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Abstract

Parvovirus B19 infections are typically mild in healthy individuals, but can be life threatening in
individuals with sickle cell disease (SCD). A Saccharomyces cerevisiae-derived B19 VLP vaccine,
now in pre-clinical development, is immunogenic in wild type mice when administered with the
adjuvant MF59%. Because SCD alters the immune response, we evaluated the efficacy of this
vaccine in a mouse model for SCD. Vaccinated mice with SCD demonstrated similar binding and
neutralizing antibody responses to those of heterozygous littermate controls following a prime-
boost-boost regimen. Due to the lack of a mouse parvovirus B19 challenge model, we employed a
natural mouse pathogen, Sendai virus, to evaluate SCD respiratory tract responses to infection.
Normal mucosal and systemic antibody responses were observed in these mice. Results
demonstrate that mice with SCD can respond to a VLP vaccine and to a respiratory virus
challenge, encouraging rapid development of the B19 vaccine for patients with SCD.
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INTRODUCTION

In parvovirus B19 infection, erythroid progenitor cells of the bone marrow are targeted,
leading to their destruction. Brief interruption of red blood cell production does not produce
significant anemia in normal persons due to the long survival of erythrocytes in circulation.
However, in patients with sickle cell disease (SCD), parvovirus B19 infection causes a
precipitous drop in hemoglobin concentration due to the short supply and abbreviated
longevity of red blood cells (15-20 days versus the normal 3—4 months). The consequent
disease outcome, transient aplastic crisis, can be life-threatening and frequently requires
hospitalization and blood transfusions. Potential sequelae include stroke with permanent
neurologic deficits, glomerulonephritis, and cardiac dysfunction [1-3].

Decades of research have been expended in the development of a vaccine candidate to
protect children with SCD from parvovirus B19-induced transient aplastic crisis. Virus-like
particle (VLP) vaccine candidates have been produced in baculovirus-infected insect cells,
but significant local adverse reactions observed in clinical trials prevented product
advancement [4, 5]. More recently, a yeast-based VLP was shown to be immunogenic in
wild type mice when co-administered with the adjuvant MF59 [6]. This vaccine was
produced by expression of viral proteins (VP) 1 and 2 from a single construct. The dual
expression strategy improved control of the VP1/VP2 ratio in the VLP. The vaccine also
included a point mutation in VP1 that eliminated its phospholipase A2 activity, a potential
cause of the adverse reactions observed in earlier clinical trials.

In the study described here, rather than testing wild type mice, we employed a transgenic
mouse model of SCD (Berkeley; BERK) to test the usefulness of the yeast-derived VLP
vaccine candidate in a clinically relevant model. These animals express human a, S, and y
globins, and have homozygous deletions of murine a and § globin genes [7, 8]. Control
littermates express the same human genes, but retain a mouse p globin gene that rescues the
wild type phenotype. Mice with SCD exhibit many of the major genetic, hematologic and
histopathologic features of humans with SCD in that: 1) red blood cells are irreversibly
sickled; 2) mice suffer from anemia and multi-organ pathology; 3) mice suffer from
exaggerated inflammatory responses; and 4) mice are at a risk of invasive disease due to
encapsulated bacterial infections [7-10].

Here we show that mice with SCD respond well to vaccination when parvovirus B19 VLPs
are co-administered with MF59, and respond well to a viral challenge by the respiratory
route, the typical point of entry for B19.
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All animal experiments were performed in accordance with the Institutional Animal Care
and Use Committee protocols at St. Jude. Heterozygous BERK mice were obtained from a
colony maintained at St. Jude and bred to produce homozygous mice with SCD. At 3 weeks
of age, mice were bled, and SCD status was determined by both hemoglobin gel
electrophoresis and complete blood count analysis. Heterozygous littermates were used as
controls. Both female and male mice were used in the study.

Parvovirus B19 VLPs were generated from a yeast cell line that expresses VP1 and VP2 in a
fixed ratio [6]. At 8-12 weeks of age, mice were vaccinated intramuscularly (i.m.) with
phosphate-buffered saline [PBS] (negative control), 5 ug VLP + PBS, 0.5 pg VLP + MF59,
or 5 g VLP + MF59®. The mice were boosted twice, at 4 week intervals (for a total of 3
doses). Sera were collected by retro-orbital bleeding from unvaccinated and vaccinated mice
at 2-week intervals following the first vaccination. One month following the final boost (3
months after the first vaccination), animals were sacrificed, and sera were collected as
previously described [11].

Immune response to an intranasal virus challenge

AFC and ant

Unfortunately, a parvovirus B19 challenge is not available in the mouse model. To examine
the capacity of mice with SCD to respond to a pathogen in the respiratory tract (a common
route for B19 infections), we utilized Sendai virus (SeV, strain Enders), a natural respiratory
pathogen of mice. Specifically, mice were infected intranasally (i.n.) with 250 plaque
forming units (pfu) SeV and sacrificed at either 1 or 4 months post-infection. Lungs, nasal
washes (NW), bronchoalveolar lavages (BAL), and sera were collected and prepared for
immune assays as previously described [12].

ibody measurements

B cells were isolated from the lungs of SeV-infected mice at 1 and 4 months post-infection
[12]. SeV-specific IgG and IgA-producing antibody forming cells (AFCs) were detected by
ELISPOT, and VLP-specific or SeV-specific binding antibodies were measured in sera, NW,
and BAL by ELISA [13]. For both ELISPOTS and ELISAs, plates were coated with 0.1
ug/mL of VLP or 10 ug/mL disrupted SeV in PBS. ELISA titers were defined as the inverse
serum dilution with an O.D. reading of 0.1 at 405 nm. O.D. readings for samples from naive
mice were generally below 0.1 at 405 nm, and hence titers were not detectable.

Neutralizing antibody assays against parvovirus were performed as previously described [4].
Briefly, serially diluted (1:10) sera were pre-incubated for 1 hour at room temperature with
2x106 genome equivalents of parvovirus B19 (strain V2), and then the mixture was added to
2x104 erythroid progenitor cells, propagated as previously described [14], for 2 hours in a
96-well plate. Cells were cultured for 3 days, after which RNA was extracted from the
culture using a TurboCapture ®96 mRNA kit (Qiagen) and converted to cDNA using a
MMLV-RT kit (ThermoFisher Scientific). A real time PCR assay was performed to detect
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parvovirus B19 NS and B-actin transcripts in a multiplex quantitative PCR using the
PerfeCTa Multiplex gPCR Super Mix (Quanta Biosciences Inc.). Probes were custom
manufactured by Integrated DNA Technologies. Probe and primer sequences used were:
NS-1354 F (5'-GGGCAGCATGTGTTAAAGTGGA-3"), NS-1453 R (5'-
TGGCCATTGCCAAGTTTGT-3"), NS-1413 probe (5TYE665-
TTATGGGCCGCCAAGTACAGGAAA-31AbRQsp), B-actin F (5”-
GGCACCCAGCACAATGAAG-3"), B-actin R (5"-GCCGATCCACACGGAGTACT-3)
and p-Actin probe (SMAX550-TCAAGATCATTGCTCCTCCTGAGCGC-3IABIK_FQ).
The genome copies were determined by extrapolating from a standard curve generated from
known quantities of target. To validate the number of infectious particles in the stock serum,
10-fold serial dilutions of virus stock V2 were used to infect cells, as described above, using
a seronegative control sample for the pre-incubation. Titers were defined as the inverse of
the highest serum dilution that reduced virus growth by at least 75%. Samples failing to
neutralize virus growth 75% at the lowest dilution evaluated were assigned a titer of zero.

To perform neutralization assays against SeV, 10-100 TCIDsg of virus per well was
incubated in a 96-well plate with 1:2 serial serum dilutions (starting at a serum dilution of
1:40) for 1 hour at 37°C in humid air with 5% CO,. The mixtures were then inoculated into
wells of 96-well plates in which confluent monolayers of LLC-MKj5 cells had been grown.
Wells with medium alone or virus without antibodies served as control wells. Following an
overnight incubation at 37°C in humid air with 5% CO», the inoculum was removed and
replaced with medium (DMEM, 0.2% BSA, glutamine, and gentamicin) and acetylated
trypsin (2 pg/ml) for further incubation. After 4 days, virus-infected cells were scored by
ELISA. Briefly, supernatants were removed from wells and cells were fixed using 100 pl
Acetone/DPBS (80%/20%). Cells were washed with DPBS and a mixture of mouse
monoclonal anti-SeV antibodies was added for a 1 hour incubation at room temperature.
Plates were washed with DPBS. Then, horse radish peroxidase-conjugated goat anti-mouse
IgG was added for 1 hour. The plates were washed with DPBS and developed with TMB
peroxidase. Reactions were stopped by adding 100 pl 4N H3PO,4, and plates were read (OD
450 nm) on a microplate reader. The neutralization titer for a sample was the highest dilution
that resulted in =50% test wells scoring at a level <50% compared to the average score for
wells with virus and no antibodies.

Statistics were performed using GraphPad Prism. Specifically, differences amongst
heterozygous littermate controls and mice with SCD, as well as differences between
treatment groups, were evaluated by two-way Anova followed by Bonferroni’s correction for
multiple tests.Fisher’s exact tests were used to evaluate differences in production of
parvovirus-specific neutralizing antibodies amongst treatment groups. All experiments were
repeated to ensure reproducibility, except for preliminary tests of SeV-specific NW and BAL
antibodies, and SeV-specific serum neutralization titers.

RESULTS AND DISCUSSION

The BERK mouse model was employed to evaluate the immune response to vaccination
with the parvovirus B19 VLP in the context of SCD. SCD and control mice were vaccinated
intramuscularly (i.m.) with either PBS, 5 ug VLP in PBS, 0.5 pg VLP plus MF59, or 5 pg
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VLP plus MF59. Each animal received 3 doses (prime-boost-boost) of the appropriate
preparation at 1 month intervals, after which animals were tested for the presence of VLP-
specific antibodies in the blood. Figure 1 shows the results from mice examined at 3 months
from the start of the experiment (1 month after the final boost). Notably, 1gG serum
responses were strongest following immunization with 0.5 or 5 ug VLP with MF59
(p<0.001 and p=0.02, respectively compared to 5 pg VLP in PBS), and were nearly
indistinguishable between vaccinated SCD and control animals (p>0.5 for all isotypes
examined). This was the case when we examined total parvovirus B19-specific 1gG (Figure
1A) or when we examined IgG1 and 1gG2B isotypes separately (Figures 1B and 1C,
respectively). Parvovirus B19 neutralizing assays were also conducted with samples from
animals that had received the full prime-boost-boost regimen. With this assay, functional
antibodies were detectable in most animals that received VLP with MF59 (Figure 1D;
p<0.005 and p<0.001 for 0.5 pug and 5 pg dose groups, respectively, compared to 5 ug VLP
in PBS), similar to the previous experience with wild type mice [6]. No significant
difference in production of neutralization antibodies was observed between vaccinated
control and SCD groups (p>0.4). Consistent with previously published data [6], in the
absence of adjuvant no neutralizing antibodies were detected in either control mice or mice
with SCD.

A kinetic analysis of parvovirus B19 VLP-specific serum antibodies was conducted
throughout the course of repeated immunizations. Figure 2A shows results from a
representative mouse for both heterozygous control and SCD groups receiving either 0.5 ug
or 5 ug VLP with MF59 over the entire course of the experiment. Additionally, average
serum antibody titers for each of these groups are shown at 1 month intervals following each
immunization (Figures 2B-D). Parvovirus B19 VLP-specific responses were detectable as
early as 2 weeks following the first immunization and increased most substantially after the
first booster immunization. The 0.5 and 5 pg doses of VLP administered with MF59 were
most immunogenic and produced similar antibody response profiles to one another as
observed in Figure 1. Elevated anti-parvovirus B19 titers in the immunized mice persisted
for at least 84 days after the first immunization (28 days after the final boost), the last time
point tested (Figure 2D). There were no clear differences between SCD and control mice,
either in the titer (p>0.5) or the persistence of the anti-VLP antibody immune response.

An appropriate parvovirus challenge comparable to the human B19 virus is not available for
use in mouse models, leaving open the question of whether SCD and wild type mice have
comparable antibody responses to a virus introduced in the respiratory tract, a common point
of entry for parvovirus B19. This is a concern as sickled blood cells can reduce blood flow
to respiratory tract tissues and patients with SCD often suffer from severe disease following
a respiratory tract infection [15, 16]. To test immune responses of the respiratory tract, we
administered Sendai virus (SeV), a natural mouse respiratory pathogen, i.n. to mice with
SCD and control littermates. In healthy mice, antibody responses to SeV infection typically
peak at one month after infection. Antibodies may then wane over many months but are
sustained for the lifetime of the animals [13]. As demonstrated in Figure 3, we found that
SCD and heterozygous control animals both responded well to SeV infection. One month
after the i.n. infection, SeV-specific IgA and IgG AFCs were present in the lung (Figures 3A
and 3B). SeV-specific IgA and IgG antibodies were also present in respiratory secretions
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(preliminary findings, Figures 3C and 3D show IgA and 1gG levels in NW and BAL). Anti-
SeV IgG antibodies were present in the sera at comparable levels in SCD and control mice
(Figure 3B). Preliminary studies also showed that SeV-specific serum antibodies were
neutralizing, demonstrating the protective potential of the response (Figure 3F). Responses
were durable in both SCD and control mice, as SeV-specific IgA and IgG AFCs were still
present in the respiratory tract four months after infection in the majority of animals (Figures
3G and 3H).

Altogether, our results demonstrate that, despite the presence of SCD, mice responded both
to a candidate parvovirus B19 VLP vaccine and to an intranasal Sendai virus challenge. The
VLP-based vaccine was most effective in eliciting binding and neutralizing antibodies when
co-delivered with the adjuvant MF59 in a prime-boost-boost regimen in both SCD and
control animals. Comparable responses were observed when either 0.5 or 5 pug VLP were
administered with MF59, indicating that both antigen doses had likely achieved the
maximum dose-response for the VVLP-adjuvant formulation. A 0.5 ug antigen dose with
MF59 elicited a much higher antibody titer than a 5 ug antigen dose without MF59,
indicating a dose-sparing effect of the adjuvant.

Our results in mice are consistent with the clinical data described by Long et al. [17], who
showed that children with SCD respond well to an influenza virus vaccine. The animal
model results are also consistent with our own observations that children with SCD respond
well immunologically to parvovirus B19 antigens after a natural infection, and that
parvovirus sero-prevalence is similar between children with SCD and their unaffected
counterparts [18]. Importantly, we noted that IgG responses against parvovirus B19 persisted
at least 13 years (the longest period of time evaluated in the study) in children with SCD;
responses were not dampened by hydroxyurea, a common therapy for SCD that is known to
cause myleosuppression [19]; and no child who was previously exposed to parvovirus B19
experienced a repeat occurrence of parvovirus-induced disease. All of these factors suggest
that parvovirus B19 vaccination has the potential to confer durable protection against
infection in patients with SCD [18]. In total, results encourage the rapid development and
testing of a VLP candidate vaccine in individuals with SCD to protect against the morbidity
and mortality caused by parvovirus B19 infections in this patient population.
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HIGHLIGHTS
Parvovirus B19 infection can be life threatening in patients with SCD
A B19 parvovirus VLP vaccine candidate is in pre-clinical development

Vaccinated mice with SCD responded with binding and neutralizing
antibodies

Mice with SCD responded well to a respiratory virus challenge

Rapid clinical development of the B19 VLP vaccine for people with SCD is
encouraged
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Figure 1. Robust anti-parvovirus B19 antibody forming cells (AFCs) and antibody responses
follow VLP with MF59 immunization of mice with SCD

Mice were vaccinated 3 times at 1 month intervals with either PBS (negative control), 5 pug
VLP in PBS, 0.5 ug VLP in MF59, or 5 ug VLP in MF59 by the i.m. route. Three months
after the first immunization, animals were sacrificed, and sera were tested for parvovirus
B19 VLP-specific (A) 1gG (all subtypes), (B) 1gG1, and (C) 1gG2B (N=4-5 animals per
group). Clear and black bars represent heterozygous littermate controls (HET) and animals
with SCD, respectively. Titers shown represent the dilution of sera that would produce an
OD 405 reading of 0.1 within each assay. (D) Residual sera, when available, were also tested
for neutralizing antibodies. Individual heterozygous and SCD are shown as open and solid
symbols, respectively. The numbers of mice tested for neutralization in each group were as
follows: 5 HETs and 2 SCD for PBS only; 5 HETs and 4 SCD for VLP in PBS; 4 HETs and
3 SCD for 0.5 ug VLP in MF59; 5 HETs and 5 SCD for 5 ug VLP in MF59. Samples failing
to neutralize virus growth by 75% at the lowest dilution evaluated were assigned a titer of
10°. Dotted lines indicate the lowest dilution of sera evaluated.
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Figure 2. Durable anti-parvovirus B19 antibody responses in animals with SCD
Mice were vaccinated 3 times at 1 month intervals with either 0.5 pg or 5 pg parvovirus VLP

with MF59 by the i.m. route. Serum anti-parvovirus B19 VLP antibodies were examined
throughout the course of the vaccination scheme for individual SCD (clear bars) and control
(black bars) mice. (A) A single representative mouse is shown for each dose group. Results
from day 14 sera from SCD and control mice given PBS only are shown to demonstrate
background levels of the assay. Arrow heads indicate when mice received second and third
vaccinations. Average serum anti-parvovirus B19 VLP antibody levels are shown for each
group (N=4-5 mice per group) at 1 month following the first (B), second (C) and third (D)
immunizations. A dotted line indicates the lowest dilution of sera evaluated.
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Figure 3. Acute and durable responses following an intranasal (i.n.) virus exposure in mice with
SCD

Mice were infected i.n. with Sendai virus (SeV), a natural mouse respiratory pathogen.
Virus-specific IgA (A) and 1gG (B) antibody forming cells (AFCs) from the lungs are shown
for infected heterozygous littermate control mice (HET) and mice with SCD (N=4 per
group) tested 1 month after SeV infection. Panels C and D: Nasal wash (NW) and
bronchoalveolar lavages (BAL) from HET mice and mice with SCD (N=5 per group) were
evaluated for SeV-specific antibody titers in a preliminary experiment. (E) Serum 1gG
antibody responses are shown for the same animals as in panel A. (F) Serum neutralization
titers were tested in a preliminary experiment with samples from HET mice and mice with
SCD (N=5 per test group; N=2-5 per naive group). (G) IgA and (H) 1gG AFCs from the
lung were measured in HET and SCD mice (N=5 per group) 4 months after SeV infection.
Results from naive animals that received no vaccine (N=2 per group) are also shown.
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