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Abstract

One potential advantage of live attenuated influenza vaccines (LAIVS) is their ability to establish
both virus-specific antibody and tissue-resident memory T cells (Try) in the respiratory mucosa.
However, it is hypothesized that pre-existing immunity from past infections and/or immunizations
prevents LAIV from boosting or generating de novo CD8* T cell responses. To determine if

we can overcome this limitation, we generated a series of drifted influenza A/PR8 LAIVs

with successive mutations in the hemagglutinin (HA) protein, allowing for increasing levels of
escape from pre-existing antibody. We also inserted a CD8" T cell epitope from the Sendai virus
nucleoprotein (SeV NP) to assess both generation of a de novo T cell response and boosting of
pre-existing influenza-specific CD8* T cells following LAIV immunization. Increasing the level
of escape from antibody enabled boosting of pre-existing Trm, but we were unable to generate
de novo SeV NP* CD8" Try following LAIV immunization in PR8 influenza-immune mice,
even with LAIV strains that can fully escape pre-existing antibody. As these data suggested

a role for cell-mediated immunity in limiting LAIV efficacy, we investigated several scenarios

to assess the impact of pre-existing LAIV-specific Trp in the upper and lower respiratory

tract. Ultimately, we found that deletion of the immunodominant influenza NP3gg_374 €pitope
allowed for sufficient escape from cellular immunity to establish de novo CD8* Trym. Combined,
these studies demonstrate that both pre-existing humoral and cellular immunity can limit the
effectiveness of LAIV, which is an important consideration for future design of vaccine vectors
against respiratory pathogens.

Introduction

Despite the availability of a yearly vaccine, achieving effective protection against influenza
infection remains a challenge. Current vaccination methods primarily focus on generating

a strong antibody response against the viral surface proteins hemagglutinin (HA) and
neuraminidase (NA). However, these proteins vary between influenza strains and are prone
to mutation. For that reason, vaccine strategies that also generate a CD8" T cell response,
which is directed against epitopes within internal viral proteins such as nucleoprotein (NP)
and matrix protein and are conserved across influenza strains, are likely to improve efficacy

TCorrespondence: Jacob Kohlmeier, 1510 Clifton Rd., RRC 3133, Atlanta, GA 30322, Telephone: 404-727-7023,
jkohlmeier@emory.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lobby et al.

Page 2

(1-4). Following clearance of influenza infection, tissue-resident memory CD8" T cells
(Trm) do not re-enter blood circulation and instead remain situated along the respiratory
tract where they act as sentinels by rapidly responding to virus re-encounter. Although they
alone cannot prevent infection with influenza virus, CD8* Try are important for limiting
early viral replication and immunopathology and have been shown to play a vital role in
mediating protection against a variety of respiratory pathogens in addition to influenza, such
as RSV and SARS-CoV-2 (5-9). Given their demonstrated importance in the cell-mediated
response to influenza infection, CD8* Try are prime targets (in addition to antibody) for
designing vaccines that offer broad protection against a variety of influenza strains.

One influenza vaccine platform that can elicit both antibody and CD8* T cell responses,
including protective CD8* T, is the live attenuated influenza vaccine or LAIV (10, 11).
LAIV is administered as a nasal spray, thus mimicking a natural infection. However, due to
its attenuation, it does not replicate effectively in the lower respiratory tract and generates
only mild clinical symptoms (12). Unfortunately, despite its promising ability to engage
both arms of the immune system, LAIV has historically performed poorly in adults and
has not been recommended for use in recent years. Interestingly, LAIV did show marked
efficacy in children when compared to adults (13-16). It is hypothesized that the reduced
efficacy of LAIV immunization in adults is due to pre-existing influenza immunity from
either prior infection and/or immunization. The implication that pre-existing immunity can
impact the ability of a vaccine to “take” in individuals is an important consideration for
future design of vaccine regimens, especially against respiratory viral infections. However,
the relative contributions of pre-existing humoral and cellular immunity in limiting vaccine
efficacy, specifically the resulting virus-specific T cell response, have not been thoroughly
investigated.

In the present study, we use LAIV to investigate the impact of pre-existing humoral and
cellular immunity on the dynamics of established and de novo CD8* Tgry in the respiratory
tract. We find that vaccine escape from anti-HA antibodies on its own is not sufficient to
generate a e novo antigen specific CD8" lung Trw population in mice that have immunity
from a prior influenza infection. However, we do find that LAIV immunization successfully
boosts pre-existing influenza specific CD8* lung Try, with efficacy increasing as escape
from anti-HA antibodies is achieved. Interestingly, LAIV immunization of mice with fewer
pre-existing CD8" lung Trp also failed to generate a de novo CD8* Try population,
possibly demonstrating the important role for virus specific CD8* Ty within the nasal
cavity. Lastly, we show that pre-existing Try specific for a single immunodominant CD8*
T cell epitope in LAIV are sufficient to prevent generation of ge novo CD8* Ty in

the respiratory tract following immunization. Combined, these results show that although
intranasal immunization with LAIV can boost already existing CD8* lung Try, its ability
to generate a novel antigen specific CD8* lung Ty population is hindered by these same
pre-formed CD8* memory T cells. These finding support a previously unrecognized role for
T cell-mediated immunity in limiting LAIV efficacy and are important considerations for
future design of vaccines against respiratory viral pathogens.
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Materials & Methods

Mice

C57BL/6J mice (male and female) were bred in-house or purchased from Jackson
Laboratory. All animals were housed at Emory University under specific pathogen-free
conditions. Mice were between 8-12 weeks of age at time of infection, after which they
were housed in specific animal biosafety level 2 conditions. All experiments were conducted
in accordance with the Institutional Animal Care and Use Committee (IACUC) guidelines of
Emory University.

Generation of live attenuated influenza virus

Influenza A viruses used in this study were derived from influenza A/Puerto Rico/8/34
(H1INZ1) virus (PR8). The wildtype genome sequence of this virus is available in GenBank
with accession numbers AF389115-AF389122 (https://www.ncbi.nlm.nih.gov/nuccore). The
following amino acid changes were introduced into this PR8 background to confer a live
attenuated, cold-adapted phenotype: PB2 N265S, PB1 K391E, PB1 E581G, PB1 A661T
and PB1 L319Q. The use of this genotype was based on published reports establishing the
attenuating nature of the mutations in a murine model (17, 18). This strain is referred to
herein as PR8 LAIV.

We further modified PR8 LAIV to introduce a foreign epitope from Sendai virus. Using
commercial gene synthesis, the nucleotide sequence of the SeV nucleoprotein peptide
FAPGNYPAL (5’ ttcgcacctggaaattaccetgeacta 3’) was inserted into the PR8 influenza A
virus neuraminidase (NA) gene at the site corresponding to position 43—-44 of the NA stalk
domain. The modified NA gene was then cloned into the pDP reverse genetics vector (19).
This was then combined with plasmids encoding the remaining seven gene segments of
PR8 LAIV for reverse genetics-based recovery of PR8 LAIV SeV NP virus (referred to as
LAIV-SeV NP in the main text).

A further set of virus variants was produced in the PR8 LAIV background, carrying the

SeV NP epitope in NA and mutations in the viral hemagglutinin (HA) protein that disrupt
known antibody epitopes. The antigenic changes introduced into HA are summarized in
Table 1 and described by Das et al. (20). pDZ reverse genetics plasmids encoding svHA-3,
svHA-6, svHA-10 and svHA-12 HA gene segments were kind gifts of Jonathan Yewdell and
Christopher Brooke (21) and the HA mutations introduced in each variant are listed in Table
1. Finally, an additional amino acid change, N370Q, was introduced into the PR8 LAIV SeV
NP svHA-12 virus to disrupt MHC-1 loading of the native T cell epitope present in the NP
protein of PR8 (svHA-12 N370Q).

Viruses were generated by reverse genetics as previously described (22, 23). In brief, 293T
cells were transfected with reverse-genetics plasmids and then, after a 16—-24 h incubation
at 37°C, collected and injected into the allantoic cavity of 10-11 day old embryonated
chicken’s eggs. Eggs were incubated at 33°C for 40-48 h and then chilled overnight

prior to harvesting of allantoic fluid. Clarified allantoic fluid was aliquoted and stored at
—80°C and virus therein was titrated by plaque assay on MDCK cells. The presence of
introduced mutations was confirmed by Sanger sequencing of viral cDNA corresponding to
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the modified genome segments or by viral whole genome sequencing on an Illumina MiSeq
platform.

Prior to all infections, mice were anesthetized using isoflurane (Patterson Veterinary).

For primary A/Puerto Rico/8/34 (PR8) influenza infections, mice were infected either
intranasally (i.n.) with 20 plaque forming units (PFU) in 30uL volume or via intraperitoneal
(i.p.) injection with 10% PFU in 200uL volume. For adenovirus infections, mice were
inoculated via both i.n. and footpad (s.c.) injections with 2x107 PFU of a replication-
deficient adenovirus serotype 5 expressing influenza (A/Puerto Rico/8/34) nucleoprotein
(AdNP) as described previously (24, 25). For LAIV immunizations, mice were given 20,000
—500,000 PFU i.n. in 30uL volume. For protection studies, mice were challenged with
either 300,000 EIDsg (50% egg infectious dose) x31 H3N2 influenza virus or 3,000 EIDgq
Sendai parainfluenza virus i.n. in 30uL volume. For EdU incorporation experiments, mice
were dosed i.p. with 1mg of 5-ethynyl-2’-deoxyuridine (EdU, Cayman Chemical) in 200uL
volume of sterile 1X PBS.

Single cell isolation

To distinguish tissue-resident cells from those in circulation, mice were intravenously (i.v.)
labeled via tail vein injection of fluorescent anti-CD3e (1.5 ug) or anti-CD45.2 antibody

(4 ug) in 200uL 1X PBS. Mice were euthanized 5 minutes later by intraperitoneal (i.p.)
injection with Avertin (2,2,2-tribromoethanol) followed by brachial exsanguination. Spleen,
lungs, bronchoalveolar lavage (BAL), and nasal cavity (NC) were then harvested. Lungs
were enzymatically digested in Collagenase D (5g/L, Roche) and DNase (2x10° U/L,
Sigma) for 30 minutes at 37C, with occasional mechanical dissociation. To enrich for
lymphocytes, lung samples were centrifuged in a 40%/80% Percoll gradient. Nasal cavities
were digested in a mixture of Collagenase D (5g/L), DNase (2x10° U/L), and Dispase
(15U/mL, Sigma) at 37C with mechanical dissociation for a total of 30 minutes. Nasal
cavities were then passed through a 70um filter prior to centrifugation. Spleens were
mechanically dissociated and then RBC lysed.

Cell staining and flow cytometry

Single cell suspensions were first Fc blocked using murine 2.4G2 antibody. Samples were
then stained for 1 hour at room temperature with tetramers against influenza NP3gg_374D",
PA524_233DP, and Sendai parainfluenza NP304_33,KP (provided by the National Institutes
of Health (NIH) Tetramer Core Facility at Emory University). Extracellular staining was
then performed for 30 minutes. Cell viability was determined using Zombie fixable viability
dye (BioLegend). For experiments utilizing EAU, samples were additionally stained using
the Click-iT Plus EdU Flow Cytometry kit (Invitrogen) per the kit’s standard protocol. All
samples were run on either a Fortessa X20 or a Symphony A3 (BD Biosciences) flow
cytometer. FIuNP3g6* or Sendai NPT CD8* Ty Were gated as: singlets, lymphocytes, live
cells, CD4~CD8a*, i.v. label-, CD44N tetramer™. Ty were additionally gated on CD69
and CD103. For splenic Tgy, the i.v. label gate was omitted and all live CD4"CD8a* T
cells were gated for CD44M tetramer*. Flow cytometry data were analyzed using FlowJo
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v.10 software. For experiments evaluating LAIV immunization of PR8-immune or AdNP-
immunized mice, a limit of detection was set at < 10 cells within the final SeV NP* gate.

Plaque assays

Following x31 influenza or Sendai parainfluenza challenge of LAIV-immunized mice, lung
viral titers were determined as previously described (26).

Statistical analysis

Cell counts were determined either manually using a hemocytometer or with a LUNA-

I automatic cell counter (Logos Biosystems). Statistical analyses were performed using
GraphPad Prism Software. Unless otherwise indicated, data points represent individual mice
or group mean (all biological replicates). Significance for all data was determined using a
Mann-Whitney test and is displayed as mean £ SEM. p values are as follows: *P < 0.05, **P
<0.01, ***P < 0.001, ****P < 0.0001.

Results

Live attenuated influenza vaccine elicits protective antigen specific CD8* lung Trm

We first generated an LAIV strain by modifying wildtype (WT) influenza A/PR8 (H1IN1)
virus to contain a set of known attenuating point mutations within the polymerase proteins
PB1 and PB2 (17, 27). To identify de novo CD8* memory T cells following immunization,
we further modified our LAIV to include the immunodominant epitope from the Sendai
parainfluenza nucleoprotein (SeV NP), resulting in our final LAIV-SeV NP strain. We
confirmed successful attenuation and generation of epitope-specific CD8* splenic effector
memory T cells (Tgpm) and lung and airway CD8* Try following intranasal LAIV-SeV
NP immunization /n vivo (Fig 1A-C). Importantly, SeV NP* CD8" Try, identified using a
combination of intravital labeling and surface staining for the canonical markers CD69 and
CD103, were present in the lungs and airways for up to at least 90 days post-immunization
with LAIV-SeV NP (Fig 1D-F).

To determine whether immunization with LAIV-SeV NP confers protection against
heterosubtypic influenza challenge, we first infected animals WT PR8 (H1N1) or
immunized with LAIV-SeV NP and then challenged them with x31 (H3N2) influenza (Fig
1G). Compared to mock immunized mice (PBS), mice that were infected with WT PR8 or
immunized with LAIV-SeV NP experienced minimal weight loss following x31 influenza
challenge (Fig 1H). Mice infected with WT PR8 or immunized with LAIV-SeV NP also
had significantly lower lung viral titers by day 4 post-challenge (4 d.p.c.) (when compared
to mock immunized mice) and had cleared most virus from the lung tissue within 6 d.p.c.
(Fig 11). Furthermore, we observed no significant difference in the protection conferred
by infection with WT PR8 or immunization with LAIV-SeV NP (Fig 1H, I). To assess

the protectiveness of SeV NP* CD8* memory T cells formed following immunization,

we compared weight loss and lung viral titers following Sendai parainfluenza challenge
between groups of mice immunized with either LAIV-SeV NP or a version of our LAIV
that lacks the SeV NP epitope (Fig 1G). At 4 d.p.c., we observed no significant difference
in morbidity or lung viral titers (Fig 1J, K). However, mice that had been immunized
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with LAIV-SeV NP did have significantly lower viral lung titers at 6 d.p.c. compared to
those that were immunized with an LAIV that does not contain the SeV NP epitope (Fig
1K). Combined, these results show that our LAIV-SeV NP is successfully attenuated and
generates protective epitope-specific CD8* Tgy in the lungs and airways following i.n.
administration.

Immunization with LAIV-SeV NP strains capable of escaping established antibody fails
to generate a de novo antigen specific CD8* Try population in mice with pre-existing

immunity

To assess the impact of established anti-HA antibody on the efficacy of LAIV-SeV NP
immunization, we generated a series of five additional LAIV-SeV NP strains that incorporate
previously identified HA mutations that allow for each strain to have increasing ability to
escape polyclonal anti-PR8 HA antibodies (Fig 2A). We termed these new LAIV-SeV NP
“switch variant” strains based on their original publication: svHA-WT, svHA-3, svHA-6,
svHA-10, and svHA-12 (20). Antigenically, svHA-WT is the same as LAIV-SeV NP and
has an HA sequence identical to WT PR8 influenza, differing only by incorporation of the
attenuating point mutations in PB1 and PB2, and the SeVV NP epitope incorporated into the
neuraminidase stalk. In contrast, svHA-12 is the most antigenically distinct from WT PR8
and is fully capable of escaping anti-PR8 HA antibodies (Fig 2A). We first used this series
of switch variants to immunize mice that had been previously infected i.n. with WT PR8
influenza. As expected, svHA-WT immunization generated SeV NP* CD8* lung Trp in
naive animals but not in PR8-immune mice, with most samples in PR8-immune mice falling
below the level of detection (Fig 2B-D). Surprisingly, immunization of PR8-immune mice
with svHA-12 also failed to generate de novo SeV NP* CD8" lung Trym (Fig 2E-G). Both
immunizations also failed to generate de novo CD8* Try in the airways (Supplemental

Fig. 1A-F). We were also unable to identify de novo CD8* Tgy within the mediastinal
lymph node of PR8-immune mice and excluded this tissue from further analyses (data not
shown). In fact, none of our switch variant LAIV-SeV NP strains successfully generated SeV
NP* CD8* Try in the lungs or airways of mice that had established immunity to WT PR8
(Supplemental Fig. 2A-F). All together, these results demonstrate that immunization with
LAIV-SeV NP is incapable of generating a de novo CD8* Try population in mice with
pre-existing immunity, even when the established humoral response is evaded.

Pre-existing CD8* Try in the respiratory tract undergo expansion upon immunization with
LAIV-SeV NP

Following the discovery that LAIV-SeV NP immunization of PR8-immune mice fails to
generate a novel antigen-specific CD8" lung Trp response, we sought to determine whether
the pre-existing FIUNP3g5* CD8* memory T cells responded to immunization and whether
this was influenced by escape from pre-existing antibody. To accomplish this, we examined
incorporation of EdU by FIuNP3gg* CD8* Trp in PR8-immune mice following mock
immunization (PBS) or immunization with svHA-WT, svHA-6, or svHA-12 (Fig 3A). At 7
days post-immunization, EdU* FIuUNP3zge™ CD8* Trp Were clearly identifiable in both the
lung interstitium and airways (Fig 3B). Within the lung, a significantly higher frequency
and number of FIUNP3g5* CD8* Trp incorporated EdU following immunization with
sVHA-WT, svHA-6 or svHA-12 when compared to samples from mock immunized mice
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(Fig 3C, D). Importantly, significantly more FIUNP3g5* CD8* lung Trp in mice immunized
with sv6 or svHA-12 incorporated EdU when compared to those from mice immunized
with svHA-WT, indicating that the ability of LAIV-SeV NP immunization to induce T cell
responses increases as anti-HA antibody is avoided (Fig 3C, D). Furthermore, the overall
frequency and number of FIUNP356" CD8* lung Ty increased upon immunization with
svHA-6 and svHA-12 (Fig 3E, F). Immunization with svHA-6 or svHA-12 also resulted in
significantly increased numbers of FIUNP3g" CD8* Try as well as incorporation of EAU by
these cells within the airways (Fig 3G-J). These results confirm that although immunization
of PR8-immune mice with LAIV-SeV NP fails to generate de novo CD8* Tgp within the
respiratory tract, it does succeed in boosting pre-existing lung CD8* Tr\ populations more
effectively when it escapes the anti-HA response.

Route of prior infection does not alter the ability of LAIV to establish de novo CD8* Try

Given that our results suggest the cellular immune response on its own is enough to prevent
LAIV-SeV NP immunization from generating a novel CD8* Tgy population, we repeated
our immunization experiment, but infected mice with WT PR8 via i.p. injection rather than
the i.n. route. Previous studies have shown that a non-pulmonary infection route results in
significantly fewer CD8* Tgry in the lungs and airways, while generating similar numbers
of circulating CD8" Tgp (28). However, neither svHA-WT nor svHA-12 immunization
generated de novo SeV NP* CD8" Try in the lung (Fig 4A—F). The immunizations did,
however, boost the pre-existing FIUNP3g5* CD8* T cells in the lung (Fig 4G-J). We also
confirmed boosting of the pre-existing FIuUNP3gg* CD8* T cells in the airways, spleen, and
nasal cavity (Supplemental Fig. 3A-C). Apart from the frequency of EdU* FIuNP3gg™ Trm
in the lung, immunization with svHA-12 had significantly higher efficacy when compared to
immunization with svHA-WT (Fig 4G-J). Though this result was somewhat surprising, we
hypothesize that it can be explained by the presence of CD8* Tg)y within the nasal cavity,
which is the primary site of LAIV replication. The fold change decrease of CD8* Tgy in
the lungs and airways is much greater than that seen in the nasal cavity when comparing i.n.
versus i.p. infection routes (Fig 4K).

Pre-existing CD8* Try are sufficient to prevent the generation of de novo CD8* Try
following LAIV immunization

To investigate whether evasion of the influenza-specific CD8" T cell response enables
formation of a novel CD8* lung Try population, we generated a new version of svHA-12
that includes a point mutation, N370Q, within the nucleoprotein sequence that prevents
presentation of NP antigen on MHC class | (29) (Fig 5A). Inclusion of this point mutation
thereby eliminates responses to the immunodominant NPzgg_374 CD8"* T cell epitope

from our vaccination strain and allows the immunization to circumvent the pre-existing
FIuNP3g6-specific CD8* T cell response. To test whether the presence of Try specific

for a single immunodominant CD8* T cell epitope alone is sufficient to prevent LAIV
immunization from generating a de novo T cell response, we first infected mice using a
replication-deficient recombinant adenovirus vector that expresses PR8 NP (AdNP). These
mice do not generate any antibodies against influenza HA and will only generate influenza-
specific CD8* memory T cells to the FIUNP3¢¢ epitope. We then immunized these mice
with either svHA-12 or svHA-12 N370Q (Fig 5B) and looked one month later for SeV
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NP* CD8* TRy in the respiratory tract (Fig 5C). Like our results in PR8-immune mice,
immunization of AANP-immune mice with svHA-12 largely failed to generate SeV NP*
CD8" Trm. However, we did observe a significantly higher frequency and number of

SeV NP* CD8* Trp in the lung, BAL, and nasal cavity when AdNP-infected mice were
immunized with svHA-12 N370Q (Fig 5D, E). We also confirmed that these SeV NP* CD8*
Trm express both CD69 and CD103 (Fig 5F). Combined, these results demonstrate that
CD8* Trm on their own can prevent LAIV-SeV NP immunization from generating de novo
antigen-specific CD8* Tgrwm.

Given this finding, we next established pre-existing immunity by immunizing animals with
LAIV lacking SeV NP and then immunized with svHA-12 or svHA-12 N370Q (Fig 5G).
Like our results in ADNP immunized mice, svHA-12 N370Q immunization resulted in
generation of significantly more SeV NP* CD8* T cells in all tissues compared with
svHA-12 immunization, although the number of SeV NP* CD8* T cells was increased

to a lesser degree than observed in AANP immunized animals (Fig 5H-J). However, we
did not observe any significant difference in the number of CD69" CD103* SeV NP*
CD8™ T cells generated following immunization with either svHA-12 or svHA-12 N370Q
(Fig 5K). Lastly, svHA-12 N370Q immunization of LAIV-immune mice also resulted

in a significantly larger population of Flu PA™ CD8* T cells compared to svHA-12
immunization, confirming that immunization with a drifted LAIV-SeV NP strain lacking
the immunodominant Flu NP3gg epitope is also capable of boosting pre-existing T cells

to other epitopes (Supplemental Fig. 4A-D). Overall, these data show that both humoral
and cellular immunity can limit the ability of LAIV to promote virus-specific CD8* T cell
responses.

Discussion:

Despite ongoing research efforts, achieving long-term protection against many respiratory
pathogens through vaccination remains a challenge. In the case of influenza, the virus’s
capacity to rapidly mutate its surface proteins results in its ability to evade the antibodies
generated during a primary immune response. Influenza-specific CD8" memory T cells,
however, target conserved internal viral proteins that are shared across different subtypes
of influenza virus, thereby making them crucial for cross-reactive protection (1-4). CD8*
Trm, a specialized subset of memory T cells that remain embedded along the respiratory
tract and do no re-enter the circulation, have been shown to be particularly important

for mediating protection against influenza virus challenge (7, 9, 30). Several vaccination
strategies developed against influenza virus have been shown to be effective at inducing a
CD8™ T cell response, including live attenuated influenza vaccine (LAIV). However, while
LAIV has been effective in children, it has shown minimal efficacy and variable T cell
responses in adults (13-16, 31). We therefore hypothesized that LAIV’s ability to “take” is
impacted by pre-existing influenza immunity due to prior infections and/or immunizations.

In the present study, we assess the impact of pre-existing humoral and cellular immunity
on the ability of LAIV to generate de novo antigen-specific CD8* Try in the respiratory
tract. Not surprisingly, we observed that LAIV-SeV NP immunization can boost pre-
existing influenza NP-specific CD8* Tgy with increasing efficacy as escape from anti-HA
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antibodies increased. However, LAIV-SeV NP immunization failed to generate de novo
SeV NP CD8* Trm even when the immunization strain is capable of fully escaping anti-
HA antibodies. It is unlikely that this is due competition for MHC-I binding between

T cell epitopes as Sendai parainfluenza nucleoprotein does not share homology with
influenza virus. Furthermore, the SeV NP324_332 epitope inserted within our LAIV strains
is KP-restricted, whereas the immunodominant PR8 influenza NP36¢_374 epitope is DP-
restricted. It has been shown that influenza NP3gg-specific memory CD8" T cells are
preferentially activated and expanded during secondary infection due to differential antigen
processing; perhaps explaining why NP3gg-specific CD8* Trp were successfully boosted
upon immunization (32).

Intriguingly, immunization with an LAIV-SeV NP strain fully capable of escaping
antibodies (svHA-12) still failed to generate de novo CD8* Try When fewer pre-existing
virus-specific CD8* Trp were present in the lung and airways. This finding is particularly
interesting to us, as it suggests that CD8* Ty within the nasal cavity are sufficient at
preventing LAIV-SeV NP immunization from stimulating formation of CD8* Tgy against
novel antigens. In contrast to lung Ty, nasal cavity Ty are formed independently of
local cognate antigen recognition and are relatively stable over time (30). This explains
why intraperitoneal infection, which does not deliver antigen to the lungs, results in

similar numbers of Trp in the nasal cavity when compared to intranasal administration.
Importantly, CD8* Tr Within the nasal cavity can prevent viral transmission down to the
lung by controlling pathogen replication within the nasal epithelium. This, in turn, could
limit the amount and duration antigen available for CD8* T cell priming and expansion,
especially in the lower respiratory tract. Given that LAIV is temperature sensitive and
predominantly replicates in the upper respiratory tract, and that optimal Ty, formation
within the lung requires recognition of local antigen, this is a plausible explanation for why
LAIV-SeV NP immunization failed to generate de novo lung Try in PR8-immune mice,
even when significantly fewer influenza-specific Tgy, were present in the lower respiratory
tract (27). It is possible that less related pathogens would be capable of evading nasal cavity
CD8* Trm; however, our finding with AdNP-immunized animals discussed below indicates
that limited epitope similarity is enough to prevent immunization from “taking.” Additional
experiments are needed to confirm these hypotheses.

Lastly, immunization with an LAIV-SeV NP strain that fully escapes antibodies and does not
present the immunodominant NP3gg epitope (svHA-12 N370Q) did succeed in generating
de novo CD8* Try in the lungs and BAL of mice that only have pre-existing NP3gg* Trm-
Immunization with svHA-12 N370Q also generated SeV NP* CD8* T cells in mice that
were first immunized with an LAIV lacking the SeV NP epitope. However, the numbers of
SeV NP* T cells were less than those observed in AANP immunized animals, suggesting
that the other CD8* T cell epitopes present in the LAIV are still impacting the formation
of de novo Trpy. It is important to note that we also cannot fully rule out a role for
NP-specific B cells in our model. However, given our finding in AdNP mice, we suspect
NP-specific antibodies to play a minimal role. Taken together, our findings suggest that
escape from both the pre-existing humoral and cellular responses is necessary to generate a
novel epitope-specific CD8* lung Try population following immunization with LAIV.
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There has been longstanding interest in broadening our understanding of how pre-existing
immunity impacts susceptibility to influenza infection (33). Original antigenic sin, a
phenomenon whereby the immune system preferentially recalls existing memory cells made
in response to a previous antigen encounter, is a well described impediment to generating
de novo protection against influenza virus (34). The process has been best described in
relation to antibody responses and is typically not observed during subsequent exposures to
distantly related or entirely unrelated antigens (35). It has been proposed that altered antigen
trafficking and prevention of LAIV replication in the nasal epithelia post-vaccination are
potential mechanisms by which pre-existing antibodies reduce the overall effectiveness of
LAIV, where effectiveness was measured as strong serum antibody levels and protection
against homologous and heterologous strains (36). Here, our data suggests CD8* Trm
within the nasal epithelia may also work in a similar way to limit LAIV efficacy.

A recent study demonstrated that pre-existing humoral responses to LAIV prevent formation
of CD8* lung Try and that this limitation could be overcome by increasing the vaccine
dose (37). Although B cell responses to LAIV were not a focus of this manuscript, our

data complement these findings by showing that pre-existing memory T cells in the upper
respiratory tract also contribute to limiting LAIV efficacy. The ability of Try to rapidly
eliminate virus-infected cells could limit the absolute amount and duration of viral antigen
production, further biasing the antibody response toward pre-existing memory B cells.
Additional studies are needed to determine the impact of pre-existing cellular immunity on
LAIV’s ability to stimulate de novo B cell responses.

Overall, our results provide critical insight to the roles that both pre-existing humoral

and cellular immunity play in restricting the ability of LAIV immunization to promote
antigen-specific T cell responses, and in particular the ability of pre-existing Trp to limit
the development of de novo T cell responses. Recently, it’s been shown that prior immunity
impacts the immune response to vaccination against SARS-CoV-2. While individuals that
recovered from SARS-CoV-2 infection tend to experience a broader and stronger antibody
response after booster vaccinations, a larger proportion of naive T cells was found to be
required for superior quality CD4* T cell responses post-vaccination (38). In addition,
LAIVs and other viral vectors, such as recombinant adenoviruses and orthopoxviruses, have
been proposed as delivery platforms for vaccine antigens or for gene therapy (25, 39-43).
Our data suggest that vector-specific memory T cell responses may also limit the efficacy
of these platforms and should be considered in their design. In the case of recombinant
adenovirus vaccines, vectors built from serotypes of non-human species are being evaluated
that may circumvent this issue (44). While pre-existing antibodies and memory T cells

are known to shape the establishment of novel antigen responses, their impact can vary
depending on the specific pathogen and vaccination platform used, and additional research is
needed to better inform vaccine design.
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LALIV fails to elicit de novo Ty in the face of pre-existing antibodies

Escape from cellular immunity allows for generation of T cell memory

following LAIV

Key points:
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Figure 1. Live attenuated influenza vaccine elicits protective antigen specific CD8* lung Trm.
(A) Percent original weight following i.n. infection with WT PR8 or immunization with

LAIV-SeV NP. n = 5 mice per group from 2 experiments. (B) Number of FIUNP3g6™,
FIuPA*, or SeV NP* CD8™ T cells in the spleen, lung, and BAL 30 d.p.i. with LAIV-SeV
NP. n = 2 independent experiments with 5 mice per experiment. (C) Example flow staining
for epitope-specific lung Trp in mice 30 d.p.i. with LAIV-SeV NP. (D, E) Number of
CD69~ CD103™ or CD69* CD103* SeV NP* CD8" Tgry in the lung (D) and BAL

(E) on indicated d.p.i. with LAIV-SeV NP. n = 2 independent experiments with 5 mice

per timepoint per experiment. (F) Example flow staining for CD69 and CD103 amongst
SeV NP* CD8* Tgy in lung and BAL. (G) Experimental design. (H) Percent original
weight following challenge of mock infected (PBS), WT PR8-infected, or LAIV-SeV NP
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immunized mice with x31 influenza. (I) Lung viral titers on days 4 and 6 post-challenge
(d.p.c.) with x31 influenza in mice initially mock infected or given WT PR8 or LAIV-SeV
NP. For H and I, n = 2 independent experiments with 6-8 mice per challenge group per
timepoint. (J) Percent original weight following challenge of mice immunized with LAIV
+/- SeV NP with Sendai parainfluenza virus. (K) Lung viral titers in mice immunized with
LAIV +/- SeV NP and then challenged with Sendai parainfluenza virus. For Jand K, n = 2
experiments with 5 mice per challenge group per timepoint.
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Figure 2. Immunization with LAIV-SeV NP strains capable of escaping pre-formed antibody
fails to generate a de novo antigen specific CD8* Trn population in mice with pre-existing
immunity.

(A) Design of switch variant (sv) drifted LAIV-SeV NP strains that have either a WT HA
sequence (sVHA-WT) or a mutated HA sequence (svHA-3, svHA-6, svHA-10, svHA-12)
with point mutations that allow for increasing escape from pre-existing anti-HA antibodies.
(B) Example flow staining for SeV NP* CD8* Try in the lung of naive (left plot) or PR8-
immune (right plot) mice subsequently immunized with LAIV svHA-WT. (C, D) Frequency
(C) and number (D) of SeV NP* CD8* lung Ty 30 d.p.i. of naive or PR8-immune mice
with LAIV svHA-WT. (E-G) Same as B-D except with LAIV svHA-12 immunization.

For naive animals, n = 5 mice from 2 experiments. For PR8-immune animals for each
immunization strain, n = 2 independent experiments with 5-11 mice per experiment. Limit
of detection (LOD) indicated with dotted line at 101,
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Figure 3. Pre-existing CD8" TRy in the respiratory tract undergo expansion upon immunization
with LAIV-SeV NP.

(A) Experimental design. (B) Example EdU staining amongst FIUNP3gg* CD8* TRy in the
lung and BAL following immunization of PR8-immune mice with PBS, svHA-WT, svHA-6,
or svHA-12. (C, D) Frequency (C) and number (D) of EdU* FIuNP3g6™ CD8* lung Trm
following svHA-WT, svHA-6 or svHA-12 immunization. (E, F) Total frequency (E) and
number (F) of FIuNP3g6™ CD8* lung Try following the indicated immunization. (G-J)
Same as C-F but in BAL. For each immunization strain, n = 2 independent experiments with
4-5 mice per experiment.

J Immunol. Author manuscript; available in PMC 2025 January 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lobby et al. Page 19

A B *kk c
Naive PR8 immune 1.5 10°
SVHA-WT SVHA-WT @ o o ookl
10512.91 0.23 [ 8 10°
* +
@ ©
[=] [m)
o 2 402
o o
z z
> >
Q [0) 1
3 » 10
= *

100 —
O naive - svHA-WT A PR8i.p. - svHA-WT

D ' ) E 30— fadald F i Fekk
Naive PR8 immune 10° 7
sVHA-12 sVHA-12 ® »
w347 foa9 8 204 ©®e T 10 e
y
2 %
8 Q 10’
g 105 % o ) N
i z ® % 10°
< =L
z > T
> $ 0.5 3 10" % 7Y,
] R 4 * %A
0.0 10°
® naive - svHA12 A PR8i.p. - svHA-12
G sokiok H Hokokok | Sokok J sokakok
* ns Fokk bk sk kK dokok ook
80 7
2 2 2 10 . o 1
o2 o, A 3 60 B 48
& 15 o 1 g g 10t
= Z 403 o 40 Q.3
2 40 5 z Zz 10
w (% 102 =} 3 2
5 ey £ 20 c 10
5 9 3 10 S # 10!
R 0 #* 100 0 10°
QQ? é\ 7.{1/ ® 2 é& :\’1/ QQ;.) \é\ /{l/ $ 2 X /\‘Tf
¥ ¥ ¥ ¥ ¥ ¥ ¥ ¥
,aiz‘ 2 X4 RO RS
K
1.0
@ 0.5
o O
o ©
5'g 0oL M
3
z% 0
o 3
L -504
*
-100—
-150-
200——T— T T T
& O > ©
K ¥ ¥

Figure 4. Route of prior infection does not alter the ability of LAIV to establish de novo CD8*
TrRM-
(A-C) Example staining (A), frequency (B) and number (C) of SeV NP* CD8* lung

Trm following svHA-WT immunization (30 d.p.i.) of naive mice or mice infected via

i.p. injection with WT PR8. (D-F) Same as A-C but with svHA-12. LOD indicated with
dotted line at 101. For naive animals, n = 5 mice from 2 experiments. For PR8-immune
animals, n= 2 independent experiments with 4-5 mice per experiment. (G, H) Frequency
(G) and number (H) of EdU* FIuUNP3g6" CD8" lung Trp following indicated immunization.
(1, J) Total frequency (1) and number (J) of FIuNP3gg* CD8" lung Trp following indicated
immunization. For G-J, n = 2 independent experiments with 5 mice per experiment for each
immunization strain. (K) Fold change in the number of FIUNP356" CD8* T cells in indicated
tissues when comparing PR8 infection via i.n. or i.p. route.
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Figure 5. Pre-existing CD8" T are sufficient to prevent the generation of de novo CD8" Ty

following LAIV immunization.

(A) Schematic illustrating the design of LAIV strain svHA-12 N370Q. (B) Experimental
design. (C) Example staining for SeV NP* CD8* T cells in indicated tissues in AdNP-
immunized mice 30 d.p.i. with svHA-12 or svHA-12 N370Q. (D, E) Frequency (D) and
number (E) of SeV NP* CD8* T cells in indicated tissues 30 d.p.i. with svHA-12 or
sVvHA-12 N370Q. (F) Number of CD69* CD103" cells amongst SeV NP* CD8* T cells.
Samples with the parent gate falling below the LOD were excluded. Data represent 3
independent experiments with n = 5 mice per group per experiment. LOD indicated with
dotted line at 101. (G) Experimental design. (H-K) Same as C-F except in mice first
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immunized with LAIV lacking SeV NP. Data represent 3 independent experiments with n =
5 mice per group per experiment. LOD indicated with dotted line at 10%.
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Table 1.

Amino acid changes introduced into the PR8 HA sequential variant (sv) viruses

Sequential Variant

Changes in HA, relative to PR8 wild type

SVHA-WT none

svHA-3 G159S, N129D, R78G

SVHA-6 G159S, N129D, R78G, R224K, S145N, K163E

svHA-10 G159S, N129D, R78G, R224K, S145N, K163E, E156K, E119K, G173R

SVHA-12 G159S, N129D, R78G, R224K, S145N, K163E, E156K, E119K, G173R, E70G, R48K, D225G
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