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Long-term effect of temporary ART initiated
during primary HIV-1 infection on viral
persistence

Alexander O. Pasternak 1,9 , Pien M. van Paassen2,9, Yara L. Verschoor 1,
Jelmer Vroom1, Karel A. van Dort2, Irma Maurer2, Marlous L. Grijsen 3,4,
Ferdinand W. Wit 5,6,7,8, Godelieve J. de Bree 5, Neeltje A. Kootstra 2,
Jan M. Prins5 & Ben Berkhout 1

Initiation of antiretroviral therapy (ART) during primary HIV-1 infection (PHI)
has been proposed to limit the formation of HIV-1 reservoirs. However, it
remains unknownwhether temporaryART initiatedduring PHIhas a long-term
effect on viral persistence. Here, we longitudinally quantify HIV-1 persistence
markers and immunological parameters in the participants (n = 64) of a ran-
domized controlled trial comparing 24 or 60 weeks of temporary ART vs. no
treatment during PHI, who subsequently (re)initiated ART during chronic HIV-
1 infection (CHI) after a median period of 116 weeks without treatment
(ISRCTN59497461). Levels of several HIV-1 persistence markers (cell-asso-
ciated unspliced RNA, total DNA, and intact DNA) do not significantly differ
and strongly positively correlate between early and CHI ART periods in the
same participants. Early ART is associated with lower HIV-1 proviral sequence
diversity and superior restoration of the CD4/CD8 ratio, as well as lower levels
of monocyte activation markers, compared to CHI ART, in the same partici-
pants. At CHI ART, intact HIV-1 DNA negatively correlates with HIV-specific T-
cell responses. Finally, levels of HIV-1 persistence markers during CHI ART are
lower in participants who had been pre-treated during PHI, indicating a long-
term suppressive effect of temporary early ART on the persistence of HIV-1
reservoir.

Combination antiretroviral therapy (ART) suppresses human immu-
nodeficiency virus type 1 (HIV-1) replication, restores immune func-
tion, and prevents the development of AIDS1. However, ART is not
curative and has to be continued lifelong because therapy interruption
(TI) almost inevitably results in a fast viral rebound. Persistence of viral

reservoirs forms themajor obstacle to achieving HIV-1 eradication or a
long-term remission2,3. In recent years, much effort has been invested
in the development of efficient therapeutic strategies to target the
reservoirs. In the absence of reliable predictive markers of post-
treatment virological control, every such potential curative
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intervention ultimately necessitates an analytical TI to assess its effi-
cacy. However, the impact of TI on immunological and virological
parameters in people with HIV-1 (PWH) has not been fully established,
which complicates clinical decision-making and hinders HIV-1 cure
research.

Although early ART initiation cannot on itself cure HIV-1
infection4,5, PWH who initiate ART during acute or early infection
achieve lower reservoir levels than those who start therapy during
chronic infection6–16. Early ART preserves immune function and limits
the possibilities for HIV-1 to escape from the host immune response17,
providing a likely explanation for the smaller reservoir under early
therapy. In line with this, “post-treatment controllers”, PWH who are
able to control HIV-1 replication post-TI for extended periods in the
absence of ART, are more frequent among those who have initiated
ART during early infection18,19. Even when it does not lead to post-
treatment control, temporary ART initiated during primary HIV-1
infection (PHI) has been shown to delay the viral rebound, lower the
plasma viral load set point and defer the restart of ART during chronic
HIV-1 infection (CHI)20–26. However, so far no study has investigated the
long-term effects of temporary ART initiated during PHI on the viral
reservoir in PWH who restart ART during CHI.

Here, wemeasuredHIV-1 cell-associated (CA) unspliced (US) RNA,
as well as total, intact, and defective HIV-1 DNA, in peripheral blood
mononuclear cells (PBMCs) of participants of the Primo-SHM study, a
randomized controlled trial (RCT) comparing no treatment with 24 or
60 weeks of temporary ART initiated during PHI20,27. All participants
who interrupted early ART, or were randomized to the no-treatment
arm, (re)initiated ART during CHI after (at median) more than two
years without treatment, providing us with the unique opportunity to
longitudinally quantify the parameters during both therapy periods.
Remarkably, in the participants who had been pre-exposed to ART
during PHI, we did not observe any significant differences in the HIV-1
persistence markers between early ART and CHI ART periods. More-
over, levels of US RNA and total DNA during CHI ART were lower in
those who had been pre-treated during PHI compared to the no-

treatment arm. Our results indicate that temporary early ART has a
long-term suppressive effect on the viral persistence, as revealed
during therapy reinitiated after several years.

Results
HIV-1 persistence and immunological response dynamics during
early ART
All 64 participants of the Primo-SHM study who completed the trial in
the Academic Medical Center of the University of Amsterdam (AMC)
were included in this study. Baseline and treatment characteristics of
the study participants are shown in Table 1 and extensive character-
istics are published elsewhere27. Participants received no treatment
(n = 12), 24weeks (n = 23), or 60weeks (n = 29) of early ART (Fig. 1). We
started with the longitudinal quantification of US RNA and total DNA
during early ART in participants whowere randomized to receive 24or
60 weeks of early ART (n = 52). Parameters were measured at baseline
(at PHI, before early ART initiation) and every 12 weeks on ART until TI.
Thus, participants of the 24-week armwereassessed at 12 and 24weeks
of early ART, while participants of the 60-week arm were additionally
assessed at 36, 48, and 60 weeks. We also assessed plasma viral loads,
CD4 + T-cell counts, CD4/CD8 ratios, and calculated HIV-1 transcrip-
tion levels per provirus (US RNA/total DNA ratios) at the same time
points.

As expected, no differences in the longitudinal dynamics of any
parameter between the 24-week and 60-week arms were observed
(Fig. S1), therefore these two arms were pooled together for further
analysis. Figure 2a shows the levels of the measured parameters at
baseline and under early ART, while Fig. 3a shows the longitudinal
dynamics of these parameters fitted to a two-phase segmentation
model. Fig. S2A shows the significance levels of the differences
between the time points for all markers. Plasma viral load demon-
strated a two-phase decaywith a changepoint at 12weeks of early ART.
By week 24, 92.3% of participants (and by week 36, all remaining par-
ticipants) achieved virological suppression in plasma to <50 copies/ml
and maintained it throughout the therapy period, apart from occa-
sional isolated “blips” that remained below 150 copies/ml. CD4+ count
and CD4/CD8 ratio increased between baseline and week 12 but did
not significantly change afterwards (Fig. S3A shows the relative
increases from baseline of CD4+ counts and CD4/CD8 ratios). Similar
to the plasma viral load, US RNA dramatically decreased between
baseline and week 12 (median decrease (interquartile range, IQR), 49
(17–389) fold) and remained relatively stable afterwards, although
some fluctuations were observed (US RNA levels at 36 weeks were
lower than at 24 and 48 weeks ART). In contrast, total DNA showed a
continuous decrease until 36 weeks, after which it remained stable.
The decay of total DNA during the first phase was much slower than
that of US RNA or plasma viral load (T1/2 = 12.9 vs. 2.11 vs. 1.17 weeks,
respectively). Similar differences in the decay of total HIV-1 DNA and
US RNA upon ART initiation were reported by us and others
previously8,28,29. The gradual decrease in total DNA reflects the elim-
ination of rare cells with intact proviruses by the host immunity in the
presence of the large background of defective proviruses that show a
much slower decay on ART30–32, whereas the biphasic kinetics of US
RNA reflects the steep decline of productively infected cells upon ART
initiation, followed by a quasi-steady state that is fuelled by stochastic
reactivation of latently infected cells. Interestingly, the US RNA/total
DNA ratio demonstrated a sharp decrease between baseline and week
12 (T1/2 = 2.69 weeks), followed by a significant, albeit much slower,
increase (Td = 16.8 weeks).

To assess the possible influenceof theART regimenon the plasma
viral load, HIV persistence markers, and immune restoration, we stra-
tified the participants according to the ART class (Fig. S4A) or
nucleoside analogue reverse transcriptase inhibitor (NRTI) backbone
(Fig. S4B) they received at every time point of early ART. No differ-
ences for any marker have been observed between different NRTI

Table 1 | Baseline and treatment characteristics of the study
participants (early ART)

Age, years (n = 64) 39.8 (31.7–47.1)a

Male gender (n = 64) 95.3 (61/64)

Baseline plasma viral load, log10

copies/ml (n = 64)
5.26 (4.63–5.77)

Baseline CD4+ count, cells/
mm3 (n = 64)

490 (310–633)

Baseline CD4/CD8 ratio (n = 64) 0.46 (0.25–0.79)

Time treated with early ART,
weeks (n = 64)

24 35.9 (23/64)

60 45.3 (29/64)

No early ART 18.8 (12/64)

NRTI backbone at start of early
ART (n = 52)

AZT + 3TC 63.5 (33/52)

FTC + TDF 36.5 (19/52)

ART class at start of early
ART (n = 52)

NNRTI + PI-based 88.5 (46/52)

PI-based 9.6 (5/52)

NNRTI-based 1.9 (1/52)

NRTI backbone at interruption of
early ART (n = 51)b

FTC + TDF 52.9 (27/51)

AZT + 3TC 31.4 (16/51)

3TC+ TDF 15.7 (8/51)

ART class at interruption of early
ART (n = 51)

NNRTI-based 64.7 (33/51)

PI-based 25.5 (13/51)

NNRTI + PI-based 9.8 (5/51)
aData aremedians (interquartile ranges) for continuous variables and% (proportions) for discrete
variables, unless indicated otherwise.
bOne participant did not interrupt early ART.
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backbones. However, plasma viral load and totalHIV-1 DNA levelswere
higher at 12 weeks ART in the participants treated with the triple-class,
four-drug ART regimen that included a nonnucleoside reverse tran-
scriptase inhibitor (NNRTI) combined with a protease inhibitor (PI),
compared to those treated with the three-drug NNRTI-based regimen

(Fig. S4A). The reason for this difference is that, by the study protocol,
almost all participants started the early ART on the four-drug regimen
(NNRTI + PI) and were advised to discontinue the fourth drug when
their plasma viral load became undetectable20,27. Consequently, at
12 weeks ART, most of participants whose plasma viral loads were not
yet suppressed (and who, therefore, had higher total HIV-1 DNA levels)
were still on the four-drug regimen, while most of those with sup-
pressed viral loads have already discontinued the fourth drug. No
other differences by the ART class were observed for any marker.

At baseline and at every time point during early ART, we assessed
pairwise correlations between the measured parameters (Fig. S5A).
Positive correlations were observed between the virological markers,
as well as between the CD4+ count and CD4/CD8 ratio, whereas the
virological markers negatively correlated with the CD4+ count and
CD4/CD8 ratio. At baseline, correlations were generally stronger than
during ART. Both at baseline and under ART, virological markers cor-
related stronger with the CD4/CD8 ratio than with the CD4+ count.
Strong positive correlations were also observed for CD4+ count, CD4/
CD8 ratio, and total DNA between the time points, whereas these
correlations were weaker for US RNA and especially for the US RNA/
total DNA ratio (Fig. S5B). These differences reflect more stable
dynamics of total DNA under ART as compared to US RNA, which is
known to fluctuate in time33,34.

HIV-1 persistence and immunological response dynamics during
CHI ART
According to the trial protocol, participants had to (re)start ART in the
case of two consecutive CD4+ counts <350 cells/mm3, diagnosis of
symptomatic HIV-1 disease, or insistence on (re)starting ART by the
physician or participant. 63 out of 64 study participants (re)started
ART during CHI (one participant from the 60-week arm chose not to
interrupt early ART). Baseline andCHIART characteristics are shown in
Table 2. Median times without treatment between the interruption of
early ART (for the 60-week and 24-week arms) or randomization (for
the no-treatment arm) and the start of CHI ART were 115.6 (IQR,
50.6–200.6) weeks for all participants, 134.3 (93.7–231.1) weeks for the
24-week arm, 123.4 (51.0–199.5) weeks for the 60-week arm, and 83.4
(33.2–113.4) weeks for the no-treatment arm. The time without treat-
ment was significantly shorter for the no-treatment arm compared
to the 24-week arm (Fig. S6), confirming the earlier results of

24 weeks

No 
early ART

Variable times

Variable times

60 weeks Variable times

Baseline early ART Baseline CHI ART

Baseline CHI ART

Baseline CHI ART

CHI ART

CHI ART

CHI ART

Randomization

Early ART
interruption

Baseline early ART

10 weeks

Early 24

Early 60 CHI 60

CHI 24

CHI nt

60-week arm

24-week arm

No-treatment arm

Fig. 1 | Schematic of the study. Participants received either no treatment (n = 12),
24 weeks (n = 23), or 60 weeks (n = 29) of early ART. After a period without treat-
ment, participants (re)started ART at chronic HIV infection (CHI). Durations of
periods with and without treatment are drawn to scale, as depicted below. The

durations of periods without treatment shown in the figure correspond to the
median periods without treatment in each of the three arms. nt, no treatment
during early ART.

Table 2 | Baseline and treatment characteristics of the study
participants (CHI ART)

Baseline plasma viral load, log10

copies/ml (n = 63)a
4.67 (4.32–5.21)b

Baseline CD4+ count, cells/
mm3 (n = 63)

310 (240–410)

Baseline CD4/CD8 ratio (n = 63) 0.36 (0.26–0.43)

Time untreated between interrup-
tion of early ART or randomization
and start of CHI ART, weeks

All partici-
pants (n = 63)

115.6
(50.6–200.6)

24 weeks early
ART (n = 23)

134.3 (93.7–231.1)

60 weeks early
ART (n = 28)

123.4
(51.0–199.5)

No early
ART (n = 12)

83.4 (33.2–113.4)

NRTI backbone at start of CHI
ART (n = 62)c

AZT + 3TC 3.2 (2/62)

3TC+ TDF 3.2 (2/62)

FTC + TDF 93.5 (58/62)

ART class at start of CHI ART (n = 62) NNRTI-based 58.1 (36/62)

PI-based 32.3 (20/62)

INSTI-based 4.8 (3/62)

NNRTI + PI-based 4.8 (3/62)

NRTI backbone at 96 weeks of CHI
ART (n = 61)d

ABC+ 3TC 3.3 (2/61)

AZT + 3TC 1.6 (1/61)

FTC + TDF 95.1 (58/61)

ART class at 96 weeks of CHI
ART (n = 61)

NNRTI-based 50.8 (31/61)

PI-based 37.7 (23/61)

INSTI-based 11.5 (7/61)
aOne out of 64 study participants did not interrupt early ART.
bData aremedians (interquartile ranges) for continuous variables and% (proportions) for discrete
variables, unless indicated otherwise.
cNo CHI ART data were available for one participant.
dOne participant stopped CHI ART before 96 weeks.
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Fig. 2 | Levels of HIV-1 persistence and immunological response parameters.
Levels of parameters at baseline (BL) and at 12, 24, 36, 48, 60weeks of early ART (a)
and 12, 24, 36, 48, 60, and 96 weeks CHI ART (b) are shown. Participants are color-
coded. For plasma viral load (VL), the limit of detection of the commercial assays
(50 copies/mL) is shown with a dashed line. Data points represent individual par-
ticipants (n = 52 for early ART (all parameters), n = 64 for CHI ART (CD4+ count,

CD4/CD8 ratio, plasma VL), n = 39 for CHI ART (US RNA, total DNA, US RNA/total
DNA ratio)). Repeated-measures mixed-effects analyses with Tukey corrections for
multiple comparisons were used for data analysis. P values represent the sig-
nificanceof the change of eachparameter between the timepoints. Source data are
provided as a Source Data file.
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Fig. 3 | Longitudinal dynamics of HIV-1 persistence and immunological
response. Longitudinal dynamics ofmeasured parameters during early (a) andCHI
(b) ART were fitted to a two-phase segmentationmodel with change points chosen
for every parameter based on the optimal model fit. For CD4+ count and CD4/CD8
ratio, slope values and their 95% confidence intervals during phases I and II are

shown. For log-transformed virological biomarkers, half-lives (T1/2) or doubling
times (Td) and their 95% confidence intervals during phases I and II are shown. Extra
sum of squares F tests were used to analyse the data. P values indicate the sig-
nificance of longitudinal changes in the measured parameters during phases I and
II. Source data are provided as a Source Data file.
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Grijsen et al. 20. During CHI ART, the vast majority of participants were
receiving tenofovir/emtricitabine as an NRTI backbone and an NNRTI
or a ritonavir-boostedPI as a thirddrug, although a smallminoritywere
receiving an integrase strand transfer inhibitor (INSTI)-based regimen
(Table 2). No differences by the ART class were observed for any
marker during CHI ART (Fig. S7A) and neither NRTI backbone nor ART
class was significantly different between the study arms (Fig. S7B).

We longitudinally quantified the same virological and immuno-
logical parameters during CHI ART as described above for the early
ARTperiod. Plasma viral loads, CD4+ counts, andCD4/CD8 ratios were
measured in all 63 participants treatedwith CHI ART. US RNA and total
DNA were measured in 39 participants, for whom longitudinal PBMC
samples were available (16 participants from the 60-week arm, 12 from
the 24-week arm, and 11 from the no-treatment arm). Figure 2b shows
the levels of the measured parameters at baseline (the time point
before CHI ART initiation) and during the first 96 weeks of CHI ART,
while Fig. 3b shows the longitudinal dynamics of these parameters
fitted to a two-phase segmentation model. Fig. S2B shows the sig-
nificance levels of the differences between the time points for all
markers. In general, the longitudinal dynamics were similar to that
observed during early ART, with all parameters fitting to a two-phase
model. However, some differences were observed. In contrast to the
early ART, wherebothCD4+ count andCD4/CD8 ratio remained stable

after the initial increase, at CHI ART both these parameters continued
to increase during the second phase as well, albeit much more slowly
than during the first phase. Fig. S3B shows the relative increases from
baseline of CD4+ counts and CD4/CD8 ratios during CHI ART. At CHI
ART, the US RNA/total DNA ratio remained stable after the initial
decrease, whereas an increase in this ratio was observed during the
second phase at the early ART.

We then assessed the longitudinal decay dynamics of HIV-1 mar-
kers (plasma viral load, totalDNA, andUSRNA)by comparing their log-
transformed relative changes frombaseline at early andCHI ART. At all
time points, the change in total DNA was the smallest, followed by the
change in US RNA, while the change in plasma viral load was the most
prominent (Fig. S8). Pairwise comparisons between the relative chan-
ges of differentmarkers frombaseline revealed significant differences,
both during early andCHI ART.When visually comparing early andCHI
ART, the decay dynamics of total DNA and US RNA were similar,
whereas plasma viral load decreased by a larger magnitude on early
ART thanonCHI ART (Fig. S8). This reflects higher plasmaviral loads at
PHI (the baseline of early ART) than at CHI (Fig. 2).

Finally, we assessed pairwise correlations between the measured
parameters at baseline and at every time point during CHI ART
(Fig. S9A). Similarly to the early ART,we observed positive correlations
between the virological markers, as well as between the CD4+ count

Fig. 4 | Comparisons between early and CHI ART in different participants.
Parameters were compared between participants treated with early ART (red) and
the no-treatment arm during the first 60 weeks of CHI ART (blue). Median values
and interquartile ranges are shown. Baseline parameters were compared using
Mann–Whitney tests (two-sided) and parameters measured under ART were com-
pared using repeated-measures mixed-effects modelling. Numbers of participants

per time point are indicated below the graphs. ***, p <0.001; **, 0.001 < p <0.01; ns,
not significant. Exact p values are as follows. CD4 count: p =0.0035 (baseline),
p = 1.3*10−5 (ART). CD4/CD8 ratio: p =0.15 (baseline), p = 6.6*10−8 (ART). US RNA:
p =0.10 (baseline), p = 2.1*10−5 (ART). Total DNA: p =0.051 (baseline), p =0.0058
(ART). Source data are provided as a Source Data file.
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and CD4/CD8 ratio, and negative correlations between virological
markers and CD4+ count or CD4/CD8 ratio. However, the correlations
at CHI and during CHI ART were weaker than the corresponding cor-
relations at PHI and during early ART (Figs. S5A and S9A). As for early

ART, positive correlations were observed for CD4+ count, CD4/CD8
ratio, and total DNA between the time points, whereas these correla-
tions were weaker for US RNA and the US RNA/total DNA ratio
(Fig. S9B).
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Comparisons between early and CHI ART in different
participants
We then proceeded to compare the CD4+ count, CD4/CD8 ratio, and
HIV-1 persistence markers between early and CHI ART. First, we com-
pared these parameters in different participants: parameters mea-
sured during early ART were compared with the corresponding
parameters measured during the first 60 weeks of CHI ART in the no-
treatment arm (Fig. 4). Separate comparisons were performed for
baseline (PHI vs. CHI) and on-ART values. For the latter comparisons,
we used mixed-effects modelling to account for the correlations of
longitudinal measurements within participants. The CD4+ count was
significantly higher both at PHI than at CHI and during early ART than
during CHI ART. In contrast, no difference between PHI and CHI was
observed for the CD4/CD8 ratio at baseline but this ratio was sig-
nificantly higher during early ART than during CHI ART. Accordingly,
no difference between early and CHI ART was observed in the relative
increases of the CD4+ count from baseline, but for the CD4/CD8 ratio
this difference was significant, with a more prominent increase during
early ART (Fig. S10A). For both total DNA and US RNA, we observed
nonsignificant trends towards lower values at PHI compared to CHI at
baseline, and both these markers were significantly lower during early
than during CHI ART (Fig. 4).

Comparisons of immunological response to early and CHI ART
in the same participants
Next, we compared the CD4+ count and CD4/CD8 ratio during early
and subsequent CHI ART periods in the same participants. As above,
the CD4+ count was higher both at PHI than at CHI and during early
ART than during CHI ART (Fig. 5a). The CD4/CD8 ratio was slightly
higher at PHI than at CHI, but the difference between CD4/CD8 ratios
during early and CHI ART periods was much larger than at baseline
(Fig. 5a). Relative increases of the CD4+ count andCD4/CD8 ratio from
baseline confirmed this,with a significant differencebetween early and
CHI ART for the CD4/CD8 ratio but not for the CD4+ count (Fig. S10B).
The difference in the rates of CD4/CD8 ratio restoration was the most
prominent during the first 12 weeks of ART, as the CD4/CD8 ratio
slopes during early ART were significantly steeper than those during
CHI ART in the same participants in the first 12 weeks of ART (Fig. 5b)
but not thereafter (Table S1).

We then compared the immunological response to early and CHI
ART in the same participants. Normalization of the CD4/CD8 ratio to
more than 1 is considered an important measure of immunological
response to ART, and a low CD4/CD8 ratio is a prognostic marker for
both opportunistic infections and non-AIDS morbidity and
mortality35,36. Therefore, we compared the normalization of the CD4/
CD8 ratio in the first year of early and CHI ART in the same 19 parti-
cipants, forwhom theCD4/CD8 ratiomeasurements at baseline and48
weeks of both early and CHI ARTwere available (only the 60-week arm
was included in this analysis). No difference between PHI and CHI was
observed in the proportions of participants with the normalized CD4/

CD8 ratio at baseline, as this ratio was <1 in 18 of 19 participants at PHI
and all 19 participants at CHI (Fig. 5c). However, by week 48 of early
ART, 12 of 19 participants (63%) achieved the CD4/CD8 ratio of >1,
whereas this threshold was achieved by only 3 of the same 19 partici-
pants (16%) by week 48 of CHI ART (p =0.0069) (Fig. 5c). Thus, in the
same PWH, early ART was superior to the subsequent CHI ART in
restoration of the CD4/CD8 ratio.

We then compared functional HIV-specific T-cell responses
between early and CHI ART periods in the same participants. To this
end, we selected 22 participants, for whom paired PBMC samples
obtained at early and CHI ART with similar times from ART initiation
were available (median (IQR) difference in times on ART, 4.9 (1.8–11.6)
weeks) and performed cross-sectional pairwise comparisons of CD4+
and CD8+ T-cell proliferative responses, reactivity (activation-induced
marker (AIM) assay), and IFN-γ release upon stimulation with Gag
peptidepools. RobustCD4+ andCD8 +T-cell responseswereobserved
at both early and CHI ART. A significant difference between the ART
periods was observed for Gag-specific CD8 +T-cell reactivity that was
higher during CHI ART, accompanied by a nonsignificant trend
towards higher IFN-γ release during CHI ART (Fig. 5d).

Finally, we compared levels of plasma solublemarkers of systemic
inflammation (IL-6), intestinal damage (I-FABP), and monocyte acti-
vation (sCD163 and sCD14) between early and CHI ART periods in 41
participants with paired plasma samples from early and CHI ART
periods (median (IQR) difference in times on ART, 6.0 (2.9–11.1)
weeks). Levels of IL-6 and I-FABP were significantly higher, while both
monocyte activation markers were significantly lower, on early ART
compared to CHI ART in the same participants (Fig. 5e).

Comparisons of HIV-1 persistence markers between early and
CHI ART in the same participants
Next, we compared total DNA and US RNA during early and sub-
sequent CHI ART periods in the same participants (n = 28). Remark-
ably, in contrast to the differences observed above for these markers
between earlyARTandCHI ART in the no-treatment arm,wemeasured
no significant differences for any of these markers in the same parti-
cipants (Fig. 6a).We then performed a sensitivity analysis, inwhich, for
each time point, we only retained paired early and CHI ART measure-
ments ofCD4+ count, CD4/CD8 ratio, total DNA, andUSRNA (Fig. S11).
This analysis did not change the conclusions as the results were very
similar to those shown in Figs. 5a and 6a. Furthermore, we observed
strong correlations between the average levels of total DNA or US RNA
measured during early and CHI ART (Fig. 6b). These results demon-
strate that, upon reinitiating ART during CHI, PWH who have been
temporarily pre-treated during PHI achieve similar levels of HIV-1
persistence markers to those achieved during early ART.

We then asked whether HIV-1 sequence diversity differs between
early andCHI ART in the same participants. To determine this, we used
single-genome sequencing (SGS) to measure the nucleotide diversity
of the 1.4 kb p6 – protease (PR) – reverse transcriptase (RT) region37,38

Fig. 5 | Comparisons of immunological response to early and CHI ART in the
same participants. a Comparisons of CD4+ count and CD4/CD8 ratio between
early (red) and CHI ART (blue) periods. Median values and interquartile ranges are
shown. Baseline parameterswere compared usingMann–Whitney tests (two-sided)
and parameters measured under ART were compared using repeated-measures
mixed-effects modelling. Numbers of participants per time point are indicated
below the graphs. *, 0.01 <p < 0.05; ***, p < 0.001. Exact p values are as follows. CD4
count: p < 0.0001 (baseline), p = 7.5*10−8 (ART). CD4/CD8 ratio: p = 0.035 (base-
line), p = 4.4*10−19 (ART). bComparison of the CD4/CD8 ratio slopes during the first
12 weeks of early and CHI ART in the same participants. Box-and-whiskers plots
show the median, quartiles, minimum andmaximum values. Data points represent
individual participants (n = 52 for early ART, n = 43 for CHI ART). Wilcoxon signed-
rank test (two-sided) was used for the comparison. ***, p < 0.0001. c Normalization
of CD4/CD8 ratio between baseline (BL) and 48 weeks of early and CHI ART in the

same participants. Proportions of participants with CD4/CD8 ratio <1 (red) and >1
(green) are depicted with doughnut charts and compared between early and CHI
ART by Fisher’s exact tests (two-sided). **, 0.001<p<0.01; ns, not significant.
d Comparisons of functional HIV-specific CD4+ and CD8 + T-cell responses
between early and CHI ART in the same participants. Data points represent indi-
vidual participants (n = 21 for CD4+ and CD8+ T-cell proliferation, n = 22 for CD4+
and CD8+ T-cell reactivity and IFN-γ release). Wilcoxon signed rank tests (two-
sided) were used to calculate statistical significance. e Comparisons of plasma
biomarkers of systemic inflammation, intestinal damage, and monocyte activation
between early and CHI ART in the same participants. Data points represent indi-
vidual participants (n = 41). Wilcoxon signed rank tests (two-sided) were used to
calculate statistical significance. For all panels, source data are provided as a Source
Data file.
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in the total HIV-1 DNA isolated from paired PBMC samples of 8 parti-
cipants obtained at the same time points during early and CHI ART
(12weeks ART,n = 6; 24weeks ART, n = 2). HIV-1 diversity, calculated as
average pairwise distance (APD), was significantly higher during
CHI ART than during early ART (p =0.023) (Fig. 6c). This difference
likely reflects the (on average) 2.5-year period without treatment

between the early and CHI ART, during which HIV-1 nucleotide sub-
stitutions are expected to accumulate due to the unsuppressed virus
replication39.

To obtain a deeper insight into possible differences in the per-
sistence of HIV-1 reservoir between early and CHI ART in the same
participants, we used intact proviral DNA assay (IPDA) to perform a
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cross-sectional comparison of levels of intact and defective proviruses
in 22 participants with paired samples obtained at early and CHI ART,
in whom we also measured T-cell responses (see above). Similarly to
what was observed forUS RNA and total DNA, no significant difference
in the levels of intact proviruses between the therapy periods was
measured in the same participants (Fig. 6d). However, nonsignificant
trends towards higher levels at CHI ART were observed for both 3’
defective and 5’ defective proviruses, and significantly higher levels of
total defective (3’ defective + 5’ defective) proviruses were observed at
CHI ART (Fig. 6d). In spite of this difference, total (intact + defective)

proviruses did not significantly differ between the two therapy periods
(Fig. 6d). We also observed strong positive correlations between the
two therapy periods for all proviral forms measured: intact, 3’ defec-
tive, and 5’ defective proviruses (Fig. 6d). Taken together, these results
strongly suggest that in these participants, upon reinitiation of ART
during CHI, intact HIV-1 reservoirs returned to their early-ART levels
despite the long TI. At the same time, an increase in defective pro-
viruses atCHI ART compared to early ARTwasobserved,whichmaybe
explained by clonal expansion of cells harbouring defective
proviruses40.

Fig. 6 | Comparisons of HIV-1 persistence markers between early and CHI ART
in the same participants. a Comparisons of US RNA and total HIV-1 DNA between
early (red) and CHI ART (blue) periods. Median values and interquartile ranges are
shown. Baseline parameters were compared using Mann-Whitney tests (two-sided)
and parameters measured under ART were compared using repeated-measures
mixed-effects modelling. Numbers of participants per time point are indicated
below the graphs. ns, not significant. Exact p values are as follows. US RNA: p =0.52
(baseline), p = 0.077 (ART). Total DNA: p =0.19 (baseline), p = 0.77 (ART).
bCorrelations between the average levels of US RNAor total DNAmeasuredduring
early and CHI ART in the same participants. Data points represent individual par-
ticipants (n = 25). Spearman tests (two-sided) were used to calculate statistical
significance. c Comparison of HIV-1 sequence diversity between early and CHI ART

in the same participants. HIV-1 diversity was calculated as average pairwise distance
(APD). Data points represent individual participants (n = 8). Wilcoxon signed rank
test (two-sided) was used to calculate statistical significance. *, 0.01 < p < 0.05.
Exact p value: p = 0.023. d Comparisons and correlations of intact and defective
HIV-1 DNA levels between early and CHI ART in the same participants. Data points
represent individual participants (n = 22). Wilcoxon signed rank tests (for com-
parisons) and Spearman tests (for correlations) were used to calculate statistical
significance (all tests were two-sided). e Correlations between functional HIV-
specific T-cell responses and intact HIV-1 DNA at CHI ART. Data points represent
individual participants (n = 21 for CD8+ T-cell proliferation, n = 22 for CD8 +T-cell
reactivity and IFN-γ release). Spearman tests (two-sided) were used to calculate
statistical significance. For all panels, source data are provided as a SourceData file.

Fig. 7 | Comparisons between pre-treated and not pre-treated participants
during CHI ART. Parameters were compared between participants who had (red)
andhadnot (blue) been pre-treatedwith early ART.Median values and interquartile
ranges are shown. Baseline parameters were compared using Mann–Whitney tests
(two-sided) and parameters measured under ART were compared using repeated-
measures mixed-effects modelling. Numbers of participants per time point are

indicated below the graphs. **, 0.001<p<0.01; *, 0.01<p < 0.05; ns, not significant.
Exact p values are as follows. CD4 count: p =0.081 (baseline), p = 0.21 (ART). CD4/
CD8 ratio: p = 0.61 (baseline), p = 0.91 (ART). US RNA: p =0.038 (baseline),
p = 0.0047 (ART). Total DNA: p = 0.23 (baseline), p = 0.017 (ART). Source data are
provided as a Source Data file.
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Finally, we determined correlations between the HIV-1 proviral
forms and HIV-specific T-cell responses at both early and CHI ART. At
early ART, intact HIV-1 DNAweakly negatively correlated with CD8 +T-
cell reactivity and IFN-γ release but a correlation of 5’ defective HIV-1
DNA with IFN-γ release was stronger (Fig. S12). However, at CHI ART,
intact HIV-1 DNA significantly negatively correlated with CD8 +T-cell
proliferation, reactivity, and IFN-γ release (Fig. 6e), while correlations
of defective HIV-1 DNA with T-cell responses were weaker (Fig. S12).
These results suggest that HIV-specific T-cell responses may restrict
the intact HIV-1 reservoir during ART, especially during ART initi-
ated at CHI.

Comparisons between pre-treated and not pre-treated partici-
pants during CHI ART
Taken together, the above results suggested that temporary early ART
had a suppressive effect on the HIV-1 persistence markers but did not
affect theCD4+ count orCD4/CD8 ratiomeasuredduringART restarted
during CHI. To prove this, we compared the parameters during the first
96 weeks of CHI ART between participants who were or were not pre-
treatedwith early ART. Indeed,while nodifferencewasobserved for the
CD4+ count or CD4/CD8 ratio, both US RNA and total DNA were sig-
nificantly lower duringCHI ART in those participants whohadbeen pre-
treatedwith temporary early ART (Fig. 7). This indicates that temporary
early ART had a long-term suppressive effect on the viral persistence, as
revealedduring therapy reinitiated after several years.Wealsoobserved
lower levelsofUSRNA (butnot totalDNA) at theCHIARTbaseline in the
pre-treated participants (Fig. 7). These results are in line with the earlier
report ofGrijsen et al., whomeasured a lower plasmaviral load set point
in those Primo-SHM study participants who were treated with early
ART20. Taken together, this evidence indicates that temporary early ART
caused a reduction in the levels of both HIV-1 replication and persis-
tence, observed at CHI and during CHI ART, respectively.

To elucidate any possible long-term effects of the duration of
early ART, we compared the parameters during CHI ART between
participants who had been pre-treated for 24 weeks, 60 weeks, or not
at all, during PHI (Fig. S13). No differences between arms were
observed for CD4+ count. The CD4/CD8 ratio during CHI ART was
significantly higher in the 24-week arm compared to the 60-week arm
but no differences with the no-treatment arm were observed. In con-
trast, US RNA was significantly lower in both 24-week and 60-week
arms, compared to the no-treatment arm,while no difference between
24-week and 60-week arms was observed. Total DNA was significantly
lower only in the 60-week arm compared to the no-treatment arm.

Finally, we asked whether the long-term effects of early ART on
the viral persistence duringCHI ARTcouldbemediated throughbetter
antiviral immune responses in pre-treated participants. To this end, we
selected 40 participants, for whom PBMC samples at CHI ART were
available (60-week arm, n = 16; 24-week arm, n = 14; no-treatment arm,
n = 10) and performed cross-sectional comparisons of functional HIV-
specific T-cell responses (CD4+ and CD8 + T-cell proliferation and
reactivity, as well as IFN-γ release) between the arms. Although it was
not possible to perfectly match the participants for times from CHI
ART initiation, there were no significant differences in times on ART
between the arms (Fig. S14A). Robust CD4+ and CD8+ responses were
observed in all arms but no significant differences were observed
between the arms for any of themeasured HIV-specific T-cell response
parameters (Fig. S14B). We alsomeasured soluble markers of systemic
inflammation, intestinal damage, and monocyte activation in 53 par-
ticipants (60-week arm, n = 23; 24-week arm, n = 18; no-treatment arm,
n = 12) at CHI ART. No significant differences between the arms were
observed for any of these markers as well (Fig. S14C).

Discussion
In this study,weused longitudinal samples fromparticipants of anRCT
who received temporary ART during PHI, underwent a long-term TI,

and subsequently restarted ART during CHI. Moreover, we compared
HIV-1 persistencemarkers in theseparticipants with those from the no-
treatment arm of this RCT (participants who were randomized not to
receive early ART and who started ART during CHI). To eliminate
residual confounding, we performed both within-subject comparisons
(early vs. CHI ART in the same participants), as well as comparisons
between treatment and no-treatment arms of the RCT. This study
design allowed us to obtain a number of important and novel insights
into the long-term effects of temporary early ART on the HIV-1
persistence.

First, we compared parameters measured at the early ART with
the corresponding parameters measured at the CHI ART in the no-
treatment arm and measured significantly lower levels of both total
HIV-1 DNA and US RNA at early ART. This observation confirms pre-
vious reports on lower HIV-1 reservoir levels during early ART6–8.
However, in contrast to these previous studies thatwere observational
and compared different PWH cohorts (early vs. late treatment), our
RCT design allowed to eliminate, or at least drastically reduce, any
potential bias.

Second, we could not measure any significant difference in total
HIV-1 DNA, intact HIV-1 DNA, or US RNA levels between early and CHI
ART within the same participants. This result was unexpected, given
the well-known association of early ART with reduced HIV-1 reservoir
levels. Moreover, strong correlations between the two therapy periods
were observed for US RNA and total DNA, as well as for intact and
defective HIV-1 DNA. Taken together, these results indicate that HIV-1
reservoir markers returned to their early-ART levels upon restart of
ART during CHI. Several studies have previously demonstrated that
short-term (6–12 weeks) analytical TI does not have any permanent
effect on the reservoir size as no significant difference in HIV-1 per-
sistence markers pre- vs. post-TI could be measured41–44. It should be
noted that these studies were cross-sectional (one pre-TI sample was
compared with one post-TI sample per participant), therefore vari-
ables were not measured at the same time points from ART initiation
and re-initiation. In addition, the participants of these earlier studies
were not generally treated during PHI. In contrast, our longitudinal
study design allowed to compare the dynamics of HIV-1 persistence
markers in the same period after initiation of early and CHI ARTwithin
the same individuals. Structured TI is an essential component in the
design of HIV-1 curative intervention trials. Despite the fact that PWH
who restart ART following TI generally resuppress their plasma viral
load and recover their CD4+ counts, a TI can still potentially lead to an
increase in reservoir. Strikingly, our results demonstrate that if ART is
initiated during PHI, then even a long-term (median, 2.5 years) TI does
not irreversibly change the reservoir.

Third, we directly demonstrated the long-term effect of tempor-
ary early ART on the HIV-1 persistence by comparing viral markers
during CHI ART between participants who were randomized to treat-
ment or no treatment during PHI. Both total DNA and US RNA were
significantly lower in pre-treated participants, despite that they had
been untreated for a longer periodduring the TI than the no-treatment
arm (median, 129 vs. 83weeks; p = 0.026) and could have accumulated
a larger viral reservoir. Interestingly, while 24 weeks of early ART were
sufficient to decrease the US RNA levels during CHI, for total DNA this
effect was only achieved with 60 weeks of early ART. Further studies
should investigate whether a longer period of temporary ART initiated
during PHI can result in an even stronger reduction of the reservoir.

To thebest of our knowledge, this is thefirst study todemonstrate
long-term effects of temporary early ART on the persistence of HIV-1
reservoir. In the recent years, the reservoir, especially its tran-
scriptionally active part, has been increasingly recognized to persist
not only by viral latency but also by resistance to immune clearance of
infected cells2,45–47. This immune clearance appears to play a surpris-
ingly prominent role in shaping the reservoir by continuously remov-
ing the transcription-competent proviruses in a process that has been
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termed ‘autologous shock and kill’48. In line with this, a number of
studies have demonstrated HIV-1 US RNA to be a powerful predictor of
viral rebound upon ART interruption27,49–52, suggesting that the
transcription-competent reservoir reflects the replication-competent
reservoir53,54. The mechanisms of HIV-1 immune resistance under ART
are under active investigation55,56, but temporary early ARTmay either
permanently imprint the immune system so that it is more efficient in
clearing the reservoir cells during subsequently restarted ART, or
suppress the ability of HIV-1 to escape this immune clearance. Either
way, our results are in line with earlier evidence from several groups
that temporary early ART lowers the plasma viral load set point in the
untreated infection after TI20,21. In our study, we observed significant
negative correlations between intact HIV-1 proviral load and HIV-
specific T-cell responses at CHI ART in the pre-treated participants,
suggesting the immune system indeed restricts the reservoir during
ART. However, we did not observe any differences between the study
arms in HIV-specific T-cell responses and soluble markers of systemic
inflammation, intestinal damage, and monocyte activation measured
during CHI ART. Further studies should unravel the exact mechanisms
underlying the effects of temporary early ART on the HIV-1 reservoir.

Despite no difference in HIV-1 persistence marker levels between
early and CHI ART in the same participants, proviral diversity was
significantly higher during CHI ART than during early ART in the same
participants and at the same time points on therapy. In the untreated
infection, it has been reported that HIV-1 diversity correlates with viral
replicative fitness and diversity before ART initiation predicted
delayed viral rebound upon TI57,58. This suggests that despite the low
reservoir size during CHI ART in the pre-treated PWH, HIV-1 could still
be fitter and therefore presumably more prone to rebound if CHI ART
were interrupted, compared with the early ART period in these PWH.
Indeed, post-treatment control is more frequent after interruption of
ART started at PHI19. In this study, CD8 + T-cell reactivity andmonocyte
activation were also higher during CHI ART than during early ART in
the same participants, which may reflect a broader antigenic stimula-
tion by amore diverse viral population.We recently demonstrated that
levels of sCD14, a monocyte activation marker, measured just before
TI, positively correlated with plasma viral load setpoint after TI59.
Alternatively, the increase in monocyte activation markers at CHI ART
could reflect ~2.5 years of untreated infection between early TI andCHI
ART initiation. This is consistent with previous studies showing that
monocyte activation remains elevated in PWH despite viral
suppression60. On the other hand, the observed decline in systemic
inflammation and intestinal damage markers at CHI ART compared to
early ART aligns with previous observations in individualswith CHI60,61.
The higher levels of inflammatory and gut damagemarkers during PHI
are likely attributable to HIV-induced immune activation in the early
stages of HIV-1 infection62. This reflects the well-documented immune
dysregulation and heightened inflammatory response observed in
early HIV-1 infection before ART initiation.

Our study design allowed to compare the immunological
response to early and CHI ART in the same PWH. In this respect, a
remarkable difference was observed between the two markers of
immunological response to ART: CD4+ counts and CD4/CD8 ratios.
The participants started early ART at significantly higher CD4+ counts
than at the restart of ART during CHI, and this difference was main-
tained throughout the first 60 weeks of ART. However, early ART did
not restore the CD4+ counts faster than CHI ART: in fact, there was no
difference between the relative gains in CD4+ counts from baseline
between early and CHI ART in the same participants. In contrast, early
ART restored the CD4/CD8 ratios significantly faster than CHI ART,
with the strongest effectobservedduring thefirst 12weeks ofART. As a
result, we observed a large difference in the percentage of participants
who had their CD4/CD8 ratios restored to more than 1 by week 48 of
early vs. CHI ART, in the same participants. Our results are in agree-
ment with an earlier study that reported greater CD4/CD8 ratio

increases in individuals who initiated ART within six months of infec-
tion compared to later initiators35. However, an advantage of our
current study design is thatwe compared the CD4/CD8 ratio dynamics
on early vs. CHI ARTwithin the samePWH. Becauseof the independent
prognostic value of the CD4/CD8 ratio for non-AIDS morbidity and
mortality, our results support the early initiation of ART.

In contrast to its effect on the viral persistence, temporary early
ART did not appear to influence the immunological response to CHI
ART, as no difference was observed between the pre-treated and not
pre-treated arms in either baseline values or reconstitution rates of
CD4+ count or CD4/CD8 ratio. These results are in agreement with
an earlier report that compared the CD4+ count restoration on CHI
ART between the pre-treated and not pre-treated arms in another
subset of the Primo-SHM study, and with a report by the Short
Pulse Anti-Retroviral Therapy at Seroconversion (SPARTAC) trial
investigators21,63. However, another study observed that individuals
transiently pre-treated during PHI restarted ART with higher
baseline CD4+ counts and retained significantly higher CD4+ counts
on CHI ART64. It should be noted that the latter study included PWH
who were pre-treated for different periods. In addition, it was an
observational study, therefore residual confounding cannot be
entirely excluded.

Our study has some limitations. As the vast majority of partici-
pants were MSM residing in the Netherlands who were infected with
HIV-1 subtype B27, the results may not be fully generalizable to other
populations differing by sex, transmission route, or HIV-1 subtype.
Another limitation is the exclusive focus on peripheral blood. As more
than 98% of the body CD4 + T cells are locked in the lymphoid organs,
these are the primary sites of HIV-1 replication in untreated PWH. It is
unclear, however, whether the infected cell frequency in tissues in
ART-treated PWH is higher than in peripheral blood. Further studies
should investigate the effects of temporary early ART on HIV-1 per-
sistence in tissues.

In summary, we report here on a long-term suppressive effect of
temporary early ART on the persistence of the viral reservoir. Not only
have we failed to detect any detrimental effect of transient treatment
during PHI on the virological or immunological response to CHI ART,
butwe evenmeasured lower levels ofHIV-1 persistencemarkersduring
CHI ART in the pre-treated participants. Moreover, we demonstrate an
absenceof any detrimental effect of a long TI onHIV-1 persistence. Our
findings are helpful for the design of HIV-1 curative interventions that
necessitate a treatment interruption.

Methods
Study design
The Primo-SHM trial was a multicentre RCT comparing temporary
early ART with no treatment during PHI (registration number
ISRCTN59497461). Participants were randomly assigned to receive no
treatment or 24 or 60 weeks of ART (3-way randomization). If treat-
ment was clinically indicated based on severe clinical symptoms or the
participant insisted on starting early ART, subjects were randomized
over the 2 treatment arms (2-way randomization). Details of trial
design, as well as primary and secondary outcomes of the trial, are
reported elsewhere20. Of 64 participants included in the present study,
50 (78.1%) were 3-way and 14 (21.9%) were 2-way randomized. Partici-
pants were recruited fromMay 2003 until March 2010, and follow-up
data were collected until April 2015. Among participants, 81.3% were
diagnosedwithHIV-1 during Fiebig stage III or IV of early infection, and
treatment started on average 4 weeks after diagnosis27. Most partici-
pants (82.8%) were MSM, and 84.4% were infected with HIV-1 sub-
type B27.

Ethics statement
The study was approved by the AMC Medical Ethics Committee, and
written informed consent was obtained from all participants.
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PBMC and plasma samples
In total, 368 PBMC samples were included in the analysis: 306 for the
longitudinal analysis and 62 for the cross-sectional analysis. From the
306 samples used for the longitudinal analysis, 186 samples were from
the early ARTand 120 from theCHI ARTperiods. The PHI sampleswere
obtained a median of 2 days (IQR, 0–5 days) before the early ART
initiation. For the 12-week measurements on early ART, samples were
obtained at a median of 1.1 weeks (IQR, 0.3–2.0 weeks) before or after
the exact 12-week time point. For the 24-week, 36-week, 48-week, and
60-week measurements on early ART, these differences were 1.0
(0.0–2.2), 1.0 (0.7–1.5), 1.1 (0.9–1.5), and 0.7 (0.3–1.5) weeks, respec-
tively. The CHI baseline samples were obtained a median of 3.6 (IQR,
0.9–12.8) weeks before the initiation of CHI ART. For the 12-week
measurements on CHI ART, samples were obtained at a median of
3.6 weeks (IQR, 2.1–4.9 weeks) before or after the exact 12-week time
point. For the 24-week, 36-week, 48-week, 60-week, and 96-week
measurements on CHI ART, these differences were 2.8 (1.8–3.6), 2.6
(1.6–4.0), 3.4 (1.9–5.0), 6.7 (3.4–14.6) and 13.6 (8.6–14.6) weeks,
respectively. From the 62 PBMC samples used for the cross-sectional
analysis, 22 were from the early ART period and 40 from the CHI ART
period. We also used 94 plasma samples (41 from the early ART period
and 53 from the CHI ART period) to measure soluble markers of sys-
temic inflammation, intestinal damage, and monocyte activation.

Measurements of virological markers
Plasma viral load was measured using commercial assays with detec-
tion limits of 50 or 40 copies/mL. For total HIV-1 DNA and US RNA
measurements, total nucleic acids were extracted from PBMCs using
the Boom isolation method65. Extracted cellular RNA was treated with
DNase (DNA-free kit; Thermo Fisher Scientific) to remove DNA that
could interfere with the quantitation and reverse-transcribed using
random primers and SuperScript III reverse transcriptase (all from
Thermo Fisher Scientific). Total HIV-1 DNA andUSRNAweremeasured
using previously described qPCR-based methods66,67. HIV-1 DNA or
RNA copy numbers were determined using a 7-point standard curve
with a linear range of more than 5 orders of magnitude that was
included in every qPCR run and normalized to the total cellular DNA
(by measurement of β-actin DNA) or RNA (by measurement of 18S
ribosomal RNA) inputs, respectively, as described previously29. Non-
template control wells were included in every qPCR run and were
consistently negative.

Total HIV-1 DNAwas detectable in 97.8% of the PHI samples and in
87.2% of the early ART samples. US RNAwas detectable in 95.6% of the
PHI samples and in 68.6%of the early ART samples. Both totalDNA and
US RNA were detectable in 100% of the CHI baseline samples, whereas
their detectability in the CHI samples was 97.6% and 90.1%, respec-
tively. Undetectable measurements of US RNA or total DNA were
assigned the values corresponding to the corresponding assay detec-
tion limits, with amaximumof 200 copies/μg total RNAor 200 copies/
106 PBMCs, respectively. The detection limits depended on the
amounts of the normalizer (input cellular DNA or RNA) and therefore
differed among samples.

Measurement of intact and defective HIV-1 proviruses
Intact and defective HIV-1 proviruses were quantified by the IPDA68. In
brief, genomic DNA was isolated from PBMCs using Puregene Cell Kit
(QIAGEN Benelux B.V.) according to the manufacturer’s instructions
and digested with BglI restriction enzyme (ThermoFisher Scientific) as
described previously69. Notably, only a small minority (<8%) of HIV-1
clade B sequences contain BglI recognition sites between Ψ and env
amplicons, therefore BglI digestion is not expected to substantially
influence the IPDA output, while improving the assay sensitivity by
increasing the genomic DNA input into a droplet digital PCR (ddPCR)
reaction69. After desalting by ethanol precipitation, genomic DNA was
subjected to two separate multiplex ddPCR assays: one targeting HIV

Ψ and env regions using primers and probes described previously,
including the unlabelled env competitor probe to exclude hypermu-
tated sequences68, and one targeting the cellular RPP30 gene, which
wasmeasured todetermine theDNA shearing index69 and tonormalize
the intact HIV-1 DNA to the cellular input. The RPP30 assay amplified
two regions, with amplicons located at exactly the same distance from
each other as HIVΨ and env amplicons. The first region was amplified
using a forward primer 5’-AGATTTGGACCTGCGAGCG-3’, a reverse
primer 5’-GAGCGGCTGTCTCCACAAGT-3’, and a fluorescent probe 5’-
FAM-TTCTGACCTGAAGGCTCTGCGCG-BHQ1-3’70. The second region
was amplified using a forward primer 5’-AGAGAGCAACTTCTT
CAAGGG-3’, a reverse primer 5’-TCATCTACAAAGTCAGAACATCAGA-
3’, and a fluorescent probe 5’-HEX-CCCGGCTCTATGATGTTGTTG-
CAGT-BHQ1-3’. The ddPCR conditions were as described previously68

with some minor amendments: we used 46 cycles of denaturation/
annealing/extension and the annealing/extension temperature
was 60 °C.

Measurements of HIV-1 sequence diversity
SGS of HIV-1 p6-PR-RT region in the total HIV-1 DNA was performed
essentially as previously described38. Products of the nested PCR were
sequenced directly with BigDye Terminator-based Sanger sequencing
using 4 internal primers: 2030+ (5’-TGTTGGAAATGTGGAAAGGAAG-
GAC-3’), 2600+ (5’-ATGGCCCAAAAGTTAAACAATGGC-3’), 2610- (5’-
TTCTTCTGTCAATGGCCATTGTTTAAC-3’), and 3330- (5’-TTGCCC
AATTCAATTTTCCCACTAA-3’). Sequences were assembled using
CodonCodeAligner. Chromatogramswere examined for double peaks
and sequences with evidence of mixed bases were excluded from the
analysis. Sequences were also screened for APOBEC-induced G-to-A
hypermutation using Hypermut 2.0 software (https://www.hiv.lanl.
gov/content/sequence/HYPERMUT/hypermut.html) and the hyper-
mutated sequences were excluded from the analysis. A median of 9
(IQR, 7-11) SGS per sample were included in the final analysis (150 SGS
in total). Maximum likelihood analyses and diversity calculations were
performed usingMEGA 7.0 software. APDwas calculated to determine
HIV-1 sequence diversity.

Measurement of functional HIV-specific cellular immune
responses
IFN-γ release assay (IGRA) was performed to evaluate the immune
response upon HIV-1 peptide pool stimulation. A total of 0.5 × 106

PBMCs were stimulated with an HIV-1 consensus B Gag peptide pool
(1 µg/ml, NIH AIDS Reagent Program) or cultured inmedium alone as a
control. After 16 hrs, culture supernatants were harvested and IFN-γ
released by the cells was determined by human IFN-γ DuoSet ELISA
(R&D Systems, Minneapolis, MN, USA).

AIM assay was performed to assess the frequency of reactive
CD4+ and CD8 +T cells. PBMCs from the IGRA assay were stained for
flow cytometry with FITC CD4 (BD Biosciences), PE OX40, PE-Cy7
CD69, APC Fire-750 CD137, PacBlue CD8 and BV510 CD3 (BioLegend).
Reactive T-cells were determined by co-expression of CD137 andOX40
or CD137 and CD69 within the CD4+ and CD8+ T-cell populations,
respectively. Fluorescence was measured on the FACS Canto II
fluorescence-activated cell sorter (BD Biosciences). Marker expression
levels were analyzed using FlowJo version 10.8.1 (TreeStar, Ashland,
OR, USA). The gating strategy is shown in Fig. S15.

Proliferation of CD4+ and CD8 + T cells upon antigen stimulation
was assessed through the use of the CellTrace™ VioleT-cell Prolifera-
tion kit (ThermoFisher). Cells were stained with CellTrace Violet
according to manufacturer’s protocol (0.5 µM final concentration).
Subsequently, the cells were stimulatedwith anHIV-1 consensus B Gag
peptide pool (1 µg/ml final concentration, NIHAIDS Reagent Program).
An unstimulated control (medium) and positive control using a pep-
tide pool of CMV pp65 (1 µg/ml final concentration, NIH AIDS Reagent
Program) were included. After 6 days, cells were stained with FITC
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CD3, PerCP-Cy5.5 CD4 (BD bioscience) and APC CD8 (BioLegend) for
30minutes at 4 °C. After fixationof the cellswith CellFIX (BD), samples
were analyzed on the BD FACSCanto™ II to assess the proliferation of
CD4+ and CD8 +T cells. The proportion of proliferating cells was
determined using FlowJo version 10.8.1 (TreeStar, Ashland, OR, USA).
The gating strategy is shown in Fig. S16.

Measurement of plasma biomarkers
Concentrations of I-FABP, IL-6, sCD14, and sCD163 were determined in
plasma samples stored at−80 °Cusing enzyme-linked immunosorbent
assay (ELISA) (I-FABP, IL-6, CD14, and CD163 DuoSet ELISAs; R&D
Systems).

Statistical analysis
Repeated-measures mixed-effects analyses with Tukey corrections for
multiple comparisons were used to compare levels of the virological
and immunological parameters between time points (at baseline and
under ART) and to compare log-transformed relative changes from
baseline between the virological parameters. The Greenhouse-Geisser
correction was applied to adjust for the lack of sphericity. The long-
itudinal dynamics of the virological and immunological parameters
was fitted to a two-phase segmentation model with change points
chosen for every parameter based on the optimalmodel fit. The slopes
were comparedwith zero, or between therapy periods and study arms,
using extra sum of squares F-tests. Repeated-measures mixed-effects
analyses andMann-Whitney testswereused to compare the virological
and immunological parameters between different ART classes and
NRTI backbones that the participants were receiving during early and
CHI ART. Chi-squared tests were used to compare different ART clas-
ses and NRTI backbones at baseline and 96 weeks of CHI ART between
the study arms. Pairwise correlations between parameters per time
point and between time points per parameter were determined by
Spearman tests. Timeswithout treatment were compared between the
arms using Kruskal–Wallis test with Dunn’s multiple comparison post-
tests. Between-group comparisons of baseline parameters were per-
formed using Mann-Whitney tests. Parameters measured under ART
were compared between groups using repeated-measures mixed-
effects modelling. Proportions of participants with normalized CD4/
CD8 ratios were compared between early and CHI ART by Fisher’s
exact test. HIV-1 sequencediversity, intact anddefective proviral loads,
functional HIV-specific T-cell responses, and plasma biomarker levels
were compared between early and CHI ART using Wilcoxon signed
rank tests. Correlation analyses between early and CHI ART and
between virological and immunological parameters were performed
using Spearman tests. Functional HIV-specific T-cell responses and
plasma biomarker levels were compared between the study arms at
CHI ART using Kruskal-Wallis tests. Data were analysed using Prism
10.2.0 (GraphPad Software) and IBM SPSS Statistics (version 28.0.1.0).
All tests were two-sided. P values < 0.05 were considered statistically
significant.

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

Data availability
Source data are provided for all experimental results presented in the
main manuscript and supplementary information. Source data are
provided with this paper.

References
1. Deeks, S. G. et al. Research priorities for an HIV cure: International

AIDS Society Global Scientific Strategy 2021. Nat. Med. 27,
2085–2098 (2021).

2. Pasternak, A. O. & Berkhout, B. HIV persistence: silence or resis-
tance?. Curr. Opin. Virol. 59, 101301 (2023).

3. Darcis, G., Berkhout, B. & Pasternak, A. O. The quest for cellular
markers of HIV reservoirs: any color you like. Front. Immunol. 10,
2251 (2019).

4. Colby, D. J. et al. Rapid HIV RNA rebound after antiretroviral treat-
ment interruption in persons durably suppressed in Fiebig I acute
HIV infection. Nat. Med, 24, 923–926 (2018).

5. Henrich, T. J. et al. HIV-1 persistence following extremely early
initiation of antiretroviral therapy (ART) during acuteHIV-1 infection:
an observational study. PLoS Med. 14, e1002417 (2017).

6. Buzon, M. J. et al. Long-term antiretroviral treatment initiated at
primary HIV-1 infection affects the size, composition, and decay
kinetics of the reservoir of HIV-1-infected CD4 T cells. J. Virol. 88,
10056–10065 (2014).

7. Jain, V. et al. Antiretroviral therapy initiated within 6 months of HIV
infection is associated with lower T-cell activation and smaller HIV
reservoir size. J. Infect. Dis. 208, 1202–1211 (2013).

8. Schmid, A. et al. Profound depletion of HIV-1 transcription in
patients initiating antiretroviral therapyduring acute infection. PLoS
ONE 5, e13310 (2010).

9. Malatinkova, E. et al. Impact of a decade of successful antiretroviral
therapy initiated at HIV-1 seroconversion on blood and rectal
reservoirs. Elife 4, e09115 (2015).

10. Massanella, M. et al. Long-term effects of early antiretroviral initia-
tion on HIV reservoir markers: a longitudinal analysis of the MERLIN
clinical study. Lancet Microbe 2, e198–e209 (2021).

11. Leyre L. et al. Abundant HIV-infected cells in blood and tissues are
rapidly cleared upon ART initiation during acute HIV infection. Sci.
Transl. Med. 12, eaav3491 (2020).

12. Strain, M. C. et al. Effect of treatment, during primary infection, on
establishment and clearance of cellular reservoirs of HIV-1. J. Infect.
Dis. 191, 1410–1418 (2005).

13. Yerly S. et al. Time of initiation of antiretroviral therapy: impact on
HIV-1 viraemia. The Swiss HIV Cohort Study. ADS. 14, 243–249
(2000).

14. Ngo-Giang-Huong, N. et al. Proviral HIV-1 DNA in subjects followed
since primary HIV-1 infection who suppress plasma viral load after
one year of highly active antiretroviral therapy. AIDS 15, 665–673
(2001).

15. Hey-Cunningham, W. J. et al. Early antiretroviral therapy with ral-
tegravir generates sustained reductions in HIV reservoirs but not
lower T-cell activation levels. AIDS 29, 911–919 (2015).

16. van Zyl, G. U. et al. Early antiretroviral therapy in South African
children reduces HIV-1-infected cells and cell-associated HIV-1 RNA
in blood mononuclear cells. J. Infect. Dis. 212, 39–43 (2015).

17. Deng, K. et al. Broad CTL response is required to clear latent HIV-1
due to dominance of escape mutations. Nature 517, 381–385
(2015).

18. Sáez-Cirión, A. et al. Post-treatment HIV-1 controllers with a long-
term virological remission after the interruption of early initiated
antiretroviral therapy ANRS VISCONTI Study. PLoS Pathog. 9,
e1003211 (2013).

19. Namazi, G. et al. The control of HIV after antiretroviral medication
pause (CHAMP) study: posttreatment controllers identified from 14
clinical studies. J. Infect. Dis. 218, 1954–1963 (2018).

20. Grijsen, M. L. et al. No treatment versus 24 or 60 weeks of anti-
retroviral treatment during primary HIV infection: the randomized
Primo-SHM trial. PLoS Med. 9, e1001196 (2012).

21. Fidler, S. et al. Short-course antiretroviral therapy in primary HIV
infection. N. Engl. J. Med. 368, 207–217 (2013).

22. Steingrover, R. et al. Transient lowering of the viral set point after
temporary antiretroviral therapy of primary HIV type 1 infection.
AIDS Res. Hum. Retroviruses 26, 379–387 (2010).

Article https://doi.org/10.1038/s41467-025-62362-0

Nature Communications |         (2025) 16:6989 14

www.nature.com/naturecommunications


23. Steingrover, R. et al. HIV-1 viral rebound dynamics after a single
treatment interruption depends on time of initiation of highly active
antiretroviral therapy. AIDS 22, 1583–1588 (2008).

24. Hamlyn, E. et al. Plasma HIV viral rebound following protocol-
indicated cessation of ART commenced in primary and chronic HIV
infection. PLoS ONE 7, e43754 (2012).

25. Wyl, V. et al. Early antiretroviral therapy during primary HIV-1
infection results in a transient reduction of the viral setpoint upon
treatment interruption. PLoS ONE 6, e27463 (2011).

26. Hecht, F. M. et al. Amulticenter observational study of the potential
benefits of initiating combination antiretroviral therapy during
acute HIV infection. J. Infect. Dis. 194, 725–733 (2006).

27. Pasternak A. O. et al. Cell-associated HIV-1 RNA predicts viral
rebound and disease progression after discontinuation of tempor-
ary early ART. JCI Insight. 5, e134196 (2020).

28. Scherpenisse M., Kootstra N. A., Bakker M., Berkhout B., Pasternak
A. O. Cell-associated HIV-1 unspliced-to-multiply-spliced RNA ratio
at 12 weeks of ART predicts immune reconstitution on therapy.
mBio. 12, e00099-21 (2021).

29. Pasternak, A. O. et al. Cellular levels of HIV unspliced RNA from
patients on combination antiretroviral therapy with undetectable
plasma viremia predict the therapy outcome. PLoS ONE 4,
e8490 (2009).

30. Peluso M. J. et al. Differential decay of intact and defective proviral
DNA in HIV-1-infected individuals on suppressive antiretroviral
therapy. JCI Insight. 5, e132997 (2020)

31. Pinzone, M. R. et al. Longitudinal HIV sequencing reveals reservoir
expression leading todecaywhich is obscuredby clonal expansion.
Nat. Commun. 10, 728 (2019).

32. Gandhi, R. T. et al. Selective decay of intact HIV-1 proviral DNA on
antiretroviral therapy. J. Infect. Dis. 223, 225–233 (2021).

33. Pasternak, A. O. et al. Modest nonadherence to antiretroviral ther-
apypromotes residualHIV-1 replication in the absenceof virological
rebound in plasma. J. Infect. Dis. 206, 1443–1452 (2012).

34. Leth, S. et al. HIV-1 transcriptional activity during frequent long-
itudinal sampling in aviremic patients on antiretroviral therapy.
AIDS 30, 713–721 (2016).

35. Serrano-Villar, S. et al. HIV-infected individuals with low CD4/CD8
ratio despite effective antiretroviral therapy exhibit altered T cell
subsets, heightened CD8+ T cell activation, and increased risk of
non-AIDS morbidity and mortality. PLoS Pathog. 10, e1004078
(2014).

36. Han, W. M. et al. CD4/CD8 ratio normalization rates and low ratio as
prognostic marker for non-AIDS defining events among long-term
virologically suppressed people living with HIV. AIDS Res. Ther. 15,
13 (2018).

37. Palmer, S. et al. Multiple, linked human immunodeficiency virus
type 1 drug resistancemutations in treatment-experienced patients
are missed by standard genotype analysis. J. Clin. Microbiol. 43,
406–413 (2005).

38. Kearney, M. F. et al. Origin of rebound plasma HIV includes
cells with identical proviruses that are transcriptionally active
before stopping of antiretroviral therapy. J. Virol. 90,
1369–1376 (2015).

39. Rambaut, A., Posada, D., Crandall, K. A. & Holmes, E. C. The causes
and consequences of HIV evolution. Nat. Rev. Genet. 5, 52–61
(2004).

40. White J. A. et al. Clonally expanded HIV-1 proviruses with 5’-leader
defects can give rise to nonsuppressible residual viremia. J. Clin.
Invest. 133, e165245 (2023)

41. Clarridge, K. E. et al. Effect of analytical treatment interruption and
reinitiation of antiretroviral therapy on HIV reservoirs and immu-
nologic parameters in infected individuals. PLoS Pathog. 14,
e1006792 (2018).

42. Papasavvas, E. et al. Analytical antiretroviral therapy interruption
does not irreversibly change preinterruption levels of cellular HIV.
AIDS 32, 1763–1772 (2018).

43. Salantes, D. B. et al. HIV-1 latent reservoir size and diversity are
stable following brief treatment interruption. J. Clin. Invest. 128,
3102–3115 (2018).

44. Strongin Z. et al. Effect of short-term antiretroviral therapy inter-
ruption on levels of integrated HIV DNA. J. Virol. 92, e00285-
18 (2018).

45. Einkauf, K. B. et al. Parallel analysis of transcription, integration, and
sequence of single HIV-1 proviruses. Cell 185, 266–282.e15 (2022).

46. Einkauf, K. B. et al. Intact HIV-1 proviruses accumulate at distinct
chromosomal positions during prolonged antiretroviral therapy. J.
Clin. Invest 129, 988–998 (2019).

47. Huang, S. H. et al. Latent HIV reservoirs exhibit inherent resistance
to elimination by CD8+ T cells. J. Clin. Invest 128, 876–889 (2018).

48. Lichterfeld, M., Gao, C. & Yu, X. G. An ordeal that does not heal:
understanding barriers to a cure for HIV-1 infection. Trends Immu-
nol. 43, 608–616 (2022).

49. Li, J. Z. et al. The size of the expressed HIV reservoir predicts timing
of viral rebound after treatment interruption. AIDS 30, 343–353
(2016).

50. Sneller M. C., et al. A randomized controlled safety/efficacy trial of
therapeutic vaccination in HIV-infected individuals who initiated
antiretroviral therapy early in infection. Sci. Transl. Med. 9,
eaan8848 (2017).

51. Giron, L. B. et al. Non-invasive plasma glycomic and metabolic
biomarkers of post-treatment control of HIV. Nat. Commun. 12,
3922 (2021).

52. Bartsch Y. C. et al. Viral rebound kinetics correlate with distinct HIV
antibody features. mBio. 12, e00170-21 (2021).

53. Baxter, A. E., O’Doherty, U. & Kaufmann, D. E. Beyond the
replication-competent HIV reservoir: transcription and translation-
competent reservoirs. Retrovirology 15, 18 (2018).

54. Abdel-Mohsen, M. et al. Recommendations for measuring HIV
reservoir size in cure-directed clinical trials. Nat. Med. 26,
1339–1350 (2020).

55. Duette G. et al. The HIV-1 proviral landscape reveals that Nef con-
tributes to HIV-1 persistence in effector memory CD4+ T cells. J.
Clin. Invest. 132, e154422 (2022).

56. Stevenson E. M. et al. HIV-specific T cell responses reflect sub-
stantive in vivo interactionswith antigen despite long-term therapy.
JCI Insight. 6, e142640 (2021).

57. Troyer, R.M. et al. Changes inhuman immunodeficiency virus type 1
fitness andgenetic diversity duringdisease progression. J. Virol. 79,
9006–9018 (2005).

58. Joos, B. et al. Low human immunodeficiency virus envelope diver-
sity correlates with low in vitro replication capacity and predicts
spontaneous control of plasma viremia after treatment interrup-
tions. J. Virol. 79, 9026–9037 (2005).

59. van Paassen P. M. et al. Soluble CD14 and IL-12p70 on early ART
predict HIV load setpoint after treatment interruption. AIDS. 39,
812–816 (2025).

60. Booiman T. et al. High cellular monocyte activation in people living
with human immunodeficiency virus on combination antiretroviral
therapy and lifestyle-matched controls is associated with greater
inflammation in cerebrospinal fluid. Open Forum Infect. Dis. 4,
ofx108 (2017).

61. Booiman T. et al. Terminal differentiation of T cells is strongly asso-
ciated with CMV infection and increased in HIV-positive individuals
onARTand lifestylematchedcontrols.PloSONE 12, e0183357 (2017).

62. Cobos Jiménez, V. et al. T-cell activation independently associates
with immune senescence in HIV-infected recipients of long-term
antiretroviral treatment. J. Infect. Dis. 214, 216–225 (2016).

Article https://doi.org/10.1038/s41467-025-62362-0

Nature Communications |         (2025) 16:6989 15

www.nature.com/naturecommunications


63. Grijsen, M. L. et al. Temporary treatment during primary HIV infec-
tion does not affect virologic response to subsequent long-term
treatment. PLoS ONE 9, e89639 (2014).

64. Pantazis, N. et al. The impact of transient combination antiretroviral
treatment in early HIV infection on viral suppression and immuno-
logic response in later treatment. AIDS 30, 879–888 (2016).

65. Boom, R. et al. Rapid and simple method for purification of nucleic
acids. J. Clin. Microbiol. 28, 495–503 (1990).

66. Pasternak, A. O. et al. Highly sensitive methods based on semi-
nested real-time reverse transcription-PCR for quantitation of
human immunodeficiency virus type 1 unspliced and multiply
spliced RNA and proviral DNA. J. Clin. Microbiol. 46,
2206–2211 (2008).

67. Malnati, M. S. et al. A universal real-time PCR assay for the quanti-
fication of group-M HIV-1 proviral load. Nat. Protoc. 3,
1240–1248 (2008).

68. Bruner, K. M. et al. A quantitative approach for measuring the
reservoir of latent HIV-1 proviruses. Nature 566, 120–125 (2019).

69. Levy, C. N. et al. A highly multiplexed droplet digital PCR assay to
measure the intact HIV-1 proviral reservoir. Cell Rep. Med. 2,
100243 (2021).

70. Luo, W., Yang, H., Rathbun, K., Pau, C. P. & Ou, C. Y. Detection of
human immunodeficiency virus type 1 DNA in dried blood spots by
a duplex real-time PCR assay. J. Clin. Microbiol. 43, 1851–1857
(2005).

Acknowledgements
We thank Elizabeth Anderson (HIV Dynamics and Replication Program,
NIH, Frederick) for assistance with SGS set-up. We are thankful to Mar-
greet Bakker, Luuk Gras, and Colette Smit for their help with data col-
lection. We would like to thank the Primo-SHM study group and study
participants for helping establish this cohort. This study was supported
by Aidsfonds Netherlands under grant number 2011020 to A.O.P. A.O.P.
acknowledges grant support from amfAR, The Foundation for AIDS
Research (grant no. 1110680–77-RPRL), and from Partnership NWO-
Dutch AIDS Fonds ‘HIV cure for everyone’ (grant no.
KICH2.V4P.AF23.001).

Author contributions
Conceptualization: A.O.P., M.L.G., F.W.W., G.J.B., N.A.K., J.M.P., B.B.
Investigation: A.O.P., P.M.P., Y.L.V., J.V., K.A.D., I.M. Data analysis: A.O.P.
Writing—original draft: A.O.P. Writing—review & editing: A.O.P., P.M.P.,

Y.L.V., M.L.G., F.W.W., G.J.B., N.A.K., B.B. All authors approved the final
manuscript.

Competing interests
The authors declare the following competing interests. F.W.W. has
served on the advisory board of ViiV Healthcare, paid to his institution.
The other authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-62362-0.

Correspondence and requests for materials should be addressed to
Alexander O. Pasternak.

Peer review information Nature Communications thanks German Gor-
nalusse and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Article https://doi.org/10.1038/s41467-025-62362-0

Nature Communications |         (2025) 16:6989 16

https://doi.org/10.1038/s41467-025-62362-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Long-term effect of temporary ART initiated during primary HIV-1 infection on viral persistence
	Results
	HIV-1 persistence and immunological response dynamics during early ART
	HIV-1 persistence and immunological response dynamics during CHI ART
	Comparisons between early and CHI ART in different participants
	Comparisons of immunological response to early and CHI ART in the same participants
	Comparisons of HIV-1 persistence markers between early and CHI ART in the same participants
	Comparisons between pre-treated and not pre-treated participants during CHI ART

	Discussion
	Methods
	Study design
	Ethics statement
	PBMC and plasma samples
	Measurements of virological markers
	Measurement of intact and defective HIV-1 proviruses
	Measurements of HIV-1 sequence diversity
	Measurement of functional HIV-specific cellular immune responses
	Measurement of plasma biomarkers
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




