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W Check for updates

RIOis an ongoing phase 2 double-blind randomized placebo-controlled
human trial. Sixty-eight adult men living with human immunodeficiency
virus (HIV), who were predominantly white and initiated antiretroviral
therapy (ART) during primary or early-stage infection, underwent
treatmentinterruption and were randomly assigned to a group receiving
one or two doses of two long-acting broadly neutralizing antibodies
(bNADbs) 3BNC117-LS and 10-1074-LS (arm A, n=34) or saline (arm B,

n=34). The primary clinical study met its primary endpoint and was
published elsewhere, demonstrating significantly delayed viral rebound
and prolonged ART-free controlin participants receiving bNAbs compared
with placebo. The infusions were generally safe and well tolerated, with no
study-related serious adverse events reported. The most common reported
treatment-related adverse events were fatigue, lethargy and somnolence.
Here wereport on prespecified secondary analyses examining viral rebound,
antibody sensitivity and reservoir dynamics, as well as prespecified
exploratory analyses of rebound virus evolution and autologous antibody
activity. Preinfusion reservoir measurements showed low levels of intact
proviral HIV-1DNA in circulating CD4" T cells in both arms. The rebounding
viruses in participants who received the antibodies showed significant
selection for resistance to 10-1074-LS but not to 3BNC117-LS. Notably,

there was a significant correlation between greater initial reservoir
sensitivity to autologous antibodies and 10-1074 and time to rebound.
Finally, comparison of preinfusion and prerebound HIV-1 proviral reservoir
showed a decrease inintact but not defective provirusesin arm A but not
inarm B. Together, these findings suggest that baseline humoral immunity
and prolonged exposure to LS-bNAbs jointly shape post-treatment viral
rebound dynamicsin individuals who initiate ART during primary infection.
ClinicalTrials.gov identifier: NCT04319367.
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Upon entry into CD4" T cells, the human immunodeficiency virus
(HIV-1)RNA genomeisreverse transcribed and preferentially integrated
into transcriptionally active sites in the host genome’. High-level tran-
scription of replication-competent proviruses leads to cell death and,
if untreated, almost invariably results in lethal immunodeficiency?.
Antiretroviral therapy (ART) prevents the spread of infection and immu-
nodeficiency but fails to eliminate a reservoir of latent proviruses found
primarilyinlong-lived, restingmemory CD4* T cells*°. These reservoir
cellsexpress viral RNA at levels below the threshold required to either
induce cytopathic effects or elicit robustimmune-mediated clearance,
yet they can retain the capacity to reinitiate systemic infection upon
ART interruption”.

The HIV-1reservoir contains bothintact and defective proviruses
and has been characterized by several different methods including
viral outgrowth assays, digital droplet polymerase chain reaction
(ddPCR) and whole-genome amplification and sequencing (quadru-
plex four-probe PCR (Q4PCR))'° ", Whereas the size of the defective
reservoirisrelatively stable over time on ART, the intact reservoir shows
early, rapid decay that slows to a half-life of approximately 4.5 years,
with possible further prolongation after 7 years on therapy™". Intact
proviruses remaining in the reservoir after long-term therapy tend to
reside in areas of the genome that are less transcriptionally active's ™,
Although the mechanism of selection against the reservoir viruses inte-
gratedinto transcriptionally active parts of the genomeis not precisely
understood, selection is thought to be mediated by a combination of
HIV-1cytopathic effects and host immune responses.

Passively administered antibodies can enhance host immune
responses and induce simian HIV control by a CD8" T cell depend-
ent mechanism? . In addition, several small studies in humans
have reported that broadly neutralizing antibody (bNADb) therapy is
associated with accelerated clearance of infected cells, delayed viral
rebound and a higher-than-expected rate of prolonged control** .
Control hasbeenassociated with increased HIV-1-specific CD8" T cell
responses in some but not all studies®~ In addition, observational
studies in post-treatment controllers, people living with HIV (PLWH)
and tissue culture experiments suggest that autologous antibodies
may also put pressure on the reservoir®¢, Together, these findings
provided the rationale for evaluating whether prolonged exposure
tolong-acting bNAbs could enhance post-treatment viral control and
forinvestigating the virologic and immunologic correlates associated
with this outcome.

The RIO trial is a randomized, double-blind, placebo-controlled
phase 2 study evaluating the long-acting bNAbs 3BNC117-LS and
10-1074-LS administered during analytical treatment interruption
(ATI) in individuals who initiated ART during primary or early HIV
infection®”*%, Here we report on prespecified secondary and explora-
tory analysesincluding viral reservoir composition and antibody sen-
sitivity that shape rebound dynamics and post-treatment control in
the RIO trial.

Results

Trial overview

Between17 May 2021 and 30July 2024, the RIO trial enrolled 68 partici-
pants whowere randomized 1:1to receive two bNAbs, 3BNC117-LS and
10-1074-LS (arm A) or placebo (arm B) 2 days before ATI. Baseline demo-
graphic and clinical characteristics were balanced between the two
study arms. All participants were men, with a median age of 40 years,
and most identified as white (58/68, 85.3%) (Extended Data Table 1).
The primary outcome, reported elsewhere®®, was time to viral rebound
within 20 weeks after ATI. Prespecified secondary outcomes were
safety, delayed viral rebound and prolonged ART-free viral control
after ATI. Additional prespecified secondary outcomes, including
CD4" T cell recovery, pharmacokinetic analyses, antidrug antibody
responses and quality-of-life assessments, have also been reported
in the primary clinical report®. The infusions were generally safe.

ART wasrestartedifthe viralload (VL) was >100,000 HIV-1copies per ml
for 2 consecutive weeks or >1,000 HIV-1 copies per ml for 6 weeks or
CD4" T cell count <350 cells per mlor clinical symptoms or participant
preference®®. Early rebound before week 20 occurredin8armA and 30
arm B participants: 75% versus 11% (P < 0.001; Extended Data Fig.1). The
mediantime to ART restart was 45.4 weeksinarm A, where 7 of 29 par-
ticipants (24%) remained off ART at 96 weeks, compared with 4.6 weeks
inarm B, where only 2 0f32 (6%) maintained undetectable HIV-1levels
throughout 96 weeks of observation (P < 0.001; Extended Data Fig.1)*.
Notably, 13 of the 29 individualsinarm Arestarted ART before meeting
virological restart criteria®®.

Prespecified secondary outcomes presented in this studyinclude
quantitation of viral reservoir size and dynamics, time to ART restart
andreservoir viral sensitivity and resistance to the administered bNAbs.
Prespecified exploratory outcomes include rebound virus sequenc-
ing, phylogenetic analyses, reservoir characterization and virologic
correlates of post-treatment viral control. Additional prespecified
exploratory investigations, including immune phenotyping, host
gene expression and HIV integration site analyses, are beyond the
scope of the present study and will be reported separately. Analyses
of autologous antibody activity were not prespecified in the protocol
or Statistical Analysis Plan and are presented here as non-prespecified
exploratory analyses. Post hoc analyses were limited to subgroup
analyses of participants with distinct rebound patterns following
bNAD therapy.

Baseline reservoir

To examine the HIV-1proviral reservoirinindividuals enrolled in the RIO
trial, we assayed preintervention peripheral blood mononuclear cells
(PBMCs). Reservoir size was estimated by ddPCR and Q4PCR™*", ddPCR
documents the presence of two conserved regionsin the provirus: the
packaging signal and the envelope®. It is more sensitive, less expensive
and scalable than Q4PCR". However, it does not allow sequence confir-
mation, and therefore some of the proviruses that are assigned asintact
areinfactdefective, a problemthat canincrease with time because the
intactreservoirs decay more quickly than the defective ones*. Q4PCR
provides sequence information and direct confirmation of whethera
provirusisintact or defective, butitis less sensitive than ddPCR because
it requires amplification of the nine-kilobase proviral genome*°.

To examine the preintervention reservoir inthe RIO participants,
we performed both assays. Individualsinthe twoarms (ddPCR:arm A
n=32,armBn=29;Q4PCR:armAn=30,armB n=28) showed similar
numbers of intact and defective proviruses inddPCR and Q4PCR assays
(Extended Data Fig. 2a,b and Supplementary Table 1). The geometric
mean number of intact proviruses per million CD4" T cells was 8.58
and 6.94 by ddPCR (P=0.5) and 0.27 and 0.28 by Q4PCR (P=0.5) for
arms Aand B, respectively (Extended Data Fig.2a). The relatively small
size of the reservoir in this cohortis consistent with early therapy* .

We were able to recover 141 and 91 intact proviral reservoir
sequences from baseline samples from 15 and 11 individuals in arms
A and B, respectively (Fig. 1a,b and Supplementary Table 2). We were
unable to recover intact proviruses from the remaining participants
due to their small reservoirs. As expected, each participant harbored
a separate non-overlapping group of intact HIV-1 proviral sequences
(Fig. 1a,b). Despite early therapy and the small reservoir sizes, intact
proviruses showed amedian level of clonality of 57% when considering
allindividuals from whom we were able to obtain three or more intact
proviral sequences (n=10 for arm A and n = 8 for arm B)'***"*¢ (Fig. 1c
and Supplementary Table 2).

To determine whether baseline reservoir size was associated with
virologic outcomes after ATI, we compared intact proviral reservoir
measurements with time to ART restart and peak viremia. There was no
significant correlation between the size of theintact proviral reservoir
and time to ART restart in the placebo or bNAb arm of the study, as
measured by either ddPCR or Q4PCR (Extended DataFig. 3).In addition,
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there was no correlation between the reservoir size and peak viremia
before ART restart in either group (Extended Data Fig. 3).

Sixty-five pseudotype viruses from distinct intact reservoir-
derived env sequences from 14 and 9 individuals in arms A and B,
respectively, were tested for neutralization sensitivity to autologous
baseline IgG, 3BNC117 and 10-1074 in TZM-bl assays* (Fig. 1d-h and
Supplementary Tables 2 and 4). Analysis of autologous antibody
responses was performed as anon-prespecified exploratory analysis.
Consistent with early therapeutic intervention, only 8 of these 23
individuals showed autologous antibody neutralizing activity, withan
80% inhibitory concentration (IC80) of <250 pg ml™ of purified IgGs
(corresponding to =1:100 dilution of serum) against their reservoir pro-
viruses (Fig. 1d and Supplementary Tables 2 and 4). To assess whether
autologous neutralizing activity changed over time, we performed
longitudinal neutralization assays following depletion of residual
infused bNAbs (Methods). Control experiments demonstrated that
the depletion procedure efficiently removed therapeutic bNAbs while
preserving autologous neutralizing activity (Extended Data Fig. 4a).
Autologous IgG was tested both against baseline reservoir-derived
viruses and against a panel of HIV strains resistant to 3BNC117 and
10-1074 to evaluate neutralization breadth. We found no increase in
autologous neutralizing activity against baseline reservoir viruses
and no measurable expansion of neutralization breadth in samples
collected at a mean of 68 weeks after ATl from individuals in arm A
(Extended DataFig.4).

Reservoir sensitivity to each of the two bNAbs ranged from an
IC80 of <0.001 to >50 pg ml™ for 10-1074 and 0.012 to >50 pg ml™ for
3BNCI117, with no significant differences between the two study arms
(Fig. 1e-h). The geometric mean IC80s were 0.48 and 0.72 pg ml™ for
3BNC117 and 0.09 and 0.24 for 10-1074 for arms A and B, respectively
(Fig.1g,hand Supplementary Table 4). Allindividualsinthe bNAbarm
showed reservoir proviral sensitivity to at least one of the two bNAbs
(Supplementary Tables 2and 4).

Rebound viremia

We were able to obtain 323 and 370 rebound viral env sequences by
single-genome amplification from 19 and 16 individuals who expe-
rienced viral rebound in arms A and B, respectively (Supplementary
Table 3). To examine the nature of rebound viremia and its relation-
ship to the proviral reservoir, we compared reservoir and rebound
env sequences from18 individuals from whom we were able to obtain
bothintact reservoir and rebound sequences (Fig. 2a,b). Pseudotype
viruses obtained from participants in arms A (96) and B (119) were
produced and tested for sensitivity to the two bNAbs and to auto-
logous antibodies obtained at the time of entry (Figs. 2c-f and 3a-f
and Supplementary Table 3).

Rebound virus sequencesrarely overlap with the dominant latent
intact proviral clones found in the circulating reservoir***°. This phe-
nomenon remains poorly understood but has been attributed in part to
suppression of reservoir viruses by autologous antibodies®*°. Among
33 intact latent proviral reservoir clones (91 sequences) obtained
from 9 control-arm participants, we found only 2 that overlapped
with rebound sequences (Fig. 2b). There was no overlap between the
reservoir and rebound sequences in the remaining seven control par-
ticipants, only three of whom had measurable levels of autologous neu-
tralizingantibodiesto thereservoir (Fig. 2e and Supplementary Tables 2
and4). Thus, autologous antibody neutralizing activity cannot entirely
account for the disparity between intact proviruses found in the res-
ervoir and the dominant viruses found at the time of rebound in this
study of individuals receiving early ART therapy. Nevertheless, rebound
virusesinthethreeindividuals from the control group who had measur-
able autologous neutralizing antibodies to the reservoir were resistant
to their own antibodies (Fig. 2d-f). As expected, when autologous
antibodies are present at baseline (during ART), rebound viruses are
enriched in variants that are autologous antibody resistant®>>*,

Pseudotype viruses obtained from rebound were also tested for
sensitivity to the two bNADbs (Fig. 3). Consistent with the absence of
selective pressure in the control arm, the geometric mean bNAb sen-
sitivity of all reservoir and rebound pseudotype viruses obtained from
arm B participants was not significantly different for either antibody
(3BNC117 P=0.76,10-1074 P= 0.98; Fig. 3b,e f).

In contrast, selection for bNAb resistance was evident among
rebound viruses obtained from arm A participants (Fig. 3a,c,d). The
geometric mean neutralizing IC80s for 10-1074 against reservoir
and rebound pseudoviruses was 0.09 and 14.7 mg ml™, respectively,
with the majority of the rebound viruses being completely resistant
(1C80 > 50 pg ml™) (P< 0.001; Fig. 3d and Extended DataFig. 5b). In con-
trast, there wasamuch smaller difference inthe geometric meanIC80s
betweenreservoir and rebound for 3BNC117 that did not reach statisti-
cal significance (P = 0.53; Fig. 3c and Extended Data Fig. 5a). Only 3 of
19 participants who received bNAbs showed rebound viruses that were
uniformly resistant to 3BNC117 (Fig. 3a and Supplementary Tables 3
and 4). In conclusion, 10-1074 escape variants were far more likely to
emerge than 3BNCl117 resistant variants during dual bNAb therapy, as
reported in earlier studies™*"*',

Viral control and reservoir antibody sensitivity

To determine whether reservoir sensitivity to either autologous anti-
bodies or bNAbs was associated with control of viremia, we compared
baseline autologous neutralizing titers and bNAb IC80s to reservoir
viruses and time of ART restart (Fig. 4a-g). These analyses were lim-
ited to participants from whom reservoir viral sequences could be
obtained. The mean time to ART restart among the three individuals
inthe control group who exhibited autologous antibody neutralizing
activity against reservoir viruses was 7.3 compared with 8.5weeks to all
participants (Fig.4b). Thus, in this small sample we see no measurable
effect of the autologous antibodies in the absence of bNAb therapy.
In contrast, the mean time to ART restart in the six bNAb recipients
who showed baseline autologous neutralizing activity was 108 weeks
compared with 27.5to the 13 who did not (P=0.008; Fig. 4a). Consist-
ent with this observation, there was a significant correlation between
preinfusion autologous neutralizing antibody titers to reservoir
virusesand time to ART restart for individualsin thebNAbarm (n =14,
r=-0.69, P=0.004; Fig. 4c). Time to ART restart was also correlated
withinitial reservoir proviral sensitivity to10-1074 (r=-0.79, P<0.001),
but there was a trend only for 3BNC117 (r=-0.45, P=0.06; Fig. 4d,e).
Although we were unable to obtain additional intact proviral reservoir
sequences, we were able to obtainintact envs, which were used to con-
struct pseudotype viruses that were tested for sensitivity (n=35,armA)
(Supplementary Table 2). When combined with the data obtained from
intact proviruses, the correlation with time to ART restart remained
significant for 10-1074 and autologous antibodies and became sig-
nificant for 3BNC117 (Extended Data Fig. 6). There were no consistent
associations between baseline autologous antibodies and baseline
HIV-specific CD4* or CD8" T cell responses™ (Extended Data Fig. 7).
Although correlations were observed for individual assays (AIM CD4
response to Nef and CD8 CTV response to Nef), these were not con-
sistent across assays and sample size was limited precluding robust
comparisons (Extended Data Fig. 7).

Although potentially insufficient on their own, persistent low
levels of the two long-acting antibodies could contribute to con-
trol. The mean concentration of 3BNC117-LS and 10-1074-LS at
96-123 weeks after bNAb infusion in seven arm A controllers was
0.70 and 0.96 ug ml™, respectively (Supplementary Table 5). To
evaluate the combined influence of endogenous and therapeutic
antibody pressure on rebound in arm A participants, we performed
time-to-event analyses, modeling time to ART restart as afunction of
baseline reservoir sensitivity to autologous antibodies, 10-1074 and
3BNC117 using IC80 values. In univariable analyses, resistance to both
autologous antibodies and 10-1074 was associated with shorter time
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Fig.2|Relationship betweenintact proviral reservoir and rebound env
nucleotide sequences from participants in both study arms. a,b, Phylogenetic
trees were constructed using the GTR model for participantsinarm A (a) and
arm B (b). Intact reservoir proviruses are shown in purple and reboundin

red. Red arrows indicate sequences shared between reservoir and rebound.

c-f, Neutralization of reservoir and rebound pseudoviruses by autologous
antibodies. Individual pseudovirus IC80s for participants fromarmA (c)

and arm B (e). Numbers at the bottom indicate the time to ART restart in weeks.
Each dot represents one participant (one biological replicate) fromarm A (d)
orarm B (f), using the geometric mean IC80 of all pseudoviruses from that
participant. Arm A reservoir n=13 and rebound n=9. Arm B reservoir n=9 and
rebound n =11. Lines and numbers indicate geometric mean for all participants.
Group comparisons ind and fwere performed using a two-sided Mann-Whitney
test, with statistical significance defined as P < 0.05.

to ART restart. Because reservoir sensitivity to autologous antibod-
iestended to positively correlate with sensitivity to 10-1074 (and to a
lesser extend 3BNC117), these variables were partially collinear and
may reflect overlapping antiviral susceptibility profiles. Consistent
with this, the associations were attenuated in exploratory multivari-
able modelswhenincluded together (Supplementary Table 6). Nota-
bly, autologous antibodies and 10-1074 retained significance when
adjusted for 3BNC117 alone.

Therewas aninverse correlation between 3BNC117 concentration
atthetime of reboundand the IC80 of the rebounding virus tothe bNAb

(Fig. 4f). In contrast, this relationship was not observed for 10-1074,
whichdisplayed abroad range of concentrations at rebound (Fig. 4g).
These results are consistent with theidea thatindividuals who rebound
dosowhenthey develop resistance to 10-1074 and have subtherapeutic
concentrations of 3BNC117 in circulation. Although the number of
reservoir viruses analyzed was a small fraction of the total present in
any given individual, the data indicate that the probability of escape
from10-1074 was directly related to the sensitivity of the intact provi-
ruses in theinitial reservoir (Fig. 4e). Furthermore, baseline reservoir
size did not correlate with the presence or magnitude of autologous
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Fig. 3 | Pseudovirus neutralization. Pseudovirus neutralization by 3BNC117
(red) and 10-1074 (blue) for participants expressed as IC80. a,b, Each dot
represents an individual rebound pseudovirus forarm A (a) orarm B (b).
c-f,Each dot represents the geometric mean IC80 for reservoir and rebound
pseudoviruses in one participant (one biological replicate). Arm A, 3BNC117 (c)

and 10-1074 (d) (reservoir n =14, rebound n=19); arm B, 3BNC117 (e) and 10-1074
(f) (reservoir n=9,rebound n =16). Line and numbers indicate geometric mean
for all participants. Group comparisons inc,d and e,fwere performed using a
two-sided Mann-Whitney test, with statistical significance defined as P < 0.05.

neutralizing activity againstreservoir viruses, indicating that delayed
rebound in bNAb-treated participants was not explained simply by a
smaller baseline reservoir (Supplementary Fig.1).

Among the 29 arm A participants who remained in follow-up
accordingto protocol, 13 went back on ART before meeting virological
restart criteria (two consecutive VLs >10° HIV-1 copies per ml or six
consecutive VLs =10’ HIV-1 copies per ml; Extended Data Fig. 8).Ina
post hoc subgroup analysis, of the 16 remaining, 11 (68%) maintained
fluctuating viremia and did not meet ART restart criteria for 16 to
>58 weeks (Fig. 5a). In contrast, only two of the arm B control showed
prolonged fluctuating viremia*®. We were able to obtain viruses from
seven participants from time points associated with fluctuating
viremia, and all were resistant to preinfusion autologous antibodies
when present.Inaddition, five of these individuals showed viruses that
were highly resistant to 10-1074 but retained sensitivity to 3BNC117
(Fig. 5c,d). These findings identify fluctuating viremia as a distinct
post-bNAD virologic phenotype that others have recently associated
with enhanced T cell immunity**>**!,

Reservoir dynamics

To determine how the bNAbs impact the size of the proviral reservoir
inarm A, we compared the intact and defective proviral reservoirs at
baseline with prerebound samples collected at a mean of 52 weeks
after the initial infusion (n = 22; Fig. 6 and Supplementary Table 1).
Reservoir size was also measured in arm B after a mean of 52 weeks
directly before the second treatment interruption®®. We used ddPCR
for these measurements because the relatively small reservoir size
limited the number of samples from which we were able to obtain paired
Q4PCR measurements (Supplementary Table 1). Although there was
agreat deal of variation between individuals in arm A over time, the
intact reservoir but not the defective one was significantly smaller
after bNAb therapy with an estimated half-life of 36 weeks (n=22;

Fig. 6a and Extended Data Fig. 9). In contrast, there was no measur-
able change in reservoir size in arm B (n = 20; Fig. 6b). As expected
from the relatively small overall change in the intact reservoir in
arm A, compared with estimated reservoirs of millions of cells, there
was no correlation between the change in reservoir size and time to
ART restart (Supplementary Fig. 2).

Discussion

RIOisan ongoing double-blind, randomized placebo-controlled human
trial in which participants who started ART during primary or early
infection were randomly assigned to agroup thatreceived long-acting
LS variants of 3BNC117 and 10-1074 (arm A) and a control group (armB).
Both groups subsequently discontinued ART*, Uponrebound, partici-
pantsinarm B received ART and the two bNAbs before undergoing a
second treatment interruption’®. Despite similar preinfusion reservoir
measurements, the groups differed significantly in time to rebound™
andinthenature of the rebounding viruses. After 96 weeks, 25% and 6%
oftheindividualsinthe active and control arms, respectively, remained
off ART. Viralrebound occurred across awide temporal rangeinarm A
encompassing periods of high circulating bNAb concentrations as well
aslater time points when antibody levels were low. Because participants
received the LS versions of the bNAbs, antibody exposure extended
over long periods of time during ATI. Prolonged control was associated
with pre-existing autologous neutralizing antibodies and sensitivity to
10-1074. Paired preinfusion and prerebound intact reservoir measure-
ments showed adecreaseinintact, but not defective, provirusesinarm
A that was not observed in arm B participants. Notably, participants
inarm B experienced viralrebound and periods of detectable viremia
between sampling time points, which may have contributed toincrease
of the circulating reservoir. In addition, differences in baseline intact
reservoir between the two arms may further confound these com-
parisons. Therefore, these associations are correlative and based on
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Fig. 4| Viral suppression and reservoir sensitivity to autologous antibodies,
3BNC117 and 10-1074. a,b, Time to ART restart for individuals who did (+) or did
not (-) display reservoir sensitivity to autologous antibodies or all participants;
armA (a) and arm B (b). Each dot represents the time to rebound for an individual
participant (one biological replicate). Autologous antibody analyses included
armA:n=6(+)andn=8(-);armB:n=3(+)and n =6 (-). The ‘all participants’
groupsinclude all randomized participants (arm A, n=30;armB, n=34). The
bars represent the geometric mean for each group. Two-sided Mann-Whitney
group comparisons, with*P < 0.05, *P < 0.01, **P < 0.001 considered significant.
c-e, Correlation between time to ART restart and baseline reservoir sensitivity
to autologous antibodies (c), 3BNC117 (d) and 10-1074 (e). Each dot represents

the geometric mean IC80 of all reservoir-derived pseudoviruses from one
participant (one biological replicate). Correlations were performed using one
value per participant (n =14).f,g, Correlation between IC80 from rebounding
viruses for 3BBNC117 (f) or 10-1074 (g) and the bNAb concentration at the time of
rebound. Each dot represents one participant (one biological replicate), using
the geometric mean IC80 (y axis) of all rebound-derived pseudoviruses from
that participant and the corresponding serum bNAb concentration (x axis) at
rebound (n =12). Nonlinear regression was performed using a linear x axis and
log-transformed y axis. Correlation coefficients were calculated using two-sided
Spearman’s rwith 95% confidence intervals.

alimited number of individuals, but the observed reservoir decay is
suggestive of altered reservoir dynamics in this cohort of PLWH under-
going ATlunder LS-bNAb exposure.

As expected, based on their relatively early start on therapy, par-
ticipants in RIO had small HIV-1 proviral reservoirs**, Nevertheless,
most of the intact reservoir in participants was clonal and did not
contribute to rebound***°. Why reservoir proviruses are rarely found
among rebound viruses is not entirely understood, but there is an
inverse correlation between the size of an expanded clone and the
probability that the sequence will be found among rebound viruses'.
The difference has been attributed to selection for proviral integration
intosilentsites in the genome’® 2% autologous antibody-mediated
suppression®*** and the possibility that rebound arises from tissue res-
ervoirs not sampled in peripheral blood, as suggested by non-human
primate studies®*°. Notably, the disparity between reservoir and
rebound viruses was evident in control-arm individuals who did not
have measurable autologous antibodies or receive bNAbs. Thus, the

discrepancy between reservoir provirusesin circulation and rebound
viruses cannot entirely be explained by autologous antibody suppres-
sion of viremia in this cohort of early treated individuals.
HIV-1linfectionis associated with the development of antibodies
thatneutralize the autologous virus and continually select for viruses
that express resistant variants during the course of the infection®*.
Moreover, autologous antibodies can sieve the outgrowth of reservoir
virusesinvitro®*°, But although autologous antibodies alter the viral
swarm by selection of resistant variants, they fail to control viremia,
leading to the suggestion that antibodies are ineffective against
HIV-1. This idea was further supported by the observation that pas-
sively administered first-generation bNAbs had little, if any, meas-
urable effect on infection”°, However, subsequent experiments in
mice and macaques showed that administration of broader and more
potent bNAbs suppresses viremia and elicits CD8* T cell responses
that lead to prolonged control of infection®2**°"*, In addition, small
interventional studies in which PLWH received second generation
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Fig. 5| Virologic dynamics and antibody sensitivity during fluctuating
viremia following bNAb therapy. a, Longitudinal plasma HIV-1RNA levels
(black) and circulating bNAb concentrations for 10-1074 (blue) and 3BNC117
(red) are shown for individual participants who maintained fluctuating viremia
(defined as >16 weeks without sustained HIV-1RNA >1,000 copies per ml).

Blue arrows indicate administration of a second bNAb infusion. Gray shading
denotes periods on ART. b, Neutralization sensitivity (IC80) of rebound-derived
pseudoviruses to preinfusion autologous IgG for individual pseudoviruses.

P4 P8 P24 P32 P39 P59 P62

3BNCM7 10-1074

10-1074 3BNC117

¢, Neutralization sensitivity (IC80) of rebound-derived pseudoviruses to
3BNC117 (red) and 10-1074 (blue), shown for individual pseudoviruses. d, Each
dot represents one participant (one biological replicate), using the geometric
mean IC80 of all rebound-derived pseudoviruses from that participant against
3BNC117 or10-1074 (n = 7 participants). Lines and numbers indicate geometric
means across participants. Group comparisons were performed using a two-
sided Wilcoxon matched-pairs signed-rank, with statistical significance defined
asP<0.05.

bNAbs demonstrated that antibodies can be both safe and effectivein
reducing viremia in the absence of ART***°1%3°_ Moreover, a fraction
ofindividualsreceiving bNAbs during treatment interruption appear
to control the infection for an unexpectedly long time.

Enhanced CD8'T cell responses were associated with bNAb ther-
apy in some but not all reported clinical studies, and therefore other
mechanisms are thought to contribute to enhanced control***%*, The
RIO trialis a blinded placebo-controlled trial in which the data indi-
cate that individuals treated early who have pre-existing autologous
neutralizing antibodies are more likely to control for longer periods
oftime. The association between autologous antibodies and suppres-
sionis correlative and does not establish a direct mechanistic role for
autologous antibodies in viral suppression. Persistent bNAbs may also
contribute to prolonged control. Rather than acting independently,
autologous antibodies may function as an adjunct to the infused anti-
bodies, making viral escape from combined antibody pressure more
difficult®®. Notably, sensitivity to autologous antibodies correlated
with sensitivity to 10-1074, suggesting partially overlapping aspects
of viral neutralization susceptibility®”, Several mechanisms by which

antibodies can contribute to viral control have previously been docu-
mented, including direct neutralization of circulating viruses®, clear-
ance of infected cellsin vivo®’° and antibody-mediated enhancement
of antigen presentation to elicit cellularimmune responses’ ”. These
mechanisms represent a plausible framework by which autologous
antibodies could contribute to the delayed rebound observed in a
subset of participants.

A substantial fraction of the participants in the bNAb arm of
the RIO trial maintained fluctuating viremia for 16 to >58 weeks in
the face of complete or partial bNADb resistance (11 of 29, or 38% of
arm A). Although it did not reach significance, enhanced post-bNAb
control has also been recently reported in the TITAN trial and in a
single-arm study of ten individuals who received bNAbs, a Toll-like
receptor agonist and a vaccine?”. Similar results were also observed
in bNAb-treated macaques® . Together, these observations point to
fluctuating viremiaasareproducible post-bNAb virologic phenotype.
The precise mechanistic explanation for these observations is not well
defined, buttherole of residual antibody as one contributing compo-
nent cannot be dismissed.

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-026-04644-8

Arm A
a 0 <0.001 10° =
w= 10°+ ) L4 82
0@ P > 8
3 S [ ) d [) E - 3
SLo L] Cue e Sy 107
38 10+ [ e ag
30 ° %o 20O
e 2o, 10 4
a2 0 Q
25T 10° 5 e
= 0 o 9 |
£ 02 10 4
------ €0 - ----C01eoD)- - - -
T T T T
Baseline Post-infusion Baseline Post-infusion
Arm B
b oy 10" 3 023
0.50 -
@ . ) &% 10" o °
o= 10" 3 @ ° =
28 % 0%90g0 28 s
= 0g0°° O S L] °
> % | L) ® .... < o 10 .. ...
gé 10" o 0. —Seg- %8 _ e092%
Q
L J [ 4 > PR L) +7 °
8% ° 59 10 o o %0
2T 10° 5 KCR o
£0o D O \
o 082 105
---€0880D----- e0p-----
T T T T
Baseline  Post-ATI Baseline  Post-ATI

Fig. 6 | Intact and defective proviral reservoirs measured by ddPCR.

a,b, Quantification of intact and defective proviral reservoirs by ddPCR at
baseline and at follow-up time points in participants fromarm A (n =22) (a)
andarm B (n=20) (b). Each paired data point represents one participant (one
biological replicate). Changes over time within each group were evaluated using a
two-sided Wilcoxon matched-pairs signed-rank test (P < 0.05).

Antibody monotherapy therapy like small-molecule therapy
results in selection for resistant variants. Combination therapy dura-
bly suppresses viremia because the probability of developing escape
mutations ata combination of non-overlapping different sitesis lower.
Consistent with this idea, rebound typically occurred in the RIO trial
under functional monotherapy. Rebound viruses were most frequently
resistant to 10-1074 and pre-existing autologous antibodies. In con-
trast, selection against 3BNC117 was far more limited, with no sig-
nificant difference between initial reservoir and rebound sensitivity
to the antibody, suggesting that the antibody was subtherapeutic at
rebound. The median estimated 3BNC117-LS concentration at rebound
was 52.4 pg ml™, whichis similar to the median 3BNC117 IC80 for these
participants at the time of rebound (41.8 ug ml™?; Fig. 4f) and higher
than the estimates in previous small clinical trials***’. These findings
further supporttheinterpretation that fluctuating viremia and delayed
rebound may not be explained by antibody effects alone.

RIO trial participants who received bNAbs demonstrated acceler-
atedintactreservoir decay: 0.75 years compared with prior estimates of
4-7 years™*". However, the accelerated intact reservoir decay was not
uniformacross the cohort, with 85% of the cohort showing a decrease.
In contrast, there was no measurable change in reservoir in arm B
between the first and second treatment interruption. The difference
could be due to reservoir changes in response to viremia in arm B or
the addition of ART to bNAb therapy in arm B or both. Accelerated
reservoir decay was also afeature of asmall study in which participants
received multiple doses of ashort-acting native version of 3BNC117 and
10-1074%, but not in other small studies**?’. The difference may be due
toinherent variability and the small numbers of participants assayed,
whowere treated during chronicinfection as opposed to early therapy
participantsin the RO trial, differencesin the antibodies used and their
half-lives and finally substantial variability in the nature of the reservoir
betweenindividuals. Accordingly, weinterpretintact reservoir decayin

RIO as suggestive of altered reservoir dynamics under the specific con-
ditions of early treatment and long-acting bNAb exposure. Why some
participants in this trial showed only small or no change in reservoir
size remains to be determined but may be due to heterogenous and/
orvariablelevels of proviral transcription among CD4' T cellsand even
among members of aclone of CD4" T cells™7°. Moreover, the observed
changesinreservoir size cannot account for and do not correlate with
prolonged antibody-mediated suppression (Supplementary Fig. 2).
Far greater changes in reservoir would be required to alter the time to
rebound in mostindividuals.

In conclusion, the data establish that a substantial fraction of
PLWH who receive bNAb therapy can partially control viremia for
prolonged periods of time. Correlates of prolonged control of HIV-1
after bNADb therapy include pre-existing autologous antibodies and
pre-existing or enhanced CD8" T cell responses****?, suggesting that
vaccination to elicit or enhance pre-existing host immunity may fur-
therincrease the number of individuals exhibiting post-bNAb control.

Study limitations

Although 68 individuals were recruited into the RIO study, we were
unable to obtain sequence information on the HIV-1reservoir in 33
of the participants, thereby limiting the number of participant sam-
ples available for analysis. This constraint primarily reflects techni-
cal limitations of single-genome amplification in individuals treated
early, who often harbor small circulating reservoirs, as well as issues
related to sample availability and non-B clade viruses. Analyses of
autologous neutralizing activity were restricted to participants with
detectablereservoir-derived viral sequences. Moreover, sampling was
limited to peripheral blood and may not entirely reflect tissue reser-
voirs. This problem was further accentuated when considering the
relationship between autologous antibodies and virologic outcomes
because early ART interferes with the development of autologous
neutralizing antibody responses. Associations between autologous
antibodies and delayed rebound are correlative, and reservoir decay
estimates are limited by participants with values below assay detec-
tion. Finally, the timing of sample acquisition was predetermined and
did not always correspond to time points of interest, limiting analysis
of rebound viremia.
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Methods

Ethics statement

This study complied with all relevant ethical regulations. The RIO trial
was approved by the London-Westminster Research Ethics Committee
(REC reference 19/L0O/1669; IRAS ID 266322), the UK Health Research
Authority and the UK Medicines and Healthcare products Regulatory
Agency (MHRA reference 19174/0413/001) and the Danish Medicines
Agency. The trial was registered under the European Union Drug Regu-
lating Authorities Clinical Trials (EudraCT) database (2019-002129-31)
and the European Union Clinical Trials Regulation (EU CT number 2024-
514564-13-00) and registered at ClinicalTrials.gov (NCT04319367). The
trial was conducted in accordance with the principles of the Declara-
tion of Helsinki and Good Clinical Practice guidelines. All participants
provided writteninformed consent before enrollment. Trial oversight
includedindependent Data Monitoring and Trial Steering Committees
that regularly reviewed participant safety and trial conduct.

Study participants

The RIO trial is a randomized, placebo-controlled, double-blinded
phase 2 study”. Participants were recruited across multiple HIV clini-
cal research sites in the United Kingdom and one site in Denmark.
Participants were randomly assigned in a 1:1 ratio using a centralized
web-based randomization system with variable block sizes of two or
four and no stratification. Participants, treating clinicians, investiga-
tors, study personnel and outcome assessors remained blinded to
treatment allocation throughout the randomized phase of the trial.

This study enrolled individuals who initiated ART during con-
firmed primary HIV infection or during early HIV infection and
remained on suppressive ART for at least 1 year. Primary infection
was defined according to standard clinical and laboratory criteria at
the time of diagnosis, as detailed in the RIO clinical protocol. Specifi-
cally, the estimated time of primary infection was determined by one
of six criteria: (1) positive HIV-1 serology within 24 weeks of a docu-
mented negative HIV-1 serology result, with the estimated infection
date defined as the midpoint between the negative and positive tests;
(2) the date of a positive p24 antigen result, with or without anegative
HIV antibody test, depending on local laboratory reporting; (3) the
date of anegative HIV antibody test with detectable HIVRNA or proviral
DNA; (4) a Public Health England Recent Infection Testing Algorithm
result reported as ‘Incident, indicating antibody avidity consistent
withinfection within the preceding 16 weeks, with the estimated date
of infection defined as 2 months before the incident test result, with
the Asanté HIV-1Rapid Recency Assay also permitted for recency test-
ing; (5) the date of a weakly reactive or equivocal fourth-generation
HIV antibody/antigen test; or (6) the date of an equivocal or reactive
antibody test with fewer than four bands on western blot. Early-stage
infection was operationally defined as ART initiation before substantial
immune compromise, usinganadir CD4"* T cell count>500 cells per pl
as apragmatic surrogate for early disease stage.

Additional inclusion criteria included age 18-60 years, ability to
provide informed consent including consent to long-term follow-up;
willingness to comply with study visits and blood sampling; initiation of
ART within 6 months of estimated primary HIVinfection or during early
HIVinfection; virological suppression on ART for at least 1year, with a
single HIV-1RNA measurement >50 but <500 copies per ml permitted
duringthis period; no evidence of viral insensitivity to either 10-1074-LS
or 3BNC117-LS; current CD4* T cell count >500 cells per mlor CD4:CD8
ratio >1.0; nadir CD4" T cell count >250 cells per pl for participants diag-
nosed with confirmed primary HIV infection; receipt of an integrase
inhibitor (INSTI)- or boosted protease inhibitor (PI)-based ART regi-
men at randomization, with participants receiving a non-nucleoside
reverse transcriptase inhibitor required to have switched to an INSTI-or
boosted Pl-based regimen at least 4 weeks before randomization; ade-
quate hemoglobin (=12 g dI™ for males or 11 g dI™ for females), body
weight >50 kg; hepatitis B and C screening consistent with protocol

eligibility (hepatitis B virus surface antigen or hepatitis B virus DNA
negative and hepatitis C virus antigen or hepatitis C virus RNA nega-
tive or anticore antibody negative); absence of significant comorbidi-
ties; and SARS-CoV-2 vaccination at least 4 weeks before enrollment.
Females capable of becoming pregnant were additionally required to
use protocol-defined effective contraception or complete abstinence
from at least 2 weeks before the first bNAb/placebo infusion until
20 months after the last bNAb infusion.

Exclusion criteria included significant cardiovascular disease,
including previous ischemic heart disease (ST- or non-ST-elevation
myocardialinfarction, Q3-risk > 20, stable or unstable angina) or stroke;
malignancy except squamous cell skin cancer; opportunisticinfection
or significant comorbidity or acomorbidity considered likely to occur
during the trial, including malabsorption syndromes or autoimmune
disease; contraindication to receipt of BHIVA-recommended combi-
nation ART; HTLV-1 co-infection; SARS-CoV-2 infection confirmed by
RT-PCR up to 72 h before randomization/dosing where applicable
accordingtolocalguidance; highrisk of severe COVID-19 as determined
accordingto applicable guidance and the participant’s physician; cur-
rent or planned systemic immunosuppressive therapy (with inhaled
and topical corticosteroids permitted); participationinanotherinter-
ventional trial of an experimental agent or anon-interventional study
requiringadditional blood draws, with observational studies permitted
and non-clinical trials of investigational medicinal product studies
involving minimal blood sampling considered on a case-by-case basis;
history of severe reaction to antibody infusion or hypersensitivity to
3BNCI117-LS, 10-1074-LS or their constituents or excipients; treatment
with IVimmunoglobulin or other monoclonal antibodies during the
trial; clinically significant abnormal laboratory results including sig-
nificant hepatic impairment with advanced fibrosis or cirrhosis with
decompensation; alanine aminotransferase >5x the upper limit of nor-
mal; estimated glomerular filtration rate <60 ml per min per 1.73 m?;
urine protein-to-creatinine ratio >30 mg mmol or international nor-
malized ratio >1.5; evidence of organ dysfunction or any clinically sig-
nificant abnormality on physical examination or vital signs considered
by theinvestigator to preclude enrollment; active alcohol or substance
use likely to impair adherence; insufficient venous access; pregnancy
or breastfeeding; or concern regarding risk-reduction precautions
during ATI.

A total of 68 participants were enrolled between May 2021 and
July 2024 as part of a two-stage clinical design. Clinical data and bio-
specimens used in this study were collected prospectively throughout
trial follow-up between May 2021 and September 2025. Although the
protocol permitted enrollment of both sexes, all participants enrolled
in the trial were men, predominantly white. Participant disposition,
including completion of follow-up, withdrawals and exclusions from
specificanalyses, issummarized in Extended Data Fig. 1. The RIO trial
was powered for the primary clinical endpoint as described in the
clinical paper™. Briefly, the study was designed to detect a reduction
in the rebound rate at 36 weeks from 90% in arm B to 55% in arm A
(hazardratio 0.35), with 90% power at a 5% significance level. No formal
power calculations were performed for the exploratory mechanistic
analyses reported here. Sex and gender information were collected by
self-report at study enrollment. Race and ethnicity information were
self-reported according to local clinical site procedures. Because all
enrolled participants were men, sex- and gender-based analyses were
not performed. Participants received financial compensation for each
visit. Blood samples were collected at baseline and at multiple time
points following 3BNC117-LS and 10-1074-LS or placebo infusions.
Samples were processed briefly after collection, with serumand plasma
stored at—80 °C. PBMCs were isolated by density gradient centrifuga-
tion. The PBMC number was determined either manually or using an
automated cell counter (Vi-Cell XR; Beckman Coulter), and cells were
cryopreserved inliquid nitrogen in fetal bovine serum supplemented
with 10% dimethyl sulfoxide.
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Definitions of virological control and ART-free status
Virological control was defined as sustained plasma HIV-1 RNA
<1,000 copies per mlduring treatmentinterruption. ART restart crite-
riawere defined per protocol as either (1) two consecutive plasma HIV-1
RNA measurements > 10° copies per ml or (2) six consecutive plasma
HIV-1RNA measurements > 10° copies per ml.Inaddition to these viro-
logical criteria, ART could be restarted for other predefined clinical or
participant-driven endpoints not meeting the above thresholds, includ-
ing participant preference or clinician judgment. All ART restart events
andtheir classification were adjudicated by anindependent Endpoint
Adjudication Committee. The distribution of ART restart outcomes by
study armis summarized in Extended Data Table 1.

Intact proviral DNA analysis

The frequency of CD4" T cells harboring intact, 5’-deleted and
3’-deleted proviruses was determined using a ddPCR assay modified
fromthelIntact Proviral DNA Assay'. Briefly, CD4" T cells were enriched
from PBMCs using a negative immunomagnetic selection kit (Miltenyi
Biotec). Genomic DNA was extracted using the QIAamp DNA Mini Kit
(Qiagen) according to the manufacturer’sinstructions. DNA concentra-
tions were quantified using the Qubit 3.0 Fluorometer with the Qubit
dsDNA BR Assay Kit (Thermo Fisher). Samples were from the preinfu-
sion time point and obtained from an aviremic time from a minimum
of 6 weeks before rebound, when HIV-1RNA was <20 copies per ml.

For ddPCR, two sets of primers and probes specific to the HIV gag
and env regions, along with two fragments of the housekeeping gene
RPP30, were utilized in separate reactions”’. HIV quantification was
performed using 750 ng of genomic DNA per sample with the follow-
ing primers and probes for the HIV gagregion: forward (5-GACTAGCG
GAGGCTAGAAGGAGAGA-3'), reverse (5’-CTAATTCTCCCCCGCTTAAT
AYTGACG-3’) and probe (5’-6FAM-ATGGGTGCGAGA-IABKFQ-3’).
For the HIV env region: forward (5-AGTGGTGCAGAGAGAAAAAA
GAGC-3’), reverse (5-GTCTGGCCTGTACCGTCAGC-3’) and probes
(5’-VIC-CCTTGGGTTCTTGGGA-MGB-3’ and an unlabeled hyper-
mutated probe 5-CCTTAGGTTCTTAGGAGC-MGB-3’). An alternative
primer/probe set targeting the PS region was used as a backup:
forward (5’-CAGGACTCGGCTTGCTGAAG-3’), reverse (5-GCACC
CATCTCTCTCCTTCTAGC-3’) and probe (5-6FAM-TTTTGGCGTACT
CACCAGT-IABKFQ-3)'°. To measure input cell numbers and correct
for DNA shearing, 7.5 ng of DNA was used with RPP30 primers and
probes (RPP30-1: forward (5-GATTTGGACCTGCGAGCG-3’), reverse
(5-GCGGCTGTCTCCACAAGT-3’), probe (5-6FAM-TTCTGACCTGAA
GGCTCTGCGC-IABKFQ-3’); RPP30-2: forward (5-GTGTGAGTCAAT
CACTAGACAGAA-3), reverse (5-AAACTGCAACAACATCATAGAGC-3'),
probe (5-HEX-AGAGAGCAACTTCTTCAAGGGCCC-IABKFQ-3’). Four
technicalreplicates were performed per sample. Positive and negative
controls were included in each reaction.

The ddPCR assays were conducted using the Bio-Rad QX200
AutoDG system with the ddPCR Supermix for Probes (no dUTPs)
(Bio-Rad). Thermal cycling conditions included an initial denatura-
tionat 95 °Cfor 10 min, followed by 45 cycles of 94 °C for 30 sand 59 °C
for1min, witha 2 °C s™ ramp rate. A final extension was performed at
98 °Cfor10 min, followed by ahold at12 °C. The results were adjusted
for DNA shearing using the ratio of double-positive RPP30 partitions
and normalized to 10°CD4" T cells.

Q4PCR
The Q4PCR assay was conducted to characterize the composition of
thereservoir, as previously described". Briefly, total CD4* T cells were
enriched from cryopreserved PBMCs using anegativeimmunomagnetic
selection kit (Miltenyi Biotec). Genomic DNA was extracted from CD4*
T cellsusing the Gentra Puregene Cell Kit (Qiagen), and DNA concentra-
tion was measured using the Qubit dsSDNA BR Assay Kit (Thermo Fisher).
Atotalrange of 1t010 x 10° CD4 T cells were screened per partici-
pant. Aninitial outer PCR (near full length, step 1 (NFL1)) was performed

on genomic DNA at a single-copy dilution using the outer primers
BLOuterF (5’-AAATCTCTAGCAGTGGCGCCCGAACAG-3’) and BLOu-
terR (5"-TGAGGGATCTCTAGTTACCAGAGTC-3')’8. A1-pl aliquot of the
undiluted NFL1 PCR product was then subjected to a Q4PCR reac-
tion, utilizing four primer-probe sets targeting conserved regions
of the HIV-1 genome: PS: forward (5-TCTCTCGACGCAGGACTC-3'),
reverse (5’-TCTAGCCTCCGCTAGTCAAA-3’), probe (5’-/Cy5/TTTG-
GCGTA/TAO/CTCACCAGTCGCC-3’/IAbRQSp); env: forward
(5-AGTGGTGCAGAGAGAAAAAAGAGC-3), reverse (5-GTCTGGCC
TGTACCGTCAGC-3’), probe (5’-/VIC/CCTTGGGTTCTTGGGA-3’/
MGB); gag: forward (5-ATGTTTTCAGCATTATCAGAAGGA-3’), reverse
(5’- TGCTTGATGTCCCCCCACT-3’), probe (5’-/6-FAM/CCACCCCAC/
ZEN/AAGATTTAAACACCATGCTAA-3’/IABKFQ); and pol: forward
(5-GCACTTTAAATTTTCCCATTAGTCCTA-3’), reverse (5-CAAATTTC
TACTAATGCTTTTATTTTTTC-3’), probe (5-/NED/AAGCCAGG
AATGGATGGCC-3’/MGB). Quantitative PCR was performed under the
following thermal cycling conditions: an initial denaturation at 94 °C
for 10 min, followed by 40 cycles of 94 °C for 15 s and 60 °C for 60 s.
Quantitative PCR assays were conducted in a 384-well plate format
using the Applied Biosystem QuantStudio 6 or 7 Flex real-time PCR
system. Data analysis was performed using Thermo Fisher Design and
Analysis Software 2.4.3. Samples that exhibited reactivity with two or
more of the four probes were selected for a nested PCR (NFL2).

The NFL2 reaction was performed on undiluted 1-pl aliquots of
the NFL1 PCR product. Each reaction was conducted in a 20-pl vol-
ume using Platinum Taq high-fidelity polymerase (Thermo Fisher)
and the primers 3LTRi (5’- TCAAGGCAAGCTTTATTGAGGCTTAA-3)
and U5-638F (5"- GCGCCCGAACAGGGACYTGAAARCGAAAG-3").The
thermocycler conditions for NFL2 were the same as those used for the
NFL1PCR. Library preparation and sequencing were conducted as
previously described".

HIV-1sequence assembly and annotation

HIV-1 genome reconstruction was performed using an in-house
pipeline, Defective and Intact HIV Genome Assembler, designed for
assembling raw sequencing reads into annotated HIV genomes®. The
pipeline includes rigorous quality control steps to enhance accuracy
andreliability. First, quality control checks were conducted to remove
PCR-amplified reads and correct sequencing errors using clumpify.sh
from the BBtools package v38.72 (http://sourceforge.net/projects/
bbmap). Next, adapter sequences and low-quality bases were trimmed,
and potential contaminant reads were removed using the Trim Galore
package v0.6.4 (https://github.com/FelixKrueger/TrimGalore). HIV-1
sequences were assembled using SPAdes v3.13.0, and the longest
assembled contig was aligned to the HXB2 HIV-1 reference genome
via BLAST”. Sequences exhibiting double peaks—regions indicating
the presence of two or more viral variants within asample (defined by
aconsensusidentity cut-off of <70% for any residue)—or samples with
aninsufficientnumber of sequencing reads (<500 reads) were excluded
from downstream analyses.

Sequencesthat did not meet the double-peak criteria (consensus
identity for any residue <70%) were further classified as eitherintact or
defective proviruses. Only intact HIV-1env sequences were considered
for subsequent analyses.

Single-genome amplification of plasma rebound virus

env genes

Sequencing of HIV-1 plasma rebound env genes was performed as
previously described®. In brief, HIV-1 RNA was extracted from viremic
plasma samples using the MinElute Virus Spin kit (Qiagen) according
to the manufacture’s recommendation. First-strand cDNA synthesis
was carried out using SuperScriptIll reverse transcriptase (Invitrogen)
and an antisense primer, envB3out (5’-TTGCTACTTGTGATTGCTC
CATGT-3’)forsubtype Bor OFM19 (5-GCACTCAAGGCAAGCTTTATTGAG
GCTTA-3’) for subtype C. To ensure single-genome amplification, cDNA
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was endpoint diluted according to Poisson distribution, achieving
<30% of wells yielding a PCR product. The envelope gene was then
PCR-amplified using subtype B primers envB3out and envB5out
(5-TAGGCATCTCCTATGGCAGGAAGAAG-3’) or subtype C primers
OFM19 and Vif1 (5-GGTTTATTACAGGGACAGCAGAG-3’). A second
round of PCRwas performedusing1 plof thefirst-round PCRproductasa
template, with subtype B primers envB3in (5-GTCTCGAGATACTGCTCC
CACCC-3’) and envBS5in (5"-TAGGCATCTCCTATGGCAGGAAGAAG-3)
or subtype C primers env A (5-GGCTTAGGCATCTCCTATGGCAGGAA
GAA-3’)andenvN (5-CTGCCAATCAGGGAAGTAGCCTTGTGT-3"). PCR
amplifications were conducted using High Fidelity Platinum Taq (Invit-
rogen) under the following conditions: aninitial denaturation at 94 °C
for2 min, followed by 35 cycles 0f 94 °Cfor15s,55°Cfor30 sand 68 °C
for4 min, withafinal extension at 68 °C for 10 min. PCR products of the
expected size were subjected to library preparation and sequencing
using the lllumina MiSeq platform.

Sequence and phylogenetic analysis

Nucleotide alignments of intact envsequences were performed using
Muscle v5.1with the PPP algorithm®. Sequences containing premature
stop codons, truncations or frameshift mutations were excluded from
further analyses. Maximume-likelihood phylogenetic trees were gener-
ated from these alignments using FastTree 2.1.11 with the GTR model
and 1,000 bootstrap replicates®.

Pseudotyped-virus production

Selected single-genome sequences from CD4* T cell reservoir or plasma
rebound samples were used as templates to produce pseudoviruses
from a cytomegalovirus (CMV) promoter as described®. The CMV
promoter was amplified by PCR from pcDNA 3.1 (Life Technologies)
using the primers CMVenv (5-AGTAATCAATTACGGGGTCATTAGTTC
AT-3’) and CMVenviA (5’-CATAGGAGATGCCTAAGCCGGTGGAGCTCTG
CTTATATAGACCTC-3’). Thermocycling conditions were 94 °C for 2 min,
followed by 30 cycles of 94 °Cfor30 s, 55 °Cfor 30 sand 68 °C for 4 min.
Al-plaliquot of the second-round PCR product from NFL amplification
(reservoir) or single-genome amplification (rebound) was used as a
template for env to which we added CMV overhanging regions using
the forward primer ENVfwd (5-CACCGGCTTAGGCATCTCCTATGGCAG
GAAGAA-3’) and the reverse primer envB3in or ENV N, depending on
the subtype. The CMV promoter amplicon was fused to individual
env genes via overlapping PCR with 10 ng of env and 0.5 ng of CMV
using CMVenv primer and envB3in or ENV N as the reverse primer.
Thermocycling conditions were 94 °C for 2 min followed by 20 cycles
of 94 °Cfor 30's, 55°C for 30 s, 68 °C for 4 min, followed by a final
extension at 68 °C for 10 min. AllPCRreactions were carried out using
Platinum Taq HiFi polymerase. Resulting amplicons were analyzed by
gel electrophoresis, purified using the Macherey-Nagel gel and PCR
purificationkitand cotransfected with the pSG3Aenv vector (National
Institutes of Health AIDS Reagent Program) into 293T cells to produce
pseudoviruses as previously described.

Neutralization assays

Viruses were tested against bNAbs and purified autologous IgGs using
the TZM-bl cell neutralization assay with cells obtained through the
National Institutes of Health HIV Reagent Program, as previously
described*’**. Briefly, pseudoviruses were incubated with eight five-
fold serial dilutions of antibodies for1 hat 37 °Cin 96-well plates before
addition of10,000 TZM-bl cells per wellin growth medium containing
DEAE-dextran. Cells were incubated for 48 h at 37 °C in 5% CO,, after
whichinfection was quantified by measuring luciferase activity using
Bright-Glo reagent (Promega). Neutralization was calculated relative
tovirus-only control wells, and IC values were determined by nonlinear
regression. Assays were performed in duplicate under Good Clinical
Laboratory Practice quality assurance standards. For bNAD testing,
the starting antibody concentrations were 50 pg ml™ for 3BNC117

and 10-1074, and purified autologous IgG was tested at an initial con-
centration of 500 pg ml™ followed by eight fivefold serial dilutions.
Pseudovirus clones derived fromboth the reservoir and rebound were
tested. For autologous antibody testing, baseline IgG was purified using
Protein G Sepharose 4 Fast Flow (GE Life Sciences). Neutralization
breadth was evaluated using a panel of ten HIV-1 env pseudoviruses
selected based on reported resistance to both 3BNC117 and 10-1074
(https://www.hiv.lanl.gov/catnap). The panel included the follow-
ing env clones: 700010040.C9.4520, H030.7, H086.8, THRO4156.18,
H035.18, H704 1109 140 _RE_cs, 191955 All, 89-F1 2 25, 6322.V4.C1
and 3637.V5.C3.

Depletion of residual bNAbs from longitudinal IgG samples
Toremove residual bNAbs from longitudinal IgG samples, anti-3BNC117
and anti-10-1074 antibodies engineered with a FLAG epitope on the
light chain were used as capture reagents. Following IgG purifica-
tion from plasma, samples were incubated with the FLAG-tagged
anti-bNAb-idiotype reagents at a twofold molar ratio of the anti-
idiotype to the estimated bNAb concentration for 2 hat 4 °C to allow
immune complex formation. Samples were thenincubated overnight at
4 °Cwithanti-FLAG M2 magnetic beads (Sigma-Aldrich, catalogue num-
ber M8823). Beads were removed magnetically, and the supernatant
(depleted of infused bNAbs) was collected, tested for residual bNAbs
by ELISA and, if below the limit of detection, used for downstream
autologous neutralization assays. Depletion was repeated if residual
bNAb was detected until it no longer was.

Time-to-event analyses

To evaluate the combined influence of endogenous and therapeutic
antibody pressure on time to ART restart, time-to-event analyses were
performed using Cox proportional hazards models with time to ART
restart as the outcome. Cox proportional hazards analyses incorpo-
rated observed ART restart events occurring beyond 96 weeks when
available. Baseline reservoir sensitivity to autologous antibodies,
10-1074 and 3BNC117 was quantified using IC80 values, which were
log,,-transformed and standardized before modeling. Univariable,
pairwise (models including two resistance variables simultaneously)
and multivariable models were fit to assess the individual and com-
bined contributions of each resistance dimension to rebound timing.
Hazard ratiosreflect the effect of a one-standard-deviationincreasein
resistance. Analyses were performed using Cox proportional hazards
regression in GraphPad Prism and R (survival package version 3.8-6).

Statistics and reproducibility

Statistical analyses were performed using GraphPad Prism version
10.6.1 (GraphPad Software) and R version 4.5.0 (R Foundation for Sta-
tistical Computing), as described for each analysis. All statistical tests
were two-sided unless otherwise specified. Exact statistical tests,
sample sizes, measures of central tendency and definitions of bio-
logical replicates are provided in the corresponding figure legends.
No statistical method was used to predetermine sample size for labo-
ratory analysis because sample size was determined by participant
enrollment and sample availability within the RIO clinical trial. No data
were excluded from the analyses unless explicitly stated. Statistical
analyses of prespecified secondary and exploratory outcomes were
conducted according to the trial Statistical Analysis Plan. Analyses
not prespecified in the Statistical Analysis Plan are explicitly identi-
fied in ‘Results’ as non-prespecified exploratory or post hoc analyses.
Participants were randomized as part of the RIO clinical trial accord-
ing to the study protocol. Laboratory investigators performing the
mechanistic analyses were initially blinded to treatment allocation.
Blinding was maintained until participants met protocol-defined cri-
teriafor unblinding (for example, following viral rebound), after which
treatment allocation became known for subsequent analyses. Each
participant was considered one biological replicate unless otherwise
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indicated, and technical replicates were not treated as independent
observations. Correlation analyses were performed using two-sided
Spearmanrank correlation coefficients with 95% confidence intervals.
Group comparisons were performed using two-sided Mann-Whitney
tests or Wilcoxon matched-pairs signed-rank tests, as appropriate.
Time-to-event analyses were evaluated using Cox proportional hazards
regression. Statistical significance was assessed using exact two-sided
Pvalues, which arereportedin the figures or text.

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

Data availability

Source dataunderlying the figures and statistical analyses presented
in this study are provided in Supplementary Tables. Specifically,
participant-level reservoir quantification data are provided
in Supplementary Table 1, baseline intact reservoir-derived
proviral sequences and neutralization data in Supplementary
Table 2, rebound virus env sequences and neutralization data in
Supplementary Table 3, participant-level geometric mean neu-
tralization sensitivities in Supplementary Table 4, serum concen-
trations of 3BNC117-LS and 10-1074-LS of long-term controllers in
Supplementary Table 5, and Cox proportional hazards model out-
putsin Supplementary Table 6. HIV-1sequence data generated for all
reservoir-derived proviral genomes in this study have been depos-
ited in GenBank under accession numbers PZ799384-PZ799601 and
PZ799607-PZ802566.Newly generated research materials, including
participant-derived HIV-1 env constructs, pseudovirus reagents and
other unique materials generated in this study, will be made available
to qualified researchers uponreasonable request to the corresponding
author, subject to applicable institutional approvals, material trans-
fer agreements, participant consent restrictions and the continued
availability of the requested materials. Deidentified participant-level
clinicalandlaboratory data fromthe RIO trial, including relevant data
dictionaries and supporting study documentation, will be available
through a controlled-access process following completion of the
trial and database lock, in accordance with participant consent and
institutional ethical requirements. Clinical data requests for access
should be directed to S. Fidler (s.fidler@imperial.ac.uk), University
of Oxford, who serves as chief investigator of the RIO trial. Requests
will be acknowledged within ten working days and reviewed by the
Trial Management Group, Independent Data Monitoring Committee
and Trial Steering Committee. A decision regarding data access will
normally be communicated within 8 weeks of receipt of a complete
request. Approved investigators will be required to sign a data access
agreementbefore receiving access to the requested datasets. The RIO
clinical protocol and Statistical Analysis Plan are available as supple-
mentary documents accompanying the primary clinical publication®®.
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Extended Data Table 1| Baseline demographic and clinical characteristics of RIO participants

Characteristic Arm A: bNAbs (n=34) Arm B: Placebo (n=34) All(n=68)
Age, years (Median, IQR) 36 (31, 44) 42 (33, 51) 40 (32, 46)
Male sex assigned at birth, n (%) 34 (100.0%) 34 (100.0%) 68 (100.0%)
Asian or Asian British, n (%) 3(8.8%) 0 (0.0%) 3(4.4%)
Black or Black British, n (%) 1(2.9%) 2 (5.9%) 3(4.4%)
White ethnicity, n (%) 28 (82.4%) 30 (88.2%) 58 (85.3%)
Other ethnicity, n (%) 2(5.9%) 2 (5.9%) 4 (5.9%)
Baseline CD4 count, cells per pl (Median, IQR) 742 (657, 937) 810 (596, 986) 776 (626, 963)
HIV clade B, n (%) 19 (76.0%) 21(84.0%) 40 (80.0%)
Non-B clade, n (%) 6 (24.0%) 4(16.0%) 10 (20.0%)
Clade information unavailable, n 9 9 18

Duration on ART before enrolment, years 5(3-6) 5(4-7) 5(4-7)
(Median, IQR)

Primary HIV infection, n (%) 32 (94%) 30 (88%) 62 (91%)
Early HIV infection, n (%) 2 (6%) 4 (12%) 6 (9%)
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Extended Data Fig. 1| See next page for caption.
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Extended DataFig. 1| Trial participant selection and time to ART restart after ATI. Shaded areas indicate the standard error (SE) of the survival estimate. Two-sided

a, CONSORT flow diagram showing participant enrollment, randomization, Gehan-Breslow-Wilcoxon test, xX*=30.09, P <0.0001. Numbers at the end of each
allocationto Arm A or Arm B, follow-up, ART restart categories, and inclusion in curveindicate the number of participants remaining off ART at week 96 relative
virologic analyses. b, Kaplan-Meier curves showing time to ART restart (up to tothetotalineacharm.

96 weeks) in participants from Arm A (bNAbs; n=29) and Arm B (placebo; n=32).

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-026-04644-8

Q

Intact proviruses
(per 108 CD4" T cells)

103_

102_

101_

100_

n.s. n.s.
T 1 T 1
°
)
J
“
D>
) .
0 ®
o.‘a 8.58 6.94
% -
@
[ ]
@, 0.27 0.28
_g._ —_—

ArmA ArmB ArmA Arm B

ddPCR

Q4PCR

Extended DataFig. 2 | Baseline HIV reservoir in circulating CD4+ T cells
measured by ddPCR and Q4PCR. Graphs show the numbers of (a) intact and
(b) defective proviral genomes per million CD4+ T cells. Each dot represents
the value for one participant. Arm A participants black and Arm B grey.

(o
=1
"
>
"

105_

104_

437

°
&%)
9 —ag
% 288

0] ®
10 «

o
ArmA ArmB ArmA ArmB

ddPCR Q4PCR

Samplesize: ddPCR - Arm A, n=32; ArmB,n=29; Q4PCR-ArmA,n=30; ArmB,
n=27.Theblack line and numbers indicate the geometric mean. Group
comparisons were performed using a two-sided Mann-Whitney test, with
statistical significance defined as P <0.05.

Defective proviruses
(per 108 CD4™ T cells)

Nature Medicine


http://www.nature.com/naturemedicine

Article https://doi.org/10.1038/s41591-026-04644-8

a ArmA

400 _ __ 108 105
0 A 2
" =2 =0. o p=0. 3> =0.72
8 8300 3 O 4o 8 8 40 P
s = g
=+ =+
> < = =Y
S & 200 59 ° o ® 3o
80 20 ® a0 0 o &80
B L ° £9 %o % o ° — e °
o= ° g2 [ ° T o
£ T 1007e S5 10% e @ T
= o e ng e ° @
e st e e
Sloo—o—SS 10 10—
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
Weeks Weeks Weeks
b Arm B
,(3150 r=-0.28 __10° r=-0.08 _10° r=-0.07
o =0. (73 =0.33 » -o.
0 G125 p=0.08 %B P S p=0.34
23 S © 104 @ © 104
2 =100 Sk 2+
2% oy =+
o0 75 o 108 33 108
X&) 20O 50
8% 50 39 TS
27 ] o & T 102 B T 102
= 5 =
g T~ 38 g
000 0000 0- 01 10! 101
0 2 4 6 8101214 02 4 6 8101214 02 4 6 8101214
Weeks Weeks Weeks
c ArmA
—~ 103 @ 103
5 % o = 22 10 r=-0.10 210 r=-0.08
» 35 r=0.11 » © n Q
] p=030 ERR p=0.64 2 © p=0.70
8 ° 30 S = 102 25 1
S o+ S e °
S+ 25 s by ° ° Y=}
38 08 1g1]%% 50 L
28 2 2510 %oy oo s 10
- 15 o O o % o = = [ ]
0 < D o
g2 10 D5 100 ® s 400
=0 8¢ 0% "o 2 10
g8 s, = ° o
u B ——_—— 10-1 < oHH———————
100 150 200 0 50 100 150 200 0 50 100 150 200
Weeks Weeks Weeks
d Arm B
% 10 =-0.11 @@ 10° r=-0.20 - 10° =-0.19
> = ot =0. @ =0.17
§ 8 g p=0.29 5 8 p=0.16 o T P
2 S = 102 82 102
=+ 7 o+ S+
> < = < =+
oo 6 ag _ee — Sy e
[
29 5 20 1ot 20 10
Qo 4 B o =«
[0
T 3 T o 52 4
g 2 a8 Fs
= e e g
0+—20.0-0-0-0-0- — 10 +—————— 10 +——m——To—o+—
0246 810121416 0246 810121416 024 6 810121416
Weeks Weeks Weeks
e Arm A f Arm B
N 400 . r=033 @ /_07105 r=004 210001 r=-0.19 8 7=,,‘105
°® p=006 » 8 p=041 $ '8 800 p=016 @@
QO 5 O b =]
B~ 300 £+~ 104 S+ S =104
= 3+ 4 120 [<§
S s O S« S
[Nfa) an o o °n Q
50 200 2010 " e 5 , 80 4 20103
ge . §t‘°2 .86. o 0 B ge
€L 100 L] 2102 e ) = © 5 102
g1 , ° 48 e % g 88"
ole 0 o000, oo ol 0 SO — 101
102103 10* 105 109 10210 10* 105 108 102 10% 10% 105 108 107 108 102 108 104 105 10° 107 108
Peak Viremia Peak Viremia Peak Viremia Peak Viremia
(copies/ml) (copies/ml) (copies/ml) (copies/ml)
Extended DataFig. 3 | Correlation between baseline intact, defective and reservoir size measured by ddPCR and peak plasma viremiain Arm A (e) and
total reservoir size, peak viremia and time to ART restartin weeks. ArmB (f). Each dot represents one participant.n=28 for Arm A and n=27 for ArmB.

(a-d) Correlation between baseline intact, defective, and total proviral reservoir Y axes indicate the number of intact or defective proviruses, and x axes indicate
size measured by ddPCR (a-b, e-f) or Q4PCR (c,d) and time to ART restartinweeks ~ plasma viremia at peak rebound. Correlation coefficients were calculated using a

inArmA (a,c) and Arm B (b,d). Each dot represents one participant. For ddPCR two-sided Spearman’s rank correlation with 95% confidence intervals. Nonlinear
measurements, n =29 for Arm A and n=27 for Arm B. For Q4PCR measurements, curve fitting was performed with x as a linear function, and y as alinear or
n=26for ArmAandn=25for ArmB. (e f) Relationship between baseline logarithmic function for intact and defective genomes, respectively.

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-026-04644-8

a
0.22 0.85 C 0.25

500 500+ 0000 500 “per
E 400 E 4001 E 400
o) D D
2 300 2 3001 2 300+
2 2 ° 2
3 200 3 2004 3] 200

100 100{ —o— _° 100

04 0 - o®e 0 : :

Pre Post Pre Post

bNAbs Depletion

Extended Data Fig. 4 | Autologous neutralization activity and breadth
post-bNAb therapy in Arm A participants. (a) Control depletion experiments
performed insix individuals comparing depleted and non-depleted IgG
preparations against participant-matched autologous viruses demonstrated
that the depletion procedure preserved endogenous autologous neutralizing
activity. (b) Autologous neutralization sensitivity (IC80) of baseline reservoir-
derived pseudoviruses tested against IgG isolated before bNAb infusion and at
later post-infusion time points after depletion of residual infused bNAbs. Each
circle represents the geometric mean IC80 for one participant (one biological
replicate, n=9). Post-infusion IgG samples were collected at the following time

Autologous IgGs
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points, with corresponding residual plasma concentration (ug ml-1) of 3BNC117
and 10-1074, respectively: P4, week 39 (12.5and 10.7); P7, week 64 (4.1and 4.7);
P15, week 134 (<1 and <1); P18, week 64 (13.8 and 18.1); P19, week 36 (25.9 and
30.0); P21, week 119 (2.2 and 3.3); P32, week 123 (<3 and <3); P33, week 27 (338 and
32.5); and P48, week 56 (22.0 and 20.8). (c) Neutralization breadth of autologous
IgGisolated before and after bNAb therapy was evaluated in a panel of 10 HIV-1
strains resistant to both 3BNC117 and 10-1074. Analyses included 15 participants,
with post-infusion IgG samples collected at a mean of 65.7 weeks after infusion.
Group comparisons were performed using a two-sided Wilcoxon matched-pairs
signed-rank test (P <0.05).
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Extended Data Fig. 6 | Reservoir sensitivity to autologous antibodies,
3BNC117 and 10-1074 including participants with intact env but not confirmed
intact proviral genomes. a-c, Correlation between time to ART restart and
baseline reservoir sensitivity to (a) autologous antibodies, (b) 3BNC117, and
(c)10-1074. Each dot represents one participant (one biological replicate), using

Autologous Antibodies

500 G € © © r=-0.48 (-0.8 10 -0.01)
~ *p=0.02
£
3100- PY
o
o)
&)
104
0 20 40 60 80 100 120 140 160 180
Weeks
3BNC117
b
50; ® r=-0.45 (-0.8 to -0.01)
~ 10; *p = 0.024
=
B N ¢
2 ®
8 0.15 Y o
O
= 0.011
0.001 T T T T T T T T T
0O 20 40 60 80 100 120 140 160 180
Weeks
10-1074
C
50;
—~ 101 r=-0.82 (-0.9 to -0.6)
= ***p <0.001
> 11
= °® °
§ 0.14 ®
= 0.011 oo
0.001

0 20 40 60 80 100 120 140 160 180
Weeks

the geometric mean IC80 (Y axis) and time to rebound in weeks (X axis) for

one participant. Red dots represent participants that we were able to detect
intact envs but not confirmed intact provirus. Nonlinear curve fitting was
performed with x as alinear function of time and y as alogarithmic function
of IC80 values. Correlation coefficients were calculated using a two-sided
Spearman’s r with 95% confidence intervals.

Nature Medicine


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-026-04644-8

CD4 CTV NEF
AlM CD4 POL
CD8 CTV POL
AIM CD8 GAG
AIM CD4 ENV
ELISPot NEF
CD4 CTV ENV
ELISPot POL
CD4 CTV GAG
CD4 CTV POL
ELISpot ENV
AIM CD8 ENV
CD8 CTV ENV
AIM CD8 POL
AIM CD8 NEF
CD8 CTV GAG
AIM CD4 GAG
ELISpot GAG
CD8 CTV NEF
AIM CD4 NEF
Time to ART restart

0.001
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
2~ AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
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|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
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|Z| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Instrumentation & Associated Acquisition Software
1. Applied Biosystems QuantStudio 6 / 7 Flex Real-Time PCR System - (qPCR data acquisition)
2. Bio-Rad QX200 AutoDG System - (ddPCR droplet generation + data acquisition)
3. lllumina MiSeq Sequencing Platform - (next-generation sequencing data generation)
4. Beckman Coulter Vi-Cell XR Automated Cell Counter - (cell number acquisition)
5. FLUOstart Omega microplate reader - (Luminescence reading)

Data analysis Commercial software
Thermo Fisher Design and Analysis Software v2.4.3 (Thermo Fisher Scientific) — gPCR/ddPCR data analysis.
GraphPad Prism v10.6.1 (GraphPad Software, LLC) — statistical analyses and graph generation.
Adobe lllustrator (Adobe Inc.) —figure assembly and preparation.
Interactive Tree of Life (iTOL) v6 — phylogenetic tree visualization and annotation.
Open-source and bioinformatics software
MUSCLE v5.1 — multiple sequence alignment.
FastTree v2.1.11 — maximum-likelihood phylogenetic tree reconstruction.
BBTools (clumpify.sh) v38.72 — read deduplication and error correction.
Trim Galore v0.6.4 — adapter trimming and quality filtering.
SPAdes v3.13.0 — genome assembly.
BLAST+ (NCBI) — sequence alignment and similarity searches.
R v4.5.0 (R Foundation for Statistical Computing) — statistical analyses.
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Custom software
DIHIVA pipeline (Defective and Intact HIV Genome Assembler) — custom pipeline developed for HIV proviral genome assembly and annotation.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

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

Source data underlying all figures and statistical analyses are provided in the Supplementary Tables accompanying this manuscript. Participant-level reservoir
guantification data are provided in Supplementary Table 1; baseline intact reservoir-derived proviral sequences and neutralization data in Supplementary Table 2;
rebound virus env sequences and neutralization data in Supplementary Table 3; participant-level geometric mean neutralization sensitivities in Supplementary Table
4; serum concentrations of 3BNC117-LS and 10-1074-LS in long-term controllers in Supplementary Table 5; and Cox proportional hazards model outputs in
Supplementary Table 6. HIV-1 sequence data generated for all reservoir-derived proviral genomes have been deposited in GenBank.

Because the study involves human participants enrolled in the RIO clinical trial, de-identified participant-level clinical and laboratory datasets are available through a
controlled-access process following completion of the trial and database lock, in accordance with participant consent and institutional ethical requirements.
Requests for clinical data should be directed to Professor Sarah Fidler (s.fidler@imperial.ac.uk) and will be reviewed according to the RIO trial data access policy.
The RIO clinical protocol and Statistical Analysis Plan are available as supplementary documents accompanying the primary clinical publication (DOI: 10.1016/
$2352-3018(26)00059-7). The generated research materials, including participant-derived HIV-1 env constructs, pseudovirus reagents, and other unique materials
generated in this study, are available from the corresponding author upon reasonable request, subject to institutional approvals, material transfer agreements,
participant consent restrictions, and material availability.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender All participants enrolled in the RIO trial were men. Sex was determined by self-report at enrollment. Gender identity was not
collected separately. Because all enrolled participants were men, sex and gender were not considered as biological variables
in the study design, and no sex- or gender-based analyses were performed.

Reporting on race, ethnicity, or ' Race and ethnicity were self-reported according to local clinical site procedures, they were collected for regulatory and safety

other socially relevant reporting in the original RIO trial. These variables were not analyzed in the present study, did not inform inclusion/exclusion

groupings criteria, and were not used in any statistical analysis or interpretation. No conclusions were drawn based on race, ethnicity,
or other socially constructed groupings.

Population characteristics The population consisted of adults living with HIV-1 who initiated antiretroviral therapy (ART) during primary or early-stage
infection and had maintained virologic suppression for >1 year prior to enrollment. Although the protocol permitted
enrollment of both women and men, all enrolled participants were men. Baseline demographic characteristics are
summarized in Supplementary Table 1. The majority had HIV clade B virus. Participants had well-preserved immunity (median
baseline CD4 count 776 cells/uL) and had been on ART for a median of 5 years. These characteristics reflect the trial's focus
on individuals with smaller and more homogeneous HIV reservoirs typical of early-treated infection.

Recruitment Participants were recruited across nine sites in the UK and one in Denmark, as part of the RIO randomized controlled trial,
using standard clinical research pathways within each participating National Health Service (NHS) or hospital system.
Recruitment was restricted to individuals who met prespecified eligibility criteria (early or primary HIV infection, suppressed
viral load, predicted sensitivity to bNAbs). Researchers involved in the present manuscript did not influence recruitment
beyond the trial protocol, and only de-identified samples and data were used for the mechanistic analyses. Participants
received financial compensation.

Ethics oversight The RIO trial received ethics and regulatory approval in the United Kingdom from the London—Westminster Research Ethics
Committee (REC reference 19/L0O/1669; IRAS ID 266322), the UK Health Research Authority, and the Medicines and
Healthcare products Regulatory Agency (MHRA reference 19174/0413/001). For the Danish study site, the trial received
regulatory approval from the Danish Medicines Agency. The trial was registered under ClinicalTrials.gov (NCT04319367), the
European Union Drug Regulating Authorities Clinical Trials (EudraCT) database (2019-002129-31), and the European Union
Clinical Trials Regulation (EU CT number 2024-514564-13-00). All participants included in the present study were enrolled
under these approved protocols and provided written informed consent before study participation. Trial conduct was
overseen by the Imperial Clinical Trials Unit, with the Independent Data Monitoring Committee and Trial Steering Committee
convening regularly to review participant safety and trial conduct. The analyses presented in this manuscript were performed
using de-identified clinical samples and data collected under the approved study protocols.

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

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

Sample size Sample sizes for all analyses were determined by the availability of clinical samples collected within the RIO trial. No statistical methods were
used to predetermine sample size for this mechanistic study. The exact number of participants or samples used in each experiment is
reported in the corresponding figure legends and Methods sections.

Data exclusions | No data or samples were excluded from the analyses unless they failed prespecified and objective quality-control criteria (e.g., insufficient
sequencing depth, non-amplifiable templates, or samples with <500 reads in the DIHIVA pipeline). These criteria were applied uniformly and
are described in the Methods. No post-hoc exclusions were made.

Replication All experimental assays included appropriate technical replicates as described in the Methods. Where biological replication was possible,
samples from independent participants were analyzed. All reported findings were reproducible within the available biological samples, and no
findings failed replication.

Randomization  Randomization was not applicable to the laboratory analyses in this study. Participants were randomized as part of the RIO clinical trial, but
the present study performed mechanistic laboratory analyses on de-identified specimens and was not involved in participant allocation.

Blinding All laboratory experiments were performed on de-identified samples labeled only with participant codes, with investigators unaware of
clinical arm assignment at the time of analysis. Laboratory investigators performing the mechanistic analyses were initially blinded to
treatment allocation. Blinding was maintained until participants met protocol-defined criteria for unblinding (for example, following viral
rebound), after which treatment allocation became known for subsequent analyses

Reporting for specific materials, systems and methods

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

Materials & experimental systems Methods
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|:| |Z Clinical data

|Z |:| Dual use research of concern
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Antibodies

Antibodies used This study used purified broadly neutralizing antibodies (bNAbs) 3BNC117 and 10-1074 for neutralization assays and autologous
plasma neutralization experiments. No commercial antibodies were used for cell staining or flow cytometry in this work

Validation The bNAbs 3BNC117 and 10-1074 have been extensively validated in multiple peer-reviewed clinical studies for binding specificity
and neutralization breadth. No new antibody validation was performed for the present study.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) TZM-bl cells were used for pseudovirus neutralization assays. Cells were obtained from the NIH AIDS Reagent Program.

Authentication TZM-bl cells used for neutralization assays were obtained through the NIH HIV Reagent Program and are routinely monitored
for expected assay performance through external quality assurance testing.
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Mycoplasma contamination TZM-bl Cell lines are routinely tested for mycoplasma contamination and were confirmed to be mycoplasma negative. No

additional authentication (e.g., STR profiling or karyotyping) was performed.

Commonly misidentified lines  7zM-bl cells are not listed among commonly misidentified or cross-contaminated cell lines in the ICLAC database. No other

(See ICLAC register)

Clinical data

eukaryotic cell lines were used.

Policy information about clinical studies

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

Clinical trial registration

Study protocol

Data collection

Outcomes

Plants

ClinicalTrials.gov: NCT04319367

European Union Drug Regulating Authorities Clinical Trials (EudraCT): 2019-002129-31
London—Westminster Research Ethics Committee (UK REC): 19/LO/1669

European Union Clinical Trials Regulation (EU CT): 2024-514564-13-00

Medicines and Healthcare products Regulatory Agency (MHRA): 19174/0413/001

The full clinical protocol and Statistical Analysis Plan are available as supplementary documents accompanying the primary clinical
publication. (Lee MJ, et al. Time to HIV rebound after infusion of long-acting broadly neutralising antibodies 3BNC117-LS and
10-1074-LS and analytical treatment interruption (the RIO trial): a double-blind, randomised, placebo-controlled trial. Lancet HIV.
2026 Aug;13(8):e527-e537. doi: 10.1016/52352-3018(26)00059-7. Epub 2026 May 27. PMID: 42202839.)

Clinical data were collected prospectively between May 2021 and September 26, 2025, at participating HIV clinical research sites in
the United Kingdom and Denmark following Good Clinical Practice (GCP) procedures. Data collection included viral load
measurements, CD4 counts, pharmacokinetic sampling, and safety assessments. Samples for mechanistic assays (PBMCs, plasma, and
serum) were collected at scheduled study visits, processed according to standardized procedures, and transferred as de-identified
specimens for laboratory analyses.

The RIO trial prespecified time to viral rebound within 20 weeks after analytical treatment interruption as the primary clinical
endpoint. Safety, delayed viral rebound, and prolonged ART-free viral control following analytical treatment interruption were pre-
specified secondary in the trial protocol and reported previously. The present manuscript reports pre-specified secondary virologic
outcomes, including reservoir quantification and baseline reservoir sensitivity to bNAbs, pre-specified exploratory analyses of viral
sequencing, reservoir characterization, rebound virus evolution, and antibody correlates of viral control, as well as clearly identified
post hoc analyses examining associations between reservoir characteristics and clinical outcomes. Clinical outcomes were
prospectively assessed according to protocol-defined endpoint criteria using validated clinical and laboratory assays.

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
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was uyy//bu. . .
Desertbe-any-atthentication-proceduresfor-each-seed-stock-tised-or-novel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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