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induction of antibody-dependent cellular cytotoxicity and vaccine-specific IgG and IgG3 responses directed at variable
loop regions 1 and 2 of the HIV envelope protein. However, with the recent failure of the HVTN 702 clinical trial,
comprehensive profiling of humoral immune responses may provide insight for these disappointing results. One of the
changes included in the HVTN 702 study was the addition of a late boost, aimed at augmenting peak immunity and
durability. The companion vaccine trial RV305 was designed to permit the evaluation of the immunologic impact of late
boosting with either the boosting protein antigen alone, the canarypox viral vector ALVAC alone, or a combination of both.
Although previous data showed elevated levels of IgG antibodies in both boosting arms, regardless of ALVAC-HIV vector
incorporation, the effect on shaping antibody effector function remains unclear. Thus, here we analyzed the antibody and
functional profile induced by RV305 boosting regimens and found that although IgG1 levels increased in both arms that
included protein boosting, IgG3 levels were reduced compared with the original RV144 vaccine strategy. Most functional
responses increased upon protein boosting, regardless of the viral vector-priming agent incorporation. These data
suggest that the addition of a late protein boost alone is sufficient to […]
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Introduction
Treatment options for HIV-1 and AIDS have reversed the death sentence once associated with an HIV 
diagnosis. However, global control and eradication of  the disease are hindered by limited access to med-
ication, adherence to daily medication, and health care for some populations (1). Additionally, HIV-in-
fected people on long-term treatment continue to experience a number of  health complications, includ-
ing increased risk for particular cancers, cardiovascular disease, and liver damage (2). Therefore, the 
development of  a vaccine that demonstrates protection against HIV remains a public health priority for 
eradicating the pandemic (3, 4).

To date, 4 HIV vaccine phase II and III trials have been conducted, with only one showing a mod-
est level of  reduction with infection acquisition. RV144, also known as the Thai trial, was a phase III 
community-based HIV-1 vaccine trial that showed 60.5% and 31.2% efficacy 12 and 42 months after 
final vaccination (NCT00223080; refs. 5, 6). Despite the absence of  neutralizing antibodies, analyses of  
immune correlates of  reduced risk of  infection pointed to an enrichment of  high levels of  IgG1 and IgG3 

The RV144 HIV-1 vaccine trial results showed moderate reduction in viral infections among 
vaccinees as well as induction of antibody-dependent cellular cytotoxicity and vaccine-specific IgG 
and IgG3 responses directed at variable loop regions 1 and 2 of the HIV envelope protein. However, 
with the recent failure of the HVTN 702 clinical trial, comprehensive profiling of humoral immune 
responses may provide insight for these disappointing results. One of the changes included in 
the HVTN 702 study was the addition of a late boost, aimed at augmenting peak immunity and 
durability. The companion vaccine trial RV305 was designed to permit the evaluation of the 
immunologic impact of late boosting with either the boosting protein antigen alone, the canarypox 
viral vector ALVAC alone, or a combination of both. Although previous data showed elevated 
levels of IgG antibodies in both boosting arms, regardless of ALVAC-HIV vector incorporation, the 
effect on shaping antibody effector function remains unclear. Thus, here we analyzed the antibody 
and functional profile induced by RV305 boosting regimens and found that although IgG1 levels 
increased in both arms that included protein boosting, IgG3 levels were reduced compared with 
the original RV144 vaccine strategy. Most functional responses increased upon protein boosting, 
regardless of the viral vector-priming agent incorporation. These data suggest that the addition of 
a late protein boost alone is sufficient to increase functionally potent vaccine-specific antibodies 
previously associated with reduced risk of infection with HIV.
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responses to variable loop regions 1 and 2 (V1V2) of  the HIV envelope (Env) protein and to lower levels 
of  vaccine-induced IgA among uninfected compared with infected vaccinees (7). Moreover, additional 
analyses revealed enhanced complement deposition in RV144 vaccinees associated with reduced risk of  
infection (8), as well as more polyfunctional vaccine responses compared with previous protein-based 
vaccine trials (9). Collectively, these data pointed to the critical importance of  functional antibodies, 
correlated with an array of  Fc-mediated effector functions in reduced HIV acquisition risk, following the 
RV144 prime and boost vaccine regimen.

Owing to the promising but short-lived efficacy of  RV144, it was hypothesized that the addition of  late 
boosts might augment the vaccine response and drive a more durable functional immune response. Thus, 
boosts were added to the HVTN 702 efficacy trial recently terminated in South Africa (10). The disap-
pointing termination of  the HVTN 702 trial, owing to futility, raises the possibility that the original RV144 
correlates from a low-risk population may not have been sufficiently robust against higher-risk exposure in 
young women in Africa, or that alterations in the regimen, owing to added boosts, may have altered the 
humoral immune response, providing less protection from infection in the field.

To determine differences in RV144 and newly boosted vaccine-induced immune responses, we focused 
on the RV305 trial, developed to investigate whether late boosts with AIDSVAX protein alone, ALVAC-
HIV vector vaccine alone, or a combination of  both could selectively augment antibody correlates of  
reduced risk of  infection found in RV144 (11, 12), with the hypothesis that the innate stimulatory vector 
functions could potentially have critical value for driving enhanced functional antibodies. The RV305 trial 
reenrolled 162 RV144 vaccinees, who completed the whole vaccination schedule 6 to 8 years after the 
follow-up period of  RV144, in a placebo-controlled, double-blinded trial. Subjects were randomized into 1 
of  3 groups that received 2 boosts with either canarypox viral vector (ALVAC) alone, the AIDSVAX B/E 
gp120 Env protein alone, or a combination of  both (13). RV305 analyses pointed to the critical role of  
the AIDSVAX B/E protein, but not to the ALVAC viral vector in inducing humoral responses. The boost 
drove higher antibody titers against various Env antigens (gp120 and V1V2), above levels observed at the 
peak RV144 vaccine time point in plasma as well as in mucosal secretions (14). Moreover, antibody titers 
were shown to increase after the first but not after the second boost in RV305 vaccinees. Unfortunately, 
late boosting did not induce a more durable antibody response, as responses waned quickly after boosting 
across all groups (13). Furthermore, analysis of  B cell responses in RV305 vaccinees showed that a pool 
of  Env CD4-binding site reactive memory B cells were expanded and produced antibodies with longer 
third heavy chain complementarity-determining regions (14), pointing to a potentially advantageous level 
of  affinity maturation and B cell receptor evolution. However, whether the different boosting strategies 
altered the qualitative profile of  the vaccine-elicited antibody response and antibody functionality of  the 
originally primed RV144-induced vaccine response remains unknown. Thus, here we used a systems serol-
ogy approach to comprehensively dissect the qualitative profiles induced across the RV305 vaccine groups 
to gain a deeper sense of  protein, viral vector, or combined vaccine boosting impact. We demonstrate that 
boosting with ALVAC-HIV alone did not result in increased antibody levels or vaccine-induced functional 
humoral immune responses compared with RV305 placebo recipients. In contrast, delayed protein boosting 
drove robust functional humoral immune responses, shifting away from IgG3, through the induction of  
functionally enhanced IgG1 responses.

Results
The goal of  the RV305 trial was to assess the impact of  booster immunizations 6–8 years after completion 
of  RV144 on immune responses (Figure 1A). RV144 vaccinees were reboosted with 2 additional adminis-
trations of  either ALVAC-HIV or AIDSVAX B/E alone or a combination of  both.

Antibody subclass responses are similar across boosting approaches. Previous RV305 studies highlighted the 
presence of  higher levels of  IgG1 and IgA after boosting compared with the RV144 peak immunogenicity 
time point. Moreover, both neutralizing antibodies against tier 1 viruses and increased CD4+ functionality 
were observed (13). However, comparative studies of  RV144 and the failed AIDSVAX B/E vaccine trial 
VAX003 suggested that changes in antibody subclass levels, associated with the selection of  more function-
al IgG1 and IgG3 antibody subclasses (9), were associated with reduced risk of  infection among RV144 
vaccinees (12). Thus, we initially sought to define whether the addition of  the viral vector priming ALVAC-
HIV immunogen, owing to its potentially adjuvanting viral properties, could enhance and/or shift subclass 
selection during the boosting phase. Therefore, subclass V1V2 and gp120 levels were assessed against the 
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canarypox-expressed gp120 (92TH023) and AIDSVAX B/E gp120 (MN and AE244) antigens. As previous-
ly shown, IgG1 responses were robustly boosted but exhibited similar antigenic profiles in the AIDSVAX 
B/E and combination arms (Figure 1B). However, marginal increases in IgG3 were observed upon boosting 
across either arm (Supplemental Figure 1; supplemental material available online with this article; https://
doi.org/10.1172/jci.insight.135057DS1), in contrast to RV144 vaccinees who possessed significantly higher 
IgG3 levels at peak immunogenicity (Figure 1B). Moreover, IgG1 and IgG3 levels were not boosted in the 
arm using ALVAC-HIV alone (Figure 1B). Slight, insignificant differences were observed in V1V2 responses 
in the AIDSVAX B/E and combination groups, with slightly elevated V1V2 A244 and lower V1V2 Case A2 
responses in the AIDSVAX B/E alone group (Figure 1B).

Addition of  the protein antigen is key to enhancing gp120 IgG levels. Because differences in subclass selection 
profiles were associated with reduced risk of  infection in the RV144 trial, a full analysis of  antibody profiles 
was conducted across the RV305 arms. Across all antibody subclasses and isotypes, individuals immunized 
with ALVAC-HIV alone had low antibody levels comparable to placebo-immunized individuals, suggest-
ing that reboosting with the ALVAC vector vaccine did not elicit a detectable antibody response, consis-
tent with previous reports (ref. 13; Figure 1C). AIDSVAX alone or in combination with ALVAC induced 

Figure 1. AIDSVAX protein boosting alone or in combination with ALVAC drives an IgG1-focused immune profile. (A) The diagram shows the vaccination 
schedule of RV144 linked to RV305. RV305 reenrolled healthy RV144 participants and administered 2 boosts of AIDSVAX B/E, ALVAC, or a combination 
of the two. (B) Spider plots show the relative antibody titers MFIs (z-scored) via Luminex against different vaccine antigens at week 26 for RV144 (blue), 
combination (maroon), AIDSVAX (orange) and ALVAC (yellow) for IgG1 (left) and IgG3 (right). Each line represents the median of the z-scored values for 
each vaccine group of the isotype MFI. (C) The dot plots show relative gp120MN-specific antibody level MFIs across the subclasses and isotypes (IgG1, IgG2, 
IgG3, IgG4, IgA, and IgM). Each dot represents one vaccinee. Data are shown as mean ± SEM. A Kruskal Wallis test was performed to test for statistical 
differences across groups. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. The dotted line shows placebo levels. 

https://doi.org/10.1172/jci.insight.135057
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equal levels of  IgG1, IgG2, IgG4, and IgA at higher levels than that observed in the original RV144 peak 
response. These observations indicate a beneficial effect of  repeated boosting with a protein antigen to 
increase antibody titers. IgM levels were comparably low across all vaccine groups, despite higher levels in 
some RV144 vaccinees compared with the combination boost arm. This points to a maturation of  the naive 
HIV-specific response among all AIDSVAX-boosted individuals, although comparably higher overall titers 
among individuals receiving the protein antigen were observed.

Notably, in previous analyses of  immune correlates, HIV-specific IgG3 levels were associated with 
reduced risk of  infection (12), and IgA was associated with enhanced risk of  infection (11). All boosting 
strategies failed to increase IgG3 responses (Figure 1C), highlighting a maturation and selection of  poten-
tial memory HIV-specific IgG responses, since IgG1 and IgG4 levels were boosted. Boosting with protein, 
but not viral vector ALVAC-HIV alone, resulted in increased IgA levels (Figure 1C) along with higher 
IgG4, both thought to interfere with IgG1 and IgG3 antibody functional potency (9). Thus, collectively, 
boosting significantly skews the responses away from more naive IgG isotypes and/or subclasses (IgM and 
IgG3). However, protein boosting was required to drive enhanced functional antibody selection.

Combination and AIDSVAX induce highest functional levels. Given these differences in antibody subclass 
selection, we next determined whether the functional profiles of  the vaccine-induced immune response 
shifted with titers or were qualitatively enhanced in the combination boost arm. For most functional 
measurements, combination and AIDSVAX alone induced the highest levels across all functional assays 
(Figure 2A). Both protein-containing boosting arms and RV144 vaccinees exhibited enhanced vaccine- 
specific function across all assays (Figure 2A), suggesting that ALVAC-HIV alone did not enhance anti-
body effector function in any appreciable manner across all functional measurements. Yet, protein boost-
ing only significantly increased neutrophil phagocytosis (ADNP), complement deposition (ADCD), and 
NK cell chemokine secretion compared with RV144 vaccination alone (Figure 2A). These data suggest 
that late boosting returns antibody-dependent monocyte phagocytosis (ADCP), NK cell degranulation 
(CD107a), and IFN-γ back to RV144 levels, while significantly boosting other innate immune effec-
tor functions. Although previous studies have shown that CD107a expression correlated with cytokine 
secretion (15), different NK cell subsets show differences in their capacity to produce cytokines (16). 
Therefore, different cell subsets could be activated differentially by vaccination, resulting in CD107a 
expression, IFN-γ, and MIP-1β secretion differences. MIP-1β secretion typically induced at highest rates 
after stimulation and was most sensitive to differences in antibody quality (17). Interestingly, correlation-
al analysis between vaccine-induced isotype and/or subclasses and effector functions (Figure 2B) pointed 
to the dominant role of  IgG1 in driving antibody effector functions across RV144 and protein-containing 
boosting arms. However, IgG3 levels in RV144 vaccinees were significantly correlated with ADCD, and 
only weakly, nonsignificantly correlated with ADCP, ADNP, NK degranulation, and NK IFN-γ secre-
tion. These relationships were nearly eliminated with boosting in the combination and AIDSVAX-only 
arms. Instead, weak relationships were observed with other isotypes and/or subclasses, including IgA 
heterogeneous associations with ADCP, ADNP, ADCD, and NK cell functions across the 2 protein 
boosting arms that did not reach significance after Bonferroni’s correction. Given the constitutive expres-
sion of  the FcαR on neutrophils, the direct functional role of  IgA can only be examined in this readout; 
however, the influence of  IgA on functions in collaboration with IgA is possible.

These data support the argument for a consistently dominant role of  IgG1 in driving antibody 
function across all vaccine groups that may be fine-tuned in the setting of  additional antibody isotypes 
and/or subclasses. Thus, whereas boosting appears to improve the overall functional profile of  the 
humoral immune response, limited differences were observed again at the univariate level across the 
protein-containing boosting groups.

We next investigated whether the vaccine regimens altered the durability of  the functional response. 
Therefore, functional profiling was performed at baseline, peak immunogenicity (week 24), and at a lat-
er time point (week 72). Although the functions did not increase significantly over the follow-up among 
ALVAC-only vaccinees, ADCP, ADNP, and ADCD clearly peaked at peak immunogenicity (Figure 2C). 
Protein-boosted groups showed similar trends across all functions, with ADNP and ADCD rising and 
falling to baseline levels by week 72. Conversely, ADCP activity remained elevated above background at 
week 72, suggesting that some, but not other, functions may persist for longer periods of  time in both pro-
tein-boosted groups. These data point to indistinguishable trajectories of  the vaccine-induced functional 
humoral immune response over time with a persistent and durable ADCP response.

https://doi.org/10.1172/jci.insight.135057


5insight.jci.org   https://doi.org/10.1172/jci.insight.135057

R E S E A R C H  A R T I C L E

Combination and AIDSVAX induce significantly different immune profiles from RV144 and ALVAC. Despite the 
lack of  univariate differences across the boosting arms, we next aimed to determine whether multivariate 
differences could be discerned across the groups. A supervised multivariate analysis was applied to the peak 
RV305 and RV144 data. Canonical discriminant analysis, unlike principal component analysis, is a supervised 
multivariate analysis that explores the linear combinations of  quantitative variables that provide maximal sep-
aration between groups. Using this discriminant analysis, with all 118 data points, including antigen-specific 
functional, isotype, subclass, and Fc receptor (FcR) measurements for each subject (n = 247), clear separation 
was observed across several groups (Figure 3A). Interestingly, RV144 split as a completely independent profile 
from all other vaccine groups; placebo and ALVAC-only boosted individuals were inseparable in this analysis. 
Conversely, the 2 arms that received the protein AIDSVAX boost clustered together as overlapping profiles. 
These data clearly illustrate the marginal effect of  the ALVAC vector boost alone, but the critical impact of  the 
protein boost in reshaping the RV144 vaccine induced immune response.

Figure 2. Late boosting with AIDSVAX or ALVAC/AIDSVAX elevated ADNP, ADCD, and MIP-1β and resulted in more durable ADCP. (A) The dot plots show 
functional responses for the different vaccine groups against gp120 MN. Each dot represents one vaccinee. Data are shown as mean ± SEM. ADCP, PS, ADNP PS, 
ADCD, MFI, and ADNKA (percent positive NK cells for CD107a, IFN-γ, and MIP-1β) are depicted. Dotted lines indicate the average activity in the placebo vaccinees. 
(B) Heatmaps show Spearman’s correlations for each functional measurement with Luminex antibody levels for: RV144, combination, AIDSVAX, and ALVAC. The 
color indicates the Spearman r value: positive correlation (red), negative correlation with a Bonferroni’s adjustment for multiple comparisons (blue), *P < 0.05, **P 
< 0.01, ***P < 0.001, and ****P < 0.0001. (C) The dot plots show ADCP, ADNP, and ADCD over time, starting at week 0 (baseline), to week 26 (2 weeks post second 
boost) week 72 (durability time point). Each graph shows group 1 (dark red), 2 (orange), and 3 (yellow) for each function, and the same individuals are connected 
by lines. ADCD, antibody-dependent complement deposition; ADCP, Antibody-dependent cellular phagocytosis; ADNKA, antibody-dependent NK cell activation; 
ADNP, antibody-dependent neutrophil phagocytosis; PS, phagoscore.

https://doi.org/10.1172/jci.insight.135057
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Despite the limited separation between the AIDSVAX only and ALVAC/AIDSVAX arms by uni-
variate and discriminant analysis, we next aimed to use a more rigorous multivariate approach to deter-
mine whether any differences existed between the 2 vaccine arms. Using a multivariate LASSO partial 
least squares discriminant analysis (PLSDA) model, in which all antibody features were first down 
selected to prevent overfitting, and to define the minimal features that distinguish the arms, some level 
of  separation was observed between the combination and AIDSVAX arms (Figure 3B). Both regimens 
resulted in distinct V1V2 immunodominant reactivity profiles that had been previously associated with 
reduced risk of  infection (11). Although the combination vaccine drove higher levels of  IgG2 breadth 
of  binding, IgM responses to V1V2, IgG4 responses, and NK cell responses, AIDSVAX drove an FcR 
-biased response to Clade AE antigens, higher complement C1q binding, as well as IgG1 titers to the 
Case A2 V1V2 (Figure 3C). Whereas many of  these were not significantly different at a univariate level, 
the combination of  a number of  features were ultimately able to separate out the vaccine profiles, high-
lighting subtle, largely epitope-specific functional differences across the vaccine responses. Therefore, 
these higher-resolution analyses point to fine-detailed differences in the immune response; however, 
how these differences are relevant clinically remains unclear.

Finally, to gain a deeper understanding on how the boosting reshaped the RV144 vaccine-induced 
immune response, RV144 and the matched combination arm were compared in a LASSO PLSDA model. 
RV144 and RV305 AIDSVAX/ALVAC immunized individuals exhibited completely distinct, nonoverlap-
ping functional humoral immune profiles (Figure 4A) marked by elevated binding to FcR 2A (Figure 4, 
B and C) involved in phagocytosis (18), complement binding, and less desirable elevated IgG4 responses. 
Conversely, RV144 vaccinees possessed higher IgG3 breadth and IgM responses, both of  which were lost 
with additional boosting as observed in the univariate analysis (Figure 4, B and C). Thus, whereas the 
potentially protective IgG3 response was lost from the RV144 profile in RV144 vaccinees, the boost matured 
the immune response to a robust FcR--binding profile poised to drive antibody effector function. The small 
number of  8 features needed for separation between the RV144 and RV305 profiles point toward qualitative 
rather than primarily quantitative differences in the immune response tailored by boosting. After late boost-
ing in RV305, regardless of  the protein immunization strategy, these individuals were able to leverage more 
FcR 2A binding, skewing the humoral response toward a highly functional but low IgG3 profile.

Discussion
Reduced rates of  infection among RV144 vaccinees provided great hope to the HIV vaccine research field 
that protection could potentially be achieved (5). However, the RV144 replication in South Africa, the 
HVTN 702 trial, was recently terminated due to futility (10). Given the differences established in the vac-
cine regimens across the studies (19), with the addition of  the late boost in the HVTN 702 study, here we 
sought to comprehensively dissect the effect of  late boosting on vaccine-induced immunity. Owing to issues 
with waning immunity following RV144 vaccination (5), the RV305 study aimed to test the immunolog-
ical impact of  boosting that was included in the HVTN 702 trial. Within the RV305 study, the potential 
adjuvanting activity of  ALVAC-HIV as well as the protein boost were explored. Whereas previous studies 
showed that IgG1 and IgA levels increased compared with RV144 peak immunogenicity levels in AIDS-
VAX and combination vaccine groups, to date functional responses as well as subclass distributions had not 
been thoroughly dissected (13). To further evaluate RV305-induced vaccine profiles, using systems serology 
we confirmed that protein boosting alone significantly boosted vaccine responses. At a univariate level, 
protein boosting alone, regardless of  ALVAC addition, resulted in significant boosting at both quantitative 
and qualitative levels, in an IgG-dominated manner. Although boosting did not augment the overall level of  
ADCP and NK cell degranulation or IFN-γ secretion by vaccine-induced antibodies, boosting augmented 
ADNP, ADCD, and NK cell-mediated chemokine secretion, pointing to qualitative improvements with 
the addition of  the boosting. Moreover, whereas the majority of  antibody functions declined quickly upon 
follow-up, ADCP responses remained significantly elevated, indicating additional durability in some func-
tional vaccine-induced immunity with boosting.

Whereas IgG3, the most functional antibody subclass in humans, was identified as an immune cor-
relate of  reduced risk of  infection in the RV144 vaccine trial (12), all boosting strategies in RV305 drove 
class switching away from this functional subclass (Figure 1C). The boosted IgG response was largely more 
effective at driving functional activity compared with the RV144 responses, suggesting that despite this 
loss of  IgG3, the increased IgG1 titers were highly functional (Figure 2A), albeit less functional at a per 

https://doi.org/10.1172/jci.insight.135057
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antibody level compared with those elicited in the RV144 vaccine trial. Likewise, depletion IgG3 studies 
led to a loss of  function in RV144 vaccinees, highlighting the importance of  IgG3 in polyclonal RV144 
functionality (9). However, IgG3 depletion did not completely deplete polyclonal functionality, pointing 
to a critical role for IgG1 as a critical mediator of  vaccine-induced effector function. Given the short IgG3 
half-life (20), the induction of  more functional IgG1 is likely to be a more stable target vaccine profile for 
future vaccines; however, with IgG3, polyclonal pools may have the capacity to drive enhanced antibody 
effector function. Thus, vaccine strategies that eliminate IgG3 may fail to fully leverage all necessary anti-
body effector functions, such as ADCD that was tightly linked to IgG3 levels, which may be required for 
long-lasting protection against HIV.

In addition to boosted IgG1 levels, boosting with either combination or AIDSVAX alone also increased 
IgG4 levels, which have been associated negatively with antibody functionality (21). Previous studies have 
shown that repeated boosting, as was performed in VAX003, results in class switching and increase of  
less-functional IgG4 antibodies (9). However, adjuvant use may temper the level of  subclass selection, 
potentially offering an approach to enhance the functional quality of  the vaccine-induced humoral immune 
response. For example, whereas VAX003 and RV144 used alum as an adjuvant, the use of  MF59 and 
AS01 as adjuvants has demonstrated induction of  superior antibody functionality and increased IgG1 lev-
els (22). In a previous study, using a MF59-adjuvanted influenza vaccine demonstrated the induction of  
robust IgG1, along with increasing IgG4 titers (23). Surprisingly, although MF59 induced robust phagocyt-
ic and complement fixing antibodies in parallel to increasing antibody titers, the vaccine-induced immune 
response lacked the ability to recruit NK cells, a function that has been linked to reduced risk of  infection 
in the RV144 correlates analyses (11). Therefore, the lack of  efficacy observed in HVTN 702 may be related 
to altered antibody functional profiles driven both by changes in boosting as well as in adjuvant selection.

Although the majority of  functions declined after peak immunogenicity, ADCP remained significant-
ly elevated (Figure 2C). Emerging data from multiple nonhuman primate vaccine studies, using distinct 
immunization strategies, argue for a critical protective role of  phagocytosis against infection (24, 25). 
Although ADCP levels did not increase significantly in RV305 compared with RV144 vaccinees, the dura-
bility of  ADCP in the protein-boosted subjects may offer extended protection. How these ADCP responses 
persisted in the setting of  rapidly waning IgG titers (13) remains to be defined, but points to the differences 
in quantitative and qualitative vaccine-induced immune persistence that may greatly impact the durability 
of  protection. Thus, whereas late boosting failed to introduce long-lived IgG responses (13), late boosting 

Figure 3. Multivariate determinants of differences across boosting regimens. A total of 118 data points, including functional measurements for gp120 MN 
and all antigens described in “Methods” for Fc-receptor and isotyping and/or subclassing, have been used for multivariate analysis. (A) The discriminant 
analysis shows the separation of RV144 and RV305 vaccine arms, including the RV305 placebo subjects. (B) The LASSO partial least squares discrimi-
nant analysis shows the separation between the RV305 combination vs. AIDSVAX alone vaccine recipients. Each dot represents one participant. (C) The 
variable importance in the projection scores are ordered and scaled according to their importance for model separation. Variables that point to the right are 
enriched in AIDSVAX-only recipients, whereas the features directed to the left are higher in recipients of the combination vaccine.

https://doi.org/10.1172/jci.insight.135057
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with protein antigens resulted in a profound improvement in antibody effector function and the persistence 
of  elevated levels of  ADCP (Figure 2, A and C); however whether these persisting responses may not have 
been sufficiently high to confer protection in HVTN 702 remains to be defined. Collectively, subtle differ-
ences existed in the vaccine-induced immune profile across the protein alone and combination of  viral vec-
tor ALVAC and protein boost, but suggested that the protein boost alone may be sufficient to drive highly 
functional vaccine-induced immune responses (Figure 3, B and C).

Collectively, late boosting altered the overall RV144 vaccine-induced humoral profiles. Given the recent 
failure of  HVTN 702, these data point to the possibility that boost-driven alterations may have skewed the 
response away from RV144 profiles or that distinct and/or more robust responses may be required to con-
fer protection in the aggressive South African epidemic in young women. However, novel adjuvants (22), 
poised to drive enhanced functionality, paired with rational late boosting with newly designed structurally 
and/or sequence-enhanced antigens (26) may result in the generation of  an optimized vaccine able to pro-
vide higher levels of  protection from infection at a global level.

Methods
Sample selection. Plasma samples from 88 uninfected RV144 vaccinees (5) (NCT00223080) (not matched to 
RV305 participants) at the peak immunogenicity time point (week 24) were assayed and compared with 132 
RV305 vaccinees at week 0, 26, and 72. RV144 vaccinees received 2 priming injections with ALVAC-HIV 
(encoding vCP1521, Sanofi Pasteur) followed by 2 prime and boost injections with the ALVAC-HIV and 
AISVAX B/E recombinant protein boost (including gp120 A244 and MN, Global Solutions for Infectious 
Diseases). The RV305 trial (NCT01435135) reenrolled 162 RV144 vaccinees who completed the whole 

Figure 4. RV144 drove an IgG3-focused but less functional profile compared with vaccinees boosted with AIDSVAX boost alone or in combination with 
ALVAC-HIV. (A) The partial lease squares discriminant analysis plot depicts the features associated with separation of RV305 (combination and AIDSVAX 
recipients) and RV144 vaccinees. Each dot represents one participant with all measurements, including measures from all antigens and Fc receptor binding. 
(B) The variable importance in the projection scores are ranked according to their importance, and direction corresponds to enrichment in each group. 
(C) The dot plots show the top 6 variable importance in the projection features as univariate comparison between the AIDSVAX/combination and RV144 
group. Mann-Whitney test was performed with a Bonferroni’s correction to define significance. ****P < 0.0001. 
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vaccination schedule 6 to 8 years after the follow-up period of  RV144 (13). The RV305 study included 3 
vaccine arms, each including 45 participants, and 9 individuals in each placebo group. The same priming 
and boosting vaccines were used as in the RV144 trial: the ALVAC prime and AIDSVAX B/E boost. 
Group 1 received a combination of  the ALVAC-HIV and AIDVAX B/E vaccination (45 individuals avail-
able), group 2 received the boosting AIDVAX B/E alone (44 individuals available), and group 3 received 
ALVAC-HIV alone (43 individuals available). Vaccines were given at week 0 and 24 (Figure 1A). All RV305 
samples (n = 132) were profiled at week 26 (peak immunogenicity time point) and partially at week 72 (n = 
132). Samples were run in duplicate per assay and across 2 biological replicates.

Antibody titer measurements and FcR binding. Antigen-specific antibody subclass, isotype, and FcR-bind-
ing levels were measured using a customized multiplexed Luminex assay, as previously described (27). A 
panel of  V1V2 and gp120 antigens were used, including: V1V2 92TH023, V1V2 A244, V1V2 MN, gp120 
92TH023, gp120 MN, and gp120 A244 (all from Duke University) and V1V2 Case A2 (Immune tech, 
IT-001-214p). Briefly, antigens were coupled to fluorescent carboxyl-modified microspheres (Luminex). 
Antigen-coupled Luminex beads were then washed and incubated with plasma samples (1:1000 for IgG, 
IgG1, and all FcRs; 1:250 for all other readouts), and antibody titers were detected using a PE-conjugated 
antibody for each subclass, isotype (IgG, IgG1, IgG2, IgG3, IgG4, IgA, and IgM; Southern Biotech), FcR 
(FCR2AH, 2AR, 2B, 3AF, 3AV, and 3B; Duke Protein Production facility), or complement (C1q, Duke 
Protein Production Facility). Samples were analyzed on a Bioplex 3D reader (Bio-Rad) using Exponent 
software. Breadth of  antibody subclasses and FcR binding was calculated for all mentioned antigens as 
the number of  antigens that bound above the median z-score value for each subclass or FcR, respectively.

Functional measurements. Bead-based assays were used to quantify ADCP, ADNP, and ADCD, as pre-
viously described (28–30). Fluorescent streptavidin beads (Thermo Fisher Scientific) were coupled to bioti-
nylated antigen (gp120 MN) and incubated with diluted plasma (ADCP 1:500, ADNP 1:100, and ADCD 
1:10). A phagocytosis score was calculated for ADCP and ADNP as (percentage of  bead-positive cells) × 
(MFI of  bead-positive cells) divided by 10,000. ADCD was reported as MFI of  C3 deposition.

For antibody-dependent NK cell-activating functions, an ELISA-based surrogate assay was employed, 
as previously described (31). Briefly, plates were coated with 3 μg of  antigen (gp120 MN), and samples 
were added at a 1:25 dilution and incubated for 2 hours at 37°C (32). NK cells were isolated the day prior 
via RosetteSep (Stem Cell Technologies) from healthy buffy coats and rested overnight in 1 ng/mL IL-15 
(Stemcell). NK cells were then added to the immune complex containing plates and incubated for 5 hours 
at 37°C in the presence of  CD107a PE-Cy5 (BD), Golgi stop (BD), and Brefeldin A (BFA, MilliporeSigma) 
staining cocktail. Following the incubation, cells were fixed with Perm A (Life Tech), stained for surface 
markers with anti-CD16 APC-Cy7 (BD), anti-CD56 PE-Cy7 (BD), and anti-CD3 PacBlue (BD), and per-
meabilized with Perm B (Life Tech). Anti-IFN-γ FITC (BD) and anti-MIP-1β PE (BD) antibodies were 
used for intracellular staining. NK cells were defined as CD3–, CD16+, and CD56+. Data were reported as 
percentage of  cells positive for CD107a, MIP-1β, or IFN-γ. Acquisition of  all flow data was performed on 
an iQue Screener plus (IntelliCyt).

Statistics. Flow data was analyzed using the iQue Screener plus (Intellicyte) software. Data analysis 
and graphs were generated using GraphPad Prism version 8 for Mac (GraphPad Software). For com-
parison between 2 groups (Figure 4C), 2-tailed Mann-Whitney test was applied. For comparison of  
more than 2 groups (Figure 1C and Figure 2A), Kruskal-Wallis with Dunn’s multiple comparison test 
was used. Correlation matrixes were generated via Prism, and Spearman’s correlation was performed. 
Bonferroni’s post hoc test was applied as indicated for multiple comparisons (Figure 2B and Figure 
4C). JMP version 13.2.0 was employed for the linear canonical discriminant analysis with common 
covariance. The minimum signature of  antibody features and functional measurements needed for 
differentiating vaccine groups were determined using a LASSO feature down-selection using MAT-
LAB software (version 2018B, MathWorks) followed by visualization by PLSDA (33). For RV305 
AIDSVAX versus combination (Figure 3), a ROC 10-fold cross-validation was used (72.8% accuracy, 
AUC 0.56). For RV144 versus RV305 AIDSVAX/combination analyses (Figure 4), the ROC 1-fold 
cross-validation yielded 91.5% accuracy and 0.90 AUC.

Study approval. Written informed consent was received from all participants before inclusion in the 
study. This research was approved by the Institutional Review Board of  Massachusetts General Hospital 
(IRB approval no. 2015P000095 and no. 2014P000926).
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