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Abstract

Influenza A infection induces a massive inflammatory response in the lungs that leads to
significant illness and increases the susceptibility to secondary bacterial pneumonia. The most
efficient way to prevent influenza infection is through vaccination. While inactivated vaccines
induce protective levels of serum antibodies to influenza hemaglutinin (HA) and neuraminidase
(NA) surface proteins, these are strain specific and offer little protection against heterosubtypic
influenza viruses. In contrast, live attenuated influenza vaccines (LAIVs) induce a T cell response
in addition to antibody responses against HA and NA surface proteins. Importantly, LAIV
vaccination induces a response in a mouse model that protects against illness due to
heterosubtypic influenza strains. While it is not completely clear what is the mechanism of action
of LAIV heterosubtypic protection in humans, it has been shown that LAIV induces
heterosubtypic protection in mice that is dependent upon a Type 1 immune response and requires
CD8 T cells. In this study, we show that LAIV-induced immunity leads to significantly reduced
viral titers and inflammatory responses in the lungs of mice following heterosubtypic infection.
Not only are viral titers reduced in LAIV vaccinated mice, the amounts of inflammatory cytokines
and chemokines in lung tissue are significantly lower. Additionally, we show that LAIV
vaccination of healthy adults also induces a robust Type 1 memory response including the
production of chemokines and cytokines involved in T cell activation and recruitment. Thus, our
results indicate that LAIV vaccination functions by inducing immune memory which can act to
modulate the immune response to subsequent heterosubtypic challenge by influencing both innate
and adaptive responses.
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1. Introduction

The response to influenza A infection is characterized by an initial innate immune response
followed by an adaptive immune response with T cell infiltrates in the lungs. Influenza
infection triggers toll-like receptors and retinoic acid-inducible protein | activation in
response to viral RNA [1,2]. This begins a cascade of responses, including the production of
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inflammatory cytokines and chemokines in the lung and recruitment of innate and then
adaptive immune cells. Because of this, the immune response to influenza is very robust and
is usually characterized by a significant amount of immunopathology [3,4]. The ultimate
result of this immune response and accompanying pathology is that the host is often
rendered highly susceptible to secondary bacterial pneumonia, which is a major cause of
death during influenza pandemics [5,6].

One effective way to prevent influenza infection is the administration of the yearly influenza
vaccine [7]. Inactivated vaccines induce protective immunity via the production of
neutralizing serum antibodies against the surface hemaglutinin (HA) and neuraminidase
(NA) viral proteins, which are strain specific. Thus, the main drawback of this type of
vaccine is that it only induces homotypic immunity to viruses expressing the specific HA
and NA molecules in the vaccine. In contrast, immunization with viruses of different
subtypes that do not share HA and NA similarities induces heterosubtypic immunity [8-15].
Heterosubtypic immunity does not involve neutralizing antibodies and, thus, does not
provide protection from infection. Instead, it does provide cross reactive T cell responses
that result in limited viral replication and greatly reduced disease severity and mortality [16].
An example of this is the LAIV vaccination, which induces T cell responses due to the fact
that the virus replicates in nasopharyngeal epithelial cells and viral proteins are presented in
the context of major histocompatibility proteins, which can then stimulate virus-specific T
cells. Since these responding T cells are specific for conserved internal viral proteins as well
as surface HA and NA proteins, they contribute to heterosubtypic immunity, protecting from
a wider range of influenza viruses.

Even though LAIV vaccines have been in use in the United States since 2003, the actual
mechanism of protection of LAIV is not fully understood. It has been shown in mouse
models that LAIV vaccination leads to an accelerated recruitment of T cells to the lungs
following heterosubtypic influenza infection [10]. We investigated whether this accelerated
T-cell recruitment would be associated with accelerated viral clearance and reduced
inflammation in the lungs of mice, and found this to be the case. We also examined the
immune memory response induced by LAIV vaccination of healthy adult volunteers and
found that a robust Type 1 memory response was induced, including production of IFNvy,
CCL2, CXCL8 and CXCL10. Our results suggest that LAIV vaccination functions by
inducing Type 1 immune memory, which leads to accelerated T cell recruitment, reduced
viral titers and reduced lung inflammation following influenza infection.

2. Materials and methods

2.1. Mice

2.2. Viruses

Wild type C57BL/6 mice were purchased from The Jackson Laboratory and bred in the
specific pathogen free Trudeau Institute Animal Breeding Facility after embryo rederivation.
For these studies, we used 6 week old male mice which were cared for according to Trudeau
Institute guidelines. Recumbent mice and mice that lost more than 30% weight were
considered moribund and euthanized.

Influenza virus A/PR/8/34 (H1N1), the Enders strain of Sendai virus and cold-adapted
influenza virus c.a.A/Alaska/72/CR9 (LAIV) were grown, stored, and titered as previously
described [10,17,18]. Vaccination was administered intranasally (i.n.) to anesthetized mice
using 350 TCID-50 LAIV or 250 EID-50 Sendai virus; control groups received PBS. Three
weeks following vaccination, all groups received influenza infection i.n. using 400 EID-50
H1N1. At the indicated time points (day 1, 3 or 5), viral burden in whole lung tissue was

Vaccine. Author manuscript; available in PMC 2013 August 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lanthier et al. Page 3

determined by real-time PCR measuring viral acid polymerase copy number [19]. Unless
otherwise indicated, 5 mice/group were used for these studies.

2.3. Real-time PCR

At each time point following H1N1 infection (day 1, 3 or 5), RNA was extracted from lung
tissue using the RNeasy Kit (Qiagen) following manufacturer’s instructions. RNA samples
were reverse transcribed to generate cDNA, which was amplified with Tagman reagents on
the ABI Prism 7700 sequence detection system (Applied Biosystems). Primers and probes
were purchased from Applied Biosystems Gene Expression Assays. The genes assayed for
each mouse were CXCL9, CXCL11, IFNy IL-1p, IL-6, IL-12p40, CCL2, CCL3, CCL4 and
CXCL1. Levels of gene expression were normalized to levels of GAPDH for each sample
and the fold increase in signal was determined using the A A Gy calculation recommended by
Applied Biosystems. Results shown are log fold changes in gene expression compared to
uninfected controls.

2.4. Differential counts

Bronchiolar lavage fluid (BAL) was collected from lungs of animals sacrificed on day 5
following H1N1 challenge. BAL cells were centrifuged, resuspended in 100 .l PBS and
cytospin slides were generated. After drying, differential stain (Diff-quick, IMEB Inc.) was
applied according to manufacturer’s protocol. Differential counts (200 cells per sample)
were performed to distinguish the percent macrophages, polymorphonuclear cells (PMNSs)
and lymphocytes.

2.5. Study enrollment and vaccination

Eligible subjects gave written informed consent before voluntary enrollment at the Naval
Health Research Center in accordance with Institutional Review Board protocol NHRC.
2008.0041. Enrollees provided 25 ml baseline and convalescence blood draws prior to and
after LAIV vaccination. All participants received the standard dose of the LAIV (FluMist®,
MedImmune) for the 2009-2010 season. The initial blood draw was conducted 1 week prior
to vaccination. Subsequent blood draws were repeated at 4, 7, and 11 weeks post
vaccination. Blood samples were collected in 8.5 ml serum-separator tubes (BD Vacutainer,
Becton Dickinson). Tubes were processed according to manufacturer’s instructions.
Specimens were shipped overnight at ambient temperature.

2.6. PBMC culturing

PBMCs were isolated from peripheral blood by Histopaque 1077 (Sigma—Aldrich) gradient
purification. Cells were cultured at 2 x 108/200 pl in serum-free Aim V medium (Invitrogen
Life Technologies) with or without 50 ! of the 2009 Flumist vaccine in 48 well plates.
After 24 h at 37 °C, supernatants were harvested and then frozen for later analysis. Cytokine
and chemokine production was assessed using the Luminex Human Panel 1 (Millipore).
Specific cytokine production was determined by subtracting the cytokine concentration from
the medium-alone wells from the Flumist stimulated wells.

2.7. Statistics

For human studies, statistical analysis was performed by comparing the values for each time
point to the prevaccination values. For murine studies, analysis was performed by
comparing the LAIV vaccinated (or Sendai virus vaccinated) and unvaccinated groups.
Significance was determined by unpaired Student’s #test (for murine studies) or paired
Student’s ttest (for human studies). Values of less than 0.05 were considered significant.
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3.1. LAV induces heterosubtypic influenza immunity in a mouse model

Influenza A infection of mice induces an illness that is characterized by high viral titers and
weight loss. Heterosubtypic immunity, which is typically achieved by prior influenza
infection [8-10], protects from these symptoms of influenza infection. It has been shown
that LAIV vaccination abrogates this illness and confers heterosubtypic immunity by several
groups [8-10,13-15] and in Fig. 1. Mice were given LAIV i.n. and unvaccinated control
groups were given PBS. Three weeks later all groups were challenged i.n. with a sublethal
dose of heterosubtypic HIN1 influenza. This time point was chosen in order to determine
the rapidity of protection and enhanced response following vaccination, which is important
when considering vaccine development for an emerging influenza pandemic. Prior
vaccination with LAIV resulted in reduced viral titers and less weight loss following
subsequent HIN1 influenza challenge in vaccinated groups (LAIV/H1N1) compared to
groups not receiving LAIV (PBS/H1N1) (Fig. 1). This protection was specific since animals
vaccinated with Sendai virus, which is a respiratory parainfluenza virus that is not related to
influenza A, do not exhibit protection with regards to HIN1 challenge or weight loss.
Interestingly, the Sendai virus infected group lost even more weight than the PBS control
group, which could be due to the fact that the Sendai virus infection, unlike LAIV, left these
animals even more susceptible to the effects of influenza infection. These results indicate
that LAIV vaccination can specifically limit heterosubtypic viral titers and protects from
influenza-induced weight loss.

3.2. LAIVinduces areduced inflammatory response upon heterosubtypic influenza

challenge

While Dutton and colleagues have shown that this heterosubtypic protection is abrogated
when CD8 T cells are depleted [10], the actual mechanism of how LAIV protects is not well
understood. The early influx of memory CD8 T cells to the lungs is vitally important for
controlling viral titers early. In LAIV vaccinated mice, virus-specific CD4 and CD8 T cells
can be found in the lungs as early as day 4 following heterosubtypic challenge [10].
Importantly, early T cell recruitment will result in accelerated reduction of viral titers and
reduced levels of lung inflammation, which, in turn, will lead to reduced illness [20]. To
examine this further, the levels of chemokine mRNA in the lung tissue of the influenza
infected mice was determined. Following LAIV vaccination and HIN1 challenge, there
were significantly higher levels of CXCL9 and CXCL11 expression in lung tissue when
compared to the PBS group (Fig. 2A and B). Importantly, higher levels of both of these
chemokines were also found in LAIV vaccinated mice without HIN1 challenge (LAIV
alone group), indicating that this mode of vaccination does in fact change the lung
environment for at least 3 weeks. The advantage of this is that these two chemokines are
important for T cell recruitment to the lungs following infection [21,22] and we found that
by day 5 following H1N1 challenge, there were significantly more lymphocytes in BAL
from the LAIV vaccinated group compared to the PBS control group which was not
different from uninfected controls (Fig. 2C). Interestingly, there was also a greater
percentage of PMNSs in the BAL from the PBS control group compared to the LAIV
vaccinated group, indicating a higher level of lung inflammation in these animals

This enhanced inflammation in the PBS control animals was also demonstrated by
examining cytokines and chemokines in lung tissue following HLN1 challenge.
Inflammatory cytokine production was significantly lower in LAIV vaccinated animals even
as early as days 3 and 5 following challenge (Fig. 3). In the LAIV vaccinated group, there
were lower levels of the Type 1 cytokines IL-12p40 and IFN-y, as well as the innate
cytokines IL-1p and IL-6, which are involved in inflammatory processes following viral
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infection. In addition in the LAIV vaccinated group, chemokines that induce inflammation
were reduced including CCL2, which attracts monocytes and dendritic cells, and CCL3,
CCL4 and CXCL1, which attract neutrophils [23-26]. This reduction in inflammation in the
LAIV vaccinated group corresponds with the lower viral titers shown in Fig. 1 and is
influenza A specific since it does not occur in the Sendai virus/H1N1 group.

3.3. LAV induces a Type 1 memory response in humans

In order to examine the immune memory resulting from vaccination with LAIV, healthy
adult volunteers were given the 2009 FluMist® vaccine. Peripheral blood samples were
collected from these volunteers prior to vaccination and at 4, 7 and 11 weeks post-
vaccination. PBMCs were cultured with or without the LAIV vaccine and culture
supernatants were assayed for cytokines. Prior to vaccination, there was production of IFNy
and IL-10 but not IL-4 or IL-17 by PBMC in response to ex vivo stimulation with the LAIV
(Fig. 4), indicating the prior presence of some memory cells responsive to this stimulation.
Following vaccination, there was a decline in IFNy production at 4 weeks, a significant
increase at 7 weeks and then a decline by 11 weeks. In contrast, IL-10 production was
unchanged following vaccination at 4 and 7 weeks but was significantly reduced at 11
weeks and no IL-4 or IL-17 production was observed following vaccination. Thus, since
only IFN+y production was specifically enhanced following LAIV vaccination, this is a
typical Type 1 immune response [27].

In addition, we found that all of the cytokines shown in Fig. 5 (GM-CSF, IL-1p IFNa and
IL-6) express a similar pattern of expression, with some production pre-vaccination, a slight
decrease at 4 weeks (some not significant), a significant increase at 7 weeks and then a
decline at 11 weeks post-vaccination. This is interesting since IL-6 and IFNa are produced
in response to influenza virus [28], while GM-CSF and IL-1f further enhance the Type 1
phenotype of the response to the LAIV vaccination: GM-CSF by inducing Type 1 cytokine
production by T cells and IL-1 by driving clonal expansion of the responding T cells [29-
31]. Thus, these innate cytokines can enhance and promote virus-specific T cell memory
cells.

3.4. LAIV induces the production of chemokines involved in a recall response

We also examined chemokine production following ex vivo stimulation of PBMCs (Fig. 6).
There were three patterns of chemokine production observed. First, CCL5 (T cell recruiting
[32]) and CXCLS (attracts cytotoxic CD8 T cells [33]) showed an increase at 4 and/or 7
weeks followed by a decrease in production at 11 weeks post-vaccination. This pattern
indicates that these chemokines are produced relatively early after vaccination and that they
wane rather quickly. Second, CCL2 and CXCL10 (both of which recruit T cells and antigen
presenting cells [24,34]) showed an increase in production at 7 and 11 weeks compared to
pre-vaccination. This pattern indicates that production of these chemokines is sustained and
does not wane within the time frame of this study. Lastly, CCL3 and CCL4, which are
important for macrophage recruitment and inflammation [25], were unchanged or decreased
at all time points compared to pre-vaccination levels. This pattern indicates that these
chemokines are not produced to any great extent in response to the LAIV vaccination.

4. Discussion

Despite vaccination efforts, influenza infects over 24 million people in the United States
annually with dramatic consequences for public health [35]. Inactivated influenza vaccines
induce protection via the generation of neutralizing antibodies directed to the HA and NA
molecules on the surface of the virus. While these antibodies usually function well to block
viral infection, the HA and NA molecules are strain specific and antibodies directed against
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them are not protective if there is antigenic drift and antigenic shift or if a new strain of
influenza virus appears. Thus, the interest in vaccines that induce heterosubtypic immunity
to a wide range of influenza virus strains has been prevalent. Heterosubtypic immunity is
due to both T cells and non-neutralizing antibodies and does not prevent infection but does
limit viral replication and greatly reduces disease severity and mortality [10,14-16,36].

While the LAIV has been in use in the United States for a number of years, its mode of
action is not totally understood. In this study, we have explored how LAIV vaccination can
lead to protective heterosubtypic immunity in a mouse model. Our results show that LAIV
vaccination reduces viral titers early during infection and prevents weight loss. This is
associated with the enhanced expression of chemokines involved in recruitment of T cells
into lung tissue following heterosubtypic influenza challenge. We also found that in LAIV
vaccinated animals there was reduced expression of inflammatory cytokines and
chemokines in the lungs compared to unvaccinated groups. Thus, the effects of the LAIV
vaccine are to boost early recruitment of T cells, which can then clear virus more rapidly.
This accelerated clearance of virus would then result in lower levels of inflammation in the
lung. Presumably, lower levels of inflammation will also lead to reduced pathology and
reduced susceptibility to secondary infections. We construe from these studies that LAIV
vaccination induces heterosubtypic immunity and that immune memory resulting from this
LAIV vaccination can act to modulate the immune response to subsequent challenge by
influencing both innate and adaptive responses.

This study went on to examine responses in LAIV vaccinated people. While there was some
pre-existing responsiveness found in the prevaccination samples, we found that there was a
robust Type 1 memory response, characterized by production of IFNy and chemokines
involved in T cell and dendritic cell recruitment following vaccination. By examining ex
vivo restimulation of PBMCs, we were able to show that this response was specific to the
vaccinating LAIV. The memory response to the LAIV peaked at 7 weeks post-vaccination
and included the production of GM-CSF and IL-1p in addition to IFN-y. Both GM-CSF and
IL-1B are important for cytokine production by and proliferation of responding T cells and
reinforce the Type 1 memory response to the vaccine [29-31]. In addition, IFNa and IL-6,
both of which are produced in response to influenza virus [28], also peaked at 7 weeks post-
vaccination.

Chemokines involved in T cell recruitment and activation were also produced following
LAIV vaccination. We found three patterns of chemokine production. CCL5 and CXCL8
were produced early following vaccination and then waned by 11 weeks. CCL5, which
binds CCR5, plays a key role in the early memory CD8+ T cell response to respiratory virus
infections [18]. CXCLS8, which binds the IL-8 receptor, identifies a CD8 T cells subset that
is enriched in perforin, granzyme B, and IFN+y, and has high cytotoxic potential which is
important for anti-viral responses [33]. Thus, these two chemokines are likely involved in
early memory and/or late effector responses following vaccination. In contrast, CCL2 and
CXCL10 were generated at later time points and did not wane during this study. CCL2,
which binds to CCR2 on monocytes and dendritic cells, acts to direct them from the blood to
the site of infection, where they can activate responding T cells and promote a Type 1
immune response [24,26]. CXCL10, which binds CXCRS3, directs memory T cells to site of
infection [37]. Thus, these two chemokines are likely more important for long term memory
following vaccination. Finally, CCL3 and CCL4 are not induced above prevaccination levels
following vaccination and levels are quite low by 11 weeks. Both of these chemokines are
involved in neutrophil recruitment and are important for inflammatory responses [25], which
are not likely to be important for sustained immune memory. Thus, the patterns of
chemokines produced serve to promote a memory T cell response, which can then serve to
confer protection from subsequent influenza infection.
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5. Conclusions

In a mouse model, LAIV induced heterosubtypic immunity results in faster virus clearance.
This is associated with reduced weight loss and inflammatory cytokine and chemokine
expression in the lungs. In humans, LAIV vaccination induces a potent Type 1 response
characterized by IFN+y production and expression of chemokines involved in T cell and
APC recruitment. Thus, LAIV vaccination can act to modulate the immune response to
subsequent challenge by influencing both innate and adaptive responses.
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A. HIN1 Influenza titers
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B. Weight loss following H1N1 challenge

-@- PBSH1N1
-0 LAIVHIN1
=& Sendai/H1N1
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Days post infection

LAIV vaccination induces heterosubtypic protection. Mice were given LAIV, Sendai virus

or PBS. After 3 weeks all mice were challenged with a sublethal dose of HIN1. (A) On days

1, 3 and 5 (lungs from Sendai virus vaccinated mice were harvested on day 5 only) after
H1N1 challenge the titers of HIN1 in the lungs were determined by real time PCR for the
viral acid polymerase gene. Each symbol indicates an individual mouse (* < 0.05 by
unpaired Student’s ftest) and bar depicts group mean. (B) Mice were weighed every day
following H1N1 challenge. Mean £ SD for A/=5 is shown.
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Fig. 2.

LAIV vaccination rapidly induces chemokines involved in enhanced lymphocyte
recruitment to lungs. Mice were given LAIV, Sendai virus or PBS. After 3 weeks all mice
were challenged with a sublethal dose of HIN1 except for the LAIV alone group (day 1),
which did not receive HIN1 challenge. On days 1, 3 and 5 (lungs from Sendai virus
vaccinated mice were harvested on day 5 only) following challenge lungs were harvested,
cDNA was prepared and real time PCR was performed for (A) CXCL9 and (B) CXCL11.
(C) On day 5 following H1N1 challenge of mice vaccinated with LAIV or PBS, the percent
of each cell type present in bronchiolar lavage fluid (BAL) was determined by differential
staining to distinguish macrophages, polymorphonuclear cells (PMNSs) and lymphocytes.
Cell types present in uninfected animals (NONE) are also included for comparison. Each
symbol indicates an individual mouse (*p < 0.05 in unpaired Student’s ftest) and bar depicts
group mean.
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Fig. 3.

LAIV vaccination reduces inflammatory cytokines and chemokines in the lungs following
influenza challenge. Using the same samples as in Fig. 2, real time PCR was performed for
the indicated cytokines and chemokines. Each symbol indicates an individual mouse (*p <
0.05 in unpaired Student’s ftest) and bar depicts group mean.
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LAIV vaccination induces a Type 1 memory response in human subjects. Peripheral blood
samples were taken 1 week prior to and 4, 7 and 11 weeks after administration of LAIV.
PBMCs were isolated and cultured with the LAIV or with medium alone (2 x 106/200 I per
well). Supernatants were collected after 24 h and cytokine concentrations were determined
by the Luminex multiplex system. For each cytokine, background production (from medium
alone cultures) was subtracted from the values for the LAIV stimulated cultures. Each
symbol represents an individual person (*p < 0.05, **p < 0.0001 by paired Student’s #test
comparing each time point to prevaccination values) and bar depicts group mean.
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LAIV vaccination induces innate cytokine production. Cytokine production by PBMCs was

Vaccine. Author manuscript; available in PMC 2013 August 30.

examined by Luminex as in Fig. 4. Each symbol represents an individual person (*p < 0.05,
** 1< 0.0001 by paired Student’s ¢test comparing each time point to prevaccination values)
and bar depicts group mean.
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Fig. 6.

LAIV vaccination induces chemokines involved in memory T cell and DC recruitment.
Chemokine production by PBMCs was examined by Luminex as in Fig. 4. Each symbol
represents an individual person (*p < 0.05, **p < 0.0001 by paired Student’s ftest
comparing each time point to prevaccination values) and bar depicts group mean.
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