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SUMMARY
Several HIV-1 and SIV vaccine candidates have shown partial protection against viral challenges in rhesus
macaques. However, the protective efficacy of vaccine-elicited polyclonal antibodies has not previously
been demonstrated in adoptive transfer studies in nonhuman primates. In this study, we show that passive
transfer of purified antibodies from vaccinatedmacaques can protect naive animals against SIVmac251 chal-
lenges. We vaccinated 30 rhesus macaques with Ad26-SIV Env/Gag/Pol and SIV Env gp140 protein vaccines
and assessed the induction of antibody responses and a putative protective signature. This signature
included multiple antibody functions and correlated with upregulation of interferon pathways in vaccinated
animals. Adoptive transfer of purified immunoglobulin G (IgG) from the vaccinated animals with the most
robust protective signatures provided partial protection against SIVmac251 challenges in naive recipient rhe-
sus macaques. These data demonstrate the protective efficacy of purified vaccine-elicited antiviral anti-
bodies in this model, even in the absence of virus neutralization.
INTRODUCTION

The development of a safe and effective vaccinewill likely be crit-

ical to achieve a durable end to the global HIV-1 pandemic

(Fauci, 2017). Several vaccine candidates have shown protective

efficacy against viral challenges in nonhuman primates, but

whether antibodies are actually responsible for the observed

protection, as opposed to cellular, innate, or other immune re-

sponses, remains to be determined.

The ‘‘holy grail’’ of the HIV-1 vaccine field has been to generate

a vaccine candidate that can induce high titers of broadly neutral-

izing antibodies. However, no HIV-1 vaccine candidates have to

date been able to induce broadly neutralizing antibodies in

nonhuman primates or humans (Escolano et al., 2019; Pauthner

et al., 2017, 2019). Nevertheless, several vaccine candidates

have been shown to generate functional non-neutralizing anti-

bodies (Barouch et al., 2018; Bekker et al., 2018; Roederer

et al., 2014) that have statistically correlated with protection (Bar-

ouch et al., 2013, 2015, 2018; Haynes et al., 2012; Roederer et al.,

2014), although mechanistic correlates of protection remain un-
clear (Plotkin, 2008, 2010). In particular, it has not yet been proven

whether non-neutralizing antibodies can protect in adoptive trans-

fer studies in nonhuman primates. This is particularly relevant

given the lack of efficacy of an ALVAC/gp120 vaccine designed

to induce V1V2-binding antibodies in humans (https://www.

niaid.nih.gov/news-events/experimental-hiv-vaccine-regimen-

ineffective-preventing-hiv), which underscores the need for a

more detailed understanding of vaccine-elicited antibodies.

To investigate the protective potential of functional non-

neutralizing antibodies elicited by prototype Ad26/Env vaccines,

we assessed functional antibody profiles in two previously re-

ported vaccine studies against SIVmac251 and SHIV-SF162P3

challenges and integrated these data to define a common pro-

tective signature. This signature successfully predicted protec-

tive efficacy in a new cohort of 30 Ad26/Env vaccinated rhesus

macaques against SIVmac251 challenges. Adoptive transfer of

purified immunoglobulin G (IgG) from the vaccinated macaques

that exhibited the most robust protective signature protected

naive rhesus macaques against SIVmac251 challenges, demon-

strating the protective efficacy of vaccine-elicited antibodies.
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RESULTS

Common Protective Signature
We profiled humoral immune responses in two previously pub-

lished Ad26/Env vaccine studies that showed protective efficacy

against SIVmac251 (Barouch et al., 2015) and SHIV-SF162P3

(Barouch et al., 2018) challenges in rhesus macaques. We as-

sessed over 300 features of Env-specific antibody responses

in each animal by systems serology (Chung et al., 2015),

including antibody titers, binding breadth, polyfunctionality,

glycosylation profiles, Fc receptor binding, and complement

binding (Chung et al., 2015; Darrah et al., 2007; Gómez-Roman

et al., 2006). Antigen-specific interferon (IFN)-g ELISPOT re-

sponses were also included in the analysis (Barouch et al., 2018).

To define immune responses that correlated with protective

efficacy in these prior studies, unsupervised hierarchical clus-

tering of immunologic profiles was assessed at peak immunity

and demonstrated substantial heterogeneity among vaccinated

animals (Figures S1A and S1C). Supervised principal-compo-

nent analyses (PCA) showed clustering of animals based on

the vaccine regimen received (Figures S1B and S1D). Following

feature reduction using Elastic-Net/Least Absolute Shrinkage

and Selection Operator (LASSO) regularization and penalty-

based feature down-selection, a partial least-squares regression

(PLSR) analysis (Cawley and Talbot, 2010; Galindo-Prieto et al.,

2014; Wold et al., 2001; Zou and Hastie, 2005) was performed to

define the minimal set of immune features that tracked with an-

imals that resisted infection (Ackerman et al., 2018; Chung et al.,

2015; Gunn et al., 2018; Lu et al., 2016). In the SIV study, four fea-

tures were sufficient to separate animals that were more resis-

tant to infection (yellow dots) compared with those that were

more susceptible to infection (blue dots) (Figures S2A and

S2B; R2 = 0.71, root-mean-squared error (RMSE) = 0.53, p <

0.0001). In the SHIV study, the LASSO/PLSR model identified

five features that were critical in separating animals based on

protective efficacy (Figures S2C and S2D; R2 = 0.46, RMSE =

0.73, p < 0.0001).

To define a common protective signature across both studies,

we determined the minimal set of immunologic features that

predicted protective efficacy. We reasoned that a composite

signature would likely be more strongly predictive of protective

efficacy than any single immunologic feature. This approach is

conceptually analogous to gene set enrichment analysis

(GSEA) for transcriptomic analyses, in which a composite signa-

ture or pathway is typically more strongly associated with a given
Figure 1. Common Protective Signature for SIV and SHIV

(A) Immunologic features correlated with protective efficacy in two previously pub

2018). Features most strongly correlated with protection in both studies are ranke

are shown to the left of the vertical line. Red to blue shading highlights a positive

(B and C) The heatmap shows the selected 12 immune features across all animals

and (C) SHIV-SF162P3 studies. Black to white shading on the right of each hea

Yellow to blue shading represents the magnitude (positive to negative) of each r

(D and E) Receiver operative characteristic (ROC) curves showing predictive and

study (blue) are shown in the (D) SIVmac251 and (E) SHIV-SF162P3 studies. To

employed two types of permutation tests: shuffling the outcome labels across the

to test the likelihood of obtaining amodel prediction accuracy by chance. Each per

an exact p value.

See also Figures S1 and S2.
phenotype than is of any individual gene. To accomplish this, the

relationship between each immunologic feature and protection,

defined as the number of challenges required for infection, was

weighted for importance in driving separation in the PLSR

models. A stepwise-forward approach was then used to deter-

mine the correlates that best predicted protective efficacy

concordantly in both studies.

A total of 12 immune features were selected as most relevant

(Figure 1A), including antigen-specific cellular immune re-

sponses by ELISPOT assays, antibody-dependent natural killer

(NK) cell degranulation (CD107a), antibody binding breadth, anti-

body polyfunctionality, antibody-dependent cellular phagocy-

tosis (ADCP), Fc receptor profiles, and glycan profiles. Two

glycan features in this set of immune features (G1B_2, G2S1)

were negatively correlated with protective efficacy. These 12

features were concentrated in the protected animals in both of

the previous studies (Figures 1B and 1C). Moreover, receiver

operative characteristic (ROC) curves modeled on vaccine pro-

file data from the SIV study (Figure 1D) predicted protective effi-

cacy in that study (red curve; area under the curve [AUC] = 0.83,

p < 0.001) and cross-predicted protective efficacy in the SHIV

study (blue curve; AUC = 0.85, p < 0.001). Similarly, a model

based on data from the SHIV study (Figure 1E) was able to pre-

dict protective efficacy in that study (red curve; AUC = 0.82, p =

0.001) and cross-predict protective efficacy in the SIV study

(blue curve; AUC = 0.71, p = 0.041).

Vaccine Study
Wenext validated this putative protective signature in a prospec-

tive vaccine study. We primed 30 rhesus macaques with 3 3

1010 viral particles (vp) Ad26-SIVsmE543 Env/Gag/Pol vectors

at weeks 0 and 12 and boosted the animals with 3 3 1010 vp

Ad26 vectors combined with 0.25 mg purified SIVmac32H Env

gp140 protein with alum adjuvant at weeks 24 and 50 (Abbink

et al., 2007; Barouch et al., 2012, 2015). Env-specific binding

antibody responses by ELISA were observed in all vaccinated

animals following immunization and peaked at weeks 28 and

54 after the Env gp140 protein boosts (Figure 2A). TZM-bl-based

pseudovirus neutralization assays showed neutralizing antibody

activity against a T cell line-adapted SIVmac251 clone but

essentially no neutralizing antibody activity against a resistant

SIVmac251.30 clone that is representative of the SIVmac251

challenge stock (Figure 2B). Moreover, no neutralization was

observed against the actual SIVmac251 challenge virus (data

not shown). Similarly, neutralizing antibody activity was
lished SIVmac251 and SHIV-SF162P3 challenge studies (Barouch et al., 2015,

d from left to right, and the 12 features most strongly correlated with protection

or negative correlations, respectively, with protective efficacy.

ranked by the number of challenges required for infection in the (B) SIVmac251

tmap depicts the number of challenges required for infection for each animal.

esponse in the animals.

cross-predictive capacity of the minimal correlates within study (red) or across

estimate the statistical significance of ROC curve generated by the model, we

samples and through the use of a random dataset. Each dataset was then used

mutation test performed 104 times to generate an empirical null distribution and
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B Figure 2. Antibody Responses following

Ad26/Env Vaccination

(A) ELISA titers to SIVmac32H Env gp140 following

vaccination.

(B) Neutralizing antibody responses to primary

and T cell line-adapted clones of SIVmac251 and

SIVsmE660 at week 54.

(C) Functional antibody responses at week 54,

including antibody-dependent NK cell activation

(CD107a, IFN-g, MIP-1b), antibody-dependent

complement deposition (ADCD), antibody-

dependent cellular phagocytosis (ADCP), and

antibody-dependent neutrophil phagocytosis

(ADNP). The dashed lines represent limits of

quantitation of the assays.

(D) Heterogeneity of polyfunctional antibody re-

sponses in individual animals reflected in pie

charts. Pie charts represent the level of vaccine-

induced NK cell degranulation (CD107a, orange),

vaccine-induced NK cell cytokine secretion (IFN-

g, black), vaccine-induced NK cell chemokine

secretion (MIP-1b, green), antibody-dependent

cellular phagocytosis (ADCP, blue), antibody-

dependent neutrophil phagocytosis (ADNP, reds),

and antibody-dependent complement deposition

(ADCD). Data were normalized and individuals

over the median were scored as 1, and individuals

below the median were scored as 0 to create the

pie charts.

See also Figure S3.
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observed against a T cell line-adapted SIVsmE660 clone but

essentially no neutralizing antibody activity against a resistant

SIVsmE660 clone (Figure 2B). Detailed antibody profiles consist-

ing of over 300 immunologic features were also assessed in each

animal at week 54 (Figure S3). Striking heterogeneity was

observed in the magnitude (Figure 2C) and composition (Fig-

ure 2D) of functional antibody profiles in the vaccinated animals,

despite relatively comparable binding antibody titers (Figure 2A).

IgG depletion of plasma abrogated most functional antibody

activity (data not shown). Gag-, Env-, and Pol-specific cellular

immune responses were also detected by IFN-g ELISPOT as-

says following vaccination (Figure 3). One animal was vaccinated

as a backup and was not included in the subsequent chal-

lenge study.

We ranked antibody profiles in all the vaccinated animals

based on the protective signature. In preparation for adoptive

transfer studies with purified IgG, we included the 9 features

related to antibody profiles but excluded the 3 features related

to cellular immune responses for this analysis. These features

included markers of antibody function and binding,

including NK cell CD107a degranulation, antibody polyfunc-

tionality, phagocytosis, antibody binding breadth, Fcg3-re-
188 Cell 183, 185–196, October 1, 2020
ceptor binding (FcgR3A, FcgR3B), and

Fc-glycan isoforms (G1F_1, G1B_2,

G2S1). These putative protective signa-

tures were assessed in PCA to define

enrichment for this signature among

vaccinated animals (Figure 4A; black

to white shaded dots) and to visualize
antibody functional features (Figure 4B; colored dots). We

then ranked animals with respect to this signature in terms

of a protective signature rank score (Figure 4C), based on

the feature coefficients in the original PLSR models, with a

higher score representing greater predicted protection. We

divided the vaccinated animals into 4 approximate quartiles

based on this ranking, with quartile I representing the animals

with the strongest protective signature and quartile IV repre-

senting the animals with the weakest protective signature

(Figure 4C).

To define the pathways responsible for the induction of this

protective signature, we utilized transcriptomic profiling by

RNA sequencing (RNA-seq) to assess the association between

innate immune responses at baseline and following the first pro-

tein boost and the subsequent development of the protective

signature (Gentleman, 2005; Gentleman et al., 2004). Significant

transcriptomic differences were detected following vaccination

by gene set enrichment analysis (GSEA) (Subramanian et al.,

2005), including induction of type I and type II IFN signaling,

metabolic pathways (MYC, MTOR), and proliferation pathways

(G2M, E2F), as well as activation of monocyte and myeloid den-

dritic cell (MDC) signaling (Figure S4).
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Figure 3. Cellular Immune Responses in

Vaccinated Macaques

IFN-g ELISPOT responses to Gag, Env1, Env2,

Pol1, and Pol2 peptide pools in macaques at

baseline and at week 4 following the boost im-

munization. Spot-forming cells (SFCs) per million

peripheral blood mononuclear cells (PBMCs) are

shown. The dotted lines represent limits of quan-

titation of the assay. Red bars indicate median

responses.
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The protective signature rank score of the vaccinated animals

correlated most strongly with expression of genes in the mito-

chondrial metabolism and interleukin-4 (IL-4)/IL-13 pathways

on day 1 post-boost, including PINK1 (p = 2 3 10�5) (Xiao

et al., 2017; Zhou et al., 2019) and ALOX15 (p = 0.0003) (Kwon

et al., 2016; Snodgrass and Brüne, 2019) (Figures 5A–5D and

S5), as well as Toll-like receptor (TLR) signaling (Figures S6A

and S6B). On day 7 post-boost, increased expression of genes

in the B cell receptor (BCR) and IFN pathways, including CD22

(p = 0.0068) and CD19 (p = 0.0367), correlated most strongly

with the protection signature rank score of the vaccinated ani-

mals (Figures 5E–5H). Moreover, using sample level enrichment

analysis, activation of IL-4/IL-13 signaling on day 1 correlated

with activation of BCR signaling on day 7 (p = 0.027), highlighting

synergy between these transcriptional cascades. Expanded

analysis using the Hallmark database confirmed the correlation

between IFN signaling on day 7 post-boost and the protective
A B

Figure 4. Ranking of Vaccinated Animals by the Protective Signature

(A) Principal-component analysis (PCA) of vaccinated animals stratified by the e

resents a vaccinated animal. The dot intensity depicts the degree of the protect

signature and light dots have lower levels of the protective signature.

(B) PCA of individual protective features in the signature in the same multivariate

(C) Heatmap showing the ranking of each vaccinated animal by enrichment of the

protective signature. Yellow to blue shading depicts the magnitude (positive to n
signature, including upregulation of antiviral genes (IRF7, IFI2/

3/44, TRIM14/25/26) and chemokine signaling genes (CCL5/

13, CXCL9/10) (Mostafavi et al., 2008) in animals with the protec-

tive signature (Figures S6C–S6E). These data suggest that early

innate immune signatures on day 1 post-boost and antiviral IFN

responses on day 7 post-boost contributed to the development

of the protective antibody signature.

To assess the predictive capacity of the protective signature

rank score, we challenged the 30 vaccinated animals and 6

contemporaneous sham controls with 6 repeated, intrarectal in-

oculations with 500 tissue culture infectious doses (TCID50) of

the heterologous, neutralization-resistant virus SIVmac251

beginning at week 78, which was 7 months after the final boost

immunization (Barouch et al., 2012, 2015; Liu et al., 2009,

2010). Plasma viral RNA was assessed weekly in the challenged

animals. We observed substantial protection against acquisition

of infection in animals with the strongest protective signatures in
C

nrichment of the protective signature defined in Figure 1 where each dot rep-

ive antibody signature, where dark dots are highly enriched for the protective

space.

protective antibody signature. Black to white shading shows the strength of the

egative) of each of the signature features in the vaccinated animals.
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Figure 5. Innate Immune Correlates of the Protective Signature

(A) Heatmap representing the top positively correlated genes on day 1 post-boost associated with the protection rank score. Rows represent genes and columns

represent samples. Gene expression is represented as a gene-wise standardized expression (Z score). Red and blue correspond to up- and downregulated

genes respectively. Green to white correspond to high to low protection rank score.

(B) An over-representation test of gene expression pathways on day 1 post-boost correlated with the predicted protection rank score, demonstrating IL-4/IL-13

signaling and reactive oxygen species (ROS) and mitochondrial metabolism pathways.

(C and D) Scatterplots highlight correlations between (C) PINK1 and (D) ALOX15 gene expression on day 1 and protection rank score. The shaded area represents

the estimated standard deviation around the median.

(E) Heatmap representing the top positively correlated genes on day 7 post-boost associated with the protection rank score as in (A).

(legend continued on next page)
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quartile I (Figures 6A and 6B; p = 0.0011, log-rank test; hazard

ratio 0.016, p < 0.001, Cox proportional hazard model; hazard

ratio 0.035, p < 0.001, Weibull survival model) and in quartile II

(p = 0.0125, log-rank test; hazard ratio 0.055, p = 0.005, Cox pro-

portional hazard model; hazard ratio 0.116, p < 0.001, Weibull

survival model). In contrast, minimal to no protection was

observed in animals with the weaker protective signatures in

quartiles III and IV. A trend analysis confirmed decreasing

protective efficacy in quartile I to quartile IV (p < 0.001, Cox pro-

portional hazard model; p < 0.001, Weibull survival model).

Moreover, the protective signature rank score strongly corre-

lated with protection against SIVmac251 challenges in these an-

imals (Figure 6C; R = 0.86; p < 0.0001, Spearman rank-correla-

tion test).

Adoptive Transfer Study
To determine directly the protective efficacy of vaccine-elicited

antibodies, we performed an adoptive transfer study using puri-

fied IgG from the vaccinated macaques (Plotkin, 2008, 2010). A

technical hurdle was to obtain sufficient IgG at peak immunity to

achieve robust antibody titers in recipient rhesus macaques

following adoptive transfer. We plasmapheresed all vaccinated

macaques four times after the week 50 boost at weeks 52, 53,

54, and 55. We obtained a median of 71 mls plasma (range

47–108 mL) per animal and purified IgG from each vaccinated

animal with protein A and G Sepharose beads, resulting in a me-

dian of 360 mg IgG (range 209–580 mg) per animal. Sham IgG

was also purified from plasma from unvaccinated macaques.

IgG preparations were diluted to 10 mg/mL and tested negative

for endotoxin. Functional antibody profiling of the purified IgG

preparations confirmed their serum functional profiles (data

not shown).

We prepared four IgG pools (I–IV) for the adoptive transfer

study, reflecting IgG from animals in quartiles I–IV (Figure 4C),

respectively. We infused 24 naive recipient rhesus macaques

by the intravenous route with 100 mg/kg purified IgG from pools

I, II, III, or IV (N = 4/group) or 100 mg/kg sham IgG purified from

unvaccinated animals (N = 8). Following adoptive transfer, bind-

ing antibody titers were detected by ELISA in all recipient ma-

caques in groups I–IV, although titers were approximately 1 log

lower in the recipients compared with the vaccinated donor an-

imals (Figure 7A). Binding antibody titers were comparable

across groups I–IV (Figure 7B).

To evaluate the protective efficacy of the passively transferred

IgG, we challenged all recipient animals with 6 repeated, intra-

rectal inoculations with 500 TCID50 of SIVmac251 starting on

day 1 after adoptive transfer. The pre-defined primary statistical

analysis was the protective efficacy in groups I and II combined

(N = 8) versus groups III and IV combined (N = 8) versus sham

controls (N = 8). Env-specific binding antibodies were detected

by ELISA in the sham controls by weeks 4–6 following the first

challenge, reflecting the kinetics of antibody responses to SIV-
(F) An over-representation test of gene expression pathways on day 7 post-bo

signaling and B cell receptor (BCR) pathways.

(G and H) Scatterplots highlight correlations between (G) CD22 and (H) CD19 ge

(B and F) The Cluego plug-in in Cytoscape was used to plot the transcriptomic c

p values represent Spearman rank correlation tests in (C), (D), (G), and (H). See a
mac251 infection (Figure 7C). In the recipient animals that

received IgG in groups I–IV, Env-specific ELISA titers declined

by 0.5 log between week 0 and week 1, reflecting rapid clear-

ance of the infused IgG (Figure 7D). By weeks 4–6 following

the first challenge, the majority of recipient animals in groups I–

IV demonstrated increasing ELISA titers, presumably reflecting

productive SIVmac251 infection, although ELISA titers

continued to decline to undetectable levels in four recipient ani-

mals over this period of time (Figure 7D).

In the primary efficacy analysis, animals in groups I and II

demonstrated transient but clear protection compared with

sham controls (Figures 7E and 7F; p = 0.0137, log-rank test; haz-

ard ratio 0.173, p = 0.035, Cox proportional hazard model; haz-

ard ratio 0.235, p = 0.009, Weibull survival model). Animals in

groups I and II also showed greater efficacy than did animals

in groups III and IV (p = 0.0336, log-rank test; p = 0.047, Cox pro-

portional hazard model; p = 0.047, Weibull survival model). In

contrast, animals in groups III and IV did not show protection

compared with sham controls.

In an exploratory efficacy analysis, we also assessed the pro-

tective efficacy of each individual recipient group compared with

sham controls, although this analysis had limited statistical po-

wer. Nevertheless, protection was still observed in group I (Fig-

ure S7; p = 0.026, Cox proportional hazard model; p = 0.007,

Weibull survival model). A trend analysis confirmed decreasing

protective efficacy from group I to group IV (Figure S7; p =

0.013, Cox proportional hazard model; p = 0.010, Weibull sur-

vival model). Moreover, antibody responses at week 6 inversely

correlated with protective efficacy in both sham controls and

groups I–IV (data not shown), suggesting that post-challenge

antibody responses largely reflected viral replication.

Taken together, these data demonstrate that passive transfer

of purified IgG from vaccinated macaques with the most robust

protective signature, but not from animals with the less robust

protective signature, led to a modest but clear degree of protec-

tive efficacy against SIVmac251 challenges in rhesusmacaques.

DISCUSSION

A major unanswered question in the HIV-1 vaccine field is

whether vaccine-elicited antibodies can protect. To the best of

our knowledge, we report here the first demonstration that adop-

tive transfer of purified polyclonal IgG from vaccinated animals

can protect naive rhesus macaques against SIVmac251 chal-

lenges.We defined a common protective signature for candidate

Ad26/Env vaccines from previous studies (Barouch et al., 2015,

2018) and validated this signature in a prospective vaccine study

in rhesus macaques. We then showed that adoptive transfer of

purified IgG from animals with this signature protected naive rhe-

sus macaques against SIVmac251 challenges. These data

demonstrate that antibodies elicited by Ad26/Env vaccination

can partially protect against SIVmac251 in rhesus macaques.
ost correlated with the predicted protection rank score, demonstrating IFN

ne expression and protection rank score.

ascades.

lso Figures S4, S5, and S6.
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Figure 6. Protective Efficacy in Vaccinated Animals

(A) Kaplan-Meier curve depicting the number of challenges required for infection in sham control macaques and in vaccinated macaques in quartiles I–IV defined

by the predicted protective signature (Figure 4).

(B) Statistical analyses of protective efficacy by log-rank tests, Cox proportional hazard models, and Weibull survival models.

(C) Correlation of predicted protection rank score and the number of challenges required for protection. p value represents Spearman rank-correlation test.
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These findings are consistent with prior studies from multiple

laboratories that identified functional non-neutralizing antibodies

as statistical correlates of protection (Barouch et al., 2013, 2015,

2018; Haynes et al., 2012; Horwitz et al., 2017; Roederer et al.,

2014). Our data also extend a previously reported gene expres-

sion signature of vaccine protection (Ehrenberg et al., 2019).
192 Cell 183, 185–196, October 1, 2020
Numerous studies have previously reported passive protection

with broadly reactive monoclonal antibodies, but few studies

have evaluated passive protection with polyclonal antibodies in

rhesus macaques (Dugast et al., 2014).

Systems serology has the capacity to profile the polyclonal anti-

body responses to vaccination or infection with unprecedented
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Figure 7. Protective Efficacy following Adoptive Transfer of Purified IgG

(A and B) ELISA titers to SIVmac32H Env gp140 in vaccinated macaques (Donors) and in recipient macaques (Recipients) following adoptive transfer of purified

IgG from animals in quartiles I–IV.

(C and D) ELISA titers in animals that received (C) sham IgG or (D) IgG purified from vaccinated macaques in quartiles I–IV following the initial SIVmac251

challenge.

(legend continued on next page)
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detail (Chung et al., 2015). The immunologic parameters defined in

the common correlate of protection (Barouch et al., 2015, 2018)

included features related to antibody responses, including func-

tionality, binding breadth, Fc-receptor binding, and glycan pro-

files, as well as features related to cellular immune responses.

These data are consistent with our previous studies that identified

Env-specific antibody titers and Env-specific ELISPOT responses

(Barouch et al., 2018) and antibody polyfunctionality as correlates

of protection (Barouch et al., 2015). Of note, these previously iden-

tified correlates were part of the more comprehensive protective

correlate defined in this study. We speculate that antibody poly-

functionality likely leveraged multiple immunologic clearance

mechanisms that may contribute to protection (Liu et al., 2016),

rather than a vaccinal effect mechanism.

We utilized transcriptional profiling to provide mechanistic in-

sights related to the gene circuits involved in driving the protective

antibody signature. Transcriptional cascades as early as day 1 af-

ter the boost correlated with the induction of the protective signa-

ture. These data suggest that early vaccine-induced triggering of

innate immune pathways facilitated the induction of protective an-

tibodies, including TLR and IL-4/IL-13 signaling on day 1 and BCR

and IFN signaling on day 7. These findings are consistent with

prior reports that suggest that early IFN signaling may drive func-

tional andprotective antibodyprofiles (Hamilton et al., 2017; Rubt-

sova et al., 2016; Zumaquero et al., 2019).

In summary, our data demonstrate that vaccine-elicited anti-

bodies can provide partial protection against SIVmac251 chal-

lenges in rhesus macaques, even in the absence of broadly

neutralizing antibodies. We speculate that neutralizing antibodies

would be evenmore effective (Pauthner et al., 2019), but currently

no HIV-1 Env immunogens can induce broadly reactive neutral-

izing antibodies in nonhuman primates or humans. Ad26/Env vac-

cines are currently being evaluated in clinical efficacy trials to

determine whether or not these vaccines will prevent HIV-1 infec-

tion in humans. The protective signature defined in this study and

the approach to studying vaccine-elicited antibodies by adoptive

transfer studies should prove useful in the evaluation of vaccines

for both HIV-1 and other pathogens.
Limitations of Study
This study demonstrates a proof of concept that vaccine-elicited

antibodies can protect against pathogenic SIV challenges in

nonhuman primates. However, the generalizability of these find-

ings to other vaccines, which may have different immunologic

mechanisms of protection, remains unclear. Moreover, the rele-

vance of these findings to HIV-1 infection in humans has not yet

been determined.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:
(E) Kaplan-Meier curve depicting the number of challenges required for infection in sh

quartiles I+II and quartiles III+IV.

(F) Statistical analyses of protective efficacy by log-rank tests, Cox proportional haz

See also Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

APC-Cy7 Mouse Anti-Human CD16 BD Biosciences CAT#557758

RRID:AB_396853

anti-rhesus IgG Southern Biotech CAT #: 6200-09

CD56 PE-Cy7 Mouse Anti-Human CD56 BD Biosciences CAT#557747

PE MIP-1b Mouse anti-Human BD Biosciences CAT#550078 RRID:AB_393549

Pacific Blue Mouse Anti-Human CD3 BD Biosciences CAT#558117

RRID: AB_1595437

FITC Goat IgG anti-C3 MP Biomedicals CAT#: 855385

Pacific Blue anti-human CD66b Antibody Biolegend CAT# 305112

Brilliant Violet 711 anti-human CD4

Antibody

Biolegend CAT #: 317440

Clone: OKT4

Alexa Fluor� 700 Mouse Anti-Human CD3 BD Biosciences CAT#: 557917

Clone: SP34

APC/Cyanine7 anti-human CD8 Antibody Biolegend CAT#: 344714

Clone: SK1

APC anti-human CD95 (Fas) Antibody Biolegend CAT#: 305612

Clone: DX2

CD69-ECD Beckman Coulter Life Sciences CAT#: 6607110

Clone: TP1.55.3

PE-Cy7 Mouse Anti-Human IFN-g BD Biosciences CAT #: 557643

Clone: B27

Ki-67 Mouse, FITC BD Biosciences CAT #: 556026

Clone: B56

PE Mouse Anti-Human CD195 BD Biosciences CAT #: 556042

Clone: 3A9

PerCP-Cy5.5 Mouse anti-Human CD279

(PD-1)

BD Biosciences CAT #:

561273

Clone: EH12.1

Purified Rat Anti-Human CCR7 (CD197) BD Biosciences CAT#: 552175

Clone: 3D12

Purified Mouse Anti-Human CD28 BD Biosciences CAT #: 348040

Clone: L293

Bacterial and Virus Strains

SIVmac251 This paper JL

Ad26-SIVsmE543 Env/Gag/Pol This paper N/A

T cell-adapted SIVmac251 This paper N/A

T cell-line adapted SIVsmE660 This paper N/A

Chemicals, Peptides, and Recombinant Proteins

Env gp120 This paper N/A

SIVmac239 Env, Gag, and Pol peptides This paper N/A

SIVmac32H Env gp140 protein This paper N/A

Guinea pig complement Cedarlane CAT #: CL5000-1

Human and Rhesus Fc receptors Duke Human

Vaccine Institute

N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

MBL2 Duke Human

Vaccine Institute

N/A

Human C1q Sigma CAT #: C1740

Streptavidin-R-Phycoerythrin Prozyme CAT#:PJ31S

FIX&Perm Cell Permeabilization Kit Invitrogen CAT#: GAS001S100

CAT#: GAS002S100

Brefeldin A Sigma Aldrich Cat#: B7651

GolgiStop BD Biosciences Cat#: 554724

N-hydroxysulfosuccinimide Pierce CAT #: 24520

1-ethyl-3-[3- dimethlyaminopropyl]

carbodiimide-HCl (EDC)

Pierce CAT#: 77149

IdeZ New England Biolabs CAT#: P0770S

EZ-Link Sulfo-NHS-SS-Biotin Pierce CAT #: 21331

Gentle Ag/Ab Elution buffer Pierce CAT #L 21027

Critical Commercial Assays

BirA-500: BirA biotin-protein ligase

standard reaction kit

Avidity CAT#: BirA500

RosetteSep Human NK Cell Enrichment

Cocktail

Stem Cell Technologies CAT#: 15065

PKH26 Red Fluorescent Cell Linker Kit for

General Cell Membrane Labeling

Sigma Aldrich CAT#: PKH26GL

GlycanAssure HyPerformance APTS Kit Applied Biosystems CAT #: A33952

CellTrace CFSE Cell Proliferation Kit, for

flow cytometry

Molecular Probes CAT #: C34554

viral RNA extraction kit QIAGEN CAT#: 52906

Deposited Data

RNaseq data This paper GEO GSE156177

Experimental Models: Cell Lines

THP-1 Cells ATCC CAT#: TIB-202 RRID: CVCL_0006

CEM-NKr (NK-resistant) cells AIDS Research and Reference Reagent

Program, NIAID, NIH

N/A

Software and Algorithms

Reactome database Reactome.org N/A

GeneMania Networks Genemania.org N/A

R programming language Version 3.6.1 https://www.r-project.org/

GraphPad Prism v6.03 https://www.graphpad.com/

scientific-software/prism/

Cytoscape cytoscape.org

Other

FluoSpheres NeutrAvidin-Labeled

Microspheres, 1.0 mm, yellow-green

fluorescent (505/515), 1% solids

Invitrogen CAT#: F8776

FluoSpheres NeutrAvidin-Labeled

Microspheres, 1.0 mm, red fluorescent (505/

515), 1% solids

Invitrogen CAT#: F8775

MagPlex microspheres Luminex corporation CAT#: MC12001-01, MCI12040-01,

MCI10077-01

Streptavidin magnetic beads New England Biolabs CAT #: S1420S

protein A and G Sepharose beads GE Healthcare CAT #: GE17-0780-01
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to the Lead Contact, Dan Barouch (dbarouch@

bidmc.harvard.edu).

Material Availability
This study did not generate new unique reagents.

Data and Code Availability Statement
All data generated during the current study is available in the figures and supplemental material. RNaseq data has been deposited in

the Gene Expression Omnibus (GEO) database under accession number GSE156177.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and study design
30 outbred, healthy, immunocompetent, Indian-origin, young adult (3-8 years old), male and female, previously research and

procedure naive rhesus macaques (Macaca mulatta) were genotyped, and animals expressing protective MHC class I alleles and

susceptible and resistant TRIM5a alleles were distributed among the groups. Animals were otherwise randomly allocated to groups.

All macaqueswere housed at Bioqual, Rockville, MD. Animal husbandry included daily veterinary care, food andwater ad libitum, and

social enrichments. Animals were pairwise housed during the vaccination phase of this experiment and were singly housed following

challenge. Animals were primed with 3x1010 viral particles (vp) Ad26-SIVsmE543 Env/Gag/Pol vectors at weeks 0 and 12 and were

boosted the animals with 3x1010 vp Ad26 vectors combined with 0.25 mg purified SIVmac32H Env gp140 protein with alum adjuvant

at weeks 24 and 50 (Abbink et al., 2007; Barouch et al., 2012, 2015). The 30 vaccinated animals and 6 contemporaneous sham con-

trols were challenged with 6 repeated, intrarectal inoculations with 500 tissue culture infectious doses (TCID50) of the heterologous,

neutralization resistant virus SIVmac251 beginning at week 78, which was 7months after the final boost immunization (Barouch et al.,

2012, 2015; Liu et al., 2009, 2010). Animals were challenged atraumatically in the dorsal recumbent position. Macaques were bled for

immune response assessments and viral load determinations. Immunologic and virologic assays were performed blinded. All animal

studies complied with all relevant ethical regulations and were approved by the Bioqual Institutional Animal Care and Use Commit-

tee (IACUC).

Primary immune cells
For isolation of NK cells, fresh peripheral blood was collected from healthy human volunteers by the MGH Blood bank. For the isola-

tion of neutrophils, fresh peripheral blood was collected from healthy human volunteers by the Ragon Institute. All volunteers were

over 18 years of age, male and female, and gave written consent. All samples were de-identified before use. The study was approved

by the MGH Institutional Review Board. Human NK cells were isolated from fresh peripheral blood and maintained at 37�C, 5%CO2

in RPMI with 10% fetal bovine serum, L-glutamine, penicillin/streptomycin.

Cell lines
THP-1 cells (ATCC), a monocytic leukemia cell line, were maintained at 37�C, 5% CO2 in RPMI supplemented with 10% fetal bovine

serum, L-glutamine, penicillin/streptomycin, HEPES, and beta-mercaptoethanol.

METHOD DETAILS

Viral RNA and antibody assays
Viral RNA was isolated from cell-free plasma using a viral RNA extraction kit (QIAGEN) and was quantitated (Barouch et al., 2015).

Binding antibody responseswere assessed by ELISA using plates coatedwith SIVmac32H Env gp140 (Barouch et al., 2015). Neutral-

izing antibody responses were assessed by TZM-bl pseudovirus neutralization assays using primary and T cell-line adapted (TCLA)

clones of SIVmac251 and SIVsmE660.

ELISPOT assay
SIV-specific cellular immune responses were assessed by interferon-g (IFN-g) ELISPOT. ELISPOT assays utilized pools of SIV-

mac239 Env, Gag, and Pol 15 amino acid peptides overlapping by 11 amino acids to stimulate PBMCs. ELISPOT plates were coated

withmouse anti-human IFN-gmonoclonal antibody fromBDPharMingen at a concentration of 5 mg/well overnight at 4�C. Plateswere

washedwith DPBS containing 0.25%Tween 20, and blockedwith R10media (RPMIwith 11%FBS and 1.1%penicillin-streptomycin)

for 1 h at 37�C. Peptide pools were prepared at a concentration of 2 mg/well, and 200,000 cells/well were added. The peptides and

cells were incubated for 18-24 h at 37�C. All steps following this incubation were performed at room temperature. The plates were

washed with coulter buffer and incubated for 2 h with Rabbit polyclonal anti-human IFN-gBiotin fromU-Cytech (1 mg/mL). The plates
Cell 183, 185–196.e1–e7, October 1, 2020 e3

mailto:dbarouch@bidmc.harvard.edu
mailto:dbarouch@bidmc.harvard.edu


ll
Article
arewashed a second time and incubated for 2 hwith Streptavidin-alkaline phosphatase antibody fromSouthern Biotechnology (1 mg/

mL). The final wash was followed by the addition of Nitor-blue Tetrazolium Chloride/5-bromo-4-chloro 3 ‘indolyl phosphate p-tolu-

dine salt (NBT/BCIP chromagen) substrate solution for 7 min. The chromagen was discarded and the plates were washed with water

and dried in a dim place for 24 h. Plates were scanned and counted on a Cellular Technologies Limited Immunospot Analyzer.

Antibody-dependent cellular phagocytosis (ADCP) assay
Antibody-dependent cellular phagocytosis was assessed by the measurement of the uptake of antibody-opsonized, antigen-coated

fluorescent beads by a monocytic cell line. Briefly, THP-1 cells were purchased from ATCC and cultured as recommended. Bio-

tinylated Env gp120 was used to saturate the binding sites on 1mm fluorescent neutravidin beads (Invitrogen). Excess antigen

was removed by washing the beads, which were then incubated with patient antibodies for 2 hr at 37�C. Following opsonization,

beads were washed and unbound antibodies removed. THP-1 cells were added, and the cells were incubated overnight to allow

phagocytosis. The cells were then fixed, and the extent of phagocytosis was measured via flow cytometry on a Stratedigm

S1000EXi flow cytometer equipped with high-throughput sampler. The data are reported as a phagocytic score, which takes into

account the proportion of effector cells that phagocytosed and the degree of phagocytosis (integrated MFI: frequency x MFI).

Antibody dependent cellular cytotoxicity (ADCC) assay
The rapid fluorescent ADCC (RFADCC) assay involved CEM-NKr cells pulsed with Env gp120 (6 mg/million cells) and labeled with the

intracellular dye CFSE and themembrane dye PKH26. NK cells were enriched directly from seronegative donor whole blood by nega-

tive selection using RosetteSep (Stem Cell Technologies). Sample plasma was added to the labeled, antigen pulsed CEM-NKr cells

after which fresh NK cells were added. The cells were incubated for 4 hr at 37�C and then fixed. The proportion of cells that main-

tained membrane expression of PKH26 but lost CFSE staining (i.e., lysed cells) were quantified via flow cytometry on a Stratedigm

S1000EXi flow cytometer equipped with a high-throughput sampler.

Antibody-dependent complement deposition (ADCD) assay
Antibody-dependent complement deposition was assessed by the measurement of complement component C3b on the surface of

target cells. CD4-expressing target cells were pulsed with Env gp120 (6 mg/million cells) and incubated with purified Abs. Freshly

isolated HIV-1 negative donor plasma diluted with veronal buffer and 0.1%gelatin (1:10 dilution) was added, the cells were incubated

for 20 min at 37�C. The cells were then washed with 15 mM EDTA in PBS, and complement deposition was detected via flow cytom-

etry following staining for C3b (Cedarlane). Replicates using heat inactivated donor plasma were used as negative controls.

Antibody-dependent neutrophil-mediated phagocytosis (ADNP) assay
Antibody-dependent neutrophil-mediated phagocytosis was assessed by the measurement of the uptake of antibody-opsonized,

antigen-coated fluorescent beads by primary neutrophils. Biotinylated Env gp120 was used to saturate the binding sites on 1 mm

fluorescent neutravidin beads (Invitrogen). Excess antigen was removed by washing the 28 beads, which were then incubated

with patient Ab samples for 20 minutes at 37�C. Leukocytes were isolated from blood collected from HIV-seronegative donors by

ACK lysis of red blood cells. Following opsonization, the freshly isolated leukocytes were added, and the cells were incubated for

1 hr at 37�C to allow phagocytosis. The cells were then stained for CD66b to identify neutrophils, and fixed, and the extent of phago-

cytosis was measured via flow cytometry on a Stratedigm S1000EXi flow cytometer equipped with a high-throughput sampler. The

data are reported as a phagocytic score, which takes into account the proportion of effector cells that phagocytosed and the degree

of phagocytosis (integrated MFI: frequency x MFI) (Darrah et al., 2007).

Antibody-dependent NK cell activation
Antibody-dependent NK cell degranulation and cytokine/chemokine secretion was measured using freshly isolated NK cells, after

the culture of rhesus macaque plasma with plate-bound Env gp120. Proteinbinding plates were coated with Env gp120 (300 ng/

well) and incubated for 2 hr at room temperature. Plates were then blocked in 5%BSA overnight at 4�C. Fresh NK cells were isolated

fromwhole blood from seronegative donors using negative selection with RosetteSep, as recommended by themanufacturer. Plates

were washed to remove unbound antigen, sample plasma was added and incubated for 2hr at 37�C. Following the incubation, plates

were washed to removed un-opsonized antibodies. Isolated primary NK cells with anti-CD107a, brefeldin A (10 mg/ml) (Sigma), and

GolgiStop (BD) were added, and incubated for 5 hours at 37�C. The cells were then washed and stained for surface markers using

anti-CD16, anti-CD56, and anti-CD3. The cells were then washed, fixed and permeabilized using Fix & Perm (Invitrogen), and then

stained 29 intracellularly with anti-IFN-g and anti-MIP-1b. The cells were then fixed in 4% paraformaldehyde and analyzed using flow

cytometry. NK cells were defined as CD3- negative and CD16- and/or CD56-positive. All antibodies for flow cytometry were pur-

chased from BD.

Antigen-specific antibody Fc glycan profiling
Antigen-specific IgG was purified from plasma samples, and their glycan profiles were assessed by capillary electrophoresis. Briefly,

samples were heat-inactivated for 1 hour at 56�C, centrifuged, and pre-cleared. Antigen-coupled beadswere prepared by incubating

biotinylated antigen to streptavidin magnetic beads (New England Biolabs). Antigen-coupled beads were then incubated with the
e4 Cell 183, 185–196.e1–e7, October 1, 2020
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samples for one hour at 37�C. After the incubation, beads were washed to remove unbound antibodies. Cleavage of the Fc from the

Fab of the IgG antibodies was performed using the IdeZ enzyme (New England Biolabs) one hour at 37�C. Following the incubation,

the supernatant was collected and treated with PNGase F for one hour at 50�C to remove the glycans from the Fc domain. Glycans

were then purified using GlycanAssure magnetic beads (Applied Biosystems) to bind free glycans. Glycan binding to beads and pre-

cipitation of contaminating proteins was performed using 100% acetonitrile. Bead-bound glycans were washed twice and eluted off

the beads. Eluted glycans were labeled with APTS for 2 hours at 50�C. Unreacted dye was removed from the glycans using Glyca-

nAssure magnetic beads. Bead-bound glycans were washed two times and eluted in HPLC-grade water. Following this elution, gly-

cans were analyzed by capillary electrophoresis.

Multiplex Fc array
The quantity and quality of SHIV/SIV-specific antibodies was evaluated using a custommultiplex bead array in which antibodies were

30 characterized according to their ability to interact with rhesus and human Fc receptors and lectins. Amultivariate assay was devel-

oped using a panel of SIV antigens coupled to carboxylated fluorescently-coded magnetic beads (Luminex). A total of 5 million

carboxylated beads were covalently coupled to 25 mg of antigen using a two-step carbodiimide reaction. Beads were washed by

centrifugation and activated for 20 min by suspension in 80 mL of 100 mM monobasic sodium phosphate, pH 6.2, followed by the

addition of 10 mL each of 50 mg/mL N-hydroxysulfosuccinimide (24520, Pierce) and 1-ethyl-3-[3- dimethlyaminopropyl]carbodii-

mide-HCl (77149, Pierce). Activated microspheres were washed three times in 250 mL of Coupling Buffer (50 mM MES, pH 5.0), re-

suspended in 400 mL of buffer, and incubated with 25 mg of SIV antigen for 2 h on a rotational mixer. Finally, coupled microspheres

were washed three times with 1 mL of PBS-TBN (PBS-1X, 0.1%BSA, 0.02% Tween 20, 0.05% Sodium Azide, pH 7.4), incubated for

30 minutes in 1mL PBS-TBN for blocking, and finally resuspended in 400 mL of PBS-TBN. The coupled beads were counted and

stored at 4�C for up to 6 months. Fcg receptors (FcgR), mannose binding lectin (MBL), and the complement cascade initiator

C1q protein were tetramerized and utilized to characterize the Fc domains of each antigen-specific antibody population. FcgR (hu-

man FcgRIIa, FcgRIIIa, and rhesus FcgR2A-1, FcgR2A-4, FcgR3A1, FcgR3A-3) as well as human MBL2 were produced in HEK293

cells, and purified via Ni++ ion affinity and size exclusion chromatography. Human C1q was purchased from Sigma (C1740). FcRs,

MBL and C1qwere biotinylated using EZ-Link Sulfo-NHS-SS-Biotin (Pierce 21331) at a molar ratio of 5mols biotin per mol of protein,

or via site-specific conjugation using BirA according to the 31 manufacturer’s instructions (Avidity, BirA-500). Chemical biotinylation

was carried out for 2h at RT in Tris pH 8.2, with a protein concentration of 0.2 mg/mL, afterward the excess biotin was removed via

buffer exchange into PBS. Immediately prior to use, the biotinylated receptor was mixed with a 1/4th molar ratio of Streptavadin-PE

(Prozyme Cat #PJ31S), and diluted to a final concentration of 1.0 mg/mL FcgR or lectin in Assay Buffer (PBS + 0.1% BSA + 0.05%

Tween). Coupled microspheres were premixed in Assay Buffer, creating a working mixture of 12.5 microspheres per bead type, per

ml. Using a black, clear bottom 384-well plate (Greiner Bio One, 781906) 40 mL of the workingmicrospheremixture (500 beads of each

type/well) was added to 10 mL of 100x diluted serum. The plate was covered and incubated for 2 hr at RT on an XYZ plate shaker (IKA).

The plate was washed five times with 65 mL of Assay Wash (PBS-1X, 0.1% BSA, 0.5% Triton-100X) using a plate washing system

(BioTek 405). Antigenspecific antibody was detected using the tetrameric PE-conjugated detection reagents described above, at

1.0 mg/mL, or Rphycoerthrin (PE)-conjugated anti-rhesus IgG (Southern Biotech 6200-09), at 0.65 mg/ml, with 50 ml/well. After 1 h

incubation at room temperature on a shaker, the plate was washed five times with 65 mL of sheath fluid (Luminex 40-75680), and

microspheres were resuspended in 40 mL of sheath fluid. A Bio-Plex array reader (FlexMap 3D, Bio-Plex Manager 5.0, Bio-Rad) de-

tected themicrospheres and binding of each PE-functionalized detection reagent wasmeasured to calculate aMedian Fluorescence

Intensity (MFI). Background signal, defined as the 32 average MFI observed for eachmicrosphere set when incubated with detection

reagent in the absence of clinical antibody sample, was subtracted from the MFI for each sample.

IgG purification
Frozen plasma from vaccinated rhesus macaques were thawed and gently rocked for 1 h at 4�C to trigger precipitation of residual

fibrin and other components that will interfere with subsequent purification steps. Precipitates were then collected by centrifugation

at 1500 rpm for 5 min before supernatant was filtered at 0.22mM. Clarified plasma was combined with 20ml of a 1:1 mixture of PBS-

washed protein A and G Sepharose beads (GE Healthcare), and adjusted to a final volume of 250ml with phosphate buffered saline

(PBS). IgG was then allowed to bind to the suspended Protein A and G beads under gentle agitation at 4�C overnight. Beads were

separated from the supernatant by passing the suspension over an empty 25ml chromatography column using gravity flow. Beads

collected in columnswerewashedwith 200ml of TBS before bound IgGwas elutedwith a high salt elution buffer (PierceGentle Ag/Ab

Elution buffer, #21027). Columns where washed with 200 mL of TBS before beads were resuspended and transferred back to the

plasma flow through for two additional repetitions of these affinity purification steps. Since the elution buffer was incompatible

with PBS, and since rhesus polyclonal IgG has a propensity to precipitate during molecular filtration, eluted IgG was dialyzed three

times against TBS before it was dialyzed three times against PBS. After last dialysis, 100 kDamolecular filtration was used to concen-

trate IgG to over 10 mg/ml at 4�C, and potential precipitates formed during concentration were removed by filtration at 0.22mM. Final

IgG concentration was determined by measuring optical density at 280 nm and purity was confirmed using SDS- PAGE. Absence of

endotoxins was confirmed using Endosafe-PTS cartridges (Charles River PTS20F) in an Endosafe Nexgen-PTS instrument (Charles

River, PTS150K).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Immune profile data processing
Antibody functional profiles, antibody biophysical profiles, and antibody Fc glycan profiles, aswell as ELISA and ELISPOT responses,

from multiple experimental replicates were averaged before they were compiled into feature matrices. Missing values in the matrix

were estimated using a Knearest neighbor algorithm, a weighted average of values in K closest features to the missing feature deter-

mined by Euclidean distance. Thematriceswere transformed byBox-Cox transformation, amonotonic transformation to improve the

normality of the dataset, while stabilizing variance. Z-score standardization was then performed to have all features mean centered

and unit variance scaled before further computational analysis. The protective efficacies of the vaccine, presented by number of viral

challenges before infection, was used for the multivariate regression model. Antibody polyfunctionality was defined as the number of

functions from 7 functional assays that were higher than themedian of the assays across all animals in the study. IgG binding breadth

was defined as the binding activity to 15 SIV antigens above the median for each antigen.

Unsupervised clustering of group-specific signatures
Hierarchical clustering analysis was used to group animals based on all features to set a baseline evaluation of the data heteroge-

neity/homogeneity between different vaccine regimens. The degree of similarity across the individual features between every pair of

animals was calculated to create a hierarchical decomposition. A dendrogram was then generated to show the hierarchy of the clus-

ters. Principal component analyses (PCA) were performed to cluster the data points (animals) based on principal components (PCs).

The PCs were generated 33 via high-dimensional reduction of features, in which each PC represents a linear combination of the fea-

tures and remains orthogonal to other PCs, but retains asmuch of the variance in the feature dataset as possible. The degree towhich

the each feature contributed to the orthonormal principle component coefficients was also calculated. Unsupervised clusters were

used to compare the pre-defined groups (vaccine regimens, and/or protection status).

Immune correlates of protection
The minimal humoral correlates most predictive of vaccine efficacy were identified using a 2-step model: Elastic-net regularization

followed by partial least-squares regression analysis (PLSR). The Elasticnet method, integrating a penalty functions of least absolute

shrinkage and selection operator (LASSO) and ridge regression, was used to remove irrelevant features (that explained the same

variance) in order to improve the robustness of high-dimensional modeling (Zou and Hastie, 2005). Next, PLSR was used to model

the covariance relationship between the selected feature variables (X) and the outcome variable (Y) (Wold et al., 2001). PLSR is partic-

ularly useful when the number of variables ismuch larger than the sample size. PLSR decomposes both X andY into a hyperplane and

maximizes covariance between the hyperplanes. To define theminimal correlates that best explained protection- without overfitting -

a framework of 10,000-repeated 5-fold nested cross-validations was designed (Cawley and Talbot, 2010). In each repetition, the

dataset was randomly divided into 5 folds, where 80% of the dataset was used for building an Elastic net/PLSR model (inner

cross-validation) and the remaining hold-out dataset was used to test the model prediction (outer cross-validation), where the good-

ness-of-fitness of the model wasmeasured bymean squared error (MSE) and a 34 correlation was performed between the predicted

outcome and the actual to generate a correlation coefficient (r2). Finally, the importance of a given variable to driving separation be-

tween groups in the model was assessed via the generation of a PLSR weight, calculated as the product of the frequency of the

feature selected and its contribution to prediction accuracy across the 5000 ensembled models. This magnitude of this PLSR weight

was then used to rank all features. Ultimately, the top features that together generated the best outcome prediction in the cross-vali-

dation test, withminimal over-fitting, were defined as the set of the immune correlates. In addition, the variable influence on projection

(VIP) score, a weighted sum of squares of the PLSR loadings that summarized the importance of the features in a PLSR model with

multiple components (Galindo-Prieto et al., 2014), were also computed. To estimate the statistical significance of the optimized

model with the defined correlates, we employed two types of permutation tests: 1) shuffling the outcome labels across the samples

and 2) through the use of a random dataset. Each dataset was then used to test the likelihood of obtaining a model prediction ac-

curacy by chance. Each permutation test was performed 10,000 times to generate an empirical null distribution and an exact p value.

A p value of less than 0.001 between actual and both permutation tests resulted in the rejection of the null hypothesis, and was

considered statistically significant, providing confidence in the robustness of the model and the identified correlates.

Cross-study model prediction analysis
Correlates were first determined within individual studies. Within study correlates were then used to build a predictive PLSR model.

The first study specific model was initially trained with the first study data and was then used to predict/validate protection in the

second study. The same was done 35 building/training a model of data from the second study, and then was used to predict pro-

tection in the first study. The prediction accuracy and Receiver Operating Characteristic (ROC) curve was then used to evaluate

the performance of the model. Furthermore, to estimate statistical significance of the prediction accuracy, a background model

was generated, in which the outcomes of the second vaccine study was permuted by shuffling the order of the outcomes. 1,000

random permutations were calculated to estimate the null distribution of the prediction accuracy. Eventually an exact p value was

computed to estimate statistical significance of the actual data compared to the shuffled data, providing prediction accuracy.

This cross-study prediction analysis was repeated by exchanging the studies between model training and outcome prediction.
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Concordance enrichment analysis to identify common correlates
Previously, the Elastic-Net/PLSR model, using a 5,000 repeated, 5-fold cross-validation framework, generated a PLSR weight for

each feature. To define the minimal features that were most highly associated with protection across both studies, a concordance

score was defined. The concordance value for each feature was computed as the product of the PLSR feature weight and its cor-

relation coefficient with vaccine efficacy (number of challenges survived). We repeated this process for both studies. Features were

then ranked based on the highest most concordant values. To determine the minimal set of common correlates, a stepwise forward

approach was then used. In each step, a top feature from the concordance index was added to the candidate list and evaluated by

the cross-study model predictions. As a result, a sequence of average AUCs across all testedmodels was generated and the feature

set that exhibited the highest average AUC was identified as the 36 ultimate set of common correlates that could maximally explain

protection across both studies. The prediction signature ranking score for any given animal was calculated from the partial least-

squares regression (PLSR) models using the protective signature features as the independent ‘predictor’ variables and the protective

efficacy (e.g., number of challenges) as the dependent ‘predicted’ variable. For instance, in Figure 4C the columns represent the nine

predictor variables from the protective signature defined in Figure 1A, the rows represent each of the animals, and the predictive pro-

tection rank was calculated from the PLSR model regressing the protective signature against the number of challenges.

RNA-Seq
Total RNA sequencing was performed at BGI (Beijing Genomic Institute) for 26 rhesus macaques (M. mulatta) vaccinated with Ad26/

Env for which sufficient peripheral bloodmononuclear cells (PBMC) were available. Samples were week 24 day168 (pre-boost), week

24 day 169 (1 day post-boost), week 25 (7 days postboost), and week 44 (20 weeks post boost). Trimming (Trimmomatic v0.33),

Alignment (STAR v2.4.2a), and Counting (HTSeq v0.6.1) were performed. All samples had an average of 16 million counted reads

after aligning to the rhesus macaque genome, which provided ample coverage to perform downstream differential expression anal-

ysis. Downstream analysis of the RNA Seq data was done using the R statistical language and the Bioconductor suite (Gentleman

et al., 2004). TMM normalization was performed. The LIMMA package (Gentleman, 2005) was used to fit linear models to and to

perform a (moderated) Student’s t test to assess the association of gene-expression to a time-point of interest. For data mining

and functional analyses, genes that satisfied a p value < 0.05 were selected. When indicated, the proportions of false positives

were controlled using the Benjamini and Hochberg method.

Pathway analysis
Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005) using the Hallmark (MSIGDB), Reactome database (Reactome.org),

and LM22 databases was performed to identify pathways upregulated in the post-boost time points compared with the pre-boost

time point. GSEA is a statistical method to determine whether members of a particular gene set preferentially occur toward the top or

bottom of a ranked-ordered gene list where genes are ranked by the strength of their association with the outcome of interest. More

specifically, GSEA calculates an enrichment score (NES) that reflects the degree to which a set of genes is overrepresented among

genes differentially expressed. The significance of an observed NES is obtained by permutation testing: resorting the gene list to

determine how often an observed NES occurs by chance. Leading Edge analysis is performed to examine the particular genes of

a gene-set contributing the most to the enrichment.

Network mapping
GeneMania Networks (Genemania.org) (Mostafavi et al., 2008) were plotted to depict co-expression of genes. Overlap between the

genes included in the networks and Gene Ontology (GO) biological process was assessed using a Fisher exact test. GeneMania is a

flexible, user-friendly web interface for generating hypotheses about gene function, analyzing gene lists and prioritizing genes for

functional assays. Given a query list, GeneMania extends the list with functionally similar genes that it identifies using available ge-

nomics and proteomics data. GeneMania also reports weights that indicate the predictive value of each selected dataset for the

query. The Cytoscape (cytoscape.org) plugin was used to plot the networks. The ClueGo plug-in 38 within cytoscape was utilized

to plot the immune system modules on days 1 and 7 postboost.

Statistics
Analysis of virologic and immunologic data was performed usingGraphPad Prism v6.03 (GraphPad Software). Comparison of groups

was performed using 2-sidedMann-Whitney tests. Correlations were assessed by 2-sided Spearman rank-correlation tests. Protec-

tive efficacy was assessed using log-rank tests, semiparametric Cox proportional-hazard models with exact partial-likelihood

method to handle tied failures, andWeibull parametric survival models. For transcriptomics data, two-sidedWilcoxon rank-sum tests

were used for pairwise analyses comparing feature responses across vaccine arms. The Benjamini and Hochberg method was used

to calculate false discovery rate (FDR)-adjusted p values for multiple testing corrections. Pvalues of less than 0.05 were considered

significant.
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Supplemental Figures

Figure S1. Systems Serology Analysis in Prior SIV and SHIV Vaccine Studies, Related to Figure 1

Immune profiles in prior (A, B) SIVmac251 (Barouch et al., 2015) and (C, D) SHIV-SF162P3 (Barouch et al., 2018) Ad26/Env vaccine studies in rhesus macaques.

(A, C) Unsupervised hierarchical clustering of immune profiling data. y axis depicts individual macaques; x axis depicts immune parameters. Yellow to blue

shading represents the magnitude (positive to negative) of each response in the animals. (B, D) Supervised principal component analyses (PCA) showed

clustering of animals based on the vaccine regimen received.
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Figure S2. Immune Features Correlated with Protection in Prior SIV and SHIV Vaccine Studies, Related to Figure 1

Correlates of protection in prior (A, B) SIVmac251 (Barouch et al., 2015) and (C, D) SHIV-SF162P3 (Barouch et al., 2018) Ad26/Env vaccine studies in rhesus

macaques. Supervised principal component analyses (PCA) showing (A, C) protective efficacy and (B, D) relevant immune features. Yellow to blue shading

represents robust to weak protection in each of the animals.
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Figure S3. Systems Serology Analysis in Vaccinated Macaques, Related to Figure 2

Unsupervised hierarchical clustering of immune profiling data. y axis depicts individual macaques; x axis depicts immune parameters. Yellow to blue shading

represents the magnitude (positive to negative) of each response in the animals.
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Figure S4. Transcriptomics Analysis in Vaccinated Macaques, Related to Figure 5

(A) A multi-dimensional scaling (MDS) plot was used to highlight the transcriptomic variances of the full dataset (blue square, pre-boost; red circle, day 1 post-

boost; green triangle, day 7 post-boost; purple +, week 20 post-boost). (B) Gene Set Enrichment Analysis (GSEA) was used to identify pathways that were

induced on day 1, day 7, and week 20 post-boost compared to pre-boost. Significantly induced pathways from the Hallmark database are plotted along the y

axis. NES score with red and blue squares reflects positive and negative enrichment, respectively. (C) Jitter plot confirming the spread of the 26 animals with

available RNA-Seq data into the quartiles defined by the predicted protection rank score (Figure 4).
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Figure S5. IL-4 and IL-13 Signature Includes Both TFH and TH2 Signatures in Vaccinated Macaques, Related to Figure 5

The enrichment of Th2/Th1/TFH pathways on day 1 post boost using the immunologic gene-sets database (c7, mSigDB) showed a significant enrichment (GSEA,

p < 0.05) of both Th2 and TFH associated gene-sets. Gene mania was used to plot the leading edge genes mapping to these pathways, which included ICOS

(enhancer of T cell response) and CTLA4 (immune checkpoint for T cell activation). Significantly upregulated pathways are represented as red barplot, and both

Th2 and TFH pathways are highlighted in networks.
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Figure S6. Pathways Induced on Day 1 and Day 7 Post-boost, Related to Figure 5

(A) Gene Set Enrichment Analysis (GSEA) was used to highlight TLR signaling pathways induced on day 1 post-boost in animals in quartile I compared with

animals in quartiles II-IV. NES score reflects the degree of positive enrichment. Dotted box around the GeneRIF TLR signature highlights this persistently sig-

nificant signature. (B) A co-expression network was plotted to highlight the interaction of the upregulated TLR signaling genes on day 1 post-boost that were

positively correlated with the protection rank score. (C) GSEA was used to define pathways induced on day 7 post-boost that were most correlated with the

protection rank score. The bar plot represents the top positively enriched pathways on the y axis and the NES score on the x axis. Co-expression networks were

plotted to highlight the interaction of upregulated (D) type 1 interferon and (E) macrophage signaling genes on day 7 post-boost that were positively correlated

with the protection rank score. Cytoscape was used to plot the co-expression network highlighting the top leading edge genes significantly enriched. GeneMania

was used to infer network connections and co-expression.
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Figure S7. Protective Efficacy Following Adoptive Transfer of Purified IgG in Individual Groups, Related to Figure 7

(A) Kaplan-Meier curve depicting the number of challenges required for infection in sham control macaques and in macaques that received IgG from animals in

quartiles I, II, III, and IV. (B) Statistical analyses of protective efficacy by log-rank tests, Cox proportional hazard models, and Weibull survival models.
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