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ABSTRACT HIV broadly neutralizing antibodies (bnAbs) have been shown to occa-
sionally display unusual virus neutralization profiles with nonsigmoidal slopes and
plateaus at �100% neutralization against a variety of viruses. The significance of in-
complete neutralization for the ability of bnAbs to mediate protective effects in vivo,
however, is undetermined. In the current study, we selected two bnAbs, PGT121 and
3BNC117, as they incompletely neutralize the clade C simian-human immunodefi-
ciency virus (SHIV) stock (SHIV-327c) at 85% and 70%, respectively, and performed a
protection study in rhesus macaques. The animals were intravenously (i.v.) adminis-
tered PGT121 or 3BNC117 at 10 and 2 mg/kg of body weight before being rectally
challenged with a single high dose of SHIV-327c. PGT121 protected 6 out of 7 mon-
keys, while 6 out of 7 3BNC117-pretreated animals became infected, although with
significantly delayed plasma viremia compared to the control animals. These data
suggest that complete neutralization is not imperative for bnAbs to prevent infec-
tion but that with increasing levels of incomplete neutralization the sterilizing activ-
ity diminishes.

IMPORTANCE Multiple antibodies have been identified that potently neutralize a
broad range of circulating HIV strains. However, not every virus-antibody combina-
tion results in complete neutralization of the input virus, suggesting that a fraction
of virus particles are resistant to antibody neutralization despite high antibody con-
centrations. This observation of “incomplete neutralization” is associated with non-
sigmoidal neutralization curves plateauing below 100% neutralization, but the signif-
icance of the phenomenon for the ability of neutralizing antibodies to mediate
protective effects in vivo is undetermined. In this study, we show that the broadly
neutralizing antibody PGT121, which neutralized only up to 85% of the SHIV-327c
challenge stock in vitro, protected 6 out of 7 rhesus macaques against infection
while the antibody 3BNC117, which neutralized up to 70% of SHIV-327c in vitro, did
not prevent, though it significantly delayed, establishment of infection, suggesting
that with increasing levels of incomplete neutralization the ability of a bnAb to me-
diate sterilizing protection diminishes.
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Human immunodeficiency virus (HIV) broadly neutralizing antibodies (bnAbs) are
currently being explored for prophylactic and therapeutic interventions. In partic-

ular, neutralizing antibodies directed toward the glycan-dependent V3 region and the
CD4 binding site have shown promise in preclinical studies in which single intravenous
(i.v.) doses of antibodies protected rhesus macaques against single high-dose or
repeated low-dose challenges with simian-human immunodeficiency virus (SHIV) (1–4).
While the nonhuman primate (NHP) studies demonstrated the striking antiviral activity
of bnAbs in vivo, they all used viruses that were exquisitely sensitive to neutralization
when tested in a conventional TZM-bl cell assay. Recently, McCoy et al. described the
phenomenon of incomplete neutralization, where particular virus-antibody combina-
tions failed to achieve 100% neutralization of the input virus, leading to nonsigmoidal
neutralization curves plateauing below 100%. While some antibodies could neutralize
50% of a given virus at low antibody concentrations, they failed to completely neu-
tralize the same virus even at extremely high concentrations (5). The observation of
incomplete neutralization occurred with all classes of antibodies tested, although some
antibody targets, e.g., against the V2 apex of envelope or against gp41, demonstrated
this incomplete neutralization at higher rates than, e.g., glycan or CD4 binding site-
specific antibodies (5). The observation raised the question of whether incomplete
neutralization in vitro would translate into the failure of an antibody to protect in vivo
against a viral challenge. Recent data demonstrating that bnAbs confer protection by
involving viral clearance in tissues rather than complete blockade of virus at the
mucosal surface (6, 7) suggest that the inability to completely neutralize the viral
inoculum could result in the establishment of small foci of infection in distal tissues,
which could fuel a systemic infection as soon as the antibody levels decline.

To further explore the significance of incomplete neutralization for the ability of
bnAbs to mediate protective effects in vivo, we selected the V3 glycan-dependent
monoclonal antibody (MAb) PGT121 and the CD4 binding site MAb 3BNC117, as both
bnAbs showed neutralization curves against the challenge stock, SHIV-327c, that
saturated below 100% in both TZM-bl cell- and peripheral blood mononuclear cell
(PBMC)-based neutralization assays. Furthermore, both bnAbs had previously demon-
strated that they could robustly protect macaques against challenges with other
commonly used SHIVs, which both antibodies neutralize to 100% in vitro (1, 2, 8).
Rhesus macaques received a single infusion of either PGT121, 3BNC117, or placebo
before being rectally challenged with a high dose of SHIV-327c, and we followed all the
animals for the occurrence of breakthrough infection.

RESULTS
Incomplete in vitro neutralization of the challenge virus SHIV-327c by PGT121

and 3BNC117. PGT121 and 3BNC117 have demonstrated robust efficacy in protecting
rhesus macaques against challenge with SHIVSF162P3 (PGT121) (1), SHIVAD8EO (PGT121
and 3BNC117) (2, 8), and SHIVDH12-V3AD8 (3BNC117) (2). These and/or other commonly
used SHIVs, however, are potently (to 100%) neutralized in vitro by these bnAbs (1, 2,
8) (Fig. 1A). To further explore the role of incomplete neutralization, we selected the
clade C-derived SHIV-327c (9), as both antibodies failed to completely neutralize the
virus preparation, with the neutralization curves plateauing at approximately 85% for
PGT121 (median 50% inhibitory concentration [IC50]/IC80, 0.11 �g/ml and 0.62 �g/ml,
respectively) and approximately 70% for 3BNC117 (median IC50, 0.84 �g/ml, with IC80

values of �50 �g/ml, as the curve plateaus below 80% neutralization) (Fig. 1B).
Interestingly, the CD4bs antibody VRC07 and the membrane-proximal external region
(MPER) antibody 4E10 also displayed similar plateaus (Fig. 1B), while other bnAbs, like
VRC01, N6, 10-1074, 10E8, and CD4-Ig, neutralized this SHIV to 100% (Fig. 1C). While
both V1/2 antibodies, PG9 and PG16, had no activity against SHIV-327c (Fig. 1D), there
was no specific pattern that linked the epitope specificity of bnAbs to the level of
neutralization, as previously described (5). Given the extensive experience with PGT121
and 3BNC117 in protecting monkeys against 100% sensitive SHIVs, we selected these
bnAbs for further evaluation. We next measured the abilities of both bnAbs to neu-
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tralize SHIV-327c in a PBMC-based assay using cells from rhesus macaques. Again, we
observed incomplete neutralization, with curves reaching plateaus at approximately
82% neutralization for PGT121 and approximately 52% neutralization for 3BNC117 (Fig.
1E), confirming the kinetics seen before in the TZM-bl cell assay. These data confirm
that both antibodies, despite neutralizing other commonly used SHIV strains to 100%,
were unable to achieve complete neutralization of our challenge stock in 2 different cell
assays, thus justifying the use of this antibody-SHIV combination for further in vivo
evaluation of the effects of incomplete neutralization on protection.

Efficacy against mucosal SHIV-327c challenge. To evaluate the activities of
PGT121 and 3BNC117 in vivo, we designed an antibody titration protection study using
the SHIV-macaque model. A total of 18 animals were used, which were randomized to
five treatment groups: one group of 4 animals received 10 mg/kg of body weight
PGT121, one group of 3 animals received 2 mg/kg PGT121, one group of 4 animals
received 10 mg/kg 3BNC117, one group of 3 animals received 2 mg/kg 3BNC117, and
one group of 4 animals received phosphate-buffered saline (PBS) as a control. The
antibodies and the control were administered i.v. 24 h before the animals were rectally
challenged with a single high dose of SHIV-327c (300 50% tissue culture infective doses
[TCID50]). All the animals in the control group readily became infected, with detectable
viremia between days 7 and 14 and peak viremia of 106 to 107 viral copies per ml (Fig.
2E) at week 3. In contrast, no detectable viremia (the detectable limit was 150 RNA

FIG 1 (A) Neutralization of SHIV challenge stocks AD8-EO, BaL-P4, and SF162P3 by PGT121 and/or 3BNC117. Neutralization was measured in the
TZM-bl cell assay and showed that both antibodies achieved 100% neutralization of these commonly used challenge viruses. (B to D)
Neutralization of SHIV-327c by bnAbs that showed neutralization plateaus below 100%, including PGT121 and 3BNC117 (B); bnAbs that
neutralized SHIV-327c to 100% (C); and bnAbs that did not neutralize the SHIV at all (D). (E) Neutralization of SHIV-327c by PGT121 and 3BNC117
in a PBMC-based assay confirming similar patterns of incomplete neutralization by the two bnAbs. The values are means and standard errors of
the mean (SEM).
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copies per ml) was observed for all the animals given 10 mg/kg of PGT121, suggesting
sterilizing immunity (Fig. 2A), while 2 out of 3 animals who had received 2 mg/kg of
PGT121 (Fig. 2B) were protected, as well. The animal in the latter group that became
infected showed a lower level of peak viremia (103 viral copies per ml) than the control
group. In the group receiving 10 mg/kg of 3BNC117, three of four animals became
infected (Fig. 2C), but virus was detected only at days 28 to 70 postchallenge, dem-
onstrating that systemic infection was significantly delayed compared to the controls
(8.75 versus 42 days to detectable SHIV RNA; P � 0.03) (Fig. 2F). In the second 3BNC117
group, which had received 2 mg/kg, all 3 animals became infected, and 1 animal
(number 5795) again demonstrated a delay (to day 28) in detectable viremia (Fig. 2D).
Overall, the results suggest that PGT121 mediated robust protection while being
relatively unaffected by its degree of incomplete neutralization. 3BNC117, with more
extensive levels of incomplete neutralization, failed to prevent infection but still had a
virus-inhibitory effect, delaying systemic infection.

Pharmacokinetics of PGT121 and 3BNC117 in vivo. Serum samples were ob-
tained throughout the study, and concentrations of PGT121 and 3BNC117 were deter-
mined by an HIV-1 gp140-specific enzyme-linked immunosorbent assay (ELISA). The
results showed that the animals administered PGT121 at 10 mg/kg and 2 mg/kg had
average serum antibody concentrations of 138.7 �g/ml and 37 �g/ml at the time of
challenge (Fig. 3A). Average serum concentrations for 3BNC117 were 151.8 �g/ml and

FIG 2 Plasma viral loads in rhesus macaques pretreated with different doses of PGT121 and 3BNC117 and challenged with SHIV-327c.
SHIV RNA levels are shown for animals that received 10 mg/kg PGT121 (A), 2 mg/kg PGT121 (B), 10 mg/kg 3BNC117 (C), and 2 mg/kg
3BNC117 (D) or PBS control (E). All animals treated with PBS-control became infected. Sterilizing immunity was observed in all animals
given 10 mg/kg PGT121, in two of three animals given 2 mg/kg of PGT121, and in one of four animals given 10 mg/kg 3BNC117. (F)
Time in days from challenge to the first detectable SHIV RNA in plasma Shown are means � SEM.
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47 �g/ml for the animals that had received 10 mg/kg and 2 mg/kg of 3BNC117,
respectively. Based on the level of serum antibody decay (one-phase exponential
decay), starting at day 3 to account for the initial distribution phase, the half-life of
PGT121 was determined to be 5.6 days, and for 3BNC117, the half-life was 2.7 days.
While there was expected heterogeneity in the MAb kinetics between the animals (Fig.
3B), overall, the serum concentrations were not significantly different between the
bnAb groups. Interestingly, in the animals that experienced breakthrough infection, the
area under the concentration-time curve (AUC) for each MAb correlated with the time
until plasma virus was detected (Spearman r, 0.86; P � 0.02) (Fig. 3C). Specifically,
animal 5755, which developed plasma viremia only on day 70 following challenge, had
the highest plasma MAb levels of the 3BNC117-pretreated animals, suggesting that the
bnAb controlled the initial infection, but without eradicating it.

Nonneutralizing activities of PGT121 and 3BNC117. Recent data have demon-
strated that low levels of viral RNA and viral DNA can be detected in distal tissues of
PGT121-treated macaques for several days following SHIV challenge and that these
early tissue foci of disseminated virus are subsequently cleared (6). In addition to their
neutralizing capacity, antibodies are also known to display a wide variety of Fc-
mediating antiviral activities, which might play a role in the ability of the antibodies to
eradicate virus from tissues, thereby contributing to the protective capacity of the
MAbs. We evaluated the abilities of PGT121 and 3BNC117 to mediate phagocytosis and
to recruit complement. Notably, we observed that both antibodies could induce potent
SHIV-327c gp120-specific antibody-dependent cellular phagocytosis (ADCP) responses
(Fig. 4A) and activate complement deposition on SHIV-327c-pulsed target cell lines (Fig.
4B), with the strongest activities measured at an antibody concentration of 1 �g/ml.
The two antibodies, therefore, showed comparable magnitudes and similar dose-
dependent kinetics in their abilities to induce ADCP and to activate complement
deposition. As Fc glycosylation plays a significant role in altering the affinity of

FIG 3 (A) Serum concentrations of PGT121 and 3BNC117 in antibody-treated animals. bnAb concentrations were determined throughout the study. The serum
concentrations were not significantly different between the bnAb groups. To account for the initial distribution phase, the serum half-life for the elimination
phase was calculated from day 3 onward and resulted in half-lives of 5.6 days and 2.7 days for PGT121 and 3BNC117, respectively. The values are means and
SEM. (B) Kinetics of viral RNA levels and serum antibody concentrations per animal throughout the study (the top row shows all the animals that received
PGT121 at 10 mg/kg, the second row shows all the animals that received PGT121 at 2 mg/kg, the third row shows the animals that received 3BNC117 at 10
mg/kg, and the fourth row shows the animals that received 3BNC117 at 2 mg/kg. cp, copies. (C) Correlation of the AUC for each MAb in each animal that
experienced viral breakthrough infection and the time to detectable viremia for each animal.
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antibodies for innate immune receptors/proteins, including Fc� receptors and comple-
ment (10), we next compared the Fc glycan profiles of the two antibodies using
capillary electrophoresis. The antibodies showed nearly identical glycan compositions,
with the majority of Fcs being agalactosylated and fucosylated (3BNC117, 68%; PGT121,
77%) or monogalactosylated and fucosylated (3BNC117, 20%; PGT121, 14%) (Fig. 4C).
Given these similarities, our data suggest that Fc-mediated functions were not a major
determinant of the differences observed between the two bnAbs in protecting against
viral challenge.

Sequence analysis of breakthrough viruses. To examine the molecular nature of
the changes in SHIV-327c in response to PGT121 and 3BNC117, we generated envelope
sequences from the SHIV challenge stock and from plasma viruses at the time of peak
viremia following breakthrough infection. In the challenge stock, 5 sequence variants
were identified at �5% frequency: F/L124, L/F176, A/T311, R/G408, and L/L641 (Fig. 5A).
For the last, the amino acid did not change despite codon modifications encoding that
amino acid at position 641. While these variants could be retrieved in some of the
animals, additional variants were identified (Fig. 5B). In the PGT121 group, animal 5751
showed two unique changes that differentiated it from the other animals (E/K269 and
T/I445). Both changes were present at �99% frequency, and while they were in
functionally interesting regions of envelope, with 269 being in the D loop and 445 in
V5, the locations were outside known contact sites for PGT121. In the 3BNC117 group,

FIG 4 (A and B) PGT121 and 3BNC117 were evaluated for the ability to induce ADCP against the challenge
virus SHIV-327c (A) and for the ability to induce complement activation (B) as measured by C3b deposition
on the SHIV-327c gp120-pulsed CEM cell line. Overall, the two bnAbs showed very similar activities for
ADCP and complement activation. A minimum of 2 separate experiments were performed. The error bars
indicate standard deviations (SD). (C) Fc glycan analysis by capillary electrophoresis for 3BNC117 and
PGT121 demonstrating similar compositions of glycostructures for the two bnAbs. The structures that were
observed were agalactosylated (G0), monogalactosylated (G1), digalactosylated (G2), fucosylated (F), and
bisected (B). Numbers on the y axis indicate signal intensity.
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variants I/M671 and A/T678 in the MPER were found in some animals but were also
observed in some placebo control animals. In animal 5755, which developed very
delayed plasma viremia at week 10, a unique and fixed mutation in the middle of the
CD4 binding site (V/A362) was observed. This mutation was not seen in the challenge
stock despite a �30,000� depth of coverage, allowing us to detect variants at a
frequency of less than 0.1%, suggesting that this was not a transmitted mutation but
occurred in vivo. We next tested the impact of the mutation on neutralization sensitivity
in a TZM-bl cell assay using a pseudovirus typed with the animal’s Env genotype.
Despite the location in the CD4bs, however, the V/A362 variant did not mediate
resistance to 3BNC117 (IC50, 0.145 �g/ml versus 0.2 �g/ml for the wild type [WT]) or to
other CD4bs antibodies (Table 1). In summary, our data suggest that viral evolution was
detectable in animals where a bnAb failed to provide sterilizing protection but that
these sequence variations did not inevitably result in viral resistance.

TABLE 1 Sensitivities of pseudovirusesa

aThe sensitivities of pseudoviruses with the 327c envelope, WT or
with the V362A mutation, to a panel of broadly neutralizing CD4
binding site-directed monoclonal antibodies are shown as IC50

neutralization. The color shading represents potency: orange,
value between 0.010 and 0.100; yellow, value between 0.100 and
1.00.

FIG 5 Amino acid variation across the envelope of SHIV-327c. (A) Frequencies of all synonymous and nonsynony-
mous sequence variants found across the envelope sequence of the SHIV-327c challenge stock. The dotted line
represents the 2% variant frequency cutoff. The variants found at �5% frequency are identified. A representation
of relevant features of the SHIV-327c envelope is shown below, with CD4 binding sites highlighted in orange. (B)
Sequence logograms showing variation frequencies at the nine amino acids that showed polymorphisms in the
envelope consensus sequence of the virus stock (SHIV-327c) and in the breakthrough viruses following challenge.
Envelope amplification for the latter was performed on plasma viral RNA using time points of peak viremia.
Residues that differ from the virus stock are shown in red.
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DISCUSSION

We and others have previously shown that passive transfer of highly potent neu-
tralizing anti-HIV gp120 antibodies efficiently protects against high-dose mucosal
challenge with neutralization-sensitive SHIV in macaques (1, 2, 11–14). However, not all
antibody-virus combinations achieved 100% neutralization in in vitro neutralization
assays, raising the question of how incomplete neutralization impacts the ability of
bnAbs to mediate protective effects in vivo (5, 15). In the current study, we found that
PGT121, which neutralized the challenge stock up to 85% with a potent IC50 of 0.11
�g/ml, protected the majority of animals, with only one animal developing break-
through infection. 3BNC117, which neutralized up to 70% of SHIV-327c with a less
potent IC50 of 0.84 �g/ml, in contrast, did not prevent infection in the majority of
animals but delayed plasma viremia significantly in a dose-dependent manner.

The difference in potency of PGT121 and 3BNC117 against our challenge virus
reduces our ability to make direct associations between the levels of incomplete
neutralization seen in vitro and the degree of protective effect in vivo. It is interesting,
however, that in a recent study by Shingai et al., 3BNC117 was fully protective against
SHIVAD8EO challenge at serum MAb levels below the ones observed in this study (2). The
IC50 for SHIVAD8EO in the former study was determined to be 0.14 �g/ml (2) and
therefore in a range similar to that of the IC50 for SHIV-327c. In contrast to SHIV-327c,
3BNC117 neutralized SHIVAD8EO to 100%. Our findings with both PGT121 and 3BNC117,
therefore, suggest that the inability to neutralize 100% of a challenge virus does not
automatically result in the failure of a bnAb to mediate antiviral activity against such a
virus in vivo. Instead, robust protection can be observed if the incomplete neutralization
does not drop below 85% and if the antibody has sufficient potency, as is the case for
PGT121. Our results also suggest that sterilizing protection might be diminished if
levels of incomplete neutralization are further reduced, e.g., down to 70%; although
even in this scenario, a delay in detectable plasma viremia can still be observed,
indicating some transient virus-inhibiting effect. These results are reassuring, as they
imply that single bnAbs or bnAb combinations selected for passive immunization
strategies might not necessarily be required to achieve complete neutralization of
every potential HIV-1 strain.

While neutralizing potency certainly plays a critical role in protection against viral
infection, other factors that might affect the prophylactic capacity of the bnAbs should
be considered. The two antibodies showed similar pharmacokinetics, with comparable
serum antibody levels on the day of challenge, and while the circulating plasma half-life
of 3BNC117 was nominally shorter than that observed with PGT121, this difference was
not significant across all the animals. Furthermore, nonneutralizing functions of anti-
HIV antibodies need to be considered, as they might contribute to the protective
potency of the antibody. A number of studies have suggested that, in addition to
neutralization, interaction of IgG with Fc� receptors may play an important role in
antibody-mediated protection (16–19). We therefore determined whether both bnAbs
could induce Fc-mediated phagocytosis and activation of complement deposition and
found similar kinetics for both PGT121 and 3BNC117. Furthermore, the two bnAbs had
nearly identical Fc glycan profiles, which is not surprising, as both antibodies had been
produced in the same expression cell system. Given these highly similar functional
signatures, our data suggest that Fc-mediated nonneutralizing activities were not major
determinants of the different outcomes observed in the PGT121-treated versus
3BNC117-treated monkeys.

The phenomenon of incomplete in vitro neutralization has been described for
several bnAbs and diverse HIV-1 isolates (3, 5, 20, 21), but the mechanism of this effect
is not well understood. Prior studies have suggested that glycosylation heterogeneity
might contribute to incomplete neutralization (3, 5) or that conformational heteroge-
neity of the envelope trimer plays a role (22). Nevertheless, it can be assumed that some
antibodies can tolerate some heterogeneity in glycan usage better than others (23). The
N276 glycosylation site, for example, is required for viral neutralization by CD4 binding
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site antibodies of the HJ16 class, and heterogeneity at this position might contribute to
incomplete neutralization of certain viral strains (24). As for the VRC01 class CD4bs Abs,
they must penetrate the “glycan fence” of N197, N276, N362, N386, and possibly other
glycans, depending on the viral isolate. They all have slightly different angles of
approach and contacts and therefore may show differences in glycan sensitivity,
potentially explaining the difference in neutralization activity seen against SHIV-327c in
Fig. 1. In contrast, the N332 glycan site seems to be more homogeneous, therefore
potentially facilitating bnAbs that are dependent on the glycan on N332, such as
10-1074, to bind and effectively neutralize the virus (5, 25) while PGT121 is dependent
on several glycans on N332, N301, N137, and N156 (20). Overall, as each trimer is going
to have some differences in glycosylation processing and/or protein conformation,
predicting incomplete neutralization for bnAb-virus combinations with certainty with-
out knowledge of the complex bnAb trimer structure and the glycan composition
might be difficult. Interestingly, a recent study demonstrated that the V1/V2-directed
antibody PG9 that provided adequate protection in NHPs against SHIVBaLP4 challenge
showed incomplete neutralization in a TZM-bl cell assay but nearly complete neutral-
ization in a PBMC assay (3), suggesting that the observation of incomplete neutraliza-
tion might be dependent on the assay used. We measured the neutralization profiles
of PGT121 and 3BNC117 against our challenge virus in both cell systems (TZM-bl cell-
and PBMC-based assays), and while the level of incomplete neutralization was greater
in the PBMC-based assay, the difference between the bnAbs and the kinetics of
incomplete neutralization were similar. While we are not aware of any published data
systematically comparing antibody neutralization of replication-competent virus in
TZM-bl cell- versus PBMC-based assays, recent data suggest that the overall effects are
similar and not per se cell type/assay dependent (5).

The observation that plasma viremia as a correlate of systemic infection was delayed
in all antibody-treated animals suggests that bnAbs, independent of the IC50 and the
degree of neutralization, had an antiviral effect, inhibiting although not sterilizing. This
was specifically reflected in the association between plasma MAb levels and the time
to breakthrough viremia. As we did not perform any tissue studies, we can only
hypothesize that circulating and mucosal bnAbs reduced the amount of transmitted
virus, preventing immediate establishment of systemic infection, as observed in the
control animals. This is consistent with recent data from our group demonstrating that
low levels of viral RNA and viral DNA can be detected in distal tissues of PGT121-treated
macaques for several days following SHIV challenge but that, in contrast to placebo-
treated animals, these early tissue foci of disseminated virus are subsequently cleared
(6). The occurrence of late-onset viremia in our study implies that the challenge virus
was also able to establish foci of infection and that with incomplete eradication and in
the presence of declining antibody levels viral replication continued. This is also
supported by the finding of de novo sequence variations in functionally relevant areas
of envelope in the breakthrough viruses, although these mutations did not confer
resistance.

In summary, we have shown that bnAb-mediated protection against viral challenge
despite incomplete neutralization in vitro can be achieved if the level of incomplete
neutralization is minor and if the antibody has sufficient potency. Our results also
suggest that despite the failure to confer sterilizing protection, bnAbs with more
significant levels of incomplete neutralization still have an antiviral effect, e.g., substan-
tially delaying establishment of systemic infection. These data suggest that the mech-
anism of antibody protection (and failure) is a dynamic relationship between the virus
and the antibody in tissues over the first several days and is not an all-or-nothing
phenomenon at a single point in time. These data therefore emphasize the importance
of robust and broad virus-neutralizing activity of candidate bnAbs for HIV prevention
studies in order to guarantee sterilizing protection. The development and implemen-
tation of bnAb cocktails, covering a broad range of viral strains, might reduce the risk
that incomplete neutralizing potency of a single bnAb against a given viral strain would
result in loss of protection and finally infection.

Incomplete Neutralization and Protection against SHIV Journal of Virology

October 2017 Volume 91 Issue 20 e01187-17 jvi.asm.org 9

http://jvi.asm.org


MATERIALS AND METHODS
Animals and study design. Eighteen Indian-origin, outbred, young adult male and female, exper-

imentally naive rhesus monkeys (Macaca mulatta) that did not express the class I alleles Mamu-A*01,
Mamu-B*08, and Mamu-B*17 associated with spontaneous virological control were housed at Bioqual
Inc., Rockville, MD. Animals were randomly allocated to the different antibody dose and PBS control
groups. The antibody dose or the PBS control was administered i.v. 24 h before the animals were
atraumatically challenged rectally with 300 TCID50 of SHIV-327c. Serum samples for antibody detection
and viral-load determination were obtained at days �6, 0, 1, 3, 7, 14, 28, 42, 56, and 70. This animal study
was approved by the Bioqual and Beth Israel Deaconess Medical Center (BIDMC) Institutional Animal Care
and Use Committees (IACUCs).

Challenge virus. The challenge virus was SHIV-327c (9) propagated in concanavalin A-activated
rhesus macaque PBMCs. Virus was quantified by simian immunodeficiency virus (SIV) p27 ELISA (Zep-
tometrix), and the TCID50 was determined in TZM-bl cells (9).

Antibody production. PGT121 and 3BNC117 monoclonal antibodies were generated as previously
described (20) and purified by using a protein A affinity matrix (GE Healthcare). PBS was used as a control
in the study. All the monoclonal antibody preparations were endotoxin free (less than 0.03 endotoxin
units [EU]/mg).

ELISA. PGT121 and 3BNC117 antibody concentrations in macaque sera were determined by ELISA
using recombinant HIV-1 gp140 as described previously (26). Briefly, microtiter plates were coated with
1 �g/ml HIV-1 gp140 and incubated overnight at 4°C. The plates were washed with PBS-0.05% Tween 20
and blocked with PBS-casein (Pierce). After blocking, serial dilutions of serum samples were added to the
plate and incubated for 2 h at 37°C. Binding was detected with a horseradish peroxidase (HRP)-
conjugated goat anti-human IgG secondary antibody (Fisher Scientific) and visualized with SureBlue
tetramethylbenzidine (TMB) microwell peroxidase (KPL Research Products).

Neutralization. Neutralization was assessed by using TZM-bl cells as described previously (27).
Briefly, SHIV-327c or other challenge SHIV stocks were preincubated with the respective antibody for 1
h at 37°C, and DEAE-dextran (Sigma-Aldrich) was added to the TZM-bl cells at a final concentration of 10
�g/ml. Luciferase expression was quantified 48 h after infection upon cell lysis and the addition of
luciferase substrate (Promega). Neutralization of the SHIV-327c stock was also evaluated by using rhesus
macaque PBMCs as described previously (28). Briefly, PBMCs were isolated and stimulated overnight in
the presence of concanavalin A (Sigma-Aldrich) and IL-2 (Hoffmann-La Roche Inc.). Antibody and virus
were preincubated for 1 h at 37°C before being added to the stimulated PBMCs in a 96-well plate. The
cells were incubated for 2 days, washed three times, and incubated for an additional 5 days. The
amount of SHIV was quantified in the cell supernatant by a p27-specific ELISA (Advanced BioScience
Laboratories).

ADCP. Biotinylated antigen was incubated with 1-�m yellow-green fluorescent neutravidin beads
(Invitrogen) overnight. Antibodies and antigen-labeled beads were mixed and incubated for 2 h. THP-1
cells (2 � 104 cells) were then added and incubated overnight under standard tissue culture conditions.
The next day, the cocultures were fixed and analyzed on a BD LSR II. For analysis, the samples were gated
on live cells, and the proportion of THP-1 cells phagocytosing beads was determined. The data represent
the results of two separate experiments for which a phagocytic score was calculated as follows: (percent
bead positive � mean fluorescence intensity [MFI] bead positive) (29).

Antibody-dependent complement deposition assay. The ability of PGT121 and 3BNC117 to bind
and activate the complement was determined by the C3b deposition on gp120-pulsed target cells.
Briefly, CEM.NKr cells were pulsed with recombinant gp120 SHIV-327c for 1 h at room temperature.
Uncoated CEM.NKr cells were used as a negative control. Plasma from healthy individuals was collected
and used as a source of complement for the assay. PGT121 or 3BNC117 was added to 105 CEM.NKr cells
in the presence of plasma for 20 min at 37°C. The cells were stained with a fluorescein isothiocyanate
(FITC)-conjugated C3b antibody and fixed. HIV Ig served as a positive control for the assay, and
heat-inactivated plasma and antibodies from healthy individuals were both used as negative controls.
The data are the results of two separate experiments.

Antibody glycan analysis. Antibody Fc glycosylation was assessed as previously described (30).
Briefly, whole antibodies were bound to protein G beads (Millipore) and treated with IdeZ protease (New
England Biolabs) to separate the Fab from the Fc. Fc glycans were released by peptide-N-glycosidase F
(PNGase F) and then labeled with the fluorescent dye 8-aminopyrene-1,3,6-trisulfonate (APTS). The
labeled glycans were run on a capillary electrophoresis machine, glycan peaks were assigned using
commercially available APTS-labeled standards (Prozyme), and the relative percentage of each glycan
structure was determined.

Virus sequencing of breakthrough virus. RNA extraction and envelope amplification were per-
formed as previously described (31, 32). The primary amplification primers were SHIV327c_Nested1_FWD
(5=-GGTTAATCGATAGACTAATAG-3=) and SHIV327c_Nested1_REV (5=-GAGGATAGCTCTACCAATTC-3=). The
nested-amplification primers were SHIV327c_Nested2_FWD (5=-GACTAATAGAAAGAGCAGAAG-3=) and
SHIV327c_Nested2_REV (5=-GTGCAAGACTTCCTAGGTAC-3=). Illumina library construction was performed
using NexteraXT (Illumina) according to the manufacturer’s protocol. Sequencing was performed on the
Illumina MiSeq341 platform, generating 250-bp paired-end reads. Consensus sequences for each enve-
lope were generated by de novo assembly using Vicuna software. For each sequence, the nucleic acid
frequencies at each position in the viral env genome were determined with V-Phaser 2. V-Phaser 2 is a
tool to identify variants and calculate their frequencies in genetically heterogeneous populations from
ultradeep-sequence data. V-Phaser uses phasing (covariation) information between observed variants
combined with an expectation maximization algorithm that iteratively recalibrates base quality scores to
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increase sensitivity and specificity, respectively. This approach allows differentiation of true low-
frequency variants from sequencing errors.

Statistical analyses. Analyses of independent data were performed by two-tailed Mann-Whitney U
tests. P values of less than 0.05 were considered significant. Statistical analyses were performed using
GraphPad Prism.
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