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The advent of high-throughput “omics” technologies, combined with the computational and
statistical methods necessary to analyze such data, have revolutionized biology, enabling a
global view of the complex molecular processes and interactions that occur within a biolog-
ical system. Such systems-based approaches have begun to be used in the evaluation of
immune responses to vaccination, with the promise of identifying predictive biomarkers
capable of rapidly evaluating vaccine efficacy, transforming our understanding of the
immune mechanisms responsible for protective responses to vaccination and contributing
to a new generation of rationally designed vaccines. Herewe present our opinion that systems
biology does indeed have a critical role in the future of vaccinology. Such approaches have
shown potential in identifying transcriptional and cellular signatures of responsiveness to
vaccination using diverse vaccines, adjuvants, and human populations. These findings,
coupled with further mechanistic evaluation in animal models, will guide development of
targeted vaccine and adjuvant formulations designed to optimally induce protective re-
sponses in populations of differing immune status.

GREAT DEBATES

What are the most interesting topics likely to come up over dinner or drinks with your
colleagues? Or, more importantly, what are the topics that don’t come up because they
are a little too controversial? In Immune Memory and Vaccines: Great Debates, Editors
Rafi Ahmed and Shane Crotty have put together a collection of articles on such ques-
tions, written by thought leaders in these fields, with the freedom to talk about the
issues as they see fit. This short, innovative format aims to bring a fresh perspective by
encouraging authors to be opinionated, focus on what is most interesting and current,
and avoid restating introductory material covered in many other reviews.

The Editors posed 13 interesting questions critical for our understanding of vaccines
and immune memory to a broad group of experts in the field. In each case, several
different perspectives are provided. Note that while each author knew that there were
additional scientists addressing the same question, they did not know who these
authors were, which ensured the independence of the opinions and perspectives
expressed in each article. Our hope is that readers enjoy these articles and that they
trigger many more conversations on these important topics.

Editors: Shane Crotty and Rafi Ahmed
Additional Perspectives on Immune Memory and Vaccines: Great Debates available at www.cshperspectives.org
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SYSTEMS VACCINOLOGY INTRODUCTION

Although vaccines have historically been ex-
tremely effective public health tools (Plotkin

2003), vaccinologists have encountered difficul-
ties in developing vaccines against many pres-
ent-day global pandemics, such as human im-
munodeficiency virus (HIV) (Johnston and
Fauci 2008), malaria (Vaughan and Kappe
2012), tuberculosis (Orme 2013), and dengue
fever (McArthur et al. 2013). A recurring theme
for many of these diseases is that the immune
components required for protection from infec-
tion have not been well established and there
remains a very limited understanding of the
mechanisms by which vaccines elicit protective
immune responses. Additionally, the prohibitive
cost of large and lengthy clinical trials required
for licensure greatly limits the number of vaccine
formulations that are tested in phase III trials.

One of themajor obstacles to identifying cor-
relates and mechanisms of protection is that tra-
ditional immunological assays (enzyme-linked
immunospot [ELISpot], flow cytometry, hemag-
glutination inhibition [HAI], etc.) typically mea-
sure a small number of immune parameters at a
time,making it difficult to capture a global viewof
the immune system as it responds to infection or
vaccination and interacts with other biological
systems in the body. In recent decades, advances
in high-throughput “omics” technologies have
enabled researchers to quantitatively examine en-
tire classes of molecules in a given tissue, even
down to the single-cell level. The application of
these technologies, along with the computational
algorithms developed to analyze and interpret
such data, to study immune responses to vaccina-
tion has generated a new field of “systems vacci-
nology.”Theaimof thisapproach is tocapture the
responses and interaction between individual im-
munecomponents inthecontextofvaccination to
develop a holistic understanding of the immune
system (Pulendran 2009, 2014; Pulendran et al.
2010; Nakaya et al. 2012; Hagan et al. 2015).

DELINEATING SIGNATURES OF VACCINE
EFFICACY

The first studies to use high-throughput data to
evaluate vaccine responses focused on the live

attenuated yellow fever vaccine 17D (YF-17D).
By integrating gene-expression data generated
through microarray analysis of peripheral blood
mononuclear cells (PBMCs) with flow cytome-
try measurements of innate immune cells and
neutralizing antibody assays, our laboratory was
able to identify gene signatures capable of accu-
rately predicting CD8+ T-cell and antibody re-
sponses to vaccination (Querec et al. 2009). This
study provided proof-of-concept evidence of the
capacity of systems approaches to delineate
“molecular signatures” or biomarkers of vaccine
immunity. At the same time, Gaucher et al.
(2008), through analysis of an independent co-
hort, identified similar transcriptional responses
to YF-17D, including interferon and comple-
ment pathways driven by signal transducers
and activators of transcription (STAT1) and in-
terferon regulatory factor (IRF7) transcription
factors.

Following this initial work, the field has ex-
panded to include studies of vaccines against a
multitude of pathogens, including live attenu-
ated and inactivated seasonal influenza (Bucasas
et al. 2011; Nakaya et al. 2011, 2016; Furman
et al. 2013), meningococcal vaccines (Li et al.
2014), shingles (Qi et al. 2016; Li et al. 2017),
malaria (Vahey et al. 2010; Kazmin et al. 2017;
van den Berg et al. 2017), smallpox (Reif et al.
2009), and HIV (Zak et al. 2012). Recent work
has used systems approaches to identify molec-
ular signatures capable of predicting the efficacy
of vaccine-induced immunity in controlled hu-
man malaria infection (CHMI) models (Kaz-
min et al. 2017). These trials mostly focused
on examining the transcriptional and cellular
responses immediately after vaccination (days
1–7) in healthy adults, including identification
of transcriptional signatures capable of discrim-
inating between successful and diminished im-
mune responses to vaccination. Recently, we and
others have extended this approach to evaluate
potential baseline markers of vaccine respon-
siveness (Tsang et al. 2014; Nakaya et al.
2015). In our analysis of responses to inactivated
influenza vaccine in young and elderly adults
across five influenza seasons, we identified sev-
eral transcriptional modules whose expression
prevaccination was associated with an increased
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or diminished day 28 antibody response. In-
cluded in thesemodules was amonocyte-related
module associated with reduced antibody titers.
We also observed increased baseline frequencies
and expression of CCR5, a receptor for inflam-
matory chemokines, among monocytes in el-
derly subjects (≥65 yr old), suggesting a possible
connection between age-related changes in the
innate immune system and reduced responsive-
ness to vaccination (Nakaya et al. 2015). Such
analyses show that it is possible to identify base-
line markers of immune status associated with
vaccine efficacy in different populations. Further
studies in other groups at risk for infections,
such as infants, HIV-positive individuals, and
transplant patients on immunosuppressant
medications could help identify dysregulated
transcriptional pathways and in turn guide de-
velopment of vaccines optimized for these at-
risk groups.

BEYOND SIGNATURES: DELINEATING
MECHANISMS OF VACCINE EFFICACY

Although such biomarkers are useful for profil-
ing and evaluating vaccine effectiveness, they fall
short of providing the kind of mechanistic in-
formation required to further vaccine design on
their own. However, these predictive signatures
can become a source for hypotheses about po-
tential immunemechanisms and serve as a basis
for follow-up experiments in vitro or in animal
models. As an example, our group has used this
approach to elucidate an unappreciated role of
the integrated stress response involved in sens-
ing cellular stress such as amino acid starvation
and endoplasmic reticulum stress in controlling
innate immune responses and inflammation. In
our initial systems biology analysis of responses
to YF-17D, general control nonderepressible 2
kinase (GCN2), also known as eukaryotic initi-
ation factor 2α-kinase 4 (EIF2AK4), expression
in PBMCs on day 7 postvaccination was identi-
fied in several gene signatures as capable of ac-
curately predicting the CD8+ T-cell response to
vaccination (Querec et al. 2009). A sensor of
amino acid starvation, GCN2 regulates protein
synthesis through phosphorylation of eukaryot-
ic translation initiation factor 2α (eIF2α), initi-

ating translational arrest and production of
stress granules in response to accumulation of
uncharged transfer RNA (tRNA) (Anderson
and Kedersha 2002). Despite its well-known
role in regulating the integrated stress response,
any potential function of GCN2 within the im-
mune system was not understood. The capacity
of GCN2 expression to predict CD8+ T-cell re-
sponses suggested a potential forGCN2 in prim-
ing the adaptive response to YF-17D. Follow-
up experiments using in vitro cell culture and
GCN2 knockout mice revealed that GCN2 gen-
erated increased autophagy and antigen presen-
tation in dendritic cells in response to YF-17D-
induced amino acid starvation (Ravindran et al.
2014). In addition, further work with knockout
mice showed that GCN2-induced autophagy in-
hibits inflammation and the development of T
helper (TH)17 responses during intestinal colitis
through a reduction in inflammasome activa-
tion and interleukin (IL)-1β signaling, and
that this protective function can be enhanced
through administration of an amino acid–re-
stricted diet (Ravindran et al. 2016).

Systems-based findings have also guided in-
vestigation into the potential influence that
intestinal microbiota have in shaping immune
responses to vaccination. Analysis of transcrip-
tional responses to inactivated seasonal influen-
za vaccine identified a strong correlation be-
tween expression of TLR5, a Toll-like receptor
(TLR) specific for bacterial flagellin, on day 3
postvaccination with antibody titers measured
28 days postvaccination (Nakaya et al. 2011).
The association between a bacterial-sensing
TLR with adaptive responses to a viral vaccine
was unexpected and prompted our investigation
into the impact of gut microbiota on vaccine
responses. This work revealed that flagellin acti-
vates lymph node macrophages to produce B-
cell growth factors IL6 and APRIL, as well as
acting directly on activated B cells through
TLR5. Consequently, antibiotic-treated and
TLR5 knockout mice have reduced plasma cell
and antibody responses to inactivated influenza
vaccination. This effect was not extended to ad-
juvanted or live viral vaccines, suggesting that
gut bacteria may serve as an endogenous adju-
vant in the absence of external sources (Oh et al.
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2014). We are currently examining the potential
for analogousmechanisms in humans through a
clinical trial of subjects given a broad-spectrum
cocktail of antibiotics for 3 days before admin-
istration of the inactivated seasonal influenza
vaccine.

A growing area in vaccinology that would
benefit from improvedmechanistic understand-
ing is in the development of vaccine adjuvants.
Modern vaccine formulations increasingly use
purified recombinant or synthetic antigens
that are less immunogenic than vaccines con-
taining live or inactivated whole organisms.
These purified vaccines often require coadmin-
istration with an adjuvant to achieve protective
immune responses. As a result, there is a great
need for the development of effective and safe
adjuvants capable of augmenting targeted im-
mune pathways and this is an area of intense
research. Although a wide variety of natural
and synthetic compounds are being investigated
as potential adjuvants, many have been aban-
doned because of excessive toxicity/side effects,
limited stability, and development cost (McEl-
rath 2017). As a result, only a small number of
adjuvants are currently licensed for use in hu-
mans (Rappuoli et al. 2011). In addition, there
remain significant gaps in our understanding of
the precise mechanisms by which adjuvants
augment immune responses (Pulendran and
Ahmed 2011). Even the mechanism of action
of alum, which increases antigen presentation
and TH2 responses and has been in widespread
use for >70 yr, is still being debated within the
field (Reed et al. 2013).

There have already been several preliminary
systems-based analyses of adjuvants and adju-
vanted vaccines, including studies of RTS,S ma-
laria vaccine with AS01/AS02 monophosphoryl
lipid (MPL) A–based adjuvants (Vahey et al.
2010; Kazmin et al. 2017; van den Berg et al.
2017) and of synthetic double-stranded RNA
(poly-ICLC) (Caskey et al. 2011) in healthy
adults as well as seasonal inactivated influenza
vaccine using squalene-based oil-in-water emul-
sion MF59 in healthy infants (Nakaya et al.
2016). Interestingly, both analyses of oil-in-
water emulsions (AS02 and MF59) revealed a
strong up-regulation of immunoproteasome-

related genes in response to the adjuvant, which
agrees with work in mouse models suggesting
these delivery systems up-regulate antigen pre-
sentation at the site of injection (Mosca et al.
2008). Hopefully, further studies will expand
on these initial transcriptomic analyses and
seek to include other data types such as metab-
olomic profiling, as oil-in-water emulsions have
been shown to induce intracellular accumula-
tion of lipids in vitro (Kalvodova 2010) and
may induce innate responses partially through
alterations in lipid metabolism. By enabling the
high-resolution and global analysis of transcrip-
tomic and metabolic changes that are induced
during administration of various candidate ad-
juvants, systems biology approaches will be a
useful tool as researchers seek to understand
the unique immune response profile of each ad-
juvant. The resulting knowledge can be paired
with insights about transcriptional and cellular
correlates of protection identified through
systems-based vaccine studies to inform devel-
opment-optimized vaccine–adjuvant combina-
tions that induce optimum protection from in-
fection in a disease- and population-specific
manner (Fig. 1).

CHALLENGES

Although systems-level studies offer great prom-
ise toward high-resolution profiling of vaccine
responses and identification of molecular and
cellular signatures of protective immunity, chal-
lenges faced by the initial research in this area
have also highlighted some of its limitations
(Fig. 2).

Identifying Predictors of Immune Responses
in Tissues

Because of the difficulty in obtaining immune
tissue samples during clinical trials, studies in
the field thus far have focused on defining
signatures of the magnitude of antigen-specific
B- and T-cell responses in the blood. There has
been little effort toward identifying early pre-
dictors of other variables of the immune re-
sponse such as the persistence of antibody titers
and the affinity of the antibody response. The
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immune response is a highly choreographed
sequence that occurs at multiple sites in the
body. Thus, for example, activated B cells differ-
entiate into memory B cells within dynamic
structures in lymph nodes called germinal cen-
ters (GCs) and some GC cells migrate to the
bone marrow where they reside as long-lived
plasma cells (Crotty 2011). Such plasma cells
contribute toward the persistence of high-
affinity antibody titers after vaccination. There-
fore, a major challenge for the future is to
identify signatures in the blood that can be
used to predict the magnitude and longevity
of the GC response or long-lived plasma cells
as well as persistent high-affinity antibody re-
sponses. In this context, our recent work with
a recombinant envelope (Env) protein against
simian immunodeficiency virus (SIV), adju-

vanted with nanoparticle encapsulated ligands
for TLRs in nonhuman primates, revealed that
protection against SIV infection was correlated
with the prechallenge titers of Env-specific
immunoglobulin G (IgG) antibodies in serum
and vaginal secretions (Kasturi et al. 2017).
Transcriptional profiling of PBMCs isolated
within the first few hours to days after primary
vaccination revealed that adjuvanted vaccines
induced a molecular signature similar to that
induced by YF-17D. This systems approach
identified early blood transcriptional signatures
that correlate with Env-specific antibody re-
sponses in vaginal secretions and protection
against infection. These results show that tran-
scriptional profiling can be used to identify
molecular signatures that correlate with anti-
body titers in vaginal tissues.

-Germinal center activity

Identification of signatures of tissue-based responses

-Affinity maturation

-Long-lived plasma cells in bone marrow

Integration of diverse data types

-Transcriptomics

-Metabolomics

-Mass cytometry

Establishment of robust predictive signatures

-Batch effects

-Assay variability

-Population heterogeneity

Transition from data to knowledge to understanding

-Animal models/in vitro experiments

-Data scientist–immunologist collaboration

Figure 2. Challenges of systems vaccinology. Systems-based approaches to understanding vaccine-driven im-
mune responses face several important challenges. First, constraints on the feasibility of biopsy collection during
clinical trials has led to limited development of molecular signatures associated with tissue-based responses such
as germinal center activity and affinitymaturation. In addition, analysis ofmolecular responses to vaccination has
thus far been largely focused on transcriptional data. The high-throughput technologies and computational
algorithms necessary to integrate diverse data types and foster a true systems-level understanding of vaccine
responses are just beginning to be developed. Another important obstacle that has emerged is the difficulty in
identifying robust predictive signatures of protective immune responses caused by various sources of biological
and technical variability, which must be overcome if clinically relevant diagnostic tools are to be established.
Finally, the foremost challenge in systems vaccinology is the need to successfully convert knowledge extracted by
high-throughput data analysis into a meaningful understanding of the biological mechanisms that generate
protective immune responses through hypothesis-driven animal models, in vitro experiments, and intimate
collaboration between data scientists and immunologists.
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Furthermore, recent work by Havenar-
Daughton et al. (2016) found that plasma
CXCL13 levels correlated with GC activity in
draining lymph nodes of immunized mice, im-
munized macaques, and HIV-infected humans.
Whereas the utility of this biomarker in predict-
ing GC activity in vaccine-induced immunity
remains to be seen, it highlights the feasibility
of identifying such biomarkers in the blood of
immune responses within lymph nodes. An im-
portant component of the GC response is follic-
ular helper T (TFH) cells, which help to initiate
formation of the GC and aid the affinity matu-
ration process through expression of costimula-
tory molecules and cytokines such as CD40L,
IL-21, and IL-4 (Crotty 2011). Recently, several
subsets of circulating memory TFH cells have
been identified in the blood (Schmitt et al.
2014), and these cells have been shown to corre-
late with development of broadly neutralizing
antibodies against HIV (Locci et al. 2013) and
with antibody responses to seasonal influenza
(Bentebibel et al. 2013).Our laboratory is current-
ly working to identify early transcriptional signa-
tures within peripheral blood associated with
these TFH cells and with changes in antibody af-
finity during responses to an AS03-adjuvanted
avian H5N1 influenza vaccine. Such blood-based
markers of affinity maturation could help us to
understand the mechanisms by which vaccines
and adjuvants induce this critical process.

Beyond Transcriptomics

In addition to sampling location, the immature
state of high-throughput measurement technol-
ogies limits our ability to interrogate certainmo-
lecular components. The chief obstacle in this
regard is in the measurement of proteins.
Whereas proteins are the primary effector mol-
ecules within cells, measurement of cellular pro-
cesses in clinical samples is frequently limited to
transcriptional data through microarrays or
RNA sequencing, despite the fact that messen-
ger RNA (mRNA) levels only explain 40% of
variability in protein levels (Schwanhausser
et al. 2011). This is attributable to the challenges
current proteomic technologies face in terms of
complex sample preparation, reproducibility,

limited dynamic range, and detection of
posttranslational modifications (Chandramouli
and Qian 2009). An alternative to more high-
throughput proteomic approaches is multiplex
bead assays, which can provide quantitative
information for a small number (up to 20–30)
of serum cytokines. However, these assays also
suffer from sensitivity and reproducibility issues
(Breen et al. 2011).

Although the study of the immune response
to YF-17D involved an integrated analysis of
transcriptomics, flow cytometry, and plasma cy-
tokine analysis using Luminex (Querec et al.
2009), analysis of signatures of vaccine immuni-
ty was confined to transcriptomics data. Indeed,
until recently, almost all studies in this field fo-
cused on identifying transcriptional signatures
of vaccine immunity. Brodin et al. (2015) were
able to generate an immune network consisting
of cell populations, cytokines, and serumprotein
levels among >200 twins showing that the
majority of immune parameters, including re-
sponses to seasonal influenza vaccination, are
driven primarily by nonheritable factors. In our
recent study with the shingles vaccine, we per-
formed an integrated analysis of orthogonal data-
sets (transcriptomics, metabolomics of plasma
metabolites, flow cytometry, and Luminex analy-
sis of cytokines) to construct a multiscale multi-
factorial response network (MMRN)of immunity
in healthy young and older adults immunized
with the live attenuated shingles vaccine Zostavax
(Li et al. 2017). This MMRN revealed robust
associations of orthogonal datasets and helped
delineatemetabolic correlates of vaccine immuni-
ty. Interestingly, this analysis revealed sterol regu-
latory binding protein 1 (SREBP-1) and its targets
as potentially key integrators of antibody and TFH

responses. This study reveals the power of analyz-
ing orthogonal datasets to identify predictors of
vaccine immunity. Suchwork highlights the value
in integration of diverse high-throughput data to
uncover a more complete picture of the biological
processes induced by vaccination.

Robustness of Predictors

Amajor goal of this field, which has emerged as
a significant challenge, is the development of

Will Systems Biology Develop New or Improved Vaccines?

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028894 7



robust signatures of protective immune re-
sponses capable of predicting vaccine efficacy
in a clinical setting. Systems-based analyses of
vaccine responses must deal with significant
amounts of variability, arising from both tech-
nological and biological sources. The sensitivity
of many high-throughput technologies limits
reliable detection of low-abundance molecules,
such as transcription factors. Owing to the high
cost of many high-throughput technologies,
studies are often limited to small sample sizes,
further reducing the signal-to-noise ratio and
hindering discovery of robust molecular signa-
tures of protection. Additionally, many of these
measurements suffer from batch effects, making
comparison of data across cohorts or datasets
difficult (Leek et al. 2010). Even HAI and virus
neutralization assays, two of the most common
techniques for measuring antibodies, have been
shown to be poorly reproducible (Stephenson
et al. 2007). Biological variability is also partic-
ularly high in clinical studies because of the huge
amount of heterogeneity across the human pop-
ulation. Immune responses are impacted by a
variety of factors, including age (Duraisingham
et al. 2013), genetics (Orru et al. 2013), exposure
history to previous infections/vaccinations, gut
microbial composition (Hooper et al. 2012),
stress (Padgett and Glaser 2003), and physical
activity (Woods et al. 2006). All of the above
factors contribute to the enormous difficulty in
finding broadly predictive biomarkers capable
of successfully discriminating between protec-
tive and deficient responses to vaccination at
an individual level.

Data to Knowledge to Understanding

Finally, themost important challenge facing this
field is the need to translate the wealth of data
generated in high-throughput studies into
meaningful understanding about the mecha-
nisms of immune responses to vaccines. As
mentioned above, systems biology approaches
are an essential tool for identifying signatures
of vaccine response and extracting knowledge
about the molecular pathways involved. These
signatures, when combined with human knowl-
edge and insight, can generate hypotheses that

can be explored in animal models and in vitro
experiments to further our understanding about
the biological mechanisms responsible for pro-
tective immunity. As bridging the gap between
data and understanding requires a combination
of biological insight, rigorous data analysis, and
creativity, close collaboration between systems
biologists, bioinformaticians, and immunolo-
gists is critical to this process.

CONCLUSION

The human body, including the immune sys-
tem, is incredibly complex and multifaceted.
As technology develops, allowing us to interro-
gate immune responses at higher resolution and
dimensionality, systems biology approaches will
become an increasingly necessary step in the
process of understanding the components and
interactions within the immune system in the
context of response to vaccination. Although
systems biology is not a stand-alone method
for vaccine development, discoveries thus far
in the field suggest that the identification of mo-
lecular and cellular pathways induced in re-
sponse to vaccination as well as signatures pre-
dictive of protective responses, combined with
traditional methods of experimental validation,
will help us to understand at greater depth the
mechanisms by which vaccines and adjuvants
elicit protective immune responses. This knowl-
edge will improve our ability to design more
effective vaccines and administer them in a
more targeted manner, particularly for popula-
tions at risk of infection.
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