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• Potential roles of HIV-1 bNAbs

• HIV-1 bNAbs clinical data: Prevention, Therapy, Cure

• Advances: promising preclinical data, new technologies & delivery systems



Adapted from Mouquet et al., Trends Immunol 2014

Single B cell cloning methods allowed the identification of 
many bNAbs targeting different epitopes

CD4 binding site
VRC01, VRC01LS, 3BCN117, 
3BNC117-LS, VRC07-523LS, 
rAAV8-VRC07, N6-LS, 1-18

V1/V2 Glycan
PDGM1400, CAP256-VRC26LS, 

rAAV1-PG9

N332 Glycan Supersite 
(V3 Loop)

10-1074, 10-1074-LS, 
PGT121, GS-9722

MPER
2F5, 4E10, 10e8VLS

Clustered N-glycans
2G12

gp120-gp41 
Interface

HIV bNAbs in Clinical Development



Potential roles of bNAbs in HIV-1 infection

Treatment or 
prevention:
Long-acting 
alternative to ART 

Safety: As a class, mAbs are considered safe

Adherence: mAbs have long half-lives, that 
can be prolonged to > 2 months

Provide immediate protection

Treatment-free remission:
Immune-mediated control 
of viral replication

mAbs might “boost” or “improve” existing 
immune responses 

mAbs have potential to directly eliminate 
infected cells and therefore interfere with 
the HIV latent reservoir 



Clinical Experience: Safety & Pharmacokinetics

• Safety: 15 “new generation” bNAbs tested in clinical studies to date 
(including bi- and tri-specific antibodies)

• Well tolerated:  AMP studies : repeated VRC01 >30,000 doses to > 3,000 participant
- Infrequent infusion related reactions (most mild). 

Pediatric studies: VRC01LS+10-1074 in Children on ART 

• 10e8.VLS - Grade 3 local reactogenicity, study suspended

• PK: Half-lives of naturally occurring bNAbs range between 2-3 weeks
• Half-life can be extended by ~ 3-fold 

Capparelli et al, CROI 2021

Takuva et al, CROI 2021



HIV-1 bNAbs: Prevention
Antibody Mediated Prevention (AMP) Studies: VRC01 showed  overall prevention efficacy of only 18.1%

Corey L, NEJM 2021
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VRC01 achieved prevention efficacy against 
neutralization sensitive viruses

75.4%

4.2%

3.3%

• Prevention can be achieved by bNAb administration
However, it is dependent on neutralization sensitivity of 
circulating strains (only 30% VRC01 sensitive)

• 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”. 

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

Corey L, NEJM 2021



Antibody Mediated HIV Prevention: Looking Ahead
Challenges:
• Antibody resistance among circulating strains is a major challenge
• Combination of potent antibodies will be needed 
• Will 2 or 3 long-acting antibodies be sufficient?

• Manufacturing challenges / high cost  - SARS CoV-2 has shown these may be addressed
• LA-cabotegravir has shown efficacy and others are moving into efficacy studies
• Long-term safety? Risk of resistance emerging to standard therapy?

Opportunities:
• Antibodies may provide a safe/viable alternative for long-term prevention: 

e.g. SC/IM delivery or yearly IV infusions (?)
• May have a niche in special settings:  e.g. PMTCT



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 ! Across studies: A subset of participants with baseline bNAb
resistance

! Reduction in plasma viremia of ~ 1.5 log10 cp/ml.

! Viral suppression only achieved with low starting VLs

! Selection of resistant viral strains with monotherapy.
! Prolonged viral suppression observed in PGT-121 in 2 

participants with low VLs (< 1,000 cp/ml) (Stephenson, CROI 2019)

Single bNAb

Figure 2
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3BNC117 +10-1074
Combination two bNAbs

Also tested/planned: VRC01, VRC01LS, N6LS, 10-1074, PGT121,
PDGM-1400, CAP256V2LS

Caskey, Klein et al., Nature 2015
Bar-On, Nat Med et al. 2018



iMab/10e8v2.0

Bi-specific

Sobieszczyk, R4P 2021: 
• 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 
 

on O
ctober 5, 2017

 
http://science.sciencem

ag.org/
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VRC01/10E8v4-PGDM1400-LS
(SAR441236)

Tri-specific

A5377:
• Enrollment ongoing
• No safety concerns 

to date

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

A5378: Single infusion of VRC07-5223LS
• 7 of 8 responded, PK pending, baseline 

suscepBbility is pending

Unpublished data, do not share

VRC07-523LS: CD4bs bNAb with superior breadth & potency 

Mono-specific

Chen, IAS 2019 

Binding to different epitopes



Gaudinski et al, PlosOne 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 (ȝg/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 ȝg/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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10-1074-LS t1/2 73.5 days
(vs. 10-1074 t1/2 of 24 d)

HIV-1 bNAbs: Therapy
Engineered antibodies: Increased Bioavailability
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! Half-life of LS variants > 3 fold longer than parental mAbs
! Allows for quarterly SC or yearly IV administration



Combination of two bNAbs: maintains viral 
suppression in the absence of ART

! ~ 75% (13 out 17 participants) maintained viral suppression for > 20 wks post ATI
! 2 maintained suppression for at least 12 months

! Early rebounds associated with resistance to at least 1 of the bNAbs.
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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.

NATURE MEDICINE | www.nature.com/naturemedicine
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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.

NATURE MEDICINE | www.nature.com/naturemedicine
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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  

a

b

Time (weeks)
–2 0 3 6 12 30

ART

d2
ATI

3BNC117 + 10-1074
(30 mg kg–1 each)

Assessment of HIV-specific T cell responses

Rebound

18

0.00

0.05

0.10

0.15

0.20
0.2
0.4
0.6
0.8
1.0

C
yt

ok
in

e+  C
D

8+  c
el

ls
 (%

)

IFN-γ

0.0039

0.0078
0.22

0.00

0.05

0.10

0.15

0.20
0.2
0.4
0.6
0.8
1.0

CD107A

0.0078
0.22

0.30

0.00

0.05

0.10

0.15

0.20
0.25
0.30

TNF-α

0.0039

0.020
0.39

0.0

0.1

0.2

0.3

0.5
1.0
1.5

MIP1-β

0.0039

0.031
0.31

0.0

0.1

0.2

0.3

0.4
0.5

1.0

1.5

Total cytokine+

0.0039

0.0078
0.31

0.0

0.2

0.4

0.6

0.8

C
yt

ok
in

e+  C
D

4+  c
el

ls
 (%

)

IFN-γ

0.0039

0.074
0.22

0.0

0.2

0.4

0.6

0.8

CD40L

0.0078

0.0039
0.30

0.0

0.2

0.4

0.6

IL-2

0.0039
0.074

0.22

0.0

0.2

0.4

0.6

0.8

TNF-α

0.0078

0.039
0.16

H
IV

 G
ag

 (C
D

4+ )

0.0

0.2

0.4

0.6

0.8

1.0

Total cytokine+

0.0078

0.0078
0.031

c

W
ee

k 1
8

W
ee

k 1
2

W
ee

k 6
/7

W
ee

k –
2

W
ee

k 1
8

W
ee

k 1
2

W
ee

k 6
/7

W
ee

k –
2

W
ee

k 1
8

W
ee

k 1
2

W
ee

k 6
/7

W
ee

k –
2

W
ee

k 1
8

W
ee

k 1
2

W
ee

k 6
/7

W
ee

k –
2

W
ee

k 1
8

W
ee

k 1
2

W
ee

k 6
/7

W
ee

k –
2

W
ee

k 1
8

W
ee

k 1
2

W
ee

k 6
/7

W
ee

k –
2

W
ee

k 1
8

W
ee

k 1
2

W
ee

k 6
/7

W
ee

k –
2

W
ee

k 1
8

W
ee

k 1
2

W
ee

k 6
/7

W
ee

k –
2

W
ee

k 1
8

W
ee

k 1
2

W
ee

k 6
/7

W
ee

k –
2

W
ee

k 1
8

W
ee

k 1
2

W
ee

k 6
/7

W
ee

k –
2

H
IV

 G
ag

 (C
D

8+ )

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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HIV bNAbs: Clinical Findings to Date
• bNAbs are generally safe in humans and have half-lives of 2 and 3 wks.
• LS mutations prolong half-lives by > 3-fold.

• Proof-of-principle that antibody-mediated protection can be achieved against sensitive
viruses
• But also highlights need for improved breadth and potency

• In viremic individuals, single bNAb infusions lead to significant decline is plasma
viremia ( ~ 1.5 log copies/ml). Resistant strains are selected.

• A combination of two bNAbs lowers viremia and maintains viral suppression for
longer period of time than monotherapy.
• De novo resistance to both antibodies did not occur.

• Short-term bNAb studies so far did not show significant changes in latent reservoir size.

• Studies suggest that humoral & T cell responses can be enhanced during bNAb therapy.



Resistance to 
infection

Enhance 
immunityEarly ART

HIV-1 bNAbs: Cure or Remission

Limit the establishment Reduce Control

Depletion of 
infected cells

Block/lock viral 
replication

Induce viral 
replication

By direct antiviral activity and Fc-mediated mechanisms
bNAbs have the potential to:

! bNAb activity depends on binding to antigen
! Can CD8+ T cell modulation be achieved in the presence of ART?

! Will control require additional immune modulation and antigen expression: vaccines, 
TLR agonists or cytokines, as in cancer therapies? 



! Early bNAb therapy leads to CD8 
mediated control of SHIV-AD8-E infection in NHP

Nishimura et al, JEM 2020

(Fig. S3 B). However, this was not statistically different because
too few animals were analyzed (e.g., n = 2 for the progressor
macaques). Polyfunctional analysis revealed that the controller
animals had higher levels of virus-specific CD69+MIP-1β+CD107a+

and CD107a+ single-positive CD8+ T cells than progressors or cART
control monkeys (Fig. S4). In contrast to animals administered
bNAbs on day 3 PI, follicular CXCR5+ CD8+ T cells did not accu-
mulate in the LNs of the controllers emerging following

Figure 3. Establishment of controller status by a single biweekly three-infusion course of combination bNAb therapy beginning at week 2 PI in
rhesus macaques inoculated with SHIVAD8-EO. (A) Six rhesus macaques were inoculated i.r. with 1,000 TCID50 of SHIVAD8-EO and treated with 10–1074 plus
3BNC117 (10 mg/kg of each) bNAbs at weeks 2, 4, and 6 PI (blue arrows), and their viral loads were monitored over a 170-wk period. (B–G) Plasma virus loads in
four controller macaques (B–E) and two progressors (F and G) are shown. The red arrows indicate the times of anti-CD8α–depleting mAb MT807R1 infusion.

Figure 4. Establishment of controller status
by successive cART therapy for 8 wk begin-
ning at week 2 PI and combination bNAb
treatment commencing on week 9 PI in rhe-
sus macaques inoculated with SHIVAD8-EO. (A)
Six rhesus macaques were inoculated i.r. with
1,000 TCID50 of SHIVAD8-EO and initially received
daily cART therapy for 8 wk beginning at week
2 PI (red bar) and were then administered
combination 10–1074 plus 3BNC117 bNAbs
(10 mg/kg each) at weeks 9, 11, and 13 PI (blue
arrows). (B–G) Plasma virus loads in three
controller (B–D) and three progressor (E–G)
macaques are shown. Red arrows indicate the
times of the anti-CD8α–depleting mAb MT807R1
infusion.
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Anti-CD8
mAb

bNAb Studies in NHP Lead to Long-term Viral Control
in a Subset of Animals

7/12 controllers

" Accumulation of follicular CXCR5+ CD8+ T cells in LNs

3BNC117 
10-1074

or
ART

! Early therapy with Fc-engineered bNAbs
control viremia 

SHIV-AD8-EO IR challenge    > VRC07-523LS + PGT121
> VRC07-523LS/DEL + PGT121/DEL 
> No tx
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" Fc-modified  bNAb-treated monkeys developed  a distinct  
LN transcriptomic profile

Dias J. et al CROI 2021

WT bNAb Tx DEL bNAb Tx



Name Intervention Population Status ATI

RV398
(MHRP - Ake)

- VRC01 > ART
- VRC01 + ART

Acute infection Enrolled / 
analysis ongoing

no

A5388
(ACTG – Crowell/Hsu)

- VRC07-523LS + 
PGT121BIJ414LS + ART 

Acute infection Planned 2021 yes

RHVIERA
(Pasteur – Saez-Cirion)

- 3BNC117-LS + 
10-1074-LS + ART 

Acute infection Planned 2021 yes

RIO
(Imperial/Oxford –
Fidler/Frater)

- 3BNC117-LS + 
10-1074-LS during ATI

- 3BNC117-LS + 
10-1074-LS + ART following rebound 

Treated during 
acute infection

Planned 2021 yes

A5389
(ACTG –
Malvestutto/Riddler)

- VRC07-523LS + 
PGT121BIJ414LS + ART > waning bNAb

- VRC07-523LS + 
PGT121BIJ414LS + ART > ART

Treated during 
acute infection

Planned 2021 yes

bNAbs in acute infection: clinical trials planned/underway



Combination Immunotherapy to increase antigen expression and 
modulate innate and adaptive responses

bNAb + TLR7

Borducchi E  et al, Nature 2018
(*Nkolola J et al, CROI 2020 (Chronic Infection)

Vehicle control

SHIV-162.P3 – ART at 1 wk

" NK and T cell activation
" CD8 depletion led to rebound 

bNAb + IL15 (N-803)
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7 3BNC117+10-1074

Whitney  J, CROI 2020

SHIV-AD8 - ART at ~ 7 weeks 

6/8 controllers

5/11 controllers

" NK and T cell activation
" No HIV-1 DNA and T cell responses in LNs

Vaccine + bNAb + TLR7

Barouch D, CROI 2020

SHIV-162.P3 – ART at 1 wk

4/10 controllers

" CD4 activation and vaccine T and B cell responses
" VL setpoint and Gag+ responses correlated with control

Figure 7 Click here to access/download;Figure;Fig 7.TIF

Hsu  D, Plos Pathogens in press 

SHIV-162.P3 – ART at 2 wks

" Delayed rebound without long-term control

PGT121+N6LS+
TLR 7

! Immune effects (NK cells, T cells) were observed
! Long-term control achieved in a subset of animals

! Mechanisms of control not fully elucidated
But evidence of CD8 involvement in control

! Related to reservoir size/composition?



Name Intervention Population Status ATI

ROADMAP
(Sogaard/Caskey/Fatkenheuer)

3BNC117 Romidepsin Chronic CROI2020 yes

eCLEAR
(Sogaard/Fidler)

3BNC117 Romidepsin Early infection
(viremic)

Late 
follow up

yes

A5386
(ACTG –Wilkin/Caskey/Jones)

VRC07-523LS
10-1074

N-803 Chronic Planned 
2021

yes

U01 – RU/Penn/Cornell
(Caskey/Wilkin/Tebas)

3BNC117-LS
10-1074-LS

N-803 Chronic Planned 
2021

yes

BEAT HIV2
(Monaner/Tebas)

3BNC117
10-1074

Type I IFN Chronic Ongoing yes

TITAN
(Sogaard/Lewin)

3BNC117
10-1074

TLR9 Chronic Ongoing yes

amfAR/UCSF
(Deeks)

VRC07-523LS
10-1074

DNA/MVA 
TLR9

Treated during 
acute infection

Ongoing yes

A5374
(ACTG – Riddler/Gay/Mellors)

3BNC117-LS*
10-1074-LS*

ChAd/MVA
TLR7

Treated during 
acute infection

Planned 
2021

yes

Combination immunotherapy: clinical trials planned/underway



HIV-1 bNAbs Advances

• New naturally occurring and engineered antibodies with greater breadth 
and potency: 
• 1-18 : a new CD4bs bNAb (Schommers et al., Cell 2020)
• BISC-1A: V2-V3 Loop bi-specific (Davis-Gardner et al., mBio 2020

• Delivery systems – long-term (in vivo) secretion of bNAbs
• AAV Vectors
• DNA Gene Transfer
• B Cell Engineering



Sustained production of bNAbs by your own cells 
AAV Vectors

Martins M, CROI 2021

Neonatal Delivery of AAV/bNAb Vectors in NHP
AAV8-eCD4-Ig or AAV8-3BNC117

! Results in persistent bNAb serum concentrations 
for >89 wks

! Protection infant rhesus macaques against 
repeated oral SHIV infection 

Casazza et al. CROI 2021

• VRC 603: 8 people received AAV8-VRC07 (three doses) 
• 2/3 at high dose had sustained production of VRC07. 
• ADA responses detected Casazza et al., CROI 2020 (LB 41)

AAV8-VRC07
AAV/bNAb Delivery in Humans



Wise et al., JCI 2020

The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

8 2 8 jci.org   Volume 130   Number 2   February 2020

Figure 1. In vivo expression of dmAb-encoded HIV-1 bNAbs in mice. (A) Peak dmAb expression levels (d14) of bNAbs in the sera of transiently 
immunodepleted mice. Groups of mice (n = 5) were administered dmAb constructs expressing 1 of 16 different bNAbs. (B) Binding curves for 4 dmAbs 
against HIV-1 trimer BG505_MD39. Serum dmAb levels were normalized for expression (colored lines, n = 5 mice) and compared with the similar 
purified recombinant protein (black lines) over various concentrations. (C) Individual mouse IC50 (n = 5) for 4 dmAbs across the 12 viruses of the global 
panels (blue circles) versus values reported in the literature (red squares). Literature values gathered from Los Alamos CATNAP. (D) Mean (n = 5) IC50 
pseudotype neutralization of d14 mouse sera against the 12 viruses of the global panel and MLV control. Value of 45 corresponds to no neutralization 
at a 1:45 dilution, the lowest dilution of the mouse serum tested. All other values are in ȝg/ml. Horizontal bars indicate mean; error bars represent 
SEM. Expression levels are representative of 2 experimental replicates; binding and neutralization testing were performed once.

The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

8 3 0 jci.org   Volume 130   Number 2   February 2020

Figure 2. Delivery of multiple dmAb constructs in a single mouse maintains individual dmAb expression levels and increases serum neutralization breadth. (A) 
Groups of mice (n = 5) were administered a single dmAb (PG121, PGT145, PGDM1400, 3BNC117, or 10-1074) or a combination of 2 dmAbs (PGT121+PGT145, PGD-
M1400+PGT121, 3BNC117+10-1074). Peak serum expression levels of human IgG were quantified by ELISA. (B) Mean (n = 5) IC50 pseudotype neutralization against the 
12 viruses of the global panel and MLV control of sera collected at d14 from mice administered a single or 2 dmAbs. Value of 45 corresponds to no neutralization at a 
1:45 dilution, the lowest dilution of the mouse serum tested. All other values are in ȝg/ml. (C) Total human IgG serum expression levels following administration of 
individual dmAbs (PGDM1400, PGT151, VRC01, and PGT121) and coadministration of all 4 dmAbs (combo) in mice (n = 5). (D) Mean (n = 5) IC50 pseudotype neutraliza-
tion against the 12 viruses of the global panel and MLV for sera collected from mice administered individual dmAbs and combination of the 4 dmAbs. Horizontal bars 
indicate mean; error bars represent SEM. Expression levels are representative of 2 experimental replicates; binding and neutralization testing were performed once.

Delivery of multiple dmAb in immunodeficient mice Delivery of dmAbs in NHP

! Successful expression of multiple mAbs
! Maintain binding and neutralizing activity

! In NHP, achieved serum levels of 5 and up to 30 mcg/mL

The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

8 3 2 jci.org   Volume 130   Number 2   February 2020

Figure 3. PGDM1400 and PGT121 are expressed as dmAbs in NHPs. Immune-competent macaques were injected with hIgG1 dmAb constructs (d0) 
and serially bled. Group 1 animals (n = 4) received 6 mg of PGDM1400-encoding plasmid DNA; group 2 animals (n = 4) received 3 mg of PGDM1400 
and 3 mg of PGT121 plasmid DNA. (A) Quantification of hIgG1 in the sera of group 1 and group 2 NHPs over time. (B) Peak expression levels of total 
hIgG1 for each group at d14. (C) Serum-binding curves against HIV-1 Env trimer, BG505_MD39, using different secondary antibodies to establish the 
binding of PGDM1400 (hIgG1-ț LC, blue) and PGT121 (hIgG1-Ȝ LC, green). (D) Neutralization IC50 of serum across the 12-virus global pseudotype panel 
using serum from peak dmAb expression (d14). (E) Baseline subtracted ADCC-killing activity of serum for IMC DU151 compared with recombinant 
mAbs PGDM1400 and PGT121. Horizontal bars indicate mean; error bars represent SEM. Expression levels and neutralization titers are representa-
tive of 2 replications; all other tests were performed once. Two-tailed Student’s t test was performed to determine significant differences in levels 
of expression between group 1 and group 2. P < 0.05 was considered significant.

Sustained production of bNAbs by your own cells 
DNA Gene Transfer



Engineered B cells by CRISPR/Cas9
secrete functional bNAb following 

immunization in mice

Nahmed et al Nat Commun 2020

Engineered B cells by CRISPR/Cas9
enable immunological memory and 
undergo  clonal expansion in vivo

substitutions (Supplementary Fig. 11A–C) in their respective
mice. None of these combinations of substitutions could be found
in any other mouse, including in five mice adoptively transferred
by the same pool of engineered B cells. This strongly indicates de
novo SHM. Clonal expansion of both the K46R and the A89T

substitutions is further supported by the presence of the respective
R and T amino acids in the sequence of the related VRC01 and
NIH45-46 antibodies27 (Supplementary Fig. 10F). Interestingly,
immunizations with the higher affinity antigen YU2.DG, as well as
boost immunizations, triggered higher accumulation of amino acid
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Fig. 5 Adoptively transferred engineered B cells can undergo CSR and clonal expansion upon immunization. a Isotype specific anti-idiotypic ELISA
measuring 3BNC117 isotypes in mice sera collected after boost immunizations. # left = pv = 0.0278, # right = pv = 0.0309, ##pv = 0.0014 for Dunnett’s
multiple comparisons and ***pv = 0.0003 and * left = pv = 0.0343 and * right = pv = 0.0461 for two-tailed t-test. Comparisons performed to sera of
mice receiving adoptive transfer of non-engineered B cells and boost immunized with the YU2.DG gp120 antigen. b Analysis by flow cytometry of IgA and
CD45.1 expression among GC cells after prime and boost immunizations, gating on live, lymphocytes, GL-7+, B220+. ## upper = pv = 0.0087 and ##pv
= 0.0041 for two-way ANOVA, *pv = 0.0074 for two-tailed t-test and indicated p value is for one-sample t-test c Ratio of non-synonymous to
synonymous mutations in the different samples. #pv = 0.0143 for two-way ANOVA between the prime and boost cohorts. *pv = 0.0169, **pv = 0.0088,
***pv = 0.0002 for two-tailed t-test and indicated p value is for one-sample t-test. d Quantitation of the clonal expansion by measuring polarity: the
relative cumulative share of the ten most abundant clones. # pv = 0.0496; two-way ANOVA. e Pie charts of mice immunized with the YU2.DG gp120
antigen and having at least one clone representing more than >10% of the mutant repertoire. The most abundant clones in each mouse were colored.
Shades of red indicate clones that were not found in the ten most abundant clones of other mice (Supplementary Fig. 10). Shades of blue indicate shared
clones. Indicated clones are the K46R, A89T, and D97Y. f Quantitation of amino acid (AA) substitutions per clone in mice immunized once or twice with
the YU2.DG or THRO4156.18 gp120 antigens. ##pv = 0.005, #pv = 0.0177 for two-way ANOVA and **pv = 0.0043, *pv = 0.0167 for Tukey’s multiple
comparison. For c, d, f n = 3 for all except THRO Boost samples in which n = 2, each dot represents a mouse.
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B cell clones after immunization

Reprogramming B cells to produce bNAbs

(Fig. 2 A). This design disrupts expression of the endogenous
locus, while encoding a transcription unit directing expression
of the introduced heavy and light chains under control of en-
dogenous Igh gene regulatory elements. In addition, it preserves
splicing of the transgenic IgVH into the endogenous constant
regions, allowing for expression of membrane and secreted
forms of the antibody as wells as different isotypes by class
switch recombination. Finally, correctly targeted cells are readily

identified and enumerated by flow cytometry because they bind
to cognate antigen.

A number of methods for producing single strand DNA
(ssDNA) HDRTs were compared. The most reproducible and
least cytotoxic involved digestion of plasmids with sequence-
specific nickases, and ssDNA purification by agarose gel
electrophoresis (Fig. S2, C–E; Yoshimi et al., 2016; Roth et al.,
2018).

Figure 2. Engineering bNAb-expressing primary mouse B cells. (A) Schematic representation of the targeting strategy to create bNAb-expressing primary
mouse B cells. ssDNA HDRT contained 110 nt 59 and 790 nt 39 homology arms flanking an expression cassette. The 59 homology arm is followed by the 111 nt
long splice acceptor site and the first two codons of Cμ exon 1, a stop codon, and a SV40 polyadenylation signal (CμSA SV40 pA). Then the mouse Ighv4-9 gene
promoter, the leader, and variable and joining regions (VJ) of the respective antibody light chain and mouse κ constant region (Cκ) are followed by a furin-
cleavage site, a glycine-serine-glycine (GSG)–linker, and a P2A self-cleaving oligopeptide sequence, the leader, VDJ of the respective antibody heavy chain, and
45 nt of the mouse JH1 intron splice donor site to splice into downstream constant regions. (B) Experimental setup for C. (C) Flow-cytometric plots of primary,
mouse B cells, activated and transfected with RNPs targeting the Ighj4 intron and Igkc exon with or without ssDNA HDRTs encoding the 3BNC60SI, 3BNC117, or
10-1074 antibody. Non-transfected, antigen-binding B cells from 3BNC60SI knock-in mice cultured the same way are used as control for gating. (D) Quan-
tification of C. Each dot represents one transfection. Data from seven independent experiments (B–D). (E) Experimental setup for F–H. (F) Flow-cytometric
plots of primary, mouse B cells, activated and transfected using ssDNA HDRT encoding the antibodies 3BNC60SI, 3BNC117, PGT121, or 10-1074. B cells were
expanded on feeder cells for 3 d. Cultured, nontransfected, antigen-binding B cells from PGT121 knock-in mice are shown for gating. (G)Quantification of F. (H)
Total number of antigen-binding B cells before (24 h) or after 3 d (day 4) of feeder culture. Bars indicate mean ± SEM. Combined data from two independent
experiments for E–H.
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Targeting
strategy

Thus, either both alleles are targeted or the occasional remaining
endogenous Igh gene is unable to pair with the transgenic Igk. A
small number of B cells that have not deleted endogenous Igk
might also integrate the transgene into the Igh locus. This could
decrease the efficiency of knock-in antibody expression if the
endogenous kappa pairs with the transgenic heavy chain.

The use of a promoterless construct increases surface BCR
expression and improves safety. This construct relies on integra-
tion into an allele with in-frameVDJ rearrangement. Furthermore,
the absence of a promoter makes off-target gene activation less
likely, thereby increasing the safety of this approach.

In contrast to the mouse, IGL is expressed by 45% of all B cells
in humans. Therefore, this locus would need to be ablated, or
alternatively, cells expressing IGL could be removed from the
transferred population by any one of a number of methods of
negative selection.

Similar to antibody transgenes in mice, expression of the
edited BCR varied between different antibodies. Some combina-
tions of heavy and light chains were refractory to expression in
mature B cells. In addition, although the level of BCR expression
was within the normal range, it was generally on the low end
compared with polyclonal B cells. This is consistent with generally

Figure 4. Engineered bNAb-expressing primary mouse B cells participate in humoral immune responses in vivo. (A) Experimental setup for B–E. (B)
Anti-3BNC60SI idiotype-coated, mouse IgG ELISA of sera from mice adoptively transferred with the indicated B cells and immunized with the cognate antigen
TM4 core at the indicated time points. Representative plots of seven independent experiments. (C) Anti-3BNC60SI idiotype-coated mouse IgG1a or IgG1b ELISA
of day 14 sera, as above. Representative plots of two independent experiments. (D) 3BNC60SI serum IgG levels 14 d after immunization in mice transferred with
3BNC60SI-edited cells. Numbers of total B cells/mouse at transfection are indicated. Cells were transferred either 24 h after transfection or after additional
culture on feeder cells as in Fig. 2 D. Determined by anti-3BNC60SI idiotype-coated mouse IgG ELISA over seven independent experiments. Each dot represents
one mouse, and the line indicates the arithmetic mean. (E) TZM.bl neutralization data of protein G–purified serum immunoglobulin days 14–21 after im-
munization from mice treated as in A but transfected with 10-1074 HDRT and immunized with cognate antigen 10mut. Combined data from two independent
experiments are shown.
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Antibody 
secretion in mice

Engineered B cells undergo CSR, SHM, and clonal expansion
in vivo. CSR may be necessary to ensure both humoral and
mucosal protection from HIV surge. Indeed, IgG1, IgG2, and IgA
isotypes of the 3BNC117 bNAb were found in the sera of treated
mice in addition to the IgM isotype (Fig. 5a and Supplementary
Fig. 7A–C). Class switched 3BNC117 antibodies were more pre-
valent in sera when the YU2.DG gp120 antigen was used for
immunization, and engineered cells expressing the IgA isotype
were found in the GCs of treated mice only upon prime immu-
nization by the YU2.DG gp120 antigen (Fig. 5b). As CSR often
precedes GC homing25, this trend is in agreement with the higher
rates of GC B cells in mice immunized by the YU2.DG antigen.
Notably, rates of IgA expression among donor cells in the GCs,
after immunizations with YU2.DG, were higher than the pre-
implantation rates, implying antigen-induced in vivo CSR (Fig. 5b
and Supplementary Fig. 7D).

Finally, in order to assess in vivo SHM and clonal expansion
among engineered B cells, we used a synonymously recoded
3BNC117 allele, enriched for sequence hotspots of activation-
induced-cytidine-deaminase (AID, catalyzing SHM) (Supplemen-
tary Fig. 8). Accumulation of engineered B cells in the GCs
(Supplementary Fig. 8C) and antibody concentrations in the
serum (Supplementary Fig. 8D, E) were similar, following
immunizations, whether the adoptively transferred B cells were
engineered to express 3BNC117-W.T. or the recoded variant:

3BNC117-opt. We harvested RNA from the spleens of mice
receiving engineered cells and amplified the bNAb VH sequence
from the cDNA (Supplementary Fig. 9A) for analysis by Illumina
sequencing. We found strong evidence for clonal expansion.
While some mutations were found to arise during AAV
preparation and B cell engineering26, the distribution of
mutations along the 3BNC117 sequence has shifted following
adoptive transfer and immunizations in patterns implying in vivo
selection (Supplementary Fig. 9B). Expectedly, enrichment for
AID sequence hotspots increased the total fraction of mutant
sequences (Supplementary Fig. 9C). SHM and/or in vivo selection
are further implied by the decrease in the ratio of non-
synonymous to synonymous mutations upon adoptive transfer
followed by prime and boost immunizations with the YU2.DG
gp120 antigen (Fig. 5c). Furthermore, clonal expansion following
YU2.DG gp120 immunizations was evident by the marked
increase in the relative share of the ten most abundant clones
(Fig. 5d and Supplementary Fig. 10A), and the selection of clones
was similar between mice from the same cohort (Supplementary
Fig. 10B–E). In particular, the three amino acid differences found
in more than 10% of the variants, in their respective mice, were
D97Y in the CDR3, A89T in a FR3/CDR3 border position
and K46R in the CDR2 (Fig. 5e, Supplementary Fig. 10F).
Clonal expansions of the K46R and A89T substitutions are
supported by their association with multiple additional
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Engineered B cells undergo CSR, SHM, and clonal expansion
in vivo. CSR may be necessary to ensure both humoral and
mucosal protection from HIV surge. Indeed, IgG1, IgG2, and IgA
isotypes of the 3BNC117 bNAb were found in the sera of treated
mice in addition to the IgM isotype (Fig. 5a and Supplementary
Fig. 7A–C). Class switched 3BNC117 antibodies were more pre-
valent in sera when the YU2.DG gp120 antigen was used for
immunization, and engineered cells expressing the IgA isotype
were found in the GCs of treated mice only upon prime immu-
nization by the YU2.DG gp120 antigen (Fig. 5b). As CSR often
precedes GC homing25, this trend is in agreement with the higher
rates of GC B cells in mice immunized by the YU2.DG antigen.
Notably, rates of IgA expression among donor cells in the GCs,
after immunizations with YU2.DG, were higher than the pre-
implantation rates, implying antigen-induced in vivo CSR (Fig. 5b
and Supplementary Fig. 7D).

Finally, in order to assess in vivo SHM and clonal expansion
among engineered B cells, we used a synonymously recoded
3BNC117 allele, enriched for sequence hotspots of activation-
induced-cytidine-deaminase (AID, catalyzing SHM) (Supplemen-
tary Fig. 8). Accumulation of engineered B cells in the GCs
(Supplementary Fig. 8C) and antibody concentrations in the
serum (Supplementary Fig. 8D, E) were similar, following
immunizations, whether the adoptively transferred B cells were
engineered to express 3BNC117-W.T. or the recoded variant:

3BNC117-opt. We harvested RNA from the spleens of mice
receiving engineered cells and amplified the bNAb VH sequence
from the cDNA (Supplementary Fig. 9A) for analysis by Illumina
sequencing. We found strong evidence for clonal expansion.
While some mutations were found to arise during AAV
preparation and B cell engineering26, the distribution of
mutations along the 3BNC117 sequence has shifted following
adoptive transfer and immunizations in patterns implying in vivo
selection (Supplementary Fig. 9B). Expectedly, enrichment for
AID sequence hotspots increased the total fraction of mutant
sequences (Supplementary Fig. 9C). SHM and/or in vivo selection
are further implied by the decrease in the ratio of non-
synonymous to synonymous mutations upon adoptive transfer
followed by prime and boost immunizations with the YU2.DG
gp120 antigen (Fig. 5c). Furthermore, clonal expansion following
YU2.DG gp120 immunizations was evident by the marked
increase in the relative share of the ten most abundant clones
(Fig. 5d and Supplementary Fig. 10A), and the selection of clones
was similar between mice from the same cohort (Supplementary
Fig. 10B–E). In particular, the three amino acid differences found
in more than 10% of the variants, in their respective mice, were
D97Y in the CDR3, A89T in a FR3/CDR3 border position
and K46R in the CDR2 (Fig. 5e, Supplementary Fig. 10F).
Clonal expansions of the K46R and A89T substitutions are
supported by their association with multiple additional
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Engineered B cells undergo CSR, SHM, and clonal expansion
in vivo. CSR may be necessary to ensure both humoral and
mucosal protection from HIV surge. Indeed, IgG1, IgG2, and IgA
isotypes of the 3BNC117 bNAb were found in the sera of treated
mice in addition to the IgM isotype (Fig. 5a and Supplementary
Fig. 7A–C). Class switched 3BNC117 antibodies were more pre-
valent in sera when the YU2.DG gp120 antigen was used for
immunization, and engineered cells expressing the IgA isotype
were found in the GCs of treated mice only upon prime immu-
nization by the YU2.DG gp120 antigen (Fig. 5b). As CSR often
precedes GC homing25, this trend is in agreement with the higher
rates of GC B cells in mice immunized by the YU2.DG antigen.
Notably, rates of IgA expression among donor cells in the GCs,
after immunizations with YU2.DG, were higher than the pre-
implantation rates, implying antigen-induced in vivo CSR (Fig. 5b
and Supplementary Fig. 7D).

Finally, in order to assess in vivo SHM and clonal expansion
among engineered B cells, we used a synonymously recoded
3BNC117 allele, enriched for sequence hotspots of activation-
induced-cytidine-deaminase (AID, catalyzing SHM) (Supplemen-
tary Fig. 8). Accumulation of engineered B cells in the GCs
(Supplementary Fig. 8C) and antibody concentrations in the
serum (Supplementary Fig. 8D, E) were similar, following
immunizations, whether the adoptively transferred B cells were
engineered to express 3BNC117-W.T. or the recoded variant:

3BNC117-opt. We harvested RNA from the spleens of mice
receiving engineered cells and amplified the bNAb VH sequence
from the cDNA (Supplementary Fig. 9A) for analysis by Illumina
sequencing. We found strong evidence for clonal expansion.
While some mutations were found to arise during AAV
preparation and B cell engineering26, the distribution of
mutations along the 3BNC117 sequence has shifted following
adoptive transfer and immunizations in patterns implying in vivo
selection (Supplementary Fig. 9B). Expectedly, enrichment for
AID sequence hotspots increased the total fraction of mutant
sequences (Supplementary Fig. 9C). SHM and/or in vivo selection
are further implied by the decrease in the ratio of non-
synonymous to synonymous mutations upon adoptive transfer
followed by prime and boost immunizations with the YU2.DG
gp120 antigen (Fig. 5c). Furthermore, clonal expansion following
YU2.DG gp120 immunizations was evident by the marked
increase in the relative share of the ten most abundant clones
(Fig. 5d and Supplementary Fig. 10A), and the selection of clones
was similar between mice from the same cohort (Supplementary
Fig. 10B–E). In particular, the three amino acid differences found
in more than 10% of the variants, in their respective mice, were
D97Y in the CDR3, A89T in a FR3/CDR3 border position
and K46R in the CDR2 (Fig. 5e, Supplementary Fig. 10F).
Clonal expansions of the K46R and A89T substitutions are
supported by their association with multiple additional
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Engineered B cells undergo CSR, SHM, and clonal expansion
in vivo. CSR may be necessary to ensure both humoral and
mucosal protection from HIV surge. Indeed, IgG1, IgG2, and IgA
isotypes of the 3BNC117 bNAb were found in the sera of treated
mice in addition to the IgM isotype (Fig. 5a and Supplementary
Fig. 7A–C). Class switched 3BNC117 antibodies were more pre-
valent in sera when the YU2.DG gp120 antigen was used for
immunization, and engineered cells expressing the IgA isotype
were found in the GCs of treated mice only upon prime immu-
nization by the YU2.DG gp120 antigen (Fig. 5b). As CSR often
precedes GC homing25, this trend is in agreement with the higher
rates of GC B cells in mice immunized by the YU2.DG antigen.
Notably, rates of IgA expression among donor cells in the GCs,
after immunizations with YU2.DG, were higher than the pre-
implantation rates, implying antigen-induced in vivo CSR (Fig. 5b
and Supplementary Fig. 7D).

Finally, in order to assess in vivo SHM and clonal expansion
among engineered B cells, we used a synonymously recoded
3BNC117 allele, enriched for sequence hotspots of activation-
induced-cytidine-deaminase (AID, catalyzing SHM) (Supplemen-
tary Fig. 8). Accumulation of engineered B cells in the GCs
(Supplementary Fig. 8C) and antibody concentrations in the
serum (Supplementary Fig. 8D, E) were similar, following
immunizations, whether the adoptively transferred B cells were
engineered to express 3BNC117-W.T. or the recoded variant:

3BNC117-opt. We harvested RNA from the spleens of mice
receiving engineered cells and amplified the bNAb VH sequence
from the cDNA (Supplementary Fig. 9A) for analysis by Illumina
sequencing. We found strong evidence for clonal expansion.
While some mutations were found to arise during AAV
preparation and B cell engineering26, the distribution of
mutations along the 3BNC117 sequence has shifted following
adoptive transfer and immunizations in patterns implying in vivo
selection (Supplementary Fig. 9B). Expectedly, enrichment for
AID sequence hotspots increased the total fraction of mutant
sequences (Supplementary Fig. 9C). SHM and/or in vivo selection
are further implied by the decrease in the ratio of non-
synonymous to synonymous mutations upon adoptive transfer
followed by prime and boost immunizations with the YU2.DG
gp120 antigen (Fig. 5c). Furthermore, clonal expansion following
YU2.DG gp120 immunizations was evident by the marked
increase in the relative share of the ten most abundant clones
(Fig. 5d and Supplementary Fig. 10A), and the selection of clones
was similar between mice from the same cohort (Supplementary
Fig. 10B–E). In particular, the three amino acid differences found
in more than 10% of the variants, in their respective mice, were
D97Y in the CDR3, A89T in a FR3/CDR3 border position
and K46R in the CDR2 (Fig. 5e, Supplementary Fig. 10F).
Clonal expansions of the K46R and A89T substitutions are
supported by their association with multiple additional
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Fig. 4 Adoptively transferred engineered B cells enable memory retention upon immunization. a ELISA of sera collected 14 days following either prime
or boost immunization, quantified using an anti-idiotypic antibody to 3BNC117. ####pv < 0.0001, #pv= 0.0465 for two-way ANOVA and **pv= 0.0024,
***pv= 0.0003 for Tukey’s multiple comparison (n= 3, each dot represents a mouse). b Analysis by flow cytometry of CD45.1 expression and gp120
binding in the GCs of mice following prime or boost immunizations, gating on live, singlets, B220+, GL-7+. c Quantitation of b. ####pv < 0.0001, ###pv
= 0.0003 for two-way ANOVA and ***pv= 0.0008 and **upper = pv = 0.0095 and **lower = pv = 0.0067 for Tukey’s multiple comparison (n = 6,
each dot represents a mouse). d, e Analysis by flow cytometry of CD38 or CD138 expression among donor derived cells in the spleens of recipient mice
after prime or boost immunizations by the gp120 antigens from either the THRO4156.18 (THRO, Red) or the YU2.DG (YU2, Blue) HIV strains, gated on
live, singlets, CD45.1+. ###pv = 0.0003, ##pv = 0.0044, #(D) = pv = 0.0338, #(E) = pv = 0.0125, for two-way ANOVA and **pv = 0.0012, *(D) = pv
= 0.0222, *(E) = pv = 0.0143, Tukey’s multiple comparison (n = 3, each dot represents a mouse). For gating strategy see Supplementary Fig. 12.
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Prevention Therapy

• Proof-of-concept for antibody-mediated prevention

• Emerging evidence that bNAbs can maintain viral suppression

• Potential advantages: safety & no selection for ARV resistance

• Challenges: pre-existing resistance & cost

• Future: promising new molecules and delivery systems 

Immune-mediated
(Treatment-free)

Long-Term Control
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of HIV infection also affects perceptions of social worth and peer rela-
tionships10. It is not yet clear whether an HIV cure can address these 
challenges, but this would certainly be the goal.

The public-health perspective
Effective control of HIV with ART eliminates the risk of transmission 
(‘undetectable equals untransmissible’)11,12, and the ability to test and 
treat with the aim of reducing transmission is now a universal goal. 
Currently, approximately half of the infected global population is 
believed to be on effective ART13 and—should this treatment scenario 
not improve in the future—it is highly unlikely that the epidemic will 
be contained14 (Fig. 2). Although nearly all countries have experienced 
progress in the roll-out of ART, the outcomes have been uneven15,16 and 
the widespread availability of ART has led to only a modest reduction 
in HIV incidence in some communities with a high prevalence17.

Antiretroviral treatment programmes in many countries are heavily 
reliant on international donor partners, raising concerns about the 
sustainability of these initiatives should the political and economic 
climate change. Indeed, UNAIDS estimates that US$26.2 billion in fund-
ing (nearly a 30% increase compared to current funding levels) will be 
required by the year 2020 to achieve their ‘90–90–90’ treatment goals 
(that is, 90% of people living with HIV should know their status, 90% of 
those people should be on ART and 90% of those people should have an 
undetectable viral load)18. The global commitment to funding is stag-
nating: whereas the compound annual growth rate for global funding 
in low- and middle-income countries between 2000 and 2010 was 13%, 
this number has declined to 1.2% in the last five years.

Theoretically, a short-term, affordable and effective intervention 
that results in sustained periods of virus control in the absence of any 

therapy will reduce the overall strain on public-health systems, freeing 
up resources for other healthcare imperatives including other aspects 
of HIV prevention and care. Ideally, such a regimen will need to be as 
safe and effective as ART—a bar that might not be possible to achieve, 
particularly in adherent populations in which treatment response rates 
now approach 100%. This raises questions of how such a regimen will 
obtain regulatory approval and how it will be implemented. Discussions 
among key stakeholders will be needed to define in which situations a 
regimen that is less effective than ART will be effective and how such 
an approach will achieve regulatory approval.

On a global level, approximately 20% of individuals with HIV do not 
know their status13 (Fig. 2). Multiple barriers to getting tested exist, 
including stigma and concerns about being diagnosed with an incurable 
disease. The availability of an effective cure might boost HIV control 
programmes by encouraging disenfranchised individuals with HIV to 
proactively seek testing and treatment for HIV, as has been documented 
for syphilis19.

Why ART is not curative
Many of the curative interventions that are currently being explored 
address virological and immunological factors that limit the ability of 
ART itself to cure HIV infection, as described below.

Latency
As a retrovirus, the HIV genome fully integrates into the host genome 
and persists for the lifetime of the infected cell20–22. The vast major-
ity of these integrated genomes appear to be transcriptionally silent 
(that is, latent)23. This state of latency—in which viral proteins are not 
produced—enables infected cells to escape immune recognition and 
clearance. Latency is maintained by multiple mechanisms, including 
expression of unique and complex transcriptional pathways that may 
prevent reactivation24, the upregulation of anti-apoptotic genes25 and 
blocks to various post-initiation transcriptional pathways (such as 
elongation, polyadenylation and multiple splicing)26.

Reservoir dynamics
Approximately 0.01–1% of circulating CD4+ T cells contain an integrated 
genome, only a small proportion (<5–10%) of which are fully intact27, 
and only a small proportion of intact genomes may be readily inducible 
and able to support virus replication post-ART27,28.

There is intense interest in further defining the cell populations 
that are more likely to be infected. CD32 was reported to be a putative 
biomarker29, but subsequent studies have failed to confirm this find-
ing. PD-1 has been associated with the reservoir in several studies30–32. 
Other cell populations enriched for HIV include those that express 
other checkpoint receptors31,33,34, markers of activation or prolifera-
tion35, members of the tumour necrosis factor family25,36 and markers 
of cell adhesion and migration37,38. The virus may also be enriched in 
the more differentiated effector memory cell population35,37, such as 
the T helper 1 and 17 subsets39,40. As these associations are modest and 
highly variable, none will prove useful as biomarkers or as targets for 
host-directed immunotherapies. These findings, however, provide 
insights into how HIV establishes latency.

The fate of latently infected cells is largely dictated by the physiologi-
cal pathways of T cell homeostasis24,30,41–43; infected cells undergo clonal 
expansion and are then maintained by those same factors that control the 
size and diversity of the memory T cell pool41. During long-term ART, indi-
vidual clonal populations wax and wane as the entire reservoir becomes 
increasingly clonal in nature44. Some integration events can disrupt the 
regulation of cell growth, leading to massive expansions42,43. The local 
chromatin environment in which the virus integrates is also important: 
genomes integrated in largely silenced regions are less likely to be induc-
ible45,46; indeed, some may be permanently silenced. These silenced 
genomes may be selected for and enriched during long-term ART.

Latent HIV reservoir

Latent HIV reservoir

HIV reservoir
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Fig. 1 | Pathways towards a cure. There are two broadly defined pathways for 
a treatment-free period of virus control. a, Eradication. The ideal outcome for a 
curative intervention would be the complete eradication of all replication-
competent virus; gene-editing, latency reversal and block-and-lock 
approaches are all aimed at reducing the reservoir size and, if fully effective, 
could lead to complete eradication of the virus within an individual.  
b, Remission. Given observations made in elite and post-treatment controllers, 
a more plausible strategy may be to reduce the reservoir to more manageable 
levels while also enhancing immune control. Multiple combination approaches 
are now being pursued. CTLs, cytotoxic T lymphocytes.

• An aspirational goal  - likely to require combinations 

• Promising results in non-human primates

• Multiple ongoing/planned studies over next 2 yrs

• Early promising data with long-term delivery

Ndungu McCune, Deeks, Nature 2019
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