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Live Attenuated Influenza Vaccines engineered to express the nucleoprotein
of a recent isolate stimulate human influenza CD8" T cells more relevant

to current infections
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ABSTRACT

Live attenuated influenza vaccines (LAIV) induce CD8" T lymphocyte responses that play an important role
in killing virus-infected cells. Despite the relative conservation of internal influenza A proteins, the epitopes
recognized by T cells can undergo drift under immune pressure. The internal proteins of Russian LAIVs are
derived from the master donor virus A/Leningrad/134/17/57 (Len/17) isolated 60 years ago and as such,
some CD8™ T cell epitopes may vary between the vaccine and circulating wild-type strains. To partially
overcome this issue, the nucleoprotein (NP) gene of wild-type virus can be incorporated into LAIV
reassortant virus, along with the HA and NA genes. The present study compares the human CD8+ T cell
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memory responses to H3N2 LAIVs with the Len/17 or the wild-type NP using an in vitro model.

Introduction

Immune escape is a major mechanism of influenza virus
evolution. The emergence of viruses with random mutations
in the antigenic epitopes under the selective pressure of
neutralizing antibody, a process termed antigenic drift, has
been intensively studied and methods to quantify and visu-
alize these antigenic changes have been devised.' Less well
understood is evolution in the regions of viral proteins act-
ing as epitopes for CD8" T cells. These T cells provide an
important role in clearance of established infections by lysis
of infected cells® and can provide protection against severe
disease.” CD8" T cells recognize infected cells through the
expression of processed viral peptides in the context of class
I HLA molecules on the infected cell surface. As these pep-
tide epitopes can be derived not only from the variable sur-
face glycoproteins that are the targets for neutralizing
antibody, but also on the conserved internal proteins of the
virus, pre-existing CD8" T cell immunity can be effective
against serologically distant influenza A viruses, including
zoonotic influenza viruses.* In addition, human HLA-het-
erogeneity implies that different peptide epitopes may be
available for presentation to CD8" T cells in different
hosts.”

Recently, evidence for positive pressure of host CD8" T cell
immunity on influenza A virus has been observed.® Epidemio-
logical data suggests that in a prolonged infectious process,
especially in immunocompromised individuals,” viruses arise
with mutations in CD8* T cell epitopes. In addition, mutations
in dominant epitopes have been shown to diminish cross-rec-
ognition of heterologous viruses by human CD8" T cells in

vitro as shown for evolutionary distant influenza A viruses and,
moreover, within an influenza A virus subtype.®

Of the available influenza prophylactic vaccines, live attenu-
ated influenza vaccines (LAIV) have been shown to boost
cross-reactive CD8+ T cell responses in children.”'® LAIV is
administered locally by intranasal spray and replication is
restricted to the nasal mucosa cells due to the temperature sen-
sitive and cold-adapted phenotype of the virus. In this way the
infection mimics natural upper-respiratory influenza infection
without or with mild clinical symptoms'" but does not progress
to the lower respiratory tract. Depending on preexisted immu-
nity, low-level virus shedding in upper-respiratory tract can be
observed for several days after LAIV administration,'* suffi-
cient to trigger pronounced immunity.

The Russian type A LAIVs are produced by reassortment of
the seasonal vaccine strain and the attenuated A/Leningrad/
134/17/57 (Len/17) master-donor virus (MDV), with the inter-
nal proteins being derived from the MDV. As Len/17 is an
H2N2 strain isolated in 1957," there is a risk of reduced effi-
ciency of LAIV-induced CD8" T cells against recent influenza
A virus infection. Previously we predicted that the cross-reac-
tive MHC-I-restricted nucleoprotein (NP) epitopes of MDV
Len/17 had likely evolved in recent human influenza A
viruses."* Accordingly, less than 40% of potential Len/17 NP-
specific MHC-I-restricted epitopes were conserved in human
influenza A viruses isolated in 2009-2014 (H3N2 and HIN1
subtypes). One strategy to partially overcome this issue, is to
incorporate the NP gene of wild-type virus into the LAIV reas-
sortant virus, along with the HA and NA genes.'® This is possi-
ble because none of the temperature-sensitive or cold-adaptive

CONTACT D. Korenkov @ d.korenkov@gmail.com
@ Supplemental data for this article can be accessed on the publisher’s website.
© 2018 Taylor & Francis


https://crossmark.crossref.org/dialog/?doi=10.1080/21645515.2017.1417713&domain=pdf&date_stamp=2018-03-27
mailto:d.korenkov@gmail.com
https://doi.org/10.1080/21645515.2017.1417713
https://doi.org/10.1080/21645515.2017.1417713

942 (&) D.KORENKOV ET AL.

mutations in the Len/17 MDYV are present in the NP gene and
so substitution of this gene will not compromise attenuation.'®

In recent murine studies we demonstrated diminished
CD8™ T cell responses of LAIVs with classical Len/17 NP com-
pared to LAIVs containing the wild-type HIN1 and H7N9
nucleoproteins.*'” We also showed impaired in vitro cytotox-
icity of cells from mice immunized with H7N9 LAIV Len/17
NP against wild-type infected target cells'* or pdmHIN1 wild-
type NPsg6_374 peptide pulsed target cell.'” In the LAIV HINI
study, there was diminished clearance of the HIN1 challenge
virus in mice immunized by LAIV with classical Len/17 NP in
contrast to mice immunized with LAIV expressing wild-type
NP. In both HIN1 and H7N9 LAIVs, the immunodominant
CD8" T cell epitope for C57BL mice (NPasgs_374) differed
between Len/17 and HIN1 or H7N9 nucleoproteins which
may have impacted on CD8" T cell efficiency.

Despite evidence for the impact of CD8" T cell epitope
variation on viral clearance in the murine model of LAIV vacci-
nation, whether these changes will alter human CD8" T cell
anti-influenza immune responses is unknown. In this study, we
compared the variation of experimentally-determined human
class I HLA-restricted epitopes in NPs of Len/17 MDYV and
recent H3N2 isolate A/Hong Kong/4801/2014 (HK). Using
reverse genetics, H3N2 LAIV candidates bearing Len/17 NP
(LAIV 6:2) or wild-type NP (LAIV 5:3) were generated. By
using human T cell cultures the reactivity of CD8" T cells
against several NP epitopes that differed between LAIV 6:2 and
LAIV 5:3 was estimated.

Results and discussion

Influenza H3N2 viruses are characterized by more rapid anti-
genic evolution compared to the HIN1 influenza A viruses,
and as a result the H3N2 vaccine component needs to be
updated on a regular basis.'® We explored the strategy of induc-
ing enhanced T cell immune responses by incorporating the NP
gene of recent H3N2 A/Hong Kong/4801/2014 (HK) virus into
the LAIV genome, along with HA and NA genes (i.e. LAIV 5:3
genome composition)

To predict the impact of nucleoprotein diversity on the
epitope-specific human CD8" T cell response, the class I-
restricted epitopes published in IEDB (on December 2016)
were mapped on the LAIVs nucleoprotein sequences (SUP.
FIG 3.pdf). There were 209 experimentally estimated class I
HLA-restricted influenza A NP epitopes that were recog-
nized by human hosts. The number of epitopes was
restricted further to 96 by exclusion of non-confirmed
queries (refer to Materials and Methods: CD8" T cell epi-
tope database analysis). LAIV 5:3 and 6:2 nucleoprotein
sequence diversity is presented in Table 1. From a total of
37 substitutions, there were 28 (more than 75%) located in
the selected class I-restricted epitopes. Still, from the list of
relevant experimentally-estimated HLA-I-restricted epitopes,
more 70% of epitopes were conserved between H2N2 MDV
Len/17 and modern wild-type H3N2 nucleoproteins.

Improper processing of antigenic peptides can occur if the
proteasome cleavage site is mutated, resulting in CTL immune
escape.'” We estimated the risks of cleavage sites mutations
within diversified epitopes by computational cleavage site

prediction modeling. From the proteasomal cleavage prediction
model, 5 of the 28 substitutions were associated with the C-ter-
minal cleavage site needed for proper epitope generation and 6
of the 28 substitutions were involved in generating a cleavage
site within the epitope sequence (Table 1).

For the assessment of cross-reactivity of epitope-specific
CD8" T cells, virus-specific T-cells were expanded from
PBMCs of HLA-A"01:01 and HLA-B*35:01 positive donors by
in vitro stimulation with 6:2 and 5:3 H3N2 LAIVs for 10 days.
Both 5:3 and 6:2 LAIVs successfully re-stimulated virus-specific
CD8* T cell proliferation from donor PBMCs (SUP.FIG 4.pdf).
Of note, there was less virus-specific T cell expansion in sam-
ples of HLA B*35:01 donors, compared to HLA A*01:01
donors.

Pairs of immunodominant HLA-A*01:01-restricted NP4y s,
(Len/17: CTELKLSDY, HK: CTELKLSD H) and HLA-B*35:01-
restricted NP,5_456 (Len/17: PEDKPTIMAAF, HK: PF EK
STIMAATF) epitopes were selected to study in vitro for human
CD8* T cell cross-reactivity due to their high immunogenicity
in our previous experiments,”*** and also because they differed
between Len/17 and HK viruses. HK nucleoprotein (LAIV 5:3)
contains Y9H substitution in NP4, s,, and two D3E and P5S
substitutions in NPgg 456. The cross-reactivity of HLA-
A*01:01-restricted CD8" T cells to NP,y s, variants is shown
in Fig. 1. Only in LAIV 6:2-stimulated PBMC samples were
NP,,_s, specific CD8" T cells detected, particularly those reac-
tive against Len/17-NP,, 5,. However, these LAIV 6:2-stimu-
lated T cells did not cross-react with the HK-NP,,_s, peptide
variant. The failure to detect NPy,_s, specific CD8" T cells in
LAIV 5:3-stimulated PBMC cultures, suggests that the substitu-
tion in the class I-anchoring position 9 in HK NP,,_s, epitope
completely abrogated the capability to stimulate NP,y 5,-spe-
cific CD8" T cells. Interestingly, these results were comple-
mented by the low probability of proteasomal cleavage site
occurrence in position 52 of HK nucleoprotein (C-terminal for
NPy, s, epitope) (Table 1). These data suggest that Len/17-
NP,,_s,-specific CD8" T cells might be ineffective against cir-
culating wild-type H3N2 influenza viruses. Moreover, Len/17-
NP,,_s,-specific CD8" T cells generation by 6:2 LAIV vaccina-
tion might be antigenically redundant for H3N2 influenza
prophylaxis.

Of the two HLA-B*35:01 positive donors, the BP75 donor
samples showed no expansion of NPy g 46-specific CD8' T
cells upon LAIVs stimulation (Fig. 2). However, for the BP25
donor samples, there was robust homologous reactivity for
their cognate peptides. Both Len/17-NP 5 456 and HK-NPy5_
16-specific CD8™ T cells expanded well after LAIV 6:2 and 5:3
virus stimulations respectively. However, there was diminished
cross-reactivity of these CD8" T cells against the heterologous
NP5 426-peptide, both for LAIV 6:2- and LAIV 5:3-stimulated
PBMC cultures. Thus, HK-NP,;5_4¢-specific CD8" T cells that
were generated from the LAIV 5:3 stimulated cultures failed to
recognize Len/17-NPy;5 456 peptide-loaded C1Rs and Len/17-
NP,15_426-specific CD8" T cells from LAIV 6:2 stimulated cul-
tures had diminished reactivity to HK-NP,;5 4,6 epitope. The
two substitutions in the NP4j5 456 epitope in non-anchoring
positions 3 and 5 might have changed the MHC-I-peptide com-
plex recognition by TCR dramatically. These data suggest that
immunization with classical LAIVs 6:2 might be less effective
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Figure 1. Cross-reactivity of NP44_s, specific CD8 T cells. PMBC samples of HLA-
A*01:01-positive donors were stimulated with 10 MOI LAIV 5:3 (Blue circle) or 10
MOI LAIV 6:2 (Red triangle) for 10 days. The expression of cytokines were esti-
mated by ICS assay after 6 hours of in vitro cultures re-stimulation with Len/17 or
HK NP,4,_s, peptide loaded C1R cells.

in generating NP, 5_4,6 epitope-specific CD8" T cells targeted
to recent H3N2 viruses.

Materials and methods

Viruses. A pair of H3N2 LAIV reassortant viruses with 6:2
and 5:3 genome compositions were generated by the means
of reverse genetics from Len/17 MDV and A/Hong Kong/
4801/2014 (H3N2) wild-type virus genes. Six genes coding
for internal and non-structural proteins of A/Leningrad/
134/17/57 (H2N2) were previously cloned into RG vec-
tors.'® HA, NA and NP genes of H3N2 virus A/Hong
Kong/4801/2014 were cloned into dual-promoter plasmids
and rg-viruses were rescued in MDCK/293T cells, as previ-
ously described.'® Both viruses were fully sequenced and
found to be identical apart from the NP gene by using ABI
BigDye® Terminator v1.1 Cycle Sequencing kits and capil-
lary based 3500 Series Genetic Analyzer (ThermoFisher sci-
entific).”> Viruses were grown in 10 day-old embryonated
chicken eggs at 33°C. Allantoic fluid was harvested, clarified
by centrifugation and stored at —70°C. Viral infectivity was
quantified as spots/ml by ViroSpot assay.**

Donors. Buffy packs from healthy donors were obtained
from the Australian Red Cross Blood Service (ARCBS) (Victo-
ria, Australia). HLA class I molecular typing was performed by
the Victorian Transplantation and Immunogenetics Service
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Figure 2. Cross-reactivity of NP415_426 Specific CD8 T cells. PMBC samples of HLA-
B*35:01-positive donors were stimulated with 10 MOI LAIV 5:3 (Blue circle) or 10
MOI LAIV 6:2 (Red triangle) for 10 days. The expression of cytokines were esti-
mated by ICS assay after 6 hours of in vitro cultures re-stimulation with Len/17 or
HK NP44_s, peptide loaded C1R cells.

(ARCBS, West Melbourne, Victoria, Australia). Four HLA-
A*01:01-positive and two HLA-B*35:01 donors were used in
the study (SUP.TABLEL.pdf). Peripheral blood mononuclear
cells (PBMCs) were isolated by Ficoll-Paque (GE Healthcare,
Uppsala, Sweden) density gradient centrifugation and cryopre-
served at 196°C until required.

CD8" T cell epitope database analysis. The Immune Epi-
tope Data Base (IEDB, www.iedb.org) was utilized as a source
of consolidated data about experimentally estimated Influenza
NP epitopes.”® The local dataset was generated by IEDB search
query: Organism: Influenza A virus (ID:11320, influenza A)
AND Antigen: Nucleoprotein [P03466] (Nucleoprotein Influ-
enza A virus) AND MHC Restriction Type: Class I AND Host:
Homo sapiens (human). The data was further processed by
Microsoft Access database. The IEDB netChop algorithm was
utilized for proteasomal c-terminal cleavage sites prediction
with default settings.*® For each epitope entry, IEDB generates
statistics of frequency of experimental data with positive (assay
positive) and negative (assay negative) immune responses. To
achieve stricter epitope inclusion criteria, the local dataset was
restricted to entries with «assay positive» — «assay negative» >
1. The resulting HLA class-I-restricted epitopes were mapped
on the NP protein sequence by Geneious 6.0 software (Biomat-
ters Ltd).

Virus-specific T cell expansion in vitro. PBMCs were
thawed and seeded in complete RPMI-1640 medium
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containing 2 mM L-glutamine, 1 mM MEM sodium pyruvate,
100uM MEM non-essential amino acids, 5 mM HEPES buffer
solution, 55 uM 2-mercaptoethanol and 100 U/ml penicillin/
100 pg/ml streptomycin, with 10% heat-inactivated fetal
bovine serum (cR-10) at 3-5"10° cells/ml in 24-well plates.
Media reagents were from Gibco (Thermo Fisher Scientific,
Scoresby, Victoria, Australia). One tenth of the cells was
washed in complete RPMI-1640 medium without serum (cR-0)
and infected with LAIVs at 10 MOI for 1 hour at 37°C/5%
CO,. These infected “stimulator” cells were washed and added
to uninfected “responder” cells at 1 to 9 ratio. Cultures were
maintained for 10 days at 37°C/5% CO, with daily observation.
After every 3 days of culturing, 10 U/ml of human recombinant
IL-2 (Roche Diagnostics, Mannheim, Germany) were added. If
necessary, cultures were split at a 1:2 ratio. Harvested cells were
counted and washed in cR-10 prior to intracellular staining
(ICS) analysis. Percent of recovery was estimated as a live cell
count ratio of day 10 to day 0 values.

ICS assay. C1R.A*01:01 and C1R.B*35:01 B-lymphoblastoid
cell lines (B-LCLs) derived from the class 1 reduced (C1R) cell
line”” were kindly provided by Dr. Nicole Mifsud (Monash
University, Clayton, Victoria, Australia). These cells were used
as antigen presenting cells for epitope-specific T cell activation.
CIR cell lines were maintained in cR-10 at cell density 0.5-1.0
x 10° cells/ml at 35°C with selection reagents 0.3 mg/ml
Hygromycin B (Gibco) for C1R.A*01:01 cells and 0.5 mg/ml
Geneticin (G418, Gibco) for C1RB*35:01 cells. Preliminary
infection of C1R cells showed similar infectious activity at 33°C
and 35°C for both 6:2 and 5:3 H3N2 LAIV strains, hence for all
the experiments C1R cells were infected with 10 MOI of LAIVs
at 35°C/5% CO, for 1 hour in cR-0 followed by 16h in cR-10.
Intracellular nucleoprotein antigen staining was performed
using anti-influenza A NP antibodies conjugated with FITC
(GeneTex, Irvine, CA, USA) to study the infection of C1R cells
with LAIV viruses (SUP.FIG 1.pdf). In peptide-pulsing experi-
ments, CIR cells were pulsed with 10 uM of the selected pepti-
des in cR-0 for 1 h at 37°C with occasional mixing. Next, CIR
stimulator cells were washed twice and resuspended in cR-10.

Day 10 PBMC cultures and antigen-loaded CIR cells were
mixed at a responder to stimulator ratio of 2:1 for 6h in cR-10 with
GolgiPlug (BD Biosciences) at 37°C. Samples were processed for
ICS staining according to BD Cytofix/Cytoperm (BD Biosciences)
protocol with Live/Dead Fixable Aqua blue stain (Invitrogen),
CD4-PE, CD8-PerCP5.5, CD3-PC7, CD14-APC-H7, CD19-APC-
H?7, IFN-gamma-V450 (BD Biosciences) and NP-FITC antibodies.
Flow cytometric analyses were performed on a BD FACS Canto II
flow cytometer (BD Biosciences). The gating strategy for virus-spe-
cific CD8™ T cells (IFNy and TNFa positive) is presented in sup-
plementary materials (SUP.FIG 2.pdf).

Statistics. Descriptive statistical analysis and graphical data
representation were performed with Prism 6 software (Graph-
Pad Software).

Conclusions

It is generally accepted that influenza T cell epitopes are more
conserved in comparison to B cell epitopes. Therefore, little
attention is being paid to the evolution of known MHC-I-
restricted epitopes that may lead to differences between these
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sequences in vaccine and wild-type viruses. In this study we
found that at least 24 human HLA class I-restricted epitopes
were different between the Len/17 MDV and recent H3N2
influenza viruses. These are about 30% of experimentally—esti-
mated HLA-I-restricted nucleoprotein epitopes. The results of
our in vitro study confirmed that classical 6:2 LAIV (with
MDYV nucleoprotein) might be inefficient in inducing appropri-
ate epitope-specific CD8" T cell immunity targeted to circ-
ulating wild-type viruses, at least for two immunodominant
HLA-Al-restricted NP4,_s, and HLA-B35-restricted NP5 46
epitopes. These results illustrate the necessity of an LAIV nucle-
oprotein “actualization” strategy to improve the efficiency of
the epitope-specific CD8" T cell response against recent influ-
enza viruses. Further studies are necessary to assess how partic-
ular epitope structure changes might influence the overall T
cell response and the outcome of influenza infection.
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