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ABSTRACT Posttreatment controllers (PTCs) are rare HIV-infected individuals who
can limit viral rebound after antiretroviral therapy interruption (ATI), but the mecha-
nisms of this remain unclear. To investigate these mechanisms, we quantified various
HIV RNA transcripts (via reverse transcription droplet digital PCR [RT-ddPCR]) and cel-
lular transcriptomes (via RNA-seq) in blood cells from PTCs and noncontrollers (NCs)
before and two time points after ATI. HIV transcription initiation did not significantly
increase after ATI in PTCs or in NCs, whereas completed HIV transcripts increased at
early ATI in both groups and multiply-spliced HIV transcripts increased only in NCs.
Compared to NCs, PTCs showed lower levels of HIV DNA, more cell-associated HIV
transcripts per total RNA at all times, no increase in multiply-spliced HIV RNA at early
or late ATI, and a reduction in the ratio of completed/elongated HIV RNA after early
ATI. NCs expressed higher levels of the IL-7 pathway before ATI and expressed
higher levels of multiple cytokine, inflammation, HIV transcription, and cell death
pathways after ATI. Compared to the baseline, the NCs upregulated interferon and
cytokine (especially TNF) pathways during early and late ATI, whereas PTCs upregu-
lated interferon and p53 pathways only at early ATI and downregulated gene
translation during early and late ATI. In NCs, viral rebound after ATI is associated
with increases in HIV transcriptional completion and splicing, rather than initiation.
Differences in HIV and cellular transcription may contribute to posttreatment con-
trol, including an early limitation of spliced HIV RNA, a delayed reduction in com-
pleted HIV transcripts, and the differential expression of the IL-7, p53, and TNF
pathways.

IMPORTANCE The findings presented here provide new insights into how HIV and
cellular gene expression change after stopping ART in both noncontrollers and post-
treatment controllers. Posttreatment control is associated with an early ability to
limit increases in multiply-spliced HIV RNA, a delayed (and presumably immune-
mediated) ability to reverse an initial rise in processive/completed HIV transcripts,
and multiple differences in cellular gene expression pathways. These differences may
represent correlates or mechanisms of posttreatment control and may provide insight
into the development and/or monitoring of therapeutic strategies that are aimed at a
functional HIV cure.
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Several studies have measured the effects of the dynamic interruption of antiretrovi-
ral therapy (ART) to control human immunodeficiency virus (HIV) infection (1–4).

These studies have led to the identification of a rare subset of people with HIV (PWH),
known as posttreatment controllers (PTCs), who comprise ,1% of PWH and can con-
trol HIV infection for months to years after stopping ART (1–3, 5, 6). However, identify-
ing PTCs has been difficult, as studies of “analytic therapy interruption” (ATI) are infre-
quently performed (5).

Various studies have identified and classified posttreatment controllers. The VISCONTI
study identified 14 PTCs who were initiated on ART during primary infection (5). Compared
to natural controllers, these PTCs tended to lack protective HLA alleles and had higher viral
loads, lower CD4 counts, lower HIV-specific CD81 T cell responses, and less T cell activation
during primary infection (5). Like spontaneous controllers, PTCs had a latent reservoir and
low total levels of HIV DNA, but the HIV DNA was less concentrated in longer-lived naive
and central memory cells and declined over time after ATI (5). The CHAMP study identified
PTCs who initiated ART during both early and chronic infection, but it showed that post-
treatment control was more common with early ART (6). PTCs frequently showed a tran-
sient, low level viral rebound after ATI, and this was followed by a variable period of subse-
quent virologic control, with some PTCs later experiencing virologic rebound (6).

PTCs have lower average levels of total and intact proviruses than do NCs (7), and
low provirus levels have served as one predictor of HIV control (8, 9). However, a subset
of PTCs can also have relatively high HIV DNA levels (10), suggesting that HIV DNA lev-
els alone are not sufficient in predicting posttreatment control. Lower levels of cell-
associated HIV RNA (11, 12) and elevated pre-ATI levels of glutamine have also been
associated with posttreatment control (13). However, the exact mechanisms of post-
treatment control remain unknown.

A deeper understanding of these mechanisms may inform new therapies aimed at
a functional HIV cure. We hypothesized that posttreatment control may be driven by a
lower expression of completed and multiply-spliced HIV transcripts and/or the greater
destruction of the cells that make these HIV transcripts. To test our hypothesis, we
measured the levels of cell-associated initiated, 59-elongated, mid-elongated/
unspliced, completed, and multiply-spliced HIV transcripts and human cellular tran-
scriptomes in PTCs and NCs before and after ATI. Whereas virologic rebound in NCs
was associated with increases in HIV transcriptional completion and splicing, PTCs
showed an early ability to prevent increases in multiply-spliced HIV RNA after ATI, a
delayed response that reduced completed HIV transcripts, and the differential tran-
scription of multiple cellular gene pathways.

RESULTS
PTCs exhibit lower viral loads (VL) after ATI. The median ART duration was

4.8 years for PTCs and 3.3 years for NCs (P = 0.5). In addition to other clinical parame-
ters (Table S2), VL were measured to stratify participants as either PTCs or NCs (Fig. S1).
While VL increased from pre-ATI to early ATI in both PTCs and NCs (P = 0.01 for both)
(Fig. 1A and B), VL were markedly lower in PTCs at both early ATI (medians: 143 versus
6,856 copies/mL; P = 0.0001) and late ATI (medians: 108 versus 11,335 copies/mL; P =
0.0001) (Fig. 2A).

Unlike NCs, PTCs limit the levels of completed and spliced HIV RNA after ATI.
Initiated (TAR), 59-elongated (LongLTR), mid-elongated (Pol), completed (PolyA), and
multiply-spliced (Tat-Rev) HIV transcripts were quantified using reverse transcription
droplet digital PCR (RT-ddPCR). In PTCs, we did not observe any significant increase in
the initiated or multiply-spliced HIV transcripts per mg of RNA (approximately 106 cells)
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early or late after ATI (Fig. 1C). From pre-ATI to early ATI, PTCs showed increases in 59-
elongated, mid-elongated, and completed HIV transcripts (median fold changes: 2.6, 4.4,
and 4.7, respectively; P = 0.001, 0.011, and 0.025, respectively). Between early and late
ATI, the median levels of the mid-elongated and completed HIV transcripts tended to
decrease in PTCs (P = NS). In the subset of PTCs who eventually experienced virologic
rebound, the 59-elongated, mid-elongated, completed, and multiply-spliced HIV RNA all
increased from late ATI to virologic failure (P = 0.006, 0.004, 0.032, and 0.006, respec-
tively), whereas no change was observed in the initiated HIV transcripts.

Like PTCs, NCs showed no significant increase in initiated HIV transcripts after ATI.
While the median levels of 59-elongated HIV transcripts tended to increase after ATI,
the differences were not significant. Like PTCs, NCs showed increases in mid-elongated
and completed HIV transcripts from pre-ATI to early ATI (median fold changes: 12.3
and 17.8, respectively; P = 0.007 and 0.002, respectively), but these were also accom-
panied by a large increase in multiply-spliced Tat-Rev (fold change of 28.9; P = 0.008)
(Fig. 1D). In NCs, the median levels of Pol, PolyA, and Tat-Rev remained stable or
increased (P = NS) from early to late ATI, in contrast to those of PTCs.

Compared to NCs, PTCs exhibited lower levels of initiated and mid-elongated HIV
transcripts before ATI (P = 0.041 for both) and a trend toward lower levels of 59-elon-
gated and completed transcripts (P = 0.075 and 0.052, respectively) (Fig. 2B). In both
groups, multiply-spliced Tat-Rev was usually undetectable before ATI. Early after ATI,

FIG 1 PTCs and NCs show different temporal changes in plasma and cell-associated HIV RNA after ATI. (A and B) Plasma viral loads were
measured by clinical assays in posttreatment controllers (A) and in noncontrollers (B) before ATI (pre), at early and late times after ATI, and at
the time of virologic failure (VF). (C and D) Initiated (TAR), 59-elongated (Long LTR), mid-transcribed (Pol), completed (PolyA), and multiply-
spliced (Tat-Rev) cell-associated HIV transcripts were measured at each time point in posttreatment controllers (C) and in noncontrollers (D)
using RT-ddPCR. Each participant is represented by a different color or symbol. Open symbols denote PTCs who eventually experienced
rebound. Maroon-colored lines indicate medians. Nondetectable transcripts were assigned a value of 1 cp/mg. Statistics were calculated using
the Wilcoxon signed-rank test. *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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PTCs had lower levels of initiated, 59-elongated, mid-elongated, and completed tran-
scripts than did NCs (P = 0.018, 0.026, 0.008, and 0.007, respectively), and they tended
to have lower levels of multiply-spliced Tat-Rev (P = 0.056) (Fig. 2C). By late ATI, all tran-
scripts were lower in PTCs (P = 0.05, 0.004, 0.05, 0.002, and 0.002, respectively) (Fig. 2D).
Since the total HIV RNA levels reflect both the infection frequency and the HIV transcrip-
tion per provirus, we also analyzed the levels of total and intact HIV DNA, as measured in
a subset of participants. From pre-ATI to early ATI, both PTCs and NCs showed increases
in total HIV DNA (P = 0.02, P = 0.035) (Fig. S2), whereas neither group showed significant
changes between early and late ATI. We did not observe significant differences between
any time points for the intact HIV DNA, although the power was limited.

To account for differences in infection frequency, we calculated the ratio of each
HIV-1 RNA to the total and intact HIV DNA (where available) to express the average
level of each transcript per provirus (Fig. 3). The trends were similar to those observed
for the total HIV RNA. From pre-ATI to early ATI, PTCs showed a trending increase in 59-
elongated and completed transcripts per intact HIV DNA (P = 0.063) (Fig. 3B), whereas
the levels of completed HIV RNA per total DNA tended to decrease from early to late
ATI (P = 0.063) (Fig. 3A).

After ATI, NCs showed no significant increase in initiated or 59-elongated transcripts
per total or intact HIV DNA (Fig. 3C and D). From pre-ATI to early ATI, NCs showed an
increase in mid-elongated transcripts per total HIV DNA (P = 0.04), a trend toward an
increase in multiply-spliced Tat-Rev per total HIV DNA (P = 0.063) (Fig. 3C), and a trend to-
ward an increase in mid-elongated transcripts per intact HIV (P = 0.063) (Fig. 3D).

FIG 2 PTCs have lower levels of measured HIV-1 transcripts at all time points studied. Viral loads (A) and cell-associated HIV RNA levels at
pre-ATI (B), early ATI (C), and late ATI (D) time points were compared between posttreatment controllers (PTCs) and noncontrollers (NCs).
PTCs are represented by unique white or black symbols. Open symbols denote PTCs who eventually experienced virologic rebound. NCs are
represented by unique red symbols. Blue lines indicate median detectable transcripts. All viral loads of ,50 copies/mL were assigned a
value of 25 copies/mL, and undetected transcripts were assigned a value of 1 cp/mg. Statistics were calculated using the Mann-Whitney U
test. *, P , 0.05; **, P , 0.01; ***, P , 0.001. Statistically trending data are denoted using blue bars, with the associated P values being
above the data sets.
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Comparing PTCs and NCs, we found no difference in the levels of any HIV RNA per
total HIV DNA at the pre-ATI time point, suggesting that the lower total levels of HIV
RNA in PTCs before ATI may be driven by lower infection frequencies (Fig. 4). Likewise,
we did not detect significant differences between PTCs and NCs at the early ATI time
point. However, the lack of HIV DNA data for some participants limits the power with
which to detect differences. Moreover, the median levels of mid-elongated, completed,
and multiply-spliced HIV RNA per total HIV DNA tended to be higher in NCs than in
PTCs by late ATI, although only the difference in completed HIV RNA per DNA
approached statistical significance (P = 0.056) (Fig. 4C). By late ATI, PTCs had signifi-
cantly lower levels of completed transcripts per intact provirus (Fig. S3). These findings
suggest that the differences between PTCs and NCs at the late ATI time point are not
solely due to differences in HIV infection frequency.

PTCs show less HIV transcriptional completion and splicing after ATI. The ratios
of one HIV RNA to another were calculated to express the amount of HIV transcrip-
tional elongation (59-elongated/initiated), completion (completed/elongated), and
multiple splicing (multiply-spliced/completed and multiply-spliced/59-elongated). Of
note, these measures are independent of the cell infection frequency and the methods
used to normalize HIV RNA levels to cell numbers. From pre-ATI to late ATI, HIV tran-
scriptional elongation tended to increase in PTCs and increased in NCs (P = 0.02)

FIG 3 PTCs and NCs show different temporal changes in average HIV RNA levels per provirus (HIV RNA/HIV DNA) after ATI. To account for
differences in infection frequency, levels of each HIV transcript were normalized to the total HIV DNA (A and C) and the intact HIV DNA (B
and D) levels, as measured using the intact proviral DNA assay (IPDA) in a subset of individuals. Each participant is represented by a different
color or symbol. Open symbols denote PTCs who eventually experienced viral rebound. Maroon lines indicate ratio medians. Ratios with a
value of 0 were assigned a value of 0.0001. Statistics were calculated using the Wilcoxon signed-rank test or the Mann-Whitney U-test. *, P ,
0.05. Statistically trending data are denoted using blue bars, with the associated P values being above the data sets.
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FIG 4 Average HIV RNA levels per provirus do not differ between NCs and PTCs before ATI, but
differences start to appear by late ATI. The average levels of each HIV transcript per provirus (HIV RNA/
total HIV DNA) were compared between PTCs and NCs at pre-ATI (A), early ATI (B), and late ATI (C).
Blue lines indicate medians. Ratios with a value of 0 were assigned a value of 0.0001. Statistics were
calculated via the Mann-Whitney U test. Statistically trending data are denoted using blue bars, with
the associated P values being above the data sets.
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(Fig. 5A). In PTCs, we did not detect an increase in HIV transcriptional completion at
early ATI, and completion decreased significantly from early to late ATI (P = 0.04). In
contrast, NCs showed an increase in HIV transcriptional completion from pre-ATI to
early ATI (P = 0.004) as well as from pre-ATI to late ATI (P = 0.04) (Fig. 5B). At both
early and late ATI, completion was higher in NCs than in PTCs.

By late ATI, multiple splicing (Tat-Rev/PolyA) was lower in PTCs than in NCs
(P = 0.015) (Fig. 5C). In addition, the fraction of elongated transcripts that are multiply-
spliced (Tat-Rev/Long LTR) increased from pre-ATI to early ATI in NCs (P = 0.008) (Fig. 5D),
whereas no such increase was detected in PTCs. Generally, completion and multiple splic-
ing were lower in PTCs by late ATI.

PTCs demonstrated a distinct transcriptome, compared to NCs. To understand
the mechanisms behind posttreatment control and the higher levels of transcriptional
completion in NCs, we performed a gene set enrichment analysis (GSEA) on bulk CD41

T cell RNA sequencing (RNA-seq) data (14). Three PTCs without virologic failure and
three NCs with longitudinal RNA-seq data were included in this analysis (sampling
schema shown in Fig. S4A). Before ATI, only a limited number of pathways from the
curated gene sets differed between PTCs and NCs, including the higher expression of
the interleukin-7 (IL-7) pathway in NCs (Fig. 6A and B). However, during both early and
late ATI, NCs upregulated multiple pathways related to inflammation, interferon type I
and II activity, the HIV life cycle, and cell death (Fig. 6A and B). One representative

FIG 5 PTCs have lower levels of HIV transcriptional completion and splicing after ATI. The ratios of one HIV RNA to another were used to
express the extent of progression through various blocks to HIV transcription, including: (A) 59 elongation (elongated/initiated HIV RNA, (B)
completion (completed/elongated HIV RNA), (C) multiple splicing (multiply-spliced/completed HIV RNA), and (D) multiply-spliced as a fraction
of elongated (multiply-spliced/elongated HIV RNA). Each participant is represented by a different color. Statistics were calculated via the
Wilcoxon signed-rank test for within-group comparisons and the Mann-Whitney U test for between-group comparisons. *, P , 0.05; **, P
, 0.01. Statistically trending data are denoted using blue bars, with the associated P values being above the data sets.
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inflammatory response pathway that was persistently enriched in NCs was the tumor
necrosis factor (TNF) pathway, which is tightly linked to inflammation, HIV transcrip-
tion, and cell death (Fig. 6A and B) (15). A longitudinal within-group comparison
revealed the differential upregulation of certain pathways in PTCs versus NCs (Fig. 6C).
NCs demonstrated persistent global activation of cytokine, interferon, and TNF path-
ways during early and late ATI, whereas PTCs only showed selected, non-durable up-
regulation of some pathways, especially the interferon pathways, early in the ATI
(Fig. 6C, Cytokine-Interferon-TNF Module). Both PTCs and NCs upregulated host pro-
teins that interacted with HIV in early ATI, whereas PTCs downregulated certain HIV-
dependent factors in late ATI (Fig. 6C, HIV Module). Finally, PTCs upregulated p53-
related cell cycle arrest pathways and downregulated gene translation during early
ATI (Fig. 6C, Transcription-Translation-Cell Death Module). When evaluating potential
mechanisms behind complete HIV RNA transcription (PolyA level) during ATI, we discov-
ered that the high PolyA level was associated with elevated inflammatory response (TNF,
interferons, IL-2) and apoptosis pathways as well as with downregulated mRNA decay/
deadenylation, global gene transcription, and translation (Fig. S4B).

DISCUSSION

We analyzed longitudinal changes in HIV DNA and various HIV transcripts before
and after ATI in 15 PTCs and 11 NCs. Whereas previous studies have measured one
region of HIV RNA, the results presented here provide greater insight into how the

FIG 6 PTCs had distinct transcriptomic features from NCs during ATI. PTCs had lower levels of inflammation, cell death, and HIV-dependent factors during
ATI. (A) Normalized Enrichment Scores (NES) for the curated pathways, highlighting the enrichment of inflammatory, cell death, and HIV-dependent
pathways in NCs, compared to PTCs, during pre-ATI, early ATI, and late ATI. (B) Gene set enrichment in selected pathways at different time points. NES,
normalized enrichment score. (C) Longitudinal NES for different pathways in PTCs and NCs. The NES were derived from a within-group comparison, namely,
the transcriptome obtained during ATI versus that obtained in pre-ATI in PTCs and in NCs, respectively.
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mechanisms governing HIV expression change from ART suppression to virologic
rebound in PTCs and NCs.

We detected no change in HIV transcriptional initiation after ATI in either NCs or
PTCs, even at the time of virologic failure (Fig. 2B–D). This result seems surprising, since
one would expect that the principal effect of stopping ART is to allow for the infection
of new cells, which should increase HIV transcriptional initiation. It is possible that
many of the observed increases in completed and/or multiply-spliced HIV RNA (and
perhaps virus production) occur in cells that were infected prior to ATI and/or that
many of the newly infected cells are in tissues, migrate to tissues, or are cleared by
immune responses. However, HIV DNA increased from pre-ATI to early ATI in both
PTCs and NCs, suggesting the infection of new cells, although other explanations (pro-
liferation of previously infected cells) might contribute. Alternatively, it is possible that
the newly infected cells are rare and that their levels of HIV transcriptional initiation
are not much greater than the much larger population of preinfected cells, such that
they do not perceptibly change initiated transcripts, but they do have much higher
rates of transcriptional completion and splicing. Finally, the increase in HIV transcrip-
tion in newly infected cells could be matched by a decrease in transcription from previ-
ously infected cells.

It is also possible that the analyzed cells could harbor cell-bound virions that con-
tain genomic HIV RNA, especially during viremia in NCs, and that these could create
the appearance of increased HIV transcriptional elongation and completion. However,
virion HIV RNA should not contain multiply-spliced Tat-Rev, and it should be detected
as 2 copies of HIV TAR for every one copy of LongLTR, Pol, and U3-PolyA RNA. The
effect of bound virions would be to disproportionately increase HIV transcriptional ini-
tiation and not increase the ratios of Tat-Rev/PolyA or Tat-Rev/LongLTR. The fact that
we observed the opposite in NCs suggests that our results cannot be explained by
bound virions. Instead, our data suggest that the transition from a non-productive to a
productive HIV infection is mostly associated with increases in HIV transcriptional proc-
essivity and splicing, which may occur in newly infected cells. These findings accord
with prior studies that suggest that reversible blocks to HIV transcriptional elongation,
completion, and splicing are the main mechanisms of viral latency in the blood of
ART-suppressed humans (16), whereas blocks to elongation and splicing also operate
in primary cell latency models (17). Future studies should investigate whether the
levels of completed and multiply-spliced HIV transcripts are early harbingers of a
rebound after ATI.

PTCs and NCs differed in three major aspects of HIV transcription. First, PTCs had
lower total levels of initiated HIV transcripts and most other HIV transcripts per million
cell equivalents at all time points. Before ATI, the differences between PTCs and NCs in
HIV RNA levels were not apparent after normalizing to HIV DNA or another HIV RNA,
suggesting that these differences were largely driven by the lower infection frequency
in PTCs. The differences in infection frequency may also contribute to some of the dif-
ferences between PTCs and NCs in HIV RNA levels after ATI. However, other key find-
ings cannot be explained by differences in infection frequency. For example, the differ-
ent types of HIV transcripts showed different temporal changes in NCs and PTCs.
Moreover, even at early ATI, PTCs and NCs started to show different changes in the
ratios of completed and multiply-spliced to elongated HIV transcripts, which are meas-
ured from the same infected cells. Third, by late ATI, we started to see differences
between PTCs and NCs in levels of some HIV transcripts per provirus, which are also in-
dependent of infection frequency.

A second major difference between PTCs and NCs is that PTCs are able to limit
increases in multiply-spliced HIV Tat-Rev RNA at both early and late ATI. Multiply-
spliced Tat-Rev is used to encode Tat and Rev proteins. Tat creates a positive feedback
loop that increases HIV transcriptional elongation and has been deemed necessary for
productive infection, whereas Rev facilitates the nuclear export of unspliced genomic
HIV RNA (18). Whereas NCs had increases in multiply-spliced Tat-Rev and in the ratio of
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multiply-spliced/elongated HIV RNA, even at early ATI, and though these became more
pronounced at late ATI, PTCs exhibited no such increases at early or late ATI, even
though the unspliced and completed HIV transcripts had increased at early ATI. The
ability of PTCs to limit multiply-spliced HIV RNA may be due to lower production
(higher frequency of proviruses with mutations affecting splicing or Tat/Rev regions,
differential expression of cellular factors that govern HIV splicing [17], fewer newly
infected cells), increased destruction (immune mediated responses that rapidly kill and
clear infected cells with Tat-Rev), and/or cell shifts (migration or homing of cells with
Tat-Rev RNA). However, 10 of the 15 PTCs eventually had a viral rebound, at which
time 9 of the 10 showed increases in Tat-Rev, indicating that the mechanisms that limit
multiply-spliced HIV RNA in these individuals are not sustained or can be overcome.

A third major difference between PTCs and NCs is that PTCs are able to reduce the
levels of completed HIV RNA after an initial increase at early ATI. Both PTCs and NCs
showed significant increases in Pol and completed HIV RNA from pre-ATI to early ATI,
and these trends seemed similar even after normalization to the total HIV DNA,
although only NCs showed an increase in the ratio of completed/elongated HIV RNA at
early ATI. However, between early and late ATI, Pol and completed HIV RNA tended to
decrease in PTCs only, and the ratio of completed/elongated RNA decreased signifi-
cantly in PTCs, whereas no such decreases were observed in NCs. The limitation of
completed transcripts in PTCs could be due to mechanisms affecting RNA production
and/or destruction (described above for multiply-spliced HIV RNA), as reflected in the
link between high PolyA levels and downregulated mRNA decay/deadenylation path-
ways via transcriptomic analysis. However, the reduced activity of other global gene
transcription and translation pathways suggest that the downregulation of the host
transcription/translational machinery could also be a consequence of high level viral
replication and of an elevated inflammatory state. In addition, the increase and subse-
quent decrease in completed HIV transcripts suggests a delayed but sensed response
that begins after early ATI, such as an HIV-specific immune response.

PTCs may have cell intrinsic or extrinsic mechanisms that limit HIV transcriptional
processivity (after an initial delay) or selectively kill the HIV-infected cells that tran-
scribe polyadenylated HIV transcripts, which are also more likely to be exported and
translated into HIV proteins. Previous studies have indicated the preservation of HIV-
specific CD41 and CD81 cells among PTCs (19), and in addition to their cytolytic activ-
ities, CD81 T cells have noncytolytic mechanisms that can reduce HIV transcription
(20–24). Moreover, auxiliary inflammatory responses from natural killer cells in PTCs
have shown increased production of IFN-g (25).

In our transcriptomic analysis, we identified a collection of cellular transcriptional
pathways that were persistently enriched in NCs but not in PTCs. These include path-
ways linked to inflammation, interferon responses, the HIV life cycle, and cell death.
One particularly prominent example was the TNF pathway. TNF triggers a series of in-
tracellular signaling pathways, including those mediated by NF-kB, JNK, and the p38
MAP kinase (15). In HIV-infected cells, TNF stimulates HIV transcriptional activity by
potentiating the translocation of NF-kB into the nucleus as well as by enhancing the
binding of the NF-kB and AP-1 complexes to their binding sites on the HIV LTR (26–
28). In addition, NCs demonstrated persistent activation of the IL-1 signaling pathway.
IL-1 signaling is related to pyroptosis and inflammasome activation, which can prefer-
entially affect “bystander” CD41 T cells that undergo abortive HIV infection (29).
Moreover, NCs showed persistent activation of interferon signaling, which has been
previously linked to HIV reservoir expansion and persistent immune activation (30). In
contrast, PTCs showed a transient upregulation in the interferon and p53 pathways af-
ter ATI as well as a sustained downregulation in the gene translation pathways.
Besides the TNF and proinflammatory pathways, we also noted the upregulation of the
gene sets related to the HIV life cycle, HIV transcription, and virion assembly in NCs.

Additional studies are needed to determine how PTCs and NCs may differ in intrin-
sic and extrinsic immune responses as well as how these sense different HIV transcripts
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or antigens. If PTCs have a mechanism by which to kill cells expressing completed HIV
RNA, it does not result in a detectable decrease in HIV DNA between early and late ATI,
although our power to detect such a decrease was more limited, and it could be that
only a minority of HIV-infected cells in PTCs transcribe completed HIV RNA after ATI.
Moreover, completed HIV transcripts rose after late ATI in most PTCs who experienced
virologic failure, suggesting that in these individuals, the mechanisms that limit com-
pleted HIV transcripts are not sustained or can be overcome.

It would be interesting to know how the 5 PTCs who did not experience virologic
rebound differed from the 10 who eventually rebounded. We did not detect any signif-
icant differences between these two groups in HIV DNA or RNA levels or ratios at any
time point, but the power to detect such differences was limited.

The proposed mechanisms of control exhibited by PTCs largely differ from those
observed in HIV elite controllers. The model of elite control suggests provirus integra-
tion into transcriptionally silent regions of the host genome, which leads to a state of
deep latency, as well as the killing of provirus-containing cells via host immune
responses, such as CD81 T cell responses, that are associated with favorable HLA alleles
(31, 32). We propose that posttreatment control is not driven by preferential integra-
tion into noncoding host genomic regions, which should result in lower HIV transcrip-
tion per provirus before ATI, but rather by cell intrinsic or extrinsic immune mecha-
nisms after the expression of completed and spliced transcripts. Indeed, the RNA-seq
data suggest that PTCs and NCs have differentially regulated pathways involving
inflammation, cell death, gene translation, and mRNA decay during ATI.

There are multiple limitations of this study. Due to the rare occurrence of posttreat-
ment control, we were only able to study 15 PTCs. The definition of PTCs varies
between studies (1, 6, 33–35), and our PTCs may differ from those in other cohorts (3,
34, 36–40) and may be heterogeneous. We did not have access to tissue samples, and
there was some variation in the timing of blood collection, both between and within
PTC and NC groups, due in part to participant availability and also to differences in the
timings of rebounds. Some PWH were unable to participate for all of the times of sam-
ple collection, and the IPDA data were not available for all participants. Whereas ratios
of our HIV RNA targets can be used to measure the proportion of HIV transcripts that
are incomplete (and therefore non-infectious) and nonpolyadenylated (and therefore
less translation-competent), our assays cannot distinguish which proportion of each
RNA (including PolyA) may have been transcribed from intact versus defective provi-
ruses. Furthermore, there can be variation and imprecision in measuring HIV levels,
due to low copy numbers or primer/probe sequence mismatches, and this error gets
multiplied when expressing ratios of one HIV target to another. Combined with some
undetectable levels of HIV transcripts (especially Tat-Rev) and intact proviruses, this
limits the power with which to detect statistically significant differences. Finally, we
were only able to perform bulk RNA-seq, and most of the CD41 T cells were not
infected with HIV. Nonetheless, we were able to find key differences between PTCs and
NCs, and these results provide insights into the CD41 T cellular milieu that fosters post-
treatment control.

The findings presented here provide new observations into the mechanisms of HIV
transcriptional control by PTCs, including an early limitation of multiply-spliced HIV
RNA and a later, presumably immune-mediated limitation of more processive/com-
pleted HIV transcripts after ATI. More studies into these mechanisms will provide better
understanding and insight into the development of therapeutic strategies that are
aimed at a functional cure. These strategies will likely need to limit increases in com-
pleted and multiply-spliced HIV RNA after ATI through mechanisms that either limit
HIV expression, block new infection, and/or kill infected cells.

MATERIALS ANDMETHODS
Study participants. Peripheral blood mononuclear cells (PBMC) were obtained from participants en-

rolled in AIDS Clinical Trials Group (ACTG) studies A371 (39), A5024 (41), A5068 (42), A5170 (43), and
A5178 (44) as well as in the University of California, San Francisco OPTIONS cohort (45). Samples were
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isolated before ATI (pre-ATI) and at early and later time points after ATI. Sample collection schedules
were dictated by the original studies (39, 41–45). PTCs and NCs were identified based on published crite-
ria (6). Samples were available from 11 NCs and 15 PTCs. For some participants, no late ATI time point
was available. In 10 of the 15 PTCs, the viral loads (VL) increased beyond defined thresholds after the
late ATI time point, such that an additional viremic failure (VF) time point was collected. The samples
were analyzed at three time points: pre-ATI, early post-ATI, and late post-ATI. For the NCs, the early post-
ATI time point was a median of 6 (Q1, Q3: 4, 8) weeks after treatment interruption, and the late time
point was a median of 17 (Q1, Q3: 16, 20) weeks after treatment interruption. For the PTCs, the early and
late post-ATI time points were medians of 12 (Q1, Q3: 12, 13) and 60 (Q1, Q3: 43, 96) weeks after treat-
ment interruption, respectively. The slightly delayed timing for the early post-ATI time points in the
PTCs was due to a desire to assess the PTCs after any transient early post-ATI viral rebound, which was
seen in a subset of the PTCs prior to viral control and was described in the original description of the
CHAMP study (6). For safety reasons, NCs were restarted on ART after a high-level viral rebound, and this
generally occurred within 24 weeks of treatment interruption. All of the study participants provided writ-
ten informed consent.

Nucleic acid isolation. Cryovials containing 5 to 10 � 106 PBMC were thawed, transferred to
Eppendorf DNA LoBind Microcentrifuge Tubes, and centrifuged at 1,500 rpm for 5 min to pellet the cells.
The DNA and RNA were extracted using a Qiagen AllPrep DNA/RNA/miRNA Universal Kit with an on-col-
umn DNase I treatment of the RNA and the manufacturer’s modification to enhance the recovery of
short transcripts. Nucleic acids were quantified using a NanoDrop One spectrophotometer (Thermo
Scientific).

Reverse transcription (RT). To quantify the total initiated (TAR) HIV transcripts, an initial polyadenyl-
ation step was performed to enhance the RT of short transcripts (16), except that the polyadenylation
reaction was reduced proportionally to 15.5 mL and the subsequent RT reaction was performed in 30mL.
For the quantification of the 59-elongated (R-U5/pre-Gag; “LongLTR”), mid-elongated (Pol; unspliced),
U3-Poly(A) (“PolyA”), and multiply-spliced (Tat-Rev) transcripts, a separate RT reaction was performed
(16), and the reactions were modified proportionally for 30mL.

Droplet digital PCR. TAR HIV transcripts were quantified in single-plex (16). The other HIV tran-
scripts were detected using duplex combinations: LongLTR [FAM]1Pol [VIC] and PolyA [FAM]1Tat-Rev
[VIC]. The duplex assay sensitivities were comparable to the single-plex sensitivities (Table S1). PCR
amplification was performed on a Bio-Rad C1000 Touch Thermal Cycler, using a previously described
protocol (16). Droplets were read using a QX100 or QX200 (Bio-Rad) and were analyzed using
Quantasoft (Bio-Rad).

Intact proviral DNA assay (IPDA). In a subset of participants who were enrolled in another study,
the levels of total and intact HIV DNA were measured at Accelevir using the IPDA (46).

RNA sequencing (RNA-seq). PTCs were selected for RNA-seq, primarily based on stored sample
availability and on their ability to maintain viral suppression without evidence of virologic failure. PBMCs
were first enriched for CD41 T cells using an EasySep Human CD41 T Cell Enrichment Kit (StemCell). RNA
was extracted using an AllPrep DNA/RNA Kit (Qiagen) with subsequent rRNA depletion. RNA was further
reverse transcribed to a cDNA library and underwent sequencing via NovaSeq (Illumina). The sequencing
results were processed using the VIPER pipeline (47) for alignment, counting, and quality control. Next,
we used the raw gene counts for a further differentially expressed gene (DEG) analysis using the DESeq2
package (48) and a gene set enrichment analysis (GSEA) using the fgsea package with the adaptive, mul-
tilevel, splitting Monte Carlo approach (the n for the simple fgsea in the preliminary estimation of the P
values was 10,000 [49, 50]).

Statistics. The HIV RNA levels were normalized by the input of cellular RNA (via NanoDrop) to deter-
mine the HIV RNA copies/mg RNA (approximately 106 cells). When the levels of total or intact HIV DNA
were available, we calculated the ratio of each HIV RNA to the HIV DNA. In addition, the ratios of one HIV
RNA to another HIV RNA were calculated to express the degree of progression through the different
blocks to HIV transcription. The HIV DNA and RNA levels and ratios were compared between time points
using the Wilcoxon signed-rank test, and the comparisons between PTCs and NCs were evaluated using
the Mann-Whitney Test in GraphPad Prism (Version 9).

Study approval. Deidentified samples were obtained from participants enrolled in AIDS Clinical
Trials Group (ACTG) studies A371 (39), A5024 (41), A5068 (42), A5170 (43), and A5178 (44) as well as in
the University of California, San Francisco OPTIONS cohort (45). These studies were approved by their
local Institutional Review Boards. All participants provided written informed consent.

Data availability. The tabulated data for the HIV RNA and DNA levels are included in an Excel file in
the supplemental material (Table S3). The RNA-seq data have been submitted to the NCBI database
under BioProject number PRJNA859199.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.02 MB.
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