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• describes the complex interactions between all the parts in a biological 

system to elucidate new biological rules capable of predicting the behavior of 

the biological system

• holism versus reductionism 

• capitalizes on “omic” technologies used to define and monitor all the 

components of the systems

• under different types of perturbation, data are collected from all the 

components of a biological system, analyzed, and integrated in order to 

generate a mathematical model that describes or predicts the response of the 

system to individual perturbations

• systems biology is generally a discovery tool and is not hypothesis driven but 

data driven based on system-wide unbiased measurements

Systems biology definition



Systems vaccinology

Vaccines offer a practical, safe, and ethical tool to perturb the immune system

Nakaya & Pulendran, Philosophical Transactions B 2015

• safety

• synchronized perturbation

• strictly controlled

• variables for vaccine and vaccination

• nature of the vaccine

• dose

• route

• adjuvant

• boosts

• variables for populations and individuals

• analysis of immune responses

• longitudinal studies

• innate

• adaptive



Systems vaccinology

Li et al. Semin Immunol 2013 ; Nakaya & Pulendran. Curr Opin HIV AIDS 2012 ; Pulendran et al. Immunity 2010.

Large-scale techniques integrated with ‘conventional’ immunological assays

� prediction of immunogenicity and protective efficacy

� generation of new hypothesis, biological insights, scientific discovery



Leaders in the field

Gregory Poland

Mayo Vaccine 

Research Group,, 

Rochester, 

Minnesota, USA

Damien Chaussabel

Sidra Medical and 

Research Center, 

Doha, Qatar

Rafik Pierre Sekaly

Vaccine and Gene 

Therapy Institute, Port St. 

Lucie, Florida, USABali Pulendran

Stanford 

University, USA

Dan Zak and Alan Aderem

The Center for Infectious Disease 

Research, formerly Seattle Biomedical 

Research Institute, Seattle, USA

Rino Rappuoli

GSK Vaccines, 

Sienna, Italy

Ron Germain

NIAID, NIH, 

Bethesda, USA

Mark Davis 

Stanford 

University, USA



Bonanni & Santos. Perspectives in Vaccinology 2011

Success of the empirical method



Limits of the trial-and-error approach

Rappuoli & Aderem. Nature. 2011

• how do vaccines precisely work?

• how to maintain immune 

memory?

• how to modulate the quality of 

immune responses?

� hampers and delays progress  in the 

rational redesign of unsuccessful 

vaccines

� favors people ‘s lack of confidence in 

vaccines

� novel approaches are required



• demographic and socioeconomic 

changes in the last century

• age structure 

• nutrition/microbiome

• chronic inflammatory 

disorders, chronic 

infections, autoimmunity, 

cancer and allergies

• growth of the human 

population and global 

travelling

• ecosystems/pollution

• impact on :

• responsiveness to vaccines

• emergence of novel 

infectious diseases

Rappuoli et al. Nat Rev Immunol 2011 ; Pulendran. Proc Natl Acad Sci U S A. 2014.

Novel vaccines needed for the twenty-first century society

‘isolate–inactivate–inject’ paradigm � ‘discover–validate–characterize–apply’ paradigm



Gaucher et al.  J Exp Med. 2008

In vitro model of YF17D primary 

immune response

• MIMIC (coculture of MoDCs from 

YF-naive individuals pulsed with 

YF17D for 24 h and then for 14 d 

with autologous CD4+ T cells)

• Validation of the multilineage

response to YF17D : the same 

central nodes of transcription are 

activated

• 8 nodes of transcriptional 

regulation of downstream target 

genes were consistently identified: 

ETS2, STAT1, IRF1, IRF7, IRF8, 

GATA1, LMO2, and JUN

Whole blood transcriptomic profile after 

YF17D vaccination

Yellow fever vaccine induces a network of antiviral genes and 

polyfunctional immune responses



Querec et al. Nat Immunol. 2009

• YF17D vaccination induces 

• a network of antiviral genes

• variable CD8+ T cell and antibody responses

• using computational analysis, identification of early blood signatures of gene expression 

which correlated with :

• the magnitude of the later antigen-specific CD8+ T-cell

• the magnitude of the later neutralizing antibody responses

• using machine-learning techniques, validation the predictive capacity of such signatures 

by assessing their ability to predict responses in an independent clinical study :

• C1QB, EIF2AK4 (=GCN2) and other gene of the ‘stress-response pathway’ for CD8

• TNFRSF17, a receptor for the B cell growth factor, for NAb

Prediction of immune responses in humans vaccinated with YF17D

ClaNC = classification to nearest centroid 

DAMIP = discriminant analysis via mixed 

integer programming



Predict vaccine immunity in other vaccines :

inactivated vaccines and recall responses (TIV and LAIV)

Nakaya et al. Nat Immunol. 2011

(b) Spider graph showing the fold enrichment of TIV up-regulated 

genes among the genes highly expressed in any PBMC subset. (c) 

among the genes highly expressed in B cells and also highly 

expressed in a specific B cell subset. (e) of LAIV up-regulated genes 

among the genes highly expressed in any PBMC subset.

• TIV and LAIV vaccination induces :

• a network of antiviral genes

• variable plasma hemagglutination inhibition (HAI) antibody response

• using computational analysis, identification of early blood signatures of gene expression 

which correlated with HAI Ab titers : enrichment of genes highly expressed in ASCs, inc.

the transcription factor XBP-1 and its target genes (key for the unfolded protein response)

• using supervised-learning classification method, validation the predictive capacity of 

• TNFRSF17 gene also identified as predictor of the Ab response to YF17D vaccination

• 5 members of the Leukocyte immunoglobulin (Ig)-like receptor (LILR) family

• calcium/calmodulin-dependent kinase IV (CaMKIV) (negative correlation)

Experimental design used to identify predictive 

early gene signatures. The 2008–2009 Trial was 

used as a “training set”. These signatures were then 

tested on the data from the 2007–2008 trial, which 

represents the “testing set.” The expression of a 

subset of genes was then quantified by RT-PCR in a 

third independent trial (2009–2010 trial). 

TIV = Trivalent inactivated influenza vaccine

LAIV = Live, attenuated influenza vaccine 

DAMIP = discriminant analysis via mixed integer programming 



• Ab responses induced by MPSV4 vs MCV4

• robust PS-specific IgG binding Ab

• differences in magnitude and isotypes

• serum bactericidal activity

• initial analysis using a gene-by-gene analysis 

yielded only a small number of DEGs� BTM

• BTM: 3 distinctive patterns 

• the protein recall response (shared by TIV 

and MCV4 anti-DT), 

• the polysaccharide response (shared by 

MPSV4 and MCV4 anti-PS) 

• the primary the viral response (YF-17D)

A work flow to compare the transcriptomic

signatures of  5 human vaccines
GSEA = Gene Set Enrichment Analysis

Differential expression analysis of 5 

vaccines 

‘Universal signature’ of immunity to vaccines ? 
YF17D, TIV, LAIV, quadrivalent polysaccharide vs conjugate vaccine against Neisseria meningitidis

BTM = Blood Transcription Modules, novel approach using 

large-scale data integration  (inc. compilation of 30,000 

human blood transcriptomes from 500 studies) 

Li et al. Nat Immunol. 2014

MCV4-PS D3/0 = 

quadrivalent conjugate

vaccine

MCV4-DT D3/0

TIV D3/0

YF-17D D3/0

YF-17D D7/0

MPSV4 D3/0= 

quadrivalent

polysaccharide vaccine



‘Universal signature’ of immunity to vaccines ?
TIV vs 23-valent polysaccharide vaccine against Pneumococcus pneumoniae

Obermoser et al. Immunity 2013

• length of each segment proportional to the number of genes 

• pneumococcal vaccine > saline

• days 1 and 7 > days 3, 10, 14, 21, 28  

• connections between groups and between time points indicate differential 

expression genes

• most of the genes at day 7 and all of the genes at day 10 = 

pneumococcal vaccine.

Genes differentially expressed in response to each treatment for all 

time points or at each time point for all vaccines

Modular mapping of the global changes in blood transcript abundance

• qualitative differences between responses elicited by the 2 vaccines, no universal signature

Correlation patterns predictive of the Ab response

• Flu vaccine : day 1  M1.2, 3.4, and M5.12 (IFN), day 7 M4.11 (plasma cells) and M4.10 (B cells),

• Pneumococcal vaccine: day 7 M3.3 (cell cycle), M4.11 (plasma cells), M4.10 (B cells), M5.10 and M6.2 (both 

associated with mitochondrial respiration)



Baseline predictors of post-vaccination responses

• 2009 seasonal and pandemic H1N1 influenza vaccines

• 2 BL samples

• 15 colors flow cytometry = 126 cell subsets

• substantial immune variations 

between healthy individuals at BL

• coherent changes in immune 

parameters post-vaccination 

(consistent across subjects)

• Ab titer and B cell responses depend

on prevaccination serological state !

Development of a systematic framework to dissect inter- and intra-individual variations and 

build predictive models of post-vaccination Ab response

• BL immune parameters independent of age, gender, ancestry and pre-existing immunity

correlated with vaccine immunogenicity and predicted it

� immune monitoring even before intervention

• correlate between D0 

and response titers

• AdjMFC: adjusted

Maximum fold change

Tsang et al. Cell 2014



Kasmin et al. PNAS 2017

Molecular correlates of protection to vaccination
• candidate malaria vaccine

• RTS,S: Pf CSP (19 NANP repeat and C-term of CSP 

inc. T cell epitope) fused to HBsAg

• AS01: MPL+TLR4 lignad+QS21

• Ad35: full length CSP

• control human malaria infection 

• vaccine efficacy in the 2 arms: ARR:4S% ; RRR: 

55%

• transcriptomic signatures of immunogenicity and 

protection differed between ARR and RRR

• for RRR: 

• positive correlation with BTMs related to plasma 

cells, B cells and cell cycle, and  innate immunity

• negative correlation with BTMs related to NK cells

discriminant analysis (DAMIT) to classify protected (red) vs. non protected (blue)

• few individual

were

consistently

misclassified

(black)



• integrative analysis

• construction of a MMRN (multiscale multifactorial response network)

• strong association between plasma metabolomics and PBMC transcriptomics

• redundant and dynamic predictors

• sterol metabolism integrates cellular and humoral responses

• metabolism such as inositol phosphate impacts immune outcome
Li et al. Cell 2017

Metabolism profile influence vaccine outcome



Unravelling unexpected molecular mechanisms

YF17D induced GNC2 correlate strongly and is predictive of the later CD8+ T-cell response

Ravindran et al. Science. 2014

BMDCs from WT 

or GCN2−/− −mice were 

cultured with lysates 

from BHK cells previously 

infected with YF-17D-Ova 

for 4 hours. The DCs were 

then cocultured with 

naïve OT-1 T cells

correlation between TLR5 expression in PBMCs after TIV vaccination and the magnitude 

of the Ab  response

• GCN2 = sensor of amino acid starvation in 

mammals and a key mediator of the 

“integrated stress response”

• GCN2 = unknown role in immunity

• virus-induced GCN2 activation in programming 

DCs to initiate autophagy and enhanced 

antigen presentation to CD4+ and CD8+ T cells !

• YF17D, LAIV ≠ LCMV, listeria

• TLR5 =  sensor of bacterial flagellin

• TLR5 = not known to play any role in viral immunity

• intestinal microbiota regulates vaccine immunity 

by impacting early induction of ASCs (while GC B 

cells responses remain unaffected) !

• TIV, IPOL ≠ recombivax HB + alum, YF17D

TIV-specific IgG 

concentrations in 

serum of Trl5−/−, 

antibiotic-treated, 

germ-free, or WT 

mice on day 7 

following 

vaccination

Oh et al. Immunity. 2014



• functional signatures may not only help in the design of protective vaccines 

but may also help to limit adverse events (AEs)

• by predicting and understanding mechanistically (the first element does not 

necessarily require the second), their number and/or severity 

Adversomics

AEFI

adverse events 

following 

immunization

Lewis & Lythgoe, Journal of Immunology Research 2015



VAX003 : AIDSVAX

RV144: ALVAC gp120 + AIDSVAX

HVTN204 : DNA + Ad5

IPCAVD001: Ad26

Chung et al. Cell 2015

Systems serology

• a unique vaccine-induced fingerprints

• a powerful method for comparing

vaccines

• potential identification of markers of 

protection



Integrating systems biology approaches into clinical trials

to accelerate vaccine development ?

Pulendran. Proc Natl Acad Sci U S A 2014

vaccines with a known correlate of 

protection

-identification of  signatures predicting the 

later immunogenicity = early prospective  

determination of vaccine efficacy

-rapid identification of non/low responders

vaccines for which challenge with the 

pathogen is feasible

-direct identification of the correlates of 

protection

vaccines for which correlates are unknown

-retrospective nested case control study to 

identify novel correlates



Major challenges and pitfalls of systems vaccinology

Nakaya & Pulendran. Curr Opin HIV AIDS. 2012 ; Li et al. Semin Immunol 2013

• data acquisition & management (naming, normalisation, etc) 

• integration of multiple ‘omics’ data

� systems vaccinology requires a close transdisciplinary collaboration between of 

vaccinologists, clinicians, immunologists, systems biologists, and computational 

scientists



The biggest challenge

‘We are drowning in a sea of data and thirsting for knowledge. Most biology today is low 

input, high throughput, no output biology.’

Sydney Brenner, Nobel price of physiology and medicine 2002

Pulendran recommends an iterative process involving: 

1) observed correlations between gene expression and immune outcome; 

2) applying biological intuition and literature survey to the observed correlations to 

generate plausible and interesting hypotheses

3) initial experimental verification of the first tenets of hypotheses

4) if the initial experiments yielded interesting leads, then deeper experimental 

verification of the hypotheses

.

Pulendran et al. Immunity. 2010

how to go from data to knowledge 

to understanding ?



Will systems biology deliver its promise and contribute to the 

development of new or improved vaccines ?



What really constitutes the study of systems biology and how 

might such an approach facilitate vaccine design

promise vs. hype associated with application of systems biology

« only way to efficiently uncover

currently unknown parameters

controlling desired immune 

responses or to discover what

elements actually mediate

these responses »

« traditional experimental often

reductionnist methods to 

incrementally unravel complex

biology provide a more solid way

forward »

« systems approaches are too

costly to collect data without

gaining true insight »

Germain Cold Spring Harb Perspect Biol 2017



INPUTS

omic scale

technologies 

that collect

data on the 

components of 

a system

EARLY 

OUTPUTS

achieved

through use of 

statiscal

bioinformatics

methods

ULTIMATE 

OUTPUTS

systems

vaccinology

includes

mathematical

modeling and 

simulation, 

prediction, testing

of predictions

Inputs and outputs to provide quantitative and predictive

understanding of global system behavior

Germain Cold Spring Harb Perspect Biol 2017



Conclusions

• powerful and original unbiased approach

• new insights

• first demonstration that innate responses predict T and B cell responses

• with major challenges though, such as:

• continuous development of new technologies to measure immunity 

• and of analytical tools to parse the data

• beyond transcriptomics

• include sampling tissue-resident and recruited cells (APC, TRM)

• include timely analysis of the data

• more and more published studies:

• independent confirmation using YF17D (Hou et al. J Immunol 2017) 

• in humans and relevant pre-clinical models (e.g. mice and vaccinia virus, Kadoki et al. Cell 2017)

• candidate vaccines (e.g. rVSV-ZEBOV, Rechtien et al., Cell Rep 2017)

• profiling adjuvant (e.g. Olafsdottir et al. Sci Rep 2016)

• impact of age (e.g. flu vaccines in early childhood, Nakaya et al. PNAS 2016)

• impact of previous infections (e.g. CMV and flu vaccines, Furman et al. Sc Trans Med 2015)
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