cytometry study of mark-
ers of proliferation cyclin D3 and Ki67 showed a correlated decrease
in protein level in unpurified, minimally disturbed HIV-infected cells
compared to uninfected cells starting as early as 48 hours post infec-
tion (Fig. 3b and Extended Data Fig. 3d-f). Similarly, analysis of the
growth rate of +vector 72-hpiand +HIV 72-hpi cells through calculation
of growth curves and CellTrace proliferation assays showed a clear
reductionin cellular growth starting at 2 days after HIVinfection which
reflected the ratio of infected cellsin the population, while both groups
showed similar viability (Fig. 3¢,d and Extended Data Fig. 3f,g). As can
be seen in Extended Data Fig. 4a-c, similar to the case with +vector
quiescent cells (Extended Data Fig. 1d), the gene expression pattern
of +HIV 72-hpi cells closely reflected the transcriptomic signature of
the quiescent state.

HIV infection induces ablock to MYC signalling, a key
proliferative factor in CD4+T cells

We defined the enrichment pattern of transcription factor binding sites
near the promoters of genes differentially expressed after HIV infection,
which pointed to astrongly significant reductionin expression of genes
with binding sites for the two major proliferative transcription factors
in CD4+ T cells, MYC and E2F (Fig. 3e and Extended Data Fig. 5a). The
temporal pattern of gene expression changes in response to HIV infec-
tion and during entry into full quiescence indicated that several key

proliferative regulatory pathways and genes, most prominently MYC
target genes and MYC itself, show a strong and rapid downregulation
predominantly in early timepoints (within 72 h) after HIV infection
(Extended DataFig. 5b-e). Asecond group of regulatory pathways and
genes, such as cyclins and E2F family genes and pathways, are predomi-
nantly downregulated in later timepoints (days 4-14 after HIV infec-
tion), including during entry into full quiescence after the addition of
quiescence-inducing cytokines (Extended Data Fig. 5¢c-f). Among the
upregulated pathways, the p53 pathway and its downstream signalling
pathway of Wnt/beta catenin®**° were among the ‘early’ responding
group (Extended Data Fig. 5d, see also Fig. 3a). Furthermore, several
pro-quiescence genes, including KLF2, CDKN2B, CDKN1A, SMPD3
and SMAD3, were also predominantly or exclusively induced in early
timepoints after HIV infection (Extended Data Fig. 5e). Altogether, these
datasuggest that the majority of the upstream signalling events of the
quiescence programme were already setin motion within 72 hpost HIV
infection, with the gene expression changes at the later timepoints
corresponding to the downstream results.

Althoughtheimpact of HIVinfectionontheinduction of the tran-
scriptional programme of quiescence hasbeen previously overlooked,
individual aspects of this phenotype have been noted in literature
including reduced expression of genes associated with activated state
in CD4+ T cells®**, suppression of transcription, RNA processing*,
translation*, metabolism, proliferation-related pathways and cellular

Fig. 4 |HIV-induced activation of p53 pathway and KLF2 leads to MYC
downregulation and loss of proliferation markers. a, RIT-induced p53
activation leads to slower proliferationin CD4+ T cells from 2 healthy donors
(with2-3 independent replicates per donor) incubated in proliferation media.
The statistical values were based on two-tailed ¢-tests. For the 48 h timepoint,
t-statistic was (5) = -2.71, 95% confidence interval (CI): [-1.326, -0.037] and
Cohen’sd =1.11 (large effect). Here and in panels f-h, values shown are the

mean + s.d. of biological replicates. b, Flow cytometry analysis indicates a
strong downregulation of proliferation markers in cells treated with the p53
agonist RITA for 96 h, despite the presence of high IL-2in the media. Cells treated
with vehicle for 96 h or with quiescence-inducing cytokines for 3 weeks (left
andright panels, respectively) are included as negative and positive controls.

¢, Pre-treatment of CD4+ T cells from 3 healthy donors with p53 inhibitor
pifithrin-a partially inhibits HIV-mediated loss of proliferation markers cyclin
D3 andKi67 in primary CD4+ T cells. In the boxplots: the central line, lower

and upper edges of the box correspond to the median, first (Q1) and third (Q3)
quartiles, respectively, which in this plot are identical to the data points; the
whiskers extend to the most extreme data points within 1.5 the interquartile
range (IQR). For the comparisons of uninfected versus +HIV vehicle-treated

and +HIV vehicle versus pifithrin-treated samples, two-tailed Student’s ¢-test
was used, paired by donor, with the ¢-statistics of ¢(2) = 9.03 and £(2) = -5.86,
Cohen’sd,=5.21and 3.38 (both large), and 95% Cls = [14.70, 41.44] and [2.61,17.07]
percentage points, respectively. d, p53 pathway activationinisolation leads to
downregulation of MYC targets and some additional proliferative pathways that

are also negatively enriched in HIV-infected cells. For this panel and i, plus and
minus signs at the bottom indicate positive or negative enrichment. e, KLF2 is
among transcripts showing the strongest negative correlation with MYCin the
main effector cell polarized subtypes. f, RT-qPCR analysis of KLF2 level in vector
or HIV-infected primary human CD4+ T cells from 2 healthy donors (with 3 PCR
replicates per donor) in the presence or absence of Raltegravir (labelled here as
Ralteg) confirms the induction of KLF2 after HIV infection and its dependence on
proviralintegration. g,h, Knockdown of KLF2 prevents entry into quiescence in
CD4+T cells from 2 healthy donors. Proliferating cells were treated with 2 siRNAs
against KLF2 (siKLF2) or a non-targeting control siRNA and were incubated in
quiescence-inducing media. Cell number (g) or the fraction of cells positive

for both cyclins D3 and B1 (h) was measured atindicated timepoints. i, KLF2
knockdown results in upregulation of pathways associated with proliferation,
including mTORCl1 signalling and HIF-1a-regulated genes (hypoxia pathway).

Jj, Pre-treatment with Simvastatin, a pharmaceutical drug shown to upregulate
KLF2, enhances HIV-induced loss of proliferation markers in primary CD4+ T
cells. The circular gate marks the location of proliferating cells, with cells inside
and outside this gate shown as blue and red dots, respectively. k, Unbiased
shRNA screen results point to KLF2 as a gene critical for maintenance of cellular
quiescence and proviral latency. Similarly, the negative enrichment of MYC
points toits critical role in the maintenance of the cellular proliferative state and/
or proviral transcriptional activity. shRNA screen hits are shown as circles, with
the Yaxis indicating relative enrichment. A p53-induced negative regulator of
cellular proliferation, CDKN1A/p21, is also enriched.
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growth rate****, To determine the reproducibility and generality of
our findings, we used multiple independently performed RNA-seq
studiesinvolving early HIV infection timepoints from public databases
(Supplementary Table1) in which high levels of infection were achieved
using different strains of replication-competent HIV from LAl and NL4-3
clones®**4¢47 and primary HIV isolates****, which were used to infect
diverse CD4+T celllines and primary CD4 cells (Supplementary Table 1).
Our reanalysis of these additional RNA-seq studies showed changesin
critical cellular pathways nearly identical to those in our study. These
included an upregulation of the p53 pathway and a downregulation
of critical proliferation pathways, most prominently MYC and E2F
signallingand cell cycle-related pathways (Extended Data Fig. 5g). We
also analysed purified primary CD4+ memory cellsinfected with six dif-
ferentstrains of HIV, all of which showed induction of the HIV-induced
quiescence phenotype (Extended Data Fig. 5h).

Finally, we asked whether different polarized CD4+ T cells show
differential transcriptomic patterns after HIV infection. While all
tested polarized cells showed a strong downregulation of MYC sig-
nalling, E2F signalling was not a strong player in Th17 polarized cells
(Extended Data Fig. 5i). Interestingly, it has been shown that MYC
is a strong regulator of E2F signalling*®*°. The much smaller mag-
nitude of change in the expression level of the E2F family members
that positively regulate T cell proliferation (E2F1, 2 and 3)*** com-
pared with the level of MYC downregulation following HIV infection
(Extended Data Fig. 5b,f,g) suggests that the changes in E2F signalling
may be secondary to the reduced level of MYC transcriptional activity.

To determine whether downregulation of MYC alone could reca-
pitulate the observed HIV-induced changes in gene expression, we
electroporated MYC-targeting and non-targeting control shortinter-
fering (si)RNAs into proliferative, uninfected primary CD4+ T cells
to knock down MYC (Extended Data Fig. 6a-c). Reduced MYC levels
resulted in downregulation of multiple proliferative pathways and
a gene expression pattern that very closely mimicked that observed
following HIV infection (Fig. 3f). Flow cytometry studies confirmed
the loss of proliferative markers in the absence of changes in viability
level, similar to what was observed after HIV infection (Fig. 3g,h and
Extended Data Fig. 6a,c—e). Thus, the downregulation of MYC was
sufficient to recapitulate the gene expression pattern observed after
HIV infection.

Early activation of KLF2 and p53 signalling pathways
downregulates MYC and initiates the programme of
quiescence

To define the mechanism of MYC downregulation after HIV infec-
tion, we next investigated the potential contribution of HIV-induced

early activation of the p53 pathway, a known negative regulator of
MYC™. Treating proliferating primary human CD4+ T cells with
two known p53 agonists, RITA and nutlin®***, led to p53 induction
(Extended Data Fig. 6f-h) along with a concomitant slowdown in
cellular proliferation and pronounced downregulation of prolifera-
tion markers within 24 h (Fig. 4a,b and Extended Data Fig. 6h) with
no or minor changes to viability (Extended Data Fig. 6h). Conversely,
pre-treatment of cells with pifithrin, aknown p53 antagonist, before
HIV infection resulted in a significant reduction in the fraction of
cells showing a quiescent phenotype (Cyclin D3—, Ki67-) compared
to vehicle-treated cells (Fig. 4c and Extended Data Fig. 6i,j). RNA-seq
study of the RITA-treated cells pointed to the downregulation of MYC
and several MYC target genes (Fig. 4d and Extended Data Fig. 6k),
albeit at alower magnitude compared with what was observed fol-
lowing HIVinfection, pointing to the involvement of additional factors
ininduction of the observed HIV-induced transcriptomic signature
of quiescence.

To find potential candidate genes that may play such arole,
we identified the HIV-induced genes that showed a negative corre-
lation with MYC level (Fig. 4e). Interestingly, KLF2, a known potent
negative regulator of MYC and a key inducer of cellular quiescence
in CD4+ T cells, was among the genes showing the strongest negative
correlation with MYC in multiple studies both in the presence and
absence of HIV (Fig. 4e and Extended Data Fig. 7a-e). Among the ~100
protein-coding genes that were consistently up or downregulated
after HIVinfectionin datasets shown in Extended Data Fig. 5g, the most
upregulated gene was KLF2 (Extended Data Fig. 7f). In contrast, MYC
was among the genes consistently showing a strong downregulation
after HIVinfection (Extended Data Fig. 7f).

Timecourse studies in primary human CD4+ T cells following
infection with the HIV reporter virus indicated that the level of KLF2
was significantly upregulated at 24 hpiand showed further increase at
48 hpi (Fig.4f), reaching levels comparable to those in resting memory
cells (Extended Data Fig. 7g). Importantly, this increase was not a pas-
sive side effect of cellular stress but depended on HIV proviralintegra-
tioninto the genome, as raltegravir addition blocked the rise in KLF2
levels (Fig. 4f). KLF2 knockdown prevented entry into quiescence, even
when the knockdown cells were cultured in quiescence-inducing media,
without affecting viability (Fig. 4g,h and Extended Data Fig. 7h-j).
Pathway analysis pointed to induction of pathways that are down-
regulated during entry into quiescence, including glycolysis, MTORC
signalling and HIF1a downstream genes (hypoxia pathway)(Fig. 4i). On
the other hand, treating proliferating primary human CD4+ T cells with
simvastatin, a known inducer of KLF2 (refs. 55-57), strongly reduced
the expression of proliferative markers without affecting cell viability

Fig. 5| Transcriptionalssilencing of the HIV proviral genome by concomitant
activation of p53 signalling and KLF2, akey transcription factor associated
with the quiescence/resting state, after HIV infection. a, Uniform manifold
approximation and projection (UMAP) of scRNA-seq data derived from a healthy
donor with 2 biological replicates in addition to technical replicates shows HIV+
96-hpi cells clustering between uninfected proliferating cells and HIV+ quiescent
cells. b, Distribution of +HIV 96-hpi cells expressing MYC, KLF2, p53 pathway
genes, or both p53 pathway genes and KLF2. ¢, Level of expression of HIV provirus
in cells expressing p53 pathway genes, MYC, KLF2 or p53 pathway genes and
KLF2incombination. d, Proviral transcriptional shutdown is associated with
dual activation of p53 and KLF2 signalling in ex vivo HIV-infected CD4+ T cells. In
each violin plot, the central box, white dot and whiskers indicate the interquartile
range (25th-75th percentiles), median and 1.5x IQR. Two-tailed Mann-Whitney
U-test was used for the comparisons of KLF2+p53+vs KLF2+53—, MYC+and
KLF2-p53+,yielding Ustatistics 0f 293.0, 667.5 and 4,541.5, respectively. As

the primary hypothesis tested was that the KLF2+p53+ group differed from all
three comparator groups, no multiple-comparison correction was required
(intersection-union framework). e, UMAP of single-cell RNA-seq data from 6
HIV+donor CD4+ T cells. Colours show the separation of resting and ex vivo
activated cells. f, Side-by-side UMAPs show the distribution of resting and ex vivo

activated cells. g, Clustering study showing the presence of different resting

and activated states. h, Expression pattern of key quiescence and activation
markers on UMAPs identifies 3 clusters which largely consist of activated cells.
The color bar indicates loglp-transformed gene expression values. i, Dotplot
identifies clusters representing activated, resting and intermediate states.

j, Dotplot showing the stronginduction of MYC target genes in the 2 most
activated and inflamed clusters. k, Trajectory analysis indicates the separation of
the cells into untreated (largely KLF2+ resting cells before ex vivo reactivation)
and ex vivo reactivated groups, with the majority of the reactivated group
innodes 4,9 and10.1, The two MYC+ clusters inj constitute over 80% of cells
innodes 4,9 and 10 which correspond to the endpoint of the trajectory,
highlighting the strong association of MYC with the reactivated state. Node
colors correspond to the cluster identities defined in g, and the pie chart
proportions within each node represent the relative contributions of each
cluster.m,n, Expression pattern of KLF2 and MYC indicate their association with
the resting and activated state, respectively. Colour bars to the right of each plot
indicate the averaged expression level per node. o-r, Expression patterns of
multiple markers of the activated state map to nodes 4,9 and 10. s,¢t, Calculations
of the AUC of ROC plots indicate that the expression patterns of CD40LG and
KLF2 are excellent predictors of the activated and quiescent states, respectively.
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Fig. 6| Aloss-of-function mutation within the Rev gene does not abolish the
quiescence-inducing capacity of HIV. a, Ex vivo infection of Th17 polarized
primary CD4+ T cells from 2 healthy donors with a Rev mutant HIV construct
results inloss of cyclin D3 and Ki67 expression within 48 h. This indicates that Tat
and/or Nef, which are the only genes still expressed by this construct, are critical
for theinduction of the HIV-induced quiescence programme. b, The Rev mutant
HIV construct induces the same level of drop in Ki67 as the parental construct
with a functional Rev in 48-hpi ex vivo-infected CD4+ T cell populations from 2
healthy donors. The ratio of cells with high versus low levels of Ki67 as shown by

flow cytometry is plotted on the Y axis. In this panel and in ¢, the values shown
arethe mean + s.d. of biological replicates. ¢, Mean fluorescence intensity of PE
anti-cyclin D3 signal detectable in uninfected cells and cells infected with wild-
type or mutant Rev HIV constructs at 48 hpi from 2 healthy donors indicates a
similar level of loss of proliferative state. d, Flow cytometry results represented
asahistogram show the bimodal pattern of expression of Ki67 at 48 hpiin ex
vivo-infected cells from 2 healthy donors, consistent with the activation of the
HIV-induced quiescence programme in the Rev mutant HIV construct.

(Fig.4j,and Extended DataFigs. 6h and 7k,1), consistent with exit from
the proliferating state.

To complement the above studies, we also performed an unbi-
ased short hairpin RNA (shRNA) screen against 15,000 cellular

protein-coding genes toidentify those involved in positive or negative
regulation of HIV transcriptional activity*®. Since proviral activationis
strongly associated with the T cell activated state", loss of function of
factorsinvolvedininhibiting T cell activation will yield positive hitsin
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our screen. Interestingly, ~40 genes among those consistently up or
downregulated following HIV infection (Extended Data Fig. 7f) were
enrichedinthe shRNA screen, with KLF2and MYCamong the most posi-
tively and negatively enriched genes in this list, respectively (Fig. 4k).
CDKN1A/p21, aknown p53 effector gene and a potent inducer of cell
cycle arrest, was also among the positively enriched genes (Fig. 4k).
Interestingly, anindependently performed shRNA screen study identi-
fied KLF2 as a key factor in maintaining HIV latency*’. Together, these
data not only indicate that KLF2 and MYC are among the most differ-
entially regulated genes and pathways after HIV infection, but also that
their loss of function is sufficient to induce and prevent HIV latency
reversal, respectively, probably through regulation of the balance
between the activated and quiescent state in CD4+ T cells.

Single-cell (sc)RNA-seq demonstrates that activation of KLF2
and p53 pathways is associated with proviral transcriptional
shutdown

We also performed scRNA-seq analysis on primary CD4+ T cells from
ahealthy donor with two biological replicatesin addition to technical
replicates. Weincluded samples before infection, 96 hpi with our HIV
reporter virus, following 14 days of incubation of the infected cells
in the quiescence-inducing media, and 24 h after reactivation of the
quiescent cells through TCR stimulation (+HIV «TCR 24 h). As with bulk
RNA-seq results (Fig. 2a), dimensionality reduction studies indicated
that +HIV 96-hpi cells that were maintained in proliferative media were
distinct from theidentically maintained uninfected cells and occupied
aposition between the uninfected and quiescent cells (Fig. 5a). Mul-
tiple proliferation and metabolic activation markers were negatively
enrichedinthe +HIV quiescent and 96-hpi cells compared to prolifera-
tive uninfected and +HIV o TCR 24-h cells (Extended Data Fig. 8a-d).
Analysis of the HIV expression level in +HIV 96-hpi cells indicated that
those with a signature of MYC expression had the highest HIV expres-
sionlevel (MYC+ cells, Fig. 5b—d). These cells also had the highest unique
molecularidentifier (UMI) counts per cell, consistent with amore acti-
vated phenotype (Extended Data Fig. 8e). Cells expressing p53 activa-
tion markersinthe absence of KLF2 expression had alower number of
cellular RNAs consistent with amore quiescent phenotype, butonly a
modestly reduced HIV expression level, indicating thatinduction of p53
signalling per seis not sufficient to transcriptionally silence the provi-
rus (KLF2-p53+cells; Fig. 5c,d and Extended Data Fig. 8e). In contrast,
KLF2-expressing cells, evenin the absence of p53 signalling, had amuch
lower number of RNAs per cell and limited the proviral transcription
to abasal level (KLF2+p53- cells; Fig. 5¢c,d and Extended Data Fig. 8e).
Importantly, cellsin which both KLF2 and the p53 signalling were acti-
vated showed a strong reduction of HIV proviral transcriptional activity,
with anaverage of >75% reduction in proviral transcription compared
to MYC+ cells (KLF2+p53+ cells; Fig. 5¢c,d and Extended Data Fig. 8e).
This strongly reduced proviral transcription level in KLF2+p53+ cells
was observed both before and after normalization of proviral expres-
sion level to total cellular counts (Extended Data Fig. 8f). Thus, the
post-infection concurrent activation of the KLF2 and p53 pathways,
in addition to reprogramming of cells for entry into quiescence, also
sharply reduced the expression of proviral genes, setting the stage for
proviral latency and formation of the latent reservoir.

Finally, we used primary CD4+ T cells from the Sabes project®,
which includes cells from 6 HIV-positive donors both at the viraemic
state and following a year of cCART-mediated suppression. We ana-
lysed scRNA-seq data obtained at basal state and following ex vivo
antigen-mediated reactivation in the presence of 10 pM enfuvirtide
for9 h, whichled to the induction of HIV transcription®’. At basal state,
cells showed a high KLF2 level and a gene expression pattern consist-
entwith the quiescence state, includingalow MYClevel (Fig. 5e-hand
Extended Data Fig. 9a). The level of MYC and other markers of T cell
activation, includingIL-2and CD40LG, showed adramaticincrease after
reactivation, along with astrong reductionin KLF2levels (Fig. Sh-jand

Extended Data Fig. 9a-d). Trajectory analysis indicated the presence
of multiple quiescent populations corresponding to quiescent naive
and memory cells representing the starting point of the pseudotime
(Fig. 5k,land Extended Data Fig.10a-g). Following reactivation, three
distinct populations of cells at various activated states were detected,
representing the downstream stages of the pseudotime, with the
MYC"e" CD40LG"e" KLF2'¥ cells constituting the main population of
reactivated cells (Fig. 51-r and Extended Data Fig.10h-s). To determine
the extent of association of KLF2 expression with the resting/quiescent
state in CD4+ T cells, we trained a logistic regression model using the
Sabes RNA-seq dataset, with CD40LG, astrong marker of the activated
state in CD4+ cells used as control. As expected, logistic regression
models proved CD40LG tobe astrong predictor of the activated state
(Extended Data Fig.10t-vand Supplementary Table 2). KLF2 similarly
performed strongly asa predictor of the quiescent/resting state, with
acoefficient of +3.3 (confidenceinterval: 3.24-3.42). Accuracy, preci-
sionandrecall values of 0.83, 0.89 and 0.74, respectively, proved that
KLF2 is an accurate and sensitive marker of quiescent/resting cells
(Extended Data Fig. 10w and Supplementary Table 2). Consistently,
receiver operating characteristic (ROC) curves showed area under
the curves (AUC) of 0.84 and 0.88 for KLF2 and CD40LG, respectively,
proving both to be excellent predictors of the resting and activated
state, respectively (Fig. 5s,t).

We have not yet defined which HIV gene(s) are involved in the
induction of the HIV-mediated quiescence programme. However, Tat
appearsto contributeto the phenotype. We used avirus that was unable
to express the Rev gene due to mutation of the initiator methionine
to threonine in our HIV construct. This mutation effectively prevents
the expression of the HIV proteins except for Tat and Nef. Infection
of human primary CD4+ cells with this mutant construct and one
containing wild-type Rev gene led to a comparable induction of the
quiescence programme (Fig. 6a-d), indicating that Tat may contribute
to the induction of the HIV-induced quiescence programme. This is
consistent with reports that soluble Tat has anti-proliferative effects
duetotheinduction of IL-10 (refs. 61,62). However, theindirect effects
of Tatdueto theinduction of apoptotic pathways could also contribute
to these phenotypes®.

Discussion
Our datareveal a previously unknown facet of the formation of the
latent reservoir, in which the expression of proviral proteins, probably
Tat, shortly after infection with HIV and proviral integration resultsin
the activation of amultipronged quiescence mechanism. This process,
whichismediated through activation of the pro-quiescence p53 signal-
ling cascade and KLF2 among other factors, leads to suppression of
the expression of MYC, which is known to play a pivotal role in main-
taining the activated state of T cells®***. The resulting downregulation
of key proliferative and metabolic pathways, in turn, lead to cellular
quiescence and proviral transcriptional shutdown at least in a subset
of the infected cells.

It has been shown that shortly after HIV infection, induction of the
IFN response and cellular stress result in p53 activation®>*®. In addition
to its pro-quiescent function, p53 can directly restrict HIV replica-
tion and proviral gene expression through multiple mechanisms® ",
which may contribute to the observed proviral transcriptional shut-
down. While the induction of p53 leads to apoptosis in a fraction of
Hiv-infected cells”, a steep rise in the expression of pro-quiescence,
pro-survival factor KLF2 after HIV infection leads to survival and
induction of quiescence in CD4+ T cells?®”"*, In contrast to p53, the
mechanism of induction of KLF2 after HIV infection is not known,
and the absence of KLF2 upregulation after treatment of primary
CD4+ T cells with IFNa did not support the possibility that similar to
p53, upregulation of KLF2 is induced by the innate immune response
(Supplementary Fig. 2). FOXO1, a critical factor in homeostasis of CD4+
Tcells, hasbeenshownto playaroleininduction of KLF2 (ref. 72). Itis
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plausible that cellular stress and/or DNA damage response following
viralintegration leads to activation of FOXO1 (refs. 73,74), whichin turn
induces the expression of KLF2. Our observation that proviral integra-
tion is necessary for KLF2 induction after HIV infection is consistent
with this possibility. However, additional signals from the expressed
proviralgenes, probably Tat, are needed for the induction of KLF2 and
the quiescence phenotype, as cells transfected with an empty lentiviral
vector did not show arise in KLF2 level compared to the control.

Accumulating evidence from our work and others” ™ docu-
ments the close association of entry into quiescence with proviral
latency. While many aspects of the initiation and progression of this
HIV-induced quiescence programme remainto be studied, our obser-
vation of pro-quiescence reprogramming of CD4+ T cells shortly after
HIV infection suggests that the formation of a population of latently
infected cellsis aninherent outcome of HIV infection, pointing to the
inexorability of the formation of the latent reservoir.

Methods

The studies described in this manuscript, including the use of human
peripheralblood mononuclear cells (PBMCs) and HIV viral constructs,
comply withall relevant biosafety and ethics regulations and have been
approved by Case Western Reserve University’s Institutional Review
Board (IRB No. 01-98-55). For a description of reagents used in this
work, please see Supplementary Table 3.

Primary cell culture

Peripheral blood mononuclear cells from HIV-negative Caucasian
male donors were purchased from Allcells (ordering code LP, CR,
MNC, 100 M). Naive and memory CD4+ T cells were isolated using
EasySep Human Naive CD4+ T Cell Isolation kit Iland EasySep Human
Memory CD4+ Cell Enrichment kit, respectively, according to manu-
facturer’sinstructions. Cells were resuspended at 1 x 10° cells per mlin
primary culture media (RPMIwith Normocin, 10% fetal bovine serum
and 25 mM HEPES). Immediately after isolation, cells were treated
with Dynabeads Human T-Activator CD3/CD28 at a 1:1 bead-to-cell
ratio and 60 IU mI™ IL-2. Cells were maintained at 37 °C and 5% CO,.
Dynabeads were removed using amagnet after 24 h. To polarize naive
CD4+T cellsinto the four major effector T cell subsets Th1, Th2, Th17
and Treg cells, purified naive CD4 T cells were resuspended in 10 ml
RPMImedium, stimulated with 10 pg ml™ concanavalin A (ConA, EMD
Millipore) and exposed to subset-specific cytokines. After 72 h at
37 °C, additional fresh medium, ConA, polarization cocktail cytokines
and 120 IU mI™ of IL-2 was added. After an additional 6 days, the cells
were washed and transferred into primary cell RPMI medium con-
taining growth cytokines of IL-23 (50 ng ml™) and IL-2 (60 IU mI™)
for Thi7 cells, while for Th1, Th2 and Treg cells, only IL-2 was added™.
During subsequent expansion, cell populations were diluted back to
1x10° cells per mlin primary culture media and supplemented with
60 IU mI™IL-2 every 2 days.

Celllines

Jurkat cells were purchased from ATCC (TIB-152) and maintained at
37 °C and 5% CO, in the described primary culture medium. Authen-
tication documents are available through the vendor upon request.

Reporter virus

Asingle-round VSV-pseudotyped HIV reporter virus included the tat,
rev, env,vpu and nefgenes and a CD8-EGFP fusion protein that permits
the use of magnetic beads for agentle, minimally disturbing purifica-
tion of infected cells (Fig. 1a). As withmany membrane-bound proteins,
the CD8-EGFP fusion protein has a long half-life, thus permitting the
purification of infected cells even after entering latency. This pseu-
dotyped reporter virus cannot form syncytia, so it does not lead to
the strong cytopathic effects observed with full-length, replicative
competent HIV.

Reporter virus infection

Ten million polarized CD4+ T cells at a concentration of 5 x 10° cells
per mlwere mixed with high-titre single-round VSV-pseudotyped HIV
reporter virus and centrifuged at 1,800 x g for 1.5 h to promote viral
fusion. Cells were incubated overnight in the existing media, then
diluted back to 1x 10° cells per ml in primary culture media and sup-
plemented with 60 IU mI" IL-2. At 72 h post reactivation, the infected
cells were purified with minimal disturbance using magnetic beads.
The purified cells were >95% positive for the viral Nef protein and GFP".

Quiescence and reactivation of CD4+ T cells

Toinduce quiescence,onday 7 post infection, the purified, HIV-infected
(+HIV) or identically maintained uninfected or vector-infected
cells were switched to media containing a defined cocktail of
quiescence-inducing cytokines including 10 ng mI™ TGF@3, 50 ng ml™*
IL-8 and 10 ng mI" IL-10 (ref. 11). Every 4 days, these cytokines were
re-added along with15 IU mI™IL-2 to maintain cell viability. To reactivate
the quiescent cells, they were stimulated through the TCR using CD3/
CD28beads for 24 h, as described above.

Flow cytometry assays confirmed entry into quiescence by meas-
uring the progressive reduction in proliferation markers and sharply
reduced proliferation rate™. Once quiescent, the level of HIV expression
isreduced toalmost undetectablelevels (1%), indicative of HIV latency.
Upon stimulation through the TCR by exposure to a-CD3/0-CD28
monoclonal antibodies, the fraction of HIV-expressing cells increases
dramatically (>80%), indicative of exit from quiescence and proviral
latency.

RT-gPCR assays
For RT-qPCR-based assays, total cellular RNA was collected using TRI-
zolreagent and preparation of complementary (c)DNA was performed
with PrimeScript RT Reagentkit as described, using both oligo(dT) and
random hexamers”. The resulting cDNA was used in qPCR reactions
withiQSYBR Green Supermix onan EppendorfMastercycler Realplex2
systemand analysed as described”. For studies with Raltegravir, either
vehicle or Raltegravir was added to the proliferating primary CD4+
T cells at a final concentration of 5 uM 48 h before infection with the
vector or HIV reporter viral preparations, followed by collection of
cellular RNA at the indicated timepoints after infection.

The primers used for detection of MYC and KLF2 in these
studies were:

KLF2FWD 1: CAAACGCACCGCCACTCACAC

KLF2RVS1: AGCCGTCCCAGTTGCAGTGGTA

KLF2 FWD 482: CTACACCAAGAGTTCGCATCTG

KLF2RVS 482: CCGTGTGCTTTCGGTAGTG

MYC FWD 1: GGACCCGCTTCTCTGAAAGGCT

MYCRVS1: TAACGTTGAGGGGCATCGTCGC

MYC FWD 2: CCACCACCAGCAGCGACTCT

MYCRVS 2: CCTTTTGCCAGGAGCCTGCCTC

Bulk RNA-seq library preparation

Three replicate bulk RNA-seq experiments were performed over
2 years. Briefly, poly(A)+ RNA (replicates 1and 2) or total cellular RNA
(replicate 3) were collected from a million viable Thil, Th2, Th17 and
Treg cells 72 h after infection with the HIV construct shown in Fig. 1a
containing a GFP-CD8a fusion reporter gene. For total cellular RNA
preparations, ribosomal RNAs and other abundant housekeeping
RNAs were removed, followed by fragmentation, cDNA synthesis and
adaptor ligation". High-throughput sequencing was performed onan
Illumina HiSeq2000 instrument.

scRNA-seq library preparation

Aliquots of 600,000 cells were taken for scRNA-seq analysis at each
of the following timepoints: before the infection with HIV reporter
viruses (Uninfected), 96 hafterinfection (+HIV 96 hpi), 14 days after the
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initial quiescence-inducing cytokine treatment (+HIV quiescent) and
24 h after reactivation using anti-CD3/CD28 beads (+HIV « TCR 24 h).
The Drop-seq protocol was performed according to the McCarroll
laboratory guidebook’. Barcoded mRNA capture beads were used
at a concentration of 120,000 beads per ml in lysis buffer prepared
asdescribed. Cells were used at 100 cells per plin PBS containing 10%
bovine serumalbumin. Flow rates were set to 2,000 ul h™for cells and
beads, and 7,500 pl h™*for oil. The beads were washed with 6xSSCand
the 5x RT buffer supplied with Maxima H minus reverse transcriptase.
Reverse transcription, treatment with Exonuclease I, PCR amplification
and tagmentation were performed strictly asdescribed inthe Drop-seq
guidebook’ using the Maxima H minus reverse transcriptase, Exonu-
clease land Nextera XT DNA Library Preparation kit. Next-generation
sequencing of the DNA libraries was performed using the Illumina
HiSeq platform at Medgenome.

Defining the quiescence-related gene signatures

To identify genes that change in a concordant manner during quies-
cenceindifferent celltypes capable of entryintoa quiescent state, we
selected quiescence-related pathways in the mSigDB that were derived
from non-cancerous cells, along with arelated published study (acces-
sion number: GSE24739) on quiescence in primary haematopoietic
stem cells*. The resulting gene list was used as a signature of gene
expression patternsin quiescent cellsand was compared to the datasets
analysed in this study.

shRNA screen

The shRNA screen using the Cellecta shRNA library (HGW-M1-P2)
was performed according to manufacturer’s instructions®. Briefly,
Jurkat T cells harbouring alatent GFP reporter-containing HIV provirus
(E4 cells) were infected with the shRNA library, and GFP+ cells were
screened for constitutive activation of the latent provirus through a
sequencing-based approach. Thisapproachidentified genes that, when
knocked down, resultedin T cell reactivation and/or HIV proviral acti-
vation. Areverse screen was performed in which cells were stimulated
with TCR agonists, resulting in enhanced proliferation of Jurkat cells
and reactivation of the latent provirus. Cells that did not reactivate
the provirus were selected toidentify the genes for which knockdown
resulted inablock to T cell proliferation and/or proviral reactivation.
The combined results of the dual screen were matched against the
genes showing concordant expression amongall early-timepoint HIV
infectionRNA-seq datasets, and theresultinglist of genes was evaluated
for positive or negative enrichment.

Flow cytometry analysis

Cells were washed with PBS and treated with Fixable Viability Dye
eFluor 450 for 15 min, then washed with PBS again. Cells were fixed
in 4% formaldehyde and permeabilized with Perm/wash buffer. To
detect cyclin D3 and Ki67, cells were incubated with 3 pg mI™ AF647
mouse anti-Ki67 (Biolegend, 350509, RRID:AB_10900810) and 3 pg mi™
PE mouse anti-cyclin D3 (Biolegend, 684903, RRID:AB_2686979) for
15 min. Perm/wash buffer was used to wash the cells twice after incu-
bations. Fluorescence signals were measured using a BD LSRFortessa
flow cytometer. Antibody authentication documentis available from
the vendor upon request.

Analysis of cellular proliferation

Toassess the proliferation of RITA-and vehicle-treated cell populations,
viable cell count was measured at the same time each day using trypan
blue stainand a Countess Il FL automated cell counter. To compare the
proliferation rate of HIV-infected and uninfected populations, the Cell-
Trace Yellow proliferation assay was used. Freshly isolated naive CD4+
Tcellswereresuspendedin PBS at aconcentration of 1 x 10° cells per ml
with 4 pM CellTrace Yellow dye (ThermoFisher, C34567). The solution
wasincubated at 37 °C with constant agitation for 20 min, then diluted

3-fold with RPMIto quench the staining reaction. After 5 min, cells were
resuspended in primary culture media, stimulated through the TCR,
polarized and infected as described above.

RITA, Nutlin, pifithrin o and simvastatin treatments

To upregulate p53, cells were treated with the small-molecule MDM2
inhibitors RITA and Nutlin. RITA was used at a concentration of 10 uM
for Th17 cells (Fig. 4d and Extended Data Fig. 6f-h) or 1.5 uM for unpo-
larized CD4+ T cells more susceptible to RITA toxicity (Fig. 4a,b). The
RITA concentrations used were empirically determined so that cell
viability will not be significantly compromised. Nutlin was used at
10 uM concentration. To inhibit p53 before HIV infection, cells were
incubated with 5 uM pifithrin o for 24 h. Toupregulate KLF2, cells were
treated with 10 pM simvastatin for 24 h before HIV infection or data
collectioninuninfected populations. Asa control for each drug treat-
ment, a parallel population was treated with an equivalent volume of
dimethylsulfoxide (DMSO), the vehicle used for drug delivery.

Knockdown studies on MYC and KLF2
Dicer-substrate shortinterfering RNAs (dsiRNAs) targeting MYC, KLF2
or non-targeting sequences were transfected into primary CD4+ T cells
using either electroporation or chemical transfection. For electropo-
ration, one million cells were washed with PBS and resuspended in
60 pl MaxCyte electroporation buffer. DsiRNAs were added at 3 pM
concentration. For MYC and KLF2, two different dsiRNA constructs
were used as a mixture. A TEX615-labelled non-targeting dsiRNA was
applied at the same concentration as atransfection efficiency control.
Electroporationwas performed using the MaxCyte STX scalable trans-
fection system. Cells were incubated at 37 °C for 15 min in the exist-
ing buffer, then resuspended at 1 x 10° cells per ml in primary culture
media with 60 IU mI™ IL-2 or the quiescence-inducing cytokine cock-
tail described above. Fluorescent signal from transfection efficiency
control dsiRNA was detected using a BD LSRFortessa flow cytometer.
For chemical transfection, 12 pmol of each dsiRNA was combined
with400 pl Opti-MEM and subsequently mixed with 15 pl INTERFERin
reagent. The solution was incubated at room temperature for 15 min,
thendeliveredto populations of 3-5million cellsin 2 ml primary culture
media. Cells wereincubated at 37 °C for 4-6 h, then diluted with fresh
primary culture media to a concentration of 1 x 10° cells per ml and
supplemented with 60 IU mI™ IL-2 or quiescence-inducing cytokine
cocketail.

Information on dsiRNAs used in this study (sourced from IDT) is
as follows:

Scrambled negative control
dsiRNA (non-targeting)

IDT, 51-01-19-08

TEX 615 transfection control
dsiRNA

IDT, 51-01-20-21

5-AUCAUUGAGCCAAAUCUUAAAAAAA
5-UUUUUUUAAGAUUUGGCUCAAUGAUAU
5-CGACGAGACCUUCAUCAAAAACATC
5-GAUGUUUUUGAUGAAGGUCUCGUCGUC
5-GUGCAAUAAUUUAAGUGG
5
5
5

MYC-targeting dsiRNA #1

MYC -targeting dsiRNA #2

KLF2-targeting dsiRNA #1
-GAAGAUGCCACUUAAAUU

-CGAGGCUUGUGAUGCCU
-UUCUCACAAGGCAUCACA

KLF2-targeting dsiRNA #2

Immunofluorescence cytochemistry assays

Forimmunofluorescence detection of p53 following RITA treatment,
200,000 cells were fixed in 4% formaldehyde at 8 h post treatment,
then permeabilized with Perm/wash buffer. To detect p53, cells were
incubated with rabbit anti-p53 primary antibody (Abcam, ab32389,
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RRID:AB_776981) at 7 ug ml™, then AF647 goat anti-rabbit secondary
antibody (Abcam, ab150079, RRID:AB_2722623) at 7 ug ml™ for 15 min
each. DAPIwasalso applied at 1 uM concentration for 5 min. Perm/wash
buffer wasused to wash the cells twice after eachincubation. Cells were
transferred to 0.17-mm poly-L-lysine-coated coverslips and mounted
onto microscope slides with ProLong Diamond Antifade mountant.
Images were collected using a DeltaVision deconvolution microscope.

Analysis of bulk RNA-seq data

An average of -50 million single-end (replicates 1and 2) or paired-end
reads (replicate 3) were obtained for each sample. RNA-seq reads
were quality controlled using Fastqc and trimmed for any leftover
adaptor-derived sequences and sequences with a Phred score <30
with Trim Galore, which is a wrapper based on Cutadapt and FastQC.
Any reads <40 nucleotides after the trimming were not used in align-
ment. The pre-processed reads were aligned to the human genome
(hg38/GRCh38) with Gencode release 27 as the reference annota-
tionsusing STAR (v.2.7.2b)”, followed by gene-level quantitation using
htseq-count’®.Inparallel, the pre-processed reads were pseudoaligned
usingKallisto (v.0.43.1)” with 100 rounds of bootstrapping to Gencode
release 27 of the human transcriptome to which the sequence of the
transfected HIV genome and the deduced HIV spliced transcripts were
added. Theresulting quantitations were normalized using Sleuth. The
two pipelinesyielded concordant results. Pairwise differential expres-
sion tests were performed using edgeR (QL)®°, and false discovery rate
(FDR) values were calculated for each differential expression value.

Jensen-Shannon distance (JSD)

JSDis amethod for measuring the similarity between two probability
distributions. In the context of bulk RNA-seq samples, it can be used
to compare the gene expression profiles of different samples and was
performed as implemented in edgeR. A JSD value close to O indicates
that the two RNA-seq samples have very similar gene expression pro-
files, while a higher JSD value indicates greater dissimilarity between
thesamples.

Multidimensional scaling (MDS)

MDS is a statistical technique used to visualize the level of similarity
ordissimilarity of data pointsinalow-dimensional space. Itis particu-
larly useful for exploring high-dimensional data, such as gene expres-
sion profiles from RNA-seq experiments. In the context of RNA-seq
data, MDS can help to visualize the relationships between different
samples on the basis of their gene expression profiles and was per-
formed as implemented in edgeR. MDS aims to place each sample in
alow-dimensional space (typically 2D or 3D) such that the distances
between samples in this space reflect their original dissimilarities as
closely as possible. The goal is to preserve the pairwise distances, so
similar samples (that is, those with similar gene expression profiles)
will be close to each other in the MDS plot, while dissimilar samples
will be farther apart.

Pathway analysis
Protein-coding genes expressed at a minimum abundance of 5
transcripts per million (TPM) were used for pathway analysis, with
fold-change values as the ranking parameter while controlling the FDR
at 0.05. The gene set enrichment analysis (GSEA) package was used to
identify the enriched pathways and promoter elements using collec-
tions C2, C3, C5and Hallmark from the mSigDB. Pathways that showed
anFDR g-value < 0.25were considered significantly enriched following
the GSEA package guidelines. The number of genes contributing to
theenrichment score was calculated using the leading edge output of
GSEA (tag multiplied by size).

Publicly available datasets focusing on early timepoints after HIV
infection were analysed as described above, and the results were com-
pared to the published manuscript associated with the dataset, when

applicable, which showed complete agreement between our analysis
and the results reported in the corresponding manuscripts. Datasets
thatshowed a >50% infection rate were included in the study to capture
the transcriptomic pattern of theinfected, rather thanbystander, cells.
Genes that showed concordant differential expression in all datasets
were selected, and the average of differential expression values was
used to identify the top shared differentially expressed genes.

Analysis of scRNA-seq data

Genomic alignment was performed using kallisto-BUS®, followed by
analysis using the Scanpy suite of packages®. A total of 24,894 cells
were used in the final analysis, and at least 200 genes were detected
in each cell. This low cut-off value was chosen to ensure that the qui-
escent cells, which are small and thus have a smaller number of genes
represented, were included in the analysis population. To determine
the expression level of critical factors involved in the regulation of
the quiescence programme, the expression level of HIV provirus was
calculated, along with the expression of KLF2, MYC and factors that
comprised the signature of p53 and MYC activation. As MYC mRNA
has one of the shortestknown half-lives foranmRNA, the expression of
MYC and its downstream transcriptional targets including MKI67/ki67,
TFRC/CD71,CCND3/cyclinD3 and IL-2RA/CD25 were used in conjunc-
tionwithMYC RNA itself toidentify cells showing the signature of MYC
activity (MYC+ cells), defined as cells showing the expression of any two
ofthe above factors. For determining the signature of p53 activationin
early timepoints after HIVinfection, the p53 gene list from the curated
Hallmark database of mSigDB was used. Genes included in the ‘negative
regulation of p53’in the GO database were removed from the list. The
remaining genes were intersected with the list of genes induced after
HIVinfectionin atleast four of the datasets in Supplementary Table 1.
Theresultinglist of genes (TOBI, CDKNIA, BBC3,5100A10, HINT1, EEF2,
LDHB, BTG1,IP6K2) was used for identifying cells carrying the signature
of pS3activation (p53+cells), defined as cells showing the expression
of any two of the above-listed factors. Analysis of the genes directly
involved in the p53-mediated induction of apoptosis indicated that
they were almost absent from the p53+ cells. Cells that showed the
expression of both MYC and KLF2 signatures (observed in only two
cells), or both MYC and p53 signature genes as detailed above, were
eliminated from the analysis. Those showing the expression of both
KLF2 and p53 signature genes were placed in the KLF2+p53+ category.
Studies performed before and after normalization of gene expression
values to total cellular counts (UMIs) yielded highly similar results.
The results obtained using raw reads, which are more pertinent to
the study of proviral quiescence, were used to generate the figures
reported in this study.

Trajectory analysis
Trajectory analysis in RNA-seq data is a method used to understand
cellular states’ dynamic processes and progression. It helps to recon-
struct the paths that cells follow over time or through differentiation
processes. It was performed as implemented in the partition-based
graph abstraction (PAGA) algorithm® within the Scanpy suite. PAGA
is agraph-based approach providing an abstract representation of
scRNA-seq data. It identifies and visualizes the connectivity between
clusters of cells, which helps in understanding the transitions and
trajectories between different cell states. Inthe graph constructed by
PAGA, nodes represent clusters of cells, and edges represent the con-
nectivity or transition probabilities between these clusters.
Methods: Single-cell RNA-seq data were pre-processed and nor-
malized using Scanpy and clustered using the Louvain algorithm to
identify distinct cell states. For the trajectory analyses performed on
the Sabes project scRNA-seq data®, the cluster labelled ‘Small high
mito’, which contained apoptotic/dying cells, was not included as it
did notrepresentacellular state of interest. The connectivity between
clusters was computed, and the graph abstraction was generated
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using PAGA to represent the connectivity and transitions between
cell states. The inferred PAGA graph was used to determine the most
likely trajectories between clusters, representing the progression
and branching of cellular states. Pseudotime calculation in PAGA was
performed after identifying aroot cell, calculating shortest paths from
the root and assigning pseudotime values to cells on the basis of their
distance from the root. This approach provides a robust method for
mapping the dynamic progression of cellular states, offering valuable
insights into developmental processes and differentiation pathways.

Logistic regression and predictor analysis
Logistic regression: Univariate logistic regression models were
employed to assess the predictive value of KLF2 for determining the
quiescent cellular state. CD40LG, a known marker and predictor of
the activated state, was used as a control. The expression levels of the
two genes were extracted and standardized using the StandardScaler
from the scikit-learn library. Scaling was performed independently
within each cross-validation fold to prevent dataleakage. Activated and
resting states were assigned on the basis of whether asample was sub-
jectedtoexvivoactivation or leftuntreated. To address the class imbal-
anceinthe original dataset, weimplemented a balanced subsampling
approach by using the smaller class size as the subsample size for both
classes. Cells were randomly selected from the larger class to create a
balanced subset. We performed separate logistic regression analyses
foreachgene (KLF2and CD40LG, along with MYCand /L-2 as additional
controls) to examineits relationship with the resting or activation state.
Afixed random seed was set before each sampling or modelfitting step
toensure thereproducibility of results. Different seed values were used
for different operations to maintainindependence. Logistic regression
models were fitted using the logit function from the statmodels library
to obtain regression coefficients, confidence intervals and p values.
Cross-validation: To evaluate the performance and robustness of
the logistic regression models, 5-fold stratified cross-validation was
employed to obtain robust estimates of model parameters using Strati-
fiedKFold. The dataset was randomly partitioned into five equal subsets,
maintaining the balance between activated and quiescent cellsineach
fold. For each iteration, a logistic regression model was fitted using
statsmodels’ Logit function. The model was trained on four-fifths of the
dataand validated on the remainingfifth. This process was repeated five
times, ensuring thateach subset served as the test set exactly once. After
cross-validation, afinalmodel was fitted to the entire dataset to obtain
stable coefficient estimates. Confidence intervals (95%) for coefficients
were calculated using the profile likelihood method to assess the sta-
tistical significance of each gene’s predictive power. Independence of
observations was assumed on the basis of the nature of single-cell data,
where each cell represents anindependent observation.

Model evaluation

Performance metrics: For each gene, predicted probabilities from
the logistic regression models were used to calculate the ROC curves
and the AUC values. The ROC curves were plotted using the roc_curve
function from the scikit-learnlibrary,and AUC values were calculated
using the auc function.InadditiontoROC and AUC, other performance
metrics, such asaccuracy, precision, recalland F1score, were computed
usingscikit-learn functions. These metrics provided acomprehensive
evaluation of each gene’s predictive capability.

ROC and AUC analyses

ROC curves were generated for each gene to visualize the trade-off
between sensitivity (true positive rate) and specificity. The ROC curve
plots the true positive rate (TPR) against the false positive rate (FPR)
atvarious threshold settings. The AUC was calculated to quantify the
overall ability of the gene expression levels to discriminate between
‘resting’ and “activated’ cells. An AUC value of 1indicates perfect dis-
crimination, while 0.5indicates no discrimination (random guessing).

Quantification and statistical analysis

Allexperiments were performed with at least three technical replicates
and two or more biological replicates, whichyielded similar results. All
error barsshowninthe figures correspondto either standard deviation
orstandard error of themean, as noted in figure legends. Depending on
the specific structure of the data, the most suitable statistical analysis
was chosen, including paired or unpaired ¢-tests, Mann-Whitney U-test
and linear mixed-effect models. The two-tailed Mann-Whitney U-test,
whichis non-parametric and does not require anormality assumption,
was used to compare gene expression patternsin bulk and scRNA-seq
studies. For t-test and linear model analyses, the normality of residu-
als was assumed but not formally tested. No statistical methods were
used to predetermine sample sizes, but our sample sizes are similar to
those reported in previous publications®"*, The samples used were
not randomized in our studies, as our analysis method used a paired
analysis strategy with donors as the pairing variable. Data collection
and analysis were not performed blind to the conditions of the experi-
ments. No samples or data points were excluded from the analyses
performed except as noted.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seqstudiesusedin this work are available through accession
numbers SRP145508 and PRJNA1297811. Publicly available datasets
used in this manuscript can be accessed through accession numbers
SRP013224 (ref. 41), SRP0O75608 (ref. 34), SRP100643, SRP026389,
GSE187515 (ref. 60), GSE127468 (ref. 86), GSE166375 (ref. 87), SRP035316
(ref. 39), SRP060668 (ref. 47), SRP049410 and SRP155217 (ref. 44).
Source data are provided with this paper.
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Extended Data Fig. 1| HIV infection leads to a strong downregulation of
metabolic pathways. a. Pathway analysis comparing uninfected proliferating,
and +vector 72 hpi cells indicates mild to moderate changes in a small number of
pathways with marginal statistical significance. Numbers between parentheses
indicate the number of genes that drive the enrichment phenotype (see
Methods). b. Pairwise comparison of the pattern of differential expression of
protein-coding genes in response to HIV infection between the four polarized
effector cells show pairwise correlation coefficients of 0.7-0.88. Scatterplots
show genes differentially expressed 72 hpi in pairs of polarized cell ( > 2-fold
change, FDR < 0.05). c. Transition into quiescence leads to downregulation of
cellular metabolic pathways. The metabolic process subset of Gene Ontology
(GO) pathways that are differentially enriched in either the positive or

negative direction during transition from proliferative state to quiescence in

vector-infected cells withan FDR < 0.05 were included in the graph. d. Genes
showing differential expression (defined as >2-fold change with FDR < 0.05)
during transition from proliferating to quiescent state in vector-infected cells
closely match the genes in quiescence pathways in mSigDB and other studies
of quiescence (mSigDB +, see Methods). e. A large fraction of protein-coding
genes show symmetric changes in expression during entry into and exit from
quiescence. Each line corresponds to the pattern of gene expression of asingle
differentially expressed gene (showing >2-fold change with FDR < 0.05 during
both transitions). f. and g. Transcription factors (f) and pathways (g) that

show altered activity or enrichment in uninfected and +vector a TCR 24 h cells
compared to quiescent cells. Numbers between parentheses indicate the number
of genesin eachgenelist that drive the enrichment phenotype (see Methods).
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Extended Data Fig. 2| HIV-induced downregulation of metabolic and
proliferative pathways does not result from ablock to IL2 receptor signaling.
a.Changes in HIV proviral gene expression in +HIV 72 hpi, +HIV quiescent and
+HIV aTCR 24 h conditions in the four main polarized subtypes of effector

CD4 +T cells. The Y axis indicates the number of transcripts per million cellular
transcripts calculated using bulk RNA-seq studies from two independent healthy
donors (with 2-4 technical replicates per polarized identity per donor for some
conditions) which are infected/mock infected ex vivo. +vector 72 hpi cells are
included as negative controls. In this panel and e, shown values represent the
mean of the biological repeats +/- standard deviation. Statistical comparisons
were performed using alinear mixed-effects model with HIV status/timepoint
group as afixed effect, donor as arandom intercept, and polarizationasa
random effect. Relative to the +HIV 72 hpi group as the reference, the «TCR 24h
group had aloglO(TPM) estimated difference of +0.163 (95% CI: 0.042to 0.284;
Cohen’s d =2.15), the quiescent infected group -0.713 (95% Cl: -0.834 to -0.592;
d=-4.54), and the mock 72 hpi group -2.640 (95% CI: -2.805 to -2.475; d<-10).
b. HIVinfection leads to downregulation of multiple cellular growth pathways
including MYC and E2F transcriptional cascades and upregulation of p53
signalling. Numbers between parentheses indicate the number of genes in each
gene list that drive the enrichment phenotype (see Methods). c. A large fraction
of genes differentially expressed in +HIV 72 hpi cells compared to +vector 72 hpi

and uninfected proliferative cells (2660 of ~3600 genes, Fig. 1b) correspond to
the genes differentially expressed during entry into quiescence in the absence
of HIV (in +vector and uninfected cells). The top 50 most differentially expressed
among these correlated genesin each direction are shown. d. Flow cytometry
analysis indicates that at 48 hours post-infection, unpurified HIV infected cells
show decreased expression of proliferation markers cyclin D3 and Ki67 relative
to uninfected cells. However, at this timepoint the infected cells have not yet
downregulated the level of IL-2 receptor CD25 found on the cell surface. CD25
protein expression on cell surface is in fact elevated at this early infection time
point. e. Mean fluorescence intensity of AF647 anti-Ki67, PE anti-cyclin D3, and
AF647 anti-CD25 signal detectable in uninfected and ex vivo HIV infected cells
from two independent healthy donors at 48 hpiin proliferative media. f. Despite
the reduced level of CD25/IL2RA mRNA after 3 days of exposure to quiescence
media, addition of IL2, even at the very low dose of 15 IU/ml (shown here), leads
to astrong upregulation of its downstream targets. Importantly, the level

of IL2 receptor beta and gamma subunits does not change during entry into
quiescence. CD4 + T cells were activated through TCR stimulation, and after

4 daysin proliferative media were plated in the quiescence-inducing media

for 2 days, followed by the addition of 15 IU/mlIL2 (instead of 60 IlU/ml used in
proliferative media). Samples were taken from cells 2 days after reactivation, and
before and 24 hours after the addition of IL2 and were subjected to bulk RNA-seq.
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Extended Data Fig. 3| HIV infection results in the downregulation of
proliferative pathways. a., b. Pathway analysis (a) and transcription factor
activity analysis (b) in +HIV a TCR 24 h cells indicate that many of the pathways
upregulated during reactivation from quiescence correspond to those
downregulated in +HIV 72 hpi cells. Numbers between parentheses indicate
the number of genes in each gene list that drive the enrichment phenotype
(see Methods). c. Most cyclin genes show a weak downregulation in +HIV 72 hpi
cells and amuch stronger one upon entry into full quiescence (+ HIV quiescent
cells). Proliferation markers Ki67, CD71and CD25 are included to indicate the
extent of inhibition of proliferation. d. Relative to uninfected cells, unpurified

Days after HIV/mock infection

Days after HIV/mock infection

HIVinfected cells show decreased expression of cyclin D3 and Ki67, indicated

by flow cytometry analysis performed at 2, 4 and 6 days post-infection. e.

Mean fluorescence intensity of AF647 anti-Ki67 and PE anti-cyclin D3 signals
detectablein uninfected and HIV infected cells over the course of 6 days. f.
Following exposure of primary CD4 + T cells to HIV reporter virus, over half

of the population becomes productively infected based on flow cytometry
measurement of the level of expression of the GFP reporter gene. The values
shown correspond to 2 days post infection. g. Viability of unpurified HIV infected
cells relative to uninfected cells at 2, 4 and 6 days post-infection assessed using
flow cytometry and Fixable Viability Dye eFluor™ 450.
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Extended Data Fig. 4| HIV infection leads to the induction of the
transcriptomic pattern of quiescence. a. HIV infection leads to changes

in gene expression that is characteristics of quiescent cells. The columnto

the left reflects the expected pattern of change in genes that constitute the
molecular signature of quiescence. b. The pattern of change in gene expression
after HIVinfection closely resembles that following entry into quiescence in

hematopoietic stem cells (lane labeled GSE24739, see Methods). c. Pattern of
gene expression change after entry of HIV infected cells into full quiescence
closely resembles that observed during quiescencein other cell types, as
reflected in the quiescence signature pathways in mSigDB. Genes expected to be
up or downregulated in quiescence are shown in the lane marked mSigDB with
pink and light blue color, respectively.
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Extended Data Fig. 5| See next page for caption.
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Extended DataFig. 5| The HIV-induced quiescence is triggered by awide
range of HIV strains and involves amarked downregulation of MYC and its

downstream proliferative pathways. a. The activity of anumber of proliferation-

inducing transcription factors, especially MYC, is strongly reduced in +HIV 72
hpi cells. Numbers between parentheses indicate the number of genes in each
pathway that drive the enrichment phenotype (see Methods). b. Reads mapping
to the genomiclocus of MYCin Th17 cells during different stages in HIVand T cell
life cycle. c. Temporal pattern of the gene expression changes occurring during
thelife cycle of HIVinfected CD4 + T cells. The number of genes falling into early,
late, and early+late categories is written above each box. Genes showing an
overall pattern of down- and upregulation are shown in the left and right boxes,
respectively. The expression values are graphed as log2 transformed transcript
per million (TPM) values, with each line representing a gene. The line graphs
indicate the level of expression of each gene in the four cellular states shown at
the bottom of each column of line graphs. d. Pathway analysis results on genes in
each category in panel ¢ point to key roles for the p53 pathway and MYC signaling
during early timepoints after HIV infection. e. Heatmap of the top differentially
expressed genes in each category shownin panels cand d. The color bars to the
left show the functional classification of each group of genes. f. Reads mapping
to the genomic locus of £2F1 in Th17 cells during different stages in HIV and T cell
life cycle. g. Pathway analysis using Hallmark gene lists on seven independently

performed high throughput transcriptomic studies of CD4 + T cells in early

time points after HIV infection point to MYC signaling as the most strongly
downregulated pathway after HIV infection. The percentage of infected cellsin
the sequenced population of each dataset is indicated on top. N/A: not available.
Cells used and time point of infection along with project accession numbers
areshown at the bottom. The two primary HIVisolates studied in PRINA482835
(STCOland CHO77) are graphed separately. h. Primary purified CD4+ memory
cellsinfected with five different HIV strains ex vivo show the downregulation of
MYC, E2F and MTORC signaling along with elevated p53 activity, similar to results
obtained using QUECEL models. Asterisks mark pathways differentially enriched
concordantly in nearly all shown studies. CD4+ memory cells from three different
donors were used in these studies. A similar analysis on a mixed CD4+ population
using the NL4-3 HIV strain is also shown. i. Pathway analysis results indicate that
inallfour main subclasses of polarized effector T cells, HIV infection leads to the
induction of the signature of entry into quiescence. Plus and minus signs at the
bottomindicate positive and negative enrichment of pathways, respectively. j.
Across multiple high throughput transcriptomic studies, HIV infection leads to
strong and reproducible reduction and increase in the expression of MYC and
KLF2, respectively. Milder downregulation of E2F family members is observed in
some but not all studies. Please note that the Y axis is scaled differently for each
of the stacked panels.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Knockdown of MYC and blocking the p53 pathway
activity resultinincreased and decreased entry into quiescence after HIV
infection, respectively. a. Immunoblotting analysis indicates that transfection
with MYC targeting siRNAs (siMYC) results in decreased MYC protein
abundance. Resting memory CD4 + T cells were transfected with nontargeting
control or MYCsiRNA, then activated via the TCRat 24 hours and harvested at
72 hours post-transfection. Molecular weight markers are shown on the left
inkilodaltons. b. Densitometry analysis of MYC immunoblotting results. Bars
represent the average expression level +/- standard deviation in two knockdown
populations from a healthy donor, each normalized to the corresponding
expression level of B-Actin. c. Viability of control and MYC knockdown cells
were assessed using Fixable Viability Dye eFluor™ 450 and flow cytometry
performed on the day of cell harvest. Values shown represent mean values

of two replicate studies performed independently using cells from a healthy
donor, +/-standard deviation. d. Histogram representation of the results in Fig.
3g shows the strong reduction in activation-induced expression of cyclin D3

and Ki67 in cells transfected with MYC siRNAs prior to TCR agonist treatment.
Immunofluorescent staining and flow cytometry were performed 48 hours after
activation. e. At48 hours post-activation, MYC knockdown cells display reduced
Ki67 expression when analyzed using flow cytometry compared to non-targeting
siRNAs in cells obtained from two independent healthy donors. Values shown
represent mean values +/- standard deviation. f. The p53 agonist RITAinduces
nuclear accumulation of p53 in primary CD4 + T cells, demonstrated by confocal

fluorescent microscopy images taken at 8 hours post-treatment. Cells are stained
withmonoclonal p53 antibody (green) and DAPI (blue). g. Quantification of
anti-p53 antibody fluorescence detected within the nuclear regions of cells
obtained from a healthy donor which were imaged at 8 hours post-treatment
with vehicle or RITA. Values shown represent the mean signal intensity from cells
showninf+ /- SEM. Signal intensity difference between DMSO- and RITA-treated
cells were assessed using a two-tailed Welch'’s t-test, yielding ¢(9) = 7.29, Cohen’s
d=3.93,and a95% confidence interval for the mean difference of [12,811.08,
25,128.77]. h. The percentage of viable cells and those double positive for Ki67
and Cyclin D3 are shown for proliferating cells treated with vehicle, TGF-B/IL-8/
IL-10 quiescence inducing cocktail, the KLF2 inducer Simvastatin or the p53
agonists RITA or Nutlin. All but the TGF-B/IL-8/IL-10 treated cells were maintained
in proliferation supporting media with high levels of IL-2. The shown results

are obtained from a single healthy donor. i. Flow cytometry results show that

the p53inhibitor pifithrin-a partially inhibits HIV induced loss of cyclin D3 and
Ki67 expression when cells are treated with the inhibitor 24 hours prior to HIV
infection. j. Within 48 hours of HIV infection, both vehicle and pifithrin-a treated
cell populations show decreased expression of Ki67, but the decrease is more
extensive in the vehicle treated cells. k. MYC and several known targets of MYC
involved in transcription, translation and cell cycle regulation are downregulated
in CD4 + T cells 24 hours after treatment with the p53 agonist RITA. Values
represent the mean + standard deviation from two bulk RNA-seq samples, each
generated from cells of an independent healthy donor.
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Extended Data Fig. 7| KLF2 plays a key role in entry into quiescence. a. KLF2
and MYC show negatively correlated changes in expression during the different
stages of HIV and T cell life cycle. The values shown are the average expression of
KLF2 or MYC in four independent biological replicates (4 differently polarized
cells) per stage of HIV life cycle +/- SEM as error bars. The values originate from a
bulk RNA-seq study on cells from a healthy donor. For this experiment and panels
band c, p-values were calculated using two-tailed paired Student’s T test. b-e.
Expression of MYC and KLF2 show negative correlation in several independently
performed high throughput sequencing studies, including HIV infection in
SUPTI1 cells (b), two primary ex-vivo CD4 + T cell HIV latency model studies (c,

d) and a primary CD4 + T cell activation time course study in the absence of HIV
(e). Shown valuesin b reflect average values from three biological replicates
+/-SD, while those in c and e correspond to average values from four and two
healthy donors, respectively, +/-SD.f. Top 30 genes showing the highest level of
differential expression in each direction among all datasets studied in Extended
DataFig.5ginclude KLF2 as the most strongly upregulated gene and MYCas one
of the most downregulated genes (marked by asterisks). The annotation matrix
to the leftindicates that many of the shown genes are downstream of MYC, p53
and TNF signaling pathways, the top three enriched pathways among those
similarly regulated after HIV infection in all datasets studied in Extended Data
Fig. 5g.g. Ex-vivo polarized Th17 cells treated with the quiescence inducing
cytokine cocktail (see Fig. 1a) for 12 days as part of the QUECEL model

(QUECEL quiescent) express KLF2 at alevel significantly greater than recently

ex vivo-activated memory cells purified from donors, but less than donor-
purified naive CD4 + T cells and closest to the level observed in donor-purified
memory cells, indicating that the KLF2 level in QUECEL models is not outside
the physiological range. Data shown reflects average values +/- SD of three
independent replicates (two PCR replicates performed with different primer
sets, and a third technical replicate made on a different date) performedin
cellsderived from three independent healthy donors. A linear mixed-effects
model was used to account for within-donor correlation by including donor
asarandomintercept. Logio-transformed KLF2 expression was modeled asa
function of experimental condition, with QUECEL quiescent cells specified as the

reference group. Compared to QUECEL quiescent cells, memory T cells showed
the smallest and least significant difference ( = 0.481,95% C1[0.321, 0.641],
z2=5.90,p =3.64x107°).In contrast, naive T cells exhibited amuch larger increase
inKLF2 expression (B =1.011, 95% CI[0.851,1.171], z=12.40, p <1x10~%¥), and
restimulated memory T cells showed markedly reduced expression ( =-0.943,
95% CI[ -1.103,-0.783], z=-11.57, p < 1x10~*°). These results indicate thatamong
allgroups, memory cells were the most similar to QUECEL quiescent cellsin
KLF2 expression. h.Immunoblotting analysis indicates that transfection with
KLF2 targeting siRNAs (siKLF2-1and siKLF2-2) results in decreased KLF2 protein
abundance. Th17 cells were transfected with nontargeting control or the two
KLF2-targeting siRNAs one week after TCR activation, then incubated in the
quiescence inducing cytokine cocktail and harvested 48 hours later. Molecular
weight markers are shown on the left in kilodaltons. i. Densitometry analysis of
KLF2immunoblotting results. Bars represent the mean + SD of expression levels
for each siRNA condition, calculated from two independent healthy donors.

The conditions include a non-targeting siRNA and a mixture of two distinct
KLF2-targeting siRNAs. For each condition, values from the two donors were first
normalized to the corresponding [3-actin expression level and then averaged.

j- Viability of control and KLF2 knockdown cells, corresponding to those in

panel i, assessed using Fixable Viability Dye eFluor™ 450 and flow cytometry
performed on the day of cell harvest. k. KLF2 expression is upregulated by more
than 20-fold in Th17 cells treated with 10 pM Simvastatin for 24 hours. Values
shown correspond to average of two independent technical replicates (two

sets of PCR primers) per donor and two biological replicates (two independent
healthy donors) +/-SD. A linear mixed-effects model was fit to logl0-transformed
KLF2 expression levels, with fixed effects for treatment, primer sets used, and
theirinteraction, and arandom intercept for donor. Simvastatin treatment
significantly increased KLF2 expression (B =1.36 log10 units, 95% CI[1.18,1.53],
corresponding to an estimated -22.7-fold increase. Wald z-tests were used for
inference.l. Flow cytometry results represented as a histogram demonstrate
thatat24 hours post-infection with HIV, cells pre-treated with Simvastatin show
strong loss of Ki67 expression, while cells pre-treated with vehicle are still in the
early phase of the quiescence transition.
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Extended DataFig. 9| KLF2 and MYC are associated with resting and pathways associated with CD4 + T cell activated state. The identity of clusters
activated state in CD4 + T cells from people living with HIV. a. UMAPs show corresponding to each row is shown on the left. The size of circles correspond to
the expression of KLF2, IL7R and TCF7 in resting CD4 + T cells from people the fraction of cells expressing the genes in each pathway. The intensity of color
with HIV, while the activated clusters show the expression of IL2RA (CD25), corresponds to the mean expression level of the genes involved in each pathway,

CD40LG, MYC, TFRC and REL. b-d. Dot plots show the expression pattern of key aggregated for each cluster.
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Extended Data Fig. 10 | Trajectory analysis reveals the association of KLF2

and MYC with the quiescent and activated state, respectively, in HIV+ donor
CD4 + Tcells.a. UMAP projection with the coloring scheme showing the clusters
corresponding to the functional clustering marking different classes of activated
and resting cells, which are derived using the leiden algorithm. b. Force Atlas
projection of the same clusters (leiden clustering). cand d. Force Atlas projection
with the clustering used for the trajectory analysis. The thin lines connecting cells
(shown as dots) represent the deduced trajectories. The new clusters are marked
by numbers, with the largest cluster (the one with the highest number of cells in
it) being cluster zero and the smallest, cluster 10. Colors show the cells belonging
to eachcluster. e. Simplified representation of the clusters shown in panel d, as a
graph plot. The numbers next to each node correspond to the number associated
with the clusters in panel d. Node size correlates with the number of cells in the
cluster represented by each node, with larger nodes corresponding to clusters
with more cells. The nodes are colored to match the coloring schemeincand

d panels. f. Force Atlas projection, with the pseudotime calculations shown as
acolor transition. The color bar on the right shows the colors corresponding

to the start of the trajectory (dark blue) and its end (red). g. The pseudotime
superimposed on the linearized graph plot. h-m. Force Atlas projections showing
the expression of markers of resting and activated CD4 + T cells on the trajectory.
The color bar on the right of each panel shows the expression level. For matched

graphplots, see Fig. 5m-r. n-q. Matched Force Atlas and graph plots depicting
the expression patterns of TIGIT and CDKNIA. r. Graph plot with UMI counts
per cell represented by color. As expected, nodes corresponding to activated
cells (nodes 4, 9 and 10) have higher UMI counts, which generally correlates with
the number of transcripts found in each cell. s. Neither of the clusters on the
trajectory contain a high percentage of mitochondrial RNA, which is associated
with dead/dying cells. t-w. Violin plots showing the expression level of key
markers of resting and activated state in resting and activated CD4 + T cells
from six HIV+ donors. The numbers shown are based on raw UMI counts. The
use of raw, non-normalized counts is needed as transition between the resting
and activated state results in changes in the size of the transcriptome. Violin
plots display the distribution of expression values for each group; the outline
depicts the probability density of the data at different values, red horizontal
lines indicate the first and third quartiles, red circles denote the medians, and
blue diamondsindicate the means. Comparisons between activated and resting
cells for each transcript were performed using a two-sided Mann-Whitney U test
with no adjustment for multiple comparisons. For KLF2, U =135,959,975.5, rank-
biserial correlation=0.84,95% CI[0.83, 0.85]; for CD40LG, U =737,704,123.5,
r=0.79,95% CI[0.78,0.80]; for MYC, U =447,742,560.5, r = 0.15,95% C1 [0.14,
0.16]; and forIL2, U = 461,422,717.5,r = 0.69, 95% C1[0.68, 0.70]1.
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- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

RNA-seq studies performed in this project have been submitted to SRA (accession numbers provided in the data availability section)
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size At least two independent biological replicates corresponding to two independent donors were used for each experiment. Results of replicate
experiments agreed with one another, indicating that variability was low and a larger sample size was not required to increase confidence. For
studies showing a higher level of biological variability, additional donors or multiple independent technical replicates were also used
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Data exclusions No data were excluded from the analysis.

Replication The main conclusions of the manuscript were confirmed using multiple independently performed, publicly available datasets. All attempts at
replication were successful.

Randomization  Randomization is not relevant to the study. Primary T cells were used in paired studies to define the impact of a defined treatment with
appropriate controls included.

Blinding Blinding was not necessary because no human or animal subjects were involved, and data collection methods were objective and quantitative
as described above.

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

Research sample tate the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Sampling strategy Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Data collection Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Timing Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.
Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the

rationale behind them, indicating whether exclusion criteria were pre-established.

Non-participation State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

Randomization If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Research sample Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National




Research sample Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Sampling strategy Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Data collection Describe the data collection procedure, including who recorded the data and how.

Timing and spatial scale |/ndicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

Data exclusions If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Reproducibility Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.
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Randomization Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Blinding Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.

Did the study involve field work? |:| Yes |:| No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).
Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Access & import/export |Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZ |:| ChlP-seq
Eukaryotic cell lines |:| IZ Flow cytometry
Palaeontology and archaeology IZ |:| MRI-based neuroimaging

Animals and other organisms
Human research participants
Clinical data

Dual use research of concern

NXOXXKOOS
OOXOOXKX

Antibodies

Antibodies used AF647 mouse anti-Ki67 Biolegend Cat#350509
PE mouse anti-Cyclin D3 Biolegend Cat#684903
Rabbit anti-p53 Abcam Cat#ab32389
AF647 goat anti-rabbit Abcam Cat#ab150079

Validation AF647 mouse anti-Ki67 relevant citations include:
Guha P, et al. 2013. PNAS. 110:5052.
Schluter C, et al. 1993 J. Cell Biol. 123:513.
Bading H, et al. 1989 Exp. Cell. Res. 185:50.

PE mouse anti-Cyclin D3 relevant citations include:




Liu W, et al. 2004. Biochem. Biophys. Res. Commun. 321:954.
Saavedra-Avila NA. 2014. Proc. Natl. Acad. Sci. USA 111:E3405.
Lukas J, et al. 1996. Mol. Cell Biol. 16:6917.

Rabbit anti-p53 has been validated by the manufacturer. Relevant citations include:
Gao Z et al. 2020. J Cell Biochem 121:332-343

Geng S etal. 2020. Theranostics 10:4720-4736

Zhai L et al. 2020. IntJ Clin Exp Pathol 13:456-464

AF647 goat anti-rabbit relevant citations inlcude:
Wu F etal. 2021 Int ] Mol Med 47:346-360

Xi K et al. 2020 Nat Commun 11:4504

Liu YM et al. 2020 Cell Rep 32:108016

Eukaryotic cell lines

Policy information about cell lines
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Cell line source(s) Jurkat cells from ATCC
Authentication Batch specific certificates of analysis are available at the manufacturer's website.
Mycoplasma contamination Cell lines tested negative for mycoplasma contamination

Commonly misidentified lines  None
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals For laboratory animals, report species, strain, sex and age OR state that the study did not involve laboratory animals.

Wild animals Provide details on animals observed in or captured in the field; report species, sex and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics Not applicable. We purchased anonymized PBMC samples from reputable vendors. Details are provided in the manuscript
Methods.

Recruitment N/A




Ethics oversight Case Western Reserve University IRB has approved our work.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration | Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area

OOoofds

Experiments of concern
Does the work involve any of these experiments of concern:
Yes
Demonstrate how to render a vaccine ineffective
Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen
Alter the host range of a pathogen
Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

OOO000oofds
Ooodoogn

Any other potentially harmful combination of experiments and agents

ChlP-seq

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,
May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.
Genome browser session Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
(e.g. UCSC)

enable peer review. Write "no longer applicable" for "Final submission" documents.
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Methodology

Replicates Describe the experimental replicates, specifying number, type and replicate agreement.

Sequencing depth Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Antibodies Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and lot
number.

Peak calling parameters | Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files

used.
Data quality Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.
Software Describe the software used to collect and analyze the ChlIP-seq data. For custom code that has been deposited into a community

repository, provide accession details.
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Flow Cytometry

Plots

Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|X| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
& All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Primary CD4+ T cells purchased from Allcells were washed with PBS and treated with Fixable Viability Dye eFluor™ 450 for 15
minutes, then washed with PBS again. Cells were fixed in 4% formaldehyde and permeabilized with Perm/Wash™ buffer. To
detect Cyclin D3 and Ki67, cells were incubated with 3 ug/ml AF647 mouse anti-Ki67 and 3 pug/ml PE mouse anti-Cyclin D3 for
15 minutes. Perm/Wash™ buffer was used to wash the cells twice after incubations.

Instrument BD LSR Fortessa

Software BD FACSDiva

Cell population abundance Fluorescence-activated cell sorting was not used

Gating strategy Cells positive for Fixable Viability Dye eFluor™ 450 were gated away. Activated or quiescent cells were used as a positive or

negative control for proliferation marker expression around which circular gates were drawn.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).
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Acquisition

Imaging type(s) Specify: functional, structural, diffusion, perfusion.
Field strength Specify in Tesla
Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,

slice thickness, orientation and TE/TR/flip angle.

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] Used [ ] Not used

Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).
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Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MINI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | Whole brain [ ] ROI-based [ ] Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.
(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
D D Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis | Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.




	HIV infection reprogrammes CD4+ T cells for quiescence and entry into proviral latency

	Results

	HIV infection leads to transcriptomic changes identical to those observed in quiescent cells

	HIV infection induces a block to MYC signalling, a key proliferative factor in CD4+ T cells

	Early activation of KLF2 and p53 signalling pathways downregulates MYC and initiates the programme of quiescence

	Single-cell (sc)RNA-seq demonstrates that activation of KLF2 and p53 pathways is associated with proviral transcriptional s ...

	Discussion

	Methods

	Primary cell culture

	Cell lines

	Reporter virus

	Reporter virus infection

	Quiescence and reactivation of CD4+ T cells

	RT–qPCR assays

	Bulk RNA-seq library preparation

	scRNA-seq library preparation

	Defining the quiescence-related gene signatures

	shRNA screen

	Flow cytometry analysis

	Analysis of cellular proliferation

	RITA, Nutlin, pifithrin α and simvastatin treatments

	Knockdown studies on MYC and KLF2

	Immunofluorescence cytochemistry assays

	Analysis of bulk RNA-seq data

	Jensen–Shannon distance (JSD)

	Multidimensional scaling (MDS)

	Pathway analysis

	Analysis of scRNA-seq data

	Trajectory analysis

	Logistic regression and predictor analysis

	Model evaluation

	ROC and AUC analyses

	Quantification and statistical analysis

	Reporting summary


	Acknowledgements

	Fig. 1 HIV infection induces a strong pattern of transcriptional shutdown.
	Fig. 2 HIV infection, entry into and exit from quiescence are accompanied by strong changes in overall gene expression patterns.
	Fig. 3 HIV infection leads to strong downregulation of the key proliferation factor MYC and decrease in cellular proliferation.
	Fig. 4 HIV-induced activation of p53 pathway and KLF2 leads to MYC downregulation and loss of proliferation markers.
	Fig. 5 Transcriptional silencing of the HIV proviral genome by concomitant activation of p53 signalling and KLF2, a key transcription factor associated with the quiescence/resting state, after HIV infection.
	Fig. 6 A loss-of-function mutation within the Rev gene does not abolish the quiescence-inducing capacity of HIV.
	Extended Data Fig. 1 HIV infection leads to a strong downregulation of metabolic pathways.
	Extended Data Fig. 2 HIV-induced downregulation of metabolic and proliferative pathways does not result from a block to IL2 receptor signaling.
	Extended Data Fig. 3 HIV infection results in the downregulation of proliferative pathways.
	Extended Data Fig. 4 HIV infection leads to the induction of the transcriptomic pattern of quiescence.
	Extended Data Fig. 5 The HIV-induced quiescence is triggered by a wide range of HIV strains and involves a marked downregulation of MYC and its downstream proliferative pathways.
	Extended Data Fig. 6 Knockdown of MYC and blocking the p53 pathway activity result in increased and decreased entry into quiescence after HIV infection, respectively.
	Extended Data Fig. 7 KLF2 plays a key role in entry into quiescence.
	Extended Data Fig. 8 Single-cell RNA-seq points to the exclusion of markers of T cell activated state from HIV-infected cells.
	Extended Data Fig. 9 KLF2 and MYC are associated with resting and activated state in CD4 + T cells from people living with HIV.
	Extended Data Fig. 10 Trajectory analysis reveals the association of KLF2 and MYC with the quiescent and activated state, respectively, in HIV+ donor CD4 + T cells.




