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accines are a potent and cost-effective method

of preventing deadly diseases. The recent global

outbreak of COVID-19 spurred researchers around

the world to quickly create a vaccine to combat
the pandemic. However, creation of a human viral vaccine
generally takes 10-20 years, but that is the kind of time we
do not have when faced with an ongoing pandemic. Even
in absence of a pandemic, many researchers consider 10
years too long for a process of creating such vital, life-saving
preventive therapies. The goal, then, is to accelerate the viral
vaccine development process.

Our current lack of knowledge on the human protective
immune response and how it can be induced hampers

our ability to create vaccines for many difficult and elusive
infectious diseases. To accelerate the process of vaccine
creation, we need a deeper understanding of the cellular and
molecular mechanisms that drive immune responses against
emerging infectious diseases (EIDs). Therefore, researchers
need capabilities for high-throughput testing of new vaccine
antigens and delivery platforms early in the vaccine creation
process. Leading the way are new technologies for developing
innovative delivery and formulation.

Sartorius’ advanced cell analysis platforms accelerate the
discovery and development of new vaccines against viral
infections by giving deeper, more relevant data on phenotype,
activation, and function so you gain more insight, faster. The iQue®
advanced flow cytometry platform enables rapid, high-throughput
screening and large scale sample multiplexing across a variety of
applications, such as monitoring host - pathogen interactions,
antibody library screening, immune response assessment, epitope
mapping, and antibody neutralization studies. The Incucyte®
Live-Cell Analysis System provides a flexible assay platform that
accommodates multiple applications simultaneously, revealing
host - virus interactions as well as molecular interactions and
mechanisms of infection through virus-modulated cell death,

and it enables fast, efficient, and accurate measurement of
infectious viral titers, all with multiplate throughput. Analysis is
performed with networked, remote access as your cells remain in
the physiologically relevant environment of the incubator. Through
these groundbreaking innovations that enable the multiplexing

of assays and streamlining of workflows for faster time to

results, validation by complementary technologies, and robust
multiparametric software analysis, Sartorius provides solutions
that simplify complexity and expedite discovery for scientists

working on the frontline of viral vaccine research.
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Influenza Vaccination Protects Against Pandemic H1NT
Infection in Sickle Cell Disease Mice

By Sean Roberts," Dennis W. Metzger,” and Steven M. Szczepanek?
1. Department of Immunology and Microbial Disease, Albany Medical College, Albany, New York; 2. Center of Excellence for Vaccine Research, Department of

Pathobiology and Veterinary Science, University of Connecticut, Storrs, Connecticut

ABSTRACT

nfluenza infection is associated with enhanced pathology in

individuals with sickle cell disease (SCD). Despite being a high

priority group for annual influenza vaccination, little is known
about long-term responses to influenza vaccination in this patient
population. To model flu vaccination, we inoculated SCD and wild
type (WT) littermate mice with the seasonal flu vaccine [containing
pandemic HINT (pH1N1) antigen], bled the mice before and after
vaccination, and intranasally challenged them with a high dose
(400 PFU) of pHTN1 12 weeks later. Both WT and SCD mice were
fully protected from infection, and anti-influenza immunoglobulin
G titers were significantly elevated in both groups after vaccination.
It appears that flu vaccination is effective in SCD mice and our
data support the clinical practice of reqular flu vaccination in SCD
patients.

INTRODUCTION

Infection-associated morbidity and mortality are extremely

prevalent in people with sickle cell disease (SCD). This genetic
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disorder of the erythrocyte has a
profound effect on the immune system,
characterized by alterations in splenic
architecture, changes in cytokine and
immunoglobulin concentrations, and
alterations in the distribution of immune
cells (11). For the past few decades,
enhanced patient care has greatly
reduced infection-related burden in the
SCD popu- lation; however, infection
still remains a major contributor to
illness in this group. Influenza virus is
one of the most common pathogens
found in infected individuals with SCD.
The relative incidence is approximately
the same for children with SCD as the
general population, but the severity

of disease is often much worse and is
more frequently fatal (5,10). Indeed,
hospitalizations for influenza infection
have been found to be 56 times higher
in children with SCD than those without
this genetic disease (1). This is not
surprising given that influenza infection
has been shown to cause acute chest
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syndrome, acute marrow suppression of
red blood cell pro- duction, pain crisis,
and hematuria in children with SCD (6),
which are all sequelae not endured by
infected individuals who do not have
SCD. Furthermore, a recent study has
demonstrated that transgenic SCD mice
recapitulate severe influenza infection
when they are inoculated with the pan-
demic HINT (pH1N1) strain of the

virus (7). Given the severity of influenza
infection in those with SCD, we sought
to determine the relative efficacy of
influenza vaccination in SCD mice.

INFLUENZA VACCINATION
RESPONSES IN SCD MICE

Most current clinical guidelines
recommend that vaccination against
influenza virus should occur on an annual
basis in people with SCD. In light of
previous observations that vaccination
responses are aberrant in SCD mice

(12), we developed a mouse model of

influenza vaccination and challenge

SARTORILS

using the seasonal influenza vaccine
(Fluzone; Sanofi Pasteur, Inc.) and mouse-
adapted strain of pH1N1 influenza virus
(9). A 8- to 12-week-old female SCD
and littermate wild type (WT) mice (8)
were intramuscularly vaccinated with
4.5 mg of vaccine [containing 1.5 mg

of CAO7 2009 HA (4)] on weeks O and

3 (nonvaccinated WT naive mice were
included as controls), i.n. challenged 12
weeks after the initial priming dose with
400 PFU of pHTNT1 (four times higher
than the LD 100 for this strain in WT mice,
data not shown), and mortality (Fig. TA)
and weight loss (Fig. 1B) were assessed.
Mice were bled on weeks 0 and 4 and
anti-pHTNT1 titers were determined by
enzyme- linked immunosorbent assay
(Fig. 1C). Mice were housed under
specific pathogen-free conditions

and all work was conducted under an
approved Institutional Animal Care

and Use Committee protocol from
Albany Medical College. Vaccinated
WT and SCD mice survived infection
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and had similar endpoint anti-pH1TN1
immunoglobulin G (IgG) titers 4 weeks
after vaccination (as determined using a
Mann-Whitney U test), whereas naive WT
mice all succumbed to infection by day 18
postinfection and had no detectable anti-
pHTNT1 IgG titers. We again bled surviving
mice 23 weeks after priming (11 weeks
after infection) and determined that
anti-influenza IgG titers were maintained
in WT mice and increased twofold in
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SCD mice (data not shown), indicating
that long-term protective humoral
responses to influenza virus are possible

in SCD mice, despite theirimmunological
abnormalities. Both vaccinated groups did
lose weight after infection, indicating that

the infection was successful in these mice.

CONCLUSION

Our results show that flu vaccination is
effective at protecting SCD mice from

SARTORILS

FIG. 1. Influenza vaccination and challenge model.
(A) Mortality curve depicting percentage survival
after intranasal challenge with mouse-adapted
pH1TNT in vaccinated mice. (B) Curves showing
percentage weight lost after challenge with
pH1NT. (C) Anti-pHTNT IgG titers were measured
by ELISA. Points represent the mean value. ELISA
statistics were assessed by the Mann-Whitney U test.
ELISA, enzyme-linked immunosorbent assay; IgG,
immunoglobulin G; pHTN1, pandemic HTN1; WT,
wild type.

influenza infection. This is somewhat
surprising as these data are in stark
contrast to reports fromus (3,13) and
others (2), showing that pneumococcal
vaccine responses are not sustained in
SCD mice. Our data, taken together with
those from Karlsson et al. (7), support the
clinical practice of routinely administering
the flu vaccine in SCD patients to protect
against severe disease associated with
influenza infection.
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Microparticle Release from Cell Lines
and Its Anti-Influenza Activity

Saharat Jantaratrirat’, Chompunuch Boonarkart', Kanyarat Ruangrung’, Prasert Auewarakul’, and Ornpreya Suptawiwa?
1. Department of Microbiology, Faculty of Medicine Siriraj Hospital, Mahidol University, Bangkok, Thailand; 2. Faculty of Medicine and Public Health, HRH Princess Chulabhorn
College of Medical Science, Chulabhorn Royal Academy, Bangkok, Thailand.

ABSTRACT

icroparticles (MPs) are vesicles

that are released by budding

from plasma membrane of
living cells. Recently, the role of MPs in
antiviral activity has been proposed. We
investigated quantity and anti-influenza
activity of MPs from human alveolar
epithelial cells A549, human bronchial
epithelial cells BEAS-2B, human colon
adenocarcinoma cells HT-29, and the
human lung fibroblast cells MRC5.
MPs were found from all four cell lines.
However, anti-influenza activity against
an HIN1 influenza virus was found only
from MPs of A549 and BEAS-2B. BEAS-2B
cell differentiation did not increase MP
release. Methyl-B-cyclodextrin (MBCD)
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increased MP release and anti-influenza
activity in HT-29 and A549. MP release
increased after calcium ionophore
A23187 treatment in three cell lines but
only in HT-29 after forskolin treatment.
These findings provide in vitro data
supporting the role of MPs as an innate
defense against influenza virus and as an
approach to enhance the defense.

INTRODUCTION

Cells secrete many different kinds of
vesicles, termed extracellular vesicles
(EV). The term EV covers a broad range
of secreted vesicles, including exosomes,
microparticles (MPs), and apoptotic
bodies. MPs refer to phospholipid vesicles
from 100 to 1,000 nm in diameter that
are released by budding from plasma
membrane of living cells and express
antigens specific to their parental cells
(19). Many cell types have been reported
to release MPs. For example, endothelial
cells (2), vascular smooth muscle cells
(4), platelets (31), monocytes (22), and
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erythrocytes (10). MPs also have been
isolated from bronchoalveolar lavage
(BAL) fluid (7) and urine (24).

MPs have been shown to play a role in
intercellular exchange of biological signals
and information (19). Another role of MPs
in antiviral activity has been proposed.

It has been reported that the vesicles
secreted by human tracheobronchial
epithelial cells have a neutralizing effect
on human influenza A virus (IAV) (14), and
our recent data have shown anti-influenza
activity of MPs isolated from human

BAL (29). In the initial step of infection,
IAV hemagglutinin (HA) protein binds

to sialic acid residues on the respiratory
epithelial cell, triggering endocytosis of
the virion into the host cell. Since MPs
express surface molecules specific to their
parental cells, it is possible that MPs from
the respiratory epithelial cells contain IAV
receptors that can act as a decoy receptor
to prevent the binding of viral HA on cell
surface. However, data of MPs released
from cell lines are limited.

SARTORILS

Generation and release of MPs occur
during different biological processes,
including stimulation with high shear
stress as present in arteries with a
severe stenosis, cellular differentiation,
senescence, apoptotic cell breakdown,
or exposed to proinflammatory,
prothrombotic, or proapoptotic
substances (19). It is generally assumed
that MPs form when the asymmetrical
distribution of lipids between the inner
and outer leaflets of a plasma membrane
is lost (6).

In resting cells, phosphatidylserine (PS)
is located almost exclusively in the inner
leaflet of the plasma membrane (30). The
transbilayer lipid redistribution is under
the control of three translocase proteins:
flippase, an inward-directed PS-specific
pump; floppase, an outward-directed
PS-specific pump; and a lipid scramblase,
promoting unspecific bidirectional
redistribution across the bilayer (34).

A significant increase of cytosolic Ca?*
accompanying cell stimulation may
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lead to the collapse of the membrane
asymmetry by activation of calcium-
dependent enzymes such as scramblase
and floppase (21). Increase in cytosolic
Ca?" also promotes disassembly of the
cytoskeleton through protein-degrading
enzymes, for example, calcium-activated
calpains (13).

In vitro release of MPs can be induced
by various compounds, for instance,
calcium ionophore A23187, a mobile
ion carrier that is used for increasing
intracellular Ca?* levels (8); and forskolin,
a herbal extract commonly used as a
specific activator of the cyclic AMP (cAMP)
(11,33). High intracellular levels of cAMP
can lead to increased intracellular Ca?*
levels (16,17). Moreover, cyclodextrins
(CDs), nonreducing cyclic glucose
oligosaccharides, are used to selectively
extract membrane cholesterol, the major
lipid constituent of the plasma membrane
of mammalian cells (20). The disturbances
of lipid rafts by removing cholesterol from
cell membranes by methyl--cyclodextrin
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(MBCD), a derivative of CDs, have been
suggested to induce MP release (25).

However, data of MP induction by calcium
ionophore, MBCD, A23187, and forskolin
in other cells are still limited.

In this study, we hypothesized that
MPs may relate to mucosal defense
against viral infection, since the mucosa
is a membrane that consists of layers of
epithelial cells. Thus, we selected three
epithelial cell lines, including human

SARTORILS

BSA T

lung alveolar epithelial cell line A549,
transformed bronchial epithelial cell line
BEAS-2B, human colon adenocarcinoma
cells line HT-29, and nonepithelial cells,
the human lung fibroblast cell line MRC5
to determine the differences in MP
release and anti-influenza activity. We
also challenged the cells with various
concentrations of MBCD, calcium
ionophore A23187, and forskolin to
assess their ability to induce MP release.
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MATERIALS AND METHODS

Cell lines

Human lung alveolar epithelial cell line
A549 (lung adenocarcinoma, ATCC
CCL-185) was cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Sigma)
supplemented with heat-inactivated

10% fetal bovine serum (FBS; Gibco);
transformed bronchial epithelial cell line
BEAS-2B (human bronchial epithelium,
ATCC CRL-9609) was cultured in bronchial
epithelial growth medium (BEGM; Lonza);
human colon adenocarcinoma cell line
HT-29 (colon adenocarcinoma, ATCC
HTB-38) was cultured in McCoy's 5A
media (Gibco) supplemented with 10%
heat-inactivated FBS; and the human lung
fibroblast cell line MRC-5 was cultured

in minimum essential medium (MEM,;
Gibco) supplemented with 2 mM sodium
pyruvate, 0.1 mM nonessential amino
acids, and heat-inactivated 10% FBS.

Viral strains

The influenza viruses used in this
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study were the 2009 pandemic HTN1
(pdmH1TNT1) influenza virus A/Thailand/
MVCU-013/2009 propagated in Madin-
Darby canine kidney (MDCK) cells and

a reverse genetic virus containing the
monobasic cleavage site, HA gene from
a highly pathogenic avian influenza
A/Thailand/1(KAN-1)/2004 (H5N1)
virus, and seven genes from A/Puerto
Rico/8/34 (H1N1) virus (r'VacH5) (28).

Air-Liquid interface culture

Cells were cultured on 12 mm polyester
Transwell inserts with a pore size of

0.4 um (Corning). BEAS-2B cells were
plated at 100,000 cells per insert in
growth factor-supplemented medium
(BEGM) (Lonza Walkersville, Inc.).
When confluent (~3 days), medium
from apical and basal chambers was
removed and differentiation medium
(BEDM) was added to the basal chamber
only. Medium was replaced every 48 h.
Differentiated cell was tested after an
incubation period of 21 days (27).

SARTORILS

Lectin staining

Cells were trypsinized and cell suspensions
were then blocked for nonspecific binding
with 3% bovine serum albumin (Sigma)

in 1x phosphate-buffered saline (PBS) for
30 min. After discarding blocking solution,
the cell suspensions were incubated

with 10 ug of FITC-conjugated Maackia
amurensis lectin MAA | or Sambucus
nigra lectin SNA (Vector Laboratories)

in blocking solution for 30 min at room
temperature, then washed three times
with PBS, and finally, stained cells were
fixed with 1% paraformaldehyde (PFA)

in 1x PBS. Flow cytometry measurements
were performed immediately using an
FACSCalibur instrument and CellQuest
software (Becton Dickinson).

MP collection

Cells were maintained at 37°Cin 5% CO,
before being seeded onto 12-well plates

at a density of 5 x 10° cells per well. After
overnight incubation, culture supernatant
was removed and 1 mL of fresh media
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with or without various concentrations
of testing compound, including MBCD
(Acros Organics), calcium ionophore
A23187 (Sigma), and forskolin (Sigma),
were added before incubating at 37°C
in 5% CO,. Culture supernatant was
collected and cell debris was removed
by centrifugation two times at 200 g for
5 min. MPs were isolated from culture
supernatant by centrifugation at 20,000 g
for 120 min at 4°C.

Apoptotic body staining

For apoptotic bodies using as positive
control, HT-29 cells were treated

with hydrogen peroxide in serum-
free medium for 24 h. The cell culture
supernatants were collected and
centrifuged two times at 200 g for

10 min to remove cells and cell debris.
MP samples and supernatant from
the HT-29 cells were stained with 3 uL
of annexin V-FITC in annexin V buffer
in the dark at room temperature for
15 min and subsequently stained with
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1 ug/mL of propidium iodide (Pl) in the
dark at room temperature for 15 min.
The stained samples were analyzed
immediately using an FACSCalibur
instrument and CellQuest software
(Becton Dickinson).

Flow cytometry and MP analysis

According to the property of MPs that
express PS on their surface, we stained
MPs with annexin V, a specific marker for
PS. Isolated MPs resuspended in 100 uL

of culture medium were stained with 3 uL
annexin V-FITC (BD Pharmingen) in a tube
that has 20,000 particles of 1.34 uM latex
beads (SPHERO™ Fluorescent Particles),
diluted with twofold annexin V-FITC binding
buffer (BD Pharmingen), and incubated for
15 min in the dark at room temperature.
Flow cytometry measurements were
performed immediately using an
FACSCalibur instrument and CellQuest
software (Becton Dickinson). MPs were
defined as those smaller than the latex
bead and positively stained for annexin

SARTORILS

V. Absolute MP count per microliter was
calculated by using the formula (number of
MPs counted/number of beads counted) x
(total number of beads in tube/volume of
tested MPs).

Hemagglutination inhibition assay

MP samples were twofold serially diluted
in 1 x PBS. Each diluted MP was mixed
with four hemagglutination U/25 uL

of influenza virus A/Thailand/MVCU-
13/2009 (HTN1) or rVacH5 virusin a
96-well U-shaped microtiter plate. The
virus=MP mixture was incubated at room
temperature for 30 min. Then, 50 uL of
0.5% goose red blood cells was added to
the virus-MP mixture and was incubated
at 4°C for 30 min. HI titers were read as
reciprocal of the highest dilution with
complete inhibited hemagglutination.
Each MP sample was tested in duplicate.

Microneutralization assay

MP samples were twofold serially diluted
in MEM plus 1 mM TPCK-treated trypsin,



NEW RESEARCH AND DEVELOPMENT STRATEGIES IN VIROLOGY/VIRAL IMMUNOLOGY

and then, 50 uL of each MP dilution

was mixed with an equal volume of

the test virus at a concentration of 25
TCID50/50 uL. The virus-serum mixture
was incubated at 37°C for an hour. A one
hundred microliter of the mixture was
inoculated onto an MDCK cell in a 96-well
tissue culture plate. After an overnight
incubation at 37°C, the tissue culture
plate was washed and fixed with 80%
cold acetone in 1x PBS. The assays were

run in duplicate. The reaction plate was
tested by ELISA to determine the amount
of influenza nucleoprotein produced

in the infected MDCK cells using an
antiviral nucleoprotein monoclonal
antibody (Milipore) as the primary
antibody, a peroxidase-conjugated
antibody (Dako) as secondary antibody,
and TMB (KPL, Inc., Gaithersburg,

MD) as the chromogenic substrate.

The reaction plate was read under a

Avg L 10y 007 B‘g B a1 OOT CTQ BE %oy post1 04
% ”2-1 "2]
i't" ; 'b-]_ % "52] :
by g ¥ g
-
—2' —2 . -9-!
|8 ! R2
% % : % i
o 0 W TP 10 A 3 w0t 0’ 10 12 10° 10t
FSC Mot LI Avwan FL Aorwon

FIG. 1. Flow cytometry analysis of MPs from culture supernatant of cell culture. In region R1 (A), the population that

was smaller than 1.34 uM latex beads (R3) by size on FSC/SSC cytogram was gated. Only events included within

gate R1 were further identified by their SSC/annexin FITC. In region R2, the population of MPs was determined as

the annexin-positive population (B) that was absent after degradation of MPs by adding 0.1% Triton X-100 nonionic

detergent (C). FSC, forward scatter; MP, microparticle; SSC, side scatter.
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spectrophotometer at the wavelengths
of 450 and 630 nm. The neutralizing
(NT) titer was defined as the reciprocal
of the highest MP dilution that reduces
more than 50% of the amount of viral
nucleoprotein in the reaction wells
compared with the virus control wells.

Statistical analysis

Data are presented as means and SEMs.
Groups were compared using the Student
t test and one-way ANOVA with Tukey’s
multiple comparisons test. p < 0.05 was
considered significant.

RESULTS

MPs from A549, BEAS-2B, HT-29, and
MRC-5 cells and their anti-influenza activity

We investigated the difference in MPs
released from epithelial cells among
alveolar epithelial cells A549, bronchial
epithelial cells BEAS-2B, colonic epithelial
cells HT-29, and the difference between
epithelial cells and lung fibroblast cells
MRGC-5. MP samples were quantified
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and assessed for anti-influenza activity.
MP samples were analyzed by flow
cytometry as shown in A; on a cytogram
of forward scatter versus side scatter
(SSC), the population that was smaller
than 1.34 uM latex beads (R3) was gated
(R1). In Figure 1B, only events included
within gate R1 were further identified by
their SSC/annexin FITC. The population
of MPs was determined as the annexin-
positive population that was absent after
degradation of MPs by adding 0.1%
Triton X-100 nonionic detergent that
solubilizes cell membrane but does not
disrupt protein aggregates (1) as shown in
Figure 1C.

We showed that MPs were found in
cell culture supernatant of A549, BEAS-
2B, HT-29, and MRG-5 cells as shown in
Figure 2. Among these cells, BEAS-2B
cells showed the highest MP release
followed by HT-29, A549, and MRC-5
cells. MPs from BEAS-2B and A549 cells
had a maximum level at 30 min and 3 h,
respectively, and persisted up to 24 h.

1 5 GENengnews.com

However, MPs from HT-29 and MRC-5
cells continuously increased from O to

24 h. MPs from cell culture supernatant of
BEAS-2B and A549 cells also had anti-
influenza activity against HINT virus.
However, anti-influenza activity was not
found in MPs from HT-29 and MRC-5 cells
(Table 1). BEAS-2B cell differentiation
induced by culturing at an air-liquid
interface did not increase MP release and
anti-influenza activity compared with
normal BEAS-2B cells as shown in Figure
2 and Table 1, respectively. Anti-influenza
activity against H5N1 virus was also
found in MPs from BEAS-2B and HT-29
cells (Table 1).

The sialic acid expression on the
membrane of BEAS-2B, A549,
HT-29, and MRC-5 cells

We next sought to investigate the
expression levels of sialic acid on BEAS-
2B, A549, HT-29, and MRG5 cells. The
cells were stained with FITC-conjugated
lectin MAA | or SNA, specific toward a2,3-

SARTORILS
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FIG. 2. MPs released from A549, HT-29, MRC-5, BEAS-
2B, and differentiated BEAS-2B cells were cultured on
12-well plate for 24 h. Then, culture supernatant was
removed and 1 mL of fresh media was added before
incubating at 37°C, in 5% CO,,. Culture supernatants
were collected at 0, 30 min, 3, 6, and 24 h. MPs were
quantified by flow cytometry. The experiments were
performed in triplicate. Bars and errors represent

mean + SEM.

or a2,6-linked sialic acid, respectively.

The results showed that compared with
BEAS-2B, A549 cell has lower fluorescence
intensity in MAA | and has similar level of
fluorescence intensity in SNA, whereas
HT-29 and MRC5 have lower fluorescence
intensity than BEAS-2B in both MAA | and
SNA (Fig. 3). We further normalized MP
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BEAS-2B and HT-29 in Tables 1 and 2
suggested that the inhibition activity from
MPs correlated to the levels of (2-3) linked

sialic acid expression on MP surface from

concentration to 10 MP/uL and performed chose only epithelial cells for investigation

HI assay to confirm that the difference of the compounds that might increase
MP release. The MPs from the cells that
were exposed to various concentrations
of MBCD and calcium ionophore A23187

for 1 h were quantified and assessed

in sialic acid expression correlated with
anti-influenza activity. The Hl titer result
indicated that MPs from BEAS-2B and
A549 cells had anti-influenza activity

both cell types.

MP induction by M3CD and

against HIN1 influenza virus. However,
calcium ionophore A23187

only MPs from BEAS-2B had anti-influenza
activity against H5N1 influenza virus

for anti-influenza activity. After being
exposed to MBCD for 1 h, MP release
was significantly increased in HT-29

and A549 cells but not in BEAS-2B cells
(Fig. 4). Concordantly, anti-influenza

To enhance innate mucosal immune
(Table 2). The discrepancy result of anti- defense through MP induction, epithelial

influenza activity against HSN1 between cells should be the target cells. Thus, we

Table 1. HI Titer Against HI1N1 Influenza Virus Strain A/Thailand/MVCU-13/2009 or Reverse Genetic Virus of H5N1 [(A/
Thailand/1(KAN-1)/2004) and rVac-H5 as Described in Detail in Materials and Methods; rVac-H5] of MPs Released
from A549, HT-29, MRC-5, BEAS-2B, and Differentiated BEAS-2B Cells at 0, 30 min, 3, 6, and 24 H

HI titer against HIN1 influenza virus HI titer against rVac-H5 HA virus

Time A549 HT-29 MRC-5 BEAS-2B dfBEAS-2B A549 HT-29 MRC-5 BEAS-2B
Media Negative Negative Negative Negative Negative Negative Negative Negative Negative
O min Negative Negative Negative 1 1 Negative Negative Negative Negative
30 min 1 Negative Negative 1 1 Negative Negative Negative 1

3h 1 Negative Negative 1 1 Negative Negative Negative 1

6h 1 Negative Negative 1 1 Negative Negative Negative 1

24h 1 Negative Negative 1 1 Negative 1 Negative 1

Results are representative of three experiments. MP, microparticle.

1 6 GENengnews.com
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activity by the Hl and NT assays of MPs
from HT-29 and A549 treated with MBCD
were increased compared with that of cell
control (Fig. 5). In contrast, after being
exposed to calcium ionophore A23187
for 1 h, BEAS-2B showed a marked
increase in MP release, whereas only a
modest increase was observed in A459
and HT-29 (Fig. 6).

MP induction by forskolin,
salbutamol, and aminophylline

Among HT-29, BEAS-2B, and A549 cells,
forskolin treatment increased MP release
and anti-influenza activity only in HT-29
cells (Fig. 7 and Table 3). Aminophylline
and salbutamol are bronchodilator drugs
that increase intracellular levels of cAMP
through different mechanisms (9,12).
We compared the ability of MP induction

FIG. 3. Flow cytometry histogram profile of BEAS-2B,
A549, HT-29, and MRC-5 cells that were unstained

or stained with 1 ug of FITG-conjugated lectin MAA |
(left panel) or SNA (right panel) for 30 min at room

temperature.

SARTORILS

between forskolin with salbutamol and
aminophylline in A549 cells. MP samples
from treated cells were quantified and
assessed for anti-influenza activity.

The results showed that there was no
difference in either MPs released (Fig. 8)
or HI titer against influenza virus (A/
Thailand/MVCU-13/2009) (data not

shown).

Verification of MP preparation

To investigate whether MP fraction
contains apoptotic bodies, we double
stained the MP samples with annexin V
and Pl. MP population in gate R2 of Figure
1B was further observed for Pl intensity
on histogram plot compared with the
apoptotic body control obtained from the
supernatant of H,O,-treated cells. The
result showed the Pl peak of apoptotic
bodies in supernatant of H,O -treated
cells (Fig. 9A), which was absent in MP
population of A549 and HT-29 cells
cultured in normal condition (Fig. 9B, C)
and treated with MBCD (Fig. 9D, E). These
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indicated that the MP samples did not
contain a significant amount of apoptotic
bodies, and the annexin V staining in MP
preparation really represented MPs. To
clarify whether there was anti-influenza
activity of exosomes from cell lines,

the MP pellets and supernatants after
centrifugation at 20,000 g for 2 h were
tested for anti-influenza activity. The HI
activity was only present in the MP pellets
of cell treated with 25 mM MBCD for 1 h
(Table 4).

DISCUSSION

We have recently found anti-influenza
activity from MPs isolated from human
BAL (29). Thus, in an effort to provide

in vitro data supporting the role of MPs
as an innate defense against influenza
virus, we investigated quantity and anti-
influenza activity of MPs from culture
supernatant of A549, BEAS-2B, HT-29,
and MRG-5 cells by performing flow
cytometry and HI assay. In this study, MPs
were isolated from culture supernatant

1 8 GENengnews.com

by centrifugation at 20,000 g for 2 h.

At this centrifugation speed, MPs will

be precipitated while exosomes that
require higher speed (19) were still
suspended in culture supernatant and

no anti-influenza activity was found

from culture supernatants after the
centrifugation. Moreover, our previous
publication did not observe a significant
amount of 50 + 100 nm particles; range
of exosome size in human BAL by electron
microscopy and the exosome fraction

by ultracentrifugation did not show
anti-influenza activity (29). It suggests
that epithelial cells released exosomes

in low level and exosomes were not an
important part of the anti-influenza
activity. Since annexin V can stain both
the MPs and apoptotic bodies, it is
possible that the fraction of MPs using
FACS contain apoptotic bodies. However,
we did not observe apoptotic bodies from
the MP sample isolated from cells that
were cultured in normal condition and
treated with MBCD.

SARTORILS

We demonstrated that all four tested
cell lines released MPs in normal culture
condition in different quantities. BEAS-2B
showed the highest MP release and
anti-influenza activity, but anti-influenza
activity could only be detected in MPs
from BEAS-2B and A549 cells. BEAS-2B
did not increase MP release after inducing
cell differentiation by culturing at an air-
liquid interface. Conversely, the level of
MPs from differentiated BEAS-2B cells
decreased at 3, 6, and 24 h. It may be
because the differentiated BEAS-2B cells
produce a mucin (32) and secreted MPs
may be adsorbed by mucin, contributing
to the decrease of MP level.

The levels of sialic acid expression
on each cell line partially explained the
difference in the levels of anti-influenza
activity. BEAS-2B cells strongly expressed
both a2,6- and a2,3-linked sialic acids
and their MP showed antiviral activity
against both HIN1 and H5N 1, which
is known to bind a2,6- and a2,3-linked
sialic acids, respectively. In contrast, A549
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cells strongly expressed only a2,6-linked sialic acid and showed
antiviral activity only against HINT virus, whereas MRC5 cells
expressed little of both sialic acids and showed no antiviral
activity against both types of viruses. Although HT-29 cells
showed weak staining for both types of sialic acids, the signal
of a2,3-linked sialic acid was higher than that of a2,6-linked
sialic acid and their MPs showed some activity against H5N'1
virus. The comparable levels of antiviral activity against HTN1
virus between MPs from BEAS-2B and A549 cells are surprising
since the level of MPs in supernatant of BEAS-2B cells was much
higher and both cells expressed similar levels of a2,6-linked
sialic acid. Other factors may contribute to the relative antiviral

Table 2. HI Titer Against H1N1 Influenza Virus Strain A/
Thailand/MVCU-13/2009 or Reverse Genetic Virus of HSN1 [(A/
Thailand/1(KAN-1)/2004) as Described in Detail in Materials
and Methods; rVac-H5] of MPs from BEAS-2B, A549, HT-29, and
MRC-5 Cells That Normalized Concentration to 10 MP/l

Cell lines rVac-H5 HA virus H1N1 influenza virus
BEAS-2B 1 1
A549 Negative 2
HT-29 Negative Negative
MRC-5 Negative Negative

Results are representative of three experiments.
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activity between MPs from the two cell lines. Alternatively, it is
possible that the quantification of MPs by annexin V staining
may not include all MPs as there were reports of annexin V

negative MPs (3) and different levels of annexin V-negative MPs
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FIG. 4. MP release from HT-29, BEAS-2B, and A549 after MBCD treatment. Cells
were cultured on 12-well plate for 24 h. Then, culture supernatant was replaced with
1 mL of media in the presence of MBCD 6.25, 12.5, and 25 mM before incubating

at 37°C, in 5% CO,. Culture supernatant was collected at 60 min after incubation.
MPs were quantified by flow cytometry. Bar graphs represent the mean + SEM for
three experiments. Statistical significance was determined by one-way ANOVA with
Tukey's test for multiple comparisons (*p < 0.05 and ***p < 0.00). MBCD, methyl-p-

cyclodextrin.
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FIG. 5. Neutralization and HI activity against HIN1 influenza virus strain A/Thailand/MVCU-13/2009 of MP release
from A549, HT29, and BESA-2B cells after treatment with MBCD 6.25, 12.5, and 25 mM for 1 h. Graphs represent
the mean + SEM of triplicate results. Statistical significance was determined by one-way ANOVA with Tukey's test for

multiple comparisons

Table 3. Hi Titer Against HIN1 Influenza Virus Strain A/Thailand/MVCU-13/2009 of MP Release
from A549, HT-29, and BEAS-2B Cells After Treatment with Forskolin 1,2, and 5 uM for 1 H

Forskolin
Concentration HT-29 BEAS-2B A549
Media Negative Negative Negative
Cell control Negative Negative Negative
1 uM Negative Negative Negative
2 uM Negative Negative Negative
5uM 1 Negative Negative

Results are representative of three experiments

20 GENengnews.com
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FIG. 7. MP release from HT-29, BEAS-2B, and A549

after forskolin treatment. Cells were cultured on 12-well

FIG. 6. MP release from HT-29, BEAS-2B, and A549
after calcium ionophore A23187 treatment. Cells
were cultured on 12-well plate for 24 h. Then, culture plate for 24 h. Then, culture supernatant was replaced
with 1 mL of media in the presence of forskolin 1, 2, and
5 uM before incubating at 37°C, in 5% CO,. Culture

supernatant was collected at 60 min after incubation.

supernfig. 5atant was replaced with T mL of media in
the presence of calcium ionophore A23187 1, 2, and
5 uM before incubating at 37°C, in 5% CO,. Culture
supernatant was collected at 60 min after incubation. MPs were quantified by flow cytometry. Bar graphs
MPs were quantified by flow cytometry. Bar graphs represent the mean + SEM for three experiments.
represent the mean + SEM for three experiments.

Statistical significance was determined by one-way

ANOVA with Tukey's test for multiple comparisons

(*p < 0.05).
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FIG. 8. MP release from A549 after forskolin,
salbutamol, and aminophylline treatment. Cells

were cultured on 12-well plate for 24 h. Then, culture
supernatant was replaced with 1 mL of media in the
presence of forskolin, salbutamol, and aminophylline
1,1, and 10 uM, respectively, before incubating at
37°C, in 5% CO,. Culture supernatant was collected at
60 min after incubation. MPs were quantified by flow
cytometry. Bar graphs represent the mean + SEM for

three experiments.
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Table 4. Hi Titer Against H1N1 Influenza Virus Strain A/Thailand/MVCU-
1372009 of MP Pellets and Supernatant After 20,000 g Centrifugation

HT-29 A549
MP pellets | Supernates | MP pellets | Supernates
20,0009 20,0009 20,0009 20,0009
Normal culture condition Negative Negative Negative Negative
25 mM MBCD treatment

MP sample obtained from HT-29 and A549 cells that were cultured in normal condition or
treated with 25 mM MBCD for 1 h. MBCD, methyl-B-cyclodextrin.
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FIG. 9. Verification of MP preparation. To distinguish MPs from apoptotic
bodies, the annexin V-positive population of MP samples from A549 and
HT-29 cells that culture in normal condition (B, C) and treated with MBCD

25 mM for 1 h (D, E) was double stained with annexin V and PI. The MP
fraction that is defined in gate R2 of Figure 1B was observed to have Pl
intensity on histogram plot compared with apoptotic bodies from supernatant
of hydrogen peroxide-treated HT-29 cells as a positive control (A). P,
propidium iodide.

MBCD was the best MP inducer in our experiments.
The increase in MP release by MBCD may be related to
its ability to remove cholesterol from cellular membranes
(18). MBCD has been used in pharmaceutical products
for many years because it can interact with drug
molecules to form inclusion complexes and modify the
drug'’s properties (26). Thus, administration of drugs
containing MBCD through the respiratory tract may
enhance innate immunity against influenza infection.

It was previously shown that inhalation of aerosolized
75 mM MBCD solutions was nontoxic in mice as assessed
by the study of BAL, lung, kidney histology, blood ureq,
and bronchial responsiveness to methacholine (5).
MBCD is also used in nasal formulations of commercial
pharmaceutical products (15). However, further in vivo
investigations are needed to confirm the effect of MBCD
on MP induction and innate mucosal defense.



NEW RESEARCH AND DEVELOPMENT STRATEGIES IN VIROLOGY/VIRAL IMMUNOLOGY

CONCLUSION

MPs were found to be released from
various cell lines at various rates. The MPs
showed anti-influenza activity, the levels
of which could be partially explained by
the levels of surface sialic acid. MBCD
efficiently activated MP release from
some cell lines and might be a candidate
for treatment of mucosal viral infection
by enhancing innate mucosal defense
through MP induction.
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After Varicella Zoster Virus Vaccination in
HIV-Positive Patients Undergoing Renal Dialysis
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ABSTRACT / \

imited data on varicella zoster virus (VZV) vaccine
responses are available in HIV-positive adults, especially /

among those with end-stage renal disease on dialysis or

undergoing kidney transplantation (KT). Serological and T cell

responses were analyzed using anti-VZV IgG titers, enzyme- - —
linked immunosorbent assay and flow cytometric intracellular ! ]
cytokine staining (ICS) in two HIV-positive kidney transplant S
candidates undergoing dialysis and receiving VZV immunization. ~ .
The results were compared with two HIV-positive and two -
HIV-negative VZV-seropositive patients (two kidney transplant _ ‘-
candidates and two kidney transplant recipients), and with one

HIV-negative vaccinee. HIV-positive VZV-susceptible patients .’

received two doses of VZV vaccine 12 weeks apart. No adverse L <l
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events were reported. Serological data were indicative of
immunological response in one patient and corresponded to
T cell responses. The second patient showed only a transient
increase in anti-VZV IgG titers, but reported positive CD4*

T cell responses that were maintained after KT. Positive T cell
and serological responses were detected in both HIV-positive
and HIV-negative controls. VZV vaccination appeared safe
and effective in HIV-positive KT candidates. VZV-specific T cell
immunity was detected among transplant candidates and after
KT. The assessment of VZV-specific T cell immunity using flow
cytometric ICS may be more reliable compared to serology in
assessing responses to VZV vaccine in this group.

BACKGROUND

Varicella zoster virus (VZV) infection represents a life-
threatening disease in immunocompromised patients due to
potential visceral complications (20,26). Although virus-specific
cellular immunity is considered critical to control viral replication
(1), open questions remain on the immunogenicity of the
vaccine in immunocompromised hosts (23). In HIV-infected
children, VZV immunization showed satisfactory responses,
also among subjects with impaired immunity (e.g., CD4* T cell
>15%, absolute count >200 cells/mm?3) (14). Currently, two
doses of VZV vaccine 12 weeks apart are suggested in stable
HIV-positive patients with CD4 count of at least 200 cells/
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mm? (22). Susceptible dialysis patients, especially if kidney
transplantation (KT) is being considered, should receive VZV
vaccination due to the high risk of severe posttransplant

disease (3,6). Limited data on VZV vaccine responses over time,
however, are available in HIV-positive adults undergoing dialysis
or KT.

OBJECTIVES

Anti-VZV IgG titers and antigen-specific T cell responses to VZV
immunization were analyzed in two HIV-positive KT candidates
using enzyme-linked immunosorbent assay (ELISA) and flow
cytometric intracellular cytokine staining (ICS) assay. The
results were compared with HIV-positive and HIV-negative
VZV-seropositive patients (including two kidney transplant
candidates and two kidney transplant recipients), and with one
HIV-negative vaccinee.

STUDY DESIGN

HIV-positive, VZV-seronegative patients received two doses of
live attenuated Oka vaccine (Varivax®, MSD, ltaly) 12 weeks
apart. Immune responses were analyzed 6 weeks after the first
and second dose, 6 months after immunization, and following
KT in one patient. Blood was obtained after approval of the
local Institutional Ethical Committee, and informed consent was
collected from all study participants.
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Serological tests were performed using the fully automated
Liaison VZV IgG immunoassay (DiaSorin, Vercelli, Italy), based on
chemiluminescence technology using partially purified extract of
infected cell cultures and calibrated against WHO international
preparation (W1044) (15). This assay is routinely used at our
institution for assessment of VZV immunity and has shown
optimal sensitivity (>97%) and specificity (100%) compared to
other commonly used tests in clinical practice (2,19).

The cell-ELISA method has been previously described and
was used to quantitate peripheral blood mononuclear cell
(PBMC) INF-y production (16,17). IFN-y antibody pairs and
ELISA kit were obtained from Biolegend (San Diego, CA). Results
are shown as the optical density at 405 nm as picograms/
milliliter (pg/mL) of cytokine, according to a standard titration
curve. Phosphate-buffered saline and RPMI 1640 medium were
purchased from BioWhittaker (Verviers, Belgium). RPMI 1640
medium was enriched with 10 mM L-glutamine and 5% fetal
calf serum (FCS) to obtain complete medium. Antibodies for
phenotyping and intracellular cytokine staining (ICS) were from
Becton Dickinson (BD, San Jose’, CA). VZV-infected cell lysate
(VZV antigen) was purchased from Microbix (Toronto, Canada)
and used as a stimulant. Other antigens included Candida
albicans (Microbix) and the mitogen phytohemagglutinin (PHA)
(Sigma-Aldrich, Milan, Italy). Final antigen concentration was
1 ug/mL.
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Flow cytometry analysis (BD Biosciences FACSCantoll™)
and ICS (Cytofix-Cytoperm, BD) were used to assess T cell
subpopulations (CD3*CD4* T-helper cells and CD3*CD8*
effector T cells), and cytokine production (interferon-y,

INF-y) from nonstimulated (NS, incubated with medium),
VZV-stimulated cells, or PBMCs stimulated with phorbol
myristate acetate and ionomycin (PMA/IONO) (Sigma-
Aldrich) serving as positive control antigen. For ICS, PBMCs
(10 PBMCs/well) were incubated for 18 h with T cell medium,
costimulatory antibodies (aCD28 and aCD3; BD), and antigens
(VZV and PMA/IONO). Brefeldin-A (BD Pharmingen) was
added for the final 5 h. Cells were permeabilized using the
BD-FACS intracellular cytokine staining kit according to

the manufacturer’s instructions and stained for aCD3-FITC,
aCD4-PECy7, and alFN-y-PE. CD3*CD4* and CD3*CD8*
lymphocytes were assessed for IFN-y production. IFN-y* T cells
were designated as VZV-specific CD4* and CD8* T cells. Data
collected on the flow cytometer were compensated and
analyzed with FlowJo (Treestar, Ashland, OR).

RESULTS

We have analyzed cell-mediated responses to VZV antigens in
four HIV-positive patients, including three KT candidates and
one recipient, two HIV-negative VZV-seropositive patients (a
kidney transplant candidate and one transplant recipient),
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Table 1. Characteristics of Patients Included in the Study

SARTORILS

Characteristic Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 HC
Age (years), sex 37,F 34, F 50, M 38, F 28, M 53,M 34, F
Time on dialysis 4 (pre-KT) 5 (current) 6 (pre-KT) 6 (current) 7 (current) 3 (pre-KT) -

(years)

HIV CDC stage c3 B3 B1 B3 - - -
HIV-RNA cp/mL® UN UN UN UN - - -
CD4 count cell/

m3 (%) 559 (22) 528 (47) 990 (47) 220 (18) 733 (45) 561 (42) 660 (55)
Timing between
VZV vaccine doses 12 weeks 12 weeks 12 months
KT performed Yes On waiting list Yes On waiting list On waiting list Yes -

aAll patients were stable and receiving antiretroviral treatment.

bAt the time of the first VZV vaccine dose for immunized patients.

KT, kidney transplantation; HC, healthy control; UN, undetectable HIV viral load; VZV, varicella zoster virus.

and one HIV-negative vaccinee. Patients’ characteristics are
summarized in Table 1. All four HIV-positive patients were
stable and receiving antiretroviral therapy. VZV-seropositive
HIV-positive and HIV-negative patients reported a history of
prior varicella infection. Two patients (Patient 1 and 2) with no
previous history of VZV disease or immunization were found
seronegative for VZV during routine pretransplant screening
and received two doses of VZV vaccine. Patient 1 underwent
KT 8 months after vaccination, while Patient 2 remained on the
kidney transplant waiting list. No complications were detected
after vaccine administration in both vaccinees, and VZVDNA
measurements in blood were persistently negative. Table 2

28 GENengnews.com

reports IFN-y production from PBMCs by cell-ELISA. Positive
responses to Candida spp. (ranging from 74 to 244 pg/mL) and
PHA (positive control) were registered in all subjects. Patient 1
had no detectable IFN-y production (except for a slight transient
increase after the first dose of VZV vaccine), while Patient 2
showed persistent response after the second dose of vaccine.
Patients 3 and 4 (HIV-positive controls) and Patients 5 and 6
(HIV-negative controls) showed IFN-y production to VZV antigen
stimulation. The healthy control received two doses of VZV
vaccine due to persistent VZV seronegativity. Assessment of cell-
mediated immunity showed positivity after the first and second
dose of VZV vaccine and weak, but positive response at the
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Table 2. Cellular Immune Response Assessed Through Cell-ELISA Measuring
IFN-y Production After Peripheral Blood Mononuclear Cell Stimulation with
VZV and Candida spp. Antigens and Phytohemagglutinin (PHA, Mitogen)

Before VZV
vaccine or After After 2nd 6-month
IFN-y (pg/mL) baseline 1st dose dose follow-up
Patient 1
vzv Negative 31 Negative Negative®
Candida spp. 156 134 146 114
PHA 330 313 217 173
Patient 2
vzv Negative Negative 85 90
Candida spp. 91 74 127 100
PHA 199 249 330 258
Patient 3
vzv 109
Candida spp. 140 - - -
PHA 332
Patient 4
vzv 73
Candida spp. 127 - - -
PHA 288
Patient 5
vzv 204
Candida spp. 244 - - -
PHA 433
Patient 6
vzv 160
Candida spp. 189 - - -
PHA 373
Healthy control
VZv Negative 31 49 26
Candida spp. 140 151 174 171
PHA 493 434 534 431

°Results were confirmed negative 5 months after kidney transplantation.

PHA, phytohemagglutinin.
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6-month follow-up. Figure 1 reports VZV-specific cell-mediated
immunity assessed by cell-ELISA compared with serological
responses, showing substantial correspondence between the
two tests. In particular, Patient 1 had only a transient increase
of VZV IgG, while Patient 2 showed seroconversion after the
second dose of VZV vaccine.

VZV-specific CD4* and CD8* T cellular immunity were
measured by ICS (Table 3). Patient 1, who did not show
response to VZV vaccination at serological and cell-ELISA
tests, showed a higher percentage of CD3*CD4*IFN-y* in
VZV-stimulated compared to nonstimulated cells after
the second dose of VZV vaccine, at the 6-month follow-up
and 5 months after KT (Fig. 2A). Figure 2B and C show that
VZV-specific CD4* T cell response was also documented among
HIV-positive and HIV-negative kidney transplant recipients
(Patient 4, Fig. 2B, and Patient 6, Fig. 2C). Similarly reactivity to
PMA/IONO (positive control) was reported

Table 3 shows that VZV-specific CD4* and CD8* T cell
responses were reported by HIV-positive and HIV-negative
controls. Although VZV-specific CD8* T cell immunity was
detected in Patient 1 and 2, net responses were lower compared
with CD4* T cell responses.

The healthy vaccinee displayed VZV-specific T cell responses
after vaccination with reduction of IFN-y production over time,
especially for CD8* T cells (Table 3).
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DISCUSSION

The widespread introduction of VZV vaccination has disclosed
the presence of nonresponders or the loss of humoral immunity,
even among healthy subjects (21). These conditions can be
challenging for clinicians facing the potential threat of VZV
susceptibility in high-risk subjects. In this context, the reliability of
VZV serological response has been questioned (7). Although a
positive IgG titer remains the “gold standard” for assessing VZV
protection, VZV antibodies represent only a surrogate of the
correlate of protection (7). Immunological studies report that
while VZV antibodies can fade after vaccination, VZV-specific
CD4* cell response is a more reliable correlate of protection
(13,18). Data supporting this hypothesis, however, are limited.
A case report analyzing T cell responses in a vaccinated subject
with undetectable VZV antibodies after serological reconversion
showed persistently positive CD4-mediated immunity (18). In
another report, a healthy subject with absence of VZV antibody
titer after three doses of vaccine showed positive cellular
responses measured by ICS and, despite documented contacts
with infectious subjects, did not develop VZV disease (2). In our
study, we observed persistent VZV-specific CD4* T cell responses
in an HIV-positive KT recipient vaccinee with only transient
serological responses and CD4 count >500 cells/mm?3. Other
reports highlight that CD4 count and HIV-RNA may not be
critical in predicting VZV-specific immunity (2,25). In our study,
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FIG. 1. Comparison of immune responses measured by PBMC IFN-y production by
cell-ELISA and serological responses (IgG positivity) in HIV-positive patients and
controls. (A) Cell-mediated immunity measured by PBMC IFN-y production (ng/

mL) by cell-ELISA among HIV-positive VZV vaccinee (Patient 1 and 2), HIV-positive
VZV-seropositive patients (Patient 3 and 4), HIV-negative VZV-seropositive dialysis
patient and kidney transplant recipient (Patient 5 and 6), and HC. Patient T showed
only a transient response to vaccination (B) Humoral immunity measured by IgG
positivity (positive results >165mUlI). ELISA, enzyme-linked immunosorbent assay; HC,

healthy control; PBMC, peripheral blood mononuclear cell; VZV, varicella zoster virus.
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FIG. 2. Representative dot plots showing the frequency of IFN-y positive events in CD3+CD4+ T cells

by intracellular cytokine staining in kidney transplant patients. Patient 1 (HIV-positive kidney transplant
recipient vaccinee) postvaccine samples (A), Patient 4 (HIV-positive, VZV-seropositive kidney transplant
recipient) (B), Patient 6 (HIV-negative, VZV-seropositive kidney transplant recipient) (C). PBMCs were
stained with anti-CD3, anti-CD4, and anti-IFN-y. (A) Higher percentage of CD3+CD4+IFN-y+ was shown
for VZV-stimulated compared to NS cells for the HIV-positive patient at different time points (after the
second vaccine dose, at 6-month follow-up, and 5 months after kidney transplantation). (B) Higher
percentage of CD3+CD4+IFN-y+ was shown for VZV-stimulated compared to nonstimulated cells for the
HIV-positive, VZV-seropositive (previous infection, natural protection) patient. (C) Higher percentage of
CD3+CD4+IFN-y+ was shown for VZV-stimulated compared to nonstimulated cells for the HIV-negative,
VZV-seropositive (previous infection, natural protection) patient. PMA + ionomycin-stimulated cells were
considered positive controls. A total of 250,000 events were collected. NS, nonstimulated; PMA, phorbol-

myristate-acetate.

we detected preserved cellular immunity toward other antigens (e.g., Candida
spp. and mitogens) that did not correlate with patients’ CD4 cell count. A study
involving 67 HIV-positive subjects with T CD4 > 400 cells/mm?3 demonstrated
that the vaccine was safe, but only modestly immunogenic for HIV-positive
subjects compared to HIV-negative vaccinees using lymphocyte proliferation
assays and IFN-y ELISPOT (26).

A factor that may explain the variability in the immunological results to VZV
vaccination is the different sensitivity shown not only by commercial serological
VZV tests (9,21) but also across cellular immunity assays (4). Cell-ELISA has
previously demonstrated to be a reliable test for assessing antigen responses
in HIV-positive patients (16,17), although VZV responses were not specifically
investigated. A previous report analyzing VZV-specific T cell responses after
zoster vaccination found comparable data using ELISPOT and ICS (12). The flow
cytometric ICS assay, in particular, is one of the primary tests for the analysis
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Table 3. VZV-Specific CD4+ and CD8+ T Cell Immune Response Assessed Through

Flow Cytometry Measuring IFN-y Production After Peripheral Blood Mononuclear Cell

Stimulation with VZV Antigens and Phytohemagglutinin (PHA, Mitogen)

Before VZV vaccine | After VZV vaccinea | 6-month follow-up After KT
or baseline
IFN-y (%) D4 | cps8 D4 | D8 D4 | cps8 CD4 cD8

Patient 1

Unstimulated 0.5 1.1 1.1 0.7 0.5 . 0.9 0.2

\7AY 0.5 1.2 33 7.9 2.5 1.3 2.7 2.4

PHA 7.6 5.9 14.4 19.5 7.6 5.9 8.0 8.2
Patient 2

Unstimulated 13 1.2 0.7 1.4 0.6 1.0

VzZV 1.2 1.2 2.7 1.7 1.4 1.8 -

PHA 10.3 24.0 8 22.0 12.2 10.0
Patient 3

Unstimulated 0.7 1.1

Vzv - - - - - - 55 6.9

PHA 6.9 10.4
Patient 4

Unstimulated 0.6 1.7

vzv 1.5 2.4 — - - -

PHA 10.7 10.4
Patient 5

Unstimulated 0.1 1.1

\VAY 5.9 12.4 - - - -

PHA 23.1 16.6
Patient 6

Unstimulated 0.2 0.6

\7AY - - - - - - 3.5 55

PHA 21.9 14.9
Healthy control

Unstimulated 0.8 1.2 0.2 1.1 0.5 1.0

\VAY 0.7 1.0 1.8 2.2 0.9 1.1

PHA 4.9 3.8 3.8 3.6 6.7 3.8

9 Measured after the second dose of VZV vaccine.
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of vaccine-induced T cells in clinical
trials (8). ICS has demonstrated to be
useful in measuring antigen-specific
responses in HIV-positive subjects,
potentially explaining Patient 1 positivity
compared to cell-ELISA (3). We also
observed that antigen-specific (VZV,
Candida, and mitogen related) T cell
responses remained preserved among
HIV-positive patients after KT and were
comparable with those detected in the
HIV-negative kidney transplant recipient.
Despite VZV-specific CD4* T cell immunity
being detected in the HIV-positive
kidney transplant vaccinee, we opted to
maintain the patient on VZV prophylaxis
with valaciclovir due to the profound
immunosuppression associated with the
early posttransplant period.

Our study has several limitations.
First, IgG titers were assessed using a
fully automated system instead of other
reference tests assessing glycoprotein-
specific antibodies (e.g., fluorescent-
antibody to-membrane-antigen test,
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FAMA) or neutralizing antibodies (10,11) that are not used in
clinical practice due to the increased complexity and subjectivity
in the interpretation of the results. Similar to other reference
tests, however, the automated chemiluminescence assay has
shown high sensitivity and specificity in detecting protection
against clinical varicella (2,19). Second, VZV lysates were chosen
as stimulating antigens instead of selected peptide pools.
Although VZV lysates have been successful in determining T cell
responses through ICC (24), their use may have limited the
detection of VZV-specific CD8" responses compared to CD4*
T cell responses (5). Finally, our results need to be validated in
a larger number of vaccinated subjects and at different time
points after KT. Nevertheless, the restricted number of adult
subjects on dialysis or transplant waiting list requiring VZV
immunization represents an intrinsic limitation for these types of
studies.

In conclusion, VZV vaccination appeared safe and effective
in HIV-positive KT candidates. In one patient, serological and
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cellular immune responses to VZV appeared suboptimal,
although persistent VZV-specific CD4" T cell responses were
detected using ICS and confirmed among transplanted and
nontransplanted controls.

Our report highlights the importance of investigating cell-
mediated immune responses to VZV vaccination in specific
patient populations. While VZV-specific T cells are known to
be essential to prevent VZV disease, valid options to avoid
life-threatening infections in patients with impaired cellular
immunity are limited. Further data on the utility and the most
reliable methods to assess VZV-specific immunity, especially
among patients with absent serological response and in the
clinical setting of HIV infection, are needed to help identify
populations for whom interventions, such as VZV prophylaxis,
may be beneficial.
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A Kinase Inhibitor Phenotypic Screen
Using a Novel Multiplex T Cell Activation Assay
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INTRODUCTION

cells play a critical role in adaptive immune

responses including pathogen elimination and tumor

immunosurveillance. The binding of the T cell receptor
(TCR) to peptides complexed with major histocompatibility
complex (MHC) on antigen presenting cells, along with
engagement of co-receptors such as CD4 or CD8 and
co-stimulatory molecules (i.e. CD28), triggers an intricate
signaling mechanism. TCR signal initiation is mediated by
cytosolic tyrosine kinases such as LCK and ZAP70, leading to
signal amplification through a network of serine-threonine
kinases.1, 2 Activation of the TCR pathway in naive and effector
T cells leads to T cell activation, proliferation, and cytokine
production.

Modulating TCR engagement and signaling pathway

using biologics, small molecules or genetic engineering
is highly relevant to many therapeutic areas including

cancer immunotherapy, adoptive cell therapy, and vaccine
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development. Perturbations leading to increased hyper
responsive TCR signaling and enhanced T cell activation is

a major cause of autoimmune disease. Genetic defects,
mutations and other mechanisms resulting in increased T cell
kinase activity are involved in many autoimmune pathologies
making them attractive targets for the direct inhibition of T cell
activation.(3, 4)

Currently there are 37 FDA approved Kinase Inhibitors (KI),
mostly for oncology indications, with approximately 250 in
clinical testing.(5) Kl drugs specifically targeting early signaling
events during T cell activation are a new focus for the treatment
of autoimmune diseases with recent FDA approvals for Kls in
treating rheumatoid arthritis.(6)

The development of drugs and therapies regulating TCR
activity require assays to profile T cell function and health. To
address the need for rapid monitoring of T cell function, we
developed an optimized, high-content, multiplexed assay using
high throughput flow cytometry to measure T cell activation. The
Intellicyt® Human T Cell Activation Cell and Cytokine Profiling
Kit (TCA Kit) collapses the traditional workflow by evaluating
cell phenotype, T cell activation markers, cell proliferation, cell
viability, and quantitates secreted cytokines in a single assay
using a 96 or 384-well plate format.

In recent years, there has been renewed interest in using
phenotypic screens for drug discovery. This screening
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methodology does not require a specific drug target or
knowledge of its role in the pathology of disease, but uses

a specific, relevant biological model or signaling pathway

to identify appropriate hits.(7) Phenotypic screens are

being used with novel compound libraries as wells as drug
repurposing and chemogenomic libraries.(8, 9) The use of
these known libraries allow for signature and phenotypic
matching where the characteristic of a drug with desirable
properties can be matched to another drug with an unknown
clinical profile.

To illustrate the value of the Intellicyt platform for T cell
function in phenotypic screening, we used the TCA Kit to
screen a 152 small molecule library of Kl for their ability to
inhibit human primary T cell activation in peripheral blood
mononuclear cells (PBMCs) stimulated with anti CD3/CD28
beads. Samples were acquired on the iQue® advanced flow
cytometry platform and the early/late activation markers CD69,
CD25 and HLA-DR, and cell proliferation were assessed in
viable CD4 and CD8 lymphocytes. To assess T cell function, the
levels of secreted IFN-g and TNF-a were quantitated. Data was
analyzed and heat maps, IC,, curves and cytokine quantitation
was generated using the integrated Forecyt software. Profile
maps, a unique analysis tool of Forecyt software, was used to
integrate assay metrics with Boolean logic to quickly locate
hits using defined multiplexed criteria. This application note
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demonstrates the insight provided by the use of Intellicyt
platform for phenotypic screening of small molecules affecting
T cell activation.

MATERIALS
Cells and Reagents

Cryopreserved PBMCs from healthy donors (Astarte Biologicals)
were cultured in PBMC media (RPMI 1640, supplemented with
10% fetal bovine serum, 10 ng/mL of human IL-2, non-essential
amino acids, sodium pyruvate and penicillin-streptomycin

(all purchased through VWR)). CD3/CD28 DynaBeads
(ThermoFisher Scientific), phytohemagglutinin (PHA, Sigma)
and enterotoxin type B from Staphylococcus aureus (SEB, List
Biological Laboratories) were used for T cell activation. The

152 compound chemogenomic Kl library was purchased from
Cayman Chemicals. T cell activation was assessed using the
Intellicyt Human T Cell Activation Cell and Cytokine Profiling Kit,
which measures cell proliferation and viability, cell surface early/
late activation markers (CD69, CD25 and HLA-DR) and secreted
cytokines (IFN-g and TNF-a).

METHODS
Profiling T Cell Activation

For proof of concept (POC) studies to test assay robustness,
PBMCs from a single donor were cultured in a 96-well plate at a
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final concentration of 106 cells/ml. Different activation reagents
(DynaBeads, PHA, and SEB) were added to the cells using an

11 point, 2-fold dilution series and each series was done in
duplicate wells. Media without activation compounds were used
as a control. T cell activation was measured by the TCA kit from
a 10 ul cell/supernatant mixture sample transferred to the assay
well from each culture well at 1, 3 and 6 days post-stimulation.
Data were acquired on the iQue platform and analyzed with
Forecyt software using the T cell activation kit data template
(See data acquisition section below).

T Cell Activation Kinase Inhibitor
Screening and Dose Response Assays

Cryopreserved PBMCs were cultured overnight in PBMC medio.
Cells were cultured in a 96-well plate in PBMC media with 20 uM
of the indicated Kl for 1 hour and stimulated with CD3/CD28
DynaBeads for 24 hours. The final concentration of cells were
106 cells/ml with a final concentration of 10 uM for the Kl and
a final culture volume of 100 ul. Negative controls were cells
cultured without any drug, and positive assay control were cells
cultured with 10 uM of the phosphatase inhibitor Cyclosporine
A, a known inhibitor of T cell activation.

Twenty-four hours later, T cell activation was assessed
following the TCA kit protocol. Briefly, INF-g and TNF-a

standard curves were generated in a separate standard-alone
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plate, and 10 ul of each sample culture from each well of the
original 2 culture plates were transferred to 2, 96-well assay
plates. Sequential addition of cytokine beads and cytokine
detection antibodies were followed by a cocktail of viability
dye and fluorescent CD antibodies. The total assay time was
approximately 4 hours.

Dose response studies were performed on select Kl using the
same basic protocol as the initial kinase screening assay. An 11
point, 2-fold serial dilution was used for each kinase inhibitor
with a concentration range of 10 uM to 10 nM. Media only was
used for each compound as a negative control for the study.

Data Acquisition and Analysis

Samples were acquired on the iQue advanced flow cytometry
platform. The panel design of the TCA kit dictated the violet,
blue and red (VBR) laser configuration. The acquisition protocol
and data analysis, including event gates and gating strategy,
activation metrics, heat maps, standard curves and IC/EC

50 curves were auto-generated using the TCA template and
Forecyt software. Standard curves to quantitate the levels of
secreted IFN-g and TNF-a were generated using a 4-parameter
curve fit with 1/Y2 weighting factor. The linear range for each
standard curve was calculated using Forecyt software. Profile
maps were created in the multi-plate analysis Panorama feature
in the Forecyt software. Profile maps were used to identify
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compound hits with specific criteria, including inhibition of all
activation metrics and select markers.

RESULTS AND DISCUSSION

The discovery and development of small molecules and
antibodies targeting T cell function, as well as T cell-based cell
therapies and cell manufacturing, require assays to rapidly

and reliably profile T cell activation and cell health. To address
this need, Intellicyt developed the TCA Kit to rapidly deliver
high-content T cell activation data. Figure 1 shows the assay
biochemistry. The assay discriminates between live and dead
cells by using a membrane integrity dye, which stains only dead
cells by DNA intercalation. Viable T cell subsets are identified
using CD3, CD4 and CD8 antibodies and the cell surface
activation markers measure early activation (CD69+), late
activation (CD25+) and even later activation (HLA-DR+) in the
different T cell subpopulations. The levels of secreted IFN-g and
TNF-a are quantitated in the same sample well using a bead-
based assay. For long-term studies, cells are stained using
proliferation dye (provided in the TCA kit) prior to culture to
quantitate cell division during the study time course.

For POC studies, cryopreserved PBMCs from a single donor
were cultured for 24 hours and then stained with the Cell
Proliferation and Encoder Dye B/Green (included in the TCA
Kit). Cells were stimulated with three different well-characterized
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T cell activators (CD3/28 DynaBeads, are shown in Figure 1. assay workflow is shown in Figure 2A. The
phytohemagglutinin (PHA), or To perform the assay, 10 uL of sample gates and gating strategy are shown in
Staphylococcal enterotoxin B (SEB)) using ~ containing cells and supernatant were Figure 2B. To increase the ease of use,

a 12 point, 2-fold serial dilution series transferred from the culture plate to all gates are pre-drawn, data metrics
(SEB used a 4-fold serial dilution). A 12 an assay plate on days 1, 3 and 6 after and visualizations are auto-generated,
point, 3-fold standard curve to quantitate  stimulation, and analyzed using the and color compensation is not required
the levels of secreted INF-g and TNF-a TCA Kit. The data were acquired on the when using the TCA kit template. The
were generated. The plate set-up, iQue VBR. The time-to-results for the seven decade dynamic range of the iQue
concentration of cytokine standards, and assay, including data acquisition and platform allows for easy discrimination
concentration range of T cell activators analysis, is approximately 4 hours. The between cytokine capture beads and

FIG.1. Assay Biochemistry and Proof of Concept Study Plate Set-up. The different T cell identifiers, and phenotypic and functional activation markers, measured in each well are
seen in the left panel. A typical assay plate set-up used for POC studies is seen in the right panel. This plate includes the standard curves for cytokine quantitation and positive and

negative controls.
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cells using basic forward and side scatter
plots. Due to differences in the capture
bead's intrinsic fluorescence, the single
cytokine capture beads are resolved
into INF-g and TNF-a populations for
quantification. For the cell gates, viable
single cells are determined, T cell subsets
are identified and activation markers
are assessed. Cells that proliferated
during the experimental time course are
identified by a decrease in fluorescent
intensity.

The T cell time course activation
data were analyzed and line graphs
from the POC studies generated using
the multi-plate Panorama feature in
the Forecyt software. Figure 3 shows
cytokine secretion (pg/ml), proliferation
(% of CD8+ proliferating cells) and
phenotypic activation markers (% of
CD8+ cells expressing the indicated

FIG. 2. TCA Assay Workflow and Gating Strategy. A) To perform the TCA assay an aliquot of cells/supernatant mixture (10 ul or 5 ul for 96 or 384-well plate respectively) is

transferred to an assay plate. Sequential additions of the pre-mixed reagents are added followed by a final wash before sample acquisition on the iQue advanced flow cytometry

platform. B) The gating strategy is included in the TCA template that comes with the kit. Cells and cytokine capture beads are initially separated based on size and granularity.

Cytokines capture beads are then resolved while viable cells are determined and T cell subsets and activation status for each subset is assessed.
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TNF-a secretion is observed with cells
cultured in PHA. Further Onolysis show Fig. 3. Selected T cell Activation Data. Line graphs showing the amount of cytokine secretion, % of proliferating CD8+

. . . . cells and the % of CD8+ cells co-expressing the various activation markers were generated in Forecyt software. The
differences in multiple metrics in cells

blue, red and green lines represent 1, 3 or 6 days post stimulation respectively. The x-axis shows increase compound

treated with SEB compored to other dose (PHA and SEB) or number of DynaBeads per cell. The error bars represent the standard deviation of duplicate
activating compounds. Taken together, measurements. This is representative of an experiment done multiple times.
these data show how the TCA Kit can
rapidly generate high content data that
can identify different mechanisms of
action (MOA).
For the initial Kl library screen, PBMCs
were cultured in IL-2 containing media

and treated for 1 hour with 20 uM of each
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inhibitor and then cells were activated
using anti-CD3/CD28 beads (Figure

4). Twenty-four hours later, the TCA
assay was performed and samples were
acquired on the iQue VBR. For each of
the 2 culture plates, a series of negative
controls (media only) were used to
determine T cell activation metrics in the
absence of compound treatment. For
positive controls, cells were treated with
10 uM of cyclosporine A, a known inhibitor
of T cell activation (10).

A plate-level analysis showing the
percentage of viable CD4 T cells that
express the early activation marker CD69
from plate 1 is found in Figure 5. Using
this visualization tool, we can quickly
identify compounds that have inhibited
expression of CD69 (CD69+ cells are in
the rectangular gate) as well as Kl that
drastically reduced CD4+ T cell viability
(wells with no cells, i.e. well H2). Below,
in the plate-level view, are examples of
inhibitors that affect different kinase

families. In wells containing media alone,
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Library 152: Kinase Inhibitors (Cayman Chemical) Plate 1
Negative 80 compounds Positive control
®Thaw cryopreserved PBMCs control Cyclosporine A
Prepare e Cultured overnight [ 1.2 3 4 5 & 7 8 9 10 11 12
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B
l :
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. E
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G
: ]
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Negative 72 compounds Positive control
| control Cyclosporine A

FIG. 4. Kinase inhibitor screening experimental setup. PBMCs were cultured overnight and added to wells containing
individual KI (final concentration of 20uM). One hour later, anti CD3/CD28 DynaBeads were added to each culture to
activate T cells and TCA assay was performed 24 hours later.
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86% of the CD4 cells are activated

as assessed by CD69 expression and
treatment with the FDA-approved Jak 1/2
inhibitor Ruxolitinib which reduced the
percentage of CD4+CD69+ cells down to
55%. The Src inhibitor PP2 dramatically
inhibited CD69 expression as only 3% of
the CD4 T cells expressed CD69. Other
compounds showed a range of CD69
inhibition.

In Figure 5, we show a single activation
metric (CD69) in the T-helper subset,
whereas the TCA kit generated 15
different parameters requiring integration
to provide a more complete and insightful
picture of the role that different Kl have
in T cell activation. To integrate the
data, we used Forecyt Software’s Profile
Map data tool in the Panorama feature

FIG. 5. Compounds that inhibit CD69 expression. A plate-

level view (from plate 1) of CD69 expression in T-helper
cells was generated in Forecyt software. The CD69
expressing cells are found in the rectangular gate. Wells
highlighted in red are shown below with the indicated KI
and the % of CD69 CD4+ cells found in the inset of each
dot blot.
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(Figure 6). The left panel shows the 11
parameters from the screening study that
were integrated and the user-defined
threshold for each of the metrics. Using
the Profile Map, we identified 27 different
KI that inhibited expression of all T cell
activation markers and cytokine secretion
(wells highlighted in blue in Figure 6).

The overlay line graph in Figure 6 ranks
all of the hits and the level of inhibition,
providing easy visualization for each
metric. For example, treatment with
some Kl completely inhibits all activation
metrics, whereas other compounds have
a greater impact on specific phenotypic
markers or cytokines.

By changing the threshold of each
parameter, Profile Maps can quickly
identify KI that have unique MOA.. Shifting
the threshold of CD69 expression allowed
us to identify two hits that did not affect
CD69 expression, but inhibited all other
T cell activation markers (Figure 7 and
data not shown). This is of importance
since CD69 is often the only marker used
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FIG. 6. Profile Maps. To identify hits that inhibited all T cell activation metrics, Profile Maps were generated using the

Panorama feature in Forecyt software. The user-defined threshold level of each of the desired metrics is shown in A,

while the specific hits from the 2 plates are shaded in blue (B). A line graph ranking the hits based on the % of CD69

CD4+ cells was generated (red line) and line graphs for 5 additional metrics were overlaid for each of the hits. These

visualization tools provide easy insight into how the various Kl impact different T cell activation metrics.
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in many traditional T cell activation panels
and these hits would not have been
identified. The same strategy was used to
identify three Kl that did not affect CD25
expression, but inhibited all other metrics
and additional compounds that showed
differential cytokine secretion (data not
shown). Finally, Profile Maps can be used
to identify treatments that have similar
phenotypes, which is important when
trying to compare unknown compounds
with drugs that have high safety profiles
in the clinic. Using this signature mapping
feature in the Profile Map tool, we
identified three drugs that showed the
same level of inhibition of all metrics as
the FDA-approved RA drug Rixinitimab
(data not shown). These data illustrate the
value of the high-content data generated
by Intellicyt's TCA kit and suggest Kl can
inhibit multiple pathways to inhibit T cell
activation.

To confirm the MOA of the Kl, and to
determine inhibitory concentration curves,
a set of compounds were chosen for dose
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FIG. 7. Dose Response Studies. Select Kl were used for dose response studies to confirm MOA and determine IC,

concentrations for the various activation and functional markers.
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response studies. The protocol for these

studies were the same as the initial screen
and the concentration ranged from 20
uM to 20nM for all of the compounds
(Figure 7). The concentration dependent
inhibition of activation and functional
markers in the CD4+ population is shown
in Figure 7, and all dose response curves
and IC, calculations (if required) were
generated in Forecyt software. The

CHK inhibitor TGO03 had no effect on

T cell activation. In contrast the receptor
tyrosine kinase/src kinase inhibitor
PD166326 demonstrated a classic dose
response inhibition of all T cell activation
markers. The IC,  values ranged from
200 - 370 nM for each of the metrics
and are shown in the inset of each graph.
Tunicamycin, an EGFR/Erb B inhibitor,
was a compound identified by the initial
screen as a drug that did not affect
CD69 expression, but did inhibit other
phenotypic and functional markers. This
was confirmed in the dose response
study where CD69 expression remained
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unchanged, whereas the percentage of CD25 expressing CD4+
cells were ~50% and little to no INF-g was detected at the high
drug concentration. In contrast, the MEK1/2 inhibitor AS703026
showed only a slight decrease in the number of CD25
expressing cells, but a dose response decrease in the other
activation metrics. These data show the differences in the MOA
of various Kl and illustrates the power of Forecyt's visualization
and analytic tools to increase biological insight of large data
sets.

CONCLUSION

This application notes shows the functionality of the Intellicyt
TCA kit for long-term activation assays and in phenotypic drug
discovery campaigns. Figure 8 shows the positioning of the
TCA kit in the drug discovery workflow. In addition, the TCA

kit is applicable to many functional assay workflows including
development of checkpoint inhibitors and cell therapies and
during cell manufacturing.
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ABSTRACT

The development of an effective preventative hepatitis C virus
(HCV) vaccine will reside, in part, in its ability to elicit neutralizing
antibodies (NAbs). We previously reported a genotype 1a HCV
virus like particle (VLP) vaccine that produced HCV specific

NAb and T cell responses that were substantially enhanced by
Toll-like receptor 2 (TLR2) agonists. We have now produced

a quadrivalent genotype 1a/1b/2a/3a HCV VLP vaccine

and tested the ability of two TLR2 agonists, R,Pam Cys and
E,Pam Cys, to stimulate the production of NAb. We now show
that our vaccine with R,Pam,Cys or E;Pam, Cys produces strong

antibody and NAb responses in vaccinated mice after just two
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doses. Total antibodly titers were higher in mice inoculated with
vaccine plus E;Pam,Cys compared to HCV VLPs alone. However,
the TLR2 agonists did not result in stronger NAb responses
compared to vaccine without adjuvant. Such a vaccine could
provide a substantial addition to the overall goal to eliminate
HCV.

INTRODUCTION

Hepatitis C poses a significant and growing public health
problem that will only be partially addressed with the
introduction of new antiviral therapies (35). However,
reinfection remains a problem in a proportion of individuals
who have cleared hepatitis C virus (HCV) (28) and past infection
with HCV does not necessarily result in protection against
reinfection (1,18,29,34). An effective vaccine would provide a
substantial step toward eradicating HCV globally. The efficacy
of an HCV vaccine will reside, in part, in its ability to produce
broad neutralizing antibodies (NAbs). Cross-NAb responses to
epitopes in the viral E2 glycoproteins have been shown to be
protective (7,11,31,33), and in humans, the early induction of
NAb has been associated with control of viremia, resolution of
acute infection (32), and clearance following reinfection (30).

In addition, IgG isolated from mice immunized with inactivated
cell culture derived HCV has been shown to protect liver chimeric
mice against homologous HCV challenge (2).
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HCV virus-like particles (VLPs) offer an important approach
for the development of a protective vaccine (8,13,24). We have
previously reported a human liver cell-derived genotype 1a
HCV VLP and characterized the biochemical and biophysical
properties and morphology of the VLPs and importantly
demonstrated the production of NAb and T cell responses to
HCV (8,13). Similarly, a genotype 3a HCV VLP vaccine has also
been shown to produce humoral and cellular immune responses
(24). To further advance our vaccine approach to cover multiple
HCV genotypes we produced a quadrivalent vaccine and
established methods for large-scale vaccine production (12).
The quadrivalent vaccine includes antigens from four common
HCV genotypes: 1a/1b/2a/3a and is expected to produce
broader cross-NAb responses and thereby be more effective
than a single antigen.

We had previously shown that combining our genotype
1a HCV VLPs with the Toll-like receptor 2 (TLR2) lipopeptide
agonists R,Pam_Cys or E,Pam,Cys as adjuvants resulted in strong
antibody responses after just two doses of a monovalent HCV
VLP vaccine (8). The TLR2 lipopeptides carry either a net positive
(R,Pam,Cys) or negative (E;Pam Cys) charge, binding to protein
antigens by electrostatic interactions and improving their ability
to produce antibody and T cell responses (9). Therefore, we
wanted to determine whether the TLR2 agonists also worked

well with our quadrivalent vaccine (12).
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In this report we show that our quadrivalent vaccine produces

strong antibody and NAb responses when combined with novel
TLR2 agonists as adjuvants. Our results are encouraging for the
development of a protective vaccine for HCV.

MATERIALS AND METHODS

The construction of recombinant adeno-encoding HCV
structural protein core E1 and E2 and the large-scale
production, purification, concentration, and characterization of
our quadrivalent HCV vaccine composed of genotypes; 1a, 1b,
2a, and 3a VLPs have been reported previously (8,12,13).

All animal experiments used 8- to 12-week-old BALB/c
mice that were housed in the Doherty Resource Facility under
specific pathogen-free conditions. Mice were obtained from
the Animal House facility, Department of Microbiology and
Immunology, The University of Melbourne. Animal experiments
were performed according to local ethics committee approval.
Groups of five age- and weight-matched BALB/c mice were
immunized subcutaneously on each side of the base of
tail with 80 ug (50 uL per dose) of quadrivalent VLP alone,
quadrivalent VLP combined with the TLR2 agonists R,Pam_Cys
or E;Pam,Cys (8), or PBS alone (control). The purified HCV VLPs
were quantified for total protein (HCV core, E1 and E2) using a
Bradford assay (12). Five nanomoles of each TLR2 lipopeptide
adjuvant were used per dose of vaccine administered to each
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mouse. This equated to 9.9 ug for R,Pam Cys and 16.2 g
for E;Pam,Cys per dose of vaccine. Two weeks later the mice
received a second equivalent dose of quadrivalent vaccine.
Animals were sacrificed 1 week after the final immunization,
and blood was collected for serum preparation.

Sera were tested by ELISA to determine genotype specific
antibody responses. Flat bottom 96-well polyvinyl plates
were coated with purified HCV VLPs (20 ug/mL) in carbonate
coating buffer (100 mM Na,CO, and NaHCO,, pH 9.6)
overnight at 4°C. The plates were then blocked with 100 uL
of BSA (10 mg/mL) in PBS and incubated for 2 h at room
temperature before washing four times with PBST (PBS
containing v/v 0.05% Tween-20; Sigma Aldrich, Milwaukee).
Serial dilutions of sera obtained from immunized mice were
added to wells and incubated in a humidified atmosphere
overnight. After washing, bound antibody was detected using
horseradish peroxidase-conjugated rabbit anti-mouse IgG
antibodies (Dako, Glostrup, Denmark). Following washing with
3,3',5,5"-Tetramethylbenzidine (TMB), Liquid Substrate solution
(Mabtech) was added to wells for 10-15 min. The reaction was
stopped by addition of 50 uL of 0.16 M H,SO,. Absorbances
were determined on a Labsystems Multiskan Multisoft plate
reader at 450 nm. Titers of antibody are expressed as the
reciprocal of the highest dilution of serum required to achieve
an optical density of 0.2.
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Neutralization assays using an HCV infectious cell culture
system (HCVcc) using genotype 2a virus have been described
previously (6,17). These were performed by mixing HCVcc virus
with an equal amount of serially diluted immune serum. Each
experiment was performed in triplicate. The virus/serum mixture
was incubated for 1 h at 37°C before addition to Huh7.5 cells
seeded 24 h earlier at 30,000 cells/well in 48-well plates for 4 h.
Cells were washed at least four times and replenished with fresh
DMF10NEAA and incubated for a further 48-72 h. Luciferase
activity was measured in clarified lysates using Renilla luciferase
substrate (Promega) and a FLUOstar OPTIMA microplate
reader fitted with luminescence optics (BMG Life Technologies,
Germany). The data shown are the mean from at least two
independent experiments. Mab24 was used as a positive
control for inhibition of HCVcc entry. This monoclonal antibody
is a murine NAb that recognizes a linear epitope in the modified

recombinant E2,, . protein that lacks the HVR1, HVR2, and igVR

661
regions (3).
Statistical analysis was performed using the PRISM 5.0
software (GraphPad). In all cases the mean + standard
deviation of the mean (SD) is shown unless otherwise stated. p
values for statistical analysis were calculated using a one-way
analysis of variance. Differences were considered statistically
significant when p values were less than 0.05 (p < 0.05) with a

95% confidence level.
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RESULTS AND DISCUSSION
Mice in all vaccination groups developed genotype specific
antibody responses (Fig. TA: a-d). Mice inoculated with
quadrivalent VLPs in E;Pam, Cys gave the highest genotype
specific antibodly titers. These were not significantly different
than the titers observed with VLPs in R,Pam_Cys but were
significantly higher than VLP alone (Table 1). The antibody
response to the vaccine without adjuvant was still strong and
comparable to vaccine supplemented with R,Pam,Cys. The
strongest responses were detected against HCV genotypes 1a
and Tb VLPs, while responses to genotype 2a and 3a VLPs were
generally slightly lower across all groups. The geometric mean
titer for anti-HCV VLP antibody was highest in mice receiving the
quadrivalent HCV VLPs in E,;Pam, Cys compared to HCV VLPs in
R,Pam,Cys and HCV VLPs in PBS. These findings were consistent
with our previous report showing strong immunogenicity of a
monovalent genotype Ta vaccine combined with these TLR2
agonists (8).

We then determined NAb responses to the vaccine using
cell culture derived genotype 2a HCV as described in Ref.
(37). We compared NAb responses in mice inoculated with
quadrivalent vaccine combined with the TLR2 agonists
R,Pam_Cys or E,Pam,Cys. Immune sera were tested at increasing
dilutions (Fig. 1B). Sera (diluted 1:30) from mice inoculated
with quadrivalent VLPs in R,Pam, Cys inhibited HCVcc entry by
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FIG. 1. (A) Genotype-specific antibody responses
elicited by immunization with quadrivalent vaccines.
BALB/c mice (n = 5/group) were immunized
subcutaneously at the base of the tail with PBS alone
(control) or 80 ug of quadrivalent VLP at a ratio of
1:1:1:1 or quadrivalent VLP combined with 5 nmol of
R,Pam,Cys or E;Pam,Cys in a final volume of 50 uL/dose.
Two weeks later the mice received a second equivalent
dose of quadrivalent vaccine. Genotype specific
antibody in sera prepared from blood taken on day 21
was determined by ELISA using genotype Ta (a), b

(b), 2a (c), or 3a (d) HCV VLPs as coating antigens. In all
panels, individual animals are presented for each group,
with the mean+standard deviation of the mean (SD)
value being represented.

(B) Neutralizing antibody responses to quadrivalent
VLP combined with R4Pam2Cys or E8Pam2Cys.
Neutralization assays were performed by mixing
genotype 2a HCVcc virus with an equal amount of
serially diluted immune serum from mice inoculated with
quadrivalent VLP alone or combined with R, Pam,Cys

or E;Pam,Cys. The virus/serum mixture was incubated
for 1 h at 37°C before addition to Huh7.5 for 4 h. The
cells were washed, replenished with fresh DMFTONEAA,
and incubated for a further 4-72 h before measuring
luciferase activity in clarified lysates using Renilla
luciferase substrate (Promega) and a FLUOstar OPTIMA
microplate reader. Neutralization was expressed as the
percentage inhibition of HCVcc entry into Huh7 cells
compared to negative control serum. Mab24 was used
as the positive control for inhibition of HCVcc entry.
Individual animals are presented for each group, with

the mean value being represented by the horizontal
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50.6% (+SD 9.3%) compared to

60.2% (+SD 8.4%) with VLPs with

E,Pam Cys (p = 0.02), 10.6% (+SD 8.4%)
(p <0.0001) for negative control sera, and
92.4% (£SD 1.3%) with the monoclonal
antibody Mab24 (Fig. 1B). Neutralization
of Jc1 HCV was maintained at a serum

R,Pam. Cys inhibited HCVcc entry by
46.4% (+SD 9.9%) compared to 38.9%
(£SD 9.1%) (p = 0.04) with VLPs with
E,Pam,Cys, 13.0% (+SD 10%) (p = 0.005)
for negative control sera, and 66.0%
(£SD 12.5%) with the monoclonal
antibody Mab24 (Fig. 1B). In contrast to
dilution of 1:150. Sera from mice the total antibody responses the NAb

inoculated with quadrivalent VLPs in responses in mice vaccinated with HCV

Table 1. Virus-Like Particle Specific Antibody Titers Elicited
by Immunization with Quadrivalent Vaccines

HCV genotype
Treatment Gtla Gt1b Gt2a Gt3a
VLP + E,Pam,Cys 3.55 (2.9-4.2) 3.59 (2.3-4.2) 3.43 (2.6-4.2) 3.14 (2.6-3.7)
VLP + R Pam,Cys 3.17 (2.8-3.5) 3.42 (2.9-3.9) 3.05 (2.6-3.4) 2.93 (2.6-3.2)
VLP alone 2.73 (2.5-2.9) 2.90 (2.8-3.0) 2.61 (2.5-3.5) 2.39(2.3-2.5)
Naive (PBS) 1.63 (1.3-1.9) 1.78 (1.5-2.1) 1.71 (1.5-1.9) 1.62 (1.3-1.9)

BALB/c mice (n = 5/group) were immunized subcutaneously at the base of the tail with PBS alone (control) or 80 ug
of quadrivalent VLP at a ratio of 1:1:1:1 or quadrivalent VLP combined with 5 nmol of R,Pam,Cys or E,Pam,Cys in

a final volume of 50 uL/dose. Two weeks later the mice received a second equivalent dose of quadrivalent vaccine.
Genotype specific antibody in sera prepared from blood taken on day 21 was determined by ELISA using genotype
Ta (A), 1b (B), 2 (C), or 3a (D) HCV VLPs as coating antigens. Values represent the geometric mean antibody titer
(log,,) and 95% confidence interval (shown in brackets) from 5 individual mice per treatment group using individual
HCV genotypes; Gt1a, Gt1b, Gt2a, and Gt3a as coating antigens. In all cases, a significant difference (p < 0.05) was
observed between treatment groups and naive mice. The geometric mean antibody titers were also significantly
higher in mice immunized with VLPs plus E;Pam_Cys for all genotypes (p < 0.05).

HCV, hepatitis C virus; VLP, virus-like particle.
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VLPs alone were not significantly lower
than in mice vaccinated with adjuvanted
HCV VLPs. These findings were consistent
with our previous report showing strong
immunogenicity of a monovalent
genotype 1a vaccine combined with these
TLR2 agonists (8).

There are estimated to be a large
number of individuals who are unaware
that they are infected with HCV, leaving a
large residual pool of chronically infected
individuals who will act as a persistent
source for ongoing HCV transmission
(35). An effective preventative vaccine
could therefore have a significant impact
on HCV prevalence. We have shown
that our quadrivalent vaccine results
in strong antibody and NAb responses
when combined with the TLR2 agonists
R,Pam.Cys or E,;Pam,Cys. However,
the vaccine was found to be strongly
immunogenic after just two doses, even in
the absence of adjuvant.

Although a vaccine derived from
a single genotype can elicit NAb, the



NEW RESEARCH AND DEVELOPMENT STRATEGIES IN VIROLOGY/VIRAL IMMUNOLOGY

inclusion of antigens of a number of different genotypes could
be expected to produce cross-NAb responses and thereby be
more effective than a single antigen. NAbs act by recognizing
native E1E2 heterodimers (16), and so an effective preventative
vaccine should express native ETE2 structures. The significance
of these regions on the viral envelope is further highlighted

by the ability of passive immunization with polyclonal and
monoclonal antibodies directed to these regions to protect
human liver chimeric uPA/SCID mice against challenge with
human serum derived HCV (27). In addition, immunization of
macaques with a soluble cE2 subunit vaccine has also been
shown to induce the production of broad cross NAb (25). These
findings are highly significant for HCV vaccine design because
they reinforce the need to present both E1 and E2 proteins in
the correct structural organization as they would be on virions or
HCV VLPs.

The E2 protein contains the major conformational neutralizing
antigenic regions (antigenic domains A-E or the AR3 and AR4
regions) organized into distinct clusters of overlapping epitopes
(16,20,21). Crystallographic structural analyses of the E2
core domain in complex with key NAbs have helped to define
both a neutralizing and a non-neutralizing face to the E2 core
antigenic surface (22,23). It has also been possible to map the
binding of human monoclonal antibodies (HuMAbs) to these
critical regions of E2 with the most potent antibodies binding to
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domains B and D of the protein (14). These studies reinforce the
complex nature of how neutralizing epitopes are presented on
the surface of HCV and suggest that these important antigenic
regions need to be closely reproduced in a vaccine. A VLP based
vaccine should be able to deliver these complex epitopes in the
correct conformation.

Peptide epitope antigens can be made more immunogenic
when covalently attached to Pam,Cys to target their delivery
through TLR2 to dendritic cells (19). This results in the induction
of robust antibody and cell-mediated immune responses
(4,10,19,36). We have previously shown that R,Pam,Cys and
E.,Pam, Cys enhance the immunogenicity of genotype Ta HCV
VLPs, with the improved overall antibody responses compared
to VLPs in alum. This study shows that a similar enhancement
in antibody responses can be achieved with a quadrivalent
HCV VLP vaccine with the TLR2 agonist E,Pam,Cys, although
this was not significantly greater than quadrivalent HCV VLP
in R,Pam_Cys or quadrivalent HCV VLP vaccine alone. Studies
of the ability of our quadrivalent HCV VLP vaccine to produce
cross-NAb responses are currently ongoing using a large animal
model.

HCV VLPs elicit both NAb and cellular immune responses
(5,8,13,24). Furthermore, as HCV-specific NAbs recognize
tertiary or quaternary structures (16), the repetitive and ordered
particulate structure of HCV VLPs make them an attractive
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vaccine candidate (5,8,15). HCV VLPs are also able to present

conformational epitopes in their native state. The development
of cross-NAbs to epitopes on the surface of HCV that develop in
the course of natural infection provides further encouragement
for the development of a neutralizing HCV vaccine (26). An HCV

VLP based vaccine would fulfill the requirement of delivering
critical conformational neutralizing epitopes, and our report
provides further data for the development of a preventative
quadrivalent HCV VLP vaccine.
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