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During the last decade, several high-throughput technologies have been applied to gather
deeper understanding on the biological events elicited by vaccination. The main goal of
systems biology is to integrate different sources of data and extract biologically meaningful
information. This holistic approach has provided new insights on the impact that the innate
immune status has on vaccine responsiveness. Other factors like chronic infections, age,
microbiome, and metabolism can influence the outcome of vaccination, and systems
biology offers unique opportunities to expand our understanding of their role on the
immune response. However, a few challenges thatstill need to be overcome will be discussed.

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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ystems biology in the field of vaccines
emerged with the need to integrate large sets
of data coming from new high-throughput tech-
nologies using mathematical and computational
modeling. Initially, most of the data were repre-
sented by microarray gene-expression profiling
following vaccination. In recent years, however,
next-generation sequencing technologies have
been replacing microarrays because of their en-
hanced throughput (Mutz et al. 2013). At the
same time, new protocols and novel single-cell
sorting technologies allow for the analysis of the
complete B-cell repertoire evolution and the
profiling of T-cell repertoire in response to vac-
cination. Novel immune cell-profiling technol-
ogies, such as polychromatic flow cytometry or
mass cytometry (CyTOF), are enabling the inte-
gration of transcriptional signatures with phe-
notypic information (Fourati et al. 2016). Large
datasets are also generated by proteomic analysis
of the serum (Wine et al. 2015) and by deep
sequencing analysis of microbiomes (Walker
2016). Finally, some investigators developed a
“systems serology” approach to dissect the char-
acteristics of the antibody responses using mul-
tiple functional and biochemical assays (Chung
et al. 2015).
Originally, systems biology was expected to
accelerate the development of novel vaccines by

10

Cases prevented
Disease severity
Immunogenicity
Concomitant vaccines|

_ Efficacy
10,000 R e

it nn,, it
M'! MMN“ i
MM‘M @IMMM it

Pl g T 0008 Pig

W@MMM fM M

T.alp.th
i’ Y.

Fever

Pain

Erythema
Induration swelling
Irritability
Sleepiness

providing faster and more accurate responses
about safety and efficacy using much smaller
clinical samples. As schematically represented
in Figure 1, the goal was to change the conven-
tional approach to clinical trials in which thou-
sands of people are used to collect a limited
number of information into a new paradigm,
in which more information could be gained by
collecting thousands of readouts from a limited
number of people using high-throughput tech-
nologies. Unfortunately, this goal has not been
achieved yet. However, thanks to systems biol-
ogy approaches to vaccines studies, we have
learned many new things about adjuvants and
innate immunity that are very important to the
future of vaccines. In this article, we will review
the new information provided by systems biol-
ogy and the challenges ahead.

PROFILING ADJUVANTS IN ANIMAL
STUDIES

Systems biology approaches have been used
extensively to distinguish different classes of
vaccine adjuvants by studying the expression
profiles generated in vivo (Mosca et al. 2008;
Didierlaurent et al. 2009; Morel et al. 2011;
Knudsen et al. 2016) or in immune cells in vitro
(Dupuis et al. 1998; Morefield et al. 2005). One of

Figure 1. The goal of systems biology. A conventional approach to a clinical trial (left) uses large numbers of
people (10,000 in the figure), and each of them is monitored for a few parameters about safety and efficacy. This is
an ideal framework for future clinical trials (right), in which more information could be gained by analyzing
thousands of readouts collected from a limited number of people (10 in the figure), using high-throughput

technologies and systems biology.
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the first applications in vivo was the analysis of
the gene-expression profile induced by the vac-
cine adjuvants alum, CpG, or the oil-in-water
emulsion MF59 in mouse muscle (Mosca et al.
2008). All three adjuvants were shown to activate
a core set of transcripts that are indicative of
recruitment of neutrophils and antigen-present-
ing cells to the site of immunization. In addition,
each of the three adjuvants was also found to
regulate specific sets of genes, and MF59 regulat-
ed the largest number of them. Profiling of
adjuvant-regulated genes continued with the
GlaxoSmithKline adjuvants AS03 and AS04 (Di-
dierlaurent et al. 2009; Morel et al. 2011) and,
more recently, with the head-to-head compari-
son of five different adjuvants, including alum,
the emulsion MF59, GLA-SE, IC31 containing
agonists for TLR4 and TLRY, respectively, and
the liposome-based adjuvant CAF01 (Knudsen
etal. 2016). These studies concluded that where-
as each adjuvant has an antigen-independent
unique profile, overall they can be distinguished
in two broad categories, those that favored a Ty1
response profile inducing interferon y (IFN-y),
tumor necrosis factor (TNF), interleukin (IL)-6,
and IL-17 and those that favored a T helper (T)0
or Ty2 profile inducing IL-5 and IL-10. The
amount, ratio, and timing of gene regulation
and cytokine production changed greatly from
one adjuvant to the other. Today, systems biology
studies in animal models are still very useful in
the characterization of vaccine adjuvants and
formulations as they can provide insights into
the immune-response profile that will be in-
duced. It should be noted, however, that the im-
mune responses observed in animal models may
not accurately reflect what happens in humans.

HUMAN STUDIES

The major contribution of systems biology came
from studies in humans. Two pioneering studies
were conducted on healthy adults vaccinated
with the live attenuated yellow fever vaccine
17D (YF-17D) (Gaucher et al. 2008; Querec et
al. 2009). These studies independently showed
that adaptive responses to YF-17D rely on the
early (3-7 days) activation of multiple innate
immune components, including the type I

IFN, complement, and inflammasome re-
sponses. They also identified specific sets of
gene-encoding transcripts whose abundance in
the peripheral blood, within 1 week following
vaccination, was able to predict later CD8" T-
cell and functional antibody responses with
>80% prediction accuracy (Querec et al. 2009).

Systems biology studies were subsequently
applied to vaccines other than YF-17D, includ-
ing live attenuated, inactivated, and subunit vac-
cines against both bacteria and viruses. These
studies identified additional blood-derived
immune signatures associated with vaccine im-
munogenicity, including the transcriptional re-
sponse of genes involved in antigen processing
and presentation, plasma-cell response, along
with the response of chemoattractant cytokines
and a particular family of CD4" T follicular
helper (Tgy) cells (Nakaya et al. 2011; Bentebibel
et al. 2013). Furthermore, a recent comparative
study reported that different vaccines elicit dis-
tinct signatures that correlate with the antibody
response, suggesting that a universal signature
capable of predicting the seroresponse across
vaccines is unlikely to exist (Li et al. 2014). The
holistic approach enabled by systems biology
also allowed an appreciation of emerging rules
of noncanonical factors that were never previ-
ously associated with vaccine responsiveness.
These include the antagonistic effect of preexist-
ing immunity and of sex-related factors (such as
testosterone) in the functional antibody re-
sponses to influenza vaccination (Furman et al.
2014; Tsang et al. 2014; Fourati et al. 2016).
Blood transcriptional biomarkers were also
identified for the prediction of vaccine efficacy.
Based on the availability of a human challenge
model for malaria infection, a systems biology-
based study of an experimental RTS,S malaria
vaccine found that differential expression of
genes in the immunoproteasome pathway, right
before the challenge, distinguished protected
from nonprotected persons (Vahey et al. 2010).

Among the most important contributions of
systems biology is the increased appreciation
that the immune system is tightly linked to en-
vironmental and metabolic factors and, there-
fore, that age, microbiome, metabolism (diet,
hygiene, geographic location), and chronic in-
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fections have a profound influence on the re-
sponse to vaccination (Fig. 2) (Pulendran 2014).

AGE

It is well known that the immune system in early
childhood and in the elderly population provides
asuboptimal response to vaccination when com-
pared with adolescents and adults. The molecu-
lar mechanisms behind it, which are still poorly
understood, have been studied by systems biol-
ogy approaches in several clinical studies (Ve-
sikari et al. 2011; Nakaya et al. 2016). In one of
them, an MF59-adjuvanted influenza vaccine
that had been previously shown to provide 86%
protection from infection in children was com-
pared with a conventional influenza vaccine that
had 43% protection. The study was performed
with 14 24-month-old children (Nakaya et al.
2016). Results showed that the transcriptional
responses to the conventional vaccine measured
at day 1 after vaccination were greatly attenuated
and present only in a subset of children when

compared with adults. The MF59 adjuvant in-
creased the frequency and robustness of the tran-
scriptional responses characterized by the anti-
viral IFN signature, dendritic-cell activation, and
innate immunity-associated genes. Additional-
ly, the frequency of multi-cytokine-producing
CDA4" T cells, antigen-specific IFN-y-producing
CD4" T cells, and antibody titers were greatly
increased, providing a response that mimicked
more closely the response in adults. The conclu-
sion was that in early childhood the poor re-
sponse to vaccination is attributable to a weak
innate immune activation and that this weakness
can be overcome by adjuvants.

In a similar study, Fourati et al. (2016) com-
pared the transcriptional responses to hepa-
titis B vaccine in elderly people (>65 years old)
with that of young people (25-35 years old).
The gene-expression profile of young people
was characterized by transcriptional modules
(groups of genes sharing the same response pat-
tern and participating in the same biological
process) involved in B-cell signaling, T-cell re-
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Figure 2. Schematic representation showing the existence of intrinsic variables (age, microbiome, metabolism,
and chronic infections) that can influence innate immunity, which is the basis for the response to vaccination.
Adjuvants provided with vaccination are used to modify the innate immune status and to induce the desired
vaccine response. IgG, Immunoglobulin G; Ty, T helper; Treg, T regulatory; Tgy, T follicular helper; Try, tissue-

resident memory T cell.
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ceptor signaling, and antiviral response. In
marked contrast, the transcriptome profile of
the elderly population was characterized by the
activation of modules involved in the inflamma-
tory response, cell motility, and type II IFN.
Based on these differences, they established a for-
mula to calculate an integrated score that they
called “BioAge.” Interestingly, whereas most of
the young people had low BioAge, the elderly
could be divided into two groups that they named
BioAge young and BioAge old. Remarkably, the
BioAge was a much better predictor of the vaccine
response than chronological age. Ultimately, the
authors claim that the poor response in the el-
derly is characterized by a signature of inflam-
mation and that transcriptional profiling before
vaccination allows for the prediction of those
that will have a poor response to vaccination.

MICROBIOME

Studies in germ-free mice had shown already
in the 1960s that, in the absence of commen-
sals, mice had a defective development of the
lymphoid tissue in the spleen, thymus, and the
gut-associated lymphoid structures, including
smaller Peyer’s patches and mesenteric lymph
nodes (Gensollen et al. 2016). The recent ability
to profile the microbiome by 16S RNA and ge-
nome sequencing allowed for the establishment
of the changes to the human microbiome with
regard to age and geography (Yatsunenko et al.
2012), suggesting that the different microbial
flora present in newborns and adults, in people
born in low- and high-income countries, or the
alteration caused by antibiotic use may have
profound effects on the outcome of vaccination.
Indeed, microbial colonization of the human
body begins at birth and does not become stable
until ~2 years of age. During the first 2 years of
life, when most vaccinations are performed, the
microbiota is highly variable and sensitive to
environmental exposures (Palmer et al. 2007).
The difference in the gut microbial composition
may well explain why, in the regions of the world
with poor sanitation where increased fecal-oral
bacterial exposure occurs early in life, there is
clear evidence of reduced immunogenicity gen-
erated via oral vaccines such as polio, rotavirus,

and cholera relative to efficacy in developed coun-
tries (Ferreira et al. 2010; Jiang et al. 2010; Levine
2010; Lopman et al. 2012). Finally, it was shown
that antibiotic-treated mice had a poor response
to influenza vaccination and that stimulation of
TLR5 by bacterial flagellin was essential for a
normal response (Oh et al. 2014). Expanding
our understanding of the intimate interplay be-
tween the human microbiota and its immune
system will likely have a profound impact on
the future of vaccines, including a major shift in
the current approach to vaccine development.

METABOLISM

One of the first surprising results of systems
biology was the identification of a correlation
between expression of the GCN2 (mammalian
general control nonderepressible 2) gene in the
blood and the magnitude of the CD8" T-cell
response to the YF-17D vaccine (Gaucher
et al. 2008). It was later shown to have a key
role in virus-induced GCN2 activation in pro-
gramming dendritic cells to initiate autophagy
and enhanced antigen presentation to both
CD4" and CD8" T cells (Ravindran et al.
2014). Recently, the same authors showed, in
transgenic mice models, that GCN2 suppresses
intestinal inflammation and Ty 17 responses via
a mechanism dependent on autophagy and se-
questration of ROS, a trigger for inflammasome
activation (Ravindran et al. 2016), revealing a
mechanism that couples amino acid starvation
with control of intestinal inflammation. GCN2
can therefore impact immune homeostasis in
the intestine, consequently modulating the im-
mune response during conditions of amino acid
restriction. These unexpected variables open a
key question on how immunity to vaccination
can be affected by metabolic states (Hotamisligil
2006). The link between the immune system and
metabolism was also confirmed in clinical set-
tings where inhibition of the mammalian target
of rapamycin (mTOR), a serine/threonine ki-
nase that regulates cellular metabolism, growth,
and proliferation, was reported to strengthen the
immune response to influenza vaccination to
levels usually achieved only with strong adju-
vants (Mannick et al. 2014).
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CHRONIC INFECTIONS

It has been shown that vaccine response is gen-
erally reduced in subjects with chronic infections
(Cooper et al. 2001; Nookala et al. 2004; Elias
et al. 2008) and that chronic infection with the
herpes virus, human cytomegalovirus (HCMV),
alters responses to human influenza vaccination
(Furman et al. 2015). Moreover, people chroni-
cally infected with intestinal helminths have low-
er responses to vaccination with Calmette-Gué-
rin (BCG) (Elias et al. 2001), cholera (Cooper
et al. 2001), and tetanus toxoid (Nookala et al.
2004). Recently, Reese et al. have shown that
mice infected with multiple common pathogens
(viruses and helminths) induces blood immune
gene signatures that distinguish them from non-
infected mice, and that such signatures translate
into an altered immune response with reduced
antibody production after vaccination with YF-
17D (Reese et al. 2016). Interestingly, changes in
the immune gene expression are not species-spe-
cific, as they partially recapitulate differences ob-
served in gene expression of adult versus cord
blood in humans.

CORRELATES OF PROTECTION

Systems biology has not yet contributed much to
the identification of new correlates of protec-
tion. Antibody levels and their functionality
measured by ELISA, neutralization, bactericidal,
and opsonization activity still represent the best
correlates of efficacy for many vaccines. For
those vaccines such as live attenuated influenza,
HIV, malaria, and tuberculosis, in which anti-
bodies are not a good correlate, we have learned
that a strong innate signature of IFN-y-mediated
transcriptional response following vaccination
and the presence of antigen-specific multicyto-
kine-producing T cells are somewhat correlated
with increased protection (Nakaya et al. 2016);
however, we have not identified a threshold that
predicts protection, and the values in protected
and nonprotected people largely overlap (Fig. 3).
It may well be that the limitation in sampling
human lymphoid organs represents a challenge
in properly identifying and profiling some key
players of the immune response. T cells do not

spend most of their time in the blood, where we
routinely analyze immune responses, but in the
tissues where they exert their function. In this
regard, a study in nonhuman primates, immu-
nized with irradiated sporozoites, showed that
antigen-specific CD8" T cells were present in
the liver 100 times more frequently than in the
blood, and these were the best predictors of
protection (Ishizuka et al. 2016). Thus, immuni-
zation regimens designed to enhance the recruit-
ment of effector T cells to tissues in which
they can develop locally into long-lived tissue-
resident memory T cells (Tgy) are desirable
(Mueller and Mackay 2015), and the ability to
measure them could provide key information
about protection. However, because of practical
and ethical limitations, probing the immune
response in tissues other than peripheral blood
remains a major challenge. Nonetheless, a recent
step in this direction was made by the Innovative
Medicine Initiative funded project BioVacSafe
(Lewis and Lythgoe 2015), in which muscle
biopsies have been collected from humans fol-
lowing vaccination (see clinicaltrials.gov/show/
NCT02368327). A quantitative measure of T-
cell immunity is probably what we need the
most, and achieving it should not be impossible
now that the role of T cells in direct protection
from diseases has been beautifully consolidated,
especially in cancer using chimeric antigen re-
ceptors (CARs) or checkpoint inhibitors (Mar-
cus and Eshhar 2014).

Eventually, our ability to understand vac-
cine-induced immunity will come from the in-
tegration of the data on innate immunity and T
cells described above with those of B-cell sub-
sets, number of antigen-specific B cells, and
their repertoire. Today, new tools available for
an in-depth characterization of antibodies allow
combining these data, in addition to the tradi-
tional functional profile of specific antibodies,
with information on their affinity, subclass, gly-
cosylation, and effector function. The availabil-
ity of human challenge models such as malaria,
salmonella, and shigella represent a unique op-
portunity as these may shed light on the mech-
anisms underlying immune protection by iden-
tifying causal relationships linking the early
molecular and cellular signatures provided by
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Figure 3. Schematic representation of the association between serological responses and vaccine-induced pro-
tection. While for serum antibodies there is usually a threshold titer that differentiates protected from non-
protected people, in the case of interferon y (IFN-y) and multicytokine-producing T cells, increased responses
suggest a higher level of protection, but there is a large number of values in which protected and nonprotected

people overlap.

systems biology to established immunological
correlates of protection. This would ultimately
set the path for the development of new im-
proved vaccines.

One final challenge is represented by the
capability to process and analyze the data.
Whereas recent technologies are capable of pro-
ducing data with high throughput, the complex-
ity of the datasets generated requires consider-
able time for their analysis, making the overall
process a low-throughput one.

CONCLUSIONS

Systems biology provides new information by
profiling adjuvants, people, and immune re-
sponses. It also opens new unexplored areas
of vaccinology by showing how vaccines act
differently on diverse populations, in which

the preexisting immune status has an impact
on the response to vaccination. However, so
far, systems biology failed to find new correlates
of protection, especially for those vaccines that
do not rely on antibodies. The contribution to
vaccine safety is also very limited, even if the
European project, BioVacSafe, is still ongoing in
this area.

Ultimately, there is no doubt that systems
biology, by integrating the information coming
from increasingly powerful technologies, will
continue to contribute to vaccine development.
In doing so, it will need to overcome a few chal-
lenges such as sampling tissue-resident immune
cells and the timely analysis of the data.
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