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Abstract

Broadly neutralizing antibodies (bnAbs) to HIV-1 can evolve after years of an iterative pro-
cess of virus escape and antibody adaptation that HIV-1 vaccine design seeks to mimic.

To enable this, properties that render HIV-1 envelopes (Env) capable of eliciting bnAb re-
sponses need to be defined. Here, we followed the evolution of the V2 apex directed bnAb
lineage VRC26 in the HIV-1 subtype C superinfected donor CAP256 to investigate the phe-
notypic changes of the virus populations circulating before and during the early phases of
bnAb induction. Longitudinal viruses that evolved from the VRC26-resistant primary infect-
ing (PI) virus, the VRC26-sensitive superinfecting (SU) virus and ensuing PI-SU recombi-
nants revealed substantial phenotypic changes in Env, with a switch in Env properties
coinciding with early resistance to VRC26. Decreased sensitivity of SU-like viruses to
VRC26 was linked with reduced infectivity, altered entry kinetics and lower sensitivity to neu-
tralization after CD4 attachment. VRC26 maintained neutralization activity against cell-asso-
ciated CAP256 virus, indicating that escape through the cell-cell transmission route is not a
dominant escape pathway. Reduced fithess of the early escape variants and sustained sen-
sitivity in cell-cell transmission are both features that limit virus replication, thereby impeding
rapid escape. This supports a scenario where VRC26 allowed only partial viral escape for a
prolonged period, possibly increasing the time window for bnAb maturation. Collectively, our
data highlight the phenotypic plasticity of the HIV-1 Env in evading bnAb pressure and the
need to consider phenotypic traits when selecting and designing Env immunogens. Combi-
nations of Env variants with differential phenotypic patterns and bnAb sensitivity, as we
describe here for CAP256, may maximize the potential for inducing bnAb responses by
vaccination.
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Author summary

HIV-1 infected individuals rarely develop broadly neutralizing antibodies (bnAbs) that
inhibit diverse HIV-1 subtypes. As activity against the majority of HIV-1 isolates is neces-
sary for effective immunization against HIV-1, current vaccine development seeks to gen-
erate regimens that evoke bnAb responses. Delineating why bnAbs develop in certain
cases of HIV-1 infection is thus of pivotal importance. In all infected individuals, HIV-1
inevitably escapes neutralizing antibody pressure and even the most potent bnAbs cannot
clear the infection from the patient where they emerged. Yet, exactly this continuous
interplay between virus escape and antibody maturation is believed to be crucial in the
evolution of bnAbs, with virus escape variants containing modified HIV-1 envelope (Env)
proteins, the target of neutralizing antibodies that in some cases can direct the immune
response towards breadth. Identifying features of naturally occurring Env proteins that
are involved in evoking bnAb responses is thus of high interest. Here, we analyzed Env
features of virus isolates from donor CAP256 who developed the potent V2 apex bnAb
VRC26, one of the current lead bnAbs for HIV-1 therapy and vaccine development. We
show that the viral escape variants that appeared soon after the onset of the VRC26
response had highly altered Env protein properties that, in addition to reducing sensitivity
to VRC26, affected their capacity to infect and altered entry dynamics. This highlights
constrained viral escape pathways, but also features of VRC26 that may have prevented
rapid escape. We postulate that this may have resulted in a prolonged circulation of par-
tially VRC26 sensitive viruses, hence allowing the bnAb response to mature.

Introduction

Broadly neutralizing antibodies (bnAbs) are a focus of HIV-1 vaccine development and passive
immunization strategies [1-7]. Owing to the exceptionally potent and broad bnAbs that have
been isolated over recent years [8-12], a wealth of information on their function has become
available. However, factors that govern bnAb evolution in infection are not fully resolved, nor
have current vaccine designs succeeded in eliciting bnAb responses. The expectations for vac-
cines are high as they will need to do substantially better than in infection where bnAbs only
evolve in around 10-25% of HIV-1 infected individuals, with the most potent elite neutralizing
antibodies restricted to approximately 1% of infections [13-16].

A number of parameters have been implicated in the development of neutralization breadth
including the length of HIV-1 infection, high viral loads, virus diversity, CD4 T cell loss,
involvement of regulatory T cell subsets, viral subtype and host factors including ethnicity and
HLA genotype [13,16-30]. It has become clear that a tight interplay of antibody and virus
escape variants directs antibody adaptation and diversification towards the generation of
bnAbs [31-36]. Escape from even the most potent bnAbs appears inevitable, as all bnAbs iden-
tified to date have been isolated from individuals who ultimately failed to control viremia
[13,18,37,38]. However, it is the continuous exposure to these gradually escaping viruses that
appears to be key for the evolution of bnAbs.

Env variants that are capable of stimulating the germline ancestors of bnAbs as well as inter-
mediate Env variants that steer antibody evolution to tolerate viral diversity, conferring
breadth, are therefore urgently sought [23-25]. The phenotypic features of Env variants associ-
ated with the elicitation and maturation of breadth are largely unknown. Does the initial
infecting strain harbor distinct features that enable it to more efficiently initiate bnAb precur-
sors? [39,40] Are the same features relevant for the later evolving Env variants? Does
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incomplete escape, paired with replication in sites where antibody access is restricted, enable
the virus to survive despite the presence of potent neutralization activity?

In the present study, we have addressed these questions by investigating the phenotypic
plasticity of HIV-1 Env during bnAb development. As a model, we took the evolution of autol-
ogous viruses during the maturation of the potent CAP256-VRC26 bnAb lineage. The V2 spe-
cific CAP256-VRC26 bnAb lineage developed in a HIV-1 subtype C superinfected individual
[33,41]. Frequent sampling and detailed analysis of this donor over several years has resulted
in a large collection of both longitudinal Env variants and VRC26 bnAbs[33,41]. These co-
evolved Env and VRC26 bnAbs therefore provide an ideal setting to explore phenotypic shifts
in Env that may reveal insights into properties that are important for antibodies like VRC26 to
develop. Comparing Env properties of the primary infecting (PI) virus, the superinfecting
(SU) virus and their descendants circulating prior to and during the rise of the CAP256-
VRC26 bnAb lineage, our study aimed to assess differential functional capacities that may
have shaped the evolution of the CAP256-VRC26 bnAb lineage.

Results

Assessing the phenotypic plasticity of HIV-1 during CAP256-VRC26 bnAb
induction

The V2 apex targeting CAP256-VRC26 lineage emerged 30-34 weeks post infection (p.i.) after
superinfection at week 15 (Fig 1 [34]). Plasma neutralization breadth developed around 48
weeks p.i. [42], and the first broad monoclonal antibodies were isolated from week 59 [33]. We
included 17 longitudinal autologous viral envelopes (Env) from bnAb donor CAP256 (Fig 1,
S1 Table) which circulated before and during the evolution of the bnAbs when the autologous
viruses were still (partially) sensitive to the VRC26 bnAbs [33,34,41-43] and probed them
against 12 members of the CAP256-VRC26 bnAb lineage with breadth varying from 7-63%
(Fig 1, S2 Table). Fourteen of the CAP256 Env were isolated within the first 48 weeks of the
infection and showed at least partial sensitivity to the VRC26 mAbs. These included the pri-
mary infecting (PI) virus (week 6) as well as the superinfecting (SU) virus (week 15) to which
the bnAb response was mainly directed [33,34,42]. Later CAP256 viral variants were defined
as PI-like, SU-like or PI/SU recombinant viruses according to their V1V2 sequence, which is
the target of the VRC26 bnAbs [33,34] (S1 Table). In addition to the earlier variants up to
week 48, we included three Env variants isolated at week 176 of infection, which had com-
pletely escaped the VRC26 lineage [33,42]. These Env were used to assess phenotypic functions
that might impact antibody efficacy, namely viral infectivity, mode of transmission, sensitivity
to neutralization, and entry kinetics. We specifically focused on defining properties for the SU
virus variants, given the clear evidence that they induced the VRC26 lineage [33,41]. Due to
the scope of the analyses, certain tests were restricted to the assessment of a smaller panel of
Envs in which cases we prioritized the analyses of SU over PI viruses.

To assess the phenotypic properties of the CAP256 viruses, we first assessed their properties
in free virus and cell-cell spread. HIV-1 has the ability to spread as free virus or through con-
tacts between infected and uninfected target cells [44,45]. Most neutralizing antibodies (nAbs)
including bnAbs, neutralize cell-cell transmission less effectively than free virus spread [46-
53]. The loss of neutralizing activity (regardless of specificity) during cell-cell transmission is
often substantial, decreasing bnAb activity 10-100 fold compared to free virus transmission
[47,49-53]. Importantly, this reduced activity during cell-cell transmission can therefore sub-
stantially contribute to neutralization escape [47,52,54]. However, the VRC26 bnAbs [52], sim-
ilar to MPER bnAbs [47,52], frequently retain comparable activity against heterologous HIV-1
strains in both transmission routes. Understanding how this capacity evolved in VRC26 is of
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https://doi.org/10.1371/journal.ppat.1006825.g001

interest as preserved activity in both modes of transmission will limit the emergence of escape
variants [54] and would therefore be highly desirable for therapeutic and vaccine induced
bnAbs.

To assess whether autologous cell-cell transmission was similarly sensitive to VRC26, and
whether this was maintained over the course of infection, we assessed the selected 17 longitu-
dinal CAP256 Env variants for neutralization sensitivity in the A3.01-CCRS5 cell-based free
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virus and cell-cell transmission assays as described [52]. Week 176 viruses were fully resistant
to VRC26 bnAbs (S2 Table) and were therefore not included in the comparison of free and
cell-cell neutralization activity. As observed in free virus transmission (Fig 2A) [34,42,43], PI-
like viruses were resistant to neutralization by most members of the VRC26 bnAb lineage dur-
ing cell-cell transmission while SU-like viruses were sensitive (Fig 2B). In line with what we
have reported previously for heterologous viruses [52], the VRC26 bnAbs showed a 10-fold
mean activity loss across all VRC26 variants against the autologous virus strains during cell-
cell transmission compared to free virus transmission (Fig 2B and 2C) with occasional virus-
VRC26 bnAb combinations showing substantially lower and some higher activity losses in
cell-cell than in free virus transmission (Fig 2C). Activity in cell-cell transmission was pre-
served across all VRC26 bnAb lineage members, regardless of the heterologous breadth of
individual mAbs (S1A and S1B Fig) or the extent of their maturation, as measured by their
level of somatic hypermutation (S1C and S1D Fig), suggesting that the preserved activity dur-
ing cell-cell transmission may be a result of the specific mode of action of the VRC26 bnAbs.

Based on their sensitivity to VRC26 bnAbs, SU-like viruses were grouped into SU-like
VRC26 sensitive and SU-like VRC26 early escape viruses. Later SU-like viruses (week 42-48)
were significantly less sensitive to VRC26 inhibition than early SU-like viruses (week 15-34)
in both transmission pathways except for clone 42-wk.24°"
with sensitive Env isolated at week 34 post infection (S2 Fig). Across the longitudinal PI and
SU-like viruses, we observed similar antibody activity during free virus and cell-cell transmis-
sion (Fig 2A-2D) suggesting that cell-cell transmission may not have been a preferential escape
pathway of the autologous virus from VRC26 pressure.

We therefore investigated if the high activity of the VRC26 lineage against cell-cell spread is
unique to VRC26 or a feature common to V2 apex-directed bnAbs. We compared inhibition
of free virus and cell-cell transmission of the CAP256 virus panel by bnAbs targeting the CD4
binding site (CD4bs; PGV04 [27] and 3BNC117 [55]), the V3 glycan supersite (PGT121 [56]),
the V2 apex (PG9 [57] and PGT145 [56]) and the MPER region (10E8 [58]) with VRC26.25,
the broadest and most potent VRC26 variant (Fig 3).

Increased resistance of CAP256 viruses to VRC26 was mirrored by a significantly higher
resistance of both PI and SU-like viruses to free virus neutralization by PG9 and PGT145
(Mann-Whitney Test, p<0.0001), highlighting the similar modes of action of these V2 apex
bnAbs (Fig 3A and 3B; [42]). While SU-like viruses up to week 48 were neutralized by the V2
glycan bnAbs, PI-like Env were highly resistant in free virus infection but even more so in cell-
cell transmission where both PG9 and PGT145 completely lacked activity (Fig 3A and 3B).
Sensitivity to the CD4bs, V3 glycan and MPER bnAbs did not fluctuate substantially in
CAP256 viruses over time in either pathway (S3 Table). While the difference of SU-like virus
42-wk.5%Y cell-cell neutralization sensitivity to the other strains did not reach statistically sig-
nificance, 42-wk.5°" had notably the highest loss in cell-cell neutralization sensitivity for all
bnAbs including the V2 glycan bnAbs. This may suggests that 42-wk.5°" either adopted a spe-
cific Env conformation that occludes mAb access during cell-cell transmission for a wide spec-
trum of mAb specificities, or that this virus is particularly well adapted for cell-cell spread. In
line with previous observations [47,52], MPER bnAb 10E8 displayed preserved neutralization
activity against most CAP256 viruses during cell-cell transmission similar to the V2 glycan
bnAbs (Fig 3). CD4bs and V3-directed bnAbs, however, showed a significantly lower activity
during cell-cell transmission compared to V2- and MPER-directed bnAbs (Fig 3; Mann-
Whitney Test of fold change IC50s of CD4bs- and V3 bnAbs versus V2- and MPER bnAbs,
P<0.0001). Collectively, this suggests that the capacity to retain activity in cell-cell transmis-
sion is linked to the bnAb’s specificity and its mode of action.

which phylogenetically clustered
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https://doi.org/10.1371/journal.ppat.1006825.9002

Early VRC26 escape results in virus variants with reduced entry fitness

We compared Env functionality of the longitudinal CAP256 virus panel in free virus (Fig 4A)
and cell-cell transmission (Fig 4B), and detected substantial variability in Env infectivity of PI
and SU-like viruses in both transmission modes. High variability was even observed for Env
variants from the same time point, as exemplified by Env clones from week 42 (Fig 4A and
4B). Overall, early escape viruses exhibited a significantly reduced entry fitness compared to
VRC26 sensitive SU-like viruses in free virus but not cell-cell transmission. Interestingly, in
both modes of transmission, the 176 week viruses showed significantly reduced (Mann-Whit-
ney test, p<0.0001) entry capacity compared to earlier variants suggesting an eventual fitness
cost for escape from VRC26 bnAbs. Although we have no formal proof at this stage for a direct
causality, it is intriguing to note that the CAP256 donor experienced reduced viral loads at
later time points that could be the result of decreased viral fitness [42].

The free virus and cell-cell infection assay systems require distinct culture conditions and
therefore do not allow for a direct quantitative comparison of virus infectivity but provide a
means for relative measures and comparison of patterns across pathways. Analyzing the rela-
tive infectivity of longitudinal CAP256 Env, we found that infectivity in free virus and cell-cell
transmission was tightly linked, indicating that enhanced cell-cell transmission did not com-
pensate for substantial defects in replication observed in free virus transmission (Fig 4A, 4B
and 4C).

To obtain a more direct comparison of the infectivity patterns, we normalized all results to
the PI virus (Fig 4D). With one exception (34-wk.81%Y), the relative infectivity of viruses in
the cell-cell format was comparable (+/- 10%) or higher than in free virus transmission across
all three virus groups (PI-like, SU-like, PI/SU recombinants; Fig 4D). Interestingly, clone
42-wk.5°Y, a clone from the onset of VRC26 escape (Fig 1), which displayed higher resistance
to neutralization in cell-cell transmission (Fig 2), showed a significantly lower entry fitness
than the other Env variants in both transmission pathways (Mann-Whitney test, p<0.0001).
Thus, neutralization escape from VRC26 bnAbs coincided with loss in neutralization sensitiv-
ity across different bnAb specificities in cell-cell transmission for this Env variant but at the
same time at a reduced entry capacity. Overall, cell-cell transmission efficacy was significantly
higher amongst later evolving PI and SU variants (Fig 4E) and often coincided with low infec-
tivity (Fig 4A and 4B). This may indicate that cell-cell transmission, while not fully compensat-
ing for entry defects, allowed for better replication for the infectivity impaired escape variants
that emerged in response to VRC26 and the non-VRC26 autologous nAbs.

To probe the impact of the polyclonal autologous neutralization response on virus evolu-
tion, we determined the sensitivity of CAP256 viruses in both transmission pathways to autol-
ogous plasma collected at week 145 p.i. (Fig 5A) which had been previously shown to have the
maximum neutralization titer against heterologous viruses [33]. Viruses from week 176 were
not included in this analysis, as they are resistant to week 145 plasma [42]. While both PI
and SU-like viruses were sensitive to the autologous plasma in free virus transmission, titers
were significantly higher for the SU-like viruses which were also significantly better neutral-
ized during cell-cell transmission (Mann-Whitney test, p = 0.0426 for free virus and cell-cell),
highlighting the dominance of VRC26 bnAbs in the autologous plasma. As observed for
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Fig 4. Early VRC26 escape results in virus variants with reduced entry fitness. A and B: Replicative capacity for CAP256 Env reporter pseudoviruses was tested by
infecting A3.01-CCRS5 cells either with free virus preparations (A) or transfected 293-T cells to probe cell-cell transmission (B). Infectivity for free virus (A, black) and
cell-cell transmission (B, red) is displayed in relative light units (RLU). Means of two (free virus) to three (cell-cell) independent experiments in duplicates with SD are
shown. SU-like VRC26 sensitive viruses were compared to SU-like VRC26 early escape viruses using the Mann-Whitney test. P values are indicated. C: Correlation
between free virus and cell-cell infectivity were determined by Spearman correlation on untransformed data sets. R and p values are indicated. PI-like, SU-like VRC26
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sensitive, SU-like VRC26 early escape and PI/SU recombinant viruses are marked in red, light blue, dark blue and black respectively. D: Results of the free virus (black)
and cell-cell (red) infectivity assay were normalized to the PI-virus, 6-wk"", and are indicated as relative infectivity. Relative means are shown. E: The ratios of relative
infectivity values for cell-cell and free virus transmission are depicted. Early viruses (wk 6 to wk 34) were compared to late viruses (wk 42 to wk 176) using the Mann-
Whitney test. The P value is indicated. PI-like, SU-like VRC26 sensitive, SU-like VRC26 early escape and PI/SU recombinant viruses are marked in red, light blue, dark
blue and black respectively.

https://doi.org/10.1371/journal.ppat.1006825.9004
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Fig 5. Activity of autologous plasma against cell-cell transmission of CAP256 viruses is strongly driven by VRC26 bnAb activity. A: 50% neutralizing titers (in
plasma dilution) of autologous CAP256 plasma from week 145 p.i. against free virus (black) and cell-cell transmission (red) of CAP256 virus strains is depicted. Data
are means of 2 to 3 independent experiments. Inhibition of SU-like VRC26 sensitive viruses and SU-like VRC26 early escape viruses in free virus and cell-cell
transmission were compared using the Mann-Whitney test. P values are indicated in black and red respectively. B: The change in neutralization activity for cell-cell
compared to free virus transmission is shown as the ratio of NT50¥™*/NT50°""<!! (Fold change Neutralizing titer). Zero denotes equal activity in both
transmission pathways. A 10-fold higher activity in free virus over cell-cell transmission reflects a log;o = 1, a 10-fold lower activity a log,, = -1 as indicated by dotted
lines. Viruses that were not neutralized to 50% at the half lowest plasma concentration were denoted as resistant (res.) and their fold changes were estimated. C:
Interrelations of neutralizing titers for plasma and IC50s for bnAb neutralization were determined separately for PI-like and SU-like viruses during free virus and
cell-cell transmission. D: Interrelations of virus infectivity in free virus and cell-cell transmission, IC50s and neutralizing titers (NT50) were determined for SU-like
viruses. C+D: Spearman correlations on untransformed data sets were used, R and p values are indicated. Orange fields negative correlations. N.s. denotes no
significance.

https://doi.org/10.1371/journal.ppat.1006825.9005
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cell-cell but not the free virus transmission pathway. (Fig 5A). In contrast, all but one PI-like
virus showed high resistance to plasma antibodies during cell-cell transmission (Fig 5A and
5B). Furthermore, neutralization activity of VRC26 bnAbs and plasma against SU but not PI
viruses correlated during free virus and cell-cell transmission (Fig 5A and 5C and S3A Fig),
confirming that neutralization of PI viruses by the autologous plasma is mediated by other
nADb specificities [42] that are presumably not active in neutralizing cell-cell transmission. A
central question in understanding escape from neutralization is the consequence of escape
mutations on Env fitness. Interestingly, increased VRC26 resistance was associated with free
virus but not cell-cell infectivity loss (Fig 5D, S3B Fig). This is in line with the observation that
late SU-like viruses maintain higher cell-cell than free-virus infectivity (Fig 4) paired with the
slightly reduced cell-cell neutralization by VRC26 (Fig 2). Importantly, our findings highlight
that in the early phase of VRC26 bnAb escape that we investigated here, virus variants with
decreased fitness can emerge.

CAP256 virus evolution results in altered entry kinetics

Our analyses thus far highlighted the importance of entry fitness differences during virus
escape. To obtain mechanistic insights into which aspects of the entry process are linked with
gains and losses in infectivity, we examined the entry kinetics of selected PI-like and SU-like
viruses in an inhibitor time-of addition experiment as previously described [59,60] (Fig 6A).
As this assay allows only for the analysis of a restricted number of Env at the same time, we
focused on the SU-like Env to better study the phenotypic evolution of these autologous
viruses. We analyzed the kinetics of CD4 attachment (blocked by the CD4 agent DARPin 55.2
[61]) and fusion (blocked by the fusion inhibitor T-20 [62]). Infection time courses for both
entry steps were established by adding the respective inhibitors at distinct time points from 5
to 120 min. The mean half-maximal time (mean t;,,) required for viruses to progress with the
entry process beyond these two steps were calculated from fitted curves (Fig 6B, S4 Fig) and
time intervals between three different stages of the entry process (CD4 attachment, progress
from CD4 attachment to fusion, and fusion) were compared (S5 Fig).

Amongst PI-like viruses, the PI virus (6-wk"") and PI-like clone 42-wk.16"" engaged CD4
rapidly but required an extended time period to progress to fusion and establish infection. PI-
like viruses 34-wk.18"" and 48-wk.17"" showed a different entry phenotype with a trend to less
rapid CD4 engagement and faster progression towards fusion narrowing the time window
between completion of CD4 binding and fusion (Fig 6B) which, however, did not reach signifi-
cance. A similar prolonged progression from CD4 binding to fusion was also seen for later
SU-like viruses from week 42 onwards, which was significantly slower compared to earlier SU
virus variants (Mann-Whitney test, p = 0.0286).

We hypothesized that these differences in entry kinetics could be linked with VRC26 escape
and changes in infectivity. To probe this, we compared associations of entry kinetic parameters
with neutralization sensitivity to VRC26 and infectivity, both in free virus and cell-cell trans-
mission (Fig 6C, S6 Fig). In line with the high resistance of PI-like viruses to the VRC26 bnAb
lineage, overall no relevant association between entry kinetics and sensitivity to the VRC26
bnAbs was observed (56 Fig). SU-like viruses, however, showed a very interesting evolution in
their kinetic properties. Prolonged entry kinetics for attachment and fusion were highly signif-
icantly linked with lower infectivity, both in free virus and cell-cell transmission. This pattern
was largely driven by the SU-like VRC26 early escape variants. Indeed, prolonged entry kinetics
correlated with increased VRC26 resistance in both, free virus and cell-cell transmission, con-
firming that the acquisition of mutations conferring increasing resistance to the VRC26 bnAb
lineage were associated with an altered entry phenotype and fitness loss (Fig 6C, S6 Fig).
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Fig 6. Virus evolution alters the entry kinetics of autologous CAP256 viruses. A: Schematic presentation of the free virus entry kinetic assay on
TZM-bl target cells testing the half-maximal time to CD4-attachment and fusion. B: Mean half-maximal times of infection (t;,,) to CD4 attachment
(orange) and virus fusion (black) of 2 to 4 independent experiments are displayed. C: Interrelations of IC50s (in pg/ml) for VRC26 bnAb neutralization,
viral infectivity and mean half-maximal time (t;/,) to CD4-attachment, fusion and from CD4 attachment to fusion were determined for viruses
analyzed in Fig 6B and displayed for all SU-like, SU-like VRC26 sensitive and SU-like VRC26 early escape viruses for both free virus and cell-cell
transmission. Spearman correlation on untransformed data sets are shown with R and p values. Green fields denote positive, orange fields negative
correlations. n.s. indicates no significance.

https://doi.org/10.1371/journal.ppat.1006825.9006

CAP256-VRC26 bnAbs can act both pre- and post-CD4 attachment with
high activity

Interestingly, the time to CD4 engagement had no impact on free virus VRC26 potency and
was also the weakest influence for cell-cell inhibition (Fig 6C), suggesting that VRC26 may not
depend on a rapid binding prior to CD4 attachment in order to neutralize. We thus directly
explored the efficacy of VRC26 against free virus before and after CD4 engagement for a selec-
tion of Env variants, focusing again on the SU-like autologous viruses (Fig 7). To distinguish
pre and post CD4 activity, we synchronized infection by spinoculation at 23°C, a temperature
that allows for virus binding to CD4 but not for fusion, and added the bnAbs either before or
after CD4 attachment [47,52].

Individual virus-VRC26 bnAb combinations differed in pre- and post-attachment activity
(Fig 7A and 7B) but overall, sensitivity in free virus and cell-cell transmission correlated with
pre- and post-attachment activity for PI-like and SU-like viruses (Fig 8A). Most intriguingly,
the SU-like VRC26 sensitive viruses were significantly better neutralized during both pre- and
post-attachment (Figs 7B and 8B; Mann-Whitney test, p<0.0001). This ability to access their
epitope both on the native trimer and post-CD4 triggering allows for a prolonged window of
action that may thus contribute to the bnAbs’ potency and breadth for both viral transmission
routes. For SU-like VRC26 early escape viruses, however, post-attachment neutralization
decreased to a significantly greater extent (Mann-Whitney test, p<0.0001) compared to SU-
like VRC26 sensitive viruses (Figs 7B and 8B), suggesting that resistance conferring mutations
may have a more pronounced effect on the CD4 bound conformation of the CAP256 Env.

Considering all phenotypic traits we investigated, our analyses lead us to suggest that an ini-
tial pressure on free virus might have resulted in the generation of escape variants with altered
entry properties. This first wave of partial escape from VRC26 might have led to a reduced
entry capacity that was linked with altered entry kinetics and a more pronounced decrease in
post-attachment activity of the VRC26 bnAb lineage.

Discussion

A continuous, tight interplay between the HIV-1 envelope (Env) antibody response and virus
escape is a fundamental component of bnAb development [31,32,34,35,41]. Consequently, elu-
cidation of escape pathways can provide valuable insights for bnAb based vaccine design. Viral
escape leads to the formation of new Env variants that affinity mature the bnAb response.
Deciphering which Env variants were instrumental in shaping the bnAb response in natural
infection will thus help to inform immunogen design. To date, we lack criteria that allow for
pinpointing these Env variants amongst the wide spectrum of quasispecies that evolve during
virus escape. Knowing which phenotypic features were preserved or alternatively lost during
escape evolution will allow to select Env variants not only based on epitope variation, but also
on phenotypic traits that may be relevant for epitope exposure, virus survival and antibody
efficacy. In the present study, we explore phenotypic traits of the virus Env during bnAb evolu-
tion to distinguish Env properties that may have influenced bnAb development or resulted
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https://doi.org/10.1371/journal.ppat.1006825.9007

from its action. We do this by studying longitudinal Env and bnAb variants available from
donor CAP256 who developed the potent V2 apex VRC26 bnAb lineage [33,34,41,42].
Although a range of host and viral factors that contribute to bnAb development have been
identified [13,16-30], we currently do not know to what extent a given Env will steer the anti-
body response towards bnAb development. That env genes are not equally effective in induc-
ing bnAbs is widely assumed and we have recently shown this in a survey of neutralization
breadth in close to 4500 individuals where we observed higher frequencies of CD4bs bnAbs
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https://doi.org/10.1371/journal.ppat.1006825.9008

amongst HIV-1 subtype B infections while V2 apex bnAbs proved more frequent in non-sub-
type B infections [16]. Envimmunogens that are capable of triggering a bnAb response may
thus harbor distinct phenotypic features that facilitate bnAb precursor binding or mAb matu-

ration. This could include a multitude of features that influence epitope exposure such as the
degree of shielding, Env stability, the density of the trimeric spike on virions or specific confor-
mation traits that affect the exposure of the target epitope.
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bnAb evolution has been shown to benefit from viral diversity [13,16-28,30,39]. Viral pop-
ulations which have evolved to high diversity or harbor high diversity due to superinfection, as
in the case of patient CAP256, represent a mixture of Env immunogens that undoubtedly will
widely differ in phenotype. It is feasible that the necessity to simultaneously react with highly
differential epitopes, e.g. open (neutralization sensitive, epitope exposing) and closed (neutrali-
zation resistant, epitope largely hidden) immunogens, may steer the immune system into rec-
ognizing a broad variety of Env conformations. Intriguingly, such a dichotomy in sensitivity
was present in CAP256 during VRC26 development with the highly VRC26 resistant PI strain
and the VRC26 sensitive SU strain co-circulating eventually resulting in the evolution of broad
VRC26 variants that harbor activity also against the PI strain [33,41] (Figs 1 and 2).

Other phenotypic aspects and characteristics of the virus-Ab interplay are also likely to be
important. Slow escape from the bnAb lineage may be beneficial by prolonging virus-bnAb
evolution and allowing breadth to develop [63]. Comparatively higher initial resistance to neu-
tralization or a higher tolerance to mutations in Env could thereby prove beneficial.

Likewise, replication properties may be important. As escape from CAP256 highlights, the
kinetics of the entry process may influence neutralization efficacy by altering the window of
action for neutralization. A differential capacity to replicate as free virus or by cell-cell trans-
mission has been recognized to affect neutralization activity, with cell-cell transmission often
less effectively inhibited by nAbs. This results in a higher propensity to select for resistance
mutations in cell-cell transmission [47,49-52,54,63,64]. As we show here, VRC26 is one of the
few antibodies that retains substantial activity against cell-associated virus. This was particu-
larly evident for virus strains for which VRC26 has a comparatively lower activity in free virus
transmission (Fig 2E) [52]. The fact that with increasing VRC26 resistance the transmission
mode appears to have less influence on nAb efficacy is intriguing. This could imply that the
Env of evolved strains adopts an Env conformation in the unliganded stage that resembles Env
conformations that are relevant during cell-cell transmission. By investigating the phenotypic
properties of autologous virus strains which circulated prior to and during the evolution of the
bnAb CAP256-VRC26 lineage we show that the capacity of VRC26 to maintain activity during
cell-cell transmission is shared by other V2 apex bnAbs, suggesting that their common mecha-
nism of action contributes to this. What constitutes the differences for certain bnAbs but not
others in the context of free and cell-cell transmission will be important to resolve in forthcom-
ing studies. Multiple scenarios may apply, and dissecting whether a reduced capacity results
from an inability to recognize Env on recently budded, immature viruses or the CD4 bound
Env will be of particular interest.

The capacity of VRC26 to act before and after CD4 engagement provides a first clue to how
VRC26 is equally effective in cell-cell transmission [52] as it allows the bnAb to be active over
a longer time window during the entry process. Considering that attachment to CD4 in cell-
cell transmission is rapid, the capacity to block entry after CD4 binding is likely a benefit for
cell-cell neutralization activity [52].

The first wave of VRC26 escape variants we investigated here thus hints at an intriguing
phenotypic plasticity in Env functionality. While the virus managed to maintain its Env repli-
cation competence, these changes seem to have come at entry fitness costs in the initial phase
of resistance adaptation to VRC26. Both, a loss in replicative fitness of the initial escape vari-
ants and the sustained sensitivity to VRC26 during cell-cell-spread may have aided the evolu-
tion of VRC26 breadth by reducing virus progeny and thus slowing formation of escape
variants. Prolonged exposure until full escape is reached will favor the long-term circulation of
virus variants with an intact VRC26 epitope, thereby increasing the chances for the bnAb
response to mature. Indeed, slow viral escape has been reported in several bnAb lineages
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[32,34,63,65] though the mechanism for this has not been clear as passive administration of
bnAbs results in rapid viral escape [66-70].

In summary, our findings illustrate the phenotypic plasticity of the HIV-1 Env in evading
bnAb pressure. As exemplified by VRC26, alterations in phenotypic traits that emerge in
response to a bnAb response can provide insights into functional consequences of viral escape
and potentially may highlight differential Env conformations that should be considered when
selecting and designing Env immunogens. Sequential immunization protocols to mature
bnAb responses by vaccination may be beneficial if combinations of Env variants with differ-
ential phenotypic patterns and bnAb sensitivity, as we describe here for CAP256, are included.

Materials and methods
Ethics statement

A cryo-preserved plasma sample from week 145 p.i. of the CAP256 patient for the analyses of
the current study was provided by the repository of the CAPRISA 002 Acute Infection study,
Durban, South Africa [71]. The CAPRISA 002 study was reviewed and approved by the
research ethics committees of the University of KwaZulu-Natal (E013/04), the University of
Cape Town (025/2004) and the University of the Witwatersrand (MM040202).

Antibodies

CAP256 VRC26 bnAbs and expression plasmids have been described previously [33,41]. We
thank D. Burton, J. Mascola, M. Nussenzweig and M. Connors for providing antibodies and
antibody expression plasmids for this study either directly or via the NIH AIDS Research and
Reference Reagent Program (NIH ARP). All antibodies were expressed in FreeStyle 293-F cells
and purified on protein G affinity and size exclusion chromatography columns as described
[72].

Inhibitors

The CD4-directed DARPin 55.2 was produced as described [61], the fusion inhibitor T-20
[62] was purchased from Roche Pharmaceuticals.

Cells

293-T cells (obtained from the American Type Culture Collection (ATCC)) and TZM-bl cells
([73]; obtained from the National Institute of Health AIDS Reagent Program) were maintained
in DMEM with 10% heat inactivated FCS and 1% Penicillin/Streptomycin. FreeStyle 293-F
cells were purchased from Thermo Fisher Scientific and maintained according to the manufac-
turers instructions. A3.01-CCR5 cells were previously generated [47] and were cultivated in
RPMI with 10% heat inactivated FCS and 1% Penicillin/Streptomycin.

Viruses

Envelope (Env) genes of patient CAP256 were previously cloned as described [33,34,42]

and GenBank accession numbers are summarized in S1 Table. We only had the capacity to
include a selection of available Env clones in the current study, to allow an assessment of all
variants in the same assay runs to restrict assay variability. We primarily focused on multiple
Env variants from key time points prior to and during the emergence of the VRC26 lineage,
when the autologous viruses were still partially sensitive to VRC26 [34] as the interaction with
VRC26 was a main aim of our study. The 34wk and 48wk time points thus allowed a clear
focus on VRC26-mediated pressure. We did not include strains beyond wk176 as these viruses
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are resistant to VRC26. For certain complex and labor intensive analyses (e.g. kinetics assay
and pre-post attachment assay), only a restricted virus panel was assessed to still allow process-
ing of all Env variants in the same assay run. As the emphasis of our study was on the SU
viruses, these were preferentially included. Amongst PI viruses, we preferentially included
later viruses over earlier (23wk"' and 30wk"") variants as phenotypic evolution in later clones
which experienced VRC26 potentially are of higher interest in the context of the current study.

For the production of single-round replicating cell-free pseudovirus stocks, 293-T cells
were transfected with the luciferase reporter HIV-1 pseudotyped vector pNLIucAM [74] (a gift
from A. Marozsan and J. P. Moore) and the respective Env expression plasmids as described
[75]. Infectivity of reporter viruses was quantified by titration of virus containing supernatants
on 1710* TZM-bl or 510* A3.01-CCRS5 in a 1:4 ratio starting from 100 pl virus solution/well
in the presence of 10 pug/ml diethylaminoethyl (DEAE, Amersham Biosciences, Connecticut,
USA). Infection of target cells was assessed by measuring the firefly luciferase activity from the
lysed cells using firefly luciferase substrate (Promega, Madison Wisconsin, USA). Emitted
RLU were quantified on a Dynex MLX luminometer (Dynex Technologies Inc., Chantilly, Vir-
ginia, USA).

Infection via the cell-cell-route is described below. As the A3.01-CCR5 cell-cell transmission
assay relies on the omission of polycations to exclude free virus spread, all CAP256 Env isolates
used in the current study were confirmed to require polycations for free virus entry (S7 Fig).

Comparing CAP256 Env infectivity in free virus and cell-cell transmission

To assess viral infectivity in free virus cell-cell transmission, we employed recently described
assay formats utilizing A3.01-CCR5 cells as target cells and either cell-free virus or 293-T trans-
tected cells as source of virus [52]. In both systems, a reporter virus backbone lacking env and
an env expression vector are co-transfected to generate Env pseudoviruses or Env pseudovirus
expression cells, respectively. An essential difference in the free virus and the cell-cell transmis-
sion assay is the virus backbone used. The free virus set up uses the conventional NL4-3 based
pNLIucAM luciferase reporter Env pseudotyping backbone [74]. The cell-cell transmission
assay utilizes a NL4-3 derived pseudotyping HIV-1 backbone with an intron-regulated Gaussia
luciferase LTR-reporter construct called inGluc (kind gift from Dr. M Johnson [76-78]). The
reverse orientation of the reporter and the intron allow luciferase expression only after correct
splicing, packaging into viral particles and infection of A3.01-CCR5 target cells. Free virus
infection in the cell-cell transmission set up is restricted by the omission of DEAE in the infec-
tion medium as described previously [47].

To measure infectivity in free virus and cell-cell transmission, 5* 10* 293-T cells per 24-well
were transfected with Env and NLinGluc backbone for cell-cell transmission or pNLIlucAM
backbone plasmids for free virus transmission in a 1:3 ratio, using polyethyleneimine (PEI) as
transfection reagent. To test cell-cell infectivity, 293-T cells were transfected with the inGluc
reporter and an Env plasmid of choice. After 6 h incubation, cells were detached and 5*10°
transfected cells /100 ul RPMI medium seeded per 96 well. A3.01-CCRS5 target cells (1.5*10*/
100 ul RPMI medium) were added to each well. After 65 h of incubation at 37°C, Gaussia lucif-
erase activity in the supernatant was quantified using the Renilla Luciferase Assay System (Pro-
mega, Madison Wisconsin, USA) according to the manufacturer’s instructions.

To test free virus infectivity, 293-T cells transfected with the pNLlucAM luciferase reporter
and an Env expression plasmid were incubated for a total of 65 h, and the transfection medium
exchanged after 8 h. After 65 h, the supernatant was collected, briefly centrifuged at maximum
speed and frozen for 24 h to prevent carry-over of transfected cells. 100 pl of a 1:2 virus dilu-
tion with DMEM medium were seeded into 96 well plates in duplicates or triplicates and 5*10*
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A3.01-CCRS5 target cells in 100 pl per 96 well in the presence of 10 ug/ml DEAE were added.
After 65 h incubation at 37°C, infection was assessed by luciferase production after cell lysis
and addition of firefly luciferase substrate (Promega, Madison, Wisconsin, USA).

Neutralization of cell-free Env-pseudotyped viruses on A3.01-CCR5

Free virus inhibition by bnAbs and plasma was assessed on A3.01-CCRS5 cells using Env-pseu-
dotyped NLIucAM reporter viruses as described [52]. Briefly, a virus input of around 10,000
relative light units (RLU) per 96 well in absence of inhibitors was pre-incubated with the
respective bnAbs or patient plasma for 1 h at 37°C. 5*10* A3.01-CCRS5 target cells per 96 well
in the presence of 10 ug/ml DEAE were added and incubated for 65 h at 37°C. Infection was
assessed by firefly luciferase production as described above. The inhibitor concentrations or
plasma dilutions causing 50% reduction in viral infectivity (50% inhibitory concentration;
IC50 or 50% neutralizing titers, NT50) were calculated by fitting pooled data from two to four
independent experiments to sigmoid dose response curves (variable slope) using GraphPad
Prism. If 50% inhibition was not achieved at the highest bnAb concentration or lowest plasma
dilution, a greater-than value was recorded.

Measuring neutralization activity during cell-cell transmission of 293-T to
A3.01-CCR5 cells

For measuring neutralization of cell-cell transmission, 293-T cells were transfected with Env
and NLinGluc plasmids in a 1:3 ratio. 6 h post transfection, 5°10° transfected cells were seeded
in 50 ul per 96 well and serial dilutions of bnAbs or patient plasma in 50 pl per 96 well were
added. After 1 h incubation at 37°C, 1.5*10* A3.01-CCRS5 target cells in 100 ul RPMI medium
were added for 65 h at 37°C. Gaussia luciferase activity in the supernatant was quantified using
the Renilla Luciferase Assay System (Promega, Madison Wisconsin, USA) according to the
manufacturer’s instructions. Neutralization data were analyzed with GraphPad Prism as
described above.

The change in neutralization activity for cell-cell compared to free virus transmission (fold
change IC50) was calculated as the ratio of the IC50 of neutralization during cell-cell and free
virus transmission. If for only one of the pathways, the virus was resistant to a particular bnAb,
the IC50 was nominally set to a value of two times the highest ineffective bnAb-concentration
tested for that pathway.

Measuring viral entry kinetics

Entry kinetics were assessed using an inhibitor time of addition set up as recently described
[59,60] (Fig 6A). The essence of the assay is a synchronized infection of free virus that is
blocked at distinct time points by inhibitors interfering with CD4 attachment (the CD4 block-
ing agent DARPin 55.2 [61]) or fusion (T-20 [62]).

Briefly, 6*10° TZM-bl cells in 60 ul DMEM medium per 384-wells were seeded and incu-
bated for 24 h at 37°C. Cells were then shortly cooled at 4°C before removing the medium and
adding HIV-1 pseudovirus stocks yielding 50°000 RLU in 60 yl DMEM medium with 10 pg/ml
DEAE-Dextran at 4°C per 384-well. Virus binding to the cells was synchronized by spinocula-
tion of the plates for 30 min at 2095 g and 4°C. Supernatants including unbound viruses were
removed, 37°C warm DMEM was added to start the infection and plates were incubated at
37°C. At indicated time points, the infection was stopped by the addition of inhibitors of CD4
binding (1 uM DARPin 55.2) or fusion (50 ug/ml T-20). The chosen concentration of each of
the inhibitors exceeded the 100% inhibitory concentrations, which had been determined for
the individual virus strains. After 48 h incubation at 37°C, virus infection was quantified by
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measuring the Gaussia luciferase activity in the supernatant as described. To allow comparison
of virus infectivity across independent experiments, infectivity after 120 min was set to 100%
and virus infectivity in all other wells were expressed in relation to this. The time to reach 50%
of infection (half-maximal entry times, t,,,) was used as a surrogate for timing of CD4 receptor
binding or fusion. For each Env, each inhibitor and each replicate, a general kinetic equation

(A-D)/(1+ /(x/C)B) +D

was fitted to the time series of the data points and a t,, value was estimated from the fitted
equation. If the least-squares approximation used to fit the kinetic equation did not converge,
a straight line was instead used to estimate t;,,, To deal with irregularities of the data, this line
connects the data point left of the first point with >50% relative infectivity and the point right
of the last point with <50% relative infectivity. The reported t;,, value for each Env and each
inhibitor is the mean t;,, value across all replicates. To compare the time intervals between
three different stages of the entry process (synchronized start, CD4 binding, fusion) among
different Env, Mann-Whitney tests were performed. Only Env of the same type (PI-like or SU-
like) were compared.

Infection time courses for both inhibitors were generated and the mean half-maximal time
(mean t,,,) required for viruses to progress with the entry process beyond these two steps were
calculated from the fitted curves (Fig 6B, S4 Fig). Time intervals between three different stages
of the entry process (CD4 attachment, progress from CD4 to fusion, and fusion) among either
the PI-like or SU-like Env were compared (S5 Fig).

Measuring the pre- and post-CD4 attachment neutralization activity

The neutralization capacity of bnAbs at pre- and post-attachment of NLlucAM reporter
viruses to A3.01-CCRS5 target cells was assessed as described [47,52]

Briefly, total neutralization activity at the pre- and post-attachment stage was measured by
pre-incubating NLlucAM reporter viruses yielding around 10°000 RLU per 96 well with the
respective bnAbs for 1 h at 37°C. The virus-bnAb mix was then spinoculated onto 1*10°
A3.01-CCRS5 target cells in RPMI with 50 uM Hepes and 10 pg/ml DEAE per 96 well for 2 h at
1200 g and 23°C. The reaction was transferred to 37°C and incubated for 65 h.

To assess pre-attachment neutralization activity, samples were additionally washed after the
spinoculation step to remove unbound viruses and inhibitors.

To assess inhibitory capacity at the post-CD4 attachment step, NLlucAM reporter viruses
were first spinoculated onto the A3.01-CCR5 target cells and then bnAbs were added for 1 h
incubation at 23°C before rising the temperature to 37°C for 65 h.

Infectivity was determined by firefly luciferase reporter production from the lysed cells as
described. Samples measuring the total inhibition activity were set to 100% and pre- and post-
attachment samples were expressed relative to the total activity.

Phylogenetic analysis of the envelope genes

We reconstructed a phylogeny based on the Env sequences of the 17 CAP256 clones included
in the present study. The CAP256 Env sequences [34] were aligned to the HXB2 genome using
AliView [79]. The phylogenetic analysis was performed employing the sampled ancestor
model [80] in BEAST?2 [81]. The maximum credibility tree was constructed with TreeAnnota-
tor and the phylogeny displayed with FigTree. The resulting summary of the posterior distri-
bution of phylogenies is shown in S2A Fig. The entire posterior distribution of phylogenetic
trees is displayed with DensiTree [82] in S2B Fig. The xml-file of the BEAST?2 analysis is sum-
marized in S1 Dataset.
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Statistical analysis

Correlation analyses according to Spearman using the untransformed data sets were per-
formed in GraphPad Prism. Unmatched groups were compared using the nonparametric
Mann-Whitney test in GraphPad Prism.

Supporting information

S1 Fig. CAP256-VRC26 bnAbs maintain a high neutralization activity against cell-cell trans-
mission of autologous viruses. Comparison of VRC26 bnAbs according to 50% inhibitory
concentrations (IC50 in ug/ml) against free virus and cell-cell transmission and fold change
1C50°!-<e!! /1501 YIS, A: Neutralization activity is shown for VRC26 bnAbs sorted by heterolo-
gous breadth, determined on a panel of 46 heterologous viruses (S2 Table [41]). B: Spearman
correlation on untransformed data sets of VRC26 bnAb neutralization activity and their heterolo-
gous breadth for free virus and cell-cell transmission. No significant interrelation was detected
(Spearman correlation, R: -0.3585, p = 0.2508 and R: -0.3199, p = 0.3085 respectively). C: Neutrali-
zation activity is shown for VRC26 bnAbs sorted by bnAb maturation, defined by the proportion
of amino acid changes in the heavy chain from the unmutated common ancestor (UCA; [41]. D:
Spearman correlation on untransformed data sets of VRC26 bnAb neutralization activity and the
proportion of amino acid changes in the heavy chain of the UCA for free virus and cell-cell trans-
mission. No significant interrelation was detected (Spearman correlation, R: 0.1056, p = 0.7480
and R: 0.007042, p = 0.9916 respectively). A+C: Black lines show the median IC50 or fold change
IC50 of all sensitive combinations for each bnAb. PI-like, SU-like VRC26 sensitive and SU-like
VRC26 early escape viruses are marked in red, light blue and dark blue respectively.

(PDF)

S2 Fig. Time-resolved phylogeny of all viral sequences isolated from CAP256. A: The
CAP256 phylogeny represents the maximum credibility tree of a BEAST?2 analysis and is based
on 17 CAP256 Env variants listed in S1 Table. Each node is provided with the posterior proba-
bility of this node and the 95% HPD (highest posterior density) interval. B: Representation of
the trees visited and accepted by the Markov Chain Monte Carlo (MCMC) algorithm of the
BEAST? phylogenetic analysis. The low posterior probabilities at many branching events (A)
and the distribution of trees (B) show that the phylogenetic tree cannot be unambiguously
determined due to the previously documented recombination among the primary infecting PI
and SU strains [34,42]. The time line is orientated backwards in time with week 0 as the time
point of the last sample date included.

(PDF)

S3 Fig. Activity of autologous plasma against cell-cell transmission of CAP256 viruses is
strongly driven by VRC26 bnAb activity. Scatter blots for the correlation analysis presented
in Fig 5C and 5D. A: Interrelations of neutralizing titers for plasma and IC50s for bnAb neu-
tralization for PI-like and SU-like viruses during free virus and cell-cell transmission. B: Inter-
relations of virus infectivity in free virus and cell-cell transmission, IC50s and neutralizing
titers (NT50) for SU-like viruses. A+B: Spearman correlations on untransformed data sets
were used, R and p values are indicated. Significant correlations are marked in red. N.s.
denotes no significance.

(PDF)

$4 Fig. Entry kinetics of CAP256 viruses. Entry kinetics infection curves were obtained by
the synchronized infection of TZM-bl cells and the addition of CD4-attachment inhibitor
DARPin 55.2 or fusion inhibitor T-20 at indicated time points to block infection. Infection
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curves were fitted using data points from individual experiments and the mean half-maximal
entry times (t;/,) were determined from two to four independent experiments. The fits for one
representative experiment are shown.

(PDF)

S5 Fig. Virus evolution alters the entry kinetics of CAP256 viruses. Heat maps showing the
statistical differences for t;,, to CD4 attachment, fusion and the time between CD4 attachment
and fusion. Statistical significance was determined with Mann-Whitney tests and shades of
green indicate p values (dark green denotes a low p value/strong difference).

(PDF)

S6 Fig. A decreased sensitivity to neutralization by the CAP256-VRC26 bnAbs is associ-
ated with viral fitness losses. Scatter blots for the correlation analysis presented in Fig 6C.
Interrelations of IC50s (in ug/ml) for VRC26 bnAb neutralization, viral infectivity and mean
half-maximal time (t;/,) to CD4-attachment, fusion and CD4 attachment to fusion were deter-
mined separately for SU-like (left) and PI-like (right) viruses during free virus and cell-cell
transmission. Spearman correlations on untransformed data sets were used, R and p values are
indicated. Significant correlations are marked in red. N.s. denotes no significance.

(PDF)

S7 Fig. The DEAE omission system to restrict free virus spread in cell-cell analyses is applica-
ble for all autologous CAP256 viruses. CAP256 NLlucAM reporter pseudoviruses were titrated
on A3.01-CCR5 cells in 96 well plates in presence (black) or absence (gray) of 10 ug/ml diethyla-
minoethyl (DEAE). Firefly luciferase reporter activity was measured from the lysed cells. The
maximum virus input used for free virus neutralization assays is indicated (dashed line).

(PDF)

S1 Table. Longitudinal CAP256 Env panel. Overview of CAPR256 Env variants used in the
current study.
(PDF)

$2 Table. CAP256-VRC26 bnAb characteristics and autologous free virus neutralization.
Overview of CAP256-VRC26 bnAbs used in the current study.
(PDF)

$3 Table. Comparison heterologous bnAb neutralization of VRC26 sensitive and early
escape SU-like viruses. Comparison (Mann-Whitney test) of sensitivity of VRC26 sensitive
and early escape SU-like viruses to heterologous bnAbs directed to different epitopes.
(PDF)

S1 Dataset. CAP256 Env sequence analysis. xml-file of BEAST?2 analysis.
(TXT)

Acknowledgments

We thank the participants in the CAPRISA 002 study and the CAPRISA 002 clinical team. We
thank M Johnson for providing the inGluc pseudotyping vector for the analysis of HIV-1 cell-
cell transmission. We thank V Boskova, A Gavryushkina and T Stadler for their helpful com-
ments on the phylogenetic analysis.

Author Contributions

Conceptualization: Lucia Reh, Lynn Morris, Penny L. Moore, Alexandra Trkola.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006825 January 25, 2018 22/27


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006825.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006825.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006825.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006825.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006825.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006825.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1006825.s011
https://doi.org/10.1371/journal.ppat.1006825

@’PLOS | PATHOGENS

Viral escape from V2-directed bnAbs confers phenotypic losses

Data curation: Lucia Reh.

Formal analysis: Lucia Reh, Carsten Magnus, Claus Kadelka, Denise Kiithnert, Therese Uhr,

Jacqueline Weber.

Funding acquisition: Lynn Morris, Penny L. Moore, Alexandra Trkola.

Resources: Lynn Morris, Penny L. Moore, Alexandra Trkola.

Supervision: Alexandra Trkola.

Writing - original draft: Lucia Reh, Alexandra Trkola.

Writing - review & editing: Lucia Reh, Carsten Magnus, Claus Kadelka, Denise Kithnert,

Lynn Morris, Penny L. Moore, Alexandra Trkola.

References

1.

10.

1.

12

13.

14.

15.

16.

Chen W, Ying T, Dimitrov DS (2013) Antibody-based candidate therapeutics against HIV-1: implications
for virus eradication and vaccine design. Expert Opin Biol Ther 13: 657-671. https://doi.org/10.1517/
14712598.2013.761969 PMID: 23293858

Walker LM, Burton DR (2010) Rational antibody-based HIV-1 vaccine design: current approaches and
future directions. Curr Opin Immunol 22: 358-366. https://doi.org/10.1016/j.coi.2010.02.012 PMID:
20299194

Haynes BF (2015) New approaches to HIV vaccine development. Curr Opin Immunol 35: 39-47.
https://doi.org/10.1016/j.coi.2015.05.007 PMID: 26056742

Kwong PD, Mascola JR, Nabel GJ (2011) Rational design of vaccines to elicit broadly neutralizing anti-
bodies to HIV-1. Cold Spring Harb Perspect Med 1: a007278. hitps://doi.org/10.1101/cshperspect.
a007278 PMID: 22229123

Derdeyn CA, Moore PL, Morris L (2014) Development of broadly neutralizing antibodies from autolo-
gous neutralizing antibody responses in HIV infection. Curr Opin HIV AIDS 9: 210-216. https://doi.org/
10.1097/COH.0000000000000057 PMID: 24662931

Sattentau QJ (2014) Immunogen design to focus the B-cell repertoire. Curr Opin HIV AIDS 9: 217-223.
https://doi.org/10.1097/COH.0000000000000054 PMID: 24675068

Klein F, Mouquet H, Dosenovic P, Scheid JF, Scharf L, et al. (2013) Antibodies in HIV-1 vaccine develop-
ment and therapy. Science 341: 1199-1204. https://doi.org/10.1126/science.1241144 PMID: 24031012

McCoy LE, Burton DR (2017) Identification and specificity of broadly neutralizing antibodies against
HIV. Immunol Rev 275: 11-20. https://doi.org/10.1111/imr.12484 PMID: 28133814

Stephenson KE, Barouch DH (2016) Broadly Neutralizing Antibodies for HIV Eradication. Curr HIV/
AIDS Rep 13: 31-37. https://doi.org/10.1007/s11904-016-0299-7 PMID: 26841901

Wibmer CK, Moore PL, Morris L (2015) HIV broadly neutralizing antibody targets. Curr Opin HIV AIDS
10: 135-143. https://doi.org/10.1097/COH.0000000000000153 PMID: 25760932

Kelsoe G, Haynes BF (2017) Host controls of HIV broadly neutralizing antibody development. Immunol
Rev 275: 79-88. https://doi.org/10.1111/imr.12508 PMID: 28133807

Bonsignori M, Liao HX, Gao F, Williams WB, Alam SM, et al. (2017) Antibody-virus co-evolution in HIV
infection: paths for HIV vaccine development. Immunol Rev 275: 145-160. https://doi.org/10.1111/imr.
12509 PMID: 28133802

Gray ES, Madiga MC, Hermanus T, Moore PL, Wibmer CK, et al. (2011) The neutralization breadth of
HIV-1 develops incrementally over four years and is associated with CD4+ T cell decline and high viral
load during acute infection. J Virol 85: 4828—4840. https://doi.org/10.1128/JVI1.00198-11 PMID:
21389135

Hraber P, Seaman MS, Bailer RT, Mascola JR, Montefiori DC, et al. (2014) Prevalence of broadly neu-
tralizing antibody responses during chronic HIV-1 infection. AIDS 28: 163—169. https://doi.org/10.1097/
QAD.0000000000000106 PMID: 24361678

Burton DR, Hangartner L (2016) Broadly Neutralizing Antibodies to HIV and Their Role in Vaccine
Design. Annu Rev Immunol 34: 635-659. https://doi.org/10.1146/annurev-immunol-041015-055515
PMID: 27168247

Rusert P, Kouyos RD, Kadelka C, Ebner H, Schanz M, et al. (2016) Determinants of HIV-1 broadly neu-
tralizing antibody induction. Nat Med 22: 1260-1267. https://doi.org/10.1038/nm.4187 PMID:
27668936

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006825 January 25, 2018 23/27


https://doi.org/10.1517/14712598.2013.761969
https://doi.org/10.1517/14712598.2013.761969
http://www.ncbi.nlm.nih.gov/pubmed/23293858
https://doi.org/10.1016/j.coi.2010.02.012
http://www.ncbi.nlm.nih.gov/pubmed/20299194
https://doi.org/10.1016/j.coi.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26056742
https://doi.org/10.1101/cshperspect.a007278
https://doi.org/10.1101/cshperspect.a007278
http://www.ncbi.nlm.nih.gov/pubmed/22229123
https://doi.org/10.1097/COH.0000000000000057
https://doi.org/10.1097/COH.0000000000000057
http://www.ncbi.nlm.nih.gov/pubmed/24662931
https://doi.org/10.1097/COH.0000000000000054
http://www.ncbi.nlm.nih.gov/pubmed/24675068
https://doi.org/10.1126/science.1241144
http://www.ncbi.nlm.nih.gov/pubmed/24031012
https://doi.org/10.1111/imr.12484
http://www.ncbi.nlm.nih.gov/pubmed/28133814
https://doi.org/10.1007/s11904-016-0299-7
http://www.ncbi.nlm.nih.gov/pubmed/26841901
https://doi.org/10.1097/COH.0000000000000153
http://www.ncbi.nlm.nih.gov/pubmed/25760932
https://doi.org/10.1111/imr.12508
http://www.ncbi.nlm.nih.gov/pubmed/28133807
https://doi.org/10.1111/imr.12509
https://doi.org/10.1111/imr.12509
http://www.ncbi.nlm.nih.gov/pubmed/28133802
https://doi.org/10.1128/JVI.00198-11
http://www.ncbi.nlm.nih.gov/pubmed/21389135
https://doi.org/10.1097/QAD.0000000000000106
https://doi.org/10.1097/QAD.0000000000000106
http://www.ncbi.nlm.nih.gov/pubmed/24361678
https://doi.org/10.1146/annurev-immunol-041015-055515
http://www.ncbi.nlm.nih.gov/pubmed/27168247
https://doi.org/10.1038/nm.4187
http://www.ncbi.nlm.nih.gov/pubmed/27668936
https://doi.org/10.1371/journal.ppat.1006825

@’PLOS | PATHOGENS

Viral escape from V2-directed bnAbs confers phenotypic losses

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Piantadosi A, Panteleeff D, Blish CA, Baeten JM, Jaoko W, et al. (2009) Breadth of neutralizing antibody
response to human immunodeficiency virus type 1 is affected by factors early in infection but does not
influence disease progression. J Virol 83: 10269—-10274. https://doi.org/10.1128/JVI.01149-09 PMID:
19640996

Euler Z, van Gils MJ, Bunnik EM, Phung P, Schweighardt B, et al. (2010) Cross-reactive neutralizing
humoral immunity does not protect from HIV type 1 disease progression. J Infect Dis 201: 1045-1053.
https://doi.org/10.1086/651144 PMID: 20170371

Locci M, Havenar-Daughton C, Landais E, Wu J, Kroenke MA, et al. (2013) Human circulating PD-1
+CXCR3-CXCR5+ memory Tth cells are highly functional and correlate with broadly neutralizing HIV
antibody responses. Immunity 39: 758-769. https://doi.org/10.1016/j.immuni.2013.08.031 PMID:
24035365

Cohen K, Altfeld M, Alter G, Stamatatos L (2014) Early preservation of CXCR5+ PD-1+ helper T cells
and B cell activation predict the breadth of neutralizing antibody responses in chronic HIV-1 infection. J
Virol 88: 13310-13321. https://doi.org/10.1128/JV1.02186-14 PMID: 25210168

Havenar-Daughton C, Lindgvist M, Heit A, Wu JE, Reiss SM, et al. (2016) CXCL13 is a plasma bio-
marker of germinal center activity. Proc Natl Acad Sci U S A 113: 2702-2707. https://doi.org/10.1073/
pnas.1520112113 PMID: 26908875

Landais E, Huang X, Havenar-Daughton C, Murrell B, Price MA, et al. (2016) Broadly Neutralizing Anti-
body Responses in a Large Longitudinal Sub-Saharan HIV Primary Infection Cohort. PLoS Pathog 12:
€1005369. https://doi.org/10.1371/journal.ppat.1005369 PMID: 26766578

Moore PL, Williamson C (2016) Approaches to the induction of HIV broadly neutralizing antibodies.
Curr Opin HIV AIDS 11: 569-575. https://doi.org/10.1097/COH.0000000000000317 PMID: 27559709

Ward AB, Wilson |A (2017) The HIV-1 envelope glycoprotein structure: nailing down a moving target.
Immunol Rev 275: 21-32. https://doi.org/10.1111/imr.12507 PMID: 28133813

Stamatatos L, Pancera M, McGuire AT (2017) Germline-targeting immunogens. Immunol Rev 275:
203-216. https://doi.org/10.1111/imr.12483 PMID: 28133796

Jardine JG, Kulp DW, Havenar-Daughton C, Sarkar A, Briney B, et al. (2016) HIV-1 broadly neutralizing
antibody precursor B cells revealed by germline-targeting immunogen. Science 351: 1458—1463.
https://doi.org/10.1126/science.aad9195 PMID: 27013733

Wu X, Yang ZY, Li Y, Hogerkorp CM, Schief WR, et al. (2010) Rational design of envelope identifies
broadly neutralizing human monoclonal antibodies to HIV-1. Science 329: 856-861. https://doi.org/10.
1126/science.1187659 PMID: 20616233

Sanders RW, van Gils MJ, Derking R, Sok D, Ketas TJ, et al. (2015) HIV-1 VACCINES. HIV-1 neutraliz-
ing antibodies induced by native-like envelope trimers. Science 349: aac4223. https://doi.org/10.1126/
science.aac4223 PMID: 26089353

Haynes BF, Shaw GM, Korber B, Kelsoe G, Sodroski J, et al. (2016) HIV-Host Interactions: Implications
for Vaccine Design. Cell Host Microbe 19: 292—-303. https://doi.org/10.1016/j.chom.2016.02.002 PMID:
26922989

Borrow P, Moody MA (2017) Immunologic characteristics of HIV-infected individuals who make broadly
neutralizing antibodies. Immunol Rev 275: 62—78. https://doi.org/10.1111/imr.12504 PMID: 28133804

Wibmer CK, Bhiman JN, Gray ES, Tumba N, Abdool Karim SS, et al. (2013) Viral escape from HIV-1
neutralizing antibodies drives increased plasma neutralization breadth through sequential recognition of
multiple epitopes and immunotypes. PLoS Pathog 9: e1003738. https://doi.org/10.1371/journal.ppat.
1003738 PMID: 24204277

Liao HX, Lynch R, Zhou T, Gao F, Alam SM, et al. (2013) Co-evolution of a broadly neutralizing HIV-1
antibody and founder virus. Nature 496: 469-476. https://doi.org/10.1038/nature 12053 PMID:
23552890

Doria-Rose NA, Schramm CA, Gorman J, Moore PL, Bhiman JN, et al. (2014) Developmental pathway
for potent V1V2-directed HIV-neutralizing antibodies. Nature 509: 55-62. https://doi.org/10.1038/
nature13036 PMID: 24590074

Bhiman JN, Anthony C, Doria-Rose NA, Karimanzira O, Schramm CA, et al. (2015) Viral variants that
initiate and drive maturation of V1V2-directed HIV-1 broadly neutralizing antibodies. Nat Med 21:
1332-1336. https://doi.org/10.1038/nm.3963 PMID: 26457756

Moore PL, Williamson C, Morris L (2015) Virological features associated with the development of
broadly neutralizing antibodies to HIV-1. Trends Microbiol 23: 204-211. https://doi.org/10.1016/j.tim.
2014.12.007 PMID: 25572881

Gao F, Bonsignori M, Liao HX, Kumar A, Xia SM, et al. (2014) Cooperation of B cell lineages in induction
of HIV-1-broadly neutralizing antibodies. Cell 158: 481—491. https://doi.org/10.1016/j.cell.2014.06.022
PMID: 25065977

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006825 January 25, 2018 24/27


https://doi.org/10.1128/JVI.01149-09
http://www.ncbi.nlm.nih.gov/pubmed/19640996
https://doi.org/10.1086/651144
http://www.ncbi.nlm.nih.gov/pubmed/20170371
https://doi.org/10.1016/j.immuni.2013.08.031
http://www.ncbi.nlm.nih.gov/pubmed/24035365
https://doi.org/10.1128/JVI.02186-14
http://www.ncbi.nlm.nih.gov/pubmed/25210168
https://doi.org/10.1073/pnas.1520112113
https://doi.org/10.1073/pnas.1520112113
http://www.ncbi.nlm.nih.gov/pubmed/26908875
https://doi.org/10.1371/journal.ppat.1005369
http://www.ncbi.nlm.nih.gov/pubmed/26766578
https://doi.org/10.1097/COH.0000000000000317
http://www.ncbi.nlm.nih.gov/pubmed/27559709
https://doi.org/10.1111/imr.12507
http://www.ncbi.nlm.nih.gov/pubmed/28133813
https://doi.org/10.1111/imr.12483
http://www.ncbi.nlm.nih.gov/pubmed/28133796
https://doi.org/10.1126/science.aad9195
http://www.ncbi.nlm.nih.gov/pubmed/27013733
https://doi.org/10.1126/science.1187659
https://doi.org/10.1126/science.1187659
http://www.ncbi.nlm.nih.gov/pubmed/20616233
https://doi.org/10.1126/science.aac4223
https://doi.org/10.1126/science.aac4223
http://www.ncbi.nlm.nih.gov/pubmed/26089353
https://doi.org/10.1016/j.chom.2016.02.002
http://www.ncbi.nlm.nih.gov/pubmed/26922989
https://doi.org/10.1111/imr.12504
http://www.ncbi.nlm.nih.gov/pubmed/28133804
https://doi.org/10.1371/journal.ppat.1003738
https://doi.org/10.1371/journal.ppat.1003738
http://www.ncbi.nlm.nih.gov/pubmed/24204277
https://doi.org/10.1038/nature12053
http://www.ncbi.nlm.nih.gov/pubmed/23552890
https://doi.org/10.1038/nature13036
https://doi.org/10.1038/nature13036
http://www.ncbi.nlm.nih.gov/pubmed/24590074
https://doi.org/10.1038/nm.3963
http://www.ncbi.nlm.nih.gov/pubmed/26457756
https://doi.org/10.1016/j.tim.2014.12.007
https://doi.org/10.1016/j.tim.2014.12.007
http://www.ncbi.nlm.nih.gov/pubmed/25572881
https://doi.org/10.1016/j.cell.2014.06.022
http://www.ncbi.nlm.nih.gov/pubmed/25065977
https://doi.org/10.1371/journal.ppat.1006825

@’PLOS | PATHOGENS

Viral escape from V2-directed bnAbs confers phenotypic losses

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Bunnik EM, Pisas L, van Nuenen AC, Schuitemaker H (2008) Autologous neutralizing humoral immu-
nity and evolution of the viral envelope in the course of subtype B human immunodeficiency virus type 1
infection. J Virol 82: 7932-7941. https://doi.org/10.1128/JVI.00757-08 PMID: 18524815

Doria-Rose NA, Klein RM, Manion MM, O’Dell S, Phogat A, et al. (2009) Frequency and phenotype of
human immunodeficiency virus envelope-specific B cells from patients with broadly cross-neutralizing
antibodies. J Virol 83: 188—199. https://doi.org/10.1128/JV1.01583-08 PMID: 18922865

Gorman J, Soto C, Yang MM, Davenport TM, Guttman M, et al. (2016) Structures of HIV-1 Env V1V2
with broadly neutralizing antibodies reveal commonalities that enable vaccine design. Nat Struct Mol
Biol 23: 81-90. https://doi.org/10.1038/nsmb.3144 PMID: 26689967

Andrabi R, Voss JE, Liang CH, Briney B, McCoy LE, et al. (2015) Identification of Common Features in
Prototype Broadly Neutralizing Antibodies to HIV Envelope V2 Apex to Facilitate Vaccine Design.
Immunity 43: 959-973. https://doi.org/10.1016/j.immuni.2015.10.014 PMID: 26588781

Doria-Rose NA, Bhiman JN, Roark RS, Schramm CA, Gorman J, et al. (2015) New Member of the
V1V2-Directed CAP256-VRC26 Lineage That Shows Increased Breadth and Exceptional Potency. J
Virol 90: 76-91. https://doi.org/10.1128/JVI1.01791-15 PMID: 26468542

Moore PL, Sheward D, Nonyane M, Ranchobe N, Hermanus T, et al. (2013) Multiple pathways of
escape from HIV broadly cross-neutralizing V2-dependent antibodies. J Virol 87: 4882—-4894. https:/
doi.org/10.1128/JV1.03424-12 PMID: 23408621

Moore PL, Gray ES, Sheward D, Madiga M, Ranchobe N, et al. (2011) Potent and broad neutralization
of HIV-1 subtype C by plasma antibodies targeting a quaternary epitope including residues in the V2
loop. J Virol 85: 3128-3141. https://doi.org/10.1128/JV1.02658-10 PMID: 21270156

Jolly C, Kashefi K, Hollinshead M, Sattentau QJ (2004) HIV-1 cell to cell transfer across an Env-
induced, actin-dependent synapse. J Exp Med 199: 283—-293. https://doi.org/10.1084/jem.20030648
PMID: 14734528

Gupta P, Balachandran R, Ho M, Enrico A, Rinaldo C (1989) Cell-to-cell transmission of human immu-
nodeficiency virus type 1 in the presence of azidothymidine and neutralizing antibody. J Virol 63: 2361—
2365. PMID: 2704079

Ganesh L, Leung K, Lore K, Levin R, Panet A, et al. (2004) Infection of specific dendritic cells by CCR5-
tropic human immunodeficiency virus type 1 promotes cell-mediated transmission of virus resistant to
broadly neutralizing antibodies. J Virol 78: 11980-11987. https://doi.org/10.1128/JV1.78.21.11980-
11987.2004 PMID: 15479838

Abela IA, Berlinger L, Schanz M, Reynell L, Gunthard HF, et al. (2012) Cell-cell transmission enables
HIV-1 to evade inhibition by potent CD4bs directed antibodies. PLoS Pathog 8: €1002634. https://doi.
org/10.1371/journal.ppat.1002634 PMID: 22496655

Durham ND, Yewdall AW, Chen P, Lee R, Zony C, et al. (2012) Neutralization resistance of virological
synapse-mediated HIV-1 Infection is regulated by the gp41 cytoplasmic tail. J Virol 86: 7484—7495.
https://doi.org/10.1128/JV1.00230-12 PMID: 22553332

Malbec M, Porrot F, Rua R, Horwitz J, Klein F, et al. (2013) Broadly neutralizing antibodies that inhibit
HIV-1 cell to cell transmission. J Exp Med 210: 2813-2821. https://doi.org/10.1084/jem.20131244
PMID: 24277152

McCoy LE, Groppelli E, Blanchetot C, de Haard H, Verrips T, et al. (2014) Neutralisation of HIV-1 cell-
cell spread by human and llama antibodies. Retrovirology 11: 83. https://doi.org/10.1186/s12977-014-
0083-y PMID: 25700025

Gombos RB, Kolodkin-Gal D, Eslamizar L, Owuor JO, Mazzola E, et al. (2015) Inhibitory Effect of Indi-
vidual or Combinations of Broadly Neutralizing Antibodies and Antiviral Reagents against Cell-Free and
Cell-to-Cell HIV-1 Transmission. J Virol 89: 7813-7828. https://doi.org/10.1128/JVI1.00783-15 PMID:
25995259

Reh L, Magnus C, Schanz M, Weber J, Uhr T, et al. (2015) Capacity of Broadly Neutralizing Antibodies
to Inhibit HIV-1 Cell-Cell Transmission Is Strain- and Epitope-Dependent. PLoS Pathog 11: e1004966.
https://doi.org/10.1371/journal.ppat.1004966 PMID: 26158270

LiH, Zony C, Chen P, Chen BK (2017) Reduced Potency and Incomplete Neutralization of Broadly Neu-
tralizing Antibodies against Cell-to-Cell Transmission of HIV-1 with Transmitted Founder Envs. J Virol 91.

Magnus C, Reh L, Trkola A (2015) HIV-1 resistance to neutralizing antibodies: Determination of anti-
body concentrations leading to escape mutant evolution. Virus Res.

Scheid JF, Mouquet H, Ueberheide B, Diskin R, Klein F, et al. (2011) Sequence and structural conver-
gence of broad and potent HIV antibodies that mimic CD4 binding. Science 333: 1633—-1637. https://
doi.org/10.1126/science.1207227 PMID: 21764753

Walker LM, Sok D, Nishimura Y, Donau O, Sadjadpour R, et al. (2011) Rapid development of glycan-
specific, broad, and potent anti-HIV-1 gp120 neutralizing antibodies in an R5 SIV/HIV chimeric virus

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006825 January 25, 2018 25/27


https://doi.org/10.1128/JVI.00757-08
http://www.ncbi.nlm.nih.gov/pubmed/18524815
https://doi.org/10.1128/JVI.01583-08
http://www.ncbi.nlm.nih.gov/pubmed/18922865
https://doi.org/10.1038/nsmb.3144
http://www.ncbi.nlm.nih.gov/pubmed/26689967
https://doi.org/10.1016/j.immuni.2015.10.014
http://www.ncbi.nlm.nih.gov/pubmed/26588781
https://doi.org/10.1128/JVI.01791-15
http://www.ncbi.nlm.nih.gov/pubmed/26468542
https://doi.org/10.1128/JVI.03424-12
https://doi.org/10.1128/JVI.03424-12
http://www.ncbi.nlm.nih.gov/pubmed/23408621
https://doi.org/10.1128/JVI.02658-10
http://www.ncbi.nlm.nih.gov/pubmed/21270156
https://doi.org/10.1084/jem.20030648
http://www.ncbi.nlm.nih.gov/pubmed/14734528
http://www.ncbi.nlm.nih.gov/pubmed/2704079
https://doi.org/10.1128/JVI.78.21.11980-11987.2004
https://doi.org/10.1128/JVI.78.21.11980-11987.2004
http://www.ncbi.nlm.nih.gov/pubmed/15479838
https://doi.org/10.1371/journal.ppat.1002634
https://doi.org/10.1371/journal.ppat.1002634
http://www.ncbi.nlm.nih.gov/pubmed/22496655
https://doi.org/10.1128/JVI.00230-12
http://www.ncbi.nlm.nih.gov/pubmed/22553332
https://doi.org/10.1084/jem.20131244
http://www.ncbi.nlm.nih.gov/pubmed/24277152
https://doi.org/10.1186/s12977-014-0083-y
https://doi.org/10.1186/s12977-014-0083-y
http://www.ncbi.nlm.nih.gov/pubmed/25700025
https://doi.org/10.1128/JVI.00783-15
http://www.ncbi.nlm.nih.gov/pubmed/25995259
https://doi.org/10.1371/journal.ppat.1004966
http://www.ncbi.nlm.nih.gov/pubmed/26158270
https://doi.org/10.1126/science.1207227
https://doi.org/10.1126/science.1207227
http://www.ncbi.nlm.nih.gov/pubmed/21764753
https://doi.org/10.1371/journal.ppat.1006825

@’PLOS | PATHOGENS

Viral escape from V2-directed bnAbs confers phenotypic losses

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

infected macaque. Proc Natl Acad Sci U S A 108: 20125-20129. https://doi.org/10.1073/pnas.
1117531108 PMID: 22123961

Walker LM, Phogat SK, Chan-Hui PY, Wagner D, Phung P, et al. (2009) Broad and potent neutralizing
antibodies from an African donor reveal a new HIV-1 vaccine target. Science 326: 285-289. https://doi.
org/10.1126/science.1178746 PMID: 19729618

Huang J, Ofek G, Laub L, Louder MK, Doria-Rose NA, et al. (2012) Broad and potent neutralization of
HIV-1 by a gp41-specific human antibody. Nature 491: 406—412. https://doi.org/10.1038/nature11544
PMID: 23151583

Brandenberg OF, Magnus C, Rusert P, Regoes RR, Trkola A (2015) Different infectivity of HIV-1 strains
is linked to number of envelope trimers required for entry. PLoS Pathog 11: €1004595. https://doi.org/
10.1371/journal.ppat.1004595 PMID: 25569556

Beauparlant D, Rusert P, Magnus C, Kadelka C, Weber J, et al. (2017) Delineating CD4 dependency of
HIV-1: Adaptation to infect low level CD4 expressing target cells widens cellular tropism but severely
impacts on envelope functionality. PLoS Pathog 13: e1006255. https://doi.org/10.1371/journal.ppat.
1006255 PMID: 28264054

Schweizer A, Rusert P, Berlinger L, Ruprecht CR, Mann A, et al. (2008) CD4-specific designed ankyrin
repeat proteins are novel potent HIV entry inhibitors with unique characteristics. PLoS Pathog 4:
e€1000109. https://doi.org/10.1371/journal.ppat.1000109 PMID: 18654624

Wild C, Greenwell T, Matthews T (1993) A synthetic peptide from HIV-1 gp41 is a potent inhibitor of
virus-mediated cell-cell fusion. AIDS Res Hum Retroviruses 9: 1051-1053. https://doi.org/10.1089/aid.
1993.9.1051 PMID: 8312047

Anthony C, York T, Bekker V, Matten D, Selhorst P, et al. (2017) Co-operation between strain-specific
and broadly neutralizing responses limited viral escape, and prolonged exposure of the broadly neutral-
izing epitope. J Virol.

Brandenberg OF, Rusert P, Magnus C, Weber J, Boni J, et al. (2014) Partial rescue of V1V2 mutant
infectivity by HIV-1 cell-cell transmission supports the domain’s exceptional capacity for sequence vari-
ation. Retrovirology 11:75. https://doi.org/10.1186/s12977-014-0075-y PMID: 25287422

MacLeod DT, Choi NM, Briney B, Garces F, Ver LS, et al. (2016) Early Antibody Lineage Diversification
and Independent Limb Maturation Lead to Broad HIV-1 Neutralization Targeting the Env High-Mannose
Patch. Immunity 44: 1215-1226. https://doi.org/10.1016/j.immuni.2016.04.016 PMID: 27192579

Lynch RM, Boritz E, Coates EE, DeZure A, Madden P, et al. (2015) Virologic effects of broadly neutraliz-
ing antibody VRCO1 administration during chronic HIV-1 infection. Sci Transl Med 7: 319ra206. https://
doi.org/10.1126/scitranslmed.aad5752 PMID: 26702094

Bar KJ, Sneller MC, Harrison LJ, Justement JS, Overton ET, et al. (2016) Effect of HIV Antibody VRCO1
on Viral Rebound after Treatment Interruption. N Engl J Med 375: 2037-2050. https://doi.org/10.1056/
NEJMoa1608243 PMID: 27959728

Lu CL, Murakowski DK, Bournazos S, Schoofs T, Sarkar D, et al. (2016) Enhanced clearance of HIV-1-
infected cells by broadly neutralizing antibodies against HIV-1 in vivo. Science 352: 1001-1004. https:/
doi.org/10.1126/science.aaf1279 PMID: 27199430

Caskey M, Klein F, Lorenzi JC, Seaman MS, West AP Jr., et al. (2015) Viraemia suppressed in HIV-1-
infected humans by broadly neutralizing antibody 3BNC117. Nature 522: 487—491. https://doi.org/10.
1038/nature14411 PMID: 25855300

Trkola A, Kuster H, Rusert P, Joos B, Fischer M, et al. (2005) Delay of HIV-1 rebound after cessation of
antiretroviral therapy through passive transfer of human neutralizing antibodies. Nat Med 11: 615-622.
https://doi.org/10.1038/nm1244 PMID: 15880120

van Loggerenberg F, Mlisana K, Williamson C, Auld SC, Morris L, et al. (2008) Establishing a cohort at
high risk of HIV infection in South Africa: challenges and experiences of the CAPRISA 002 acute infec-
tion study. PLoS One 3: e1954. https://doi.org/10.1371/journal.pone.0001954 PMID: 18414658

Rusert P, Krarup A, Magnus C, Brandenberg OF, Weber J, et al. (2011) Interaction of the gp120 V1V2
loop with a neighboring gp120 unit shields the HIV envelope trimer against cross-neutralizing antibod-
ies. J Exp Med 208: 1419-1433. https://doi.org/10.1084/jem.20110196 PMID: 21646396

Wei X, Decker JM, Liu H, Zhang Z, Arani RB, et al. (2002) Emergence of resistant human immunodefi-
ciency virus type 1 in patients receiving fusion inhibitor (T-20) monotherapy. Antimicrob Agents Che-
mother 46: 1896—1905. https://doi.org/10.1128/AAC.46.6.1896-1905.2002 PMID: 12019106

Pugach P, Marozsan AJ, Ketas TJ, Landes EL, Moore JP, et al. (2007) HIV-1 clones resistant to a small
molecule CCR5 inhibitor use the inhibitor-bound form of CCR5 for entry. Virology 361: 212-228.
https://doi.org/10.1016/j.virol.2006.11.004 PMID: 17166540

Rusert P, Mann A, Huber M, von Wyl V, Gunthard HF, et al. (2009) Divergent effects of cell environment
on HIV entry inhibitor activity. Aids 23: 1319-1327. PMID: 19579289

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006825 January 25, 2018 26/27


https://doi.org/10.1073/pnas.1117531108
https://doi.org/10.1073/pnas.1117531108
http://www.ncbi.nlm.nih.gov/pubmed/22123961
https://doi.org/10.1126/science.1178746
https://doi.org/10.1126/science.1178746
http://www.ncbi.nlm.nih.gov/pubmed/19729618
https://doi.org/10.1038/nature11544
http://www.ncbi.nlm.nih.gov/pubmed/23151583
https://doi.org/10.1371/journal.ppat.1004595
https://doi.org/10.1371/journal.ppat.1004595
http://www.ncbi.nlm.nih.gov/pubmed/25569556
https://doi.org/10.1371/journal.ppat.1006255
https://doi.org/10.1371/journal.ppat.1006255
http://www.ncbi.nlm.nih.gov/pubmed/28264054
https://doi.org/10.1371/journal.ppat.1000109
http://www.ncbi.nlm.nih.gov/pubmed/18654624
https://doi.org/10.1089/aid.1993.9.1051
https://doi.org/10.1089/aid.1993.9.1051
http://www.ncbi.nlm.nih.gov/pubmed/8312047
https://doi.org/10.1186/s12977-014-0075-y
http://www.ncbi.nlm.nih.gov/pubmed/25287422
https://doi.org/10.1016/j.immuni.2016.04.016
http://www.ncbi.nlm.nih.gov/pubmed/27192579
https://doi.org/10.1126/scitranslmed.aad5752
https://doi.org/10.1126/scitranslmed.aad5752
http://www.ncbi.nlm.nih.gov/pubmed/26702094
https://doi.org/10.1056/NEJMoa1608243
https://doi.org/10.1056/NEJMoa1608243
http://www.ncbi.nlm.nih.gov/pubmed/27959728
https://doi.org/10.1126/science.aaf1279
https://doi.org/10.1126/science.aaf1279
http://www.ncbi.nlm.nih.gov/pubmed/27199430
https://doi.org/10.1038/nature14411
https://doi.org/10.1038/nature14411
http://www.ncbi.nlm.nih.gov/pubmed/25855300
https://doi.org/10.1038/nm1244
http://www.ncbi.nlm.nih.gov/pubmed/15880120
https://doi.org/10.1371/journal.pone.0001954
http://www.ncbi.nlm.nih.gov/pubmed/18414658
https://doi.org/10.1084/jem.20110196
http://www.ncbi.nlm.nih.gov/pubmed/21646396
https://doi.org/10.1128/AAC.46.6.1896-1905.2002
http://www.ncbi.nlm.nih.gov/pubmed/12019106
https://doi.org/10.1016/j.virol.2006.11.004
http://www.ncbi.nlm.nih.gov/pubmed/17166540
http://www.ncbi.nlm.nih.gov/pubmed/19579289
https://doi.org/10.1371/journal.ppat.1006825

@’PLOS | PATHOGENS

Viral escape from V2-directed bnAbs confers phenotypic losses

76.

77.

78.

79.

80.

81.

82.

Zhong P, Agosto LM, llinskaya A, Dorjbal B, Truong R, et al. (2013) Cell-to-cell transmission can over-
come multiple donor and target cell barriers imposed on cell-free HIV. PLoS One 8: €53138. https://doi.
org/10.1371/journal.pone.0053138 PMID: 23308151

Mazurov D, llinskaya A, Heidecker G, Lloyd P, Derse D (2010) Quantitative comparison of HTLV-1 and
HIV-1 cell-to-cell infection with new replication dependent vectors. PLoS Pathog 6: €1000788. https://
doi.org/10.1371/journal.ppat.1000788 PMID: 20195464

Janaka SK, Gregory DA, Johnson MC (2013) Retrovirus glycoprotein functionality requires proper align-
ment of the ectodomain and the membrane-proximal cytoplasmic tail. J Virol 87: 12805-12813. https:/
doi.org/10.1128/JV1.01847-13 PMID: 24049172

Larsson A (2014) AliView: a fast and lightweight alignment viewer and editor for large datasets. Bioinfor-
matics 30: 3276-3278. https://doi.org/10.1093/bioinformatics/btu531 PMID: 25095880

Gavryushkina A, Welch D, Stadler T, Drummond AJ (2014) Bayesian inference of sampled ancestor
trees for epidemiology and fossil calibration. PLoS Comput Biol 10: €1003919. https://doi.org/10.1371/
journal.pcbi.1003919 PMID: 25474353

Bouckaert R, Heled J, Kuhnert D, Vaughan T, Wu CH, et al. (2014) BEAST 2: a software platform for
Bayesian evolutionary analysis. PLoS Comput Biol 10: €1003537. hitps://doi.org/10.1371/journal.pcbi.
1003537 PMID: 24722319

Bouckaert RR (2010) DensiTree: making sense of sets of phylogenetic trees. Bioinformatics 26: 1372—
1373. https://doi.org/10.1093/bioinformatics/btq110 PMID: 20228129

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006825 January 25, 2018 27/27


https://doi.org/10.1371/journal.pone.0053138
https://doi.org/10.1371/journal.pone.0053138
http://www.ncbi.nlm.nih.gov/pubmed/23308151
https://doi.org/10.1371/journal.ppat.1000788
https://doi.org/10.1371/journal.ppat.1000788
http://www.ncbi.nlm.nih.gov/pubmed/20195464
https://doi.org/10.1128/JVI.01847-13
https://doi.org/10.1128/JVI.01847-13
http://www.ncbi.nlm.nih.gov/pubmed/24049172
https://doi.org/10.1093/bioinformatics/btu531
http://www.ncbi.nlm.nih.gov/pubmed/25095880
https://doi.org/10.1371/journal.pcbi.1003919
https://doi.org/10.1371/journal.pcbi.1003919
http://www.ncbi.nlm.nih.gov/pubmed/25474353
https://doi.org/10.1371/journal.pcbi.1003537
https://doi.org/10.1371/journal.pcbi.1003537
http://www.ncbi.nlm.nih.gov/pubmed/24722319
https://doi.org/10.1093/bioinformatics/btq110
http://www.ncbi.nlm.nih.gov/pubmed/20228129
https://doi.org/10.1371/journal.ppat.1006825

