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Abstract

Development of effective HIV-1 vaccines requires synergy between innate and adaptive immune 

cells. We show that induction of the transcription factor CREB1 and its target genes by 

the recombinant canarypox vector ALVAC+Alum augments immunogenicity in Non-human 

primates (NHPs) and predicts reduced HIV-1 acquisition in the RV144 trial. These target genes 

contain cytokines/chemokines associated with heightened protection from SIV challenge in 
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NHPs. CREB1 gene expression likely results from direct cGAMP (STING agonist) modulated 

p-CREB1 activity which drives the recruitment of CD4+ T cells and B cells to the site of 

antigen presentation. Importantly, unlike NHPs immunized with ALVAC+Alum, immunization 

with ALVAC+MF59, the regimen in the HVTN702 trial which showed no protection from HIV 

infection, exhibited significantly reduced CREB1 target gene expression. Our integrated systems 

biology approach has validated CREB1 as a critical driver of vaccine efficacy and highlights that 

adjuvants which trigger CREB1 signaling may be critical for efficacious HIV-1 vaccines.

INTRODUCTION

Despite decades of intensive research, HIV-1 remains at the forefront of human pathogens 

for which no effective vaccine has been developed. The RV144 trial, that is to date the most 

successful trial of an HIV-1 vaccine, used priming with the recombinant canarypox vector 

ALVAC (vCP1521) followed by boosts with ALVAC+AIDSVAX B/Egp120 that resulted in 

an estimated vaccine efficacy of 31.2% against HIV-1 infection1. The ALVAC prime was 

critical for the observed efficacy in RV144 as AIDSVAX administration alone did not induce 

protective humoral immunity in other vaccine trials2,3.

Studies showed that titers of non-neutralizing antibodies including V1V2-specific binding 

antibodies and IgG antibodies against linear epitopes in V2 and V3 of gp120 were correlates 

of decreased HIV-1 risk in the RV144 trial4–8. Studies in NHP confirmed that the vaccine 

regimen used in RV144 induced protection: 1) from low dose mucosal challenge with 

SIVmac251, 2) when Alum but not MF59 was used as the adjuvant and 3) when ALVAC, 

not Ad26, was used as the prime9–11. Recent findings from HVTN702, the South African 

follow-up HIV vaccine trial to RV144 which used ALVAC+MF59, showed no reduction in 

acquisition of HIV-1 in vaccinated participants12. Understanding the cellular and molecular 

mechanisms of ALVAC and Alum mediated vaccine efficacy is critical for understanding the 

poor protective responses observed in the HVTN702 trial.

Monocytes/Macrophages and Dendritic cells (DCs) are known targets of ALVAC and are 

critical modulators of innate immune responses13,14. Activated innate immune cells produce 

cytokines/chemokines that drive the migration and differentiation of leukocytes, including 

CD4+ T cells and B cells, from the blood to the site of vaccination15. We performed an 

NHP immunogenicity study (‘Study 36’) to delineate the function of ALVAC priming in 

mediating efficacious vaccine-elicited immune responses. Our studies highlight the role 

of the CREB1 pathway and an associated cytokine/chemokine network in mediating the 

protection observed in RV144 trial.

Results

ALVAC-induced CREB1 activity predicts reduced HIV-1 infection

To define the immune mechanisms triggered by ALVAC priming in Study 36 (schematic in 

Extended Data Fig 1A), transcriptional profiling of purified DCs, CD4+ T cells and B cells 

was performed at pre-vaccination, Days 2–3, Week 2 and Week 25 post initial vaccination in 

NHPs immunized with ALVAC-HIV-1 (G2) or empty ALVAC (G1). The sample collection 
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and analytical strategy used herein is detailed in Extended Data Fig. 1a and 1b. Gene 

Set Enrichment Analysis (GSEA)16 was used to analyze gene expression data sets at all 

timepoints post-vaccination. Induction of Type I and Type II Interferons and IFN-stimulated 

genes (ISGs) has been shown to promote protective immune responses in vaccines17–19. 

While IFN signaling was induced in DCs and CD4+ T cells at Days 2/3 post-vaccination 

(when immunization was done in both G1 and G2 arms), IFN pathway induction did not 

persist and more importantly it was not significantly correlated to V1V2 IgG titers (referred 

to as V1V2 throughout this manuscript) at all timepoints collected in our study (r and 

p-values in Extended Data Fig. 2).

Using GSEA, we identified ChIP-seq confirmed TF target genesets (ChEA database20) 

that 1) were induced by ALVAC in all three cell subsets at each of the three timepoints 

independently in the G1 and G2 arms compared to pre-vaccination and 2) consistently 

correlated in all three microarray timepoints to all four timepoints where V1V2 titers were 

assessed (fifty-four total contrasts in Supplemental Table 1). We identified sixty-two TF 

target genesets that were significantly induced by ALVAC in all three cell subsets across all 

three timepoints and forty-five TF genesets that significantly correlated with V1V2 across all 

four timepoints (Fig. 1a, stats in Supplemental Table 2). Forty-two of these TF genesets were 

identified as ALVAC induced and as correlates of V1V2 magnitude and durability. These 

TFs represent putative drivers of ALVAC mediated vaccine responses.

To associate these TF genesets with reduced risk of HIV acquisition within forty-two 

months of vaccination, we investigated microarray data from the RV144 Case-Control 

Study4. We probed the RV144 data to determine if the forty-two TF genesets (identified 

above) were induced post-vaccination with ALVAC and correlated with V1V2 (Fig. 1b–c). 

We observed that CREB1 was unique as it was the second most potently induced gene set 

(post-ALVAC) and fourth ranked correlate of V1V2 (Fig. 1b–c). Importantly, CREB1 target 

genes included a significant number of cytokine/chemokines (and their receptors) known 

to drive immune modulatory functions (see Supplemental Table 3 for full list of CREB1 

target genes). Among the top ten genesets for each contrast, we found four other TF target 

genesets that were also induced by ALVAC and correlated with V1V2. However, these four 

TFs are not highly related to innate or adaptive immune functions but rather regulate general 

cellular processes of: cell growth/differentiation (THAP11)21, heart development (TBX5)22, 

pancreas function (PDX1)23 and cell cycling (CCND1)24. Furthermore, these four TFs 

were not consistently identified as the top TFs across all subsets in Study 36 (values in 

Supplemental Table file).

The average expression of leading-edge genes (LEGs) from the CREB1 geneset (CREB1 

z-score) was significantly elevated in vaccinated participants who were not infected by 

HIV-1 compared to participants who were infected post-vaccination (Fig. 1d). Kaplan

Meier analysis of RV144 trial participants separated in three groups (tertiles) based on 

CREB1 z-score showed significantly reduced risk of HIV-1 acquisition in the medium 

and high CREB1 z-scores tertiles (Fig. 1e). Furthermore, participants with high CREB1 

z-scores maintained a significantly lower risk of acquisition (p=0.0548) up to three years 

after vaccination compared to the medium tertile (Fig. 1e). To validate our identification 

of CREB1 by GSEA in Study 36, we performed hypergeometric means testing as an 
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independent approach to identify contrasts with significant enrichment for CREB1 target 

genes. In line with our GSEA Study 36 findings, thirty-five of thirty-six contrasts for 

ALVAC induction and V1V2 correlation, comprising each timepoint and each subset in 

Study 36, showed significant enrichment of CREB1 target genes (Extended Data Fig. 2c). 

Our data highlight that ALVAC induced CREB1 driven genes significantly discriminate 

participants that do not acquire HIV-1 post-vaccination in the RV144 trial and have 

protective V1V2 antibody responses in both Study 36 and RV144 trials.

To monitor the kinetics of induction of CREB1 target genes post ALVAC-vaccination, we 

analyzed the transcriptome of PBMCs at 16h, 24h, 48h and 72h post-vaccination for the four 

immunizations (administered at Week 0, 4, 12 and 24 of the study) in six NHPs from an 

independent study. The CREB1 target gene signature was downregulated at 16 hrs possibly 

due to the extravasation of cells from the blood into tissue and lymphoid organs immediately 

following vaccination. However, CREB1 target gene expression was significantly enhanced 

at 24h and continued to increase up to 72h after vaccination (Extended Data Figure 3a). 

Jaccard Index was used to compare the overlap of LEGs for each of these timepoints; 

we observed significant overlap between the LEGs of timepoints showing positive CREB1 

target gene induction (thick lines between red nodes) but limited overlap was noted between 

negative timepoints (thin lines between blue nodes) (Extended Data Figure 3b). These 

results indicate that the set of genes negatively modulated by CREB1 at 16h are distinct 

from those positively modulated at 24–72 hr. Our findings demonstrate that CREB1 driven 

genes are induced early post-immunization with ALVAC, and that this induction persists 

over time (up to 3 days) across consecutive vaccinations, highlighting the central role for 

CREB1 in modulating HIV-1 vaccine responses.

CREB1-associated cytokines augment migration and V1V2 titers

Pox vectors are potent inducers of cytokines and chemokines25. We investigated the 

impact of ALVAC-induced CREB1 genes on cytokine/chemokine expression; transcriptional 

profiling identified one hundred-three cytokines, chemokines and growth factors which 

were ALVAC induced and correlated with V1V2 in at least one cell subset and timepoint 

in Study 36 (Supplemental Table 5). To confirm that induction of these cytokines post

ALVAC immunization was associated to higher V1V2, we quantified the plasma levels of 

twenty-three of these cytokines/chemokines (using a custom cytokine array) at weeks 4 

and 27 post-immunization in Study 36. Univariate analysis revealed that the chemokines 

Fractalkine (CX3CL1), GROα (CXCL1), MCP1 and the cytokines FLT3LG and TGF-

β1/3 were significant positive correlates of V1V2 (Extended Data Fig. 4A). In contrast, 

Eotaxin-3 (CCL26), IL-13, IP-10 (CXCL10) and IL-6 were negative correlates of V1V2 

titers (Extended Data Fig. 4a).

Networks of multiple cytokines are required to trigger effector arms of immunity during 

vaccination. We used Lasso regression26 to model a signature of cytokines that shows better 

predictive value for V1V2 than each individual cytokine or chemokine (Extended Data Fig. 

4b). The Week 4 plasma signature predictive of V1V2 at week 53 included the chemokines: 

Fractalkine (CX3CL1: positively associated), Eotaxin-3 (CCL26: negatively associated), 

I-TAC (CXCL11: negatively associated) and the cytokines: TGF-β3 (positively associated) 
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and IL-13 (negatively associated). While the Week 27 plasma signature predictive of V1V2 

at week 55 consisted of the chemokines GROα (CXCL1) and MCP-1 (CCL2) and the 

cytokine IL-18, all positive correlates (Extended Data Fig. 4b). Using GeneMania, we built 

a network that inferred the top 30 neighboring genes associated with the cytokines identified 

in our multivariate model (Fig. 2a). Of these thirty genes, twenty-seven included cytokines 

and chemokines that are known targets of CREB1 and/or transcriptionally identified as 

correlates of V1V2 in Study 36. When z-scores for the network in Fig. 2a were split 

into tertiles in RV144, these cytokines and chemokines were significantly associated with 

reduced HIV-1 acquisition, though not as strongly as the entire CREB1 geneset (Extended 

Data Fig. 4c). Our results indicate that these CREB1 associated cytokines/chemokines 

are critical immune modulators that drive efficacious HIV-1 vaccine responses. In line 

with the known role of G-Protein Coupled Receptors (GPCRs) signaling in promoting 

chemokine driven cell migration, we observed that DCs, CD4+ T and B cells showed 

enhanced expression of chemotaxis and GPCR signaling pathways post-vaccination in Study 

36 (Extended Data Fig. 4e).

We next assessed the association between key cytokine/chemokines, and their receptors, 

with V1V2 among the 3 immune cell subsets in Study 36 (Extended Data Fig. 4f). Of 

the eighteen cytokines/chemokines identified transcriptionally (along with their specific 

receptors), four were expressed by DCs and CD4+ T cells and four were expressed by all 

three subsets. Analysis of receptor expression revealed similar findings with the majority 

(9/13) expressed commonly in DCs and CD4+ T cells (6), or in all three subsets (3) 

(Extended Data Fig. 4f). Key pairs of cytokines/chemokines and their receptors (identified in 

Extended Data Fig. 4a–b) included CXC3CL1/CX3CR1, IL-18/IL-18R1, TGFB1/TGFB-R 

and FLT3LG/CD135(FLT3R). We further showed that 18 chemokines in DCs or CD4+ T 

cells at Weeks 0/2 (including CX3CL1/Fractalkine) correlated with chemotaxis pathways in 

at least 1 of DCs, CD4+ T cells or B cells (Supplemental Table 6). These data demonstrate 

that plasma levels of CREB1 associated cytokines/chemokines predict the magnitude of 

V1V2 and are key members of a larger network of cytokines and chemokines which 

potentiate induction of protective immunity post-vaccination by triggering migration and 

chemotaxis which is associated with protection from acquisition.

The CREB! signature drives protection from challenge in NHP

We next monitored for the association of CREB1 induction by ALVAC in conferring 

protection from challenge in the P162 Study10. This independent ALVAC-SIV NHP study, 

which uses the same vaccination regimen as the RV144 trial, assessed vaccine efficacy by 

administering rectal SIV challenges to the NHPs. Ranking of vaccinated and challenged 

NHPs into tertiles based on their CREB1 z-score generated from transcriptional profiling of 

their PBMCs at post second boost (Week 25) showed that NHPs with the highest CREB1 

z-score exhibited enhanced protection from challenge (p=0.057) compared to NHPs in the 

lowest tertile; importantly, all four NHPs which were protected from ten challenges were 

in the high CREB1 tertile (Fig. 2b). We next correlated the expression of CREB1 target 

genes post-vaccination in P162 with rectal anti-SIV IgG antibodies, namely cV2, which was 

previously shown to be a surrogate marker of protection from challenge in this study10. 

CREB1 gene set showed significant positive enrichment for genes that correlated to rectal 
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IgG against cV2, as well as other rectal SIV-specific IgGs (Fig. 2c). We also observed 

significantly higher CREB1 z-scores (p=0.001) in cV2 positive NHPs compared to cV2 

negative NHPs (Fig. 2d).

In addition, we observed a significant positive correlation between Fractalkine (CX3CL1), 

an inducer of monocyte migration27, levels in plasma at Week 5 and the number of 

challenges needed to infect NHPs producing cV2 specific Abs (Fig. 2e). We found that 

Eotaxin-3 (CCL26), a repressor of monocyte migration28, levels were a negative correlate 

of the number of challenges in cV2 positive NHPs (Fig. 2e). This confirms our data in 

Study 36 where Fractalkine was positively associated with protective V1V2 while Eotaxin-3 

was negatively associated to V1V2. Altogether, data from P162 confirm our findings in 

Study 36 and RV144 identifying the critical role of CREB1; these results directly show that 

the CREB1 pathway is linked with protection from HIV/SIV acquisition following ALVAC 

vaccination.

CREB1 orchestrates subset specific transcriptional networks

We next probed for the specific immune functions (in sorted DC, CD4+ T cell and B 

cell subsets) associated to CREB1 transcriptional activity in Study 36. We identified TF 

regulated genesets in the ChEA database which correlated to the CREB1 z-score and 

positively correlated to V1V2 (p<0.05), generating a list of CREB1 associated TF target 

genesets in DCs, CD4+ T cells and B cells, independently. Using ClueGO we identified 

genes that encode for specific biological processes and tested their enrichment in curated 

pathways from GO and REACTOME using two-sided hypergeometric testing (p<0.05). 

Overlapping pathways were then collapsed based on significant overlap in LEGs (p<0.05) 

to generate functional nodes and their associated genes. The ClueGO network for DCs 

was comprised of CREB1 LEGs and CREB1 associated TF LEGs that regulate nodes 

of genes associated with lymphocyte differentiation/activation and migration including 

the known regulators of DC function FLT3LG (drives DC development29), IL-18 (T 

cell differentiation30), BCL3 (promotes T cell priming31 and TH2 differentiation32) and 

TNFSF4/OX-40L (T cell costimulation33). Of note, FLT3LG and IL-18 were previously 

identified as plasma correlates of V1V2 in Study 36. TMEM173 (STING) and TBK1, 

known sensors of pathogen34,35 and host36 DNA leading to induction of antiviral signaling, 

were central CREB1 driven genes associated to the nucleic acid sensing nodes (Fig. 3a).

In CD4+ T cells, the CREB1 associated ClueGO network included nodes with genes 

involved in cytokine signaling, costimulation/activation and antigen processing/presentation 

(Fig. 3b). We found key genes with known T cell function as central drivers of these nodes 

including CD4, CD247(CD3ξ) and AKT1 as well as the cytokines/receptors FLT3LG, IL-24 

(associated with Th2 responses37) and TNFRSF14 (T cell growth/survival38). Analysis of 

the B cell ClueGO network revealed nodes of leukocyte and lymphocyte migration genes 

including CCR7, DOCK8 (involved in chemokine GPCR signaling39) and SPN (CD4340) 

(Fig. 3c). To demonstrate that CREB1 modulates a similar master transcriptional network 

in RV144 as was seen in Study 36, we identified TF gene sets in RV144 that correlated 

with CREB1 z-score and V1V2, the most significant immunological surrogate of reduced 

HIV-1 acquisition (Fig. 3d). Importantly, all of these TFs (with the exception of NUCKS1) 
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were identified as associated with CREB1 z-score in at least one cell subset from Study 

36 and are themselves known or predicted targets of CREB1. These data confirm the novel 

association between CREB1 and key TFs that drive transcriptional networks associated with 

reduced HIV-1 acquisition, potentiate migration of all three immune subsets and promote 

subset-specific effector functions.

ALVAC induces CREB1 binding in the promoter of target genes

To provide direct mechanistic evidence of ALVAC induced CREB1 binding to key target 

genes, we performed CREB1 ChIP-seq on PBMCs from naive NHPs infected in vitro 

with empty ALVAC for 24 and 48 hrs or ALVAC-HIV for 24 and 48 hrs. We identified 

4778 genes which exhibited enriched CREB1 binding within 3 kB of their transcriptional 

start site (TSS) in at least 1 of the 4 conditions compared to media alone. 1307 of 

these genes overlapped with the ChEA CREB1 dataset (Extended Data Fig. 5a) and 

significant overlap of genes was observed between all 4 infection conditions using the 

SuperExactTest41 (Extended Data Fig. 5b). These genes included the chemokines CX3CL1 

(Fractalkine) and CCL2 (MCP-1), previously identified by gene expression profiling and 

plasma quantification in Study 36, and the antigen presentation gene Mamu-E (homolog 

of HLA-E) (Extended Data Fig. 5c). To validate our findings in Study 36, we used 

SuperExactTest and observed significant overlaps between the LEGs in Study 36 and 

ChIP-Seq genes for DCs, CD4+ T cells and B cells (up to 646, 560 and 554 genes, 

respectively) confirming that ALVAC directly induces CREB1 binding to genes identified as 

transcriptional correlates of V1V2 (Fig. 4a–b, Extended Data Fig. 5d). We used GeneMania 

to visualize the network of immune related genes which were in common to our ChIP-Seq 

results and 1 or more subsets in Study 36. Among these overlapping genes are CXCL11, 

FOS, JUN, HLA-E and HLA-DOA (Fig. 4c).

To directly associate ALVAC induced CREB1 activity with reduced HIV-1 acquisition, 

we performed CREB1 ChIP-Seq on human PBMCs infected with empty ALVAC or 

ALVAC-HIV for 24 hours. We identified genes with key immunological functions that 

were enriched for CREB1 binding after ALVAC infection including FLT3LG, HLA-DMB 

and TBK1 (Extended Data Fig. 5e). A total of 1902 genes overlapped with the ChEA 

CREB1 geneset (Extended Data Fig. 5f). Significant overlap was observed between our 

human ChIP-Seq data and the CREB1 LEGs from the RV144 trial, including 352 genes 

in common with reduced HIV-1 acquisition and 108 genes in common to all 3 contrasts 

from RV144 (Extended Data Fig. 5g). Among these 108 genes are CREB1 itself and 

key immunoregulatory genes: FOS, REL, RELB, IRF1, MAPKs, STAT5B and BCL6. We 

observed significant overlap between our human ChIP-Seq results and all the LEGs from 

RV144 and Study 36, with 45 genes in common to all comparisons in RV144 and Study 36 

including MAPK signaling regulators (NELL2/NRP2, MAPK3K10 and MAPKAPK5) (Fig. 

4d). In fact, these 45 genes predicted reduced HIV-1 acquisition in RV144 as accurately as 

the entire ChEA CREB1 dataset (p=0.00022 vs p=0.00063, respectively), clearly showing 

that there are conserved CREB1 target genes across NHP and humans which are ALVAC 

induced and associated with reduced HIV-1 acquisition (Fig. 4e). These findings validate 

CREB1 as a critical TF induced by ALVAC vaccination which drives expression of key 

immune genes which modulate reduced HIV-1 acquisition post-vaccination.
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The adjuvant MF59 reduces the CREB1 signature compared to Alum

The HIV-1 vaccine trial HVTN702 was stopped due to lack of efficacy in preventing 

HIV-1 acquisition12. The P162 NHP trial used for analysis in this study compared the 

efficacy of the ALVAC regimen used in RV144 (ALVAC+Alum) to the one used HVTN 

702 (ALVAC+MF59)10. To address whether the CREB1 gene signature was differentially 

induced by these two adjuvants, we generated CREB1 z-scores using the LEGs from the 

MF59 vs Alum contrast on the PBMC microarray data following the 3rd immunization. We 

observed significantly increased CREB1 z-scores in NHPs immunized with ALVAC+Alum 

compared to NHPs immunized with ALVAC+MF59 (p=1.2×10−6) (Fig. 5a). We next used 

GSEA to interrogate whether chemotaxis pathways and GPCR signaling were altered in 

MF59 compared to Alum adjuvanted NHPs. Fig 5B shows that pathways of chemotaxis and 

GPCR signaling were significantly enriched in the Alum arm compared to MF59, including 

five pathways involved in leukocyte migration and GPCR signaling (* in Fig. 5b) previously 

identified as ALVAC induced and correlates of V1V2 in Study 36 (Fig. 5b). Moreover, 

several immune related pathways were significantly enriched (fdr<0.05) in Alum compared 

to MF59 in P162 which also correlated with reduced HIV-1 acquisition in RV144 (Fig. 5c 

and Extended Data Fig. 6a). The intersection of genes found to be both increased in Alum 

and negatively associated with acquisition in RV144 were used to generate a per participant 

z-score for each common pathway. These scores were then split into tertiles for log-rank 

comparison of HIV-1 acquisition (Figure 5d–e). These pathways include DC maturation 

and antigen processing (Fig. 5d) as well as signal transduction pathways upregulated in 

monocytes/macrophages post stimulation with LPS/interferons (Fig. 5e); these pathways 

showed enrichment of CREB1 target genes which collectively correlated with reduced 

HIV-1 acquisition (genes in Extended Data Figure 6b). Of note, most of these genes map 

to pathways of innate immune responses. These results link functional immune pathways 

augmented in Alum vs MF59 adjuvantation with reduced HIV-1 acquisition in RV144, 

providing a potential mechanism underlying the lack of efficacy observed in HVTN702.

cGAMP induces p-CREB1 activation and cytokine production

Results of Study 36 (Fig. 3A) linked nucleic acid sensing and the genes TMEM173 

(STING) and its kinase TBK1 with CREB1 in DCs. In line with a role for HIV DNA 

in inducing cGAS/STING mediated responses42,43, we observed a significantly higher 

number of CREB1 induced genes in the G2 (ALVAC-HIV) arm compared to G1 (empty 

ALVAC) suggesting that sensing of both ALVAC and HIV DNA contributes to the activation 

of CREB1 signaling (Extended Data Fig. 6c). We hypothesized that ALVAC-HIV could 

activate cGAS-STING in DCs leading to activation of CREB1 and cGAMP release from 

DCs and subsequent induction of paracrine CREB1 signaling in neighboring and infiltrating 

cells, including CD4+ T cells and B cells, explaining the ‘infectious’ CREB1 activation 

observed in Study 3644.

To test this hypothesis, we stimulated PBMCs from healthy donors with 1 μM and 10 μM 

cGAMP and quantified the presence of p-CREB1 Ser133 in innate and adaptive immune 

subsets using PhosFlow staining. We used unbiased RPhenograph analysis to identify 

clusters of cells (clusters visualized on a UMAP plot of all cells) differentially induced 

by 1 μM cGAMP compared to media after 15 min of stimulation (Fig. 6a). We identified 
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4 clusters significantly induced by cGAMP: Cluster 5 (p=0.0095), Cluster 16 (p=0.0126), 

Cluster 17 (p=0.0288) and Cluster 20 (p=0.0063). A row normalized heatmap, showing the 

median fluorescence intensity (MFI) for each marker per cluster, revealed that the 4 clusters 

induced by cGAMP are marked by heightened expression of p-CREB1 and fell in the CD4+ 

T cells and CD19+ B cell populations (Fig. 6b). These results were corroborated by density 

plot and p-CREB1 MFI overlay onto UMAP clusters which showed regions of increased 

cellular density in cGAMP treated samples expressed high levels of p-CREB1 (Fig. 6c–

d). Importantly, this cGAMP-induced p-CREB1, which is evident at 15 and 30 minutes, 

is reduced to unstimulated levels by 60 minutes - indicative of the rapid on/off kinetics 

of canonical phospho-signaling (Extended Data Fig. 7c). Our results were confirmed by 

manual analysis, using FlowJo, where we observed significant increases in p-CREB1 MFI in 

immune subsets including CD4+ T cells, B cells and monocytes/DCs (Extended Data Fig. 

7d–e). The same p-CREB1 induction and phospho-kinetic were observed by UMAP and 

manual analysis when stimulating PBMCs with 10 μM cGAMP (not shown and Extended 

Data Fig. 7d–e).

To link cGAMP induced CREB1 with augmented immune function, we quantified 

production of key cytokines/chemokines, previously identified in Study 36, from purified 

pan-DCs and total CD4+ T cells following stimulation with 10 μM cGAMP. We found that 

FLT3LG was one of the most potently induced cytokines along with TRAIL (Extended 

Data Fig. 8a). FLT3LG was produced by purified CD4+ T cells (p=0.0623) and by DCs 

(p=0.1193) 24 hours following stimulation with cGAMP, and this induction became highly 

significant (p=0.0087) when data from the two cell subsets were combined, as distinct 

biological replicates, into one analysis (Fig. 6e). We also observed that cGAMP stimulation 

induced IL-18 in DCs (p=0.0360) and CD4+ T cells (p=0.1096) after 24 hours, with strong 

significance (p=0.0041) seen when the data from the two subsets were combined (Fig. 6f). 

Similar results were seen for three other CREB1 associated cytokines: GROα (CXCL1), 

TRAIL, and TGF-β1 (Extended Data Fig. 8b). These data provide direct evidence that 

cGAMP can trigger the production of key cytokines and chemokines in DCs and CD4+ 

T cells that are driven by CREB1 activation and which were transcriptional and plasma 

correlates of V1V2 in Study 36. The combination of these in vitro experiments with 

our multi-OMICs data provides a novel mechanism by which ALVAC promotes immune 

function and vaccine efficacy (model in Extended Data Fig. 8c).

Discussion

In this study, we have identiified a CREB1 induced signature that is a strong correlate of 

immunological outcomes and protection from SIV/HIV acquisition in NHP and humans. We 

show this new CREB1 signature is a more significant predictor of reduced HIV-1 acquisition 

than V1V2 and provides a more comprehensive understanding of the immunological 

mechanisms of protection. These results were obtained and validated in three independent 

cohorts (two NHP and one human) using three different OMICs (RNA-Seq, ChIP-Seq, 

multiplexed cytokine/chemokine detection). Our ChIP-Seq results have validated the 

association between CREB1 target genes and reduced HIV-1 acquisition, identifying a core 

of 45 genes common to all studiies which predict reduced HIV-1 acquisition equivalent to 

the entire CREB1 geneset. While the specific CREB1 target genes associated with outcome 
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showed variance across subsets and species, we observed a common set of CREB1 regulated 

TFs induced across these studies which drive genes that were validated by quantitiative 

cytokine assessment in the plasma and CREB1 binding genes by ChIP-Seq analysis in NHP 

and humans. This highlights that ALVAC activates a common, global network of TFs which 

drives the cell subset specific immune responses required for efficacious vaccine responses 

and protection from HIV-1 acquisition.

Our findings led us to develop an integrated model of ALVAC and CREB1 mediated HIV-1 

vaccine efficacy. In Step 1, dendritic cells and monocytes at the site of immunization are 

infected with ALVAC-HIV. ALVAC and HIV DNA are sensed by cGAS42,43 leading to 

the production of the di-cyclic nucleotide cGAMP. This is confirmed by our microarray 

data showing that STING signaling is associated with CREB1 activity in DCs in Study 36. 

CREB1 has previously been associated with cytokine production from DCs and in vitro 
activation of DCs45. Our studies show that this ALVAC induced CREB1 is rapid (within 

24 hrs) and persists temporally, highlighting the potential for this to function as a potent 

adjuvant to induce early and sustained vaccine responses.

In Step 2, CREB1 activation drives the production of key cytokines and chemokines which 

generate chemotactic gradients that promote leukocyte migration to the site of vaccination46. 

Indeed, enhanced migration was the only common functional node associated with CREB1 

activity in DCs, CD4+ T cells and B cells. We show that CREB1 driven chemokines 

produced by DCs and CD4+ T cells correlate positively with chemotaxis pathways in 

DCs, CD4+ T cells and B cells. In Step 3, circulating leukocytes including DCs, CD4+ T 

cells and B cells extravasate from the blood into the site of vaccination and lymphnodes, 

where they migrate to sites of antigen encounter and presentation. The lack of conserved 

cytokine and chemokine upregulation across our studies could be due to differences in 

the individual biology of each subset studies and in temporal kinetics when comparing 

samples from different timepoints post-vaccination. Indeed, our transcriptiopnal and plasma 

cytokine analysis identified positive inducers of cell migration downstream of CREB1 (i.e. 

Fractalkine27) associated with vaccine immumnogenicity and protection in two independent 

NHP studies, while repressors of monocyte migration (i.e. Eotaxin-328) were negative 

correlates of these outcomes. These data highlight that the balance of cytokines/chemokines 

induced and repressed post-vaccination is crucial for the recruiment of innate and adaptive 

immune cells and activation of the effector programs required for protective responses. This 

is further supported by our identification of TGF-β1/3 as positive correlates of V1V2 IgG 

highlighting a potential role for TGF-β in promoting Tfh responses required for optimal Ab 

responses.

In Step 4, leukocytes including CD4+ T cells recruited to the site of immunization/

lymphonid tissue become activated by the release of cGAMP from ALVAC infected cells. 

Our in vitro results reveal that cGAMP treatment induces p-CREB1 in immune cells and 

drives the production of cytokines/chemokines from purified DCs and CD4+ T cells. Two 

of these cytokines, FL3TLG and IL-18, were central CREB1 modulated genes driving 

functional nodes of T cell costimulation pathways, cytokine signaling and augmented 

antigen processing/presentation in CD4+ T cells. Our ChIP-seq results provide molecular 

validation of FLT3LG, IL-18 and MHC Class I/II genes as CREB1 driven during ALVAC 
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infection and show significant overlap in CREB1 genes between NHP and human. Though 

the specific CREB1 target genes which were associated with V1V2 in Study 36 and 

V1V2 and reduced HIV-1 acquisition in RV144 showed partial but significant overlap, we 

found the upstream TFs which drove the transcription of these genes and were associated 

with CREB1 to be consistent across Study 36 and RV144. These results highlight that 

CREB1 drives a master transcriptional network that includes other TFs which is associated 

with efficacious HIV-1 vaccine outcomes in multiple immune subsets and across species. 

One potential mechanism explaining the infectious spread of CREB1 signaling is sensing 

of cGAMP by P2YRs which are known to be expressed on immune cells and sense 

extracellular nucleotides47. In Study 36, we found P2YR2 in DCs and P2YR1 and P2YR11 

in CD4+ T cells as positive correlates of V1V2, with the latter being a known driver of 

cAMP responses48.

The importance of the CREB1 signature identified herein as a mediator of reduced 

HIV-1 acquisition is further highlighted by our findings comparing ALVAC+Alum to 

ALVAC+MF59, the regimen used in HVTN702, as ALVAC+MF59 does not induce the 

same CREB1 signature seen in ALVAC+Alum providing a potential mechanism for 

the lack of protection in HVTN702. Indeed many of the key CREB1 driven immune 

pathways associated with reduced HIV-1 acquisition in RV144 were downregulated in 

the ALVAC+MF59 arm of P162. Altogether, our results have highlighted the need to 

change how correlates of vaccine efficacy are modeled and investigated. Single correlates 

fail to account for the multiplicity of cells which contribute to an effective immune 

response as well as the heterogeneity which exists across individuals in immune responses 

to HIV-1 which mediate protection from acquisition. Our integrated systems biology 

approach combining transcriptomics in multiple cohorts, ChIP-seq confirmation and in 
vitro mechanistic validation, is required to robustly identify immune pathways which 

mechanistically reduce HIV-1 acquisition. Identification of adjuvants or vaccine components 

which activate these pathways is essential for developing an effective HIV-1 vaccine.

Materials and Methods

Study 36 vaccine trial design

Twenty-four Chinese-origin rhesus NHPs were used in the study. HPs were housed at 

New England Regional Primate Research Center in Southborough, MA. This study was 

performed under IACUC approval from Harvard Medical School Protocol #: HMS IACUC 

# 03503. The animals were maintained in accordance with National Institutes of Health and 

Harvard Medical School guidelines.

The twenty-four NHPs were distributed in five groups with five animals in groups 1–4 

and four animals in group 5. NHPs in group 1 (G1) were primed on weeks 0 and 4 with 

intramuscular immunizations with 5 × 10^7 pfu of empty ALVAC (vCPpp, Sanofi-Pasteur, 

PA); whereas, NHPs in group 2 (G2) received intramuscular priming immunizations with 5 

× 10^7 pfu of ALVAC-HIV-1 (vCP1521) at the same time. NHPs in group 1 were boosted 

with AIDSVAX B/E gp120 and 5 × 10^7 pfu of empty ALVAC administered intramuscularly 

on separate quadriceps muscles on weeks 12 and 23. Concurrently, NHPs in group 2 were 

boosted with AIDSVAX B/E gp120 and 5 × 10^7 pfu of ALVAC-HIV-1 administered the 
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same way as group 1. On weeks 12 and 23, NHPs in group 3 were immunized with same 

immunogens as group 1, and NHPs in group 4 were immunized with same immunogens 

as group 2. Four NHPs in group 5 received only AIDSVAX B/E gp120 on weeks 12 and 

23. NHPs in groups 3–5 received no priming immunizations. After resting for 30 weeks, on 

week 53 NHPs in groups 1–5 were boosted with the same immunogens as on weeks 12 and 

23.

Vaccine immunogens

The ALVAC-HIV-1 and AIDSVAX B/E rgp120 immunogens used in this study are the same 

as those used in the RV144 Thai trial1. Both empty ALVAC control vCPpp and ALVAC

HIV-1 vCP1521 immunogens were received from Sanofi-Pasteur, PA. ALVAC vCP1521 

expresses subtype E (TH023 gp120) and subtype B (TM gp41) Env and subtype B Gag and 

Protease (LAI). AIDSVAX B/E gp120 that expresses HIV-1 subtype B (MN) and subtype E 

(A244) rgp120 were received from Global Solutions for Infectious Diseases, CA.

HIV-1 specific binding antibody assay.

Plasma HIV-1 specific antibodies were measured by a custom HIV-1 binding antibody 

multiplex assay as previously described49. Antibody titers (area under the curve, AUC) 

were determined by serial dilutions of rhesus plasma (1:80, 7-fold). All assays were run 

under GCLP compliant conditions, including tracking of positive controls by Levy-Jennings 

charts using 21CFR Part 11 compliant software. Positive controls included a HIVIG and 

CH58 mAb. Negative controls included in every assay were blank beads, HIV-1 negative 

sera, and baseline (pre-vaccination) samples. To control for antigen performance, we used 

the preset criteria that the positive control titer (HIVIG and CH58) included on each assay 

had to be within +/− 3 standard deviations of the mean for each antigen (tracked with 

a Levy-Jennings plot with preset acceptance of titer (calculated with a four-parameter 

logistic equation, SigmaPlot, Systat Software). Antibody measurements were acquired on 

a Bio-Plex instrument (Bio-Rad, Hercules, CA) using 21CFR Part 11 compliant software 

and the readout is in MFI. The preset assay criteria for sample reporting were: coefficient of 

variation (CV) per duplicate values for each sample were ≤15% and >100 beads counted per 

sample.

Sorting of NHP immune cell populations in Study 36

From anti-coagulated whole blood DCs, CD4+ T cells and B cells were sorted 

following staining with monoclonal antibodies to anti-CD45 V450 (clone DO58–1283; 

BD Pharmingen), anti-CD14 FITC (clone M5E2; BD Pharmingen), HLA-DR PE (clone 

L243 (G46–6); BD Pharmingen), anti-CD20 ECD (clone B9E9; Beckman Coulter), anti

CD4 PerCP Cy5.5 (clone L200; BD Pharmingen), anti-CD123 APC (clone 7G3; BD 

Pharmingen), anti-CD11c APC (clone S-HCL-3; BD Pharmingen), anti-CD3 Alexa Fluor 

700 (clone SP34.2; BD Pharmingen), anti-CD8 APC.H7 (clone SK1; BD Pharmingen). 

After staining and washes, stained PBMCs were sorted using the BD FACSAria II. 

Doublets were excluded from analysis by gating singlets in forward scatter-area (FSC-A) 

versus forward scatter-height (FSC-H) and side scatter-area (SSC-A) versus side scatter

height (SSC-H) analysis. After gating on lymphocytes (CD45+ followed by FSC-A vs. 

SSC-A), total B lymphocytes were defined and sorted as CD3- CD8- CD20+ populations. 
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Dendritic cells were gated and sorted as CD3- CD20- CD14- CD11c+/CD123+ cells. Sorted 

populations were collected into tubes containing RNA Protect (Qiagen) for RNA isolation.

RNA isolation, amplification, and hybrization

Sorted cell populations were centrifuged at 800×g for 10 minutes at room temperature, and 

800 μl TRIzol reagent (Invitrogen) was added to lyse cells and dissociate nucleoprotein 

complexes. Following a phenol-chloroform extraction, the aqueous phase containing RNA 

was carefully collected. This aqueous RNA phase was then treated with ethanol; and 

finally, the RNA was suspended in RNase-free water. mRNA was amplified and biotinylated 

using the TargetAmpTM 2-Round Biotin-aRNA Amplification Kit 3.0 (EPICENTRE) for 

microarray studies. Hybridization was conducted using Human RefSeq-12 V4, according 

to Illumina’s direct hybridization protocol by the Genomics Analysis facility at Duke 

University Medical Center.

Microarray Data preprocessing, and Analysis

Raw beadchips intensities were imputed using the KNN algorithm from the impute R 

package, then those were quantile-normalized and log2-transformed. The LIMMA package 

was then used to fit linear regression models with the log2 gene expression as the dependent 

variable while the groups of interest (pre-vaccination vs post-vaccination timepoints; 

antibody responses) were independent variables in order to identify genes differentially 

expressed between conditions and found to be correlated with antibody response (IgG 

antibodies binding to HIV-1 Env V1/V2 regions). A moderated t test was used to assess the 

statistical significance of the association between gene expression and the groups of interest. 

Benjamini and Hochberg correction was applied to adjust for multiple testing.

Preranked Gene Set Enrichment Analysis (GSEA) was performed for each contrast and 

correlation against genesets extracted from the ChEA (CHIP-X Enrichment Analysis) 

database20. ChEA is a database containing target gene sets for transcription factors which 

are generated by curating publically available datasets for known interaction of the TF 

with the promoter of the gene by ChIP-seq, or equivalent assay. The ChEA database was 

downloaded from the Harmonize portal. Genesets found to be ALVAC-induced in both the 

pre-vaccination vs. post-vaccination contrast and to be correlated with V1V2 titers were 

filtered as putative, differentially-regulated transcription factors.

GSEA is an analytical method that tests for enrichment of high-ranking genes based on their 

correlation to an outcome (i.e., differential expression after ALVAC, correlation to V1V2 

titer) versus annotated pathways. This method possesses increased power to detect pathways 

because it is not reliant on strict p-value cutoffs to test for enrichment and ranks all genes; 

in this case 30948 unique genes, and then performs enrichment tests. GSEA was performed 

independently for each cell type, timepoint and outcome (i.e. ALVAC induction and V1V2 

correlation). Only TF genesets which showed significant enrichment with a cell subset for 

all timepoints and outcomes were considered for further analysis in Fig. 1A. No compiled or 

common lists of genes was used for GSEA analysis. This was done to account for temporal 

differences in TF driven gene expression. Use of a common or compiled list would fail to 

account for the temporal diversity of TF responses which are critical for biological function.
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Gene Set Variation Analysis (GSVA)50 was then used to compute a sample-level geneset 

enrichment z-score at each experimental condition for the CREB1 signature, and was 

correlated with DEGs with immune function GO (Gene Ontology) terms in order to assess 

the immune function regulated by differentially enriched transcriptional regulators. Genes 

recurrently and significantly associated with CREB1 signatures were used as inputs for the 

ClueGO addon in Cytoscape 3, identify REACTOME and GO Pathways (MSigDB) enriched 

amongst these genes by using a Fisher Exact test with a p value of < 0.05.

All code used for analysis is available at https://github.com/sekalylab/Study36

Quantification of plasma cytokines using MesoScale

A custom panel of cytokine and chemokines was quantified using the Meoscale Discvoery 

U-Plex platform (MSD). The panel was chosen based upon cytokines implicated by 

transcriptional analysis. It is comprised of: Eotaxin-3 (CCL26), FLT3LG, Fractalkine 

(CX3CL1), GROα (CXCL1), I-TAC (CXCL11), IFN-α2a, IFNχ, IL-12p40, IL-13, IL-18. 

IL-1α. IL-1β, IL-1Rn. IL-2. IL-6, IP-10 (CXCL10), MCP-1 (CCL2), TGF-β1, TGF-β2, 

TGF-β3. TNFα. TPO and TRAIL.

Multivariate modeling

Regularized regression analysis was performed on Mesoscale data using R package glmnet. 

Optimal lambda was determined using leave one-out cross-validation (LOO): the model 

with the smallest Mean Square Error for alpha values between 0 and 1 was selected for 

optimal predictive power, and coefficients for predictors were returned in their original 

scale. Standardized coefficients for comparisons purposes were calculated using the Agresti 

method.

CHiP-seq

Chromatin ImmunoPrecipation was performed on PBMCs from 3 NHP donors and 3 human 

donors. PBMCs were infected in vitro with an MOI 10:1 of ALVAC-HIV or empty ALVAC, 

with media cultured cells as a control. Cells were harvested and cross-linked in 10% 

Formaldehyde for 30 minutes. Cells were pelleted and stored dry at −20C for future work. 

Thawed pellets were sonicated using Bioruptor (Diagenode) to a fragment size of 300–

500bp and then incubated O/N with CREB1 Ab (clone 48H2, Cell Signaling Technology 

#9197). Antibody was pulled down, DNA:protein de-crosslinked and DNA purified/eluted 

using the commerical True MicroChIP kit (Diagenode). Libaries were prepared and indexed 

using the MicroPlex kit (Diagenode). 100 bp single end read sequencing was performed on 

the NovaSeq platform.

For bioinformatic analysis, human and NHP single-end fastq files were respectively 

aligned against the GRCh38 and Mmul_10 reference genomes using BWA, using 

the unstimulated media condition as a control. Umapped and duplicated reads 

were filtered out using a combination of SAMtools, bedtools and Picard as 

described in the ENCODE Chip-seq pipeline 2 (https://docs.google.com/document/d/

1lG_Rd7fnYgRpSIqrIfuVlAz2dW1VaSQThzk836Db99c/edit#). High quality reads from 2 

donors per condition were used for analysis. Replicates were cross correlated, and peaks 
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were called using MACS2. Consistent peaks were selected using bedtools. Promoter peaks 

were associated with downstream genes on the basis on being found within the −3000 

bp to + 200 bp region of a TSS, using the TxDb databases for GRCh38 and RheMac10 

in combination with R package ChIPseeker. Peaks were visualized using IGV (Integrative 

Genomic Viewer) on filtered bed files from annotated promoter peaks, using the fold change 

versus the unstimulated condition. Set overlap was tested and visualized using the R package 

SuperExact test (https://www.nature.com/articles/srep16923)

cGAMP stimluation of primary human PBMCs and purified dendritic cells (DC) and CD4+ T 
cells

cGAMP was obtained from Invivogen, San Diego, CA. Cryopreserved PBMCs from five 

healthy donors who underwent leukapheresis were thawed and rested in RPMI+10% 

FBS+Pen/Strep+10mM HEPES overnight. Cells were stimulated for up to 60 minutes 

with 1 μM or 10 μM cGAMP. Cells were immediately harvested, stained and analyzed 

for p-CREB1 using an LSRFortessa (BD). Staining panel included: anti-CD14 Percp 

eF710 (eBioscience, clone 61D3, cat.#46–0149-42), anti-CD16 AF700 (BD, clone 3G8, 

cat.#557920), anti-CD123 (BD, clone 7G3, cat.#564196), anti-CD11c (BD, clone B-ly6, 

cat.#560369), anti-CD19 V610 (Biolegend, clone SJ25C1, cat.#363024), anti-CD3 APC 

(BD, clone UCHT1, cat.#555335), anti-CD4 PECEF594 (BD, clone RPA-T4, cat.#562281), 

anti-CD8 BUV737 (BD, clone SK1, cat.#564629), anti-C45RA BV650 (Biolegend, clone 

HI1000, cat.#304136), anti-CCR7 PECY7 (BD, clone 3D12, cat.#557648), anti-CD27 

APC-eFluor® 780 (eBioscience, clone O323, cat.#47–0279-42), anti-CD95 BV711 (BD, 

clone DX2, cat.#563132), anti-CD25 BUV395 (BD, clone 2A3, cat.#564034), anti-FOXP3 

FITC (Invitrogen, clone 236A/E7, cat.#11–4777-42), anti-p-CREB PE (Cell Signaling, clone 

87G3, cat.#14228S) and live dead amcyam (Life Technologies, cat.#L34957). Immune 

subsets were analyzed for cGAMP-induced p-CREB1 phosphorylation by UMAP analysis 

and manual analysis of MFI using FLowJo (v10.5.3). Forskolin (Sigma) was used as a 

positive control for p-CREB induction.

For purification, pan-DC kit and total CD4+ kit (both from STEMCELL Technologies, 

Cambridge, MA) were used to isolate populations for further analysis. Purified cells were 

stimulated with 10 μM cGAMP (Invivogen) and supernatants were harvested after 24 hours. 

Cytokine detection was performed using custom MesoScale kit (described above).

UMAP Flow Cytometry Analysis

For bioinformatic analysis of flow cytometry data, a custom script was made using UMAP 

for dimensional reduction of data and visualization followed by RPhenograph analysis to 

generate clusters of cells based upon their marker expression. This script has been uploaded 

to Github https://github.com/sekalylab/UMAP_Phenograph() and is available to the public. 

Five thousand random events were selected from doublet-excluded, live cells from each 

sample for each analysis. This method allowed for visualization of high dimensional data in 

two dimensions and for events to be clustered based on similar expression of flow cytometry 

markers which led to identification of novel cell subsets.
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Multiple correction

Adjustments for multiple comparisons were computed for all differential gene expression 

and pathway analyses in this study. Unless otherwise specified, reported p-values are 

adjusted for multiple comparisons. In some cases (Extended Data 2A, 2B, Extended Data 

4C, 4D), a nominal p.value threshold of 0.05 was used, and an adjusted p-value of 0.25.

Data Availability:

No restrictions will be placed on data or material sharing used to generate Figures 1–6. 

Microarray from Study 36 is deposited in GEO using accession GSE180677. RV144 data is 

deposited in GEO at GSE103733. ALVAC comp data is deposited in GEO (deposit pending 

approval). P162 data is deposited in GEO at GSE72624. ChIP-Seq data is deposited in GEO 

at GSE180749. Raw flow cytometry data has not been deposited but will be shared upon 

request.

Code Availability

All code utilized for microarray, ChIP-Seq and UMAP analysis will be made available to the 

public at the following links: https://github.com/sekalylab/Study36 and https://github.com/

sekalylab/UMAP_Phenograph.
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Extended Data

Extended Data Fig. 1. Study 36 design, vaccination schedule. sample collection strategy and 
bioinformatic analysis strategy.
(a) NHP were immunized with ALVAC, empty insert [G1] or vCP1521 (HIV DNA encoding 

env, gag and pol)[G2], for two priming doses (Week 0 and 4) and two boosts along with 

recombinant Clade B/E gp120 (Week 12 and 23). PBMCs were isolated on Days 2/3 post 

Prime 1 (Week 0), 2 weeks post Prime 1 (Week 2) and 2 weeks post Boost 2 (Week 

25) with DCs, CD4+ T cells and B cells purified by cell sorting. RNA was isolated from 
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each cell type at each timepoint and microarray performed for transcriptional analysis. 

V1V2 IgG antibody titers were quantified at Week 14, Week 25, Week 53 and Week 55 

post commencement of vaccine regimen. Additionally, plasma was isolated at the time 

of Prime 2 (Week 4) and 4 weeks post Boost 2 (Week 27). (b) To identify TF target 

gene signatures which are associated with ALVAC immunogenicity, we implemented an 

analytical pipeline which generated independent GSEA analysis for each potential contrast 

(54 in total) in Study 36 in parallel and then identified those TF target gene signatures which 

were significant in all 3 cell types. First, we performed differential gene expression analysis 

of sorted DCs, CD4+ T cells and B cells by comparing post-vaccination timepoints (Week 

0, Week 2 and Week 25) vs. pre-vaccination. GSEA using ChEA was performed on each 

of these 18 individual contrasts (3 cell types x 3 timepoints x 2 groups [G1,G2]) and this 

was termed ALVAC induced. Secondly, we correlated post-vaccination gene expression in 

the 3 sorted subsets (Week 0, Week 2 and Week 25) with IgG titers against V1V2 (Week 

14, Week 25, Week 53 and Week 55). GSEA using ChEA was performed on each of these 

36 individual contrasts (3 cell types x 3 microarray x 4 titers) and this was termed Correlate 

to V1V2. To identify TF target gene sets consistently ALVAC induced and correlating to 

V1V2, we intersect the 54 total GSEAs and highlighted TF target gene sets which were 

significant in all 3 cell types for ALVAC induction and correlation to V1V2.
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Extended Data Fig. 2. IFN pathways are induced early in DCs and T cells but are not sustained 
during vaccination and do not correlate with V1V2 titers.
Upregulation of interferon signaling post-vaccination, compared to pre-vaccination, was 

determined for Group I and Group 2 in (a) Dendritic cells and (b) CD4+ T cells using 

preranked GSEA, without correction for multiple testing (p <0.05). Induction of IFN 

pathways observed in both groups at Days 2/3 are absent by Week 25. In CD4+ T cells, only 

Group 2 shows upregulation of IFN and this response is only present at Days 2/3 suggesting 

that IFN upregulation post ALVAC vaccination is transient. N=5 per group. A consolidated 

z-score generated for all IFN induced genes did not significantly correlate with V1V2 
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titers. Week 14 r=−0.7388, p=0.154; Week 25 r=−0.3061, p=0.6164; Week 55 r=−0.7993, 

p=0.1046. (c) To validate our GSEA findings in Study 36, we performed hypergeometric 

distribution testing. (Left) Significant enrichment of induced CREB1 target genes was 

observed for all 3 cell types at Weeks 0 and 2 in both G1 and G2. (Right) Significant 

enrichment of CREB1 target genes which correlate with V1V2 titers was found in all 3 cell 

types at Week 0 and Week 2 for the 4 titer timepoints measured. The lone exception was no 

significant enrichment for DCs at Week 0 to V1V2 titers at Week 53. These findings confirm 

our identification of CREB1 as ALVAC induced and a global correlate of V1V2.
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Extended Data Fig. 3. ALVAC augments CREB1 driven gene expression by 24 hours post 
immunization and CREB1 signaling increases up to 72 hours post vaccination.
(a) To more clearly understand the temporal nature of ALVAC induced CREB1, we accessed 

data from samples taken from the P162 study in which gene expression was quantified at 

16, 24, 48 and 72 hrs after each of the 4 vaccination timepoints (n=6 animals). GSEA using 

the CREB1 gene set from ChEA was performed to identify the temporal kinetics of ALVAC 

induced CREB1 by quantifying the fold induction of genes compared to pre-vaccination. 

In general, CREB1 target genes were suppressed at 16 hrs and induced at 24, 48 and 72 

hrs. (b) To determine if the same genes which were downregulated in some timepoints 
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overlapped with those induced at others, network was generated using Jaccard index to 

determine overlap in the CREB1 gene set leading edges for each of the timepoints. Red 

node color indicates induced, blue node color indicates suppressed. Node edge is colored 

per timepoint. Thickness of lines connecting nodes reflects the Jaccard index such that 

the thicker the line the more overlap. As can be seen, there is strong overlap by Jaccard 

index between the leading edges for the timepoints showing induced CREB1 target gene 

expression. By contrast, there is low overlap between blue nodes and red nodes indicating 

that the CREB1 target genes suppressed in the 4 timepoints are distinct from those induce at 

other timepoints.
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Extended Data Fig. 4. CREB associated cytokine and chemokines in the plasma predict V1V2 
titers and chemotaxis pathways are induced in Study 36.
(a) Univariate correlations, using Pearson correlation, of Week 4 and Week 27 plasma 

cytokine levels to Week 53 and Week 55 V1V2 IgG. Statistical analysis performed 

using Pearson correlations (reported p.values. upper left: Eotaxin-3=0.0317, I-TAC=0.017; 

upper right: Eotaxin-3=0.0457, IL-13=0.0199, IFNγ=0.0094; lower right: GROα=0.0187). 

(b) Multivariate modeling using Lasso for Week 4 and Week 27 cytokines identifies 

combinatorial signatures of cytokines which strongly predict V1V2 titers. N=5 animals 

from G2 arm of Study 36. (c) In RV144, the individual participant z-scores of the cytokine/
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chemokine network from Fig. 2A was split into tertiles and associated with reduced 

HIV-1 acquisition using Log-rank test. Significantly reduced risk of HIV-1 acquisition was 

observed for the medium tertile (p=0.005) along with substantial reduction in the high tertile 

(p=0.10). (d) GSEA analysis revealing ALVAC induced chemotactic signaling cascades in 

DCs, CD4+ T cell and B cells. (e) GSEA analysis of GPCR signaling pathways in DCs and 

CD4+ T cells which correlate significantly with V1V2 titers. (f) Subset specific distribution 

of cytokines and chemokines and their receptors which correlate, positively or negatively, 

with V1V2 titers in Study 36. Identifies common and unique cytokines/chemokines and their 

receptors among the 3 key immune subsets.
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Extended Data Fig. 5. ChIP-seq confirms ALVAC induced CREB1 binding to immune genes in 
NHP and PBMCs which overlap with transcriptional correlates of vaccine efficacy.
(a) Venn diagram showing overlap between genes identified as enriched for CREB1 binding 

after ALVAC infection of NHP PBMCs and the ChEA CREB1 dataset. (b) Bar plot showing 

significant overlap in genes identified by ChIP-seq as ALVAC induced in 2 or more of the 

infection conditions: empty ALVAC for 24 hrs, empty ALVAC for 48 hrs, ALVAC-HIV 

for 24 hrs and ALVAC-HIV for 48 hrs. (c) Integrative Genomics Viewer (IGV) maps 

showing peaks of enriched CREB1 binding post ALVAC-HIV stimulation in the promoters 

of CX3CL1 (Fractalkine), CCL2 and Mamu-E, the NHP homolog of human HLA-E. (d) 
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Bar plot showing significant overlap between CREB1 genes identified as ALVAC induced, 

positive correlates of V1V2 in B cells from Study 36 and genes showing enriched CREB1 

binding within 3 kB of their TSS in 1 or more of the ALVAC infection conditions by 

ChIP-seq. Significant overlap is observed for all combinations. (e) In human PBMCs, 

enriched CREB1 binding was observed with 3kB of the TSS for the cytokine FLT3LG, 

antigen presentation gene HLA-DMB and TBK1 which is the kinase activated by STING. 

(f) Venn diagram showing overlap between genes identified by ChIP-seq as enriched for 

CREB1 binding after 24 hr ALVAC infection of human PBMCs and ChEA CREB1 gene 

set. (g) Bar plot of CREB1 target genes by ChIP-seq overlapped with the leading edge of 

CREB1 genes in RV144 which: 1) correlate with V1V2, 2) are induced post-vaccination 

or 3) are associated with reduced HIV-1 acquisition. Importantly, significant overlap is 

observed between CREB1 driven genes identified by ChIP-seq and CREB1 driven genes 

associated with reduced HIV-1 acquisition.
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Extended Data Fig. 6. Genes and pathways reduced in MF59 are CREB-1 driven and associated 
with reduced HIV acquisition in RV144.
(a) GSEA analysis identifying immune related pathways which are significantly elevated in 

Alum compared to MF59 in P162. (b) Network of the leading edge genes from pathways 

identified in Fig. 5D–E. Genes which are colored green are known CREB1 targets by ChEA 

and those in red are predicted CREB1 targets by promoter motifs. The majority of genes 

from these immune pathways are known or predicted targets of CREB1. (c) The frequency 

of leading edge genes from the ALAVC induced CREB1 gene sets which correlate to V1V2 

IgG titers was determined for all 3 cell subsets for all 12 contrasts (3 microarray timepoints 

Tomalka et al. Page 27

Nat Immunol. Author manuscript; available in PMC 2022 March 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compared to 4 V1V2 titers). The frequency of CREB1 driven genes which correlate to titers 

is significantly increased in all 3 cell subsets. This is true even for Week 25 microarray 

after antigen has been introduced into G1. Microarray timepoints (shapes): Circle=Week 0, 

Square=Week 2, Triangle=Week 25. V1V2 IgG titer timepoints: Black=Week 14, Red=Week 

25, Blue=Week 53, Orange=Week 55. A two-sided Wilcoxon matched-paired signed rank 

test performed to compare frequency in G2 vs G1 paired at each individual contrast

Extended Data Fig. 7. Manual FlowJo analysis confirms increased p-CREB+ MFI and frequency 
in innate and adaptive immune cells.
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(a) p-CREB signal was quantified following treatment with Forskolin (n=3), a known 

inducer of cAMP signaling, showing that p-CREB induction results in a shift in signal 

but is not bi-modal. (b) Gating strategy for analysis. (c) Histogram of p-CREB1 MFI in all 

cells and Clusters 5, 16, 17 and 20 showing higher p-CREB1 in these clusters compared 

to all cell. (d) Density plots of UMAP analysis from Fig. 4 show that cGAMP induced 

p-CREB+ populations are returned to basal levels after 60 minutes which is suggestive of 

true phospho-signaling. (e) Representative histograms showing shift in p-CREB activity in 

total CD4+ T cells following 1 μM cGAMP stimulation for 15m. (f) Manual flow analysis of 

cGAMP treated samples (n=5) in Fig. 4 confirms significant increases in p-CREB MFI for 

total CD4+ T cells, B cells, NK cells and other innate cells. Statistical analysis performed 

using a two-sided paired t-test. Line represents median and error bars are standard error of 

the mean.
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Extended Data Fig. 8. Additional CREB1 related cytokines are induced in immune cells 
stimulated with cGAMP.
(a) Median fold induction for all measured cytokines in purified DCs and CD4+ T cells 

treated with 10 uM cGAMP for 24 hours. (b) TRAIL, GROα (CXCL1) and TGF-β1 

which were all identified as positive correlates of V1V2 in Study 36 are also significantly 

induced by cGAMP treatment of purified DCs (black) and CD4+ T cells (blue) (n=9), when 

these two groups are combined as distinct biological samples. Statistics performed using 

two-sided, paired t-test Lower line in violin plot is Q1, middle line is median and upper line 
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is Q3. (c) Proposed model of ALVAC induced CREB1 activation in mediating protective 

vaccine responses.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CREB1 signaling is induced by ALVAC immunization and is a correlate of V1V2 titers 
in RV144
(a) Venn diagrams of TF target gene sets which are ALVAC induced at all 3 post-vaccination 

timepoints in DCs, CD4+ T cell and B cells (n=5 G1 and 5 G2 NHP per subset) and 

correlate positively to V1V2 titers measured at four timepoints. 62 TF gene sets were 

persistently ALVAC-induced and 45 TF genes sets consistently correlated to V1V2 titers; 

42 in common to both. To confirm these gene sets were also correlated to V1V2 titers and 

reduced HIV-1 acquisition in RV144, we used microarray data from the RV144 Case Control 

Study5,22 which down-sampled the RV144 cohort at a ratio of 5:1 uninfected vs. infected. 
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The 42 TF target gene sets identified in (a) were then tested for (b) ALVAC induction 

(n=24 participants in RV144 pilot trial) of gene expression at 2 weeks post-final vaccination 

compared to pre-vaccination and (c) correlation of gene expression with V1V2 titers, both 

at 2 weeks post-final vaccination (n=182 RV144 participants). CREB1 was the second most 

potently induced TF gene set and the fourth highest correlate of V1V2 titers, highlighting 

a novel role for CREB1 in RV144. (d) In RV144, vaccinated subjects who do not become 

infected with HIV (n=151 RV144 participants) have significantly elevated CREB1 target 

gene expression (z-score) compared to those who do become infected (n=31) using logistic 

regression, corrected for sex and baseline behavioral risk. Limits of box are Q1(lower), 

Q3(upper) and middle line the median. Error bars represent 1.5xIQR. (e) Using a Log-rank 

test, CREB1 z-scores were split into tertiles (Low=61, Medium=61, High=60) revealing that 

the medium and high CREB1 tertiles have significantly reduced HIV acquisition compared 

to the low tertile, with the highest tertile showing sustained lowered risk up to 36 months 

post vaccination.
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Figure 2. A network of cytokines/chemokines drives V1V2 titers and the CREB1 signature 
correlates with enhanced protection from challenge in an independent NHP cohort
(a) GeneMania network of cytokine correlates from the Study 36 Lasso model with top 30 

closest associated proteins (criteria in figure legend). This network reveals that these key 

plasma cytokines are associated with a larger network of cytokines/chemokines which are 

induced during ALVAC vaccination and correlate to V1V2 titers. Circles represent cytokines 

detected at Week 4 which correlate to Week 53 titers and Squares represent cytokines 

at Week 27 which correlate to Week 55 titers. Black filled nodes are genes identified as 

correlates of V1V2 in our transcriptional analysis. (b) To confirm our findings directly 
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linked with protection from SIV/HIV challenge, we probed data from the P162 vaccine 

study, an ALVAC-SIV+Alum immunization study (n=26 independent NHP) which used the 

RV144 regimen followed by up to 10 intrarectal SIV challenges post-vaccination. NHP were 

split into tertiles (Low=9, Medium=9, High=8) based upon CREB1 pathway z-score using 

Log-rank test. This analysis reveals a significant increase in protection (# of challenges until 

infected) between the CREB1 z-score high and low tertiles. Mean challenges to infection: 

low=2.56, medium=3.72, high=4.82. (c) The CREB1 target gene set from ChEA shows 

significant positive enrichment for genes which correlate to rectal IgG including cV2 using 

preranked GSEA (adjusted p <0.002 for all). (d) Monkeys that produced cV2 in P162 (n=18) 

have significantly elevated (p=0.0087) CREB1 target gene expression (z-score) compared to 

cV2- (n=8) using a two-sided Wilcoxon test. Lower limit of box is Q1, upper limit is Q3 

and middle line the median. Top and bottom of error bars represent 1.5 x IQR. (e) Levels 

of circulating Fractalkine (CX3CL1) are a significant positive correlate, using Spearman 

correlation, of # of challenges until infection within cV2+ NHP while Eotaxin-3 (CCL26) is 

a negative correlate of challenges in cV2+ monkeys (n=12 for which measures were taken).
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Figure 3. CREB1 coordinates transcriptional networks in DCs and CD4+ T cells which drive key 
immune effector functions.
To understand how CREB1 drives a master transcriptional network associated with 

efficacious vaccine responses, TF target gene sets which 1) correlated positively with 

V1V2 titers and 2) CREB1 gene set z-scores were identified. Genes from these CREB1 

associated TF gene sets were combined with the leading edge of the CREB1 geneset. 

Genes in these networks were then annotated to functional pathways and nodes using 

ClueGO, an application in Cytoscape. (a) CREB1 and its associated gene sets in DCs 

drive functional nodes of lymphocyte/leukocyte migration, leukocyte differentiation and 
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cytosolic nucleic acid sensing (STING/TMEM173). (b) ClueGO analysis of CREB1 and 

associated gene sets in CD4+ T cells highlights multiple critical nodes for CD4+ function 

including costimulation, cytokine signaling, migration and antigen processing/presentation. 

(c) ClueGO network highlighting enrichment of CREB1 and its associated gene sets in 

pathway of migration in B cells. (d) CREB1 associated TF gene sets were identified in 

RV144 followed by identification of subsets from Study 36 in which CREB1 associated 

with each TF. This analysis confirms that CREB1 associates to a range of TFs involved 

in immune function in both RV144 and Study 36 and that these associations are cell-type 

specific.
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Figure 4. ChIP-seq confirms CREB1 target genes transcriptionally associated with V1V2 titers 
in Study 36 and reduced HIV-1 acquisition in RV144 have augmented CREB1 binding following 
ALVAC infection
PBMCs from (a-c) 2 healthy NHP donors or (d-e) 2 healthy human donors were infected 

in vitro with an MOI 10:1 of ALVAC-HIV or empty ALVAC, or left in media. Cells 

were harvested after 24 and 48 hours, fixed and ChIP-seq performed for CREB1. Genes 

were identified which showed significantly enriched CREB1 binding within 3 kB of their 

transcriptional start site (TSS) in ALVAC infection compared to media. (a-b) Bar plots of 

the overlap between genes showing enriched CREB1 binding by ChIP-seq for 1 or more of 
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the ALVAC infection conditions and the leading-edge genes which were ALVAC induced 

and correlated with V1V2 titers in Study 36 in (a) DCs and (b) CD4+ T cells. Significant 

overlap is observed for all combinations tested. (d) GeneMania network of immune related 

CREB1 target genes which overlap between ALVAC induced genes by ChIP-Seq and at 

least one cell subset in Study 36, annotated for the subset(s) they overlap with. (d) Bar plot 

showing significant overlap between human ChIP-seq genes, the leading-edges from RV144 

and the leading-edges from DCs, CD4+ T cells and B cells in Study 36. Significant overlap 

is seen for all combinations, including 45 in common to all, demonstrating there are CREB1 

target genes which are conserved across all studies. (e) Table showing nominal p-value and 

NES of GSEA using custom genesets made from ChIP-seq and transcriptional overlaps. 

This analysis shows that ChIP-seq confirmed genes predict reduced HIV-1 acquisition in 

RV144 equivalent to the entire CREB1 ChEA geneset. SuperExactTest was used for this as it 

was designed specifically to identify statistically significant overlap in multi-set interaction 

analysis among 3 or more sets.
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Figure 5. CREB1 and other drivers of reduced HIV acquisition in RV144 are not induced by 
MF59 adjuvantation compared to Alum in P162
(a) In P162, ALVAC+MF59 (n=27 independent NHP) treated NHP show significantly 

reduced (p=0.000382) CREB1 target gene activation compared to ALVAC+Alum treated 

NHP using logistic regression. Line represents median value for each group. Lower limit 

of box is Q1, upper limit is Q3 and middle line the median. Top and bottom of error bars 

represent 1.5 x IQR. (b) Pathways of chemotaxis were significantly upregulated in Alum 

NHP, including pathways identified in Study 36. (d) Immune related pathways which are 

significantly enriched in Alum vs MF59 and negatively correlate to HIV acquisition in 
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RV144 are identified using GSEA. Splitting of pathway z-scores into tertiles using Log-rank 

test confirms significant reduction in HIV acquisition for pathways of (d) DC maturation and 

antigen processing/presentation and (e) pathways of innate immune activation and interferon 

signaling in monocytes/macrophages.
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Figure 6. cGAMP directly induces p-CREB in key innate and adaptive immune cells and drives 
CREB1 associated cytokines in purified DCs and CD4+ T cells
(a-d) Healthy human PBMCs (n=5) were stimulated with 1 μM and 10 μM cGAMP for 

15 minutes, 30 minutes and 60 minutes. (a-b) UMAP and RPhenograph analysis identified 

clusters induced by treatment of PBMCs with 1 μM cGAMP for 15 min. Clusters 5, 

16, 17 and 20 were identified as significantly induced by cGAMP treatment. (b) A row 

normalized heatmap of per-cluster marker (MFI) expression shows these significantly 

induced populations are p-CREB positive. Significantly modulated clusters were marked on 

(c) density plots and (d) overlays of p-CREB fluorescent intensity for each cell to visualize 
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how areas of augmented cell density in cGAMP samples overlap with the areas of high p

CREB MFI (orange and red in d). These confirm that cGAMP treatment increases p-CREB. 

(e-f) pan-DCs (n=5) and CD4+ T cells (n=4) were purified from healthy human PBMCs 

and stimulated with 10 μM cGAMP for 24 hrs followed by quantification of key cytokines 

correlating to V1V2 titers in Study 36. The two cell subsets were analyzed separately as 

well as combined as biologically distinct replicates. (e) FLT3LG was significantly induced 

in combined purified DCs and CD4+ T cells (n=9), with near significant increase in CD4+ 

T cells alone. Statistical analysis performed using two-sided, paired t-test (f) IL-18 was 

significantly induced in purified DCs with more potent induction observed when combined 

with CD4+ T cells. Center line indicated median, lower line the 1st quartile and upper line 

the 3rd quartile. In DC + CD4+ T cell graphs, black symbols are DCs and blue symbols are 

CD4+ T cells. Lower line in violin plot is Q1, middle line is median and upper line is Q3.
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