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ABSTRACT Lung-localized CD4 T cells play a critical role in the control of influenza vi-
rus infection and can provide broadly protective immunity. However, current influenza
vaccination strategies primarily target influenza hemagglutinin (HA) and are administered
peripherally to induce neutralizing antibodies. We have used an intranasal vaccination
strategy targeting the highly conserved influenza nucleoprotein (NP) to elicit broadly pro-
tective lung-localized CD4 T cell responses. The vaccine platform consists of a self-assem-
bling nanolipoprotein particle (NLP) linked to NP with an adjuvant. We have evaluated
the functionality, in vivo localization, and persistence of the T cells elicited. Our study
revealed that intranasal vaccination elicits a polyfunctional subset of lung-localized CD4 T
cells that persist long term. A subset of these lung CD4 T cells localize to the airway,
where they can act as early responders following encounter with cognate antigen.
Polyfunctional CD4 T cells isolated from airway and lung tissue produce significantly
more effector cytokines IFN-y and TNF-«, as well as cytotoxic functionality. When adop-
tively transferred to naive recipients, CD4 T cells from NLP:NP-immunized lung were suffi-
cient to mediate 100% survival from lethal challenge with H1N1 influenza virus.

IMPORTANCE Exploiting new, more efficacious strategies to potentiate influenza vi-
rus-specific immune responses is important, particularly for at-risk populations. We
have demonstrated the promise of direct intranasal protein vaccination to establish
long-lived immunity in the lung with CD4 T cells that possess features and position-
ing in the lung that are associated with both immediate and long-term immunity, as
well as demonstrating direct protective potential.

KEYWORDS CDA4T cells, Trm, airway T cells, influenza A, influenza virus challenge, lung
parenchyma vasculature, mucosal immunology, polyfunctional T cells, rational vaccine
design, tissue resident memory

isease outbreaks caused by influenza A viruses result in considerable human mor-

bidity, mortality, and economic burden each year (1-4). Currently, intramuscular
vaccination with recombinant or split influenza vaccines that are solely composed of,
or highly enriched for, HA is the primary clinical strategy employed to combat influ-
enza infection, by seeking to elicit neutralizing HA-specific antibodies (5-7). This strat-
egy can fail to elicit sufficiently protective responses (8-11), sometimes due to anti-
genic mismatch between circulating and vaccine viruses, emergence of novel viruses
that arise from antigenic shift, or mutations that occur during vaccine production
(12-14). Further, anti-HA antibody titers in vaccinated subjects can wane over time

August 2021 Volume 95 Issue 16 e00841-21 Journal of Virology

Citation Nelson SA, Dileepan T, Rasley A,
Jenkins MK, Fischer NO, Sant AJ. 2021.
Intranasal nanoparticle vaccination elicits a
persistent, polyfunctional CD4 T cell response
in the murine lung specific for a highly
conserved influenza virus antigen that is
sufficient to mediate protection from influenza
virus challenge. J Virol 95:00841-21. https://
doi.org/10.1128/JV1.00841-21.

Editor Stacey Schultz-Cherry, St. Jude
Children's Research Hospital

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Andrea J. Sant,
Andrea_Sant@URMC.Rochester.edu.
Received 20 May 2021

Accepted 26 May 2021

Accepted manuscript posted online

2 June 2021

Published 26 July 2021

jvi.asm.org


https://orcid.org/0000-0001-7176-7426
https://doi.org/10.1128/JVI.00841-21
https://doi.org/10.1128/JVI.00841-21
https://doi.org/10.1128/ASMCopyrightv2
https://jvi.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00841-21&domain=pdf&date_stamp=2021-6-2

Nelson et al.

(15). To overcome the limitations of current subunit influenza vaccination strategies,
development of universal influenza vaccines that elicit improved durability and
breadth of immune protection has become a high priority in the field (16-20).

To achieve the goal of universal influenza vaccines that induce broadly protective immu-
nity, one particularly advantageous strategy is to more fully induce and harness lung-local-
ized and T cell-mediated immunity, with a focus on the immune response to influenza anti-
gens that are broadly conserved among virus strains. Live-attenuated influenza vaccines
(LAIV) allow priming of both peripheral and lung-localized T cells; however, efficacy is greatly
reduced in adults, presumably because preexisting antibodies to HA in the human host
blunts replication of LAIV in the respiratory tract (21, 22). A number of groups have explored
the potential of intranasal protein-based vaccines to induce protective immunity to influenza,
but these studies have been primarily limited to assessment of induced antibody responses
and empirical virus challenge designs (23-25). Influenza virus-specific CD4 and CD8 T cells
are known to play critical roles in mediating protection from influenza virus infection (14,
26-28). CD8 T cells primarily display cytotoxic activity against infected antigen-bearing cells
in the respiratory tract, while CD4 T cells are more complex in their effector functions.
Influenza virus-specific CD4 T cells can promote CD8 T cell expansion and development of
CD8 memory. Influenza virus-specific CD4 T follicular helper cells can provide help to B cells
for production of high-affinity, HA-specific B cells that can produce antibodies conveying
sterilizing immunity (29-32). Within the respiratory tract, CD4 T cells recruited to the lung
can induce antiviral cytokines and deliver direct cytotoxicity. In addition, memory CD4 T cells
in the lung can facilitate innate immune responses and early activation of antigen-presenting
cells through production of non-Th1 cytokines and through recruitment of innate cells into
the respiratory tract that can suppress viral replication (33-36).

Here, we have explored a rational protein vaccination strategy that targets immune
responses in the respiratory tract. By fostering influenza virus-specific CD4 T cell responses
in the lung, we can exploit the multiplicity of functions delivered by CD4 T cells and the
ability of these cells to form tissue-resident populations in the lung (37-41). The strategy
employs codelivery of the genetically conserved influenza virus NP and a low-dose adju-
vant, associated with a novel self-assembling nanolipoprotein complex. NLPs are nano-
scale mimetics of nascent high-density lipoproteins (~15nm in diameter) and feature a
lipid bilayer stabilized by apolipoproteins (42). The NLP platform presents the advantages
of being self-assembling, nontoxic, not intrinsically immunogenic, and can bind to a broad
array of antigens while remaining stable under biological conditions (42-45). We have
assessed the seeding of antigen-specific CD4 T cells in the lung and have evaluated the
functional potential, homing, and persistence of the elicited cells in both the periphery
and the respiratory tract. Our studies demonstrate the promise of this approach to localize
multifunctional, influenza virus-specific CD4 T cells to multiple compartments in the respi-
ratory tract, as well as in the periphery, and their potential to protect from infection.

RESULTS

Potentiating lung-localized CD4 T cell immunity via intranasal immunization.
In order to better utilize animals for preclinical models of human vaccine studies, we
considered the well-known feature of human immunity to influenza, characterized by
immune memory that develops from intermittent exposure through vaccination and
infection (46-48). Accordingly, we evaluated the immune response of intranasal vacci-
nation in the context of influenza virus-specific memory established by priming mice
intranasally with live-attenuated influenza virus (LAIV), which seed memory cells with
diverse antigen specificity (49, 50) and across many tissues, as is likewise observed in
human subjects (51-54). After intranasal vaccination with LAIV, mice were rested for
30days to allow the immune response to contract and then boosted with influenza NP
(Fig. TA), a highly expressed internal virion protein that is conserved among diverse
influenza virus strains (55), or boosted with LAIV. A nanolipoprotein nickel-chelating
construct was employed for vaccination that allows coassembly of His-tagged antigen
and cholesterol-tagged CpG, as previously reported (44) and described in the Materials
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FIG 1 Potentiating lung localized CD4 T cell immunity via intranasal immunization. (A) Schematic representation of immunization
regimen. Naive C57BL/6 mice were immunized with monovalent live attenuated influenza virus (LAIV), a 6:2 reassortant of caA/
Ann Arbor/6/60 and A/New Caledonia/99. Responses were allowed to contract for 30 days prior to intranasal boost with NLP. NLP
immunizations were composed of 5ug recombinant influenza NP and 5ug CpG conjugated to the NLP at a molar ratio of
1:2.4:18.4, NLP to NP to CpG, respectively. Responses were analyzed at 10days post boost. (B) Schematic demonstrating the NLP
self-assembly process. Purified components (including lipids DGS-NTA-Ni and DOPC, with apolipoprotein) are solubilized with
surfactant and mixed in aqueous solution. Removal of the surfactant initiates self-assembly of the functionalized NLPs.
Conjugation of adjuvants and antigens is achieved by reacting with cognate NLP surface functionalities (e.g., His tag with
chelated nickel) or through anchoring of lipidic moieties featured on amphiphilic cargo molecules (e.g., cholesterol-tagged CpG).
(C) His-tagged NP antigen can be conjugated to nickel-chelating NLPs at ratios from 2 to 16 antigens per NLP. Size exclusion
chromatography (SEC) is used to monitor the conjugation, evidenced by a dose-dependent decrease in retention time and an
increase in NLP absorbance intensity, indicating successful conjugation of antigen to NLP. (D) SEC demonstrates the successful
incorporation of both NP protein and cholesterol-modified CpG in the final vaccine assembly, evidenced by a shift in retention
time and increase in absorbance intensity.

and Methods. The features and characterization of the assembled vaccine are illus-
trated and described in Fig. 1B. This approach generates stable complexes of NP-anti-
gen and cholesterol-tagged CpG conjugated to the NLP platform, and will be referred
to as NLP:NP (Fig. 1C and D).

Intranasal NLP:NP boost elicits a higher frequency of NP-specific CD4 T cells in
the lung than LAIV boost. To quantify the CD4 T cell response to LAIV priming and
NLP:NP vaccination, gamma interferon (IFN-)) and interleukin 2 (IL-2) cytokine ELISpot
assays were performed at several time points, including 7 days postvaccination with LAIV
(Fig. 2A to C), 30days postvaccination with LAIV (Fig. 3, open bars), and again following
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FIG 2 Live-attenuated virus establishes memory. (A to C) Naive C57BL/6 mice were primed with live-attenuated influenza virus to establish
influenza virus-specific memory. The CD4 T cell response was assayed in lung (A), mLN (B), and spleen (C) at 7 days postinfection via IL-2 and
IFN-y cytokine ELISpot to identify immunodominant CD4 T cell epitopes across hemagglutinin (HA), nonstructural protein 1 (NS1), nucleoprotein
(NP), and neuraminidase (NA) viral proteins. Results are presented as the mean number of cytokine-producing spots per million CD4 T cells with
the standard deviation shown. The mean is representative of three independent experiments of five pooled mice each.
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FIG 3 Intranasal NLP:NP boost elicits a higher frequency of NP-specific CD4 T cells in the lung than does an LAIV boost. (A to F)
Thirty days postimmunization with LAIV, CD4 T cell responses were assayed in lung, mLN, and spleen via IFN-y (A to C) and IL-2
(D to F) cytokine ELISpot to characterize the immune response prior to intranasal boost with NLP:NP. At 10 days post intranasal
immunization with NLP:NP, the extent of CD4 T cell boosting in lung (A and D), mLN (B and E), and spleen (C and F) was
quantified by IL-2 and IFN-y cytokine ELISpot. Results are presented as the mean number of cytokine-producing spots per million
CD4 T cells with the standard deviation shown. The mean is representative of three to five independent experiments of five

pooled mice each.

boost with LAIV (Fig. 3, hatched bars) or NLP:NP (Fig. 3, solid bars). Cells isolated from
lung (Fig. 3A and D), the lung-draining mediastinal (mLN) lymph node (Fig. 3B and E),
and spleen (Fig. 3C and F) were used to quantify and evaluate the distribution of anti-
gen-specific cells extracted by these tissues. The peptides tested by highly sensitive and
specific ELISpot assays included immunodominant I-AP restricted peptides (Table 1) from
HA, nonstructural protein 1 (NS1), NP, and neuraminidase (NA), all of which were previ-
ously defined (56). These studies revealed that after the intranasal NLP:NP vaccination,
the frequency of IFN-y-producing NP-specific CD4 T cells increased 117-fold in lung, 39-
fold in mLN, and 89-fold in spleen, relative to LAIV D30 mice (Fig. 3A to C). By compari-
son, the frequency of IFN-y-producing NP-specific CD4 T cells increased 3.3-fold in lung,
4.3-fold in mLN, and 0.4-fold in spleen of LAIV-boosted mice relative to LAIV D30 mice
(Fig. 3A to Q). Relative to LAIV D30, the frequency of IL-2-producing cells in NLP:NP-
boosted mice increased 16-fold, 12-fold, and 45-fold in lung, mLN, and spleen, respec-
tively (Fig. 3D to F). The frequency of IL-2-producing cells in LAIV-boosted mice increased
4.4-fold in lung, 4.5-fold in mLN, and 0.4-fold in spleen relative to LAIV D30 mice. Of
note, boosting following NLP:NP vaccination was limited to NP-specific CD4 T cells and
did not nonspecifically recruit or activate HA, NS1, or NA-specific CD4 T cells. This result

TABLE 1 MHC Class lI-restricted epitopes in H-2° mice

I-AP-restricted epitopes

Epitope Amino acid position and sequence
HA 16 90 KESWSYIVETPNPENGT 106

HA 35 203 NQRALYHTENAYVSVVS 219
NS119 108 KQKVAGPLCVRMDQAIM 124
NP 45 261 RSALILRGSVAHKSCLP 277

NA 30 171 NSKFESVAWSASACHDG 187
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demonstrates that the recruitment and boost are not induced by CpG administration
alone, a conclusion supported by the failure to boost NP-specific cells with CpG-NLP ve-
hicle alone (not shown). These results highlight the increased immunogenicity of the
NLP:NP platform in boosting antigen-specific CD4 T cells relative to secondary exposure
to LAIV. The advantages of NLP:NP boosting over LAIV boosting held across all tissues
and mediators assessed.

Intranasal NLP:NP vaccination establishes a large population of tissue-resident
CD4 T cell populations in the lung. The localization of CD4 T cells has a profound
effect on their protective capacity, and their ability to rapidly respond to infection. The
microenvironment, including cytokines, chemokines, and antigen-dependent interac-
tions, can affect the recruitment, expansion, phenotype, and persistence of the anti-
gen-specific cells (12, 34, 57-60). To determine the localization and phenotype of CD4
T cells in the lung following intranasal NLP:NP or LAIV immunization, intravascular (i.v.)
labeling was employed in conjunction with multiparameter flow cytometry (59). Given
the importance of localization within the lung, we were particularly interested in deter-
mining whether NLP:NP or LAIV boosting differed in their potential to elicit tissue-resi-
dent CD4 T cell populations in the lung. Using the gating scheme depicted in Fig. S1 in
the supplemental material, live CD4 T cells were partitioned between vasculature
(CD45 IV*) and tissue (CD45 IV~) compartments prior to additional analyses. This
enabled assessment of these discrete populations on the basis of antigen experience,
tissue homing potential, and memory precursor potential (61).

While LAIV boost increased the percentage of CD4 T cells localized to lung tissue
relative to LAIV D30, only intranasal NLP:NP vaccination significantly increased both
the percentage and total abundance of CD4 T cells localized to the lung tissue relative
to LAIV D30 and LAIV-boosted mice (Fig. 4A to C). LAIV boost increased the percentage
of antigen-experienced CD44* CD62L~ in the lung tissue relative to LAIV D30 controls.
NLP:NP-boosted mice had a higher percentage of antigen-experienced CD44+ CD62L~
cells in both tissue and vasculature, relative to LAIV boost and LAIV D30 controls (Fig.
4D and E). Further analyses revealed the lung tissue of NLP:NP-boosted mice had an
increased total abundance of antigen-experienced CD44" CD62L~ cells relative to LAIV
D30 and LAIV-boosted mice, and that there were more lung vasculature-localized anti-
gen-experienced cells in NLP:NP-boosted mice than in LAIV-boosted mice (Fig. 4F).

Within the subset of antigen-experienced cells localized to lung tissue, we evaluated
expression of lung residency markers CD11a and CD69. CD11a has been implicated as a
critical marker of T cell homing to inflamed tissues. CD69 plays a role in retention of the
recruited lymphocytes at the site of inflammation, especially within nonlymphoid tissues
(62-69). Within each immunization group, we found increased percentages of CD11a*
CD69+ CDA4 T cells in the lung tissue relative to their CD11a* CD69~ counterparts, but no
significant differences existed between groups (Fig. 4G and H). NLP:NP vaccination was
found to significantly increase the total abundance of CD11a®™ CD69~ and CD11a*
CD69" CD4 T cells in the lung tissue relative to LAIV D30 or LAIV-boosted controls (Fig.
4l). Whereas CD4 T cells uniformly expressed high levels of CD11a, a substantial heteroge-
neity in the abundance of cells expressing CD69 was noted (Fig. 4G to 1), as has been
reported in studies of T cells in infection models of influenza (69, 70). Finally, we exam-
ined the relative proportion and overall abundance of short-lived effector Ly6C* CD4 T
cells, a marker associated with short term effector cells (61). When expression of Ly6C was
examined on tissue-resident CD4 T cells, the relative proportion of Ly6C* and Ly6C~ neg-
ative cells was similar between the three groups; however, the abundance of Ly6C~ cells
was significantly increased in the NLP:NP-immunized group relative to LAIV D30 or LAIV-
boosted controls (Fig. 4J to L). These data indicate that intranasal NLP:NP immunization
increases the abundance of tissue-resident effector CD4 T cells relative to LAIV controls,
including those with the potential to persist long term in the lung.

Use of pMHC-II tetramer to track NP-specific CD4 T cells reveals CD4 T cells
localized primarily to the lung tissue, relative to lung vasculature. The multipara-
meter flow cytometry data shown in Fig. 4 demonstrate boosting of lung-localized CD4
T cell responses, but do not define the antigen specificity of the cells. To explicitly study
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FIG 4 Intranasal NLP:NP vaccination establishes larger tissue-resident CD4 T cell populations in the lung than does an LAIV boost. (A) Analysis of lung
localization among CD4 T cells, depicting representative flow plots. (B) Frequency of lung tissue-localized CD4 T cells. (C) Absolute abundance of CD4 T cells
in the intravascular labeled CD45" lung vasculature and unlabeled CD45~ lung tissue. (D) CD4 T cells were assessed for their expression of CD44 and CD62L.
(E and F) The frequency (E) and absolute abundance (F) of effector CD44* CD62L~ CD4 T cells was assessed in the lung tissue and vasculature. (G) CD44*
CD62L" effector CD4 T cells were subsequently gated on expression of CD11a and CD69. (H and |) The frequency (H) and abundance (l) of CD11a™ CD69"/~
was calculated among effector CD4 T cells in the lung tissue. (J) Expression of memory-precursor marker Ly6C was assessed among CD44" CD62L" effector
CD4 T cells. (K and L) The frequency (K) and abundance (L) of Ly6C* and Ly6C~ CD4 T cells was assessed among lung tissue localized effector CD4 T cells.
Results are presented as the mean number of the respective population with the standard deviation and individual mice shown. The mean is representative
of three independent experiments of five individual mice each. With the exception of (B), significance (***, P<<0.001; ****, P<0.0001) for comparisons of
cellular frequency and abundance between LAIV and LAIV+NLP boost cohorts was determined by two-way ANOVA with Tukey's correction for multiple
comparisons.

positioning of NP-specific CD4 T cells within the lung, an NP45 pMHC-II tetramer was
generated and used in combination with intravascular labeling. In the gating scheme
shown in Fig. S2, a double lineage-specific gating scheme was employed to ensure high
specificity of pMHC-II tetramer staining. Compared to LAIV D30 mice, NLP:NP-vaccinated
mice displayed an increased percentage of tetramer-positive cells (Fig. 5A). Importantly,
most of the tetramer-positive CD4 T cells were localized to the lung tissue, with very few
localized to the vasculature (Fig. 5B). However, in terms of absolute abundance of tet-
ramer-positive CD4 T cells, NLP:NP-boosted mice had 94-fold more NP45-specific CD4 T
cells than LAIV D30 controls (Fig. 5C). When assessing CD4 T cell localization using IV
labeling, mean numbers of tetramer-positive CD4 T cells recovered from NLP:NP-immu-
nized lung were 2.48 x 10° in lung tissue and 5.53 x 10% in lung vasculature. By compari-
son, mice that were only primed with LAIV had a mean of 2.61 x 103 tetramer-positive
cells in lung tissue and 8.3 x 10" tetramer-positive cells in lung vasculature, representing
95-fold and 66-fold increases, respectively (Fig. 5D).
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FIG 5 Intranasal NLP:NP immunization boosts antigen-specific CD4 T cells which localize to the lung tissue. (A) Representative plot of NP-
specific CD4 T cells detected by I-A® pMHC-Il NP45 tetramer staining in LAIV and LAIV+NLP immunized murine lung. (B) Frequency of
vasculature-localized CD45* and tissue-localized CD45~ pMHC-Il NP45 tetramer™ cells. (C and D) Quantification of the total number of NP45-
specific CD4 T cells (C) and those localized to lung tissue and vasculature (D) of LAIV and LAIV+NLP immunized mice. Results are presented
as the mean number of pMHC-II NP45 tetramer® cells per lung with standard deviation and individual replicates shown. The mean is
representative of 10 individual mice analyzed as pools of two lungs each. Cell numbers from pooled lungs are divided by two to reflect the
cellularity of a single lung. Significance (***, P<0.001) for comparisons of cellular abundance between LAIV and LAIV+NLP boost cohorts

was determined by two-way ANOVA with Tukey’s correction for multiple comparisons.

Codelivery of antigen and adjuvant on NLP:NPs enhances CD4 T cell responses
to intranasal vaccination. Given the extent of CD4 T cell boosting observed following
intranasal vaccination with NLP:NP, we sought to determine whether the responses are
a consequence of codelivery of antigen and adjuvant on NLP. Responses to NLP:NP
were analyzed in parallel with delivery of vaccine components separately but simulta-
neously at an identical dose and in soluble form, in mice that had been previously
primed with LAIV (Fig. 6A). Immunization with NLP:NP complexes elicited 4.4-fold
more IFN-y-producing cells and 3-fold more IL-2-producing cells in the lung than did
immunization with a matched dose of soluble NP and CpG (Fig. 6B and C). In the lung-
draining mLN, NLP:NP immunization elicited 3.7-fold more IFN-y-producing cells and
1.2-fold more IL-2-producing CD4 T cells than soluble NP and CpG (Fig. 6D and E). NLP:
NP immunization also increased the frequency of IFN-y and IL-2-producing CD4 T cells
in the spleen relative to soluble NP and CpG (Fig. 6F and G). In all tissues, CD4 T cell
boosting was only observed among NP-specific cells. Overall, these experiments
revealed that the conjugation of the vaccine components together elicits a higher fre-
quency of NP-specific CD4 T cells than does soluble antigen and adjuvant at the same
dose and does so in a highly antigen-specific manner.

Intranasal vaccination with NLP:NP elicits a higher frequency of antigen-
specific CD4 T cells than peripheral vaccination. We next formally addressed the
impact that route of immunization has on frequency and localization of antigen-spe-
cific cells in the lung. Mice were primed with LAIV and vaccinated with NLP:NP via ei-
ther an intranasal or subcutaneous (S.Q.) route (Fig. 7A). Use of cytokine ELISpot and
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FIG 6 Codelivery of antigen and adjuvant on NLP:NP enhances CD4 T cell responses to intranasal vaccination. (A) Schematic
representation of the immunization regimen, where mice were primed with LAIV and subsequently boosted with NLP:NP or
soluble NP+CpG, and responses were assayed at 10days post intranasal boost. The CD4 T cell response to NLP:NP and soluble
NP+CpG immunization was compared via IFN-y and IL-2 cytokine ELISpot assay in lung (B and C), mLN (D and E), and spleen (F
and G). Results are presented as the mean with standard deviation of two independent experiments of five pooled mice each.

Statistical significance was determined by unpaired, two-tailed t test with Welch'’s correction.

flow cytometry showed that intranasal NLP:NP immunization elicited 14.7-fold more
NP-specific IFN-y-producing cells in the lung than S.Q. vaccination (Fig. 7B). Further,
intranasal immunization seeded 5.4-fold and 1.9-fold more IFN-y-producing cells to
mLN and spleen, respectively (Fig. 7C and D). The frequency of NP-specific CD4 T cells
was not significantly different between intranasal and S.Q. vaccination in the popliteal
lymph node, which drains the site of subcutaneous immunization (Fig. 7E). These
results indicate the critical role that direct delivery to the respiratory track plays in
localizing influenza-specific CD4 T cells in the respiratory tract, in agreement with stud-
ies of attenuated and licensed influenza vaccine (71).

The preceding studies also revealed the enhanced overall immunogenicity of intra-
nasal vaccine responses, in both lung and peripheral secondary lymphoid tissues. When
the total abundance of antigen-experienced CD44 high CD4 T cells was compared
between intranasal and subcutaneous vaccination, intranasal immunization was found
to elicit more than 20-fold more CD4 T cells to the lung airway and lung tissue than sub-
cutaneous immunization, as well as leading to a substantial increase in CD4 T cells local-
ized to the lung vasculature (Fig. 7F to H). Representation of cells in the spleen increased
almost 2-fold (Fig. 7D). Thus, lung delivery is critical in seeding tissue-resident CD4 T cells
that home to the site of subsequent influenza virus infection but also enhance represen-
tation of viral antigen-specific cells in secondary lymphoid tissue.

Intranasal NLP:NP immunization elicits distinct populations of NP-specific CD4
T cells localized to the airway, lung tissue, and lung vasculature. After finding that
NLP:NP immunization elicits a population of NP-specific lung tissue-resident CD4 T
cells, we sought to additionally evaluate whether the vaccine strategy elicits lung
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FIG 7 Intranasal vaccination with NLP:NP elicits a higher frequency of antigen-specific CD4 T cells than peripheral vaccination. (A) Schematic representation
of the immunization regimen used to compare the effect of intranasal (i.n.) versus subcutaneous (S.Q.) immunization with NLP:NP. (B to D) Comparison of
the frequency of lung- (B), mLN- (C), and spleen-localized (D) CD4 T cell responses following i.n. or S.Q. immunization as determined by cytokine ELISpot. (F
to G) Assessment of the abundance of antigen-experienced CD4 T cells within the airway (F), lung tissue (G), and lung vasculature (H) following i.n. or S.Q.
NLP:NP immunization. Results are presented as the mean with standard deviation of four individual mice per cohort. One cohort was assessed by cytokine
ELISpot and a second cohort was assessed by flow cytometry. Statistical significance was determined by unpaired, two-tailed t test with Welch’s correction.

tissue-resident T cells that can localize directly to the airway. Previous studies of pri-
mary and secondary infections have shown that T cells localized to the airway have
unique potential to serve as front-line defenders against viral infections, and may have
altered functional potential relative to CD4 T cells isolated from other sites within lung
or secondary lymphoid organs (72-76). We employed an intranasal antibody labeling
technique in conjunction with intravascular antibody labeling to definitively identify
CDA4 T cells induced by the intranasal vaccination that had localized to airway, lung tis-
sue, and lung vasculature (75). CD4 T cells isolated from mLN and spleen were exam-
ined in parallel. Additionally, NLP:NP-boosted mice were compared to LAIV D30 mice
in terms of their ability to produce cytokines and degranulate in response to antigen.
The strategy used to partition CD4 T cell populations from each of the tissues
described above is shown in the representative gating schemes (Fig. S3).

In order to determine the cell surface phenotype and functional potential of CD4 T
cells localized to the three distinct compartments of the lung, cells were restimulated
with NP45 peptide and stained intracellularly for IFN-y, tumor necrosis factor alpha
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FIG 8 Intranasal NLP:NP immunization elicits distinct populations of NP-specific CD4 T cells localized to the
airway, lung tissue, and lung vasculature. CD4 T cells isolated from the indicated tissue were restimulated with
cognate antigen and stained intracellularly with IFN-y, TNF-e, and IL-2 antibodies. Cells producing one or more
cytokines were determined using Boolean gating. (A and B) The frequency of cells producing one or more
cytokines was quantified among CD4 T cells from LAIV alone (A) or from LAIV+NLP-boosted (B) mice. (C and
D) Quantification of antigen-experienced CD4 T cells that underwent degranulation (C), as evidenced by
expression of CD107a+ in response to antigen stimulation or those expressing putative cytolytic marker NKG2
(D). Data are presented as the mean of two independent experiments of 15 pooled mice per treatment group
(LAIV alone or LAIV+NLP boost) with standard deviation shown. Statistical significance (*, P<0.05; **, P<0.01
*** P<0.001; and ****, P<0.0001) for comparisons of cellular frequency between tissues was determined by
two-way ANOVA with Tukey’s correction for multiple comparisons.

(TNF-a), IL-2, and the putative cytotoxic degranulation marker CD107a (77). Employing
a Boolean gating strategy to assess polyfunctionality in the antigen-experienced, cyto-
kine-producing CD4 T cells, LAIV-primed mice immunized 30 days prior contained few
cytokine-producing cells in the lung, with some IFN-y single producers detectable in
the BAL fluid and mLN, while IL-2 single producers predominated in the spleen (Fig.
8A). In contrast, following NLP:NP boost, NP-specific CD4 T cells from lung and periph-
eral sites exhibited multifunctionality, producing both IFN-yand TNF-a upon restimula-
tion with antigen (Fig. 8B). A smaller proportion of NP-specific CD4 T cells simultane-
ously produced IFN-y, TNF-e, and IL-2, or else produced either IFN-y or TNF-a alone
(Fig. 8B). A significantly higher frequency of multifunctional CD4 T cells producing IFN-
yand TNF-a was isolated from the airway, relative to lung or peripheral lymphoid tis-
sue (Fig. 8B). CD4 T cells were also examined for markers of cytolytic potential (60,
78-80). Vaccination with the NLP:NP conjugate increased the frequency of CD4 T cells
in the lung airway and tissue that expressed the cytotoxic degranulation marker
CD107a and the surface marker NKG2, relative to LAIV-alone controls (Fig. 8C and D).
These results indicate that intranasal delivery of the NLP:NP conjugate poises a popula-
tion of influenza virus-specific CD4 T cells that localize to the lung airway and tissue to
produce IFN-y, TNF-a, and degranulate upon restimulation with cognate antigen.
Airway-localized CD4 T cells display enhanced production of antiviral cytokines and cy-
totoxic mediators relative to CD4 T cells localized to the lung tissue or vasculature. CD4
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FIG 9 NP45 peptide-stimulated CD4 T cells produce prototype Th1 cytokines but not IL-4 or IL-17.
CD4 T cells isolated from the indicated tissue were restimulated with cognate antigen and stained
intracellularly with IFN-y, TNF-e, IL-2, IL-4, and IL-17 antibodies as described in Fig. 8. (A) The
frequency of cells singly producing each cytokine was quantified among CD4 T cells from NLP-
boosted mice in the indicated tissues. Data are presented as the mean of five single mice.

T cells localized to the lung possess enhanced effector functions relative to cells iso-
lated from mLN or spleen. Production of IL-4 and IL-17 was also assessed by intracellu-
lar cytokine staining (ICS) to determine if vaccination elicits Th2 and Th17 polarized
cells, respectively. NP-specific CD4 T cells restimulated with NP45 peptide (Fig. 9A) pro-
duced IL-4 or IL-17 at a frequency of less than 0.5% of CD44 high CD4 T cells.

We next applied the high-dimensional data visualization tool viSNE to our flow
cytometry data. Based on the t-distributed stochastic neighbor embedding (t-SNE)
algorithm, viSNE is an unsupervised dimensionality reduction algorithm that allows vis-
ualization of the relationships between single cells in two-dimensional plots, while
faithfully capturing relationships between diverse populations in the data set (81).
Within the viSNE data set (Fig. 10), clusters of interest have been labeled and outlined
(black circle). The viSNE analyses identified populations of CD4 T cells based on their
antibody labeling status that is associated with the two antibody-accessible compart-
ments in the lung. Within the airway, a clear subset of intranasally labeled cells
emerges (“IN Ab”), only detectable in the BAL fluid (Fig. 10A), whereas in the lung, a
subset of intravenous antibody labeled cells (“IV Ab”) is detectable (Fig. 10B). Cytokine-
positive cells are identifiable in the CD44 high population in each tissue and are circled
(Fig. 10C). Also, a cluster of IFN-y, TNF-¢, and IL-2 positive CD4 T cells falls within a
region of CD44 high CD4 T cells. These regions of IFN-y, TNF-«, and IL-2 cells overlap
with one another, demonstrating the markers associated with polyfunctional cytokine
production (Fig. 10D). A subset of these cytokine-producing cells also overlaps with
cells enriched for expression of the cytotoxic markers NKG2 and CD107a, suggesting
that some of the antigen-specific CD4 T cell repertoire is capable of both classical Thi1
cytokine production and cytotoxicity (Fig. 10D and E). An island of CD107a-positive
cells overlaps with the region of CD44 high CD4 T cells but not cytokine production
(Fig. 10E). This observation suggests there are different subsets of vaccine-elicited CD4
T cells that provide protective functions by distinct effector mechanisms. Higher inten-
sity of cytokine expression and cytotoxic markers within the airway and lung tissue are
in agreement with manually gated analyses. Overall, these results indicate the hetero-
geneity within the NP-specific CD4 T cell response to vaccination and highlight the pol-
yfunctionality of these cells.

NLP:NP immunization elicits a population of antigen-specific CD4 T cells that
persist in the lung long term. Durability of memory T cells following intranasal vacci-
nation is a high priority for future influenza vaccine platforms (16). Several studies have
noted a steady decline of CD4 tissue-resident memory within the lung microenviron-
ment after influenza virus infection (70, 82). To assess the durability of the response to
intranasal immunization, the abundance of NP-specific CD4 T cells was examined late,
at day 270 postvaccination. Despite attrition of CD4 T cells over time, NP-specific CD4 T
cells were still readily detectable in lung, mLN, and spleen at 9 months postvaccination
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algorithm for a total of 200,000 cells. viSNE plots were generated with an iteration number of 3,000 and perplexity of 50 (final KL Divergence of run 3.87).

(Fig. 11A to Q). The highest frequency of NP-specific CD4 T cells was detected in the
lung, suggestive of either a stable population that persists long term in the lung or
steady recruitment from the periphery to maintain a population of lung-localized cells
(Fig. 11A). These findings demonstrate that intranasal NLP:NP immunization elicits
influenza virus-specific CD4 T cells that can persist long term in the lung, a critical as-
pect of any intranasal vaccine candidate.

Adoptive transfer of CD4 T cells from NLP:NP-boosted, but not LAIV-boosted,
mice is sufficient for protection of naive mice from pathogenic pH1N1 virus
challenge. Finally, we addressed whether the CD4 T cells elicited by our immunization
regimen of LAIV prime and NLP:NP boost had the potential to mediate protection from
lethal influenza virus challenge, and whether an NLP:NP boost provided enhanced pro-
tection relative to boost with LAIV. Five million purified CD4 T cells were adoptively
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FIG 11 NLP:NP immunization elicits a population of antigen-specific CD4 T cells that persist in the lung long
term. Persistence of antigen-specific CD4 T cells was assessed at 9months postimmunization to assess
durability of responses without confounding effects of immunosenescence. (A to C) The frequency of IL-2- and
IFN-y-producing cells was assessed in lung (A), mLN (B), and spleen (C) by ELISpot assay. Data, presented as
cytokine-producing spots per million CD4 T cells, are the mean of three independent experiments of five

pooled mice each.
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FIG 12 Adoptive transfer of CD4 T cells from NLP:NP-boosted, but not LAIV-boosted, mice is sufficient for protection
of naive mice from pathogenic pH1N1 virus challenge. The protective potential of CD4 T cells from NLP:NP-boosted
and LAIV-boosted mice was assessed in the context of a lethal influenza virus challenge experiment. Five million
purified CD4 T cells were adoptively transferred into naive CD45.1 congenic recipient mice at 1 day prior to challenge
with a lethal dose of A/California/09 pHIN1 virus. Mice that lost >20% of their starting body weight were scored
deceased and humanely euthanized in accordance with institutional guidelines. (A to D) Weight loss was tracked daily
over the course of 15days. Weight loss (A) and overall survival (B) are shown for mice that received CD4 T cells from
NLP:NP-boosted mice. Matched adoptive transfer and viral challenge data showing weight loss (C) and survival (D) of
mice that received CD4 T cells from LAIV-boosted mice. Data are presented as the mean of two independent
experiments with the standard error of the mean (SEM) shown, where n=5 to 8 for the lung-derived T cells and n=18
for the mock control. Statistical significance was determined by one-way ANOVA and log rank (Mantel-Cox) test.

transferred into naive CD45.1 congenic recipient mice 1 day prior to challenge with a
lethal dose of A/California/09 pH1NT1 virus. Challenge of mice that received CD4 T cells
isolated from NLP:NP-immunized lung resulted in some transient weight loss, with a
mean maximum weight loss of 8.1% on day 8 postinfection and 100% survival (Fig.
12A and B). All mock-immunized mice succumbed to infection by day 10 postinfection
(Fig. 12B). In striking contrast, CD4 T cells isolated from lung of LAIV-boosted mice
were not sufficient to mediate protection from a pH1N1 challenge (Fig. 12C and D).
Mice that received lung CD4 T cells from LAIV-boosted donors both displayed severe
weight loss and succumbed (100%) to infection by day 9 postinfection (Fig. 12C and
D). Crucially, these results demonstrate that adoptive transfer of CD4 T cells boosted
by NLP:NP immunization, but not by LAIV, is sufficient to mediate protection from le-
thal influenza virus challenge.

Adoptive transfer of CD4 T cells isolated from NLP:NP-immunized lung to naive
recipients was sufficient to prevent weight loss-induced lethality in 100% of recipient
mice. Transfer of lung-isolated CD4 T cells from LAIV-boosted mice to naive recipients
was insufficient to mediate protection from lethal challenge. In summary, adoptive
transfer of CD4 T cells from the lung of NLP:NP-boosted mice, which primarily target
the highly conserved influenza nucleoprotein, are able to completely protect naive re-
cipient mice from lethal influenza virus challenge.

DISCUSSION

In this study, we evaluated the capability of an intranasal nanoparticle vaccine bear-
ing the highly conserved influenza antigen NP to potentiate lung-localized CD4 T cell im-
munity with the potential to protect against influenza virus infection. These studies
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revealed that intranasal vaccination with NLP:NP elicited NP-specific CD4 T cells localized
to three distinct compartments within the lung, i.e., the vasculature, tissue, and airway.
NP-specific CD4 T cells were also seeded to secondary lymphoid organs. Phenotypic
analyses suggested that NLP:NP immunization elicited lung-resident effector CD4 T cell
populations, including those with memory precursor potential. Substantiating this mem-
ory-forming potential, durable lung-localized CD4 T cell responses were found to persist
at least 9 months postvaccination. Importantly, NLP:NP vaccination potentiated a popu-
lation of airway-localized NP-specific CD4 T cells that responded robustly to restimula-
tion with cognate antigen via production of antiviral cytokines and degranulation, and
did so at a frequency higher than lung tissue, lung vasculature, or peripheral CD4 T cells.
Lung tissue- and vasculature-localized cells also had enhanced effector functions relative
to NP-specific CD4 T cells isolated from mLN or spleen. These lung-localized CD4 T cell
responses were found to be dependent on codelivery of NP and CpG on the NLP plat-
form, and immunization by the intranasal route. Results from intracellular cytokine stain-
ing experiments (Fig. 8) lead us to the conservative conclusion that at least 51.6% of the
4.6 x 10° tissue-resident effector CD4 T cells (Fig. 4) in an average NLP:NP-immunized
lung produce at least a single cytokine in response to peptide restimulation. This esti-
mate is conservative because it is known that not all cells of a given antigen specificity
produce cytokines, potentially undercounting the total antigen-specific repertoire
(83-85).

There were a number of notable features of the immunity generated by intranasal
NLP:NP vaccination. A critical subset of CD4 T cells elicited by NLP:NP vaccination were
airway-homing CD4 T cells that produced IFN-y, as airway-localized CD4 and CD8 T
cells have been implicated in protection from diverse viral infections such as SARS,
RSV, Sendai virus, and influenza virus (72-76). Further, airway-localized CD4 T cells
have been shown to mediate protection from virus infection after direct intratracheal
transfer into naive mice, and have the potential to do so in a CD8-independent manner
(75). Another defining feature of the multifunctional CD4 T cells elicited by NLP:NP im-
munization is production of TNF-«, which has been implicated as a critical mediator for
limiting influenza virus replication in lung epithelial cells (86). Finally, airway-localized
CDA4 T cells elicited by NLP:NP vaccination display increased cytotoxic potential relative
to lung tissue, vasculature, or periphery, as measured by degranulation in response to
antigen and expression of the surface marker NKG2. Cytotoxic CD4 T cells expressing
NKG2 have previously been implicated in protection from influenza virus infection
through MHC-lI-restricted killing via Granzyme B and CD107a (60). This result is in con-
trast to airway-homing CD8 T cells, which have inferior cytolytic capacity relative to
lung tissue- or vasculature-localized CD8 T cells (87).

CDA4 T cells elicited by the intranasal vaccine described here express markers associ-
ated with tissue residency in the lung, a subset of cells shown to be critical for early
control of viral infection. Observed heterogeneity in expression of the marker CD69, of-
ten associated with tissue residency in the lung and noted in studies of lung T cells af-
ter infection, may be a consequence of local antigen reencounter, local cytokine milieu,
or reflect positioning within a lung niche that enables CD69-independent retention of
CD4 T cells (63, 65, 69). Heterogeneity in CD69 expression has also been noted after
influenza virus infection (69, 70). The progressive loss of lung tissue-resident memory
populations after infection (74, 88) has emphasized the importance of durable
responses in vaccine design efforts (16). NP-specific CD4 T cells in the lung at the peak
of the T cell response were found to lack expression of Ly6C. Previous studies have
shown that Ly6C low CD4 T cells are longer lived and have greater proliferative poten-
tial in response to reinfection than Ly6C high CD4 T cells, a critical parameter for cells
elicited by vaccination that can respond to subsequent infections (61). Our data from 9
months postvaccination demonstrated the durability of CD4 T cell responses to NLP
vaccination, whereas other reports have found that antigen-specific CD4 T cell
responses were found to be undetectable 2 months after the peak of the response
(74). Durability of responses may be related to a recently described phenomenon
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termed retrograde migration, where lung-localized T cells emigrate from the lung to
draining mLN and maintain a program of regionalized immune surveillance (89).

We found that CD4 T cells elicited by our immunization regimen of LAIV prime and
NLP:NP boost had the potential to mediate protection from lethal influenza virus chal-
lenge, and that the NLP:NP boost had a protective advantage compared to LAIV boost
alone. The transient weight loss and 100% survival observed in recipient mice that
received CD4 T cells isolated from NLP:NP-immunized lung stands in stark contrast to
LAIV-boosted recipients that succumbed to infection by day 9 postinfection. CD4 T
cells isolated from lung of LAIV-boosted mice were sufficient to mediate protection
from pH1N1 challenge. The enhanced magnitude of the CD4 T cell response to NLP:NP
immunization relative to LAIV boost (Fig. 3 and 4) may underlie the lack of protection
seen in the LAIV boost. As previously reported, preexisting immunity (most likely anti-
bodies) to LAIV may blunt replication, reducing antigen abundance and resulting in
decreased efficacy (21, 22), whereas a vaccine that does not require replication
bypasses this negative impact. The mechanisms of protection induced by the NLP-NP
boost are likely multifactorial. Others have shown that CD4 T cell memory cells can
potentiate early recruitment of innate cells that have antiviral activity (33-36). Our
results show that many of the CD4 T cells boosted by the NLP-NP vaccine that reside in
the lung tissue and airways produced IFN-y, a known antiviral mediator that contrib-
utes to control of viral infection by airway-localized CD8 T cells (87). Finally, our multi-
parameter flow cytometry data also suggest that cytolytic CD4 T cells are induced by
the NLP-NP boost. Each of these activities may act synergistically to contribute to the
protection conveyed by the transferred cells.

These studies collectively emphasize the key feature of CD4 T cells specific for the
conserved vaccine antigen NP that can be induced by intranasal protein vaccination
with a novel nanoparticle platform. The localization, polyfunctionality, and persistence
in vivo, coupled with the multiplicity of function that memory CD4 T cells are known to
convey (29-32), suggest the validity of pursuing intranasal vaccine approaches for
induction of broadly protective immunity that can rapidly respond to influenza virus
challenge.

MATERIALS AND METHODS

Animals. Female C57BL/6 mice were obtained from the National Cancer Institute and maintained at
a specific-pathogen-free facility at the University of Rochester Medical Center according to institutional
guidelines. Mice were used at 8 to 10 weeks of age.

Ethics statement. All mice were maintained under specific-pathogen-free conditions at the University
of Rochester Medical Center according to institutional guidelines. All animal protocols adhere to AAALAC
International, the Animal Welfare Act, the PHS Guide, and were approved by the University of Rochester
Committee on Animal Resources, Animal Welfare Assurance Number A3291-01. The protocol under which
the studies were conducted was first approved 4 March 2006 (protocol 2006-030) and has been reviewed
and reapproved every 36 months, with the most recent reapproval on 23 January 2018.

NLP production and purification. The 22 kDa N-terminal domain of apolipoprotein E4 was prepared
as previously described (42), with the exception that the murine sequence was used to avoid any immune
response against the NLP. NLPs were essentially prepared as described (44). Briefly, a thin lipid film of 1,2-
dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-(N-[5-amino-1-carboxypentyl]
iminodiacetic acid)succinyl (nickel salt) (DGS-NTA-Ni) (Avanti Polar Lipids, Alabaster, AL) was solubilized in
phosphate-buffered saline (PBS) with 60 mM sodium cholate (Sigma-Aldrich). The molar lipid ratio was
35:65 of DGS-NTA-Ni and DOPC, respectively. Upon addition of the apolipoprotein, the reaction was dia-
lyzed overnight against PBS to initiate self-assembly of the NLP. The apolipoprotein was prepared as previ-
ously described, with the exception of using the murine sequence, and particles were purified by size
exclusion chromatography (SEC) on a Superdex 200 Increase 10/300 GL column (Cytiva) in PBS at a 1 ml/
min flow rate. Elution fractions corresponding to the NLP peak were pooled, concentrated, filter sterilized
(Corning Costar Spin-X filters, 0.22 um), lyophilized in 0.1 M trehalose, and stored at —20°C until use.
Recombinant influenza virus NP from A/New Caledonia/20/99 was produced as described (90). Antigen
and adjuvant conjugations were assessed by SEC using a Superdex 200 Increase 5/150 GL column (Cytiva)
in PBS at a 0.5ml/min flow rate. To prepare vaccine formulations, NLPs were rehydrated with water and
diluted in PBS. Cholesterol-modified CpG (5'-Chol-TCCATGACGTTCCTGACGTT-3’, custom order from
BioSearch Technologies, Novato, CA) and NP protein were subsequently added to the NLP and used with-
out further purification.

Intranasal priming and vaccination. Intranasal immunization was performed under anesthesia
with 250 mg/kg tribromoethanol delivered by an intraperitoneal route. All intranasal immunizations
were performed at a final volume of 30 wl. Naive mice were primed with 1 x 107 50% egg infective dose
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(EID5,) monovalent live attenuated influenza virus (LAIV), a 6:2 reassortant of caA/Ann Arbor/6/60 and A/
New Caledonia/99. NLP immunizations comprised 5 ug recombinant influenza NP and 5 ug CpG conju-
gated to the NLP at a molar ratio of 1:2.4:18.4, NLP to NP to CpG, respectively. For subcutaneous immu-
nizations, the same formulation as described above was delivered to the rear footpads.

Intravascular and intranasal antibody labeling. Mice were anaesthetized via inhalation of isoflur-
ane and retro-orbitally injected with 3 ug anti-mouse CD45 (30-F11, Tonbo) in a total volume of 100 ul
(59). At 3 min following i.v. injection, mice were sacrificed by overdose with tribromoethanol and tissues
were harvested. Intranasal antibody labeling (75) was performed by intranasal delivery of 0.2 ug anti-
CD90 (30-H12, Biolegend).

Tissue processing and cell isolation. Lung and lymphoid tissues were excised from euthanized
mice. Lung tissues were minced using surgical scissors in medium containing collagenase type Il or IV
(10° units/ml) and DNase | (30 xg/ml) in RPMI supplemented with 2.5% fetal bovine serum (FBS) and
10 mM HEPES. Individual lungs were added to GentleMACS tubes (Miltenyi 130-093-237) and processed
on GENTLEMACS setting Lung 01, incubated for 1h at 37°C with constant shaking, then processed on
setting Heart 01. Lung tissues were subsequently passed through 40-uM sterile nylon mesh and rinsed
with Dulbecco’s modified Eagle medium (DMEM, Gibco) supplemented with 1% gentamicin and 10%
heat-inactivated FBS. The lymph node was disrupted using 40-uM sterile nylon mesh and a 5 ml syringe
plunger. Resulting single-cell suspensions were treated with ACK lysis buffer (0.15 M NH,Cl, 1.0mM
KHCO,, 0.1 mM NaEDTA, pH 7.2) to deplete red blood cells.

Flow cytometry. For surface staining experiments, 2 x 10° cells were added to a U-bottom plate.
Cells were washed twice with PBS, then incubated with fixable live/dead aqua (Life Technologies) for 30
min at 4°C according to the manufacturer’s instructions. Cells were subsequently washed twice with FC
stain buffer (PBS plus 2% heat-inactivated FBS and 0.01% sodium azide) and resuspended in anti-mouse
CD16/CD32 (BD FC block, 2.4G2) for 20 min at 4°C. Without washing, cells were stained for 30 min at 4°C
with the following antibodies: CD4 (RM4-5, BD Biosciences), CD8 (5H10, Biolegend), CD11a (2D7, BD
Biosciences), CD44 (IM7, Tonbo), CD62L (MEL-14, Biolegend), Ly6C (AL-21, BD Biosciences), NKG2A/C/E
(20d5, BD Biosciences), and CD69 (H1.2F3, Biolegend). Data were acquired using a BD LSR-II, configured
with 488 nm, 633 nm, 407 nm, and 532nm lasers. Data were analyzed using FlowJo software version
10.7.1 (Becton, Dickinson and Company, Ashland, OR).

Intracellular cytokine staining. Cells from LAIV-primed and NLP:NP-vaccinated mice were isolated
and cocultured in U-bottom 96-well plates (3 x 10° cells/well) with splenocytes from naive syngeneic
donors (5 x 10° cells/well) with or without NP-derived peptide. Brefeldin A, monensin, and anti-CD107a
antibody (1D4B, eBioscience) were added to cultures 2 h after stimulation, then incubated for an addi-
tional 6 h for a total of 8 h. Plates were stored overnight at 4°C. Cells were washed and surface stained as
described above. Cells were fixed and permeabilized using the eBioscience FoxP3 transcription factor
staining kit according to the manufacturer’s instructions. Cells were stained for 1h at 4°C with the fol-
lowing antibodies: IFN-y (XMG1.2, BD Biosciences), IL-2 (JES6-5H4, BD Biosciences), TNF-a (MP6-XT22,
Biolegend), IL-4 (11B11, Biolegend), and IL-17 (TC11-18H10, BD Biosciences).

MHC-Il tetramer staining and enrichment. Lung single cell suspensions were generated as
described above. Cells were then stained with 10 nM NP261:I-A°-streptavidin-phycoerythrin tetramer for
1h at room temperature in diluted in FC block (2.4G2 from BD) as described (91). Cells were then
washed with FC stain buffer. Tetramer-stained cells were resuspended in a volume of 200 ul and 50 ul
of anti-PE microbeads (MACS 130-048-801) for 30 min at 4°C. Cells were washed with FC stain buffer and
resuspended in 3 ml FC stain buffer before being passed over LS columns (MACS 130-042-401). The col-
umn was washed three times with 3 ml of FC stain buffer. The column was removed from the magnetic
field and the bound fraction was eluted in 5ml by plunging the column. The resulting column-bound
and unbound fractions underwent viability staining and surface staining as described above. Cells were
stained with a cocktail containing antibodies specific for B220 (RA3-6B2), CD11b (M1/70.15), CD11c
(N418), F4/80 (BM8), CD3 (145-2C11), CD4 (RM4-5), CD8 (5H10), and CD44 (IM-7). The entire column-
bound fraction was collected and surface stained as described above.

ELISpot Assay. The 96-well filter plates (Millipore, Billerica, MA, USA) were coated with 2 ug/ml puri-
fied rat anti-mouse IL-2 (JES6-1A12, BD) or IFN-y (AN-18, BD) in PBS overnight at 4°C. Prior to plating,
wells were washed with medium to remove unbound antibody and incubated with medium for 1h at
room temperature to block nonspecific binding. CD4 T cells (200,000 mLN/spleen cells or 50,000 lung
cells) were purified by negative selection (MACS 130-104-454) and cocultured with 500,000 syngeneic
splenocytes and 5 uM peptide in a total volume of 200 ul for 16 to 18 h at 37°C with 5% CO,. Cells were
subsequently removed from the filter plates and washed with ELISpot wash buffer (1x PBS with 0.1%
Tween 20). Biotinylated rat anti-mouse IL-2 (JES6-1A12) or IFN-y (XMG1.2) was diluted to 2 ug/ml in
ELISpot wash buffer supplemented with 10% FBS in a volume of 50 ul for 30 min at room temperature.
Plates were washed with ELISpot wash buffer, and streptavidin-conjugated alkaline phosphatase
(Jackson Immuno Research, West Grove, PA, USA) was added at a 1:1,000 dilution in ELISpot wash buffer
supplemented with 10% FBS and incubated for 30 min at room temperature. Plates were washed with
ELISpot wash buffer and incubated with Vector Blue substrate kit Ill (Vector Laboratories, CA, USA) in
100 mM Tris (pH 8.2) for 5 min at room temperature. Following development, plates were washed with
water and dried. Quantification of spots was performed using an Immunospot reader series 5.2 with
Immunospot software version 5.1.

Adoptive transfer and virus challenge. Cohorts of 15 mice were primed with LAIV and boosted
with NLP:NP or LAIV as described above. At day 10 postboost, lungs were harvested and pooled prior to
CD4 T cell purification by MACS CD4 T cell negative selection, as described above. Naive CD45.1 con-
genic recipients received mock adoptive transfer of 100 ul PBS or 5 million purified CD4 T cells isolated
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from lung by retro-orbital injection. CD4 T cells were transferred 1 day prior to challenge with 20 PFU A/
California/4_NYICE_E3/2009 in 30 ul PBS. This dose resulted in 100% lethality in naive CD45.1 congenic
recipient mice based on humane weight loss criteria. Mice that lost >20% of their starting body weight
were scored deceased and humanely euthanized in accordance with institutional guidelines. Weight
loss was tracked daily over the course of 15 days.

Statistical analyses. Statistical analyses were performed using GraphPad Prism software version
8.4.3 (GraphPad Software, San Diego, CA). Significance was assigned as follows: *, P < 0.05; **, P < 0.01;
¥+ P<0.001; ****, P<0.0001. Data were analyzed by two-tailed t test, one-way ANOVA, two-way
ANOVA, or log rank tests. The specific test performed is indicated in the figure legend.

Synthetic peptides. Seventeen-mer peptides overlapping by 11 amino acids encompassing the
entire sequence of viral proteins were obtained from the NIH Biodefense and Emerging Infectious
Disease Research Repository, NIAID, NIH. Individual peptides were reconstituted and used at a final con-
centration of 5 uM. Sequences of peptides used in this study are listed in Table 1.
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