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Abstract

Despite the successful development of vaccines that are able to elicit potent and protective
immune responses, the majority of vaccines were developed empirically and the mechanistic
events leading to protective immune responses are often poorly understood. This impedes the
development of new prophylactic as well as therapeutic vaccines for infectious diseases and
cancer. Gaucher et al. took advantage of the effective yellow fever (YF) vaccine 17D (YF17D) to
prospectively identify key immunological responses elicited by the vaccine using functional
genomics and flow cytometric analysis. The results of the study clearly indicate ‘that the immune
response to a strong vaccine is preceded by the coordinated induction of master transcription
factors that lead to the development of a broad, polyfunctional and persistent immune response
integrating all effector cells of the immune system’.
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Background

Modern vaccination dates back to the 18! century when Edward Jenner used the cow pox
virus to protect humans against small pox [2]. After successful vaccination campaigns
throughout the 19t and 20t centuries, the WHO certified the eradication of smallpox in
December 1979 highlighting the potential potency of vaccines [3]. However, many vaccines
have been less successful - especially therapeutic vaccines - and at present it is unknown
how vaccines have to activate the immune system to induce protective adaptive immune
responses in humans [4-8]. In addition, the interplay of the innate immune system and
adaptive immune responses post vaccination remains poorly understood [9]. Clearly, the
desired property of a vaccine depends on the targeted disease [7, 8, 10, 11]. For example,
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humoral immunity is required to protect individuals from most bacterial infections, where as
the protection from viruses and therapeutic vaccines require the induction of humoral as well
as cellular immune responses [7, 10, 12-14].

To elucidate some of the pathways involved in vaccine induced long-lasting protective
immune responses, Gaucher et al. took advantage of the yellow fever (YF) vaccine 17D
(YF17D). Developed empirically more than 70 years ago, the life attenuated yellow fever
vaccine is considered one of the most successful vaccines ever made, inducing protective
immunity for up to 35 years in almost all vaccinated individuals [15]. Rather than focusing
on standard readouts such as antibody titers and Elispot assays [12, 13, 16, 17], Gaucher et
al. preformed gene expression array analysis from whole blood and conducted an analysis of
YF-specific Th1/Th2 cell responses in 40 healthy volunteers post vaccination. In addition,
they evaluated the YF17D vaccine using a novel in vitro system of primary immune
responses (modular immune in vitro construct [MIMIC] system). Results obtained form the
clinical study and MIMIC system correlated well and indicate that the activation of all arms
of the immune system is most likely required for the induction of long-lasting protective
immune responses.

Methods and results

YF17D vaccination rapidly induces master transcription factors upstream of genes
involved in multiple arms of the immune response

Gaucher et al. used gene expression arrays (lllumina BeadChips V2) to study gene
expression profiles in whole blood 3, 7, 10, 14, and 60 days post YF17D vaccination in 40
healthy individuals. They found significant changes in the expression of 594 genes, which
peaked on days 3 and 7 post vaccination. To identify the transcription factors upstream of
these genes, independent component analysis followed by gene set enrichment was
performed. Interestingly, three major nodes of transcriptional regulation of downstream
target genes were identified as early as day 3 post vaccination: interferon regulatory factor
(IRF)7, signal transducer and activator of transcription (STAT)1 and v-ets erythroblastosis
virus E26 oncogene homolog 2 (avian) (ETS2). Functionally, these transcriptional nodes and
many of the identified genes were associated with Toll-like receptor (TLR), interferon-y
induction, complement factors, macrophage/dendritic cell (DC), natural killer (NK)- and B-
cell activation. Results were validated by quantitative real-time PCR in a subset of 7 donors.

Upfront stimulation of the innate immune arm: YF17D vaccination activates components of
the inflammasome complex upregulating IL-1B production shortly after inoculation

The inflammasome is a cytoplasmic multiprotein complex that activates caspase-1 and - 5,
leading to the processing and secretion of the pro-inflammatory cytokines,
interleukin(IL)-1pB, 1L-18, and IL-33 [18]. Inflammasomes interact with TLR to mediate
appropriate responses to pathogenic triggers constituting a substantial part of the innate
immune response. Gaucher et al. showed that caspase-1 and —5 were upregulated at the
RNA level as early as 3 days after YF17D vaccination. Moreover, other genes involved in
the production of IL-1p, namely IL-1R1 and -1RN, were also modulated by the vaccine. To
functionally validate these findings, they incubated DCs with live and UV-inactivated
YF17D vaccine and showed a marked increase in IL-1p production confirming that YF17D
vaccine activates components of the inflammasome complex, and that viral replication was
not required for this activation.

YF17D vaccination induces proliferation and expansion of various leukocyte subsets

Does the up-regulation of genes associated with activation of various leukocyte subsets
result in their proliferation? To answer this question, peripheral blood mononuclear cells
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(PBMCs) from a number of individuals were stained pre- and post vaccination for the
proliferation marker Ki67 in addition to lineage and activation specific markers. The
frequencies of both the CD4- and CD8-positive lymphocyte subsets increased, along with
NK cells, monocytes and B cells. Cell proliferation peaked within 7 to 14 days post
vaccination and then declined to baseline. These results confirmed the widespread
mobilization of all major cellular subsets early after YF17D vaccination.

A durable activation of the adaptive immune arm: YF17D vaccination induces an early YF-
specific mixed Th1/Th2 response that appears early and is persistent

To further define which part of the adaptive immune arm is activated by the vaccine,
PBMCs, obtained day 28 or day 60 post vaccination, were activated with YF17D-derived
peptide pools. The pattern of cytokine secretion was determined using cytometric bead
assays (CBA) and intracellular cytokine staining. Although the cytokine patterns varied
substantially among individuals, most had mixed Th1/Th2 responses with high levels of
TNF; CD4+ T cells produced IL-2 or IFN-y, confirming the Th1 component of the immune
response. In addition, YF-specific central memory responses could be detected in PBMCs
one year post vaccination. Thus, the vaccine not only induced a strong innate immune
response early after vaccination, but also brisk and persistent Th1/Th2 adaptive responses.

Recapitulation of the central immune response to YF17D vaccination in vitro

The authors then took advantage of the MIMIC system, which simulates the human immune
response in a high-throughput method enabling rapid, clinically relevant predictions about
the efficacy of vaccines. This system uses pheresis-derived PBMCs and purified leukocyte
sub-populations (monocytes, T cells, and B cells) from healthy donors to simulate
vaccination site and lymphoid tissue interactions between cells in response to stimulation
with a vaccine of interest. Using this system, Gaucher et al. validated the multi-lineage
response to YF17D vaccination (and UV-inactivated vaccine) including Th1/Th2 responses.
Moreover, gene expression analysis identified the same central nodes of transcription as
those described after vaccination with YF17D in healthy individuals.

Discussion, expert commentary and five-year view

How can we best assess the potency of vaccines? For the systematic development of a
successful vaccination strategy, it is mandatory to develop ‘read out systems’ or ‘correlates
of immune-mediated protection” (COP) that would reliably predict immune responses to
novel vaccines in vivo [19]. Fortunately, there is an expanding knowledge on the molecular
mechanisms of immune responses and on the immunological parameters that correlate best
with lasting protection [8]. As expected, this has not been a simple task and COPs have
continued to lag behind the development of novel vaccines [4, 5, 7, 8, 14, 19, 20]. This is
exemplified by the development of vaccines for Rotavirus: prompted by the emergence of
severe deadly disease, intense work on vaccine development for this virus started in the
early 1980’s and since 2006 two vaccines have been licensed in many countries.
Nevertheless, to date, in spite of the intense work in this area, COPs for these two vaccines
are still not well defined [21].

Gaucher et al. have used functional genomics and flow cytometric analysis to determine the
immune response to the very effective YF17D vaccine. YF17D vaccination resulted in a
rapid and transient modulation of a large number of genes linked to activation of several
components of the immune system spanning the innate and adaptive arms. Multiple unique
interactions between the various effector arms of the immune system were observed, which
are most likely responsible for the long-term protective immunity induced by the vaccine.
However, it remains elusive which of these events post YF17D vaccination are essential and
which ones are dispensable. This might become evident in the future when other vaccines
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are evaluated using the same approach. Nevertheless, we expect that some of the findings of
this study will be either integrated into existing COPs or will facilitate the development of
new COPs.

While genomics has been successfully used to identify new vaccine antigens [22], Gaucher’s
et al. study highlights that genomics is also a promising tool for evaluating vaccine induced
immune responses. Is it possible in the future to develop and test vaccines using solely
genomics? Most likely not, however genomics will help us to better understand vaccine
induced immune responses and might prevent failures like the STEP HIV vaccine trial.
Another noteworthy result of the study is that the results of the human vaccine study
correlated well with the results obtained using the in vitro MIMIC system. If confirmed in
future studies, the MIMIC system might thus represent an efficient screening system to
evaluate vaccines before conducting costly phase I clinical studies in humans.

In summary, Gaucher et al. used functional genomics to attempt to answer a question that
has occupied a central place in the field of vaccine research since its beginning: How can we
best evaluate the potency of a vaccine? Their results are encouraging and should entice the
field to develop novel vaccine evaluation strategies. To close with Churchill, Gaucher’s et
al. study ‘is not the end. It is not even the beginning of the end. But it is, perhaps, the end of
the beginning [23].’
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