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Tissue-resident memory T cells (TRM) are a recently defined, noncirculating subset with the
potential for rapid in situ protective responses, although their generation and role in vaccine-
mediated immune responses is unclear. Here, we assessed TRM generation and lung-localized
protection following administration of currently licensed influenza vaccines, including injectable
inactivated influenza virus (11V, Fluzone) and i.n. administered live-attenuated influenza virus
(LAIV, FluMist) vaccines. We found that, while 11V preferentially induced strain-specific neutralizing
antibodies, LAIV generated lung-localized, virus-specific T cell responses. Moreover, LAIV but not
11V generated lung CD4* TRM and virus-specific CD8* TRM, similar in phenotype to those generated
by influenza virus infection. Importantly, these vaccine-generated TRM mediated cross-strain
protection, independent of circulating T cells and neutralizing antibodies, which persisted long-
term after vaccination. Interestingly, intranasal administration of 11V or injection of LAIV failed to
elicit T cell responses or provide protection against viral infection, demonstrating dual requirements
for respiratory targeting and a live-attenuated strain to establish TRM. The ability of LAIV to
generate lung TRM capable of providing long-term protection against nonvaccine viral strains, as
demonstrated here, has important implications for protecting the population against emergent
influenza pandemics by direct fortification of lung-specific immunity.

Introduction

Influenza virus is a severe, acute respiratory pathogen with the potential to generate novel strains capable
of global pandemics. Current vaccines protect against disease by eliciting neutralizing antibodies to the
strain-specific glycoproteins hemagglutinin (HA) and neuraminidase (NA). Such neutralizing antibodies
are the correlate of protection by which current vaccines are assessed (1, 2). However, antigenic shift and
drift drive alterations in these molecules, limiting protective efficacy of antibody responses and necessitat-
ing the annual production of new vaccines (2). Developing vaccines that provide universal protection to
current and emerging influenza strains remains a major public health challenge.

Influenza infection generates both lasting antibody and T cell responses (3). While antibody responses
are strain dependent, virus-specific T cells recognize epitopes derived from conserved internal viral proteins
in both mice and humans (4—6) and have been shown to provide heterosubtypic, cross-strain protection in
animal models (3, 7). Promoting T cell-mediated protection through vaccination, however, has remained
elusive, and the precise subsets involved in protection are still being defined. We and others have identified
subsets of noncirculating, lung tissue-resident memory (TRM) CD4* and CD8" T cells generated following
influenza infection; these cells mediate enhanced viral clearance, survival to lethal challenge, and protection
to heterosubtypic challenge (8—10). Establishment of TRM, which mediate protection against site-specific
infection, has also been described in other tissues, including the skin, female reproductive tract, and brain
(11-14). The protective capacities of TRM suggest that vaccination strategies targeting their generation and
persistence may provide enhanced immunity compared with vaccines relying on circulating responses. How-
ever, roles for circulating versus tissue-localized immunity in vaccine-mediated protection remain undefined.

Two classes of influenza vaccines are currently available: injectable inactivated influenza (IIV) vaccines
and live-attenuated influenza (LAIV) vaccines administered i.n. Both generate HA-specific neutralizing
antibodies and exhibit similar protection against influenza-like illness (1, 15-18), with LAIV more effi-
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Figure 1. Distinct localization of primary T cell responses following vaccination with 11V or LAIV. (A) CD3* cells in the lung and MedLN of mice 10 days
after vaccination with 2014-2015 11V or LAIV. Graph displays mean absolute CD3* cell numbers + SEM (n = 5-10 mice per group compiled from 2 inde-
pendent experiments; significance determined by multiple Student’s t tests with Welch's correction, ***P < 0.001). (B) Lung effector/memory T cells 10
days after vaccination with 2014-2015 IV or LAIV. Left: Representative flow cytometry plots displaying percentages of cells with naive (CD44"°CD62L")
and effector/memory (CD44"CD62L") phenotypes. Right: Individual percentages of lung CD4* and CD8* effector/memory phenotype T cells (T,,) + SEM
(n = 5 mice per group, representative of 3 experiments; significance determined by 2-way ANOVA with Holm-Sidak’s multiple comparisons test, ****P <
0.0001). (C) CD69 expression by lung T cells 10 days after vaccination with 2014-2015 |1V or LAIV. Left: Representative flow cytometry plots showing per-
centages of cells with CD44"CD63" phenotype. Right: Individual percentages of lung CD4* and CD8* T cells expressing CD69 + SEM (n = 5 mice per group,
representative of 3 experiments; significance determined by 2-way ANOVA with Holm-Sidak’s multiple comparisons test, ****P < 0.0001). (D) CD69
expression by lung T cells 10 days after vaccination with 2014-2015 11V (i.n. or i.p.) or LAIV (i.n. or i.p). Graph displays individual percentages of lung CD4*
and CD8* T cells expressing CD69 + SEM (n = 4-5 mice/group; significance determined by 2-way ANOVA with Holm-Sidak’s multiple comparisons test,
****p < 0.0001). (E) Influenza-specific CD8* T cells in the lungs 10 days after vaccination with 2015-2016 IV or LAIV. Top: Representative flow cytometry

plots with percentages of lung NP

366-374

-specific CD8* T cells. Bottom: Individual percentages of lung NP

366-374

-specific CD8* T cells + SEM (n = 5 mice per

group, representative of 2 experiments; significance determined by 1-way ANOVA with Holm-Sidak’s multiple comparisons test, ***P < 0.001).
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cacious in children (19). Whether protective influenza-specific T cells are generated in humans following

vaccination has been difficult to establish (20, 21). Moreover, it is not known whether influenza vaccines

promote TRM development in humans or animal models.
Here, we evaluated the capacity of currently used quadrivalent Fluzone IV or FluMist LAIV vaccines
to promote lung T cell responses and protective TRM. We found that vaccination with LAIV, but not

IIV, elicited robust lung T cell responses, while IIV promoted primarily neutralizing antibody responses
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Figure 2. Distinct primary serum neutralizing antibody responses following vaccination with 11V or LAIV. (A) Serum HA-neutralizing antibody titers to
vaccine antigen 10 days after vaccination in mice receiving 2014-2015 IIV (i.n. or i.p.) or LAIV (i.n. or i.p.). Graph shows individual HAI titers + SEM (n = 5-10

mice per group compiled from 2 ind

ependent experiments; significance determined by 1-way ANOVA with Holm-Sidak’s multiple comparisons test, ****P

< 0.0001). (B) Serum HA-neutralizing antibody titers to vaccine antigen 10 days after vaccination in mice administered 2014-2015 IIV i.p. or s.c. Graph

shows individual HAI titers + SEM (|

n =5 mice per group; significance determined by 2-tailed Student’s t test with Welch'’s correction, ns P > 0.05). (C)

Serum HA-neutralizing antibody titers to vaccine antigen 10 days after vaccination in mice receiving 2015-2016 i.p. IV or i.n. LAIV. Graph shows individual
HAI titers + SEM (n = 3-8 mice per group compiled from 2 independent experiments; significance determined by 1-way ANOVA with Holm-Sidak's multiple

comparisons test, **P < 0.01).
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as observed by hemagglutination-inhibition assay (HAI). Importantly, LAIV — but not IIV — elicited the
establishment of long-term, virus-specific lung TRM and provided heterosubtypic protection to nonvaccine
viral strains similar to previous influenza infection. Vaccine-mediated lung T cell responses and protection
required both the live-attenuated strain and respiratory targeting, revealing a requirement for site-specific
productive infection for establishing lung TRM. Our findings demonstrate that LAIV may be an effective
strategy to generate influenza-specific lung TRM capable of cross-strain protection in a pandemic situation.

Results

Distinct localization of primary responses generated from vaccination with IIV and LAIV. We compared primary
immune responses, including T cell and antibody responses, in mice vaccinated i.p. or s.c. with Fluzone
IIV versus i.n. with FluMist LAIV. The injection routes (i.p. and s.c.) for IIV were chosen based on pat-
terns of antigen drainage with i.p. immunization draining to the lung-draining, mediastinal lymph nodes
(MedLN) (22, 23) and s.c. immunization at the base of the neck, draining to the axillary lymph nodes,
similar to intradeltoid injection in humans (24, 25). We observed increased numbers of CD3* T cells in
the lungs and MedLN and increased percentages of CD44*CD62L" effector/memory CD4* and CD8* T
cells in the lungs of i.n. LAIV mice compared with i.p. or s.c. IIV mice or unvaccinated groups (Figure 1,
A and B, and Supplemental Figure 1; supplemental material available online with this article; doi:10.1172/
jci.insight.85832DS1). The majority of T cells in the lungs of LAIV mice expressed the early-activation
marker CD69, while T cells in the lungs of IIV or unvaccinated mice were predominantly CD69-negative
(Figure 1, C and D), indicating generation of tissue-localized, effector CD4* and CD8* T cells following
administration of LAIV but not IIV. These results demonstrate that vaccination with LAIV promotes the
generation and/or migration of early effector T cells in the lung.

We further investigated whether the increased lung T cell response from LAIV, compared with IV,
was due to direct targeting of vaccine into the respiratory tract. We found that respiratory targeting of IIV
by i.n. administration did not generate increased numbers of lung or MedLN CD3* T cells (Supplemental
Figure 2A) or increased percentages of CD69* or CD44" effector/memory CD4* and CD8* T cells as
observed with i.n. LAIV (Figure 1D and Supplemental Figure 2B), indicating that mucosal administration
alone is not sufficient to promote lung T cell responses. Similarly, systemic i.p. administration of LAIV
failed to promote lung T cell responses (Figure 1D and Supplemental Figure 2B). These results demon-
strate that both the live-attenuated vaccine formulation and respiratory targeting are required for the gener-
ation of lung-localized primary T cell responses.

Our initial studies used commercially available IIV and LAIV vaccines from the 2014-2015 season
directed against the following 4 strains: A/California/7/2009 (HIN1)pdm09, A/Texas/50/2012 (H3N2),
B/Massachusetts/2/2012, and B/Brisbane/60/2008. However, since vaccine formulations are changed
annually, it was important to establish whether the distinct responses observed with 2014-2015 IIV and
LAIV were to due differences in vaccine type and not specific to the vaccine strains. We therefore assessed
the primary responses to vaccination using the current 2015-2016 quadrivalent IIV and LAIV formula-
tions directed against new A/Switzerland/9715293/2013 (H3N2) and B/Phuket/3073/2013 strains, in
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addition to A/California/7/2009 (HIN1)pdm09 and B/Brisbane/60/2008, similar to the 2014-15 ver-
sion. In agreement with our results using 2014-2015 vaccines, we observed increased percentages of
CD44*CD62L" effector/memory and CD69-expressing CD4* T cells in the lungs of mice vaccinated with
2015-2016 LAIV compared with 2015-2016 IIV-treated or unvaccinated mice (Supplemental Figure 3,
A and B). Vaccination with LAIV also resulted in the accumulation of influenza nucleoprotein—specific
(influenza NP-specific) CD8* T cells in the lung, which was not observed in IIV-vaccinated or unvaccinated
mice (Figure 1E). Together, these results demonstrate that i.n.-administered LAIV generates influenza-spe-
cific primary lung T cell responses, while IIV immunization does not result in significant lung-localized
primary responses, even when delivered directly into the lung.

Serum neutralizing antibody responses, as measured by HAI, are currently the gold standard for assess-
ing vaccine efficacy with titers greater than or equal to 40 generally protective against homologous infec-
tion in humans (26). Given the disparate primary T cell responses to vaccination with IIV and LAIV, we
further assessed serum HALI titers during the primary response at day 10 after vaccination with 2014-2015
IIV or LAIV by different routes. Significant HAI titers were only observed in mice administered IIV by
i.p. or s.c. vaccination, with minimal titers in i.n. IIV recipients or in i.n. or i.p. LAIV—-vaccinated mice
(Figure 2, A and B), demonstrating the importance of both vaccine formulation and route of vaccination
in this response. For the 2015-2016 formulations, HAI titers were higher in mice vaccinated with i.p. IIV
compared with i.n. LAIV (Figure 2C). Titers were generally higher in mice vaccinated with 2015-16 LAIV
compared with 2014-15 LAIV on an absolute scale, although the lack of concurrent availability of both
seasonal vaccines precluded direct comparisons. Taken together, IIV and LAIV generate dichotomous pri-
mary immune responses with IIV inducing predominantly humoral immunity and LAIV generating robust
T cell-mediated responses targeted to the lung.

LAIV generates persisting lung TRM. We next assessed whether immunization with IIV or LAIV gener-
ated persisting lung TRM assessed at longer times (>6 weeks) after vaccination. To distinguish circulating
T cells from tissue-localized TRM, we used an i.v. in vivo antibody labeling technique (i.v. Ab) whereby
i.v. infusion of fluorescently conjugated anti—T cell antibodies resulted in fluorescent labeling of circulating
T cells, while T cells retained within tissues are protected from antibody binding (9, 27). “Protected” and
“labeled” T cells distinguished by i.v. Ab binding exhibit phenotypic markers of TRM and circulating T
cells, respectively, and segregate into distinct niches of the lung (9, 27). Using this technique, we found that
the majority of lung CD4* and CD8" T cells (>75%) in mice vaccinated with LAIV were protected from 1.v.
Ab labeling compared with only 20% protected in IIV-vaccinated mice and 5% protected in unvaccinated
mice, on average (Figure 3A). The majority of lung T cells in IIV and unvaccinated groups were labeled,
indicating that they comprised circulating subsets (Figure 3A). Similar patterns of lung T cell segregation
to protected and labeled niches were observed following vaccination with both 2014-2015 and 2015-2016
IIV and LAIV formulations (data not shown). Protected CD4* and CD8" T cells in the lungs of mice
vaccinated with LAIV were present in similar numbers and upregulated the TRM marker CD69 to similar
extents as those resulting from live PRS8 influenza infection (Figure 3, B-D). These results demonstrate
that TRM generated following vaccination with LAIV are similar in phenotype and localization to those
generated from influenza infection.

We further investigated whether LAIV-generated CD8* TRM cells also expressed the canonical CD8*
TRM marker CD103 and/or were enriched for influenza-specific T cells as observed following influenza
infection (8, 9, 28). Protected CD8* TRM generated following vaccination with LAIV expressed CD103,
while lung T cells in mice vaccinated with IIV were CD103-negative (Figure 3D). In addition, NP-specific
lung CD8* memory T cells were readily detected in mice vaccinated with LAIV, but not IIV, and nearly all
of these NP-specific cells were protected from i.v. Ab labeling (Figure 3E), indicating that they belonged
to the TRM subset. Thus, vaccination with LAIV, but not IIV, generates lung-localized memory CD4* and
influenza-specific CD8* TRM populations.

Persisting serum HAI antibody titers specific for vaccine viral strains were detected in the sera of
mice 6 weeks after vaccination with IIV and LAIV (Table 1, columns 1 and 2). Vaccination with 1TV
generated higher titers than LAIV for both 2014-2015 and 2015-2016 formulations (Table 1, columns 1
and 2). We did not detect neutralizing HAI titers specific for the nonvaccine influenza strains PR8 or X31
in any of the vaccinated mice at any time point (Table 1, columns 3 and 4 and data not shown), further
confirming the strain-specific nature of vaccine-elicited antibody responses. These results indicate key
differences in the persisting memory immune response following immunization with IIV and LAIV, with
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Figure 3. LAIV-vaccination generates lung TRM. (A) Lung T cells labeled by i.v. anti-Thy1 antibody in mice 6 weeks after vaccination with 2014-2015 11V or
LAIV. Left: Representative flow cytometry plots displaying CD4* and CD8* cells in tissues (“Protected”) or circulating (“Labeled”). Right: Individual percent-
ages of protected T cells + SEM (n = 5 mice per group, representative of 2 experiments; significance determined by 2-way ANOVA with Holm-Sidak’s mul-
tiple comparisons test, ****P < 0.0001, ***P < 0.001, *P < 0.05). (B) Protected lung CD69* T cells in mice 16 weeks after vaccination with 2014-2015 11V or
LAIV or after infection with PR8 influenza. Graph displays protected CD69* cell numbers + SEM (n = 4-5 mice per group, representative of 2 experiments;
significance determined by multiple Student’s t tests with Welch's correction, *P < 0.05). (C) CD69 expression by protected versus circulating lung T cells
16 weeks after 2014-2015 LAIV vaccination or PR8 infection. Top: Representative histogram of CD69 expression by protected/labeled lung T cells after PR8
infection. Bottom: CD69 expression by protected/labeled lung T cells after LAIV vaccination. (D) TRM marker expression in protected lung T cells 6 weeks
after vaccination with 2015-2016 IV or LAIV. Left: Representative flow cytometry plots displaying protected CD4* and CD8* T cells with CD44"CD69* phe-
notypes or protected CD8*CD44* T cells with CD69*CD103" phenotype. Right: Individual percentages of protected CD4* or CD8" T cells expressing CD69 or
protected CD8*CD44+ T cells expressing CD103 + SEM (n = 5 mice per group, representative of 3 experiments; significance determined by multiple Student’s
t tests with Holm-Sidak's correction, ****P < 0.0001, ***P < 0.001). (E) Protected lung influenza-specific CD8* T cells in mice 5 weeks after vaccination
with 2015-2016 IIV or LAIV. Left: Representative flow cytometry plots displaying protected or labeled lung NP, -specific CD8* T cells. Right: Individual
percentages of protected lung NP, -specific CD8* T cells + SEM (n = 3-5 mice per group; significance determined by 1-way ANOVA with Holm-Sidak’s
multiple comparisons test, ***P < 0.001).

insight.jci.org  doi:10.1172/jci.insight.85832 5


http://dx.doi.org/10.1172/jci.insight.85832

insight.jci.org

RESEARCH ARTICLE

A PBS-Treated FTY720-Treated
xox ok
- o 05 -o- Unvac.
% 2 100 EFo A Lp. IV
= i < -= i.n. LAIV
(3] ° s g
o @ 95 -i-_.-«-i-uﬁ.f_--i 1 = PR8Memory
S S 90 1
(] [} N,
g E B85+ \r\
2 = 1
w L] T Ll T L} T L} T BD T T T L) T T T L}
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Days Post Heterosubtypic Infection Days Post Heterosubtypic Infection
B PBS-Treated FTY720-Treated
10 * 108 *
se NS e NS »Unvac.
o0 - T G . Lip. IV
3 o % 1ot = =i.n. LAV
3 103 *PR8 Memo
Q 42 o] Y
O O 10
= 10! A = 10"
., ° T5T sssss s N N sssss  —mmm—
C PBS-Treated FTY720-Treated
LI LR LI x *o*
o 105 o 9] - - A Ln IV
E 1001 /‘!\_\W) £ 1004 I—HM < i.p. LAV
g - T ) P -=i.n. LAIV
] o] by
T ™ N ]
S 9% ‘m—-g"f“-., 5 oo E_ .
o o)
= s i = s i t
2 R
B0~ T T T T T T T 80— T T T T T T T
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Days Post Heterosubtypic Infection Days Post Heterosubtypic Infection

Figure 4. LAIV generates TRM-mediated heterosubtypic protection. (A) Morbidity following heterosubtypic X31 (H3N2)
infection in unvaccinated mice or mice vaccinated 6 weeks prior with 2014-2015 IV or LAIV or infected with PR8 (H1N1)
influenza. Left: Mean percentage weight retention in infected animals receiving daily PBS treatment + SEM. Right:

Mean percentage weight retention in infected animals receiving daily FTY720 treatment + SEM (n = 5 mice per group,
representative of 2 experiments; significance determined by multiple Student’s t tests comparing i.n. LAIV-vaccinated to
i.p. lIV-vaccinated, **P < 0.01, *P < 0.05). (B) Viral clearance 5 days after X31infection in mice administered 2014-2015 IV
or LAIV or infected with PR8 influenza 6 weeks prior. Left: Individual D5 lung viral titers in infected animals receiving daily
PBS treatment + SEM. Right: Individual D5 lung viral titers in infected animals receiving daily FTY720 treatment + SEM (n
=5 mice per group, representative of 3 experiments; significance determined by 1-way ANOVA with Holm-Sidak’s multiple
comparisons test, *P < 0.05). (C) Morbidity following X31infection in animals vaccinated with i.n. 2014-2015 lIV or i.n.
ori.p. LAIV 6 weeks prior. Left: Mean percentage weight retention in infected animals with daily PBS treatment + SEM.
Right: Mean percentage weight retention in infected animals with daily FTY720 treatment + SEM (n = 5 mice per group;
significance determined by multiple Student’s t tests comparing i.n. LAIV-vaccinated with other recipient groups with the
least significant P value reported, ***P < 0.001, **P < 0.01, *P < 0.05). TEIDSU, 50% tissue culture infective dose.

high levels of durable, strain-specific antibodies induced by IIV, while LAIV promotes TRM in addition
to neutralizing antibodies.

LAIV-generated TRM mediate heterosubtypic protection. In order to assess whether vaccine-generated,
lung-localized memory T cell responses were protective, we challenged mice vaccinated with IIV and LAIV
with X31 or PR8 heterosubtypic strains of influenza virus. These stains are known to be serologically dis-
tinct from the vaccine strains, and vaccinated mice lack neutralizing antibodies to X31 and PR8 HA (Table
1). To specifically assess TRM-mediated protection independent from that mediated by circulating T cells,
we treated mice throughout infection with the sphingosine 1-phosphate receptor-1 agonist FTY 720, which
sequesters circulating T cells within the secondary lymphoid tissues, while TRM within the lung remain
intact (9). We also challenged PBS-treated, vaccinated mice to assess total T cell-mediated protection from
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Table 1. Hemagglutination inhibition titers, in HAI units, to whole-virus or vaccine antigen 6 weeks after infection or vaccination

Treatment Group”

Unvaccinated
2014-2015 Fluzone
2014-2015 FluMist
2015-2016 Fluzone
2015-2016 FluMist
PR8-Infected

Hemagglutinin Source

2014-2015 Vaccine 2015-2016 Vaccine PR8 Virus X31 Virus
Antigen® Antigen®
<20¢ <20 <20 <20
832 +97.8 ND <20 <20
240 £ 611 ND <20 <20
NDP 130 £14.6 <20 ND
ND 75+5.0 <20 ND
<20 <20 576 + 64.0 <20

An = 5-10 animals per group, means given + SEM. BFluzone was used as vaccine antigen as FluMist is a whole-virus preparation and may contain additional
antibody epitopes not present in the Fluzone vaccine. ‘Samples in which the first dilution (1:20) was negative were designated <20. °Not done.

both resident and circulating subsets.

Following X31 challenge, mice vaccinated with LAIV (and mice previously infected with PR8 influen-
za as a positive control) were fully protected from morbidity of infection as measured by weight loss in both
PBS- and FTY720-treated groups. In contrast, mice vaccinated with ITV and unvaccinated mice exhibited
similar kinetics of weight loss and recovery over 7 days after challenge in PBS-treated groups; however,
in FTY720-treated groups, recovery was only observed by IIV-immunized mice, while unvaccinated mice
exhibited worsening morbidity throughout the infection course (Figure 4A). These results demonstrate that
vaccination with LAIV protects from morbidity of infection independent of circulating lymphocytes, while
IIV does not, although it may shorten the disease course compared with naive mice.

In terms of lung viral clearance, mice vaccinated with LAIV exhibited enhanced lung viral clearance
in both PBS- and FTY720-treated groups (Figure 4B), indicating that protection is independent of circu-
lating responses. By contrast, mice vaccinated with IIV exhibited viral clearance in PBS-treated but not
FTY720-treated groups (Figure 4B), suggesting that, while the circulating T cell response induced by IIV
(29, 30) could provide a degree of protection, lung-resident protection was not generated. Additionally,
targeting IIV to the lung through i.n. administration did not result in protection in either FTY720- or
PBS-treated mice, demonstrating that respiratory targeting of antigen alone — even in the form of inacti-
vated, split virions — does not promote long-term protective immunity (Figure 4C).

We further investigated the breadth and persistence of lung-specific protection generated by LAIV.
Mice vaccinated with LAIV (and treated with FTY720) were also protected against challenge with PRS8
influenza (Supplemental Figure 4, A and B), and this protection persisted 45 weeks (10 months) after vac-
cination (Supplemental Figure 4C). Furthermore, vaccination with 2015-2016 LAIV or IIV resulted in a
similar pattern of lung-specific protection in the presence of FTY720, with LAIV providing enhanced pro-
tection from weight loss compared with IIV (Supplemental Figure 4D). Together, these results demonstrate
that LAIV generates long-term lung-localized protection to multiple influenza virus strains.

We investigated whether the putative TRM-mediated protection to heterosubtypic challenge in
FTY720-treated, vaccinated mice was associated with a virus-specific recall response in the lung. We detected
substantial percentages (>30%) of influenza-specific CD8"* T cells in the lung at early time points after hetero-
subtypic challenge with PR8 or X31 in mice vaccinated with LAIV. In contrast, low to negligible virus-specific
CD8" T cells were observed in the lungs of similarly challenged ITV-vaccinated or unvaccinated mice (Figure
5, A and B). The preferential mobilization of a lung-localized influenza-specific CD8" T cell recall response
in LAIV, compared with IIV-vaccinated mice, was observed with both 2014-2015 and 2015-2016 vaccine
formulations (Figure 5, A and B), as further evidence that i.n.-administered live-attenuated vaccines promote
lung TRM. Taken together, these results demonstrate that LAIV promotes generation and long-term per-
sistence of lung TRM capable of controlling both viral load and preventing infection morbidity.

Discussion

The identification of TRM and their robust protective capacities to site-specific infections has provided a new
paradigm by which to assess T cell-mediated responses (31) and an important new target for vaccine design
(14, 32). Here, we compared the ability of commercially available influenza vaccines Fluzone Quadrivalent
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Figure 5. Heterosubtypic infection induces a significant lung influenza-specific CD8* T cell recall response in
LAIV-vaccinated mice. (A) Influenza-specific CD8* T cells in the lungs 5 days after PR8 (H1N1) influenza infection in
unvaccinated mice or mice vaccinated with 2014-2015 11V or LAIV 6 weeks prior. Animals were treated daily throughout
infection with FTY720. Left: Representative flow cytometry plots showing percentages of influenza NP, . -specific
CD8* T cells in the lungs. Right: Individual percentages of lung NP, -specific CD8" T cells + SEM (n = 5-6 mice per
group; significance determined by 1-way ANOVA with Holm-Sidak’s multiple comparisons test, ***P < 0.001). (B)
Influenza-specific CD8* T cells in the lungs 6 days after X31 (H3N2) influenza infection in unvaccinated mice or mice
vaccinated with 2015-2016 IV or LAIV 6 weeks prior. Animals were treated daily throughout infection with FTY720.
Left: Representative flow plots showing percentages of NP, -specific CD8" T cells in the lungs. Right: Individual per-
centages of lung NP, -specific CD8" T cells + SEM (n = 5-9 mice per group; significance determined by 1-way ANOVA
with Holm-Sidak’s multiple comparisons test, ****P < 0.0001, *P < 0.05).

IV, and FluMist Quadrivalent LAIV to generate lung T cell responses and establish protective lung TRM.
‘We demonstrate that vaccination with LAIV elicits lung CD4* and virus-specific CD8* T cell responses and
ultimately establishes lung TRM capable of providing long-term, heterosubtypic protection to multiple, non-
vaccine influenza strains. In contrast, vaccination with ITV generates durable, strain-specific humoral immuni-
ty but does not promote the establishment of significant lung TRM or heterosubtypic protection. Our results
have important implications in the testing, monitoring, and administration of different influenza vaccine for-
mulations for promoting protection from seasonal and pandemic strains.

Influenza-specific T cells in mice and humans recognize conserved internal viral proteins that are
similar in diverse serotypes (4, 33) and could therefore promote universal protection to new and emerg-
ing influenza strains — the ultimate goal of a successful influenza vaccine. Importantly, mouse studies
of T cell-mediated protection now indicate that the tissue location of persisting memory T cells greatly
impacts their protective capacities. Lung TRM have been shown to provide enhanced protective immunity
to influenza infection compared with circulating T cells (8) and are necessary for effective heterosubtypic
protection (10). These findings raise the question of whether vaccines can promote TRM-mediated long-
term immunity — an issue that is not currently possible to address in humans. By administering clinically
available influenza vaccines (ITV and LAIV) to mice, we were able to recapitulate the distinct systemic
humoral responses observed in humans, with IIV promoting enhanced HAI titers compared with LAIV
(15-18), indicating that this system may provide an effective model by which to examine potential TRM
formation to vaccines.

Factors necessary for the establishment of TRM are not currently well understood. Both the route of
antigen encounter and the nature of the antigen itself may play critical roles in this process. Recent vaccine
studies have demonstrated that mucosal administration of antigen is important for the establishment of
localized T cell responses, which may go on to establish TRM (14, 32, 34-37). We found that a single i.n.
vaccination with LAIV from either 2 seasonal vaccine formulations was sufficient to generate lung CD4*
and CD8* TRM enriched in influenza-specific T cells, which provided long-lasting protection to heterosub-
typic challenge. By contrast, vaccination with IIV by systemic or i.n. routes was not sufficient to promote
lung TRM generation or lung-specific protection from infection. Moreover, systemic administration of
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LAIV did not generate lung TRM, indicating an essential role for tissue targeting. These results demon-
strate that a site-specific infection is necessary for TRM generation, while antigen introduced at the tissue
site, even in the context of the pathogen-associated molecular patterns (PAMPs) present within inactivated
virus preparations for activation of innate immunity, was not sufficient for TRM establishment.

Our influenza challenge studies with FTY720 treatment indicate that LAIV-mediated protection is
targeted to the lung and can occur independent of circulating T cell responses or infiltration from the
lymphoid tissue. The enrichment of significant influenza-specific lung memory CD8* T cells following
heterosubtypic influenza challenge in FTY720-treated, LAIV-vaccinated mice (Figure 5) suggests in situ
expansion of influenza-specific lung TRM. Focused, local responses by TRM involving rapid cytokine
production have been reported in skin and the female reproductive tract following secondary challenge (14,
38-40), although expansion was not assessed in those studies. We propose that local and limited expansion
of lung TRM may be responsible for the enhanced viral clearance and protection from morbidity of infec-
tion that we observed in mice vaccinated with LAIV.

While studies of TRM generation and protection have been limited to mouse models, TRM-phenotype
cells are present in human lymphoid and mucosal tissues and represent the majority of memory T cells in
tissues (41, 42). Moreover, analysis of human lung samples has revealed that influenza-specific memory
T cells are present in most healthy humans (43, 44), with a proportion of these lung virus—specific T cells
expressing CD69 (9), representing putative TRM. Whether TRM in human lungs are generated in response
to infection or vaccination, however, is unknown. In general, studies of human influenza—specific T cell
responses to infection and vaccines have largely been limited to the analysis of peripheral blood subsets.
Circulating virus—specific T cells in the peripheral blood of children were detected following LAIV but not
IIV vaccination (19, 20), although whether such responses provide protection is unclear. In human influ-
enza infection, the presence of virus-specific CD4" T cells in circulation has been correlated to reduced
overall disease severity (45). Whether circulating T cell responses predict lung TRM generation will be
important to establish in order to improve vaccine response monitoring.

We propose that assessing the relative contribution of TRM versus systemic T cells and humoral
responses for clinical vaccine strains in a mouse model can be informative for predicting protective effi-
cacy required for different conditions of seasonal or pandemic infections. Our findings here highlight the
differing mechanisms of protection between LAIV and IIV vaccines and establish TRM as an important
correlate of vaccine-mediated protection to influenza virus, with potential implications for the design of a
universal influenza vaccine.

Methods

Mice. Female 6- to 8-week-old C57BL/6 mice (Charles River Laboratories) were purchased. Vaccination,
infection with influenza virus, and maintenance under specific pathogen—free conditions occurred in a
BSL-2 biocontainment facility within CUMC animal facilities.

Reagents. The following influenza vaccine formulations were purchased from Moore Medical: FluMist
Quadrivalent, 2014-2015, live-attenuated vaccine (MedImmune) and Fluzone Quadrivalent, 2014-2015,
inactivated virus vaccine (Sanofi Pasteur) directed against A/California/7/2009 (HIN1)pdm09, A/Tex-
as/50/2012 (H3N2), B/Massachusetts/2/2012, and B/Brisbane/60/2008; and 2015-2016 FluMist Quad-
rivalent and Fluzone Quadrivalent formulations directed against A/California/7/2009 (HIN1)pdm09, A/
Switzerland/9715293/2013 (H3N2), B/Phuket/3073/2013, and B/Brisbane/60/2008 strains. Fluorescent-
ly conjugated antibodies for Thyl.2 (clone 53-2.1, BioLegend), CD4 (clones RM4-5, BD Biosciences, and
GK1.5, eBioscience), CD8 (clone 53-6.7, BioLegend), CD44 (clone IM7, BioLegend), CD62L (clone MEL-
14, BioLegend), CD69 (clone H1.2F3, eBioscience), and CD103 (clone 2E7, eBioscience) were purchased.
The influenza NP-specific (NP, ..,) H-2D" tetramer was purchased from MBL International. FTY720 was
purchased from Cayman Chemical Company.

Vaccination of mice. For vaccinations, mice were administered 20 ul of 2014-2015 or 2015-2016 Flu-
Mist (1/10 the adult human dose) i.n. or i.p. for a final dose of 10>°-10%° FFU/viral strain/mouse, or 50 pl
of 2014-2015 or 2015-2016 Fluzone (1/10 the adult human dose) i.p. or s.c. in the neck scruff or i.n. for a
final dose of 1.5 pg of HA/viral strain/mouse.

Influenza virus infection. Mice were infected in. with 250 TCID,, PR8 influenza virus (A/
PR/8/34[HIN1]) or 5000 TCID,, X31 (A/X31[H3NZ2]) for primary infection. For heterosubtypic chal-
lenge, 5,000 TCID,, PR8 or 10,000 TCID,, X31 was administered i.n. Morbidity was monitored by daily
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examination and weight assessment.

FTY720 treatment. Mice were treated with 1 mg/kg FTY720 (25 pg/mouse) or PBS i.p. 2-3 days prior
to infection and daily throughout infection.

In vivo antibody labeling and flow cytometry. For in vivo antibody labeling, naive or vaccinated mice were
given 3 pg PE-conjugated anti-Thyl.2 antibody (clone 53-2.1) i.v. and allowed to rest for 10 minutes. Lungs
were then perfused with PBS and collected, and cells were isolated by mechanical disruption with collage-
nase digestion as described (9). In heterosubtypic infection experiments, right lung lobes were collected and
homogenized for viral titer analysis, left lobes were collected and collagenase digested, and cells were isolat-
ed for flow cytometric analysis as described (9). Cells were stained with fluorochrome-conjugated antibodies
or NP, .., tetramer reagent and analyzed using an LSRII flow cytometer (BD Biosciences), and data were
assessed using FlowJo software (Tree Star Inc.).

Viral titers. Influenza titers in lung homogenates were measured by a 50% tissue culture infective dose
(TCID,,) assay as described (46), with titers expressed as the reciprocal of the dilution of lung extract that
corresponded to 50% virus growth in Madine-Darby canine kidney (MDCK) cells, as calculated by the
Reed-Muench method.

Hemagglutination inhibition assay. Serum neutralizing antibodies titers were measured by HAI as pre-
viously described (47). In brief, serum was collected by cardiac puncture and then treated overnight with
Receptor Destroying Enzyme (Denka Seiken). Treated serum was serially diluted, incubated with vaccine
antigen (2014-2015 or 2015-2016 Fluzone to match the formulation used for vaccination) or PR8 or X31
whole virus particles as HA sources; it was then incubated with 0.5% chicken red blood cells (Lampire).
Titers were expressed as the reciprocal of the last dilution of serum that completely inhibited hemaggluti-
nation.

Statistics. Analyses were performed with Prism (GraphPad Software). Results are expressed as the mean
value from individual groups £ SEM, unless otherwise designated, indicated by error bars. Significance
between experimental groups was determined by 1- or 2-way ANOVA or Student’s ¢ test and corrected for
multiple comparisions as indicated, assuming a normal distribution for all groups.

Study approval. All animal studies and procedures were conducted according to the NIH guidelines for
the care and use of laboratory animals and were approved by the CUMC IACUC.
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