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ACQUIRED IMMUNITY BIOMARKERS AND USES THEREOF

FIELD OF THE INVENTION

MicroRNAs (miRNAs) have pivotal role in immune cells differentiation and function. It
has been shown that communication between immune cells involves not only secretion of
cytokines and chemokines, but also the release of membrane vesicles, that enclose soluble
cellular components, including miRNAs.

The authors have previously shown that miR-150 and miR-19b are strongly expressed in
human resting lymphocytes, with highest levels in CD4 cells [Rossi et al., 2011]; now the
authors have found that they are highly associated to nanovesicles purified from the
extracellular milieu of in vitro activated lymphocytes. Notably, nanovesicles-associated
miR-150 [ID: has-miR-150-5p; Accession MIMATO0000451; Sequence:
ucucccaacccuuguaccagug (SEQ ID No.1)] and miR-19b [ID: has-miR-19b-3p; Accession:
MIMATO0000074; Sequence: ugugcaaauccaugcaaaacuga (SEQ ID No.2)] did consistently
rise in serum of adults upon immunization with a single dose of MF-59 adjuvanted HIN1
pandemic flu vaccine, whereas no significant increase was detectable when analyzing
purified microvesicle-associated miRNAs, suggesting a specific releasing process that
results in a long-range exchange involving miRNAs upon physiological activation of the
immune system.

The substantial release of specific miRNAs by lymphocytes is a phenomenon with still
unrecognized functional role of induction, amplification and modulation of immune
responses. Moreover, the present results open up the possibility of using nanovesicle-

associated miRNAs as novel biomarkers of immunity.

STATE OF THE ART

miRNAs represent a class of small RNAs, 18-25 nucleotides in length, that regulate gene
expression in a post-transcriptional way, via sequence-specific interactions usually to the
3’UTR of mRNA target sites (Bartel 2004). miRNAs are known to be present across most
species and are very highly conserved. About 2000 miRNAs have been described in the
human transcriptome (as for miRBase, Release 19 http://microrna.sanger.ac.uk/) and they
are assumed to regulate the majority of human genes (Friedman, Farh et al. 2009). Large
amount of miRNAs derived from various tissues/organs are present in human blood and

circulate in a cell-free and stable form that is protected from endogenous RNase attack
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(Chen, Ba et al. 2008; Mitchell, Parkin et al. 2008). The dominant model to explain the
stability of circulating miRNAs was that they could be released from cells in membrane-
bound wvesicles, which would be the reason why they are protected from blood RNase
activity. More recently it has also been proposed that the majority of circulating miRNAs
could be associated with proteins, and that the preferential association of circulating
miRNAs to different biological structures (based on proteic complexes versus lipidic
membranes) could be dictated by the preferential releasing process of the originating tissue
(Arroyo, Chevillet et al. 2011). Vesicles proposed as carriers for the circulating miRNAs
include large membrane-surrounded bodies as large as 1 pum, presumably formed through
budding/blebbing of the plasma membrane and generally defined as microvesicles,
senescent and apoptotic bodies of similar size. A more specific class of circulating vesicles
is constituted by exosomes, which are 20- to 100-nm in size (hence generically defined as
nano-sized vesicles or nanovesicles), are released through the intracellular membrane
fusion of multivesicular bodies with the plasma membrane, and have fusogenic activity.
Exosomes are released by most cell types and are now widely recognized as conveyors of
intercellular communication (Simons and Raposo 2009), as it is the case when dendritic
cells internalize exosomes with specific MHC-peptide complexes and in so doing aquire
new antigen presenting specificities. (Raposo, Nijman et al. 1996). More recently, the
finding that exosomes carry genetic materials, including miRNAs, has been a major
breakthrough, revealing their capacity to vehicle genetic messages (Valadi, Ekstrom et al.
2007) although the role of miRNAs released in exosomes is still poorly known (Thery,
Ostrowski et al. 2009).

miRNA expression change specifically in diseases such as cancer, autoimmunity and viral
infections (Jopling, Yi et al. 2005; Volinia, Calin et al. 2006; O'Connell, Taganov et al.
2007), and the description of discase-associated miRNA signatures makes this class of
molecules a possible new class of blood-based non-invasive biomarkers (Chen, Ba et al.
2008). It has been shown that circulating miRNA profiles can discriminate healthy subjects
from patients affected by cardiovascular diseases, multiple sclerosis, sepsis, liver injury,
different tumor types, as well as physiological states, such as pregnancy (Reid, Kirschner
et al. 2011, Chim, Shing et al. 2008; Wang, Yu et al. 2010; Bala, Petrasek et al. 2012).
There is still the need to address whether serum circulating nanovesicles may contain a
footprint of a substantial and tangible release of specific miRNAs by immune cells during

immune response, a phenomenon with still unrecognized functional role. Moreover, there
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is the need of identifying a signature of serum circulating miRNAs that could be used as
valuable non-invasive biomarkers of immune response.

WO02011/158191 refers to detecting miRNA expression profiles to monitoring the immune
system of a subject. Though vaccination is mentioned in the document, no data supporting
the modulation of specific miRNA in vaccinated people are present, nor of the specific

miRNAs of the present invention.

DESCRIPTION OF THE INVENTION

Authors have here characterized total miRNome (genome-wide miRNA expression profile)
associated to circulating nanovesicles and how it is affected by a physiological immune
response, as the one elicited by vaccination. Authors have found miR-150 and/or miR19b
to be strongly associated to circulating exosomes in human serum and to specifically
increase upon antigenic challenge with pandemic flu vaccine both in adults and children.
miR-150 was also shown to increase specifically in sera of children who acquired
immunity to varicella upon vaccination but not in sera of children who did not.
Communication between cells of the immune system involves not only secretion of
proteins, such as cytokines and chemokines, but also the release of membrane vesicles, that
enclose soluble components of cellular origin, including proteins and microRNAs
(miRNA). The functional consequences of vesicle transfer can theoretically be the
induction, amplification and modulation of immune responses.

Authors’ hypothesis is that there exists a productive exchange involving miRNA
containing vesicles released by recently activated cells of the immune system. To verify
this hypothesis authors first analyzed the association of miRNAs with nano-sized vesicles
circulating in the bloodstream of healthy donors.

In order to gain more insight into extracellular miRNAs compartmentalization, authors
have also implemented a new filtration-based process that allows the purification of RNA
contained in either nanovesicles (i.e. exosomes, 20 to 200 nm) or microvesicles (i.e.
microparticles, apoptotic and senescent bodies, larger than 200 nm) starting from very low
volume of sera or cell conditioned medium.

Authors had previously shown that miR-150 and miR-19b are distinctly expressed in
human resting lymphocytes, with highest levels in CD4 cells [Rossi et al., 2011]. Now
authors have found that miR-150 and miR-19b are highly associated with nanovesicles

purified from the extracellular milieu of lymphocytes upon activation. Notably, authors



10

15

20

25

30

WO 2013/156362 PCT/EP2013/057453
4

have then been able to show that nanovesicle-associated miR-150 and miR-19b did
consistently increase upon vaccination, whereas no significant difference was detectable
when analyzing purified microvesicle-associated miRNAs, suggesting a miRNA releasing
process that results in compartmentalization of these miRNAs in nanovescicles.

Therefore, the specific rise of miR-150 and miR-19b that authors observe in sera of
vaccinated individuals 30 days after immunization may be a footprint of a substantial
release of specific miRNA containing nanovesicles by CD4 T cells and/or B cells during
immune response, a phenomenon with still unrecognized functional role.

Therefore an object of the invention is a biomarker consisting of at least one miRNA
selected between miR-150 (SEQ ID No.l) and miR-19b (SEQ ID No.2), for use in
monitoring the acquired immunity of an immunized subject in an isolated biological
sample.

In a preferred embodiment of the invention said biomarker consists of miR-150 (SEQ ID
No.1) and miR-19b (SEQ ID No.2).

Said biological sample is preferably serum or cellular medium of ex vivo cultured cells of
the immunized subject.

Said miRNA is preferably associated to nanovesicles isolated from the biological sample
of the immunized subject

In a preferred embodiment, the acquired immunity is due to a vaccination, more preferably
a flu or varicella vaccination.

Even more preferably said flu vaccination is performed with the HIN1 MF59 vaccine.
Even more preferably said varicella vaccination is performed with Measles-Mumps-
Rubella-Varicella vaccine.

Another object of the invention is an in vitro method of monitoring the acquired immunity
of an immunized subject comprising the following steps:

a) measuring the amount of the biomarker as above described in a biological sample
isolated from the immunized subject, and

b) comparing the measured amount of step a) with an appropriate control amount of said
biomarker, wherein if the amount of said biomarker in the biological sample is higher than
the control amount, this indicates that the immunized subject is effectively protected.

The subject can be an adult or a child. The biological sample is preferably a biological
fluid as blood, plasma serum or cellular medium of ex vivo cultured cells of the

immunized subject, more preferably nanovesicles extracted from the biological sample.
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In a preferred embodiment, the acquired immunity is due to a vaccination, more preferably
a flu or varicella vaccination.

Even more preferably, said flu vaccination is performed with the HINT MF59 vaccine.
Even more preferably, said varicella vaccination is performed with Measles-Mumps-
Rubella-Varicella vaccine.

The amount of the biomarker is preferably measured by specific acid nucleic amplification,
¢.g. RT-qPCR or any other method known in the art.

A further object of the invention is a kit for monitoring the acquired immunity of an
immunized subject, comprising:

-means to detect and/or measure the amount of the biomarker as above described and
optionally

-control means.

Control means are preferably used to compare the increase of amount of the biomarker to
an appropriate control value or amount. The control value or amount may be obtained, for
example, with reference to known standard, either from a normal subject or from normal
population, preferably from a not immunized or not vaccinated subject.

The means to detect and/or measure the amount of the biomarker as above defined are
known to the expert of the art, and are preferably at least one detectably labeled DNA or
RNA probe.

The kit of the invention preferably comprises instructions for interpreting the obtained
data, e.g. saying that if the amount of said biomarker in the test sample is higher than the
control amount, this indicates that the immunized subject is effectively protected or
immunized.

In the present invention, the “appropriate control amount” may be the amount quantified,
measured or assessed in a sample isolated from a not immunized subject, or from the same
subject before immunization. In particular the sample can be isolated from a subject who is
not immunized against flu or varicella and/or who has not been vaccinated for flu or
varicella. Another example of control group is constituted by patients with liver chirrosis,
individuals in which there is no significant increase in the amount of miR-150 and miR-
19b compared to healthy donors.

The biomarker of step a) and the biomarker of step b) of the method of the present

inveniont are preferably the same.
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In the present invention, the expression “measuring the amount” can be intended as
measuring the amount or concentration or level of the respective miRNA, with any
methods known to the skilled in the art. Methods of measuring RNA in samples are known
in the art. To measure RNA levels, the cells in a biological sample can be lysed, and the
levels of RNA in the lysates or in RNA purified or semi-purified from lysates can be
measured by any variety of methods familiar to those in the art. Such methods include
hybridization assays using detectably labeled DNA or RNA probes (i.e., Northern
blotting), specific acid nucleic amplification, e.g. RT-qPCR, reverse transcription and
preamplification, or quantitative or semi-quantitative RT-PCR methodologies using
appropriate oligonucleotide primers. Alternatively, quantitative or semi-quantitative in situ
hybridization assays can be carried out using, for example, tissue sections, or unlysed cell
suspensions, and detectably labeled (e.g., fluorescent, or enzyme-labeled) DNA or RNA
probes. Additional methods for quantifying RNA include RNA protection assay (RPA),
cDNA and oligonucleotide microarrays, representation difference analysis (RDA),
differential display, EST sequence analysis, serial analysis of gene expression (SAGE),
quantitative Mass Spectrometry, the massArray platform (Sequenom), and Deep
Sequencing and Ion Proton Sequencing Technology.

In the present invention, the expression “detecting” in relation to a nucleic acid, refers to
any use of any method of observing, ascertaining or quantifying signals indicating the
presence of the target nucleic acid in a sample or the absolute or relative quantity of that
target nucleic acid in a sample. Methods can be combined with protein or nucleic acid
labeling methods to provide a signal, for example fluorescence, radioactivity, electricity.
miRNAs are present in the bloodstream in a highly stable extracellular form. The
existence of distinct circulating populations of miRNAs, associated to either membranous
vesicles or protein complexes, may impact the identification of specific miRNAs as
reliable markers of disease. Indeed, isolation procedures have been implemented as the
first step in the search for such biomarkers, but there is still lack of consensus on the best
method for purifying nanovesicles from biological fluids. To address this issue, authors
have started from human serum and compared differential centrifugation (Thery,
Amigorena et al. 2006) and a new filtration-based nanovesicles purification kit [ExoMiR,
Biooscientific] (Bryant, Pawlowski et al. 2012). Authors have found that the two

approaches give comparable results.
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FIGURE LEGENDS

The invention will be described in exemplifying examples with reference to the following
figures:

Figure 1. Differential centrifugation versus ExoMir for nanovesicles purification.
Schematic view of two nanovesicle purification methods herein used: differential
centrifugation (left) and ExoMir (right). For the latter procedure, serum or cellular medium
is passed through 2 filters connected in series. The Top Filter has a larger pore size of
approximately 200 nanometers to effectively capture larger particles while the Bottom
Filter has a smaller pore size of approximately 20 nanometers for capturing exosomes and
other nanovesicles of similar size. The filters are then disconnected and separately flushed
by an RNA extraction reagent to lyse the captured particles and release their contents with
no preservation of their integrity.

Figure 2. miRNAs strongly associated with nanovesicles circulating in human serum.
A. Percentage of overlapping results (black, concordant; white, discordant) for ExoMir
compared to differential centrifugation for three subpopulations of miRNAs divided by
their detectability in differential centrifugation purified nanovesicles, as indicated:
undetected (Ct>35) in differential centrifugation samples, detectable (Ct<35) in 3/4
differential centrifugation samples and highly detectable (Ct<31) in 4/4 differential
centrifugation samples. B. Venn diagram showing the intersection (22 miRNAs, indicated
in the box aside) of miRNAs highly expressed (Ct<31 in all samples) for differential
centrifugation (33 total) and ExoMir (30).

Figure 3. miRNAs compartimentalization in nanovesicles versus soluble fraction
circulating in blood of healthy donors.

A. Heatmap for miRNAs significant (p<0.05) upon an ANOVA test (based on F
distribution) considering the three reported groups: nanovesicles purified by differential
centrifugation; total serum and supernatants from the centrifugation at 110000Xg (soluble
fraction) from 3 different individuals. Hierarchical clustering was performed considering
Log-transformed normalized relative quantities of all coexpressed miRNAs with a Ct<35.
Distance: Pearson correlation with complete linkage B. Ranking analysis for miR-150 (left
panel) and for miR-19b (right panel) in 10 paired samples of total serum and purified
nanovesicles (7 purified by differential centrifugation and 3 by ExoMiR). Lower ranking
position=higher representation. C. miR-19b and miR-150 relatives quantities (24 Pecifc

compartment Ct ~ total seum €1y 1y ginole RT-qPCR assays in nanovesicles compared to soluble
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fractions from 3 healthy donors sera (mean of the three samples and SEM are reported)
processed by differential centrifugation. p value for a 2-way ANOVA analysis showing an
extremely significant effect of serum compartmentalization for different miRNAs.

Figure 4. miR-150 and miR-19b expression in human resting lymphocytes and tissues.
A. Box plot of miRNome relative quantities in 17 different lymphocytic subsets, as
indicated (light grey, B lymphocytes; dark grey, CD4 lymphocytes; white, CD8
lymphocytes; black, NK lymphocytes). Only co-expressed miRNAs with a Ct<35 were
considered. Dark grey circles indicate miR-150 expression level, light grey circles miR-
19b expression level. B. Correlation between miR-19b and miR-150 relative quantities of
the 17 lymphocytic subsets was analyzed. Each dot is a distinct lymphocytic subset.
Spearman r and p values are reported. C. Expression level of miR-150 and miR-19b in a
panel of 20 different human tissues by RT-qPCR, reported as quantities relative to the
internal control snRNA U6, hence the data reflect the relative expression among tissues.
Figure 5. miRNA intracellular modulation and release upon in vitro activation of
human lymphocytes.

A. Bio-analyzer qualitative analysis of total RNA extracted 72h after activation from CD4
lymphocytes (upper panel) and released nanovesicles purified by ExoMir (lower panel). A
representative sample is reported. B. Global mean and SEM of miRNome relative
quantities of nanovesicle samples (in biological triplicate) released by CD4 lymphocytes
upon activation at the indicated time points. Only miRNAs with a Ct<35 at all time points
were considered. p value of a Mann-Whitney test comparing 6h and 96h is reported. C.
Concentration of extracellular IFNgamma revealed in medium modified by CD4
lymphocytes (in biological triplicates) upon activation at the indicated time points. D.
Heatmap showing the expression fold change of the indicated miRNAs at the indicated
time points upon activation of CD4 lymphocytes compared to Time 0 (T0=1) (left panel);
and Log-10 transformed relative expression of the same miRNAs in samples of
nanovesicles collected at the indicated time points (right panel). Values are mean of a
biological triplicate. The down-regulated (all 5) and the up-regulated (representative 5/56)
miRNAs were selected by an ANOVA test (based on F distribution).

Figure 6. Circulating miR-150 and miR-19b modulation in human serum upon flu
vaccination.

A. miRNA quantities relative to exogenous spike-in ath miR-159a in sera of 46 pairs of

samples (time of vaccination, TO and 30 days after, T1) from HIN1-MF59 vaccinated
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healthy donors. Mean values, SEM and two-tailed paired t-test p value are reported. B.
miRNA quantities relative to exogenous spike-in ath miR-159a in sera of 50 HIN1-MF59
vaccinated infants (samples collected at time of first dose, T0, at time of second dose 30
days after, T1 and 30 days after the second dose, T2). Mean values, SEM and two-tailed
paired t-test p values are reported. C. Box plot of miR-150 and miR-19b quantities relative
to exogenous spike-in ath miR-159a (whiskers: 10-90 percentile) in total serum, purified
nanovesicles and purified microvesicles as indicated of 17 pairs of HIN1-MF59 at TO
(white) and T1 (grey). Two-tailed paired t-test p values are reported. D. Log-transformed
normalized miRNA quantities in sera of 10 healthy donors and 15 patients affected by liver
chyrrosis. Mean values and SEM are reported.

Figure 7. Circulating miR-150 level correlation to vaccination-associated disease
protection.

A. Box plot of indicated miRNA quantities at T1 (30 days after vaccination) relative to
exogenous spike-in ath miR-159a (whiskers: 10-90 percentile) in 46 flu vaccinated
individuals stratified for having developed an antibody response lower (white) or higher
(grey) than 1:320, as assessed by hemagglutination inhibition (HI) titer assay. The p value
from a Mann Whitney test is reported. B. Box plot showing the mean fold change of
circulating miR-150 upon vaccination of 18 children with Measles-Mumps-Rubella-
Varicella stratified for acquisition of protection to varicella.

Figure 8. Circulating miR-150 modulation in mouse serum upon ovalbumin (OVA)
vaccination.

A. miR-150 quantities relative to exogenous spike-in ath miR-159a in serum of either wild
type or MHCII” mice vaccinated with aGalCer + OVA 2 days before and 7 days after
vaccination (each treatment normalized to miR mean relative quantity pre-vaccination). p
value for a paired t test is reported. B. Correlation between total Ig concentration (assessed
by ELISA) at t=7 days after vaccination in mice vaccinated with aGalCer + OVA (grey
dots) or Alum + OVA (white) and serum circulating miR-150 fold change T1/T0 (T1=7
days after vaccination). Spearman r and p values are reported. C. miR-150 intracellular
down-regulation (as fold change of expression at 72 hours upon activation in vitro
compared to T=0, normalized to the endogenous control smallU6) and extracellular
accumulation in purified nanovesicles (EV) at the same time point (72h) calculated as 2”-

(CtEV-Ctcells)miR-150/27-(CtEV-Ctcells)smallU6 for CD4, CD8 and NKT lymphocytes
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isolated from mouse spleen (CD4 and CD8) and mouse liver (NKT) and activated in vitro

as described in Methods.

EXAMPLES

TABLE I. miR-150 and miR-19b are among the most represented miRNAs associated
with nanovesicles released by human activated lymphocytes. Representation ranking
for the ten most represented miRNAs associated to nanovesicles released by either CD4 T
helper lymphocytes after 96 hours of activation (left panel) or B lymphocytes after 24

hours of activation. (right panel).

CD4 B

miR-150 miR-299-3p
miR-19b miR-1290
miR-155 miR-150
miR-223 miR-875-5p
miR-29a miR-661
miR-222 miR-223
miR-17 miR-483-5p
miR-625* miR-601
miR-146a miR-422a
miR-106a miR-29a

MATERIALS AND METHODS

Human samples for nano-sized vesicles purification

Serum and buffy-coat blood of healthy donors was obtained from the IRCCS Policlinico
Ospedale Maggiore in Milano, Italy. The ethical committee of IRCCS Policlinico Ospedale
Maggiore in Milano (Italy) approved the use of PBMCs of healthy donors for research
purposes and informed consent was obtained from all the subjects involved in this study.
Vaccination study design and immunogenicity assessment

Vaccinations to adults were administered at the Dipartimento di Scienze Biomediche per la
Salute, University of Milan, Italy, during the month of November 2009. Vaccination to

infants (aged 6 to 23 months) were administered in the Department of Maternal and
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Pediatric Sciences at Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico
(Milan, Italy) between November 9, 2009, and January 16, 2010 (Esposito, Pugni et al.
2011). Among exclusion criteria for infants there were any treatment in the previous 4
weeks likely to alter their immune response, previous administration of any influenza
vaccine and any acute respiratory tract infection in the 4 weeks before enrolment. The
studies were approved by the hospital ethics committee, and written informed consent
regarding study participation was obtained from all involved adults and the parents or legal
guardians of children.

Adults received one dose and children two doses (one month apart) of 0.5 ml of MF59-
adjuvanted monovalent 2009 pandemic influenza vaccine (Focetria®, Novartis, Siena,
Italy), containing 7.5 pg hemagglutinin of A/California/7/2009(HIN1) (X-181). The
vaccine was injected into the deltoid muscle (adults) or into the anterolateral part of the left
thigh (infants). Adult serum was collected at time of enrolment (baseline, T0), and 1 month
(2545 days, T1) after vaccination. Infant serum was collected immediately before
administration of dose 1 (T0), before administration of dose 2 (28 +/- 2 days after baseline,
T1), and 4 weeks later (56 +/- 2 days after baseline, T2). 400 pl of serum from both TO and
T1 of 30 vaccinated adults and 200 pl of serum from TO, T1 and T2 of 50 vaccinated
children were used to quantify single miRNAs.

In parallel, humoral immune response in both adults and infants was assessed by using the
hemagglutination inhibition (HI) test according to standard methods (Menegon, Baldo et
al. 1999). This assay determined the antibody titres in serum against the hemagglutinin
antigens of the 2009 pandemic influenza strain and the antibody titre was expressed as the
reciprocal of the highest dilution that inhibited agglutination.

Infants were vaccinated with GlaxoSmithKline Biologicals MMRYV vaccine Priorix-
Tetra™ | Study protocols were reviewed and approved by the Research Ethics Committees
of the study center involved, and conducted in accordance with the Declaration of Helsinki
and the relevant local codes. Written informed consent was obtained from the child's
parent or guardian prior to study entry. Blood samples were taken before 38 days after
cach wvaccine dose was administered. Varicella antibodies were measured by
immunofluorescence assay (IFA) using a commercially available kit (Virgo™ VZV IgG
indirect fluorescent antibody test, Hemagen Diagnostics, MD, USA) with modifications.
The cut-off values was an endpoint dilution of 4 dilution—1 for varicella. Seroconversion

was defined as the appearance of antibodies at levels greater than or equal to the cut-off
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value of the relevant assay in subjects seronegative before vaccination. A subject with
antibody levels greater than or equal to the cut-off value of the relevant assay was regarded
as seropositive.

Purification of Human and Mouse Lymphocytes and T or B cell activation experiments
Untouched CD4 T helper and B lymphocytes were isolated from human peripheral blood
mononuclear cells (PBMC), obtained using Ficoll-Paque on buffy coat of healthy donors,
using either CD4 T or B lymphocytes isolation kit (Miltenyi Biotec). CD4 T and B
lymphocytes were cultured separately in AIMV medium (devoid of serum, and hence of
contaminating miRNAs) and stimulated with either 100 U/ml IL-2, 1 pg/ml PHA (CD4
lymphocytes) or 2.5 ug/ml CpG, 5 ug/ml anti-CD40 (gift of Novartis, Siena, Italy) and 10
ug/ml anti-IgM (BD biosciences) (B lymphocytes). At different time points (6h, 24h, 48h,
72h and 96h for CD4 and 24h for B lymphocytes) cells and conditioned medium were
harvested for cell extracts and vesicles isolation (ExoMir).

Liver and spleen were isolated from 4 C57BL/6N mice 8 weeks old. Liver was pressed
through 700 cell strainer (BD). Total liver cells were then resuspended in a 40% Percoll
solution. After centrifugation for 20 minutes at 1900 rpm RT without brake, mononuclear
cells were isolated in the pellet. After the lysis of red blood cells, mononuclear cells were
stained with CD1d tetramer-PE, anti-CD19-FITC and anti-TCR-APC Abs. A FACS Aria
(BD) was used for NKT cell (CD19°, CD1d’, TCRb+) sorting. Spleen was pressed through
7000 cell strainer to make single-cell suspension. After the lysis of red blood cells,
splenocytes were stained with anti-CD19-FITC, anti-TCRO-PECy7, anti-CD4-PE and
anti-CD8-APC Abs. A FACS Aria (BD) was used for CD4" (CD19", TCRO", CD4", CD§’
) or CD8" (CD19,, TCRO", CD4, CD8") T lymphocyte sorting. Purified NKT, CD4",
CDS8" T lymphocytes were cultured separately in AIMV medium and stimulated with PMA
25 ng/ml, ionomycine 100g/ml. Cells were collected for RNA extraction before activation
(Oh) and after 72h of activation. Conditioned medium (72h) was processed with ExoMir kit
for exosomes purification.

Vesicles Preparation

For differential centrifugation, 2 ml of serum diluted to 4 ml in phosphate buffered saline
(PBS) were centrifuged to eliminate floating cells (300Xg), dead cells (2,000Xg), cellular
debris and apoptotic bodies (serum: 12,000Xg; cell medium: 10,000Xg). The final
supernatant was then ultracentrifuged at 110,000Xg (100,000Xg for cell medium) to pellet

the nano-sized vesicles. The pellet was then re-suspended in PBS and filtered through a 0.2
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micron filter to eliminate residual larger particles and finally washed in a large volume of
PBS, to eliminate contaminating proteins, and centrifuged one last time at the same speed.
For double microfiltration (ExoMir, Bioo Scientific, Texas) 8 ml of cellular medium or 0.4
ml of human serum diluted to 4 ml with PBS were centrifuged at 300Xg and then at
2,000Xg. Supernatants were digested by Proteinase K to eliminate proteic complexes and
then passed through ExoMir filters. After washing the Top/Bottom filters with 12 ml of
PBS (double wash for serum), microvesicles and nano-sized vescicles were separately
cluted using 1ml of BiooPure-MP plus ath-mir-159a (final concentration 3 pM).

miRNAs profiling and single miRNA detection by RT-qPCR

Total RNA from either fresh or frozen human sera; and from either cells or centrifuged
vesicular pellets was extracted using miRVana miRNA isolation kit (Ambion), as specified
in the protocol, with some modifications. Briefly, 400 pl of thawed serum were mixed with
800 pl of lysis solution composed of RNA Lysis Buffer and synthetic ath-miR-159a (final
concentration 2.5 pM). This miRNA was used as process control, for technical
normalization. RNA extraction from Top and Bottom Filters (ExoMir) was performed as
specified in the protocol and RNA was quantified by Ribogreen (Invitrogen), and
characterized by Agilent Bioanalyzer.

3 ul of total RNA were processed for Reverse Transcription and Preamplification with
Megaplex Primer Pools A v2.1 and B v2.0 (Applied Biosystems), according to
manufacturer instruction. TagqMan Low Density Arrays (Applied Biosystems) were run on
a 7900HT Fast Real-Time PCR System. A total of 664 human miRNAs, 6 human small
RNA and 1 control miRNA from 4. Thaliana were profiled in parallel. Ct values were
extracted using RQ Manager, setting a manual threshold of 0.06. For single miRNA
detection, a multiplexed Reverse Transcription reaction (up to 5 miRNA) was
implemented using the TagMan miRNA Reverse Transcription Kit and miRNA-specific
stem-loop primers (Applied Biosystems) according to manufacturer instruction. To profile
miRNA expression in human tissues or cultured cells, 10 ng of RNA were processed for
RT (FirstChoice Human Total RNA Survey Panel, Ambion). DCt values were obtained
using the Ct of snRNA U6 as endogenous control.

Healthy donors serum samples and serum purified nano-sized vesicles samples were also
profiled for 742 miRNAs by using miRNA Ready-to-Use PCR, Human Panel 1+11, V2.M

qRT-PCR arrays (Exiqon). Normalized values were obtained using a normalization factor
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resulting from the geometric mean of all expressed miRNAs per sample, i.e. the mean
obtained omitting detectors whose Ct is undetermined (Ct >35).

Mice studies

MHC II-/— (B6.129-H2Abltm1Doi1/DoiOrl), C57BL6N (Charles River Italy), were
maintained in specific pathogen-free conditions and used at 8 weeks of age. All animal
procedures were reviewed and approved by the Institutional Animal Care and Use
Committee at San Raffacle Scientific Institute. Following collection of pre-immunization
sera, groups of 4 mice were primed at day 0 by subcutaneously (in the left flank) injection
of 100 pg/dose of Ovalbumin protein (Sigma) mixed either with 0.1ug/dose of aGalCer
(Alexis), or with Imject Alum Adjuvant (Pierce, Thermo Scientific). Blood was then drawn
by retro-orbital phlebotomy after 7 and 14 days to determine specific Ig titers of the
primary responses on sera. For measurement of Ag-Specific Ab Titers, individual sera
were titrated in parallel at the same time by ELISA. Ab titers are expressed as reciprocal
dilutions giving an OD450 > mean blank OD450 + 3 SD. Furthermore, for measurement of
circulating miRNAs, 50 microliters of sera of pre-vaccinated and 7 and 14 days post-
vaccinated mice were processed for total RNA extraction and miR-150 was quantified by
single TagMan assays.

RESULTS

Identification of a robust signature of miRNAs associated with nano-sized vesicles
circulating in blood of healthy donors.

In order to characterize a signature of miRNAs strongly associated with nano-sized
vesicles (nanovesicles) circulating in human blood, authors purified them by differential
centrifugation from serum of three healthy donors and by ExoMir' ™ kit (Biooscientific,
Texas, USA) from three additional healthy donors. While the process of purification by
differential centrifugation has been already described in detail (Thery, Amigorena et al.
2006), ExoMir is an alternative method based on microfiltration (Bryant, Pawlowski et al.
2012). The general workflow for both methods is depicted in Figure 1. The miRNome
from either total serum or nanovesicles was profiled by Reverse Transcriptase quantitative
PCR (RT-qPCR) using TagMan Low Density Arrays (TLDA, Applied Biosystems). In
order to establish if ExoMir purification technique was indeed reproducing results obtained
by differential centrifugation in terms of nanovesicle miRNA representation, authors
analyzed the percentage of overlapping results for three groups of miRNAs. The first

group was composed of miRNAs that were undetected in differential centrifugation
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samples and 94.7% of these miRNAs were also showing a Ct>35 in at least 2/3 ExoMir
samples. The second group was composed of miRNAs that were detectable in differential
centrifugation samples with a Ct<35 (detectable miRNAs) and 87.9% of these miRNAs
were also showing a Ct<35 in at least 2/3 ExoMir samples. The third group was composed
of miRNAs that were strongly represented in differential centrifugation samples, being
detected in 4/4 samples with a Ct<31 (highly detectable miRNAs). 75.9% of these
miRNAs were similarly detected in 3/3 ExoMir samples with a Ct<31 (Figure 2A).

By intersecting results of the two purification strategies, authors obtained a list of 22
miRNAs that can be regarded as strongly associated with circulating nanovesicles, for
being robustly expressed in all purified samples, independently of the purification method
(Figure 2B). To analyze in greater detail the distribution of specific miRNAs in different
serum compartments, authors evaluated miRNA expression in purified nanovesicles, total
serum and in the supernatant of the centrifugation at 110000Xg (soluble fraction) for three
healthy donors. Hierarchical clustering analysis showed that nanovesicle-associated
miRNome is more distant to samples of total serum and soluble fraction, suggesting a
specific miRNA quantitative pattern for isolated nanovesicles (Figure 3A). A one-way
ANOVA analysis revealed the existence of two distinct families of miRNAs: the ones that
are enriched in nanovesicles and the ones with the opposite behavior being more
represented in total serum and soluble fraction samples (Figure 3A). Then miR-150 and
miR-19b, key regulators of lymphocyte differentiation and functions, are part of the
signature of miRNAs strongly associated with nanovesicles circulating in human serum.
Furthermore they showed opposite behaviour in terms of specific enrichement in
nanovesicles compared to total serum and soluble fraction. More specifically, while miR-
150 was enriched quantitatively when purifying nanovesicles, miR-19b showed a higher
level in total serum or soluble fraction than in isolated nanovesicles. The preferential
association with or depletion from nanovesicles was then confirmed by ranking analysis
and RT-qPCR single assays using sera from additional donors (Figure 3B-C).

miR-150 and miR-19b expression in human lymphocytes and representation in
nanovesicles released by lymphocytes upon activation.

miR-150 and miR-19b were found to be among the most highly expressed miRNA in 17
different lymphocyte subsets purified from peripheral blood mononuclear cells of healthy
donors [(Figure 4A and (Rossi, Rossetti et al. 2011)]. Their expression level in different

lymphocyte populations was found to be extremely concordant, showing the highest
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expression in CD4 lymphocytes. Moreover, miR-150 (but not miR-19b) was also found to
be highly abundant in spleen tissue compared to other tissues (Figure 4C).

To specifically characterize the miRNome associated with nanovesicles released in the
extracellular milieu by human lymphocytes upon in vitro activation, ex vivo isolated
resting CD4 cells were stimulated with 100 U/ml IL-2 and 1 ug/ml PHA; at different time
points upon activation (6, 48, 72 and 96 hours), extracellular nanovesicles were purified by
ExoMir. Qualitative analysis of total RNA showed a significant enrichment of small RNA
molecules in purified nanovesicles compared to cellular RNA (Figure 5A). Moreover,
similarly to INF-y extracellular increment, the global mean of miRNA relative expression
(profiled by TLDA) associated with extracellular nanovesicles dramatically increased over
time (Figure 5B-C). For the majority of miRNAs, the extracellular accumulation was
paralleled by either no intracellular modulation, or a significant up-regulation, as in the
case of miR-155 and miR-19b (Figure 5D). Differently, miR-150 was part of a very small
group of miRNAs (miR-150, miR-342-3p, miR-146b-5p and miR-31) whose extracellular
accumulation was paralleled by a specific intracellular down-modulation upon activation
(Figure 5D). Importantly, miR-150 and miR-19b resulted to be the most represented
miRNAs associated with nanovesicles purified in the extracellular milieu of stimulated
CD4 lymphocytes (Table I). Morecover, when ex vivo isolated resting B cells were
stimulated with 2.5 pg/ml CpG, 5 ug/ml anti-CD40 and 10 pg/ml anti-IgM; and
extracellular nanovesicles purified by ExoMir, miR-150 was also among the most
represented miRNAs associated with nanovesicles purified in the extracellular milicu
(Table I).

Human serum circulating miR-150 and miR-19b do increase upon vaccination.
Having observed that activated lymphocytes, at least in vitro, release highly abundant
quantity of miR-150 and miR-19b, and that these miRNAs are easily detectable in human
serum in resting conditions, authors were prompted to evaluate if the level of serum
circulating miR-150 and miR-19b would be sensibly modulated upon vaccine
administration and activation of the immune system.

To this aim, authors analyzed serum samples from 46 healthy adults and 50 infants
vaccinated with HINT MF59 for miR-150 and miR-19b relative quantity by RT-qPCR. For
cach donor, authors had serum collected at time 0 of vaccination (T0) and at time 30 days
after vaccination (T1). For infants, who were administered a second dose of vaccine at T1,

authors had also serum collected 30 days after the boost (T2). While miR-1274B, which
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was strongly associated with vesicles released not only by lymphocytes but also by non-
lymphoid cells (data not shown), failed to show any modulation in total serum of
vaccinated adults, miR-150 and miR-19b did indeed increase in sera of post-vaccinees, as
hypothesized (Figure 6A). Neither age nor gender of vaccinated individuals impacted miR
relative quantity post-vaccination and T1/TO fold change (data not shown). In infants who
had never encountered influenza virus before vaccination, miR-150 and miR-19b level was
not modulated 30 days after the first dose of vaccine (T1) but significantly increased 30
days after the second dose (T2) (Figure 6B).

To analyze if the increase of miR-150 and miR-19b was specifically compartmentalized in
serum circulating nanovesicles, serum samples from 17 adults vaccinated with HIN1
MF59 (TO and T1 as above) were used to purify both nanovesicles and vesicles of larger
size (>200 nanometers, here called microvesicles) by ExoMir. Circulating miR-150
increase upon vaccination was highly significant and more evident in isolated nanovesicles
compared to total serum and it was not registered in isolated microvesicles (Figure 6C),
suggesting a specific process of miR-150 release through nanovesicles during immune
response. For miR-19b, authors observed that it increased in the nanovesicular fraction and
not in the microvesicular one, but that, differently than miR-150, miR-19b increased more
evidently in total serum than in purified nanovesicles, and hence that the purification of
nanovesicles did not improve the detection of the phenomenon. The increase in circulating
miR-150 and miR-19b is not an aspecific phenomenon related to different types of
physiological or pathological conditions, as suggested by the fact that they were not
modulated in patiens affected by liver chyrrosis as compared to healthy donors (Figure
6D).

Importantly, in flu vaccinated adults, miR-150 relative quantity registered at T1 was found
to be significantly higher in individuals mounting higher antibody response (as surveyed
by a Hemagglutinin Inhibition (HI) titer assay) (Figure 7A).

To evaluate if the correlation of circulating miR-150 level and antibody response was also
true in case of different vaccinations than flu, authors analyzed measles-mumps-rubella-
varicella (MMRV) vaccinated infants. They had sera collected at time of vaccination (T0)
and 34-37 days after (T1). When infants were stratified for having or having not acquired
immunity to varicella, it was possible to observe a higher increase of serum miR-150 level
upon vaccination in varicella immunized infants compared to varicella susceptible infants

(Figure 7B).
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Mouse serum circulating miR-150 is modulated upon lymphocyte activation in vivo.
Consistently with results in vaccinated individuals, wild type mice vaccinated with OVA
adjuvanted with alpha-galactosylceramide (aGalCer), a strong activator of lymphocyte
response, showed a tidy increase of serum miR-150, detectable 7 days after vaccination
(T1 vs TO, TO being serum collected two days before vaccination) (Figure 8A). This
increase was still traceable but not significant in wild type mice vaccinated with OVA
adjuvanted with Aluminum Hydroxide + Magnesium Hydroxide (Alum), and the
increment of circulating miR-150 upon vaccination (expressed as fold change T1/T0) was
found to significantly correlate with the level of Immuno-globulins developed against
OVA at the same time point (Figure 8B), demonstrating that it depended on lymphocyte
activation in vivo.

To evaluate if circulating miR-150 modulation was affected by specific lymphocyte
depletion/impairment, authors also vaccinated MHCII knock out mice, that are depleted of
mature CD4 T cells and deficient in cell-mediated immune responses (Grusby, Johnson et
al. 1991). Circulating miR-150 increment upon aGalCer OVA vaccination was
significantly lower in MHCII ko mice (Figure 8A).

Moreover, consistently with results in human primary cells, murine T lymphocytes down-
regulated miR-150 upon in vitro activation and accumulated it in extracellular nanovesicles

(Figure 8C).
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CLAIMS

1. A biomarker consisting of at least one miRNA selected between miR-150 (SEQ ID
No.1) and miR-19b (SEQ ID No.2), for use in monitoring the acquired immunity of an

immunized subject in an isolated biological sample.

2. The biomarker according to claim 1, consisting of miR-150 (SEQ ID No.1) and miR-
19b (SEQ ID No.2).

3. The biomarker according to any of previous claims, wherein the biological sample is

serum or cellular medium of ex vivo cultured cells of the immunized subject.

4. The biomarker according to any of previous claims, wherein said miRNA is associated

to nanovesicles isolated from the biological sample of the immunized subject.

5. The biomarker according any of previous claims, wherein the acquired immunity is due

to a vaccination.

6. The biomarker according to claim 5, wherein the vaccination is a flu or varicella

vaccination.

7. The biomarker according to claim 6, wherein the flu vaccination is performed with the

HIN1 MF59 vaccine.

8. The biomarker according to claim 6, wherein the varicella vaccination is performed with

Measles-Mumps-Rubella-Varicella vaccine.

9. An in vitro method of monitoring the acquired immunity of an immunized subject
comprising the following steps:
a) measuring the amount of the biomarker as described in anyone of claims 1-8 in a

biological sample isolated from the immunized subject, and
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b) comparing the measured amount of step a) with an appropriate control amount of said
biomarker, wherein if the amount of said biomarker in the biological sample is higher than

the control amount, this indicates that the immunized subject is effectively protected.

10. The in vitro method of claim 9, wherein the subject is an adult or a child.

11. The in vitro method according to claim 10, wherein the biological sample is serum or

cellular medium of ex vivo cultured cells of the immunized subject.

12. The in vitro method of claim 9 to 11, wherein the biological sample consists of

nanovesicles.

13. The in vitro method according to any of claims 9 to 12, wherein the acquired immunity

is due to a vaccination.

14. The in vitro method according to claim 13, wherein the vaccination is a flu or varicella

vaccination.

15. The in vitro method according to claim 14, wherein the flu vaccination is performed

with the HIN1 MF59 vaccine.

16. The in vitro method according to claim 14, wherein the varicella vaccination is

performed with Measles-Mumps-Rubella-Varicella vaccine.

17. The in vitro method according to any of claims 9 to 16, wherein the amount of the

biomarker is measured by specific acid nucleic amplification.

18. A kit for monitoring the acquired immunity of an immunized subject, comprising:
- means to detect and/or measure the amount of the biomarker as described in any of
claims 1-8; and optionally

- control means.
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International application No.

INTERNATIONAL SEARCH REPORT

PCT/EP2013/057453
Box No. | Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)
1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application and necessary to the claimed
invention, the international search was carried out on the basis of:
a. (means)
D onh paper
in electronic form
b.  (time)
in the international application as filed
D together with the international application in electronic form
D subsequently to this Authority for the purpose of search
2. D In addition, in the case that more than one version or copy of a sequence listing and/or table relating thereto has been filed
or furnished, the required statements that the information in the subsequent or additional copies is identical to that in the

application as filed or does not go beyond the application as filed, as appropriate, were furnished.

3. Additional comments:

Form PCT/ISA/210 (continuation of first sheet (1)) (July 2009)
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International application No

PCT/EP2013/057453

A. CLASSIFICATION OF SUBJECT MATTER

INV. C12Q1/68
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

C12Q

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, BIOSIS, Sequence Search, EMBASE, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X WO 20117158191 A1l (ISTITUTO NAZ DI 1-18
GENETICA MOLECOLARE INGM [IT]; PAGANI
MASSIMILIANO [IT)

22 December 2011 (2011-12-22)

see whole doc. esp. claims

A CA 2 759 493 Al (MORINAGA MILK INDUSTRY CO 1-18
LTD [JP]) 20 January 2011 (2011-01-20)
the whole document

A GALLO ALESSIA ET AL: "The Majority of 1-18
MicroRNAs Detectable in Serum and Saliva
Is Concentrated in Exosomes",

PLOS ONE,

vol. 7, no. 3, March 2012 (2012-03),
XP055032863,

ISSN: 1932-6203

the whole document

_/__

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

°ited.t°| establish the pul_r;_licdation date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
22 May 2013 31/05/2013
Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016 Mueller, Frank

Form PCT/ISA/210 (second sheet) (April 2005)
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International application No

PCT/EP2013/057453

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

WO 2009/100342 A2 (MEDIMMUNE LLC [US]; YAO
YIHONG [US]; MOREHOUSE CHRIS [US]; HIGGS
BRAND) 13 August 2009 (2009-08-13)

the whole document

WO 2008/115387 A2 (UNIV CLEVELAND
HOSPITALS [US]; ROSILAND FRANKLIN
UNIVERSITY 0 [US]; RI)

25 September 2008 (2008-09-25)

see whole doc. esp. claims

W. ISHIDA ET AL: "Dynamic Changes of
microRNAs in the Eye during the
Development of Experimental Autoimmune
Uveoretinitis",

INVESTIGATIVE OPHTHALMOLOGY & VISUAL
SCIENCE,

vol. 52, no. 1,

29 September 2010 (2010-09-29), pages
611-617, XP55062950,

ISSN: 0146-0404, DOI: 10.1167/iovs.10-6115
the whole document

1-18

1,18

1-18

Form PCT/ISA/210 (continuation of second sheet) (April 2005)
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Information on patent family members

International application No

PCT/EP2013/057453
Patent document Publication Patent family Publication

cited in search report date member(s) date

WO 2011158191 Al 22-12-2011 AU 2011266620 Al 10-01-2013
CA 2802950 Al 22-12-2011
EP 2582844 Al 24-04-2013
WO 2011158191 Al 22-12-2011

CA 2759493 Al 20-01-2011 AU 2010271781 Al 10-11-2011
CA 2759493 Al 20-01-2011
CN 102471803 A 23-05-2012
EP 2455486 Al 23-05-2012
JP 4774128 B2 14-09-2011
JP 2011140513 A 21-07-2011
KR 20120032003 A 04-04-2012
US 2012093874 Al 19-04-2012
WO 2011007815 Al 20-01-2011

WO 2009100342 A2 13-08-2009 AU 2009212216 Al 13-08-2009
CA 2714410 Al 13-08-2009
CN 101999001 A 30-03-2011
EP 2252703 A2 24-11-2010
JP 2011511804 A 14-04-2011
KR 20110005783 A 19-01-2011
SG 188147 Al 28-03-2013
US 2011262928 Al 27-10-2011
WO 2009100342 A2 13-08-2009

WO 2008115387 A2 25-09-2008 EP 2126141 A2 02-12-2009
US 2010196886 Al 05-08-2010
WO 2008115387 A2 25-09-2008

Form PCT/ISA/210 (patent family annex) (April 2005)
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