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Broadly Neutralizing Antibodies Develop during HIV Infection
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Can neutralizing antibodies have a role in HIV infection?



Anti-HIV-1 bNAbs Targeting Different Epitopes in Clinical Trials

Neutralization Targets bNAbs with Greater Breadth and Potency
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Figure 1
Potency–breadth curves for a panel of 97 viruses (a) and neutralization (IC50) heatmap for a panel of 120 viruses (b) across three clades
represented in the star phylogeny (c). In the heatmap, each block in the horizontal axis represents a different virus against which
neutralization of the broadly neutralizing antibodies along the vertical axis, grouped by epitope, was evaluated in TZM-bl cells.
Figures 1a and 1b were created with data in the Los Alamos National Laboratory CATNAP database (33).

shades in the heatmap represent their higher IC50, the inhibitory concentration at which 50%
of individuals are protected upon exposure, re!ecting their lower potency compared to the left-
shifted curves (Figure 1a) and orange and red shades (Figure 1b) of most modern bnAbs. The
blunting of the pre-2009 mAb curves at or below 50% of viruses neutralized and the quantity of
blue-shading in the heatmap re!ect their limited breadth.

Notably, different bnAb classes exhibit characteristic neutralization sensitivity pro"les, often
explained by mutations in amino acids or potential N-linked glycosylation sites on or around
bnAb contact residues. For example, bnAbs in some classes, like CD4bs and MPER, tend to bind
epitopes that are highly conserved across strains and carry high "tness costs to escape; these classes
typically exhibit signi"cant breadth, albeit often with lower potency for some CD4bs bnAbs. V3
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Hsu et al, Front Immunol 2021

Karuna et al,  Ann Rev Med 2020
v Bi-specific & tri-specific
v AAV-delivery Ø At an individual level, greater env diversity is associated with 

high neutralization titers and breadth, but also with resistance 
to certain bNAbs and autologous viruses.

Schoofs et al., 2016
Lynch et al, 2021



HIV bNAb challenges
ØEnvelope is sparsely expressed

ØEpitope masking 
• Complex glycan shield

ØHighly diverse

Anti-HIV Broadly Neutralizing Antibodies: Challenges and Potential
HIV – ongoing problems

Ø  Incidence rates remain high
• No effective vaccine
• PrEP uptake is below targets

Ø  Treatment is lifelong
• Rapid rebound after ART 

cessation

• Long-lived reservoir of 
infected cells

The reservoir - infected cells harboring replication-competent viruses -
is the major barrier to HIV Cure strategies

The reservoir - infected cells harboring replication-competent viruses -
is the major barrier to HIV Cure strategies

HIV-1 Env seq. variation 
(Demo. Republic of the Congo)

Influenza A virus 
(Global variation, 1996)
Korber et al., IAVI 2010 

HIV bNAb potential roles
Ø Therapy & Prevention

• Safety
• Long-half lives

Ø  ART-free sustained virologic 
control - Fc-mediated effector 
functions
• Eliminate infected cells
• Enhance immunity

Antibodies differ from standard ART

Bournazos et al., JEM 2015

Block/Kill Free Virus Kill Infected Cells

Antibodies differ from standard ART

Bournazos et al., JEM 2015

Block/Kill Free Virus Kill Infected Cells

Bournazos et al, 2015 



HIV-1 bNAbs: Prevention
AMP Studies: VRC01 achieved prevention efficacy 

against neutralization sensitive viruses

75.4%

4.2%

3.3%

• Prevention can be achieved by bNAb administration 
• Regardless of gender and region-specific clade
However, it is dependent on neutralization sensitivity of 
circulating strains (only 30% VRC01 sensitive) and required 
higher levels than anticipated

• In vitro neutralization assays can predict outcome
But predictions based on TZM/bl assays against 
pseudoviruses were about 1 log “off” from required in vivo 
sensitivity against “real viruses”. 

• Prevention efficacy biomarker: predicted serum 
neutralization ID80 titer of 200

Ø Viruses from placebo arm tested for other bNAbs – triple 
combination can achieve coverage of 90%

Corey et al, NEJM 2021
Gilbert et al, Nat Med 2022



Glass half full or half empty: Next steps after AMP results?

• Will combination of bNAbs provide greater protection?
• How many bNAbs will be needed?

• What dose level and frequency will be needed to achieve protection 
titers?

• Is resistance to bNAbs evolving over time on a population level?



Caskey, Klein et al., Nature 2015; 
Caskey, Schoofs et al. Nat Med 2017; 
Bar-On, Nat Med et al. Nat Med 2018
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HIV-1 bNAbs: Therapy
Effects on Plasma Viremia 
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Figure 3 | 3BNC117 sensitivity, changes in
viraemia, and 3BNC117 levels. 3BNC117 dose is
indicated at the top of the graphs. The left y axis
shows log10 change in viraemia from day 0, and
right y axis shows antibody level measured by
ELISA. Blue line reflects change in VL and dotted
grey line antibody level. Numbers indicate IC50

values for 3BNC117 of autologous viral isolates
measured by TZM.bl assay, colour-coded as
indicated in the key. Dotted line indicates lower
level of accuracy.
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Figure 2 | HIV-1 viral load measurements.
3BNC117 dose indicated in red. Plots (left
column) show absolute VLs in HIV-1 RNA
copies ml21 (y axis) versus time in days after
infusion (x axis). Right column shows log10

changes in VL from day 0. Red line illustrates
the average (least-squares means, by mixed-
effect linear model). Individual subjects are
indicated on the right. Subjects 2E1 to 2E5
were pre-screened for 3BNC117 sensitivity.
At 30 mg kg21 dose level, the change in
viraemia was significant (P 5 0.004,
P , 0.001, P , 0.001, P , 0.001, P , 0.011 at
days 4, 7, 14, 21, and 28, respectively) when
compared to all available pretreatment values
(Extended Data Table 2b).
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3BNC117

Ø Across studies: A subset of participants with baseline resistance

Ø Transient reduction in plasma viremia - nadir ~ 1.5 log10 cp/ml.

Ø Selection of resistant viral strains occurred

Ø Viral suppression only achieved with low starting VLs
ØViral rebound observed without clear selection of resistance to VRC07-523LS or 3BNC117

                                                                          

Single bNAb

Figure 2
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were resistant to PGDM1400, likely explained by the presence of 
glycine at the Env site 166, instead of the more common arginine 
at this site. G-166 is a known resistance-associated mutation for 
PGDM1400 (ref. 15) at a critical bNAb contact site14. For participant 
693–7989, two rebound viruses that were resistant to PGDM1400 
did not show any canonical resistance mutations, such as those 
identified as signatures in Bricault et al.15 and from previous muta-
genesis studies compiled on the Los Alamos HIV Databse CATNAP 
(https://www.hiv.lanl.gov/content/index)16. These two viruses did 
have a V120I mutation, which could be a candidate mutation for 
resistance based on its structural proximity to PGDM1400-like 
bNAb contact sites14.

The escape from PGT121 occurred for all participants predomi-
nantly due to the loss of the PNGS at 332, which is a key contact 
glycan for V3 glycan bNAbs17 and a requisite for susceptibility to 
such bNAbs15. This occurred by different routes across participants, 
either gaining PNGS at 334 (participants 693–2215 and 693–1969) 
or not (participants 693–7312 and 693–7989). In the latter two par-
ticipants, 2–3 different resistance mutations per participant were 
found in the rebound viruses. Two rebound viruses in participant 
693–7989 escaped PGT121 not by losing N332 glycan but, instead, 
by the D325N mutation, which is also a resistance signature for 
PGT121 (ref. 15) and was found in clinical escape from monotherapy 
with PGT121 (ref. 18) and with 10–1074 (refs. 2,4,8). For two rebound 
viruses from participant 693–7989 (A7.1 and A11.1), none of the 
V3 loop resistance mutations was found; however, they did have 
mutations that shifted a hypervariable V1 PNGS two sites toward 
the N-terminus relative to other viruses from this participant, 
and V1 loop glycans have been shown to affect V3 glycan bNAb 
sensitivity15,19,20.

Analyses of the phylogenetic relationships between baseline and 
rebound viruses showed that bNAb escape was polyclonal (Fig. 
4). Because our sampling of viral diversity of circulating strains, 
although typical for such studies4, is only a limited snapshot of the 
full diversity within each participant, our analyses are not powered to 
address the question of whether the bNAb-resistant rebound viruses 
were present at low frequency in baseline plasma, were mutated from 
baseline viruses and/or were activated from the latent reservoir.

VRC07-523LS resistance at viral rebound developed in two of the 
three participants receiving triple bNAb therapy (Fig. 3). Although 
rebound viruses for participant 693–1969 were significantly more 
resistant, the median IC80 increase was only 1.5-fold (Fig. 5a).  

For participant 693–2215, rebound viruses were 5.6-fold more 
resistant as compared to baseline viruses. For participant 693–7989, 
no appreciable change in VRC07-523LS susceptibility was found 
between baseline and rebound viruses. However, some rebound 
viruses showed complete resistance (IC50 > 50 µg ml−1) to the CD4bs 
antibody 3BNC117 (Extended Data Fig. 2).

For participants 693–1969 and 693–7989, no relevant muta-
tions associated with VRC07-523LS resistance were detected in 
rebound viruses as compared to baseline viruses (Extended Data 
Fig. 3), consistent with the absent or subtle neutralization resis-
tance change. For participant 693–2215, all rebound viruses gained 
a glycan at site 234, and all but two rebound viruses gained a gly-
can in hypervariable V5 loop. Both of these glycan gain mutations 
have been shown to be associated with neutralization resistance 
to VRC07-523LS15. We also detected a role for recombination in 
selecting for VRC07-523LS-resistant mutations in participant 693–
2215 (Extended Data Fig. 6). Overall, our recombination analyses 
detected recombinant Envs in participants 693–1969 and 693–2215 
as well as among the baseline sequences from participant 693–2290, 
who was subsequently lost to follow-up (Extended Data Fig. 6a). 
Although we could not detect any recombinants in other patients, 
this is likely due to the limited sampling of patient viral diversity 
rather than absence of recombination. In participant 693–2215, we 
found evidence that the resistance-conferring glycan at 234, found 
in all rebound viruses, as well as the glycan in the hypervariable 
V5 loop, were favored by recombination: four out of four and three 
out of four recombination events, respectively, from parental strains 
discordant at these sites carried forward the resistant-conferring 
mutations in the recombinant daughter Env (Extended Data Fig. 
6b). The same kind of analysis was not possible for the other two 
participants because 693–1969 had no known VRC07-523LS resis-
tance mutations in the rebound population, and 693–2290 was lost 
to follow-up before viral rebound.

To further understand why viral rebound occurs without devel-
oping substantial VRC07-523LS neutralization resistance, we ana-
lyzed VRC07-523LS serum ID80 titers for the baseline and rebound 
viruses. Two non-exclusive mechanisms could allow viral escape: 
(1) evolution of viral resistance to VRC07-523LS neutralization 
and (2) decay of VRC07-523LS concentrations to sub-therapeutic 
levels. Serum ID80 titers capture both of these mechanisms as they 
are based on both VRC07-523LS serum concentrations and the 
neutralization sensitivity of viruses (as described in the Methods).  
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Fig. 2 | HIV-1 RNA levels. Plasma HIV-1 RNA levels (RNA copies per ml) are shown after PGDM1400, PGT121 and VRC07-523LS infusion at 20!mg!kg−1 
each (group 3A) (a) and after PGDM1400 and PGT121 infusion at 30!mg!kg−1 each (group 3B) (b) in viremic participants with HIV not on ART. The dotted 
line indicates the LLoQ for HIV-1 RNA levels (40 copies per ml). Dots indicates when a sample was collected for sequencing. If and when ART was started 
is indicated in the figures. The symbol ‘&’ indicates the time point when participant 693–2290 was lost to follow-up.

NATURE MEDICINE | www.nature.com/naturemedicine

VRC07-523LS +PGT121+PGDM1400
Combination three bNAbs



Gaudinski et al, 2018

VRC01-LS t1/2 71 days 
           (vs. VRC01 t1/2 of 15 d)

LS mutations (M428L/N434S) enhance FcRn binding and prolong half-life

closely with the predicted serum neutralization based on the measured concentration of
VRC01LS (Fig 4A). As expected, serum neutralization activity increased with escalating
VRC01LS doses. Thus, VRC01LS retains its expected neutralizing activity in serum, even after
36 weeks in serum. Confirmatory experiments compared serum with a known (measured)
concentration of VRC01LS to the VRC01LS IgG, and the neutralization curves were similar
(Fig 4B).

Lack of elicitation of anti-VRC01 antibodies in serum

Serum samples were tested for reactivity against VRC01LS and the isolated Fab region of
VRC01. Using both assays, anti-VRC01LS antibody responses, also called ADA, were not
detected in any volunteer at any time point during the trial (Fig 5). In addition, volunteers
who received three infusions of VRC01LS showed no evidence of diminished peak or trough
responses (Fig 5B).

Fig 2. Measurement of antibody serum concentration (μg/mL). (A) Serum VRC01LS concentrations
(colored plots) are shown from first measurement through week 24 after a single administration. The infusion
dose and route are as specified in the legend. All values are the mean of duplicate samples run in different
wells within the same plate. Previously published VRC01 concentrations based on historical data (black plots)
after administration at weeks 0 and 4 are shown for comparison. (B) Geometric mean serum VRC01LS
concentrations per group over time. The dotted line at 10 μg/mL on each graph is shown as a reference value.
IV, intravenous; SC, subcutaneous.

https://doi.org/10.1371/journal.pmed.1002493.g002

VRC01LS HIV-1 bnMAb in healthy adults

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002493 January 24, 2018 11 / 20
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3BNC117-LS t1/2 66 days         
           (vs. 3BNC117 t1/2 of 17 d)

ØHalf-life of LS variants > 3 fold longer than parental mAbs
ØAllows for twice/yr IV infusions, or quarterly SC doses



iMab/10e8v2.0

Bi-specific

Sobieszczyk, CROI 2022: 
• Good safety profile
• Detected in serum – PK analysis ongoing
• No neutralizing ADA (except for 1 participant)
• VL decline of 1.5 log10 cp/ml

 
  

Fig. 5. Crystal structure of the CODV Fab and a structure model of the trispecific 
antibody. (A) Configuration of the trispecific antibody, color-coded by parental antibody. 
Dark shades (red or green) refer to heavy chain while pastels indicate light chain peptides. (B) 
Crystal structure of the PGDM1400-10E8v4 CODV Fab in side and top views. CDRH3s from 
the two Fvs are labeled to highlight the antigen binding region gp41 MPER was modeled in by 
superposing PDB 5IQ9 on to the 10E8v4 Fv. (C) VRC01/gp120 structure (PDB 4LST) and the 
CODV Fab were modeled onto the b12 structure (PDB 1HZH) by overlaying the CH1-CL 
domains. Color codes are matched in (A), (B), and (C). 

First release: 20 September 2017  www.sciencemag.org  (Page numbers not final at time of first release) 11 
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VRC01/10E8v4-PGDM1400-LS
(SAR441236)

Tri-specific

A5377:
• Will complete follow up in November 2023
• No safety concerns to date

HIV-1 bNAbs: Therapy
Engineered antibodies: Increased Potency and/or Breadth



Delivery Systems: Sustained in vivo secretion of bNAbs
AAV Vectors

Casazza et al, Nat Med 2022

Ø VRC 603: 8 people received AAV8-VRC07 (three doses) 
Ø 2/3 at high dose had sustained production of VRC07. 
Ø ADA responses detected

AAV8-VRC07

Yang et al, 2014 



Delivery Systems: SC delivery of high volumes
Approaches
• High-concentration injectables
 - Form fluid suspensions
 - Minimize intermolecular interactions

• Delivery of larger volumes
 - Devices
 - Modifying SC space - hyaluronidase 

e230 www.thelancet.com/hiv   Vol 10   April 2023
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Lancet HIV 2023; 10: e230–43
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Safety and pharmacokinetics of escalating doses of 
neutralising monoclonal antibody CAP256V2LS 
administered with and without VRC07-523LS in 
HIV-negative women in South Africa (CAPRISA 012B): 
a phase 1, dose-escalation, randomised controlled trial
Sharana Mahomed, Nigel Garrett, Edmund V Capparelli, Farzana Osman, Nonhlanhla N Mkhize, Ishana Harkoo, Tanuja N Gengiah, 
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Summary
Background Young women in sub-Saharan Africa continue to bear a high burden of HIV infection. Combination anti-
HIV monoclonal antibodies are a potential HIV prevention technology that could overcome adherence challenges of 
daily oral pre-exposure prophylaxis. In this phase 1 clinical trial we aimed to determine the safety and pharmacokinetic 
profile of the broadly neutralising monoclonal antibody CAP256V2LS.

Methods CAPRISA 012B, a first-in-human dose-escalation phase 1 trial evaluated the safety, pharmacokinetics, and 
neutralisation activity of CAP256V2LS alone and in combination with VRC07-523LS in young HIV-negative women 
in Durban, South Africa. Groups 1 and 2 were open label with CAP256V2LS administered at 5 mg/kg and 10 mg/kg 
intravenously and 5 mg/kg, 10 mg/kg, and 20 mg/kg subcutaneously. In group 3, participants were randomly 
allocated to receive a combination of CAP256V2LS and VRC07-523LS at 10 mg/kg and 20 mg/kg subcutaneously 
comixed with ENHANZE, a recombinant human hyaluronidase. Once safety was established in the first 
three participants, dose escalation took place sequentially following review of safety data. Primary endpoints were the 
proportion of participants with mild, moderate, and severe reactogenicity or adverse events, graded as per the Division 
of AIDS toxicity grading. The trial is registered on the Pan African Clinical Trial Registry, PACTR202003767867253, 
and is recruiting.

Findings From July 13, 2020, to Jan 13, 2021, 42 HIV-negative women, aged 18–45 years, were enrolled. All 
42 participants, eight with intravenous and 34 with subcutaneous administration, completed the trial. There were no 
serious adverse events or dose-limiting toxicities. Most commonly reported symptoms following intravenous 
administration were headaches in seven (88%) and nausea in four (50%) participants. Commonly reported symptoms 
following subcutaneous administration were headache in 31 (91%), chills in 25 (74%), and malaise or fatigue 
in 19 (56%) participants. Adverse events included transient lymphocytopenia in eight (19%), proteinuria in 
nine (21%), elevated aspartate aminotransferase in ten (24%), and alanine aminotransferase in five (12%) participants.

Interpretation CAP256V2LS administered alone and in combination with VRC07-523LS was safe with favourable 
pharmacokinetics and neutralisation activity, supporting further assessment in larger clinical studies.

Funding European and Developing Countries Clinical Trials Partnership, South African Medical Research Council, 
and South African Department of Science and Innovation.

Copyright © 2023 The Author(s). Published by Elsevier Ltd.

Introduction
In 2020 there were an estimated 1·5 million new HIV 
infections worldwide;1 three times higher than the 2020 
target of 500 000. Sub-Saharan Africa accounts for 70% of 
global infections and young women contribute to a 
disproportionate burden of new infections. In KwaZulu-
Natal, South Africa, the HIV prevalence has been 
reported as high as 50% when women reach the age of 
25 years.2 Safe and effective HIV prevention technologies 
are needed, particularly for young women in Africa.

Currently, daily oral tenofovir in combination 
with emtricitabine for oral pre-exposure prophylaxis 
(PrEP) is available in most African countries, but 
adherence poses a major barrier to uptake. New 
classes of long-acting antiretroviral drugs such as a 
bimonthly integrase inhibitor cabotegravir and the 
monthly dapivirine-containing vaginal ring have been 
approved by some regulatory authorities for HIV 
prevention but are not yet licensed or available in South 
Africa.3 Passive immunisation using broadly neutralising 
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IC₅₀ of 0·008 µg/mL was used. As the sensitivity of the 
virus strain determined the titre measured in plasma, 
higher absolute titres were recorded for CAP256V2LS 
compared with VRC07-523LS. There was a wider range 
observed for neutralisation in the 5 mg/kg group who 
received CAP256V2LS via subcutaneous administration 
compared with those given intravenous infusions. For 
the 10 mg/kg group the peak titre was higher in the 
intravenous group compared with the subcutaneous 
administration group. The neutralisation titre peak 
was observed on average at day 1 for intravenous 
administrations and from day 2 for subcutaneous 
administrations.

The 20 mg/kg group achieved much higher titres than 
the lower dose groups, but the rate of decay was similar, 
and titres dropped to undetectable levels by week 16. 
There was no difference in the peak titres whether the 
repeat dose was given at 16 weeks or 24 weeks. However, 
the peaks after the second infusion in both groups 
appeared slightly lower than the peaks after the first 
dose. When both CAP256V2LS and VRC07-523LS 
antibodies were administered in combination a similar 
profile of timing of the peaks was observed, but the decay 
rate was quicker for CAP256V2LS (appendix p 7). The 
patterns seen here correspond to ELISA data, 

highlighting that the antibodies are functional and are 
still able to neutralise at late timepoints.

Discussion
The CAPRISA 012B trial was the first trial to evaluate 
human safety and pharmacokinetic profile of the 
engineered CAP256V2LS, a potent bNAb. It was also 
the first trial to investigate the subcutaneous 
administration of a bNAb alone and in combination to 
women as a PrEP concept in an HIV endemic setting. 
Finally, this trial evaluated for the first time the use of 
EDP with a bNAb as a concept for HIV prevention, 
potentially allowing for increased volumes of bNAbs to 
be administered subcutaneously. The trial found 
that CAP256V2LS and VRC07-523LS administered 
subcutaneously alone and in combination, with 
or without EDP, was safe and well tolerated, 
with detectable antibody concentrations 6 months 
after product administration. CAP256V2LS and 
VRC07-523LS maintained functional activity post-
administration in all groups as measured by 
neutralising activity in serum.

Although the safety profile of bNAbs is reassuring, 
reactogenicity events were reported in the majority of 
participants and thus the safety profile should be further 

Figure 2: Median concentrations of the study drug per study group
(A) CAP256V2LS and VRC07-523LS. (B) CAP256V2LS. (C) CAP256V2LS administered subcutaneously alone and in combination with VRC07-523LS. (D) CAP256V2LS 
administered at 5 mg/kg intravenously, at 5 mg/kg without EDP, and at 5 mg/kg with EDP. EDP=ENHANZE drug product. bNAb=broadly neutralising monoclonal 
antibody. *bNAb administered with EDP.
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antibodies were administered in combination a similar 
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EDP with a bNAb as a concept for HIV prevention, 
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or without EDP, was safe and well tolerated, 
with detectable antibody concentrations 6 months 
after product administration. CAP256V2LS and 
VRC07-523LS maintained functional activity post-
administration in all groups as measured by 
neutralising activity in serum.

Although the safety profile of bNAbs is reassuring, 
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participants and thus the safety profile should be further 
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Repeated doses of two bNAbs can maintain 
suppression of sensitive viruses in the absence of ART 

Nature | www.nature.com | 3

The median duration of suppression of plasma viraemia at below 200 
copies per ml for the participants with sensitive virus was 35.4 weeks 
(range, 31.7–43.3 weeks). There was no difference in the level of plasma 
viraemia before reinitiation of ART between the bNAb and placebo 
arms in the group 1 study participants (P = 0.82; Fig. 1d), suggesting 
that bNAb-mediated virological suppression may not necessarily alter 
the kinetics of plasma viral rebound after clearance of the antibodies 

in vivo. In group 2, 2 out of the 5 study participants whose baseline 
infectious HIV was sensitive to both antibodies maintained complete 
suppression of plasma viraemia for an average of 41.7 weeks (Figs. 1b 
and 2a). Taken together, these results demonstrate that the combina-
tion therapy with 3BNC117 and 10-1074 is highly effective in suppress-
ing HIV in the absence of ART for extended periods, provided that 
antibody-resistant virus is not present at the baseline.
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Fig. 2 | Virological and pharmacokinetic follow-up of individual 
participants. a, Plasma HIV-1 RNA levels (black line; left y-axis) and bNAb 
serum concentrations (3BNC117, red; 10-1074, blue; right y-axis) for group 1 
participants who maintained viral suppression (n = 13) or resumed ART (n = 4) 
during the dosing period as well as group 2 (n = 6) participants. Red and blue 
triangles indicate 3BNC117 and 10-1074 infusions, respectively. Grey shaded 
areas indicate time on ART. The lower limit of detection of HIV-1 RNA was 20 
copies per ml. Asterisk indicates participants with protocol deviations 
regarding analytical treatment interruption. Participant 5115 resumed ART 
before week 31 but did not achieve full viral suppression owing to 
non-compliance to a daily regimen. Participant 5128 resumed ART at week 48 
and achieved full viral suppression at an additional week 52 study visit.  
b, Kaplan–Meier plots summarizing time to viral rebound after ART 
discontinuation (left) or after the last antibody infusions (right) for all group 1 
participants receiving up to seven infusions (n = 16, green line). The dotted blue 

line indicates a cohort of individuals who received three infusions of the 
antibody combination12 (n = 15 participants). The y-axis indicates the 
percentage of participants who maintained viral suppression. The x-axis 
indicates the number of weeks after the start of analytical treatment 
interruption (ATI) (left) and the number of weeks after the last infusion (right). 
Participant 5122M was excluded from the analysis owing to COVID-19 related 
re-initiation of ART. Participant 5104 showed two viral blips of <500 copies per 
ml that were subsequently controlled before rebounding with sustained 
viraemia at week 33. c, Kaplan–Meier plots summarizing time to viral rebound 
for group 1 (green line) and group 2 (dotted green line) participants, 
respectively. Grey shaded area indicates time on ART for group 2 participants. 
Participant 5216 decided against ART interruption and was excluded from the 
analysis. Log–rank (Mantel–Cox) test was used to determine statistical 
significance in b, c.
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Fig. 2 | Virological and pharmacokinetic follow-up of individual 
participants. a, Plasma HIV-1 RNA levels (black line; left y-axis) and bNAb 
serum concentrations (3BNC117, red; 10-1074, blue; right y-axis) for group 1 
participants who maintained viral suppression (n = 13) or resumed ART (n = 4) 
during the dosing period as well as group 2 (n = 6) participants. Red and blue 
triangles indicate 3BNC117 and 10-1074 infusions, respectively. Grey shaded 
areas indicate time on ART. The lower limit of detection of HIV-1 RNA was 20 
copies per ml. Asterisk indicates participants with protocol deviations 
regarding analytical treatment interruption. Participant 5115 resumed ART 
before week 31 but did not achieve full viral suppression owing to 
non-compliance to a daily regimen. Participant 5128 resumed ART at week 48 
and achieved full viral suppression at an additional week 52 study visit.  
b, Kaplan–Meier plots summarizing time to viral rebound after ART 
discontinuation (left) or after the last antibody infusions (right) for all group 1 
participants receiving up to seven infusions (n = 16, green line). The dotted blue 

line indicates a cohort of individuals who received three infusions of the 
antibody combination12 (n = 15 participants). The y-axis indicates the 
percentage of participants who maintained viral suppression. The x-axis 
indicates the number of weeks after the start of analytical treatment 
interruption (ATI) (left) and the number of weeks after the last infusion (right). 
Participant 5122M was excluded from the analysis owing to COVID-19 related 
re-initiation of ART. Participant 5104 showed two viral blips of <500 copies per 
ml that were subsequently controlled before rebounding with sustained 
viraemia at week 33. c, Kaplan–Meier plots summarizing time to viral rebound 
for group 1 (green line) and group 2 (dotted green line) participants, 
respectively. Grey shaded area indicates time on ART for group 2 participants. 
Participant 5216 decided against ART interruption and was excluded from the 
analysis. Log–rank (Mantel–Cox) test was used to determine statistical 
significance in b, c.
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The median duration of suppression of plasma viraemia at below 200 
copies per ml for the participants with sensitive virus was 35.4 weeks 
(range, 31.7–43.3 weeks). There was no difference in the level of plasma 
viraemia before reinitiation of ART between the bNAb and placebo 
arms in the group 1 study participants (P = 0.82; Fig. 1d), suggesting 
that bNAb-mediated virological suppression may not necessarily alter 
the kinetics of plasma viral rebound after clearance of the antibodies 

in vivo. In group 2, 2 out of the 5 study participants whose baseline 
infectious HIV was sensitive to both antibodies maintained complete 
suppression of plasma viraemia for an average of 41.7 weeks (Figs. 1b 
and 2a). Taken together, these results demonstrate that the combina-
tion therapy with 3BNC117 and 10-1074 is highly effective in suppress-
ing HIV in the absence of ART for extended periods, provided that 
antibody-resistant virus is not present at the baseline.
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Fig. 1 | See next page for caption.

Ø Participants not screened for sensitivity
Ø 13/17 (76%) ppts maintained VL < 200 cp/ml

               through the dosing period of 20 weeks.
Ø Median time to rebound was 28.5 weeks (7- > 48 wks)

Ø Participants initiated on ART during acute/early HIV
Ø Participants not screened for sensitivity

Ø 5/7 ppts maintained VL < 40 cp/ml for > 28wks
Ø Median time to rebound was 33 weeks (7-43 wks) 

Sneller et al., 2022Gaebler et al., 2022



• Capsid Inhibitor
• Lenacapavir

• bNAbs

• Integrase Inhibitor
• Cabotegravir

• bNAbs

Other “Switch” Studies: LS-bNAbs + LA-ARV

10-1074-LS       + 3BNC117-LS VRC07-523LS

NCT04811040 A5357 / NCT03739996



Lenacapavir with bNAbs GS-5423 (3BNC117-LS) AND GS-2872 (10-1074-LS) 
dosed every 6 months in people with HIV*

Ø Randomized, blinded phase 1b study assessing safety and efficacy of a long-acting regimen (NCT04811040)

PK: Therapeutic Serum Levels 
Maintained > 26 wks

• 18 of 20 maintained suppression
• 1 participant withdrew at wk 12
• 1 participant rebound viremia at wk 16 

Antiviral activity: 
Long acting regimen maintained viral suppression

* Adapted from Eron et al., CROI 2023



Anti-HIV-1 bNAbs Clinical Studies – Summary I

• Evidence that combination bNAbs can maintain viral suppression

• However, viral reservoir diversity is a challenge to bNAb-based strategies
• Improved sensitivity testing methods are being developed

• Potential advantages: 
• safety profile
• no selection of ARV resistance
• bi-annual dosing with long-acting bNAbs (IV infusions)

• Future: Combinations of LA-ARV and LA-bNAbs 
          Other bNAb combinations, including 3 bNAbs
                  Bi- and Tri-specific molecules
           Newer bNAbs with greater breadth and diff. mechanism of resistance
                  



Antibodies differ from ARVs: Fc Effector Functions

Bournazos et al., JEM 2015

Clearance of Infected Cells                            Enhancement of 
                                                                  adaptive immune responses



Combination Immunotherapy Strategies

Deeks / IAS, 2022

During Early infection or at 
ART initiation: 
Approaches to Limit reservoir 
establishment and preserve 
immune responses

During ART suppression and/or ART 
interruption: Approaches to Reduce 
and/or Control the reservoir



During combination bNAb therapy 
Gag-specific T cell responses were enhanced

LETTERSNATURE MEDICINE

Extended Data Fig. 2 | Frequency of Gag-specific CD4+ and CD8+ unchanged in ART-treated individuals over time. T cell cytokine coexpression after 6h 
HIV-1 Gag peptide pool stimulation was evaluated by intracellular cytokine staining (ICS) in individuals on continuous ART. (a) Demographics and clinical 
data of ART-treated individuals. 3TC: lamivudine; ABC: abacavir; cobi: cobicistat; DRV: darunavir; DTG: dolutegravir; EFV: efavirenz; EVG: elvitegravir; FTC: 
emtricitabine; RAL: raltegravir; rit: ritonavir; RPV: rilpivirine; SQV: saquinavir; TAF: tenofovir alafenamide fumarate; TDF: tenofovir disoproxil fumarate. 
Viral load <20D: plasma HIV-1 RNA detected but not quantifiable by clinical assays. n.d.: not determined. (b) Cytokine analysis of CD8+ and CD4+ after 
HIV-1 Gag peptide pool stimulation at week 0 and 12. Symbols represent biologically independent samples from n=13 individuals on continuous ART. Lines 
connect data from the same donor. Bars show median values. P values were calculated by paired two-tailed Wilcoxon test.
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Extended Data Fig. 2 | Frequency of Gag-specific CD4+ and CD8+ unchanged in ART-treated individuals over time. T cell cytokine coexpression after 6h 
HIV-1 Gag peptide pool stimulation was evaluated by intracellular cytokine staining (ICS) in individuals on continuous ART. (a) Demographics and clinical 
data of ART-treated individuals. 3TC: lamivudine; ABC: abacavir; cobi: cobicistat; DRV: darunavir; DTG: dolutegravir; EFV: efavirenz; EVG: elvitegravir; FTC: 
emtricitabine; RAL: raltegravir; rit: ritonavir; RPV: rilpivirine; SQV: saquinavir; TAF: tenofovir alafenamide fumarate; TDF: tenofovir disoproxil fumarate. 
Viral load <20D: plasma HIV-1 RNA detected but not quantifiable by clinical assays. n.d.: not determined. (b) Cytokine analysis of CD8+ and CD4+ after 
HIV-1 Gag peptide pool stimulation at week 0 and 12. Symbols represent biologically independent samples from n=13 individuals on continuous ART. Lines 
connect data from the same donor. Bars show median values. P values were calculated by paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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Extended Data Fig. 2 | Frequency of Gag-specific CD4+ and CD8+ unchanged in ART-treated individuals over time. T cell cytokine coexpression after 6h 
HIV-1 Gag peptide pool stimulation was evaluated by intracellular cytokine staining (ICS) in individuals on continuous ART. (a) Demographics and clinical 
data of ART-treated individuals. 3TC: lamivudine; ABC: abacavir; cobi: cobicistat; DRV: darunavir; DTG: dolutegravir; EFV: efavirenz; EVG: elvitegravir; FTC: 
emtricitabine; RAL: raltegravir; rit: ritonavir; RPV: rilpivirine; SQV: saquinavir; TAF: tenofovir alafenamide fumarate; TDF: tenofovir disoproxil fumarate. 
Viral load <20D: plasma HIV-1 RNA detected but not quantifiable by clinical assays. n.d.: not determined. (b) Cytokine analysis of CD8+ and CD4+ after 
HIV-1 Gag peptide pool stimulation at week 0 and 12. Symbols represent biologically independent samples from n=13 individuals on continuous ART. Lines 
connect data from the same donor. Bars show median values. P values were calculated by paired two-tailed Wilcoxon test.
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Extended Data Fig. 2 | Frequency of Gag-specific CD4+ and CD8+ unchanged in ART-treated individuals over time. T cell cytokine coexpression after 6h 
HIV-1 Gag peptide pool stimulation was evaluated by intracellular cytokine staining (ICS) in individuals on continuous ART. (a) Demographics and clinical 
data of ART-treated individuals. 3TC: lamivudine; ABC: abacavir; cobi: cobicistat; DRV: darunavir; DTG: dolutegravir; EFV: efavirenz; EVG: elvitegravir; FTC: 
emtricitabine; RAL: raltegravir; rit: ritonavir; RPV: rilpivirine; SQV: saquinavir; TAF: tenofovir alafenamide fumarate; TDF: tenofovir disoproxil fumarate. 
Viral load <20D: plasma HIV-1 RNA detected but not quantifiable by clinical assays. n.d.: not determined. (b) Cytokine analysis of CD8+ and CD4+ after 
HIV-1 Gag peptide pool stimulation at week 0 and 12. Symbols represent biologically independent samples from n=13 individuals on continuous ART. Lines 
connect data from the same donor. Bars show median values. P values were calculated by paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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Extended Data Fig. 2 | Frequency of Gag-specific CD4+ and CD8+ unchanged in ART-treated individuals over time. T cell cytokine coexpression after 6h 
HIV-1 Gag peptide pool stimulation was evaluated by intracellular cytokine staining (ICS) in individuals on continuous ART. (a) Demographics and clinical 
data of ART-treated individuals. 3TC: lamivudine; ABC: abacavir; cobi: cobicistat; DRV: darunavir; DTG: dolutegravir; EFV: efavirenz; EVG: elvitegravir; FTC: 
emtricitabine; RAL: raltegravir; rit: ritonavir; RPV: rilpivirine; SQV: saquinavir; TAF: tenofovir alafenamide fumarate; TDF: tenofovir disoproxil fumarate. 
Viral load <20D: plasma HIV-1 RNA detected but not quantifiable by clinical assays. n.d.: not determined. (b) Cytokine analysis of CD8+ and CD4+ after 
HIV-1 Gag peptide pool stimulation at week 0 and 12. Symbols represent biologically independent samples from n=13 individuals on continuous ART. Lines 
connect data from the same donor. Bars show median values. P values were calculated by paired two-tailed Wilcoxon test.
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Extended Data Fig. 2 | Frequency of Gag-specific CD4+ and CD8+ unchanged in ART-treated individuals over time. T cell cytokine coexpression after 6h 
HIV-1 Gag peptide pool stimulation was evaluated by intracellular cytokine staining (ICS) in individuals on continuous ART. (a) Demographics and clinical 
data of ART-treated individuals. 3TC: lamivudine; ABC: abacavir; cobi: cobicistat; DRV: darunavir; DTG: dolutegravir; EFV: efavirenz; EVG: elvitegravir; FTC: 
emtricitabine; RAL: raltegravir; rit: ritonavir; RPV: rilpivirine; SQV: saquinavir; TAF: tenofovir alafenamide fumarate; TDF: tenofovir disoproxil fumarate. 
Viral load <20D: plasma HIV-1 RNA detected but not quantifiable by clinical assays. n.d.: not determined. (b) Cytokine analysis of CD8+ and CD4+ after 
HIV-1 Gag peptide pool stimulation at week 0 and 12. Symbols represent biologically independent samples from n=13 individuals on continuous ART. Lines 
connect data from the same donor. Bars show median values. P values were calculated by paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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Extended Data Fig. 2 | Frequency of Gag-specific CD4+ and CD8+ unchanged in ART-treated individuals over time. T cell cytokine coexpression after 6h 
HIV-1 Gag peptide pool stimulation was evaluated by intracellular cytokine staining (ICS) in individuals on continuous ART. (a) Demographics and clinical 
data of ART-treated individuals. 3TC: lamivudine; ABC: abacavir; cobi: cobicistat; DRV: darunavir; DTG: dolutegravir; EFV: efavirenz; EVG: elvitegravir; FTC: 
emtricitabine; RAL: raltegravir; rit: ritonavir; RPV: rilpivirine; SQV: saquinavir; TAF: tenofovir alafenamide fumarate; TDF: tenofovir disoproxil fumarate. 
Viral load <20D: plasma HIV-1 RNA detected but not quantifiable by clinical assays. n.d.: not determined. (b) Cytokine analysis of CD8+ and CD4+ after 
HIV-1 Gag peptide pool stimulation at week 0 and 12. Symbols represent biologically independent samples from n=13 individuals on continuous ART. Lines 
connect data from the same donor. Bars show median values. P values were calculated by paired two-tailed Wilcoxon test.
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Extended Data Fig. 2 | Frequency of Gag-specific CD4+ and CD8+ unchanged in ART-treated individuals over time. T cell cytokine coexpression after 6h 
HIV-1 Gag peptide pool stimulation was evaluated by intracellular cytokine staining (ICS) in individuals on continuous ART. (a) Demographics and clinical 
data of ART-treated individuals. 3TC: lamivudine; ABC: abacavir; cobi: cobicistat; DRV: darunavir; DTG: dolutegravir; EFV: efavirenz; EVG: elvitegravir; FTC: 
emtricitabine; RAL: raltegravir; rit: ritonavir; RPV: rilpivirine; SQV: saquinavir; TAF: tenofovir alafenamide fumarate; TDF: tenofovir disoproxil fumarate. 
Viral load <20D: plasma HIV-1 RNA detected but not quantifiable by clinical assays. n.d.: not determined. (b) Cytokine analysis of CD8+ and CD4+ after 
HIV-1 Gag peptide pool stimulation at week 0 and 12. Symbols represent biologically independent samples from n=13 individuals on continuous ART. Lines 
connect data from the same donor. Bars show median values. P values were calculated by paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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decreased by week 12 in six individuals but remained significantly 
elevated for IFN-γ, TNF-α and MIP1-β when compared to base-
line. At week 18, when antibody levels were 2–3 orders of magni-
tude below the week 6/7 peak, CD8+ T cell responses were similar 
to week 12, but interpretation of these data was limited by the small 
sample size (Fig. 1b).

CD4+ T cells expressing IFN-γ, CD40L, TNF-α and/or IL-2 in 
response to Gag also increased significantly between baseline and 
week 6/7 in eight bNAb + ATI individuals (Fig. 1c). When mea-
sured individually, only CD40L and TNF-α remained significantly 
elevated at week 12 and no responses were significantly elevated at 
week 18. However, the total frequency of cytokine+ CD4+ T  cells 
(percentage of cells positive for one or more cytokines or functional 
markers) was above baseline at all time points tested (Fig. 1c). In 
contrast, cytomegalovirus (CMV) pp65-specific T  cell responses 
remained unchanged (Extended Data Fig. 4a,b), suggesting that the 
increased T cell immunity in bNAb + ATI individuals was specific 
to HIV-1. In summary, CD8+ and CD4+ T  cell responses to Gag 
were most prominent at week 6/7 but remained elevated for weeks 
after the last antibody dose in individuals who remained suppressed 
while receiving bNAbs during ATI.

Two additional individuals recruited to the study harbored anti-
body-resistant viruses and showed early rebound after ATI (9245 
and 9251, Extended Data Fig. 5a,b)4. Gag-specific T cell responses 
in both participants were analyzed at baseline, week 6/7 and week 
11 or 12 after reinitiation of ART. Where the frequency of cyto-
kine+ cells for CD8+ and CD4+ increased for individual 9245, the 
responses decreased for 9251 (Extended Data Fig. 5c), consistently 
with rebound viremia being sufficient to increase CD8+ T  cell 
responses in some individuals16.

Polyfunctional HIV-1-specific CD8+ T cells have been associated 
with enhanced HIV-1 control9,17, whereas other studies reported 
superior antiviral functions of MIP1-β monofunctional cells18. To 
examine Gag-specific T cells in bNAb + ATI individuals for poly-
functional responses, we performed coexpression analysis using  
Boolean gating. Gag-specific CD8+ T cells coexpressing IFN-γ, TNF-α,  
MIP1-β and CD107A were significantly increased at weeks 6/7 and 
12 after receiving bNAb therapy (Fig. 2a). However, the greatest 
absolute increase in CD8+ T cell responses to Gag was associated 
with expansion of MIP1-β+ single-positive cells (Fig. 2a). In addi-
tion, the frequency of CD4+ T cells expressing IFN-γ or CD40L alone 
or in combination with other functions and IL-2/TNF-α-double  
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Fig. 1 | Increased frequency of Gag-specific T cells during ATI in bNAb-treated individuals. a, Study design. b,c, Net frequency of cytokine+ CD8+  
(b) or CD4+ cells (c) after Gag stimulation at weeks −2, 6/7, 12 and 18. Total cytokine+ cells include cells that express at least one cytokine and effector 
function upon Gag stimulation (CD107A, IFN-γ, MIP1-β and/or TNF-α for CD8+; CD40L, IFN-γ, IL-2 and/or TNF-α for CD4+). Net value was calculated by 
subtracting the frequency of cytokine+ cells detected in a DMSO control. Bars show median values. Symbols represent biologically independent samples 
from n!=!9 (weeks –2, 6/7 and 12) and n!=!7 (week 18) bNAb-treated individuals with suppressed viral load during ATI (week 18 sample was not available 
for individual 9244 and individual 9242 reinitiated ART after viral rebound at week 15). Lines connect data from the same donor. P values comparing 
responses at week 6/7, 12 or 18 versus baseline (week –2) were calculated using a paired two-tailed Wilcoxon test.
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During bNAb-mediated viral suppression

Niessl et al, Nat Med 2020

Effects on T Cell Immune Responses

Ø HIV-1 Gag-specific T cell responses 
were enhanced during bNAb- vs. ART-
mediated viral suppression

Niessl et al, 2020

Ø Moderate but significant changes in intact 
proviruses during bNAb therapy x 5 months.

Ø No change in defective proviruses

Do bNAbs affect the viral reservoir and host immune responses?Effects of 3BNC117+ 10-1074 combination therapy 
over 6 months on intact proviruses (Q4PCR)

Ø We observed moderate but significant
changes in both the absolute number and 
relative representation of intact proviruses 
in the bNAb treated groups.

Ø No change in defective proviruses

 21 

 393 

Figure 4. Reservoir quantification and composition. a, Frequency of intact and defective 394 

proviral genomes per 106 CD4+ T cells (log normalized) as determined by Q4PCR pre-therapy 395 

and post-therapy (26 weeks) for bNAb Therapy ≥ 7 years ART (participants that have been on 396 

ART for at least 7 years, upper panel, circles) and baseline and follow-up (24-58 weeks) for ART 397 

alone (lower panel, squares) groups, respectively. All participants with paired reservoirs 398 

measurements were included (bNAb Therapy ≥ 7 years ART n=12, ART alone n=10). Open 399 

symbols represent lower limit of detection (defined as half of intact proviral frequency assuming 400 

1 intact proviral genome/total number of analysed cells without target identification). Green and 401 

red horizontal bars depict the mean with SD of intact and defective proviral frequencies, 402 

respectively. Statistical significance was determined using paired Student’s t-test. b, Longitudinal 403 

changes in relative representation of proviral subtypes in the bNAb Therapy ≥ 7 years ART (upper 404 
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HLA-B*57 and HLA-B*58) were represented in 44% of the participants 
across all four groups (Extended Data Table 1). Post hoc bNAb sensitivity 
testing of baseline plasma samples revealed that 8 of 15 (53%) partici-
pants in the ART + 3BNC117 group and 10 of 16 (63%) participants in the 
ART + 3BNC117 + RMD group had 3BNC117-sensitive plasma viruses at 
baseline (Fig. 2a). Notably, the individuals (n = 18) harboring pre-ART 

3BNC117-sensitive viruses were comparable to the individuals (n = 13) 
harboring pre-ART 3BNC117-resistant viruses (Supplementary Table 1).

Decay rates of plasma HIV-1 RNA after ART initiation
Individuals with the lowest pre-ART plasma HIV-1 RNA levels were gen-
erally suppressed within 7–17 days after ART initiation, but not every 
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Analyses were performed as indicated above and as detailed in the comprehensive CONSORT flow diagram presented in Extended Data Fig. 1.

Enrollment

Allocation

Follow-up
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HIV-1 mRNA+ and/or p24+ cells (FISH-flow)

HIV-1-specific immunity (AIM)

Fig. 1 | Trial design and participant flow diagram. a,b, The eCLEAR trial design (a) and abbreviated CONSORT flow diagram (b). The analysis section is presented in 
full in Extended Data Fig. 1. SAE, severe adverse event.

eCLEAR Study: 3BNC117 +/- romidepsin (LRA) at ART initiation

Gunst et al, 2022
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after the third infusion (Extended Data Fig. 6). Collectively, the data 
show that RMD administration as latency-reversing therapy during 
ART initiation modestly yet significantly boosted the number of tran-
scriptionally and/or translationally active HIV-1-infected cells within 1 
week of dosing, and this was associated with faster clearance of infected 
cells at later time points.

HIV-1 Gag-specific CD8+ T cell immunity
We used the activation-induced marker (AIM) assay to investigate 
HIV-1-specific T cell responses. We noted that the median frequency 
of HIV-1 Gag-specific CD8+ T cells over 365 days of ART significantly 
declined in the ART-only group, as expected following the viral suppres-
sion/contraction phase of immunity. In contrast, the median frequency 
of HIV-1 Gag-specific CD8+ T cells remained stable over time in the three 
interventional groups. After 365 days of ART, the median frequency of 

HIV-1 Gag-specific CD8+ T cells in the ART + 3BNC117 + RMD group was 
higher than that in the ART-only group (0.95% versus 0.31%, respec-
tively; P = 0.011) (Fig. 4a). When compared to the ART-only group, the 
median frequency of HIV-1 Gag-specific CD8+ T cells on days 90 and 
365 was significantly higher in the group that received 3BNC117 with 
or without RMD and whose pre-ART viruses were sensitive to 3BNC117  
(Fig. 4b). Thus, 3BNC117 administration at ART initiation induces dura-
ble and potent HIV-1 Gag-specific CD8+ T cell immune responses.

Size of the HIV-1 reservoir
The droplet digital PCR (ddPCR)-based intact proviral DNA assay 
(IPDA), which simultaneously targets the packaging signal (Ψ) and 
Rev-responsive element (RRE) regions to identify genomically intact 
proviruses, can be used to estimate reservoir size in people with HIV-1 
subtype B. Because our study population featured both HIV-1 B and 
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Fig. 4 | HIV-1 Gag-specific CD8+ T cell immunity and size of the intact HIV-1 
reservoir. a, Dot plot of the frequency of HIV-1 Gag-specific CD8+ T cells at 
ART initiation (day 0) and after 90 and 365 days of ART among the four groups 
(lines at median and IQRs). b, Dot plot of the frequency of HIV-1 Gag-specific 
CD8+ T cells in groups ART + 3BNC117 ± RMD categorized according to 3BNC117 
sensitivity (lines at median and IQRs). c, The size of the intact HIV-1 reservoir at 
ART initiation (day 0) and after 180 and 365 days of ART among individuals in 
the four randomization groups (lines at median and IQRs). P values comparing 
within groups and between groups were calculated using the paired two-tailed 

Wilcoxon test and two-tailed Mann–Whitney test, respectively. d, Pie charts 
showing the mean percentage reduction of intact proviral DNA per 106 CD4+ T 
cells after 365 days of ART per group (column and upper row) and categorized 
according to pre-ART plasma virus sensitivity (middle row; blue shaded area) 
or resistance (bottom row; red shaded area) to 3BNC117. P values comparing 
between groups were calculated using the unpaired two-tailed t-test with the 
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ART + 3BNC117 + RMD, n = 14.

Nature Medicine

Article https://doi.org/10.1038/s41591-022-02023-7

non-B subtypes, we performed an IPDA-like duplexed ddPCR (3dPCR) 
assay that targeted the same Ψ region as the published IPDA40 and a 
region with the RRE, slightly downstream of the original IPDA target 
region, that has previously been used as a secondary location for this 
assay41. Where necessary, we adapted primer and/or probe sequences 
to accommodate HIV-1 polymorphisms (Supplementary Table 2). For 
23 individuals who harbored the HIV-1 B subtype and for whom a suf-
ficient sample was available, we additionally quantified intact pro-
viruses using the published IPDA40. In line with a previous report41, 
IPDA detection failure occurred in 6 (26%) of these 23 individuals, 
where polymorphism(s) were observed in the IPDA probe(s) and/or 
at critical primer residue(s) in all cases (Supplementary Table 3). In the 
remaining 17 individuals, however, the frequency of intact proviruses 
measured by IPDA correlated strongly with that measured by 3dPCR 
(r = 0.89, P < 0.0001; Supplementary Fig. 2), supporting 3dPCR as an 
accurate method to quantify intact proviral HIV-1 DNA. Using 3dPCR, 
we observed that the number of proviruses that were positive for both 
HIV regions and, thus, presumed to be intact varied widely among 
individuals at baseline (range: 41–134,766 copies per 106 CD4+ T cells; 
Extended Data Table 1), but did not differ between groups (P = 0.68) 
or between HIV-1 B versus non-B subtypes (P = 0.60; Supplementary 
Fig. 3). At baseline, the level of intact proviruses correlated with the 

frequency of induced p24+ CD4+ T cells, plasma HIV-1 RNA level and 
CD4+ T cell count (Supplementary Fig. 1c–e). All four treatment groups 
had a significant decrease in median intact and defective proviruses 
from baseline to day 365 (Fig. 4c and Extended Data Fig. 7). The larg-
est median decreases in intact proviruses were observed among the 
three interventional groups, but there were no significant differences 
between the groups (Supplementary Table 4). Notably, the observed 
mean percentage reduction in the frequency of CD4+ T cells carrying 
intact provirus was greater for those whose pre-ART plasma viruses 
were sensitive to 3BNC117 compared to those who harbored resistant 
viruses (Fig. 4d).

ART interruption
To determine whether the interventions had an impact on the time to 
viral rebound, study participants were invited to participate in a closely 
monitored treatment interruption. Twenty individuals chose to par-
ticipate in this optional 12-week ATI (Fig. 5a and Extended Data Fig. 1). 
The baseline characteristics of the ATI participants were comparable to 
those of the 35 non-ATI participants (Supplementary Table 5). The ATI 
started day 400 after ART initiation, which was over 1 year after the final 
3BNC117 or RMD infusion. Seven of the 20 individuals did not meet the 
criteria for viral rebound (defined as two consecutive measurements of 
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Fig. 5 | Time to loss of virologic control during 12 weeks of ATI. a, Individual 
(n = 20) plasma HIV-1 RNA levels are shown and coded by group. One individual 
(ID 125) resumed ART before fulfilling the restarting criteria due to national 
restrictions during the COVID-19 pandemic. b, Individual (n = 11) plasma HIV-1 
RNA levels for the ART + 3BNC117 and ART + 3BNC117 + RMD groups based on 
3BNC117 sensitivity. The horizontal dotted lines indicates plasma HIV-1 RNA 
at 5,000 copies per ml. c,d, Kaplan–Meier curves showing the percentage of 

individuals still interrupting ART from day 0 to day 84 during the ATI. Time to 
loss of virologic control for the ART + 3BNC117 and ART + 3BNC117 + RMD groups 
based on the 3BNC117-sensitive (n = 5) compared to the 3BNC117-resistant (n = 6) 
participants (c) and the 3BNC117-sensitive individuals (n = 5) compared to the 
other ATI participants (n = 15) (d) is shown. P values were calculated using the log-
rank test. pVL, plasma viral load.

Enhanced HIV gag-specific CD8 T cell responses among 
participants harboring 3BNC117 sensitive pre-ART viruses

Delayed time to viral rebound after ATI among 
participants harboring 3BNC117 sensitive pre-ART viruses

Gunst et al, 2022



TITAN study: 3BNC117+10-1074 +/- TLR9 agonist during ATI

Gunst et al, CROI 2023

Ø No clear additional beneficial effect of 
combining lefitolimod with bNAbs 
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bNAb groups had longer period of viral suppression  • Median time to loss of control during ATI was 14 
(bNAb/TLR9) and 17 weeks (bNAb)

• 4/11 participants in bNAb only group did not 
meet ART restart criteria in 25wks

• Trends towards increased Gag-specific CD8 T cells 
in bNAb recipients during viral suppression

placebo TLR9

bNAb bNAb/TLR9



Clinical Trials of bNAbs in Children
IMPAACT P1112: Safety and dose finding studies (VRC01, VRC01-
LS, VRC07-523LS) in newborns exposed to HIV 
(Cunningham C et al. JID 2020; McFarland E. et al. JID 2021)

IMPAACT 2008:  Early treatment of Infants with and without bNAbs 
(VRC01) to reduce reservoirs
(AIDS 2022; Khaitan A et al. for the IMPAACT 2008 team)

Tatelo Study: Efficacy of (combination VRC01-LS and 10-1074) 
maintaining 24 weeks of viral suppression during ATI in very early 
treated children

• 11 (44%) maintained HIV RNA <40 copies/mL through 24 weeks of 
bNAb-only treatment

(Shapiro R et al., Sci Transl Med 2023)

IMPAACT P1115 : Very early ART +/- VRC01 for remission; plan to 
switch to VRC07-523 LS

Spencer et al., Front. Public Health, 2021

• Adjunct to ART for perinatal infection
• Prevention of breast-milk transmission
• Potential for ART-free remission with very 

early ART.

Ø Progress to date provides a framework for building 
future trials across the age-spectrum 

Courtesy of Debbie Persaud (Johns Hopkins)

Summary

• Potential for ART-free remission with very early ART  in 
combination with bNabs is promising

• Progress to date provides a framework for building future trials 
across the age-spectrum 

Summary

• Potential for ART-free remission with very early ART  in 
combination with bNabs is promising

• Progress to date provides a framework for building future trials 
across the age-spectrum 



Summary II
• In non-human primate studies, promising results with different immunologic 

approaches: bNAbs, vaccines, TLR agonists and cytokines

• In clinical studies:
• Early data suggest that bNAbs may impact the intact proviral reservoir and 

modify anti-HIV immune responses
• Interventions at ART initiation may impact the course of HIV infection

• Future: Promising new molecules and delivery systems in development
                   Multiple ongoing/planned studies over next 2 yrs - including              

            combination immunotherapy strategies
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