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Influenza Virus and Vaccination
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Abstract: Influenza virus infections represent a serious public health problem causing contagious
respiratory disease and substantial morbidity and mortality in humans, resulting in a considerable
economic burden worldwide. Notably, the number of deaths due to influenza exceeds that of
any other known pathogen. Moreover, influenza infections can differ in their intensity, from mild
respiratory disease to pneumonia, which can lead to death. Articles in this Special Issue have
addressed different aspects of influenza in human health, and the advances in influenza research
leading to the development of better therapeutics and vaccination strategies, with a special focus on
the study of factors associated with innate or adaptive immune responses to influenza vaccination
and/or infection.

Keywords: Influenza virus; influenza vaccine; vaccination; pandemic; immune response; innate
immunity; adaptive immunity; universal vaccines

Sangster et al. provide a comprehensive picture of HA-specific antibody response to influenza
virus infection, relevant for protecting the host against the infection. Moreover, the authors discuss
the importance of the composition of an individual’s HA-reactive preexisting memory B cell (MBC),
a population that can reflect the imprint of early-life HA exposure, and its role in determining the
character of the HA-reactive antibody response. Furthermore, the authors suggest that antibodies
resulting from preexisting MBC activation are important regulators of anti-HA antibody production,
and play a role in the positive selection of germinal center B cells which are reactive to novel HA
epitopes. The understanding of MBC competition, immunodominance hierarchies, and antibody
regulation of B cell responses will help to improve influenza vaccine composition and administration
approaches [1]. As reviewed by Jiong et al., traditional assays to study complex humoral responses after
influenza infection or vaccination, such as HA-specific antibody responses, are limited in scope and
too resource-intensive. However, multidimensional assays developed in recent years could overcome
these problems by simultaneously measuring antibodies against a large panel of influenza HA proteins
in a high throughput assay [2]. Misra and Nayak have highlighted the importance of vaccinating
children and pregnant women against influenza, since influenza virus infection is responsible for
significant morbidity and mortality in these populations. Disturbingly, the authors indicated that
despite the benefits of the influenza vaccine, vaccination rates around the world remain well below
targets. The constantly changing HA antigenicity of the influenza virus, along with the complexity
of serological responses induced by influenza infections in the immune system, muddies efforts to
interpret serology testing results or develop more effective vaccines [3]. In order to improve the safety
of the live-attenuated influenza vaccine (LAIV) and make it available to a broader population (it is
currently not recommended for children under the age of two, immunocompromised individuals,
the elderly, and pregnant adults), Hilimire et al. have demonstrated that the influenza A virus master
donor virus (MDV) A/Ann Arbor/6/60 H2N2 LAIV can inhibit host gene expression using both the
PA-X and NS1 viral proteins. Furthermore, they show that by removing PA-X, the replication of the

Pathogens 2020, 9, 220; doi:10.3390/pathogens9030220 www.mdpi.com/journal/pathogens1
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MDV LAIV is decreased in a mouse model, while maintaining full protective efficacy, demonstrating a
broadly applicable strategy of tuning the amount of host antiviral responses induced by the IAV MDV
for the development of improved and safer LAIVs [4].

Topham et al. discuss recent advances in an important branch of adaptive immune responses,
the tissue resident memory (TRm) CD8 T cells, which comprise a cell population that forms in
peripheral, nonlymphoid tissue after infection, and that do not recirculate into the bloodstream or
other tissues. This cell population has been shown to be important against secondary encounters
with a previously seen pathogen. However, many questions remain regarding our understanding
of this unique cell subset and its role during influenza infections [5]. Previously, Sant’s laboratory
has demonstrated that CD4 T cells specific for epitopes derived from HA are the most effective in
providing help for the HA-specific B cell responses to infection and vaccination. In this special issue,
Zackery et al. ask whether HA epitopes recognized by CD4 T cells in the primary response to infection
are equally distributed across the HA protein. Using mice, their studies revealed that the HA-specific
CD4 T cell epitopes cluster in two distinct regions of HA, which could be important in the development
of universal vaccines against influenza [6].

Nogales and DeDiego discuss the importance of human genome polymorphisms for the
susceptibility of some individuals to suffer more severe symptoms after influenza infections and
for vaccine effectiveness. Notably, the knowledge and analysis of host genome variability will be a
valuable tool with which to predict the outcomes of viral diseases and of prophylactic or therapeutic
interventions, including vaccines and drugs [7].

Author Contributions: A.N. and M.L.D. conceptualized and wrote the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported with funds from Comunidad de Madrid, Spain, reference 2017-T1/BMD-5155
and the Spanish Ministry of Science, Innovation and Universities (RTI-2018-094213-A-I00) to M.L.D and the
“Ramon y Cajal” Fellowship RYC-2017 from Spanish Ministry of Economy, Industry and Competitiveness to A.N.

Acknowledgments: We thank all authors who have contributed to this special issue.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sangster, M.Y.; Nguyen, P.Q.T.; Topham, D.J. Role of Memory B Cells in Hemagglutinin-Specific Antibody
Production Following Human Influenza A Virus Infection. Pathogens 2019, 8, 167. [CrossRef] [PubMed]

2. Wang, J.; Wiltse, A.; Zand, M.S. A Complex Dance: Measuring the Multidimensional Worlds of Influenza
Virus Evolution and Anti-Influenza Immune Responses. Pathogens 2019, 8, 238. [CrossRef] [PubMed]

3. Misra, R.S.; Nayak, J.L. The Importance of Vaccinating Children and Pregnant Women against Influenza
Virus Infection. Pathogens 2019, 8, 265. [CrossRef] [PubMed]

4. Hilimire, T.A.; Nogales, A.; Chiem, K.; Ortego, J.; Martinez-Sobrido, L. Increasing the Safety Profile of the
Master Donor Live Attenuated Influenza Vaccine. Pathogens 2020, 9, 86. [CrossRef] [PubMed]

5. Topham, D.J.; Reilly, E.C.; Emo, K.L.; Sportiello, M. Formation and Maintenance of Tissue Resident Memory
CD8+ T Cells after Viral Infection. Pathogens 2019, 8, 196. [CrossRef] [PubMed]

6. Knowlden, Z.A.G.; Richards, K.A.; Moritzky, S.A.; Sant, A.J. Peptide Epitope Hot Spots of CD4 T Cell
Recognition Within Influenza Hemagglutinin During the Primary Response to Infection. Pathogens 2019,
8, 220. [CrossRef] [PubMed]

7. Nogales, A.; M, L.D. Host Single Nucleotide Polymorphisms Modulating Influenza A Virus Disease in
Humans. Pathogens 2019, 8, 168. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

2



pathogens

Article

Peptide Epitope Hot Spots of CD4 T Cell Recognition
Within Influenza Hemagglutinin During the Primary
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Abstract: Antibodies specific for the hemagglutinin (HA) protein of influenza virus are critical for
protective immunity to infection. Our studies show that CD4 T cells specific for epitopes derived
from HA are the most effective in providing help for the HA-specific B cell responses to infection
and vaccination. In this study, we asked whether HA epitopes recognized by CD4 T cells in the
primary response to infection are equally distributed across the HA protein or if certain segments
are enriched in CD4 T cell epitopes. Mice that collectively expressed eight alternative MHC (Major
Histocompatibility Complex) class II molecules, that would each have different peptide binding
specificities, were infected with an H1N1 influenza virus. CD4 T cell peptide epitope specificities
were identified by cytokine EliSpots. These studies revealed that the HA-specific CD4 T cell epitopes
cluster in two distinct regions of HA and that some segments of HA are completely devoid of CD4
T cell epitopes. When located on the HA structure, it appears that the regions that most poorly
recruit CD4 T cells are sequestered within the interior of the HA trimer, perhaps inaccessible to the
proteolytic machinery inside the endosomal compartments of antigen presenting cells.

Keywords: influenza; CD4 T cell; epitopes; hemagglutinin

1. Introduction

Influenza hemagglutinin (HA) is a major target of influenza vaccination because of the importance
that this molecule plays in mediating binding and infection of influenza virus on host cells. Because of
this function, antibodies elicited by most influenza vaccine strategies have the potential to provide
sterilizing immunity to influenza infection in the host (reviewed in [1–7]). CD4 T cells specific for
HA are also critical in the protective antibody responses to infection and vaccination because of their
role in the germinal center response, high affinity antibody production and B cell memory (reviewed
in [8–10]). Our studies show that in human vaccine responses to influenza, the serum antibody
responses to HA are correlated with the elicitation of CD4 T cells specific for HA peptide epitopes
and not those from other viral proteins contained in the vaccine, such as NP (nucleoprotein) [11].
Similarly, in animal models of influenza infection, recall of memory CD4 T cells specific for HA,
but not NP, is associated with neutralizing antibody response to HA [12]. The preceding studies
suggest that, although the human CD4 T cell repertoire is highly diverse with respect to reactivity to
influenza viral proteins [13–21], understanding the specificity of CD4 T cells towards the HA protein is
particularly important.

There have been a number of studies that have reported individual HA epitopes that are
recognized by CD4 T cells in both human and mouse models of infection and vaccination (reviewed

Pathogens 2019, 8, 220; doi:10.3390/pathogens8040220 www.mdpi.com/journal/pathogens3
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in [22,23]). However, published studies have often been limited to the analyses of particular regions of
HA, chosen based on common sequences in diverse subtypes of influenza [24], or shared epitopes
between seasonal and potentially pandemic strains of influenza [16,20,25–29]. A subset of peptides
in HA have also been studied because they are presented by particular allelic forms of human HLA
(Human Leukocyte Antigen) class II molecules that are well-suited for class II-peptide tetramer
analyses [14,28,30–32]. Because of our interest in the full potential repertoire of influenza-specific CD4
T cells, our laboratory has used unbiased epitope scanning methods to identify the entire array of
peptides recognized by CD4 T cells in the primary response in mice to influenza infection or vaccination.
These studies have involved a diverse set of mouse strains, chosen in part to explore the role of MHC
(Major Histocompatibility Complex) class II polymorphism in selection of the immunodominance
hierarchy [33,34], the relationship between epitope selection in CD4 T cell responses to infection
vs. vaccination [35], CD4 T cell epitope selection during homing to the lung after infection [36,37],
partitioning of CD4 T cells into follicular helper cells versus effector cell lineages after infection
and vaccination [38], and epitope mapping for identification of human CD4 T cell epitopes via
HLA-DR transgenic mice [39,40]. Collectively, these studies have revealed a tremendous breadth in
the CD4 T cell response to influenza that includes specificities derived from HA, NA, M1, NP, and the
polymerase proteins.

In the study reported here, we analyzed the peptide epitope distribution of HA-specific CD4 T
cells elicited by influenza infection from a panel of independent strains of mice. These mice were
chosen because, based on unique MHC class II molecules that they express, they will each select
an independent CD4 T cell peptide repertoire from the HA protein. Our studies revealed that the
epitopes selected for CD4 T cells in the primary response are localized to a limited number of “hot
spots” within the HA protein and that there are corresponding “dead zones” that recruit very few CD4
T cells. The basis of the immunodominance in the influenza HA protein is not fully understood at this
time but is important to understand in developing vaccine strategies for influenza virus.

2. Results

2.1. HA Epitope Dominance in the Primary Response to Influenza Infection

To map individual epitopes from the influenza HA protein, common inbred mice expressing
different murine MHC class II molecules (thus having the potential to present different HA-derived
peptides) or transgenic mice, expressing human HLA-DR or HLA-DQ molecules, were infected with
A/New Caledonia/20/99 H1N1 virus, a recent human isolate which replicates in mice [41] but that
is not highly pathogenic in any of the strains tested. At day 10–13 post-infection, peptide epitopes
recognized by the elicited CD4 T cells were identified by a sequential method involving a peptide
pooling matrix, which we described in detail previously [39,40]. In this method, single overlapping
peptides representing the entire translated HA protein are pooled in sets of 9–10 different peptides
and arrayed in a matrix strategy originally described by Tobery and colleagues for identification of
T cell specificities [42]. Spleen cells from infected mice were used as a source of primed CD4 T cells,
enriched by negative paramagnetic bead isolation, as described in Materials and Methods. CD4 T
cells were tested for reactivity to the HA peptide pools that were arrayed in a matrix design and
quantified using cytokine EliSpot assays. IL-2 producing CD4 T cells were used to quantify reactivity to
influenza epitopes from spleen because in some strains of mice, this is the dominant cytokine expressed
particularly in the spleen ([41] and data not shown). In addition, in contrast to cells localized to the
lung, that are enriched for IFN-γ [36,37], IL-2 is reliably expressed by CD4 T cells elicited by infection
that localize to secondary lymphoid tissue [34]. Use of peptides and splenic CD4 T cells allowed all
potential HA epitopes recognized by the host CD4 T cells to be presented by APC and available to
recall the primed CD4 T cells. The primed CD4 T cells and syngeneic splenocytes from naïve mice or
MHC class II expressing fibroblasts (for HLA-DR1 transgenic mice), used as a source of APC, were
co-incubated with the peptide pools for 16–20 h. Pools tested as negative were eliminated from further
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analyses. Candidate peptides in the positive rows and columns were then tested as single peptides.
Through this sequential, iterative process, the single CD4 T cell peptide epitopes derived from HA
were identified.

Supplemental Table S1 lists each of the peptides in the overlapping peptide library that was
used in the initial epitope screening for each mouse strain. Supplemental Table S2 shows the peptide
specificities of all the mouse strains that were analyzed with the indicated average cytokine spot
count from at least three replicate experiments. We classified peptides that elicited at least 125
cytokine-producing cells as positive for this study because these were the most reliably quantified
in replicate, independent assays. These curated data are shown in Table 1, which also denotes the
mouse strain and MHC class II haplotype and allelic forms of class II expressed. Because of the
large range in responses to different peptide epitopes, we subdivided the positive epitopes into two
groups: subdominant (125–300 cytokine-producing cells) and dominant (>300 cytokine-producing
cells). The typical range in HA-reactive epitope-specific CD4 T cells in any given mouse strain ranged
from 125–400 spots, although an occasional epitope recruited more than 600 cytokine-producing CD4
T cells.

Figure 1. Pattern of CD4 T cell reactivity to influenza viral proteins following primary infection.
Influenza reactivity to influenza viral proteins following primary infection with A/New Caledonia/20/99
was measured by IL-2 EliSpot assays as spots per million CD4 T cells to HA (red), NA (orange),
M1 (yellow), and NP (blue), where the total number of CD4 T cells producing IL-2 specific for defined
epitopes within each viral protein were summed. In panel A the immunodominance hierarchies for
each mouse strain are illustrated as pie charts, with the fraction of the response dedicated to each viral
protein is indicated. Responses for the M1 protein were not assessed in the H-2u and HLA-DQ8 mouse
models and therefore their immunodominace hierarchies as illustrated are limited to HA, NA and NP.
In panel B the total spot counts are indicated as bar graphs for each MHC haplotype in the strains of
mice analyzed.
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Table 1. Mouse strain dependent immunodominance hierarchy in CD4 T cell epitopes specific for HA
from A/New Caledonia/20/99. Each mouse strain with HA epitopes >125 spots/million CD4 T cells is
shown. Also indicated for each strain is the MHC haplotype and MHC class II molecules expressed.
On the far right is the average cytokine spots/million for each epitope from at least 3 independent
experiments. These epitopes were those selected for the data shown in Figures 1 and 2. The peptides in
bold represent those with 300 spots/million.

Mouse Strain
MHC

Haplotype
Peptide Amino Acids Sequence Spots Per 106 Cells

A/J H-2a HA p21 120–136 120 EQLSSVSSFERFEIFPK 136 474

HA p30 174–190 174 YPNLSKSYVNNKEKEVL 190 374

HA p37 215–231 215 VSVVSSHYSRRFTPEIA 231 236

HA p56 328–344 328 LRMVTGLRNIPSIQSRG 344 271

HA p61 358–374 358 TGMVDGWYGYHHQNEQG 374 507

HA p64 375–391 375 SGYAADQKSTQNAINGI 391 351

HA p68 398–414 398 VIEKMNTQFTAVGKEFN 414 640

B10.PL I-Au HA p25 144–160 144 TVTGVSASCSHNGKSSF 160 124

HA p54 316–332 316 IGECPKYVRSAKLRMVT 332 369

HA p55 322–338 322 YVRSAKLRMVTGLRNIP 338 289

HLA-DQ8 DQ8 HA p14 78–94 78 ILGNPECELLISKESWS 94 136

HA p48 280–296 280 GIITSNAPMDECDAKCQ 296 155

HLA-DR1 DR1 HA p27 156–172 156 GKSSFYRNLLWLTGKNG 172 167

HA p28 162–178 162 RNLLWLTGKNGLYPNLS 178 163

HA p35 203–219 203 NQRALYHTENAYVSVVS 219 159

HA p74 434–450 434 IWTYNAELLVLLENERT 450 128

HA p75 440–456 440 ELLVLLENERTLDFHDS 456 146

BALB/c H-2d HA p21 120–136 120 EQLSSVSSFERFEIFPK 136 146

HA p22 126–142 126 SSFERFEIFPKESSWPN 142 151

HA p37 215–231 215 VSVVSSHYSRRFTPEIA 231 130

HA p66 386–402 386 NAINGITNKVNSVIEKM 402 124

SJL H-2s HA p21 120–136 120 EQLSSVSSFERFEIFPK 136 306

HA p22 126–142 126 SSFERFEIFPKESSWPN 142 663

HA p23 132–148 132 EIFPKESSWPNHTVTGV 148 300

HA p25 144–160 144 TVTGVSASCSHNGKSSF 160 426

HA p28 162–178 162 RNLLWLTGKNGLYPNLS 178 263

HA p54 316–332 316 IGECPKYVRSAKLRMVT 332 191

HA p57 334–350 334 LRNIPSIQSRGLFGAIA 350 243

HA p66 386–402 386 NAINGITNKVNSVIEKM 402 428

It is interesting to note that the number of HA-derived epitopes recognized by CD4 T cells from
different strains of mice varied considerably (see Supplemental Table S2). For example, H-2b mice,
expressing I-Ab, recruited very few CD4 T cells specific for HA, all below 125 spots per million, while
other mice, including A/J mice, expressing I-Ak and I-Ek class II molecules, elicited CD4 T cells specific
for greater than fifteen epitopes in HA, six of which were above the subdominant threshold. Although
mice tested in the current studies differ both in background genes and in their MHC class II haplotype,
our published studies involving B10.S (H-2s) and B10 (H-2b) mice that are identical in non-MHC
background genes recruit strikingly different epitope specificities [33,34]. These studies, as well as our
unpublished data with many inbred strains of mice, suggest that the major factor determining CD4 T
cell epitope specificity and abundance after influenza infection is the MHC class II molecules expressed
in the host. All strains of mice used in the current study elicited robust CD4 T cell responses to other
viral proteins after influenza infection, including those specific for M1, NA, and NP ([22,34,36–40,43],
as shown in Figure 1).
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2.2. Distribution of Dominant and Subdominant CD4 T Cell Epitopes in the HA Protein Sequence

After compiling all of the CD4 T cell immunodominance hierarchy data, we examined the
distribution of epitopes within the HA sequence that met the threshold of a dominant or subdominant
epitopes, shown in Supplemental Table S2. These data are shown in Figure 2A. Interestingly, this data
representation shows that the peptide epitopes that elicited CD4 T cells were not distributed equally
across the HA protein. Instead, they tended to cluster in several distinct regions, which we have
termed “hot spots” of reactivity. The biggest clusters of CD4 T cell epitopes in HA, recognized by
multiple strains of mice were clustered between amino acids 120–190 and 316–414. Other segments of
HA, including amino acid 1–119, 232–315, and 457–565 were relatively devoid of CD4 T cell epitopes,
with just an occasional minor peptide epitope represented in these segments. We have termed these
regions “dead zones” of reactivity.

We then analyzed these data in a graphical display (Figure 2B). There are approximately 100 16–17
mer peptides in the overlapping array provided by the supplier, numbered from amino acid 1–94,
from amino (‘N”)- to carboxy (C)-terminus (Supplemental Table S2). The peptides were grouped by
each decade of HA amino acid sequence (e.g., peptides 1–10, peptides 11–20) (from N to C terminus),
indicated on the X-axis. The total CD4 T cell responses, quantified as cytokine spots per million,
reflecting the abundance of HA-reactive CD4 T cells in each strain, are depicted by the height of
the “cones” on the Y-axis, with each cone depicted by color based on the strain of mouse and the
MHC molecules expressed, shown to the left Z-axis. This display allows ready visualization of the
distribution and magnitude of the CD4 T cell epitopes, and their clustering across the HA protein.
From depicting the immunodominance data in this way, it is clear that among the eight strains of mice
studied, there are dominant regions of CD4 T cell recognition within HA. Peptides contained within
decade 21–30 and the two decades 51–70, shown in Figure 2, appear to contain the vast majority of the
CD4 T cell epitopes. Conversely, there are extended regions of HA that are relatively devoid of CD4 T
cell epitopes, notably the first two decades (1–20) and final two decades. The segments of high and
very low reactivity, as well as the segments that have only minor epitopes are indicated on the amino
acid sequence of the HA protein in red, dark grey, and cream, respectively, in Figure 3.

2.3. Location of Live and Dead Zones on the HA Structure

From our analysis of the “zonal” positioning of CD4 T cell epitopes, we were able to determine
regions of the HA protein that had tendencies that favored or disfavored the generation of peptide
epitopes in the context of many different MHC molecules. Accordingly, we sought to understand
where the zones of reactivity mapped onto the structure of the hemagglutinin protein (Figure 4A,C,D).
For this analysis, we designated regions of reactivity in three categories: “live” (regions of high
reactivity, colored in red); “dead” (regions of limited/no reactivity, colored in dark grey); and “minor”
(regions of occasional CD4 T cell reactivity, colored in cream). As shown in the HA monomer in
Figure 4B, live regions stretched from amino acid 120 to 190, and from 316 to 414. Dead regions run
from the amino-terminus to amino acid 119, then from 232 to 315 and from 457 to the carboxy-terminus
(position 518). The transmembrane domain and membrane proximal amino acids are not depicted in
the structure, but are included in the dead zones. Regions of minor reactivity run from residues 191 to
231, as well as 415 to 456. The site where HA0 is cleaved to form HA1 and HA2 (amino acids 343 and
344) is also indicated.
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A 

 
B 

Figure 2. CD4 T cell epitopes within the hemmaglutinin protein. Panel (A) shows the amino acid
sequence from N- to C- terminus including the leader sequence for H1N1 A/New Caledonia/20/99.
The underlined segments indicate the amino acids that comprise CD4 T cell peptide epitopes within
HA protein that elicit >125 spots/million when measured by cytokine EliSpots. Each color corresponds
to a different mouse strain (each with a different MHC haplotype) as indicated, with the darker hue
representing 3300 spots/million and the lighter hue representing 125–299 spots/million. Shown to the
lower right is the key to the strain designation and color indicators. Responses from HLA-DR4 and
C57BL/10 mice are not included in this illustration because their epitopes were below the positive
threshold. In Panel (B), the reactivity to individual CD4 T cell epitopes, within HA, as measured
by IL-2 EliSpot assays as spots per million CD4 T cells (See Table 1), were summed for each strain
of mouse examined and placed into the “decades” of peptides spanning the entire sequence of the
HA protein as described in results. All decades contain ten peptides except for the last set (peptides
91–94). Cumulative reactivity for each decade is represented as a cone with height corresponding to the
summed spots per million (Y-axis) for each strain of mouse. Cones are colored for each MHC haplotype
or MHC class II molecule for the various strains of mice utilized for this study as shown on the Z-axis.

8



Pathogens 2019, 8, 220

Figure 3. Stretches of the HA sequence that have distinct regions of CD4 T cell epitope dominance.

The HA sequence is shown highlighted in regions that contain many dominant epitopes (shown in
red), minor epitopes (shown in cream) or devoid of epitopes (shown highlighted in dark grey).

What becomes immediately clear from this rendition is the distinct structural segregation of
the different zones of activity. The live regions, responsible for eliciting the majority of CD4 T cell
epitopes, are located in regions that are highly structured, but also solvent exposed, suggesting that
the stability of the tertiary structure coupled with accessibility to proteasomal processes is critical for
the generation of CD4 T cell epitopes to HA. This feature is best illustrated by the alpha-helical domain
in the stem region and the sheet structure in the head of the trimer. In contrast, the dead regions of HA
are clustered in the membrane proximal region (Figure 4C), as well as in loosely structured regions
between the head and stem (Figure 4A,B). The dead portion of HA found in the head of the trimer is in
a well-ordered sheet structure, but is somewhat occluded by the overlaying red-colored sheet on the
outside of the protein (Figure 4D), possibly inaccessible to proteases. The regions of HA designated as
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having minor reactivity are all relegated to the interior of the trimer, centralized in the triple-helical
structure of the stem and the underlying base of the layered sheet structure of the head. It is likely that
the regions of minor reactivity are under-represented as CD4 T cell epitopes due to both the highly
ordered tertiary structure and the internal positioning within the HA protein.

Figure 4. Localization of regions of HA that are enriched for or that lack CD4 T cell epitopes. Regions
of CD4 T cell reactivity were mapped onto the trimeric structure of HA, with “Live” depicted in red,
“Minor” in cream, and “Dead” in dark grey, categorized based on the data shown in Figure 2 are shown
in (A). Amino acid residues at transition points between areas of differing reactivity are indicated on
the HA monomer (B), as well as the HA cleavage site (amino acids 343, 344) and the carboxy terminus
of the resolved structure (amino acid 518). The membrane proximal region (C, bottom view) of the
trimer, as well as the head region (D, top view), are provided as an alternate vantage point of the HA
protein structure. The structure is adapted from the H1N1 A/Brevig Mission/1/1918 hemagglutinin
HA0 crystal structure (PDB: 1RD8), a close analog of A/New Caledonia/20/1999.

3. Discussion

The studies reported here suggest that in the primary response to influenza infection, only subsets
of the segments of HA are selected by the elicited CD4 T cell repertoire. It is reasonable to speculate that
such selection is multifactorial. Selection of CD4 T cell responses in the host has been shown to reflect at
least in part the sequential processes in antigen presentation, including antigen uptake into endosomal
compartments of antigen presenting cells (APC), pH-induced unfolding, reduction of disulfide bonds,
proteolytic release of antigenic peptide, acquisition of the peptide by host MHC class II molecules and
editing by HLA-DM and, finally the export of the peptide:class II complex to the cell surface of the APC
(reviewed in [44–57]). Factors that have been implicated in previous studies for selection of dominant
epitopes by CD4 T cells include proteolytic processing, three dimensional structure, sensitivity to
proteolytic enzymes, or biochemical features of peptide:MHC class II complexes [56,58–63]. Selection
of CD4 T cells is also dependent on the T cell receptor repertoire in the host that can recognize the
presented peptide:class II complexes by APC [64–66].

It is interesting to consider the mechanisms that may underlie the characteristic dominant “hot
spots” and “dead zones” of HA, representing regions that are enriched for CD4 T cell epitopes or that
have a paucity of them, respectively. First, it is possible that the segments of HA within the hot spots
of reactivity have atypically broad ability to bind to MHC class II molecules. However, because of the
diversity of hosts that recognize these segments, each possessing distinct MHC class II molecules with
their own binding preferences (reviewed in [67,68]), this seems less likely to be a dominant determining
factor in selection of epitopes from these regions. As discussed, it is possible that the multimeric
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nature of the HA trimer limits proteolytic access of some internal sequestered regions of the trimeric
HA, as is shown for the regions of the HA trimer that contain very few epitopes indicated in Figure 4.
This feature of multimeric proteins may be particularly important in MHC class II epitope selection.
The hot spots, shown in Figure 4, suggest that they tend to be on the solvent exposed regions that may
be particularly accessible to proteolytic enzymes. Interestingly, the element of access to proteolytic
sensitivity in viral proteins has been implicated in selection of CD4 T cell immunodominant regions of
HIV gp140 protein [69] and Zika virus C and E proteins [70], as well as in studies designed to generally
predict antigenic site for CD4 T cell recognition [45].

Another element that may be involved in epitope selection of HA is sites of N-linked glycosylation.
Although it is known that some glycopeptides can elicit CD4 T cells (reviewed in [71,72]), it is
possible that the sites of complex or very large N-linked glycosylation may shield segments of HA
from proteolysis, as has been observed for the endosomal proteins LAMP-1 and LAMP-2 [73] and
synthetic peptides [74]. Alternatively, the N-linked carbohydrate may obstruct CD4 T cell receptor
recognition. Either of these events would diminish the frequency of CD4 T cells that can be elicited,
even if these peptides can bind to MHC class II molecules [75]. We did note that the high epitopic
regions of HA were devoid of potential N-linked glycosylation sites, except at the boundaries of the
antigenic peptides (data not shown). Clearly, more experiments are needed to dissect the basis for the
selection of restricted regions of HA in the primary response to influenza. However, it is interesting
to consider the possibility that accumulation of sites that allow N-linked carbohydrates to be added,
a well-documented phenomena in drifted Influenza A viruses, speculated to occur to shield HA
from recognition of protective antibody recognition [76–78] may also serve to diminish CD4 T cell
epitope generation.

An additional issue that is relevant to our studies relates to the nature of the priming antigen
presenting cell after infection, the cellular mechanisms involved in class II:peptide epitope generation
and the natural substrate for processing of HA and presentation of HA-derived peptides. Several recent
publications [79–81] suggested that influenza infection might select for a distinct set of CD4 epitopes
than those elicited by vaccination through a pathway initiated by infected antigen presenting cells.
These data suggested to us that protein vaccination strategies, used extensively to provide protective
immunity to influenza might misdirect the CD4 T cells response to a distinct subset of epitopes from
those elicited by infection, diminishing the ability of influenza vaccines to CD4 T cells be recruited
into the response to infection. To address this important issue, we recently we formally compared
CD4 T cell epitope selection in mice via influenza infection vs. vaccination with recombinant NP and
HA [35] revealed that the multitude of individual NP and HA epitopes elicited by these two modes of
priming were the same. Moreover, we found that protein vaccination leads to memory CD4 T cells
that can be recalled by infection. Thus, in the influenza model in mice that we have used in this study,
as well as an earlier study from our group [12], suggest that the primary source of HA used for antigen
presentation after infection likely involves intact HA released by infected or dying cells, rather than
infectious virions.

In addition to considering the mechanisms that might underlie the CD4 T cell immunodominance
of selected regions of HA, it is interesting to consider implications of these studies to human CD4 T cell
immunity to influenza. Examining the CD4 T cell HA epitope specificity in the primary responses to
influenza vaccination and infection is not possible in humans because of the extremely low frequency of
individual-influenza CD4 T cells specific for single epitopes [14,16,20,82], coupled with the low blood
volumes that it is possible to sample in infants and young children [83]. Our sampling of circulating
adult human CD4 T cells specific for broad segments of HA suggest that regions of high genetic
conservation are somewhat dominant in the circulating memory population [11,20,84]. It seems likely
that epitope preferences within HA initiated during the first encounter of the human host might be
shifted in specificity over time, due to the repeated and periodic confrontations of humans to alternative
influenza strains generated by antigenic drift and shift. There are highly conserved regions of HA
that will likely be repeatedly encountered in humans over a lifetime, particularly in the membrane
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proximal stem domain. HA-derived antigenic peptides derived from these regions may continually
boost and expand CD4 T cells for these highly conserved regions, while specificities elicited in the
primary response may decay in their relative frequency over time. It will be of interest to determine
whether immunodominance hierarchies in HA shift toward these highly conserved regions as human
subjects age or as shift and drift occurs, eliminating the potential of altered or eliminated CD4 T cell
epitopes to boost the CD4 T cell repertoire upon influenza vaccination or infection.

4. Materials and Methods

4.1. Mice

The HLA-DR1 (B10.M/J-TgN-DR1) and HLA-DR4 (C57BL/6Tac-Abb<tm>TgNDR4) transgenic
mice were obtained from D. Zaller (Merck) through Taconic Laboratories. The HLA-DQ8 (DQB.0302)
transgenic mice were obtained from C. David [85]. B10.PL (B10.PL-H2uH2-T18a/(73NS)SnJ) mice were
obtained from Jackson Laboratory. The DR1, DR4, DQ8, and B10.PL mice were bred and maintained
in the specific pathogen free facility at the University of Rochester. Commercially available female
C57BL/10, BALB/c, A/JCr, and SJL/JCr were purchased from National Cancer Institute-Frederick
(Frederick, MD). All mice were used at 2–6 months of age.

4.2. Ethics Statement

All mice were maintained in the specific-pathogen free facility at the University of Rochester
Medical Center according to the institutional guidelines. All animal protocols used in this study adhere
to the AAALAC International, the Animal Welfare Act, and 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 these studies were conducted was originally approved 4 March
2006, (protocol no. 2006-030) and has been reviewed and re-approved every 36 months with the most
recent review and approval 23 January 2018.

4.3. Peptides

17-mer peptides overlapping by 11 amino acids to encompass the entire sequence of the HA
of influenza virus A/New Caledonia/20/99 (NR-2602) were obtained from BEI Resources, ATCC.
The peptides were reconstituted at 10 mM in PBS, with or without added dimethyl sulfoxide,
to increase solubility of hydrophobic peptides, and 1 mM dithiothreitol, for cysteine containing
peptides. Working stocks (1 mM) were prepared in complete DMEM, (Dulbecco’s Minimal Essential
Media), sterilized and stored at −20 ◦C, as were concentrated stocks.

4.4. Infections, Tissue Harvest and Preparation of CD4 T Cell Enriched Cell Populations

A/New Caledonia/20/99 virus was produced as we have previously described [34,39]. Mice were
infected intranasally at 20,000–100,000 EID50 in 30 ul of phosphate buffered saline (PBS) after being
anesthetized by intraperitoneal injection with tribromoethanol (Avertin; 250–300 ul per mouse,
normalized to weight). Spleens were excised at 10–13 days post-infection. For cytokine EliSpots, spleen
cells were pooled from infected mice and used as the source of CD4 T cells. Cells were depleted of red
blood cells (RBC) using ACK Lysis Buffer (0.15 M NH4Cl, 1 mM KHCO3, and 0.1 mM Na2-EDTA in
H2O, pH 7.2). After washing, cells were depleted of B cells, CD8 cells, and class II positive cells using
MACS negative selection (Miltenyi Biotec), according to the manufacturer instructions.

4.5. EliSpot Assays

EliSpot assays were performed as previously described [39]. Briefly, 96-well filter plates (Millipore)
were coated with 2 ug/ml purified rat anti-mouse IL-2 (clone JES6-1A12, BD Biosciences) in PBS
overnight at 4 ◦C, washed with media to remove unbound antibody and incubated with 100 ul media
per well for 1 h to block non-specific binding. Isolated CD4 T cells were co-cultured with syngeneic
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spleen cells or transfected fibroblast antigen presenting cell (APC) (for HLA-DR1 transgenic mice [39])
and peptides for 16–20 h at 37 ◦C and 5% CO2. The cells were removed from the plates, and the
plates were washed with wash buffer (1X PBS, 0.1% Tween-20). Biotinylated rat anti-mouse IL-2
(clone JES6-5H4, BD Biosciences) was added at a concentration of 2 ug/ml, 50 ul/well, in wash buffer
with 10% FBS (Fetal Bovine Serum) and incubated at room temperature for 30 min. The plates were
washed again and streptavidin-conjugated alkaline phosphatase (Jackson Immuno Research) was
added at a dilution of 1:1000 in wash buffer with 10% FBS, 50 ul/well, and incubated for 30 min at room
temperature. The plates were and developed using Vector Blue substrate kit III (Vector Laboratories,
City, CA, USA) prepared in 100 mM Tris, pH 8.2. After drying, quantification of spots was performed
with an Immunospot reader series 5.2, using Immunospot software, version 5.1.

4.6. Structural Analyses

The structure of hemagglutinin (1RD8) [86] was analyzed for the internal positioning of CD4 T
cell epitopes. This protein structure was acquired from the Protein Data Base (PDB ID indicated) and
modified by color in Swiss-Pdbviewer to indicate by color the regions of HA that correspond to the
abundance of CD4 T cell epitopes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/8/4/220/s1,
Table S1: Peptides from H1N1 A/New Caledonia/20/99 and their corresponding amino acid sequence obtained
from BEI, Table S2: Each mouse strain including those without epitopes >125 spots/million CD4 T cells. Those
peptides in red are those included in Table 1, with the bold corresponding to those with ≥300 spots/million.
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Abstract: Seasonal influenza epidemics remain one of the largest public health burdens nowadays. The
best and most effective strategy to date in preventing influenza infection is a worldwide vaccination
campaign. Currently, two vaccines are available to the public for the treatment of influenza infection,
the chemically Inactivated Influenza Vaccine (IIV) and the Live Attenuated Influenza Vaccine (LAIV).
However, the LAIV is not recommended for parts of the population, such as children under the age
of two, immunocompromised individuals, the elderly, and pregnant adults. In order to improve the
safety of the LAIV and make it available to more of the population, we sought to further attenuate
the LAIV. In this study, we demonstrate that the influenza A virus (IAV) master donor virus (MDV)
A/Ann Arbor/6/60 H2N2 LAIV can inhibit host gene expression using both the PA-X and NS1 proteins.
Furthermore, we show that by removing PA-X, we can limit the replication of the MDV LAIV
in a mouse model, while maintaining full protective efficacy. This work demonstrates a broadly
applicable strategy of tuning the amount of host antiviral responses induced by the IAV MDV for the
development of newer and safer LAIVs. Moreover, our results also demonstrate, for the first time, the
feasibility of genetically manipulating the backbone of the IAV MDV to improve the efficacy of the
current IAV LAIV.

Keywords: live attenuated influenza vaccine; influenza; master donor virus; virus–host interaction;
vaccine safety; immunogenicity; protection efficacy

1. Introduction

The influenza A virus (IAV) belongs to the Orthomyxoviridae family of enveloped viruses, which
contain an eight-segmented, negative-sense, single-stranded RNA genome [1]. According to the
antigenic properties of the hemagglutinin (HA; H1–H18) and neuraminidase (NA; N1–N11) viral
surface glycoproteins, IAVs are classified in subtypes with 18 HA and 11 NA subtypes currently
circulating [2]. In humans, IAV is responsible for seasonal epidemics that cause mild to severe
respiratory illness or even death, representing a threat worldwide to public health. Vaccination is
considered the most effective approach to protect against seasonal influenza infections. However,
despite worldwide vaccination plans, seasonal influenza is still responsible for 1 billion infections,
causing 3–5 million cases of severe disease, and between 290,000 and 650,000 deaths annually, according
to the World Health Organization (WHO) and the Center for Disease Control (CDC) [3]. Currently,
seasonal IAVs circulating in humans include the H3N2 and the H1N1 subtypes [4]. However due
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to constant antigenic drift, vaccines have to be reformulated yearly to ensure that the HA and NA
proteins included in the vaccine match those present in the seasonally circulating virus.

Inactivated influenza vaccines (IIVs), which induce limited T cell-mediated immune responses [5],
have limited protection efficacy when the seasonal vaccine does not match the circulating strains [6,7].
On the other hand, live attenuated influenza vaccines (LAIVs) usually induce more robust adaptive B-
and T-cell immune responses associated with better protection against homologous and heterologous
influenza viruses [5–7]. Despite the multiple advantages of LAIVs, the current LAIV remains restricted
for use in healthy children older than two and non-pregnant adults [8]. Therefore, there is a need
to develop safer LAIVs that can be used more broadly in the human population, while maintaining
their immunogenic properties. Current LAIVs for the treatment of human IAV infections contain
the internal genes (PB2, PB1, PA, NP, M, and NS) of a master donor virus (MDV) and the surface
HA and NA segments from the seasonal virus strains (H1N1 and H3N2) [9]. The MDV in use in the
United States (US) is the A/Ann Arbor/6/60 H2N2 (A/AA/6/60), which was generated after several
passages under suboptimal low temperatures [10]. The MDV A/AA/6/60 LAIV has a temperature
sensitive (ts), cold adapted (ca), and attenuated (att) phenotype associated with the ability of the virus
to replicate in the upper respiratory track (lower temperature) but not in the lower respiratory tract
(higher temperatures) [11]. The ca, ts, and att signature of the MDV A/AA/6/60 LAIV is conferred by
five mutations in three internal viral genes: the polymerase basic 2 (PB2; N265S) and 1 (PB1; K391E,
D581G, and A661T) proteins and the viral nucleoprotein (NP; D34G) [10,12].

IAV has developed several mechanisms to counteract host antiviral responses, namely inhibiting
the production of interferon (IFN) and the downstream activities of IFN-stimulated gene (ISG) proteins,
which normally inhibit virus replication and propagation [13,14]. Segment 3 (PA) of IAV encodes two
proteins, the first being the polymerase acid (PA) protein that is produced directly from the PA mRNA
and has endonuclease activity, as well as being a component, together with PB2 and PB1, of the viral
polymerase complex [15]. Segment 3 also encodes a second protein, PA-X, which is translated from a +1
frameshift open reading frame (ORF) located in the PA viral segment. PA-X shares the first N-terminal
191 amino acids with PA, but contains a unique short C-terminal sequence [15–18]. Importantly, PA-X
has been shown to have multiple functions, such as the selective degradation of host RNA polymerase
II-transcribed mRNAs, which leads to the selective inhibition of cellular protein synthesis, blocking of
antiviral responses, or modulating host inflammation [15,19–23]. Despite PA-X and PA sharing the
same N-terminal region, PA-X has a stronger endonucleolytic activity, indicating that the C-terminal
domain is responsible for the cellular shutoff [24]. Furthermore, the primary transcript produced from
the viral genome segment 8 (NS) of IAV is the non-structural protein 1 (NS1), a multifunctional protein
which counteracts the innate immune responses, allowing the virus to replicate in IFN-competent
systems [14,25–28]. Synergistically to PA-X, the NS1 protein of certain IAV strains can inhibit host
protein synthesis, controlling the expression of IFN and/or ISGs [14,27,29–31]. To accomplish this, NS1
binds to the 30 kDa subunit of the cleavage and polyadenylation specificity factor (CPSF30), inhibiting
the recognition by the CPSF complex of polyadenylation signals of mRNAs during transcription,
blocking the cleavage of immature mRNAs and the addition of the poly (A) tail; this is because this poly
(A) tail is required for nucleus export, stability, and translation of cellular mRNAs. The unprocessed
mRNAs accumulate in the nucleus, leading to an inhibition of host gene expression, including IFN
or ISGs [26,32–34]. The amino acid residues responsible for this NS1 function have been mapped in
multiple IAV strains. For instance, A/Puerto Rico/8/34 H1N1 cannot bind CPSF30 due to mutations at
positions 103 and 106, but that capacity can be restored by introducing amino acid changes at these
residues (L103F and I106M) [30,35].

We have postulated that the ability of IAV NS1 and/or PA-X to inhibit innate immune responses
might be modulated to generate more effective and/or safer LAIV approaches. In fact, we have
generated LAIV-encoding PA-X and NS1 proteins with different abilities to inhibit host gene expression,
using the backbone of an A/California/04/09 pandemic (p)H1N1 LAIV, demonstrating the feasibility of
implementing this approach, alone or in combination with other methodologies, for the development
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of a novel LAIVs [18]. Here, we have evaluated whether the current MDV A/AA/6/60 LAIV used for the
preparation of the seasonal human LAIV could be improved either in safety and/or immunogenicity
by modulating the ability of NS1 and/or PA-X proteins to block host gene expression. To this end, first
we evaluated if the NS1 and PA-X proteins of the MDV A/AA/6/60 LAIV have the ability to inhibit
host gene expression. Next, we engineered a set of MDV A/AA/6/60 LAIVs encoding PA-X and NS1
proteins with different abilities to inhibit host gene expression, alone or in combination, and the HA
and NA of pH1N1. The replication capability of these viruses was evaluated in vitro and their safety,
immunogenicity, and protection efficacy against a homologous pH1N1 challenge were assessed in vivo
using a mouse model of IAV infection. Our studies indicate that removing PA-X expression by altering
the frameshift site, the MDV A/AA/6/60 LAIV can be further attenuated while still retaining a similar
immunogenic and protective profile. The implementation of this approach could help to develop safer
LAIVs than the currently commercially available IAV LAIV.

2. Results

2.1. The MDV A/AA/6/60 LAIV PA-X and NS1 Proteins Inhibit Host Gene Expression

Recently, we have shown that IAV PA-X and NS1 proteins can affect viral pathogenicity and the
safety and immunogenicity of a pH1N1 LAIV candidate [18]. Therefore, we wanted to examine how
PA-X and NS1 of the MDV A/AA/6/60 LAIV affected host gene expression (Figure 1). To this end, we
used a well-established approach to evaluate the ability of NS1 and PA-X proteins to block host gene
expression [26,27,35–37]. Human 293T cells were co-transfected with pCAGGS plasmids expressing the
green fluorescent protein (GFP) or Gaussia luciferase (Gluc), along with pDZ plasmids that were either
empty (E), contained the WT PA from the MDV A/AA/6/60 LAIV (PAWT

+), or a mutant PA that has
an altered frameshift (PAMT

−). At 24 h post-transfection (p.t.), cells were imaged under a fluorescent
microscope for GFP expression while tissue culture supernatants (TCS) were collected to quantify Gluc
using a luminometer. The PA-X of the MDV A/AA/6/60 LAIV had a strong inhibitory activity showing
almost complete knock down of GFP (Figure 1A) and a large decrease in Gluc (Figure 1B) expression.
In comparison, the mutant PA gene that contained an altered frameshift motif, which is unable to
express PA-X, showed no inhibition of GFP or Gluc protein synthesis (Figure 1A,B, respectively).
Together these results indicate that the WT PA from the MDV A/AA/6/60 LAIV expresses a functional
PA-X that inhibits host gene expression, and that disruption of the frameshift prevents the inhibitory
effect mediated by PA-X. To verify that the PA protein was being expressed we also performed Western
blot analysis (Figure 1C). We were able to detect similar expression levels of both WT and mutant
PA proteins (Figure 1C). We were unable to detect directly PA-X expression in these assays, as the
frameshift efficiency is only 1.3% for the WT PA gene [15]. Next, we examined the ability of MDV
A/AA/6/60 LAIV NS1 to inhibit protein synthesis. Similar to PA-X, we co-transfected the two plasmids
expressing the GFP and Gluc reporter genes with either empty (E), WT NS1 (NS1WT

+), or mutant NS1
(NS1MT

−) pDZ plasmids. The WT MDV A/AA/6/60 LAIV NS1 protein was able to effectively inhibit
expression of both GFP (Figure 1D) and Gluc (Figure 1E) reporter proteins while the NS1 containing
the mutations F103S and M106I in the CPSF30 binding domain showed no inhibitory effect in GFP or
Gluc expression (Figure 1D,E, respectively). We also analyzed NS1 protein expression by Western blot
(Figure 1F). While both WT and mutant NS1 proteins were expressed from their respective plasmids,
the mutant NS1 showed higher expression levels as compared to the WT NS1, because of the ability of
WT NS1 to inhibit its own synthesis (Figure 1F) [38]. These results demonstrate that WT NS1 from the
MDV A/AA/6/60 LAIV inhibits protein expression and that mutations F103S and M106I, previously
described to affect binding to CPSF30 [35], remove its inhibitory effect on host gene expression.
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Figure 1. Ability of master donor virus (MDV) A/AA/6/60 live attenuated influenza vaccine (LAIV) PA
and NS1 proteins to block host gene expression: Human 293T cells (5 × 105, 12-well plates, triplicates)
were transiently co-transfected, using LPF2000, with expression plasmids encoding GFP and Gluc
under the control of a chicken beta actin promoter (pCAGGS GFP and pCAGGS Gluc, respectively)
together with pDZ plasmids encoding wild-type (WT+) or mutant (MT−) PA or NS1 proteins; or empty
(E) plasmid as control. At 24 h post-transfection (p.t.), cells were analyzed by GFP expression (A,D)
under a fluorescent microscope and by Gluc activity (B,E) from tissue culture supernatants (TCS) using
a luminometer. Representative images are shown. Scale bar = 100 μm. Results represent the means
and SDs of triplicate values. Protein expression from cell lysates was evaluated by Western blot (C,F)
using specific antibodies for PA (C) or NS1 (F), or actin as the loading control. Molecular markers
are indicated on the left. Western blots were quantified by densitometry using the software ImageJ.
Relative band intensities (as described in Materials and Methods) are indicated. ns, not statistical.
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Since both PA-X and NS1 are expressed together during viral infection, we next evaluated
the inhibitory effects of PA-X and NS1 from MDV A/AA/6/60 LAIV in combination as well as the
inhibitory effect if one or both had mutations that knocked out their function (Figure 2). To that
end we co-transfected human 293T cells with the pCAGGS plasmids expressing GFP and Gluc along
with a combination of either WT or mutant PA and NS1 pDZ expression plasmids. After 24 h p.t.,
GFP (Figure 2A) and Gluc (Figure 2B) expression levels were analyzed as described in Figure 1. The
combination of both WT PA and NS1 proteins was the most effective at inhibiting host gene expression,
while having one functional protein was still effective in significantly lowering reporter gene expression.
Removing the functions of both viral proteins led to full expression of the reporter genes. Taken
together these results demonstrate that we can tune the amount of inhibition of host cell protein
synthesis in the MDV A/AA/6/60 LAIV by altering the ability of PA-X and NS1 proteins to inhibit host
gene expression.
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Figure 2. Ability of MDV A/AA/6/60 LAIV PA-X and NS1 proteins to block host gene expression in
combination: Human 293T cells (5× 105, 12-well plates, triplicates) were transiently co-transfected, using
LPF2000, with pCAGGS GFP and pCAGGS Gluc plasmids together with the indicated combination of
the pDZ plasmids encoding WT+ or MT− PA and NS1 proteins; or empty (E) plasmid as control. At 24 h
p.t., cells were analyzed for GFP expression under a fluorescent microscope (A) and for Gluc activity
in the TCS using a luminometer (B). Representative images are shown. Scale bar = 100 μm. Results
represent the means and SDs of triplicate values. Protein expression from cell lysates was evaluated
by Western blot using specific antibodies for PA and NS1 proteins (C). Actin was used as the loading
control. Molecular markers are noted on the left. Western blots were quantified by densitometry using
the software ImageJ. Relative band intensities (as described in Materials and Methods) are indicated.
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2.2. Generation of Recombinant WT and Mutant MDV A/AA/60 LAIVs Containing Modified PA and/or NS

In order to examine how inhibition of host gene expression affects the safety and immunogenicity
of the MDV A/AA/6/60 LAIV, we built a plasmid-based reverse genetic system that we could manipulate
to generate the recombinant viruses (Figure 3). To this end we started with the plasmids encoding
the six internal proteins from the MDV A/AA/6/60 LAIV, which contain the 5 mutations (PB2
N265S; PB1 K391E, E581G, A661T; and NP D34G) that confer the ca and ts phenotype to the MDV
A/AA/6/60 LAIV (Figure 3A) [10,11]. We then introduced synonymous mutations into the PA gene
at the frameshift (Figure 3B), resulting in a PA expression plasmid that no longer generates PA-X
(PAMT

−) [15,18,19,21,23,39]. Last, we introduced two mutations into the NS1 gene (F103S and M106I)
to change amino acids that have been shown in other IAV strains to be necessary to bind CPSF30 and
carry out the host gene expression inhibitory function of NS1 (Figure 3B) [35]. This set of plasmids
allows us to look at the inhibitory effects of PA-X and NS1 separately and together during viral
infection, allowing us to rescue the WT MDV A/AA/6/60 LAIV (PAWT

+/NS1WT
+), and three mutant

MDV A/AA/6/60 LAIVs that have altered PA-X and/or NS1 functions (PAWT
+/NS1MT

−, PAMT
−/NS1WT

+,
PAMT

−/NS1MT
−) (Figure 3A).
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Figure 3. Schematic representation of the recombinant MDV A/AA/6/60 LAIVs. (A) Schematic
representation of the MDV A/AA/6/60 WT and mutant LAIVs and their gene constellations:
Recombinant A/AA/6/60 LAIVs with WT+ and MT− segments are indicated with gray or black lines,
respectively. PAWT

+/NS1WT
+: virus containing WT PA (UCC UUU CAU) and NS1 (F103/M106) proteins.

PAWT
+/NS1MT

−: virus containing WT PA and mutant NS1 (S103/I106) proteins. PAMT
−/NS1WT

+: virus
containing mutant PA (AGC UUC CAC) and WT NS1 proteins. PAMT−/NS1MT+: virus containing both
PA and NS1 (mutant proteins. WT+ indicates viral proteins (PA and/or NS1) with the ability to inhibit
host gene expression. MT− indicates viral proteins (PA or NS1) unable to inhibit host gene expression.
(B) Schematic representation of PB2, PB1, NP, PA, and NS1 viral proteins: A/AA/6/60 PB2, PB1, NP,
and NS1 proteins (left) with the residues mutated to generate the MDV A/AA/6/60 LAIVs indicated.
The WT and MT PA or PA-X viral proteins (right) and the mutations introduced into the frameshift
motif (PAMT) to abolish PA-X expression are shown. Numbers on the right indicate the amino acid (aa)
length of the viral proteins.
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2.3. Growth Kinetics of Recombinant WT and Mutant MDV A/AA/6/60 LAIVs

Next, we sought to determine how the recombinant WT MDV A/AA/6/60 LAIV and the mutant
MDV A/AA/6/60 LAIVs with altered ability to inhibit host gene expression affected viral replication
in vitro (Figure 4). To this end, we rescued five recombinant viruses: WT A/AA/6/60, MDV A/AA/6/60
LAIV (PAWT

+/NS1WT
+), and three mutant MDV A/AA/6/60 LAIVs (PAWT

+/NS1MT
−, PAMT

−/NS1WT
+,

and PAMT
−/NS1MT

−), all of which express the HA and NA from pH1N1. In MDCK cells infected
at low multiplicity of infection (MOI, 0.001), we observed that, compared to WT A/AA/6/60, the
MDV A/AA/6/60 LAIV showed no growth at 39 ◦C and has reduced viral fitness at 37 ◦C, while
maintaining robust growth at 33 ◦C, indicating that our reverse genetic system successfully rescued a
functional ts, ca MDV A/AA/6/60 LAIV (Figure 4A). Next we examined the growth kinetics of the MDV
A/AA/6/60 LAIV (PAWT

+/NS1WT
+), and the three mutant MDV A/AA/6/60 LAIVs (PAWT

+/NS1MT
−,

PAMT
−/NS1WT

+, and PAMT
−/NS1MT

−) in MDCK and human A549 cells at 33 ◦C. In MDCK cells, all
four viruses grow to similar titers but with different peaks of infection (Figure 4B). However, in A549
cells, the viruses lacking PA-X were significantly impaired in viral replication at later time points as
compared to the two viruses encoding PA-X (Figure 4C). Moreover, when we examined the plaque
morphology of the MDV A/AA/6/60 LAIV (PAWT

+/NS1WT
+) and the three mutant MDV A/AA/6/60

LAIVs (PAWT
+/NS1MT

−, PAMT
−/NS1WT

+, and PAMT
−/NS1MT

−), we saw that the viruses that do not
express PA-X (PAMT

−/NS1WT
+ and PAMT

−/NS1MT
−) had plaques that were smaller compared to

the two viruses encoding a WT PA-X (Figure 4C). In comparison, viruses which had a mutant NS1
and a functional PA-X (PAWT

+/NS1MT
−) had no change in plaque morphology as compared to the

MDV A/AA6/60 LAIV (PAWT
+/NS1WT

+). These data suggest that PA-X is necessary for proper viral
replication of the MDV A/AA/6/60 LAIV in vitro in both MDCK and A549 cells.
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Figure 4. Multicycle growth kinetics and plaque assay of WT and mutant MDV A/AA/6/60 LAIVs. (A)
Viral growth kinetics of WT A/AA/6/60 and MDV A/AA/6/60 LAIV at different temperatures: TCS from
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MDCK cells (5 × 105, 12-well plates, triplicates) infected at low multiplicity of infection (MOI, 0.001)
with WT A/AA/6/60 or MDV A/AA/6/60 LAIV at 33 ◦C, 37 ◦C, and 39 ◦C were analyzed at the indicated
h p.i. (24, 48, 72, and 96) by immunofocus assay using an anti-NP mAb (HB-65). Data represent the
means and SDs of the results determined from triplicate wells. The dashed line indicates the limit of
detection (200 fluorescent forming units, FFU/mL). (B,C) Viral growth kinetics of WT MDV A/AA/6/60
LAIV (PAWT

+/NS1WT
+) and mutant MDV A/AA/6/60 LAIVs (PAWT

+/NS1MT
−, PAMT

−/NS1WT
+, and

PAMT
−/NS1MT

−): MDCK (B) and A549 (C) cells (5 × 105, 12-well plates, triplicates) were infected (MOI
of 0.001 and 0.025, respectively) with the indicated viruses and incubated at 33 ◦C. TCS were collected at
the indicated h p.i. and viral titers were determined by immunofocus assay. Data represent the means
and SDs of the results determined from triplicate wells. Dashed lines indicate the limit of detection
(200 FFU/mL). *, p < 0.05 using Student’s t test from Microsoft Excel. (D) Plaque assay: MDCK cells
(1 × 106, 6-well plates) were infected with the indicated MDV A/AA/60 LAIVs and incubated at 33 ◦C
for 3 days. Plaque phenotypes were visualized by immunostaining using the anti-NP mAb HB-65.

2.4. In Vivo Safety of MDV A/AA/6/60 LAIVs with Varying Ability to Inhibit Host Gene Expression

Next, we determined the safety profile of the mutant MDV A/AA/6/60 LAIVs (PAWT
+/NS1MT

−,
PAMT

−/NS1WT
+, and PAMT

−/NS1MT
−) as compared to the WT MDV A/AA/6/60 LAIV (PAWT

+/NS1WT
+)

in vivo (Figure 5). C57BL/6 mice were infected i.n. with 1 × 105 FFU of the indicated viruses and
evaluated morbidity (body weight) (Figure 5A) and mortality (survival) (Figure 5B) for 14 days. We
also examined viral titers in the lungs and nasal turbinates of C57BL/6-infected mice at 2 and 4 days
p.i. (Figure 5C,D, respectively). C57BL/6 mice are a validated animal model of influenza infection,
which has been used previously to evaluate IAV virulence, attenuation, and/or protection efficacy of
new influenza vaccines [17,18,26,27,40,41]. None of the viruses caused weight loss, with all groups
gaining weight over the course of the experiment (Figure 5A), although the weight variation was
not directly compared to mock-infected animals. Moreover, as expected, all infected mice survived
viral infection (Figure 5B). Notably, the WT MDV A/AA/6/60 LAIV, containing a mutated PA and a
functional NS1 (PAMT

−/NS1WT
+) had undetectable viral titers in both the lungs (Figure 5C) and nasal

turbinates (Figure 5D) at Day 4. These data, along with the previous results, suggest that removing
PA-X results in a vaccine that is attenuated as compared to the WT MDV A/AA/6/60 LAIV, suggesting
that a mutant MDV A/AA/6/60 LAIV lacking PA-X has a better safety profile than the currently MDV
A/AA/6/60 LAIV.
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Figure 5. Safety profile of the WT MDV A/AA/6/60 LAIV and mutant MDV A/AA/6/60 LAIVs in vivo:
Four-to-six-week-old female C57BL/6 mice (n = 11) were infected i.n. with 1 × 105 FFU of the WT
MDV A/AA/6/60 LAIV (PAWT

+/NS1WT
+) or the mutant MDV A/AA/6/60 LAIVs (PAWT

+/NS1MT
−,

PAMT
−/NS1WT

+, and PAMT
−/NS1MT

−). Body weight (A) and survival (B) were monitored for 14 days
(n = 5). At Days 2 and 4 p.i., C57BL/6-infected mice were sacrificed (n = 3 per time point) and viral
titers were determined in lungs (C) and nasal turbinates (D) by immunofocus assay using the anti-NP
mAb HB-65. Symbols represent data from individual mice. Bars represent the mean for each group
and indicates that the virus was only detected in one or two of the infected mice. N.D. indicates that
virus was not detected. Dotted lines represent the limit of detection of the assay (200 FFU/mL).

2.5. Induction of Humoral Immune Responses by WT and Mutant MDV A/AA/6/60 LAIVs

Following the safety studies, we next determined if the mutant MDV A/AA/6/60 LAIVs
(PAWT

+/NS1MT
−, PAMT

−/NS1WT
+, and PAMT

−/NS1MT
−) induced similar humoral immune responses

than that of the WT MDV A/AA/6/60 LAIV (PAWT
+/NS1WT

+) (Figure 6). To this end, we collected
blood from mice infected as shown in Figure 5, 21 days after infection and measured, using ELISA, the
antibody responses against the viral H1 protein from pH1N1 (Figure 6A), as well as to all viral proteins
using cell lysates from pH1N1-infected MDCK cells (Figure 6B). All the mutant MDV A/AA/6/60
LAIVs (PAWT

+/NS1MT
−, PAMT

−/NS1WT
+, and PAMT

−/NS1MT
−) induced an overall antibody response

against the viral HA and other viral proteins that was comparable to that induced by the WT MDV
A/AA/6/60 LAIV (PAWT

+/NS1WT
+) (Figure 6A,B, respectively). Next, we determined the ability of

these antibodies to inhibit HA activity, using an hemagglutination inhibition (HAI) assay (Figure 6C).
While all four MDV A/AA/6/60 LAIVs induced HAI antibodies, the MDV A/AA/6/60 LAIV containing
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both mutant PA and NS1 proteins (PAMT
−/NS1MT

−) induced significantly less HAI antibodies than the
WT MDV A/AA/6/60 LAIV (PAWT

+/NS1WT
+).
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Figure 6. Humoral responses induced by the MDV A/AA/6/60 LAIVs: Four-to-six-week-old female
C57BL/6 mice (n = 5) were infected i.n. with 1 × 105 FFU with the WT MDV A/AA/6/60 LAIV
(PAWT

+/NS1WT
+) or the mutant MDV A/AA/6/60 LAIVs (PAWT

+/NS1MT
−, PAMT

−/NS1WT
+, and

PAMT
−/NS1MT

−) as indicated. At 21 days p.i., mice were bled, and sera were collected and evaluated
for the presences of antibodies against recombinant pH1N1 HA (A) or total viral proteins using cell
extracts from pH1N1 virus-infected MDCK cells (B) by ELISA. OD, optical density. (C) HAI titers were
calculated from mouse serum. *, p < 0.05 (PAWT

+/NS1WT
+ vs. the other viruses) using a Student’s t test

from Microsoft Excel.

2.6. Protective Efficacy of MDV A/AA/6/60 LAIVs Against a Homologous pH1N1 Viral Challenge

Finally, we determined the protective efficacy of the three mutant MDV A/AA/6/60 LAIVs
(PAWT

+/NS1MT
−, PAMT

−/NS1WT
+, and PAMT

−/NS1MT
−) as compared to the WT MDV A/AA/6/60 LAIV

(PAWT
+/NS1WT

+) (Figure 7). To that end, mice were vaccinated with 1× 105 FFU of the MDV A/AA/6/60
LAIVs and challenged 21 days p.i. with 1000X the mouse lethal dose 50 (MLD50) of pH1N1 [42] and
monitored for changes in body weight (Figure 7A) and survival (Figure 7B) for 14 days. We also
evaluated the presence of the pH1N1 virus challenge in the lungs of infected animals at Days 2 and
4 post-challenge (Figure 7C). None of the vaccinated mice lost weight (Figure 7A) and all survived
(Figure 7B) the lethal challenge with pH1N1, contrary to the situation of the mock (PBS)-vaccinated
mice that all succumbed to viral infection. Mice that were vaccinated with the MDV A/AA/6/60
LAIV that had both mutant PA and NS1 (PAMT

−/NS1MT
−) showed significantly higher viral titers at

Days 2 and 4 post-challenge compared to the mice vaccinated with the WT MDV A/AA/6/60 LAIV
(Figure 7C), but significantly less than the PBS-treated control group, indicating that while there was
a protective immune response (no mice died) it was not as robust, in agreement with the previous
results showing reduced HAI antibodies (Figure 6C). The WT MDV A/AA/6/60 LAIV (PAWT

+/NS1WT
+)

and the two mutant MDV A/AA/6/60 LAIVs containing only one mutant protein (PAWT
+/NS1MT

− and
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PAMT
−/NS1WT

+) showed a significant reduction in viral titers on both days as compared to the PBS
control treated mice (Figure 7C). Taken together these results indicate that altering the ability of the
WT MDV A/AA/6/60 LAIV to inhibit host protein synthesis does not abolish protective efficacy while
improving its safety profile.
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Figure 7. Protective efficacy of the MDV A/AA/6/60 LAIVs: Four-to-six-week-old female C57BL/6
mice (n = 11) were infected i.n. with 1 × 105 FFU of the WT MDV A/AA/6/60 LAIV (PAWT

+/NS1WT
+)

or mutant MDV A/AA/6/60 LAIVs (PAWT
+/NS1MT

−, PAMT
−/NS1WT

+, PAMT
−/NS1MT

−), or PBS. At
21 days post-vaccination mice were challenged with 1000X MLD50 of pH1N1. Body weight (A) and
mortality (B) were monitored for 14 days (n = 5). At Days 2 and 4 post-challenge, mice were sacrificed
(n = 3 per time point) and viral titers in the lungs of infected animals were determined by immunofocus
assay using the anti-NP mAb HB-65 (C). Symbols represent data from individual mice. Bars represent
the geometric mean for each group and the indicated virus was detected only in one or two mice. The
dotted line represents the limit of detection (200 FFU/mL).

3. Discussion

IAV infection requires a fine balance between inhibiting the host cell antiviral mechanisms by
shutting down translation, and allowing enough of the host machinery active to allow for viral
replication [16]. Since the discovery that PA-X and NS1 can both inhibit host gene expression, it has
been seen that the different strains of IAV use each protein differently [16]. For example, pH1N1
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uses PA-X exclusively for inhibiting host protein synthesis as its NS1 protein does not possess
this function [17,18]. Furthermore, it has been shown that removing PA-X has different effects in
different virus backbones. Removing PA-X expression in 1918 H1N1 [15], pH1N1 [39], and H9N2 [20]
IAVs reduces viral pathogenicity, while removing PA-X in H5N1 IAV increases viral replication and
pathogenicity [21]. These differing effects, together with our recent findings with pH1N1 [17,18] led
us to believe that altering PA-X and/or NS1 function in the context of the WT MDV A/AA/6/60 LAIV
would be a viable option to tune the safety, immunogenicity, and protection efficacy conferred by the
LAIV. However, the possible side effects linked to changes in the ability of a new MDV A/AA/6/60
LAIV to modulate host innate immune responses, such as low immunogenicity, should be evaluated in
other animal models of influenza infection. For instance, the implication in virus transmission should
be tested in ferrets or guinea pigs, both well-stablished animal models of influenza virus infection and
transmission [43–46].

The current MDV A/AA/6/60 LAIV has mutations mainly located in areas of the polymerase
complex. There is always a concern that, with enough pressure, the MDV A/AA/6/60 LAIV could
introduce mutations to compensate and revert back to a pathogenic strain [47]. By introducing
mutations into additional viral genes (PA and NS1), the probability of reversion to a more virulent
strain is decreased even further, adding to the increased safety profile desired for an MDV LAIV.
However, the stability of the generated viruses should be tested using validated systems for IAV
vaccine production. Additionally, by having another attenuation marker outside of the current PB2,
PB1 and NP viral segments, there is less concern about the MDV A/AA/6/60 LAIV reassorting with a
circulating strain.

In this work we demonstrate, for the first time, that the human MDV A/AA/6/60 LAIV has
both active PA-X and NS1 proteins that can inhibit host gene expression (Figure 1). Building on our
previous work, we also showed that the effects of these two viral proteins is additive in a reporter
assay (Figure 2). We also demonstrate the feasibility of generating recombinant MDV A/AA/6/60
LAIVs with altered PA-X and/or NS1 proteins (Figure 3). Removing PA-X, however, showed to be
detrimental for viral replication and resulted in a smaller plaque phenotype in cultured cells (Figure 4).
Conversely, removing the inhibitory function of NS1 did not adversely affect viral replication of the
MDV A/AA/6/60 LAIV (Figure 4). These trends were also seen in vivo. While all the MDV A/AA/6/60
LAIVs were still fully attenuated and did not result in any weight loss in mice, viruses lacking PA-X
showed reduced viral replication in lungs and nasal turbinate, while those lacking a functional NS1
resembled the parental WT MDV A/AA/6/60 LAIV (Figure 5). Even with the reduced replication seen in
some of these viruses, all of them were able to induce similar protective antibody responses (Figure 6)
that provided full protection against a lethal homologous challenge with pH1N1 (Figure 7). However,
while all of the MDV A/AA/6/60 LAIVs were protective against weight loss and mortality, there were
differences in the amount of pH1N1 detected in the lungs of challenged mice at Days 2 and 4 p.i., with
the parental WT MDV A/AA/6/60 LAIV showing the least amount of virus in the lungs and the double
mutant MDV A/AA/6/60 LAIV (PAMT

−/NS1MT
−) showing the most pH1N1 viral replication (Figure 7).

Taken together our results show that removal of PA-X by modifying the frameshift sequence
results in a vaccine that is fully protective but is further attenuated, suggesting that in a clinical setting
this vaccine would be safer than the current MDV A/AA/6/60 LAIV in use. Thus, this new MDV
A/AA/6/60 LAIV with reduced PA-X levels could be used for parts of the population where current
LAIVs are not recommended, such as children under the age of two, immunocompromised individuals,
the elderly, and pregnant adults. Furthermore, one of the major drawbacks for the current LAIV is
that it can have adverse effects in children younger than two years of age, a cohort that would benefit
greatly from an LAIV over the traditional chemically IIV. In addition, this safer MDV A/AA/6/60 LAIV
lacking a functional PA-X will have another attenuation marker outside the current PB2, PB1, and NP
segments, leading to less concerns of reversion to a WT virulent phenotype.

This and our previous work on the interplay of NS1 and PA-X in pH1N1 [17,18] show that
modifying the functions of the PA-X and NS1 proteins is a viable way to fine tune the attenuation of
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vaccine candidates. Vaccination is the best way to prevent the spread of influenza and reduce the
global health burden. However, in recent years the vaccine efficacy has been reported to be less than
50% leading to a large effort to find alternative vaccines that work better. This work demonstrates one
method of increasing the safety profile of the current IAV LAIV without losing any of its protective
efficacy that could be implemented with new universal vaccines strategies that are being currently
developed for the treatment of influenza viral infections.

4. Materials and Methods

4.1. Cells and Viruses

Human embryonic kidney 293T (ATCC CRL-11268), human lung epithelial carcinoma A549 (ATCC
CCL-185), and Madin-Darby canine kidney, MDCK (ATCC CCL-34) cells were grown and maintained
in Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech, Inc.) supplemented with 5% fetal bovine
serum (FBS) (Atlanta Biologicals) and 1% penicillin (100 U/mL)–streptomycin (100 μg/mL)–2 mM
L-glutamine, P-S-G (Mediatech, Inc.) at 37 ◦C in air enriched with 5% CO2.

The recombinant wild-type (WT) A/California/4_NYICE_E3/2009 pH1N1 virus has been previously
described [43]. The recombinant WT A/Ann Arbor/6/60 H2N2 (A/AA/6/60), MDV A/AA/6/60
LAIV, and mutant MDV A/AA/6/60 LAIVs were generated using plasmid-based reverse genetics as
described below.

4.2. Plasmids

To generate the recombinant WT A/AA/6/60, MDV A/AA/6/60 LAIV, and mutant MDV A/AA/6/60
LAIVs, recombinant PB2 LAIV, PB1 LAIV, PA, and NP viral segments were synthesized de novo
(Geneart) into a pMK plasmid. The recombinant M and NS segments were synthetized using Strings
DNA Fragments technology (Geneart) and cloned into a pGEM-T plasmid (Promega). All the viral
genes were synthetized with appropriate restriction sites at the 5′ and 3′ ends for subcloning into
the ambisense plasmid pDZ [48]. To generate PB2 WT and PB1 WT, the ts mutations in PB2 (S265N),
PB1 (E391K, G581E, and T661A) and NP (G34D) were introduced [49–51]. PA-X-deficient plasmids
were created by mutating the frameshift motif from UCC UUU CAU (PAWT+) to AGC UUC CAC
(PAMT

−) [18]. Two amino acid substitutions (F103S and M106I) [30,35] were introduced into the viral
NS segment to mutate the NS1 protein. All the mutations were introduced by site-directed mutagenesis
in the pMK or pGEM-T plasmids before subcloning into the ambisense pDZ plasmid. All plasmids
were confirmed by sequencing (ACGT Inc.). Primers for the generation of the different plasmid
constructs are available upon request.

4.3. Viral Rescues

Virus rescues were performed as we described previously [2,40,52]. Briefly, co-cultures (1:1)
of 293T and MDCK cells in 6-well plates were co-transfected with 1 μg of each of the ambisense
plasmids (pDZ-PB2, −PB1, −PAWT

+ or PAMT
−, −HA, −NP, −NA, −M, and NSWT

+ or NS1MT
−) using

Lipofectamine 2000 (LPF2000, Invitrogen). At 12 h post-transfection (p.t.), the transfection medium
was replaced with DMEM containing 0.3% bovine serum albumin (BSA), 1% P-S-G, and 0.5 μg/mL
of N-tosyl-l-phenylalanine chloromethyl ketone (TPCK)-treated trypsin (Sigma). At 3–4 days p.t.,
tissue culture supernatants (TCS) were collected, clarified, and used to infect fresh MDCK cells. At
3 to 4 days post-infection (p.i.), recombinant viruses were plaque purified and scaled up in MDCK
cells. Stocks were titrated by immunofocus assay (Fluorescence Focus Units (FFU)/mL)) on MDCK
cells [2,52]. Virus stocks were confirmed by sequencing the PA and NS1 ORFs using purified total RNA
(TRIzol reagent; Invitrogen) from infected MDCK cells according to the manufacturer’s specifications.
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4.4. Inhibition of Host Gene Expression

To evaluate the effect of MDV A/AA/6/60 LAIV NS1 and PA-X proteins on host protein synthesis,
human 293T cells (2.5 × 105 cells/well, 24-well plate format, triplicates) were transiently co-transfected
in suspension, using LPF2000, with 1 μg/well (500 ng/plasmid) of the indicated pDZ plasmids encoding
WT or mutant PA (PAWT

+ or PAMT
−) proteins, WT or mutant NS1 (NS1WT

+ or NS1MT
−) proteins,

together with 25 ng/well of pCAGGS plasmids expressing the green fluorescent protein (GFP) and
Gaussia luciferase (Gluc). pDZ empty (E) plasmid was used as control or to complete 1 μg/well when
only one NS or PA plasmid was added. At 24 h p.t., cells were analyzed for GFP expression under a
fluorescence microscope and Gluc activity was quantified from TCS using a Biolux Gaussia luciferase
reagent (New England BioLabs) and a Lumicount luminometer (Packard). The mean value with
standard deviations (SDs) were calculated using Microsoft Excel software.

4.5. SDS-PAGE and Western Blot Analysis

Transfected cells were lysed in RIPA buffer (25 mM Tris HCl pH 7.6, 150 mM NaCl, 1% NP-40, 1%
sodium deoxycholate, 0.1% SDS) and proteins were separated by denaturing electrophoresis using
10% SDS-polyacrylamide gels and transferred to a nitrocellulose membrane. Membranes were blocked
for 1 h with 5% dried skim milk in phosphate-buffered saline (PBS) containing 0.1% Tween 20 (T-PBS)
and incubated overnight at 4 ◦C with primary rabbit polyclonal antibodies (pAb) against NS1 [53] or a
mix of mouse monoclonal antibodies (mAb) against PA (1F6, NR-19225; 5C5, NR-19226; and 8E10,
NR-19224) obtained from BEI Resources. A mouse mAb against actin (A1978; Sigma) was used as an
internal loading control. Horseradish peroxidase (HRP) secondary antibodies (GE Healthcare) against
either mouse or rabbit immunoglobulins (Ig) were used to detect bound primary antibodies. Protein
expression was detected with a SuperSignal West Femto maximum-sensitivity chemiluminescent
substrate kit (Thermo Scientific) in accordance with the manufacturer’s instructions. Protein bands
were normalized to the level of beta-actin expression, and then the level of expression of the WT
protein was considered 100%. In the case of Figure 2C, for the anti-PA analysis, PAWT+/NS1MT− was
considered 100%.

4.6. Viral Growth Kinetics

To assess virus growth kinetics in vitro, confluent monolayers of MDCK or A549 cells (4 × 105

cells/well, 12-well plate format, triplicates) were infected at a multiplicity of infection (MOI) of 0.001
(MDCK) or 0.025 (A549). After 1 h of virus adsorption at room temperature, cells were overlaid with
DMEM containing 0.3% BSA, 1% P-S-G, and TPCK-treated trypsin (1 μg/mL for MDCK cells and
0.25 μg/mL for A549 cells) and incubated at 33 ◦C, 37 ◦C, or 39 ◦C for WT vs. LAIV and at 33 ◦C for the
PA and NS1 mutants. At the indicated times post-infection, p.i. (24, 48, 72, and 96 h), TCS were collected
and viral titers were determined by immunofocus assay (FFU/mL) as previously described [18,40,52].
Briefly, confluent wells of MDCK cells (104 cells/well, 96-well plate format, triplicates) were infected
with 10-fold serial dilutions of TCS. At 12 h p.i., cells were fixed and permeabilized (4% formaldehyde
and 0.5% Triton X-100 in PBS) for 15 min at room temperature. The cells were then incubated in
blocking solution (2.5% BSA in PBS) for 1 h at room temperature and incubated with the influenza
virus NP mAb HB-65 (ATCC) [18,40,52] for 1 h at 37 ◦C. After washing with PBS, cells were incubated
with a fluorescein isothiocyanate (FITC)-conjugated rabbit anti-mouse IgG secondary antibody (Dako)
for 1 h at 37 ◦C. NP-expressing positive cells were enumerated to determine the virus titer (FFU/mL).
The mean value and SDs were calculated using Microsoft Excel software.

4.7. Plaque Assay and Immunostaining

Confluent monolayers of MDCK cells (106 cells/well, 6-well plate format) were infected for 1 h
at room temperature, and after virus adsorption, cells were overlaid with agar and incubated at
33 ◦C. At 3 days p.i., cells were fixed with 4% paraformaldehyde for 15 min at room temperature.
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After the overlays were removed, cells were permeabilized (0.5% Triton X-100 in PBS) for 15 min at
room temperature and prepared for immunostaining as previously described [18,51], using the NP
mAb HB-65 and vector kits (Vectastain ABC kit and DAB HRP substrate kit: Vector) following the
manufacturer’s specifications.

4.8. Mouse Experiments

Female 6-to-8-week-old C57BL/6 mice were purchased from the National Cancer Institute (NCI)
and maintained in the animal care facility at the University of Rochester under specific-pathogen-free
conditions. All animal protocols were approved by the University of Rochester Committee of Animal
Resources and complied with the recommendations in the Guide for the Care and Use of Laboratory
Animals of the National Research Council. Mice (n = 11/group) were anesthetized intraperitoneally
(i.p.) with 2,2,2-tribromoethanol (Avertin; 240 mg/kg of body weight) and then infected intranasally
(i.n.) with 30 μL of the indicated LAIVs. For challenge experiments mice (n = 11/group) were
anesthetized i.p. and infected i.n. with 1000X the Median Lethal Dose (MLD50) of pH1N1. Mice (n =
5/group) were monitored daily for morbidity (body weight loss) and mortality (survival) as previously
described [17,26,27,36,40,41]. Mice showing 25% loss of their initial body weight were considered
to have reached the experimental endpoint and were humanely euthanized. Virus replication was
evaluated by determining viral titers in the lungs or nasal turbinates at 2 and 4 days p.i. To that
end, three mice in each group were sacrificed, and lungs or nasal turbinates were extracted and
homogenized. Virus titers were determined by immunofocus assay (FFU/mL) as indicated above.

4.9. Enzyme-Linked Immunosorbent Assay (ELISA)

Mouse sera were collected by submandibular bleeding at 21 days p.i. and evaluated for the
presence of influenza virus-specific antibodies by ELISA [18,40]. Briefly, 96-well plates were coated for
16 h at 4 ◦C with lysates from mock- or pH1N1 WT virus-infected MDCK cells. Alternatively, plates were
coated with pH1N1 HA (200 ng/well) (FR-180, International Reagent Resource) recombinant protein.
After washing with PBS, coated wells were blocked with PBS containing 1% BSA and then incubated
with 1:2 dilutions (starting dilution of 1:100) of mouse serum at 37 ◦C. After 1 h incubation, wells were
washed with PBS and incubated with HRP-conjugated goat anti-mouse IgG (GE Healthcare) for 30 min
at 37 ◦C. The reactions were developed with tetramethylbenzidine (TMB) substrate (BioLegend) for
10 min at room temperature, quenched with 2 N H2SO4, and read at 450 nm (Vmax kinetic microplate
reader; Molecular Devices).

4.10. Hemagglutination inhibition (HAI) Assay

HAI assays were used to assess the presence of HA inhibition antibodies [18]. To that end, mouse
sera were treated with receptor-destroying enzyme (RDE) (Denka Seiken) and heat inactivated for 30
min at 56 ◦C. Sera were then serially 2-fold diluted (starting dilution of 1:20) in 96-well V-bottom plates
and mixed 1:1 with 4 hemagglutinating units (HAU) of pH1N1 WT for 60 min at room temperature.
The HAI titers were determined by adding 0.5% turkey red blood cells (RBCs) to the virus-antibody
mixtures for 30 min on ice.

Author Contributions: The project was conceptualized by A.N. and L.M.-S.; the experiments were performed by
T.A.H., A.N., J.O. and K.C.; the manuscript was written by T.A.H. and A.N.; and the manuscript was edited by
T.A.H., A.N., K.C. and L.M.-S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Department of Defense (DoD) Peer Reviewed Medical Research
Program (PRMRP) grant W81XWH-18-1-0460 to LMS and by the T32 HL66988 to TAH.

Acknowledgments: The following reagents were obtained through BEI Resources, NIAID, NIH: Monoclonal
anti-IAV PA clones 8E10 (NR-19224), 1F6 (NR-19225) and 5C5 (NR-19226). The following reagent was obtained
through the International Reagent Resource (IRR): recombinant H1 HA from A/California/04/2009 (H1N1) pdm09
(FR-180). This research was partially funded by the New York Influenza Center of Excellence (NYICE), a member of
the National Institute of Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH), Department

32



Pathogens 2020, 9, 86

of Health and Human Services, Centers of Excellence for Influenza Research and Surveillance (CEIRS) contract
No. HHSN272201400005C (NYICE).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Shaw, M.L.; Palese, P. Othomyxovirdae: the viruses and their replication; Lippincott Williams and Wilkins:
Philadelphia, PA, USA, 2007.

2. Baker, S.F.; Nogales, A.; Finch, C.; Tuffy, K.M.; Domm, W.; Perez, D.R.; Topham, D.J.; Martinez-Sobrido, L.
Influenza A and B Virus Intertypic Reassortment through Compatible Viral Packaging Signals. J. Virol. 2014,
88, 10778–10791. [CrossRef] [PubMed]

3. Iuliano, A.D.; Roguski, K.M.; Chang, H.H.; Muscatello, D.J.; Palekar, R.; Tempia, S.; Cohen, C.; Gran, J.M.;
Schanzer, D.; Cowling, B.J.; et al. Estimates of global seasonal influenza-associated respiratory mortality: A
modelling study. Lancet 2018, 391, 1285–1300. [CrossRef]

4. Flannery, B.; Chung, J.R.; Belongia, E.A.; McLean, H.Q.; Gaglani, M.; Murthy, K.; Zimmerman, R.K.;
Nowalk, M.P.; Jackson, M.L.; Jackson, L.A.; et al. Interim Estimates of 2017-18 Seasonal Influenza Vaccine
Effectiveness—United States, February 2018. MMWR Morb. Mortal. Wkly. Rep. 2018, 67, 180–185. [CrossRef]
[PubMed]

5. Mameli, C.; D’Auria, E.; Erba, P.; Nannini, P.; Zuccotti, G.V. Influenza vaccine response: Future perspectives.
Expert Opin. Biol. Ther. 2018, 18, 1–5. [CrossRef]

6. Belongia, E.A.; Simpson, M.D.; King, J.P.; Sundaram, M.E.; Kelley, N.S.; Osterholm, M.T.; McLean, H.Q.
Variable influenza vaccine effectiveness by subtype: A systematic review and meta-analysis of test-negative
design studies. Lancet Infect. Dis. 2016, 16, 942–951. [CrossRef]

7. Darvishian, M.; Bijlsma, M.J.; Hak, E.; van den Heuvel, E.R. Effectiveness of seasonal influenza vaccine in
community-dwelling elderly people: a meta-analysis of test-negative design case-control studies. Lancet
Infect. Dis. 2014, 14, 1228–1239. [CrossRef]

8. Bergen, R.; Black, S.; Shinefield, H.; Lewis, E.; Ray, P.; Hansen, J.; Walker, R.; Hessel, C.; Cordova, J.;
Mendelman, P.M. Safety of cold-adapted live attenuated influenza vaccine in a large cohort of children and
adolescents. Pediatr Infect. Dis. J. 2004, 23, 138–144. [CrossRef]

9. Jin, H.; Chen, Z. Production of live attenuated influenza vaccines against seasonal and potential pandemic
influenza viruses. Curr. Opin. Virol. 2014, 6, 34–39. [CrossRef]

10. Cox, N.J.; Kitame, F.; Kendal, A.P.; Maassab, H.F.; Naeve, C. Identification of sequence changes in the
cold-adapted, live attenuated influenza vaccine strain, A/Ann Arbor/6/60 (H2N2). Virology 1988, 167, 554–567.
[CrossRef]

11. Chan, W.; Zhou, H.; Kemble, G.; Jin, H. The cold adapted and temperature sensitive influenza A/Ann
Arbor/6/60 virus, the master donor virus for live attenuated influenza vaccines, has multiple defects in
replication at the restrictive temperature. Virology 2008, 380, 304–311. [CrossRef]

12. Snyder, M.H.; Betts, R.F.; DeBorde, D.; Tierney, E.L.; Clements, M.L.; Herrington, D.; Sears, S.D.; Dolin, R.;
Maassab, H.F.; Murphy, B.R. Four viral genes independently contribute to attenuation of live influenza
A/Ann Arbor/6/60 (H2N2) cold-adapted reassortant virus vaccines. J. Virol. 1988, 62, 488–495. [CrossRef]
[PubMed]

13. Garcia-Sastre, A.; Egorov, A.; Matassov, D.; Brandt, S.; Levy, D.E.; Durbin, J.E.; Palese, P.; Muster, T. Influenza
A virus lacking the NS1 gene replicates in interferon-deficient systems. Virology 1998, 252, 324–330. [CrossRef]
[PubMed]

14. Hale, B.G.; Randall, R.E.; Ortin, J.; Jackson, D. The multifunctional NS1 protein of influenza A viruses. J. Gen.
Virol. 2008, 89, 2359–2376. [CrossRef] [PubMed]

15. Jagger, B.W.; Wise, H.M.; Kash, J.C.; Walters, K.A.; Wills, N.M.; Xiao, Y.L.; Dunfee, R.L.; Schwartzman, L.M.;
Ozinsky, A.; Bell, G.L.; et al. An overlapping protein-coding region in influenza A virus segment 3 modulates
the host response. Science 2012, 337, 199–204. [CrossRef]

16. Nogales, A.; Martinez-Sobrido, L.; Topham, D.J.; DeDiego, M.L. Modulation of Innate Immune Responses by
the Influenza A NS1 and PA-X Proteins. Viruses 2018, 10, 708. [CrossRef]

17. Nogales, A.; Martinez-Sobrido, L.; Chiem, K.; Topham, D.J.; DeDiego, M.L. Functional Evolution of the 2009
Pandemic H1N1 Influenza Virus NS1 and PA in Humans. J. Virol. 2018, 92. [CrossRef]

33



Pathogens 2020, 9, 86

18. Nogales, A.; Rodriguez, L.; DeDiego, M.L.; Topham, D.J.; Martinez-Sobrido, L. Interplay of PA-X and NS1
Proteins in Replication and Pathogenesis of a Temperature-Sensitive 2009 Pandemic H1N1 Influenza A Virus.
J. Virol. 2017, 91. [CrossRef]

19. Gao, H.; Sun, H.; Hu, J.; Qi, L.; Wang, J.; Xiong, X.; Wang, Y.; He, Q.; Lin, Y.; Kong, W.; et al. Twenty amino
acids at the C-terminus of PA-X are associated with increased influenza A virus replication and pathogenicity.
J. Gen. Virol. 2015, 96, 2036–2049. [CrossRef]

20. Gao, H.; Xu, G.; Sun, Y.; Qi, L.; Wang, J.; Kong, W.; Sun, H.; Pu, J.; Chang, K.C.; Liu, J. PA-X is a virulence
factor in avian H9N2 influenza virus. J. Gen. Virol. 2015, 96, 2587–2594. [CrossRef]

21. Hu, J.; Mo, Y.; Wang, X.; Gu, M.; Hu, Z.; Zhong, L.; Wu, Q.; Hao, X.; Hu, S.; Liu, W.; et al. PA-X decreases the
pathogenicity of highly pathogenic H5N1 influenza A virus in avian species by inhibiting virus replication
and host response. J. Virol. 2015, 89, 4126–4142. [CrossRef]

22. Khaperskyy, D.A.; McCormick, C. Timing Is Everything: Coordinated Control of Host Shutoff by Influenza
A Virus NS1 and PA-X Proteins. J. Virol. 2015, 89, 6528–6531. [CrossRef] [PubMed]

23. Khaperskyy, D.A.; Schmaling, S.; Larkins-Ford, J.; McCormick, C.; Gaglia, M.M. Selective Degradation of
Host RNA Polymerase II Transcripts by Influenza A Virus PA-X Host Shutoff Protein. PLoS Pathog. 2016, 12,
e1005427. [CrossRef] [PubMed]

24. Bavagnoli, L.; Cucuzza, S.; Campanini, G.; Rovida, F.; Paolucci, S.; Baldanti, F.; Maga, G. The novel influenza
A virus protein PA-X and its naturally deleted variant show different enzymatic properties in comparison to
the viral endonuclease PA. Nucleic Acids Res. 2015, 43, 9405–9417. [CrossRef] [PubMed]

25. Crotta, S.; Davidson, S.; Mahlakoiv, T.; Desmet, C.J.; Buckwalter, M.R.; Albert, M.L.; Staeheli, P.; Wack, A.
Type I and type III interferons drive redundant amplification loops to induce a transcriptional signature in
influenza-infected airway epithelia. PLoS Pathog 2013, 9, e1003773. [CrossRef]

26. DeDiego, M.L.; Nogales, A.; Lambert-Emo, K.; Martinez-Sobrido, L.; Topham, D.J. NS1 Protein Mutation
I64T Affects Interferon Responses and Virulence of Circulating H3N2 Human Influenza A Viruses. J. Virol.
2016, 90, 9693–9711. [CrossRef]

27. Nogales, A.; Martinez-Sobrido, L.; Topham, D.J.; DeDiego, M.L. NS1 Protein Amino Acid Changes D189N
and V194I Affect Interferon Responses, Thermosensitivity, and Virulence of Circulating H3N2 Human
Influenza A Viruses. J. Virol. 2017, 91. [CrossRef]

28. Wolff, T.; Ludwig, S. Influenza viruses control the vertebrate type I interferon system: Factors, mechanisms,
and consequences. J. Interferon Cytokine Res. 2009, 29, 549–557. [CrossRef]

29. Das, K.; Ma, L.C.; Xiao, R.; Radvansky, B.; Aramini, J.; Zhao, L.; Marklund, J.; Kuo, R.L.; Twu, K.Y.; Arnold, E.;
et al. Structural basis for suppression of a host antiviral response by influenza A virus. Proc. Natl. Acad. Sci.
USA 2008, 105, 13093–13098. [CrossRef]

30. Kochs, G.; Garcia-Sastre, A.; Martinez-Sobrido, L. Multiple anti-interferon actions of the influenza A virus
NS1 protein. J. Virol. 2007, 81, 7011–7021. [CrossRef]

31. Noah, D.L.; Twu, K.Y.; Krug, R.M. Cellular antiviral responses against influenza A virus are countered at the
posttranscriptional level by the viral NS1A protein via its binding to a cellular protein required for the 3’ end
processing of cellular pre-mRNAS. Virology 2003, 307, 386–395. [CrossRef]

32. Ayllon, J.; Domingues, P.; Rajsbaum, R.; Miorin, L.; Schmolke, M.; Hale, B.G.; Garcia-Sastre, A. A single
amino acid substitution in the novel H7N9 influenza A virus NS1 protein increases CPSF30 binding and
virulence. J. Virol. 2014, 88, 12146–12151. [CrossRef] [PubMed]

33. Nemeroff, M.E.; Barabino, S.M.; Li, Y.; Keller, W.; Krug, R.M. Influenza virus NS1 protein interacts with
the cellular 30 kDa subunit of CPSF and inhibits 3’end formation of cellular pre-mRNAs. Mol. Cell 1998, 1,
991–1000. [CrossRef]

34. Twu, K.Y.; Noah, D.L.; Rao, P.; Kuo, R.L.; Krug, R.M. The CPSF30 binding site on the NS1A protein of
influenza A virus is a potential antiviral target. J. Virol. 2006, 80, 3957–3965. [CrossRef] [PubMed]

35. Steidle, S.; Martinez-Sobrido, L.; Mordstein, M.; Lienenklaus, S.; Garcia-Sastre, A.; Staheli, P.; Kochs, G.
Glycine 184 in nonstructural protein NS1 determines the virulence of influenza A virus strain PR8 without
affecting the host interferon response. J. Virol. 2010, 84, 12761–12770. [CrossRef] [PubMed]

36. Clark, A.M.; Nogales, A.; Martinez-Sobrido, L.; Topham, D.J.; DeDiego, M.L. Functional Evolution of
Influenza Virus NS1 Protein in Currently Circulating Human 2009 Pandemic H1N1 Viruses. J. Virol. 2017, 91.
[CrossRef]

34



Pathogens 2020, 9, 86

37. Nogales, A.; Chauche, C.; DeDiego, M.L.; Topham, D.J.; Parrish, C.R.; Murcia, P.R.; Martinez-Sobrido, L. The
K186E Amino Acid Substitution in the Canine Influenza Virus H3N8 NS1 Protein Restores Its Ability To
Inhibit Host Gene Expression. J. Virol. 2017, 91. [CrossRef]

38. Hale, B.G.; Steel, J.; Medina, R.A.; Manicassamy, B.; Ye, J.; Hickman, D.; Hai, R.; Schmolke, M.; Lowen, A.C.;
Perez, D.R.; et al. Inefficient control of host gene expression by the 2009 pandemic H1N1 influenza A virus
NS1 protein. J. Virol. 2010, 84, 6909–6922. [CrossRef]

39. Lee, J.; Yu, H.; Li, Y.; Ma, J.; Lang, Y.; Duff, M.; Henningson, J.; Liu, Q.; Li, Y.; Nagy, A.; et al. Impacts of
different expressions of PA-X protein on 2009 pandemic H1N1 virus replication, pathogenicity and host
immune responses. Virology 2017, 504, 25–35. [CrossRef]

40. Nogales, A.; Baker, S.F.; Ortiz-Riano, E.; Dewhurst, S.; Topham, D.J.; Martinez-Sobrido, L. Influenza A
Virus Attenuation by Codon Deoptimization of the NS Gene for Vaccine Development. J. Virol. 2014, 88,
10525–10540. [CrossRef]

41. Rodriguez, L.; Nogales, A.; Martinez-Sobrido, L. Influenza A Virus Studies in a Mouse Model of Infection. J.
Vis. Exp. 2017. [CrossRef]

42. Guo, H.; Santiago, F.; Lambert, K.; Takimoto, T.; Topham, D.J. T cell-mediated protection against lethal 2009
pandemic H1N1 influenza virus infection in a mouse model. J. Virol. 2011, 85, 448–455. [CrossRef] [PubMed]

43. Baker, S.F.; Guo, H.; Albrecht, R.A.; Garcia-Sastre, A.; Topham, D.J.; Martinez-Sobrido, L. Protection against
lethal influenza with a viral mimic. J. Virol. 2013, 87, 8591–8605. [CrossRef] [PubMed]

44. Belser, J.A.; Pulit-Penaloza, J.A.; Maines, T.R. Ferreting Out Influenza Virus Pathogenicity and Transmissibility:
Past and Future Risk Assessments in the Ferret Model. Cold Spring Harb Perspect Med. 2019. [CrossRef]
[PubMed]

45. Lowen, A.C.; Bouvier, N.M.; Steel, J. Transmission in the guinea pig model. Curr. Top. Microbiol Immunol
2014, 385, 157–183. [CrossRef]

46. Phipps, K.L.; Marshall, N.; Tao, H.; Danzy, S.; Onuoha, N.; Steel, J.; Lowen, A.C. Seasonal H3N2 and 2009
Pandemic H1N1 Influenza A Viruses Reassort Efficiently but Produce Attenuated Progeny. J. Virol. 2017, 91.
[CrossRef]

47. Zhou, B.; Meliopoulos, V.A.; Wang, W.; Lin, X.; Stucker, K.M.; Halpin, R.A.; Stockwell, T.B.; Schultz-Cherry, S.;
Wentworth, D.E. Reversion of Cold-Adapted Live Attenuated Influenza Vaccine into a Pathogenic Virus. J.
Virol. 2016, 90, 8454–8463. [CrossRef]

48. Quinlivan, M.; Zamarin, D.; Garcia-Sastre, A.; Cullinane, A.; Chambers, T.; Palese, P. Attenuation of equine
influenza viruses through truncations of the NS1 protein. J. Virol. 2005, 79, 8431–8439. [CrossRef]

49. Nogales, A.; Rodriguez, L.; Chauche, C.; Huang, K.; Reilly, E.C.; Topham, D.J.; Murcia, P.R.; Parrish, C.R.;
Martinez-Sobrido, L. Temperature-Sensitive Live-Attenuated Canine Influenza Virus H3N8 Vaccine. J. Virol.
2017, 91. [CrossRef]

50. Rodriguez, L.; Nogales, A.; Reilly, E.C.; Topham, D.J.; Murcia, P.R.; Parrish, C.R.; Martinez Sobrido, L. A
live-attenuated influenza vaccine for H3N2 canine influenza virus. Virology 2017, 504, 96–106. [CrossRef]

51. Nogales, A.; Martinez-Sobrido, L. Reverse Genetics Approaches for the Development of Influenza Vaccines.
Int. J. Mol. Sci. 2016, 18, 20. [CrossRef]

52. Nogales, A.; Baker, S.F.; Martinez-Sobrido, L. Replication-competent influenza A viruses expressing a red
fluorescent protein. Virology 2015, 476, 206–216. [CrossRef] [PubMed]

53. Solorzano, A.; Webby, R.J.; Lager, K.M.; Janke, B.H.; Garcia-Sastre, A.; Richt, J.A. Mutations in the NS1
protein of swine influenza virus impair anti-interferon activity and confer attenuation in pigs. J. Virol. 2005,
79, 7535–7543. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

35



pathogens

Review

Formation and Maintenance of Tissue Resident
Memory CD8+ T Cells after Viral Infection

David J. Topham *, Emma C. Reilly, Kris Lambert Emo and Mike Sportiello

David H. Smith Center for Vaccine Biology and Immunology, Department of Microbiology and Immunology,
University of Rochester Medical Center, Rochester, NY 14642, USA; emma_reilly@urmc.rochester.edu (E.C.R.);
kris_lambert@urmc.rochester.edu (K.L.E.); michael_sportiello@urmc.rochester.edu (M.S.)
* Correspondence: david_tophamr@urmc.rochester.edu; Tel.: +1-585-273-1400

Received: 25 September 2019; Accepted: 16 October 2019; Published: 18 October 2019

Abstract: Tissue resident memory (TRM) CD8 T cells comprise a memory population that forms in
peripheral, non-lymphoid tissues after an infection that does not recirculate into the bloodstream or
other tissues. TRM cells often recognize conserved peptide epitopes shared among different strains
of a pathogen and so offer a protective role upon secondary encounter with the same or related
pathogens. Several recent studies have begun to shed light on the intrinsic and extrinsic factors
regulating TRM. In addition, work is being done to understand how canonical “markers” of TRM

actually affect the function of these cells. Many of these markers regulate the generation or persistence
of these TRM cells, an important point of study due to the differences in persistence of TRM between
tissues, which may impact future vaccine development to cater towards these important differences.
In this review, we will discuss recent advances in TRM biology that may lead to strategies designed to
promote this important protective immune subset.
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1. Introduction

As early as 1994, Walter Gerhard’s lab demonstrated that protection from a serologically distinct
strain of influenza in immune mice was largely due to cross-reactive CD4 and CD8 T cells, with CD8 T
cells having the greatest effect in the airways and lung [1]. This form of immunity, called heterosubtypic
protection, was effective but short-lived and waned over several months. In 2001, David Woodland’s
lab used a different respiratory pathogen, Sendai (parainfluenza) virus, to demonstrate that functional
virus-specific CD8 T cells persisted in the airways and lungs. However, they observed a similar
decline in numbers over a year after infection [2], and the number of virus-specific CD8 T cells in the
airways correlated with protection. These studies pre-date the identification of cell surface markers
used to define TRM cells, although Hogan et al. did measure CD69 expression [2]. In the same
year, David Masopust and Leo Lefrancois used major histocompatibility complex (MHC) tetramers
carrying viral or bacterial-specific peptides to show that after a systemic infection, pathogen-specific
memory CD8 T cells localized to all peripheral non-lymphoid after infection [3]. In 2004, inspired by
this data, our lab used an influenza virus model to demonstrate that Very Late Antigen-1 (VLA-1)
(the CD49a/CD29 α1β1 integrin heterodimer) was essential to maintain virus-specific CD8 memory
T cells in the airways and lung tissues [4]. In that same study, we found virus-specific CD8 T cells
expressing VLA-1 in every peripheral tissue examined, showing that infection of a tissue is not a
prerequisite for TRM localization. Overall, these results indicate that infection results in populations of
CD49a+, CD69+, CD8+memory T cells that reside in peripheral tissues: tissue resident memory T
cells. [4]. Given the importance of this memory T cell population to secondary immune protection,
here we review recent advances in the understanding of TRM and call for further research that will lead
to strategies designed to improve local tissue immunity.
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2. Markers Used to Define TRM

Expression of several cell surface proteins have been found to be common among TRM from
different tissues. Absence of chemokine receptor 7 (CCR7) and expression of CD69 were identified
early [5,6], and CD49a or VLA-1 came next [4]. At the time, reagents to study mouse CD49a were
limited in availability, so this marker was not initially widely adopted. In 2005, CD103 expression was
found to define a population of memory T cells in the tonsil [7] and in 2010, the Bevan lab associated
CD103 with TRM in the brain [8]. Since then, CD69 and CD103 expression have been the most widely
used markers of TRM, although more recent studies in both mice and humans have demonstrated
the importance of CD49a. It may be necessary to use these three markers (CD69, CD49a, CD103) in
combination when studying TRM from different tissues, as it is unlikely to be a homogenous population
as previously assumed. Many studies of function and gene expression of TRM have relied on either
CD69 or CD103 alone or in combination [9,10]. Although CD69 is critical for TRM in some peripheral
tissues (e.g., kidney), it does not appear to be a universal requirement for TRM in all sites [11]. Our lab
has recently discovered that using CD49a and CD103 in combination identifies up to four potentially
distinct memory T cell subsets in the lungs and airways (including trachea), although cells expressing
only CD69 and CD103 do not appear to persist long-term [12]. Using all three markers may be necessary
to paint the full picture of cell diversity, function, and gene expression profiles (Table 1).

Table 1. Cell Surface Expression of Markers on Memory CD8 T cell subsets in the airways and
lung tissue.

Memory type Abbreviation CD3 TCRb CD8 CD44 CD62L CD69 CD49a CD103

Effector EM + + + high low − − −
Epithelial TRM eTRM + + + high low + + +

Interstitial TRM iTRM + + + high low + + −
Epithelial Effector eeTRM + + + high low + − +

Note: “+” indicates positive cell surface expression; “−” indicates the cell population is negative for cell surface
expression “high” and “low” refer to the levels of cell surface expression.

3. Functions of Memory T Cell Markers

The cell surface proteins used to define TRM and other memory subsets are not just markers; they
have functions, though relatively little has been done to discern these functions [13]. Naïve T cells lack
expression of CD49a and CD69 and have only low levels of CD103 on their surface. Instead, they can be
defined by high expression of CD62L (L-selectin), low expression of CD44, and expression of CCR7 [14].
CD62L is a ligand for a receptor expressed on high endothelial venules to help direct naïve T cells
to secondary lymphoid organs (SLOs) [15]. CCR7 serves a similar purpose by receiving CCL19 and
CCL21 chemokine signals coming from SLOs [16,17]. CD44 binds hyaluronic acids in the extracellular
matrix of almost all tissues and may itself be important for regulation of T cell motility, positioning,
and retention in peripheral and lymphoid tissues [18,19].

“Central memory T cells” (TCM) are CD44high, CD62Lhigh, and retain CCR7 expression [14] and
lymphoid homing potential. “Effector memory T cells” (TEM) are CD44high, CD62Llow, and CCR7–,
and preferentially circulate though the bloodstream and into through peripheral non-lymphoid
tissues [14]. TEM form one of the four memory CD8 T cell subsets found in lung and airways, and do
not express CD49a, CD103, and CD69. CD49a/VLA-1 is the only known integrin ligand for collagen
IV, uniquely located in the lamina densa of barrier tissues, though it has been shown to also bind
collagen I [20]. It provides anti-apoptotic signals to the T cells when bound to collagen [21] and has
proven essential for maintaining TRM in peripheral tissues. T cells that express CD49a/VLA-1 tend
to localize close to or within the epithelial cell layer where collagen IV is abundant [22]. CD69 is
an S1P1 antagonist, limiting signals that direct lymphocytes into draining lymphatics [23,24]. It is
also a ligand for Galectin-1 (Gal-1) and may have a role in cell–cell and cell–matrix interactions [25].
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CD103 is a ligand for E-cadherin, which is most widely expressed in the junctions between epithelial
cells at mucosal and barrier sites [26]. Both CD8 T cells and dendritic cells (DC) can also express this
ligand for CD103, two more sources of potential cell–cell interaction [27]. CD103 is also expressed on a
subset of DC in the airways that serve to sample the epithelium for antigen by interaction with cell
junctions [28], possibly playing a similar role for CD8 TRM cells in epithelial surveillance. Expression
of these adhesion and migratory receptors may position memory T cell subsets in different locations in
the mucosa depending on ligand availability (Figure 1, Table 2)

Figure 1. Proposed tissue localization of CD8+memory T cell subsets within epithelial tissue. Based
on the expression of adhesion molecules for ECM (CD49a, CD44) and, epithelial cells (CD103), and the
location of their ligands, the memory cell subsets may be positioned in different tissue microenvironments.

Table 2. Select markers of memory CD8 T cell subsets and their functions.

Marker Function Presence on TRM

CD44
Binds hyaluronic acids. May serve roles in
motility and retention in both peripheral
and lymphoid tissues.

+/High

CD62L Ligand for high endothelial venules on SLO. −/Low

CCR7 Chemokine receptor for S1P1. −/Low

CD49a Mediates adhesion to type I and IV collagen. Positive on most TRM

CD69 Early activation marker. S1P1R antagonist.
Binds Gal-1. Positive on most TRM

CD103 Binds E-Cadherin. Very often present, though can be
tissue-dependent.

Note: “+” indicates positive cell surface expression; “−” indicated negative cell surface expression.

4. Formation of CD8 TRM and Interactions with Other Cells in the Tissue

Virus-specific CD8 cells that express CD49a do not appear in the tissue until after the infection
is cleared [4]. In influenza infection, CD8 T cells in the tissue express CD49a, CD69, and CD103 by
day 14, suggesting cells with a TRM phenotype develop relatively early as the tissue recovers from
infection [12]. There has been much speculation regarding when and where TRM cells form: Takamura
demonstrated that in areas of repair after influenza infection, there are repair-associated memory
depots (RAMD) containing populations of keratin-5+ cells that express alpha-V integrins [29]. Alpha-V
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integrins can activate latent TGF−β in the tissue, a necessary cytokine for TRM to express CD49a and
CD103 [30,31]. This suggests the TRM cells form directly in the tissues they take residence in.

However, this hypothesis does not explain the early observations that pathogen-specific TRM

can be found in all peripheral tissues examined regardless of whether they were directly infected [4].
Experiments using FTY720 to block S1P signaling and inhibit lymph node (LN) egress resulted in an
accumulation of CD8 T cells bearing the TRM phenotype in the lymph nodes (Topham unpublished).
In such an experiment it is difficult to discern in situ differentiation of TRM in the LN from drainage of
the cells out of the tissues, but it does question whether TRM cells solely develop in the recovering
tissue, and also suggests there may be a window after infection during which TRM cells disperse
systemically to peripheral tissues. Takamura’s parabiosis experiments suggest that mice need to be
paired by day 6 after infection to show distribution of virus specific cells to lungs and other tissues
of both mice [29]. However, more focused tracking experiments will need to be done to concretely
answer this question.

Additional signals in the tissue may be needed to generate TRM. Using a push-pull strategy,
the Kohlmeier lab recently demonstrated that encounter with antigen in the tissue may be required for
TRM localization [32]. Using an intramuscular infection model and intranasal administration of CpG
or CpG plus nucleoprotein (NP) peptide, only the animals given local peptide developed substantial
NP-specific TRM cells in the respiratory tract [32]. Antigen encounter has been shown to down-regulate
CCR7 on recently activated T cells perhaps explaining the need for antigen to be present for optimal
TRM formation [33–35].

A role for IL-10 has also been indicated in the production of monocyte-derived TGF−β; a critical
mediator for upregulation of CD103 (and possibly CD49a) in several studies [36–38]. These experiments
used various adjuvants and antigen in vivo, and an in vitro model of T cell activation to induce an
immune response. With this system, T cells exposed to IL10 and TGF−β very early in priming had the
highest levels of CD103, suggesting TRM precursors could be generated in the LN [38]. This scenario of
early exposure to these cytokines is less likely to occur in models of infection given the slow kinetics
(days) and levels of IL-10, which are not high early in a flu infection [39], but antigen-bearing monocytes
releasing Transforming Growth Factor (TGF)−β directly in relation to TRM development has not been
studied in the context of infection.

It is also possible that CD103 could be expressed prior to other TRM markers, and inhibition of
CD103 leads to reduced numbers of TRM, consistent with a role in the accumulation in tissues [23].
Although these papers did not look at the function of CD49a, in a gut model of TRM, TGF−β was
shown to be important for expression of CD49 on a4b7+ gut TRM [37] In an influenza infection model,
another stimulatory signal for TRM formation comes from 4–1BB [40]. 4–1BB is a TNF family receptor
and endogenous signals from antigen-bearing 4–1BB ligand expressing cells in the tissue enhance
TRM formation while exogenous administration of 4–1BB ligand further expands the number of TRM

formed [40].

5. Metabolic Changes Associated with TRM

Tissues like skin, gut, and respiratory mucosa are very different environments than Secondary
Lymphoid Organ (SLO)s and blood. The availability of nutrients such as glucose and oxygen vary
compared to SLOs. The metabolic pathways utilized by T cells has been shown to vary with their state
of activation [41]. As with most eukaryotic cells, naïve T cells primarily derive energy from oxidative
phosphorylation in the mitochondria [42] to make adenosine triphosphate (ATP). T cell activation drives
T cell metabolism toward aerobic glycolysis, the pentose phosphate pathway, and glutaminolysis [43].
These changes are associated with reprogramming of the metabolic transcriptome [44,45]. The different
circulating memory T cells subsets utilize distinct metabolic programs. For example, central memory
T cells primarily use oxidative phosphorylation, much like naïve T cells [42,46]. Effector memory
T cells that can circulate through peripheral tissues use a more balanced combination of oxidative
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phosphorylation and glycolysis and have greater mitochondrial mass that makes them more comparable
to effector T cells [47].

Peripheral tissues, especially barrier tissues and microcompartments contained within these offer
different glucose levels, pH, and structural components, all of which can affect T cell metabolism and
survival. TRM cells are very active in the “resting” state as they constantly perform surveillance of
the cells surrounding them for evidence of pathogen invasion. TRM cells intimately interact with the
components of their environment including epithelial cells and the extracellular matrix. TRM cells
abundantly express lipid receptors on their cell surface to provide them capacity for lipid uptake
and metabolism [48]. These include fatty acid binding proteins FABP4, FABP5 to enhance lipolysis,
low density lipid receptor, ApoE, and the CD36 scavenger receptor. These receptors facilitate uptake of
free fatty acids (FFA) from the environment and these FFA can be used in oxidative phosphorylation
and in fatty acid oxidation (FAO) [49]. TRM can accumulate FFA in droplets within the cytoplasm
just like TEM are able to do [50], and these droplets can be coupled to distinct mitochondria upon
activation [51,52]. TRM may rely on traditional oxidative phosphorylation and glycolysis under
“resting” conditions, and activate FAO by accessing the stored droplets upon encounter with pathogens
and antigen recognition, however, this has yet to be directly tested.

6. Mechanisms that Suppress TRM Activation May Have other Functions Important to TRM

Establishment and Maintenance

CD8 TRM cells are armed and ready to protect against secondary infections. They can express
high levels of Granzyme B giving them cytotoxic potential, secrete IFN−γ and TNF−α when activated,
as well as a laundry list of chemokines to jumpstart immune cell recruitment [41]. Therefore, accidental
or bystander activation of TRM could result in serious, unwanted tissue damage. There are a number
of inhibitory receptors expressed by CD8 TRM that likely serve to keep these cells at bay until bona
fide antigen recognition occurs through the TCR. Brain TRM cells express PD1, a receptor associated
with T cell exhaustion and inability to activate [53,54]. Blockade of PD-1 ligand in tumor settings
greatly enhances T cell elimination of cancer cells [55]. How this suppression is overcome in TRM

during an infection is not known and may require a combination of “activating” signals. P2RX7 is a
purinergic receptor expressed by TRM [56]. Low ATP levels and signals through P2RX7 can promote
TRM survival by stimulating activation and metabolism. High signals, on the other hand, can drive T
cell apoptosis [56], making the balance of signals in the environment of TRM critical. TRM cells also
express CD244, a receptor previously described on Natural Killer (NK) cells [57]. Signals through
CD244 can be either inhibitory or activating depending on intracellular levels of the adapter protein
Signaling Lymphocytic Activation Molecule (SLAM) associated protein (SAP) [58]. SAP levels in TRM

are not known, but this knowledge could further indicate how these, and other receptors regulate
TRM maintenance and function. Collectively, these inhibitory molecules may keep TRM in a state of
readiness to respond, but inhibiting aberrant activation of TRM by non-specific environmental cues.

7. Concluding Remarks

TRM cells represent a very specialized subset of memory T cells that can be highly protective
during secondary encounters with a previously seen pathogen. While not discussed here, they also
seem to be important in controlling tumor cells and CD103 expression has been suggested as a predictor
of tumor prognosis [59]. They have specialized functions that permit them to perform surveillance
and protection at a number of barrier sites, including but not limited to skin, gut, respiratory tract,
and female reproductive tract. However, many questions remain in our understanding of this unique
cell subset. For example, we don’t fully appreciate why they seem to wane with time in some
tissues, while they are continuously renewed in others. We also do not have effective, clinically
feasible strategies of generating, maintaining, or improving their numbers. Live attenuated vaccines
do generate a population of TRM cells, however at a weakened capacity compared with natural
infection [60,61]. Additionally, to date, TRM cells are considered as one uniform population of cells and
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we believe that research examining TRM subsets is lacking. For example, do all TRM cells express CD69,
CD49a, or CD103? Do populations exist that express different combinations of these markers? What
are the genetic and epigenetic programs that drive their phenotype(s)? What are the mechanisms of
controlling motility, persistence, and micro-localization within different tissues? In what ways, if at
all, are TRM cells specific for viruses different than those specific for bacteria, fungi, cancer, or other
pathologies? These are all important questions the field needs to address to construct a more holistic
model through which we cannot only understand memory and immunity, but use them to develop
more effective vaccines and therapies.
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Abstract: When influenza A virus infects an immune individual, preexisting memory B cell (MBC)
activation and rapid anamnestic antibody production plays a key role in viral clearance. The most
effective neutralizing antibodies target the antigenically variable head of the viral hemagglutinin (HA);
antibodies against the conserved HA stalk provide broader but less potent protection. In this review, we
provide a comprehensive picture of an adult’s HA-specific antibody response to influenza virus infection.
The process is followed from preexisting HA-specific MBC activation and rapid production of anti-HA
antibodies, through to germinal center seeding and adaptation of the response to novel features of the
HA. A major focus of the review is the role of competition between preexisting MBCs in determining the
character of the HA-reactive antibody response. HA novelty modifies this competition and can shift
the response from the immunodominant head to the stalk. We suggest that antibodies resulting from
preexisting MBC activation are important regulators of anti-HA antibody production and play a role in
positive selection of germinal center B cells reactive to novel HA epitopes. Our review also considers the
role of MBCs in the effects of early-life imprinting on HA head- and stalk-specific antibody responses to
influenza infection. An understanding of the processes described in this review will guide development
of vaccination strategies that provide broadly effective protection.

Keywords: influenza A virus; infection; hemagglutinin; hemagglutin stalk; memory B cells; antibodies;
germinal centers; original antigenic sin; imprinting

1. Introduction

B cell memory generated by influenza A virus (IAV) infection and vaccination consists of antibodies
(Abs) and memory B cells (MBCs). Preexisting Abs against the virus’s surface glycoproteins, the
hemagglutinin (HA) and neuraminidase, have direct antiviral activity and provide the most effective
protection against initiation or progression of infection [1,2]. If infection is not blocked or quickly
terminated, MBC activation results in rapid and vigorous anamnestic Ab production that acts in concert
with other forms of adaptive responses to clear infectious virus [3]. Activated MBCs also contribute to
adaptation of the Ab response to novel features of the infecting virus by seeding germinal centers (GCs),
where Ab-secreting cells and MBCs with increased binding affinity for IAV antigens are generated [4].
Although the induction of Abs by IAV infection and vaccination has been well-described [5], much less
attention has been given to the essential role of MBCs in this process. Here, our goal is to review the Ab
response to IAV infection in immune adults with an emphasis on the contribution of MBCs. We consider
only IgG-expressing MBCs and focus entirely on the B cell response to the viral HA, the viral attachment
protein that initiates cell infection by binding to sialylated receptors [6]. This enables us to consider the
response of an MBC pool formed over many years by a series of exposures to related but different HAs
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through infection and vaccination. HA-intrinsic factors that influence MBC generation include epitope
conservation as well as immunodominance hierarchies within the HA molecule [7]. In particular, our
review highlights competition between preexisting MBCs and HA novelty as key determinants of the
nature of HA-specific Ab production. Our review is primarily based on studies of human B cell responses.
However, where appropriate, we incorporate findings from animal models that assist us to develop a
more complete picture of processes in responding lymphoid tissues.

2. Anti-HA Antibodies: A Brief Overview

Each monomeric component of the homotrimeric HA consists of two structurally distinct domains:
a membrane-distal head domain containing the receptor binding site and a membrane-proximal
stalk domain [8]. Abs against the HA head that block binding of virus to host cells have the most
potent virus neutralizing activity. However, anti-head Abs tend to be virus strain-specific because of
the modification of antigenic sites in the head domain by ongoing antigenic drift. Abs against the
conserved HA stalk protect via other mechanisms and are less potently neutralizing, but are more
broadly reactive across HA variants and subtypes. Two phylogenetic groups of HA subtypes are
recognized (group 1 and group 2), with anti-stalk Abs typically cross-reactive within a group. However,
across-group stalk-binding Abs have been identified [1,9].

Abs against the IAV HA are also the basis of “original antigenic sin (OAS)” as originally termed [10],
and more recently designated “antigenic seniority” [11]. Based on Ab titers measured by hemagglutination
inhibition (HAI) assay, which detects Abs that bind near the receptor binding site on the HA head, IAV
infection typically generates an Ab response that is broadly HA cross-reactive. Frequently, this response is
of the OAS type and characterized by preferential boosting of Abs against sets of HAs related to those of
viruses that circulated early in an individual’s life [12,13]. The term OAS has also been applied to baseline
circulating HA-reactive Ab levels that are highest against “older” HAs, a pattern that is largely maintained
by OAS responses to IAV infection. It is postulated that OAS reflects the lasting imprint of early-life
HA exposure, probably in the form of significant IAV infection, on an individual’s immune memory.
Mechanistic details of this so-called “imprinting” remain unclear, but patterns of expansion of HA-reactive
MBCs are likely to be of central importance as discussed later [14,15]. In addition to imprinting effects on
HA-reactive Ab production after IAV infection, the response generally includes adaptation to novel HA
features and production of Abs with increased affinity for variant head epitopes [12,13,16]. The HA head
domain is immunodominant over the stalk domain and is the target of the vast bulk of HA-reactive Abs
produced by IAV infection. However, Abs against the stalk are also generated and, in some situations, can
form a strong component of the Ab response to the HA [17].

3. MBCs and the Anti-HA Antibody Response to Influenza Infection

3.1. MBCs and Initial Antigen Encounter

B cell activation and the production of Abs against the HA of an infecting IAV begins with
transport of the HA (as well as other viral antigens) from the site of infection to local lymphoid
tissues and lymph nodes. Antigen binding via the B cell receptor (BCR) and uptake, processing, and
presentation to establish cognate interactions with CD4 T cells are essential for MBC and naïve B cell
activation [3,18]. This sets the stage for competition for antigen between different types of HA-reactive
B cells, for example, between MBCs and naïve B cells, and between MBCs specific for different epitopes
on the HA head and stalk. HA-reactive naïve B cells are relatively rare and are vastly outnumbered
by HA-reactive MBCs in most adults. After formation, MBCs generally disperse to lymphoid tissues
throughout the body [19]. However, MBCs generated by IAV infection are likely to maintain highest
frequencies at sites of formation in the respiratory tract [19–21]. In addition, localization of MBCs
around the periphery of lymphoid tissues or clustered near GC-like structures may allow earlier and
more efficient antigen capture and CD4 T cell engagement by MBCs than by the follicle-associated
naïve B cells [22,23]. MBCs are also more readily activated than naïve B cells because of cell-intrinsic
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factors that include epigenetic modifications, altered transcriptional networks, and greater signaling
capacity of the IgG BCR [24]. In many cases, it is likely that the Ab response generated by MBC
activation after IAV infection is sufficient to terminate infection with little, if any, contribution by naive
B cells. Figure 1 provides a diagrammatic overview of processes described in this review.

Figure 1. The HA-specific B cell response to seasonal IAV infection in an adult with a typical history of
influenza exposure. Results from human and animal studies were used to construct a model of events
in a responding lymph node. (A) Events in subcapsular proliferative foci (SPF). Influenza proteins
(including HA) entering the subcapsular sinus (SCS) are trapped by SCS macrophages. HA-reactive
memory B cells (MBCs) beneath the SCS compete for antigen displayed by SCS macrophages. Successful
acquisition of antigen enables MBCs to receive cognate T cell help and differentiate along pathways
that reflect antigen affinity: high affinity antigen binding (and stronger T cell help) favors formation of
Ab-secreting cells; lower affinity cells generate MBCs or seed germinal centers (GCs). (B) Events in
GCs. GCs are seeded by activated MBCs or activated naïve B cells. After mutation of immunoglobulin
V-region genes, GC B cells that express high affinity receptors are positively selected, a process that
involves competition for antigen held by follicular dendritic cells (FDCs) so that sufficiently strong T
cell help can be secured. Selected cells repeat the mutation/selection cycle or differentiate into MBCs
or Ab-secreting plasma cells and exit the GC. (C) Regulation by MBC-derived Abs. High affinity
HA-reactive MBCs differentiate into Ab-secreting cells in SPF. Secreted Abs potentially regulate anti-HA
Ab production by facilitating HA removal or by epitope masking. We suggest that anti-HA Abs released
in the SPF enter nearby GCs and bind antigen held by FDCs. Since the initial wave of MBC-derived
anti-HA Abs generally binds conserved epitopes with relatively high affinity, masking epitopes on
FDC-held antigen would drive selection of GC B cells reactive to the more variant epitopes. Circulating
Abs could act in a similar way, but perhaps only after development of lung inflammation increases Ab
movement from the vasculature into lung tissue and then to lymph nodes via lymphatic vessels.

3.2. MBC Activation and Early Anti-HA Antibody Production

Analysis of the Ab response to IAV infection has generally focused on measurement of circulating
Abs against the HA of a strain likely to represent the infecting virus, such as the strain in the most recent
seasonal influenza vaccine. However, recent studies have emphasized that anti-HA Ab production is
characterized by increased titers against a chronological range of HA variants [12,13,16]. Within each
individual, the kinetics of the Ab response to each HA variant follows similar kinetics, indicating Ab
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production at a similar stage of the B cell response. These Abs are first detected in the circulation 4–6 days
after symptom onset and increase to peak levels over the next seven days. Ab concentrations against
each HA variant form a hierarchy, often reflecting OAS that is largely maintained over the course of the
response [13]. Some studies have reported that Ab production is strongest against HAs of the infecting
strain and closely related contemporary viruses [12,16]. However, this is the picture only when the
response is represented as fold change in Ab titer. The pre-infection level of Abs against the HA of the
infecting virus is often low and a relatively modest response to this HA can generate a marked fold
increase in Ab levels. Representing the Ab response as the amount of Ab produced (delta for circulating
Ab levels) results in a different picture, with strongest Ab production against older HAs [13].

Early production of anti-HA Abs following IAV infection in immune adults results from activation
of preexisting MBCs, a model based on analysis of Ab-secreting plasmablasts (PBs) that appear in
the circulation at about the same time as the first virus-induced Abs. These PBs generally reach peak
frequencies 4–6 days post-symptom onset, but remain detectable for another 1–2 weeks [13,25]. More
than 50% of total IgG PBs induced by IAV infection are virus-specific and, of these, up to 50% bind the
viral HA [26]. Analysis of the HA-reactive PBs has identified recently proliferated clonal lineages that
express Abs with highly mutated immunoglobulin variable genes, indicating derivation from recently
activated MBCs that had previously undergone affinity maturation [26].

The site of early MBC-derived PB formation in responding lymphoid tissue has often been
imprecisely described as “extrafollicular” [27]. Recently, Moran et al. [28] described a scenario for
MBC activation in a skin draining lymph node that might also apply to lung-draining lymph nodes
responding to IAV infection. In this scenario, resting MBCs preferentially accumulate in the outer
lymph node cortex immediately beneath the subcapsular sinus (SCS) where they are in close association
with SCS macrophages that span the floor of the SCS. Large numbers of memory T follicular helper
(Tfh) cells occupy the same niche as the MBCs. SCS macrophages efficiently trap antigen carried by
draining lymphatics to the SCS and display intact and processed antigen for recognition by memory B
and T cells, respectively. Moran et al. [28] describe a structure, designated subcapsular proliferative foci
(SPF) that covers the cortical surface of the B cell follicle where it abuts the SCS. Here, SCS macrophages,
MBCs, and Tfh cells interact after antigen exposure, resulting in MBC proliferation and differentiation
into a cluster of predominately Ab-secreting plasma cells [28,29]. This process likely generates the first
HA-reactive IgG Abs produced following IAV infection, as well as the transient wave of circulating
HA-reactive PBs. It follows that the SPF is a key site for competition between MBCs.

It is generally accepted that OAS patterns of HA-reactive Ab production after IAV infection reflect
the competitive dominance of MBCs reactive to conserved epitopes on the HA head domain, although
experimental support for this idea is lacking [14,15]. The MBC pool is established by previous HA
encounter, and perhaps most importantly by the stamp of significant early-life infection on a naïve or
relatively naïve B cell repertoire. In that situation, the HA-specific B cell response and MBC formation
reflects the frequencies of reactive B cells in the unselected repertoire and the immunodominance
hierarchy of B cell epitopes on the HA molecule. The severity/duration of early-life IAV infection
is also likely to be a key factor in establishing OAS, since that would relate to the establishment
and maintenance of GC reactions that expand MBCs and support affinity maturation. A series of
subsequent infections by progressively more drifted IAVs would reinforce early imprinting of the B
cell repertoire. This process would involve (i) preferential activation (with Ab production and MBC
generation) of the more numerous, high affinity MBCs responsive to conserved HA head epitopes and
(ii) the potential of anamnestic Ab production to limit infection, thus minimizing adaptation of the B
cell response to novel features of the HA of the infecting virus.

The reactivity profiles of Abs expressed by individual PBs generated early in the response to
IAV infection have not been extensively characterized. However, limited studies indicate that at least
some of the PB-expressed Abs bind to one or more older HAs, sometimes with higher affinity than
to the infecting virus HA [26,30]. These findings are consistent with PB derivation from MBCs that
were generated by exposure to older HAs and respond to sufficiently conserved epitopes on the HA
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of the infecting virus. High affinity MBCs would be expected to outcompete lower affinity MBCs
for available antigen and thus obtain the strong level of T cell help associated with differentiation
of activated B cells into Ab-secreting PBs. However, it is unclear to what extent antigen affinity or
simply the number of MBCs reactive to particular epitopes determines the pattern of early broad
HA-reactive Ab production. The importance of MBC affinity might be diminished in the context of IAV
infection, which is associated with increased levels of cytokines and Toll-like receptor agonists that
help drive B cell activation [27]. Local production of soluble B cell activating factors in the subcapsular
niche occupied by MBCs might be particularly important [29]. Figure 2 shows a representation of a
preexisting HA-reactive MBC pool that responds to IAV infection; outcomes of MBC activation and
their relationship to HA affinity are also shown. Pathways of MBC formation that we suggest maintain
and/or modify the preexisting MBC pool are included in Figure 2 and are discussed later.

Figure 2. Composition of the MBC pool reactive to the HA of a seasonal IAV at different stages of
the response to infection. MBC pools are represented as pie diagrams, with segments representing
the proportions of MBCs reactive to HA head domains of older circulating IAVs (“old”; colored red),
more recent IAVs (“recent”; blue), and the current circulating IAV (“current”; green), and to the stalk
domain (yellow). Concentric circles identify the proportions of MBCs with high (center), intermediate,
or low affinity. Composition of the preexisting HA-reactive MBC pool is based on an analysis of the
response to a seasonal H3N2 IAV infection [13]; the pathways of formation and the composition of MBC
pools generated during infection are speculations based on multiple studies (see Sections 3.5 and 3.6).
(A) The preexisting MBC pool reactive to the HA of the infecting virus. Activation and differentiation
of cells in this pool via extra-GC pathways generates Ab-secreting cells from high affinity MBCs and
MBCs from lower affinity precursors. Activated lower affinity MBCs also seed GCs. (B) The MBC
pool generated via the extra-GC pathway and early in the GC reaction. Weisel et al. [31] identified an
early phase of GC activity that generates primarily MBCs after fewer rounds of mutation and selection.
We suggest that this phase, together with the extra-GC pathway, largely reestablishes the preexisting
MBC pool. (C) MBCs generated by prolonged GC reactions. Although there is evidence that GCs
undergo a switch from MBC to plasma cell formation [31], recent studies [32,33] demonstrate that
GCs can be long maintained and that the process of MBC adaptation to novel features of an HA is
ongoing. We suggest that MBC-derived anti-HA Abs generated early in the response, and perhaps also
circulating anti-HA Abs at a later stage, have an important regulatory role and drive positive selection
of GC B cells that bind variant HA epitopes (see Figure 1C).
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3.3. MBCs and Anti-HA Stalk Antibody Production

In addition to the broad HA head-reactive Ab response, approximately 10%–20% of anti-HA
Abs generated by seasonal IAV infection bind to the stalk domain. The response to the stalk follows
the same kinetics as the anti-head response and includes early induction of stalk-specific PBs with
high numbers of mutations in immunoglobulin variable genes, indicating formation from activated
MBCs [13,26]. A key determinant of the magnitude of the Ab response to the stalk is the dominance
of head-reactive over stalk-reactive MBCs in competition for antigen. An individual’s exposure to
HA through vaccination and infection would be expected to progressively increase the ratio of head-
versus stalk-reactive MBCs, primarily because of immunodominance of the head. In addition, the
relatively small year-by-year changes in the HA head through antigenic drift would enable recruitment
and expansion of similar head-reactive MBCs over many HA exposures. HA stalk-reactive MBCs are
expanded by infection in parallel with head-reactive MBC [13]. However, evidence that stalk-binding
Abs display a level of polyreactivity raises the possibility that stalk-reactive MBCs might be selected
against by tolerance mechanisms [34]. Notably, few stalk-reactive Abs are produced after seasonal
inactivated influenza vaccination [26,30], suggesting that factors associated with IAV infection facilitate
stalk-reactive MBC activation. These might include the amount and form of the HA presented to MBCs,
together with a B cell activating environment associated with infection that reduces the requirement
for T cell help [27].

Studies of responses to infection and vaccination with the 2009 pandemic H1N1 (pH1N1) IAV
emphasize the importance of competition between MBCs in determining the nature of HA-specific
Ab production. The H1 of the pH1N1 IAV was substantially novel to most individuals less than
approximately 60 years of age when the virus began circulating in humans. Initial exposure of these
individuals to the pH1N1 virus through infection or vaccination generated anti-HA Abs that were
broadly cross-reactive with head and stalk epitopes of multiple influenza strains [26,35,36]. In particular,
the strong anti-stalk response to pH1N1 vaccination contrasted with the almost entirely head-directed
response after seasonal influenza vaccination. It is now appreciated that strong anti-stalk Ab production
after pH1N1 infection or vaccination reflects the novelty of the HA head domain [35]. As a result,
numbers (and/or affinities) of preexisting MBCs reactive with the pH1 head are reduced, competition
with stalk-reactive MBCs is lessened, and the anti-stalk Ab response is increased. The scenario is very
similar when individuals are infected or vaccinated with avian IAVs, such as the H5N1 and H7N9
subtypes, which express head domains that are highly novel to most humans and stalk domains that
are strongly conserved with those of seasonal IAVs. Responses to novel avian IAV HAs in adults are
characterized by strong production of anti-stalk Abs, reflecting activation of preexisting stalk-reactive
MBCs largely in the absence of competition from head-reactive MBCs [37,38]. Notably, the anti-HA
response to avian H7N9 IAV infection consists of an early phase of broadly reactive anti-stalk Ab
production, followed later by production of HAI-mediating Abs against the H7 head [39]. This pattern
likely reflects early stalk-reactive MBC activation, then formation and maintenance of GC reactions that
support affinity maturation of head-reactive B cells. These could include naïve B cells recruited into the
response and low affinity MBCs that were not driven to PB formation. Apparently, the potent immune
stimulus provided by avian IAV infection increases GC output, resulting (eventually) in production of
efficiently neutralizing anti-HA head Abs that are not generated by a single dose of avian influenza
vaccine [40].

3.4. MBCs and Imprinting of Antibody Responses to the HA Stalk

An effect of early-life imprinting on the character of an individual’s Ab response to the HA head
following IAV infection is well-established [13], but it is less clear whether responses to the stalk are
also impacted. A possible scenario is that the first influenza subtype (H1N1 or H3N2) responsible for
significant early-life infection imprints (through MBC expansion) not only a pattern of responsiveness
to HA head epitopes, but also the potential to respond strongly to group 1 (e.g., H1) or group 2 (e.g., H3)
HA stalk domains. In support of this is evidence that stalk-specific B cell lineages are established early
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in life and are determined in part by the subtype of the first infecting IAV [41]. Patterns of anti-stalk
Ab production consistent with imprinting are unlikely to be evident in the response to seasonal IAV
infection. This is because of the competitive dominance of HA head-reactive MBCs and the major role
of anti-head Abs in determining the course of infection) [42]. However, the situation is very different
when the HA of the infecting virus is highly novel and early anti-HA Ab production is essentially
dependent on activation of preexisting MBCs reactive to the conserved stalk. This is the situation
following avian IAV infection, where recovery might depend on the magnitude of anti-stalk production.
Notably, Gostic et al. [43] provided evidence that individuals imprinted by a first infection with an
H1N1 (group 1 HA) or an H3N2 (group 2 HA) IAV have a less severe disease when infected as adults
with the avian IAVs H5N1 (group 1 HA) or H7N9 (group 2 HA), respectively. Possible explanations are
higher baseline levels of circulating anti-stalk Abs or larger MBC populations reactive to the stalk of the
avian HA. Recently, Tesini et al. [13] provided evidence that group 2 HA stalk-specific MBC populations
expanded by seasonal H3N2 (group 2 HA) infection were largest in individuals imprinted by early-life
H3N2 infection; the same was not true for group 2 HA stalk-specific Ab levels. This suggests that
the imprinting effects described by Gostic et al. [43] are mediated by expanded stalk-reactive MBC
populations that cross-react with either the group 1 or group 2 HA stalks of heterosubtypic IAVs.

3.5. Extra-Germinal Center Generation of MBCs

The pathways that maintain or expand HA-reactive MBC populations after IAV infection are
not fully understood. For instance, it is unclear whether preexisting IgG MBCs activated in the SPF
generate both PBs and MBCs via extra-GC pathways or whether MBCs are only generated in GCs
after some level of remodeling of antigen reactivity. In the absence of GCs, naïve B cell activation
can produce IgG MBCs that have not undergone affinity maturation [44,45], raising the possibility of
an extra-GC pathway of MBC formation that maintains/expands IgG MBC populations activated to
generate the early PB response (see Figure 2). In line with this idea is the observation that recently
proliferated, HA-reactive MBCs increase in the circulation 4–6 days after onset of symptoms post-IAV
infection, closely accompanying the initial increase in HA-reactive PBs and Ab levels [13,46]. Notably,
the recent analysis by Tesini et al. [13] demonstrated a close relationship between patterns of early
Ab production after IAV infection measured against a range of HA variants (including OAS patterns)
and patterns of early expansion of MBC populations reactive to the same set of HAs. This result is
consistent with Ab production and MBC formation stemming from activation of the same precursor
MBC. B cell clonal lineage analysis by Ellebedy et al. [46] also indicated that PB and MBC lineages
could have originated from the same activated MBC, but does not exclude a contribution of GCs to at
least part of the MBC lineage.

3.6. Germinal Center Events

A subset of HA-reactive B cells activated by IAV infection enter GC reactions where they undergo
affinity maturation [47]. A proportion of the preexisting MBCs activated by infection become GC B
cells as an alternative to extra-GC differentiation into PBs or MBCs. Activated naïve B cells might also
enter GCs, especially when infection is severe and the response is prolonged [26]. A key determinant of
the fate decision of an activated naïve or memory B cell is affinity for antigen, with high affinity linking
directly to strong T cell help and favoring Ab-secreting cell formation [48,49]. Entry of activated cells
into GCs was associated with an “intermediate” level of T cell help [50]. However, the threshold affinity
requirement for GC seeding could be modulated by increased levels of B cell activating factors in the
infection-associated environment, resulting in GC entry of low affinity B cells that might otherwise
have formed MBCs or been lost from the response [3,27,51,52].

After Ab V-region somatic hypermutation, GC B cells that express BCRs with high antigen affinity
are positively selected for further cell division and mutation or for differentiation along pathways that
generate plasma cells or MBCs. The process of positive selection is not fully understood, but signaling
to GC B cells via the BCR and CD40 plays a central role. A key step is competition between GC B cells
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for antigen displayed on the surface of follicular dendritic cells (FDCs); Ag that is bound with sufficient
affinity by GC B cells is taken up, processed, and presented to secure cognate help from Tfh cells [53].
Importantly, Tas et al. [54] provided evidence that GCs can be seeded by a highly oligoclonal pool of
activated B cells (estimated at 10 s to 100 s of clones per GC). This sets the stage for a combination of two
types of competition between GC B cells within single GCs: intraclonal competition between mutational
variants of the same clone (specific for the same epitope), and interclonal competition between clones
specific for different epitopes on the same or different antigens. In addition to numbers and affinities
of specific GC B cells and antigen abundance and form on FDCs, antigen-intrinsic immunodominance
hierarchies might also play an important role in determining the outcome of interclonal competition in
GCs that (for example) drive selection of HA head-reactive over stalk-reactive GC B cells.

Recent studies of human responses to avian HAs, including H5 expressed by a replicating
adenovirus, provide evidence that GC activity continues for many months after immunization [32,33].
It is, therefore, reasonable to expect long-lived GC reactions after seasonal IAV infection, allowing
factors such as affinity-matured Abs or a general reduction in available antigen to continue to influence
selection of GC B cells and drive affinity maturation. The signals that direct selected GC B cells along
the plasma cell or MBC differentiation pathways before exiting the GC are similar to those responsible
for extra-GC fate decisions. Generally, high affinity GC B cells that acquire antigen efficiently and
receive strong T cell help form plasma cells; lower affinity B cells enter the MBC pool [47]. Experiments
in mice indicate that GCs initially generate mostly MBCs and then switch after two or more weeks
to plasma cell formation [31]. MBC formation after fewer rounds of selection would limit the extent
of adaptation to the HA of the infecting virus, but might provide the advantage of expanding MBCs
with greater breadth of reactivity. The temporal switch in GC output from MBCs to plasma cells fits
with ongoing cycles of mutation and selection and the preferential formation of plasma cells from B
cells expressing high affinity receptors. There is nevertheless a degree of affinity maturation of MBCs
generated in GCs. Tesini et al. [13] analyzed responses to seasonal H3N2 infection in the 2012–2013
season when infecting viruses were HA drift variants [55]. Circulating MBCs adapted to the H3 head
domain and perhaps generated during the early phase of MBC production in GCs were detected
within approximately four weeks of symptom onset. However, evidence that HA-reactive MBCs with
increased levels of somatic hypermutation are formed many months after HA exposure indicates
that affinity maturation of MBCs continues long after a switch by GCs to predominantly plasma cell
production (see Figure 2) [32,33].

3.7. Regulation of the Anti-HA Response by MBC-Derived Antibodies

Preexisting anti-HA Abs and anti-HA Abs generated at various stages after IAV infection are
thought to play an important role in regulating the fine specificity of the anti-HA Ab response [15].
The anti-HA Abs could block B cell recognition of particular epitopes/antigenic sites by epitope
masking or more generally suppress the response by facilitating HA removal through Fc-mediated
mechanisms [56,57]. Epitope masking by preexisting Abs does not fit with the observation that patterns
of HA-reactive Ab production early in the response to IAV infection directly reflect OAS hierarchies
of HA-reactive Ab levels in the circulation prior to infection [13]. An important consideration is
whether or when preexisting circulating Abs have sufficient access to sites of immune response
generation to exert a regulatory influence. For instance, circulating Abs might always have ready
access to events in the spleen, but might not reach high levels in lymph nodes responding to IAV
infection until anti-viral responses commence in the respiratory tract and extend to draining lymph
nodes [58,59]. We suggest that preexisting circulating Abs have little if any effect on MBC activation
in the SPF of local lymph nodes; this component of the response generates the first anti-HA Abs
and is primarily regulated by MBC competition. Furthermore, we speculate that Abs resulting from
early MBC activation in the SPF play a key role in response regulation by mechanisms like epitope
masking. Perhaps most important is the potential for these Abs to regulate positive selection in GCs,
a possibility suggested by the close proximity of the SPF and B cell follicles. Free Abs might enter
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GCs and interact with antigen on FDC networks, or bind antigen outside GCs and enter as immune
complexes. Zhang et al. [60] demonstrated that Abs enter GCs, bind antigen held on FDCs, and
compete with GC B cells in an affinity-dependent way. Through these mechanisms, Abs derived
from preexisting MBCs could facilitate affinity maturation of responses to drifted epitopes on the HA
head [61]. In the case of MBC-derived anti-stalk Abs, GC B cell selection would be shifted towards
targeting the immunodominant HA head [62].

4. Summary

Our goal in this review is to combine observations from human and animal studies to provide a
picture of the HA-specific B cell response to IAV infection in adults. A critical determinant of the nature
of the response in adults is the HA-specific B cell memory established by HA exposure through IAV
infection and vaccination over many years. Of central importance is the composition of an individual’s
HA-reactive MBC pool, a population that even in adulthood reflects the imprint of early-life HA
exposure and is responsible for OAS patterns of Ab production early in the response to IAV infection.
PB formation from activated preexisting MBCs with high affinity for the HA of the infecting virus
optimizes the protective efficacy of the initial wave of anti-HA Abs. We emphasize MBC competition
as a key determinant of the patterns of activation of preexisting MBCs. The novelty of the HA of
the infecting virus has a profound influence on the outcome of MBC competition and (for example)
determines the strength of Ab production against the HA stalk. Preexisting MBC activation generates
cells that along with activated naïve B cells, seed GCs for generation of MBCs and plasma cells
adapted to variant/novel HA epitopes. This process involves another form of B cell competition, the
competition between GC B cells for antigen held by FDCs; acquisition of this antigen is a prerequisite
for positive selection. We suggest that Abs resulting from preexisting MBC activation, more so than
preexisting circulating Abs, play an important regulatory role in positive selection through epitope
masking. Depending on the epitope specificity of Abs derived from preexisting MBCs, GC B cells will
be refocused on the immunodominant HA head or on particular drifted head epitopes. Our review
also considers the generation and expansion of MBCs at different points in the response to both
maintain OAS response patterns and adapt to emerging HAs. Our increasing understanding of MBC
competition, immunodominance hierarchies, and Ab regulation of B cell responses will continue to
guide development of vaccine composition and administration strategies to optimize B cell-mediated
protection generated against IAV infection [63–67].
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Abstract: Influenza virus infection is responsible for significant morbidity and mortality in the pediatric
and pregnant women populations, with deaths frequently caused by severe influenza-associated
lower respiratory tract infection and acute respiratory distress syndrome (ARDS). An appropriate
immune response requires controlling the viral infection through activation of antiviral defenses,
which involves cells of the lung and immune system. High levels of viral infection or high levels of
inflammation in the lower airways can contribute to ARDS. Pregnant women and young children,
especially those born prematurely, may develop serious complications if infected with influenza
virus. Vaccination against influenza virus will lead to lower infection rates and fewer complications,
even if the vaccine is poorly matched to circulating viral strains. Maternal vaccination offers infants
protection via antibody transmission through the placenta and breast milk. Despite the health benefits
of the influenza vaccine, vaccination rates around the world remain well below targets. Trust in the
use of vaccines among the public must be restored in order to increase vaccination rates and decrease
the public health burden of influenza.

Keywords: pediatrics; influenza virus; vaccines; pregnant women; ARDS; lung; morbidity;
vaccination rate

1. Introduction

Influenza virus infection is a major cause of morbidity and mortality around the world, with over
3 million individuals developing severe disease and resulting in hundreds of thousands of deaths
per year [1]. Some of the most vulnerable populations include pregnant women and young children,
making these groups a high priority target for vaccination. Individuals who are less than 21 years
old are considered to be in the pediatric group and subsets include neonates (0 to 28 days), infants
(29 days to 2 years), children (2 years to less than 12 years), and adolescents (12 years to 21 years) [2].
For individuals who are less than 5 years of age, pediatric influenza-associated infections are estimated
at 90 million cases per year, with 1 million cases of influenza-associated severe acute lower respiratory
tract infection and 28,000–111,500 deaths, the majority of which occur in developing countries [3].
Children less than a year of age are particularly susceptible to infection as they have little pre-existing
immunity and may be too young to be vaccinated, relying upon transferred maternal immunity to
protect against infection [4–7].

Several studies report that in fatal cases of influenza virus infection, increased inflammation,
and virus are found in the alveoli [8–13]. Disruption of the alveolar region due to viral infection and
increased inflammation can contribute to the development of acute respiratory distress syndrome
(ARDS), which is a major health concern for children and pregnant women [14–17]. Vaccination
can help prevent infection, which will, in turn, prevent acute lower respiratory tract infections and
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ARDS. Vaccines are either in the form of Inactivated Influenza Vaccine (IIV) or Live Attenuated
Influenza Virus (LAIV) [18]. Current influenza vaccines target predominately the variable region of
the hemagglutinin protein. This can allow for viruses to escape the immune system via mutation,
leading to vaccine mismatch and increased viral spread [19–27]. Scientists are continuing work to
develop a universal influenza vaccine that targets a less variable region of the influenza virus and
is thus protective against a greater breadth of viral strains but, while substantial progress has been
made, challenges remain [28–30]. This review will discuss our current understanding of the immune
response to influenza vaccination, with a focus on the benefits of vaccinating pregnant women and
children against influenza virus.

2. Body

2.1. Background

Influenza virus is a single stranded, negative sense Orthomyxoviridae RNA virus with a genome
that contains 8 genomic segments [31]. Influenza A and B viruses include the hemagglutinin
(HA), neuraminidase (NA), nucleoprotein (NP), matrix protein 1 (M1), matrix protein 2 (M2/BM2),
nonstructural protein 1 (NS1), nonstructural protein 2 (NS2) and the RNA polymerase complex (PA,
PB1 and PB2), as illustrated in Figure 1. The strain of influenza A virus is defined by the combination
of HA and NA proteins, of which there are 18 and 11 distinct subtypes identified, respectively [31].
HA subtypes are classified as group 1 (H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17, and H18) or
group 2 (H3, H4 H7, H10, H14 and H15) [28]. While influenza A virus remains the major focus of public
health officials, the pathogenic potential risk of influenza B virus infections must not be ignored [32,33].
In fact, several studies implicate influenza B viral infection as a substantial health concern in the young
pediatric population [34–36]. Both molecular and host determinants, such as increased viral replication,
host cell death, host antiviral gene response, degree of pre-existing immunity, and transmissibility,
can contribute to the pathogenicity of influenza virus [37].

Figure 1. Diagram of the Orthomyxoviridae influenza virus. The virus consists of neuraminidase (NA),
matrix protein 1 (M1), matrix 2 proton pump (M2), hemagglutinin (HA), polymerase acid subunits
(PB1, PB2, PA), non-structural (NS1, NS2) and nucleoprotein (NP). Current vaccine strategies target
the head regions of HA, which are highly variable between viral strains. Universal influenza vaccines
target less-variable regions of the virus, such as the HA stalk, which will provide coverage for a range
of influenza virus strains.

Given the relatively error-prone nature of the influenza virus RNA polymerases, mutations
are often introduced which can result in viral escape from host immunity through the process of
antigenic drift. Such mutations often are selected for in HA as they can lead to an escape from viral
neutralization [19–23]. However, antigenic drift can also be seen in other viral proteins [24,25,27,38].
Alternatively, antigenic shift can occur when viral gene segment recombination results in formation of
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a novel virus against which there is little pre-existing host immunity [39,40]. As the general population
is often relatively immunologically naïve to a shifted viral strain, such a virus may be able to spread
rapidly across the globe potentially causing an influenza pandemic [41–44]. Given that animals, such as
birds and pigs, are reservoirs for influenza virus, viral surveillance is an important way to monitor
for dangerous viral reassortment [31]. Approaches to monitor influenza virus in animals have been
developed, such as the One Health program, in order to better understand how virus can spread to
humans thereby affecting public health [45,46]. Containing the spread of influenza virus through
vaccination efforts, especially in low- and middle-income countries, is a key way to help protect public
health of the population, but in particular children and pregnant women.

2.2. The Host Immune Response to Influenza Virus Infection

The host response to influenza virus can limit viral infection within the lung, thereby protecting
host health. However, failure to appropriately regulate this response can lead to damage of lung alveoli
due to excessive inflammation or cytolysis of lung cells due to viral infection. The result is impaired gas
exchange, which is a major morbidity associated with influenza virus infection. Figure 2 summarizes
factors that are responsible for protecting the host against infection with influenza virus. These include
epithelial cells, cells of the innate immune system, the adaptive immune system, cytokines, chemokines,
antibodies, and surfactant proteins.

Figure 2. Factors involved in defense against influenza virus infection, which can also contribute to
lung damage and ARDS. Cells of the immune system (e.g., macrophages; T cells; B cells; neutrophils)
and lung (e.g., alveolar epithelial type I AECI; alveolar epithelial type II AECII; ciliated cells; goblet
cells) in addition to factors such as surfactants, mucins, and antimicrobial proteins, interact to protect
the host from influenza virus. Direct cytopathic effects of influenza virus infection and excessive
inflammation lead to damage of alveoli, which can compromise respiratory function.
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Influenza virus first targets epithelial cells of the proximal respiratory system through HA binding
to α2,6-linked sialylated proteins (reviewed in [21,47,48]). Binding and/or internalization of the virus to
cells of the epithelium leads to intracellular signaling that alters ion transport, contributing to symptoms
of infection [49]. Antiviral responses are initiated, including the release of antimicrobial peptides such
as surfactants, mucins, LL-37 and β-defensins, which decrease viral binding to epithelial cells and
promote recruitment of innate immune cells such as neutrophils [47,50,51]. Surfactant proteins are
capable of binding to virus, which helps to limit infectivity and disease severity [52–55]. Upon infection,
respiratory epithelial cells sense virus through Toll-Like Receptors (TLRs), retinoic acid-inducible gene
I (RIG-I), NOD-like receptors (NLRs), and melanoma differentiation-associated 5 (MDA-5), leading
to the expression of type-I and type-III interferons (IFN), interleukin-6 (IL-6), IL-1β, IL-18, and other
pro-inflammatory cytokines and chemokines [56–59]. Some of these cytokines and chemokines cause
immune cells to extravasate from blood vessels into the site of infection in order to combat the pathogen.

Following influenza virus infection, a classic antiviral response occurs. Among the first cells to
become activated are macrophages and dendritic cells, which are critical for the initiation of the antiviral
response and instruction of developing adaptive immunity [60,61]. Many subtypes of dendritic cells
are present, some of which are capable of presenting antigen to both CD4+ and CD8+ T cells [62].
Delivery of antigen to draining lymph nodes via lymphatic vessels is an important step in activating T
cells [63,64]. Dendritic cells are targeted by influenza virus infection, which can impair the development
of the adaptive immune response [65]. Once activated, CD8+ T cells will kill virally infected cells,
with an important role for lung tissue-resident memory CD8 T cells (Trm) in generating rapid antiviral
responses upon host reinfection [66,67]. CD4+ T cells also contribute a multiplicity of functions to
anti-influenza immunity, including promoting CD8+ T cell function (activation, expansion, positioning,
and memory formation), the innate immune response, help for the B cell response, and independent
cytotoxicity [68,69]. T follicular helper cells, a specialized CD4+ T cell subset, provide cognate help for
both the extrafollicular and germinal center B cell responses [70–72]. Antibody secreting cells (ASCs)
then home to tissues such as the bone marrow, where they receive survival factors that allow for long
term survival, imparting immunity via the high levels of antibody they secrete [73]. An alternate fate
upon B cell activation is to become a memory B cell [74–76]. In the case of influenza virus, T cells and B
cells recognize viral components including both the surface proteins (HA and NA) and the internal
virion proteins (NP, NS1, and M1); see Figure 1 [69]. Detectable levels of class-switched antibody are
found approximately two weeks following influenza infection [77,78]. These high-affinity antibodies
can then act to interfere with viral binding, viral replication, or target infected cells for killing via
mechanisms such as antibody-dependent cellular cytotoxicity (ADCC) [79,80]. Following successful
viral clearance, cells of the immune system become relatively quiescent once again, leaving a pool of
memory T and B cells in addition to protective antibodies that will lead to resistance against future
influenza infection [81–83].

2.3. Acute Respiratory Distress Syndrome and Lung Damage as a Consequence of Overwhelming
Viral Infection

If the host is unable to control viral infection, respiratory morbidities can occur. One such morbidity
is the development of ARDS, which is characterized by pulmonary edema, hypoxemia and a high
mortality rate [15]. Infectious agents are just one of many potential causes of ARDS, with both direct
influenza virus infection and the anti-influenza immune response contributing to damage of the
respiratory tract and ARDS development [17]. In pregnant women and young children, ARDS is a rare
but major health concern following infection with influenza virus [14,15], with one study demonstrating
influenza virus infection to be a factor contributing to a higher risk of death in pregnant women with
ARDS [16].

There are many examples of how viral and host factors promote the generation of inflammation
in the lung, which is a hallmark of severe influenza-like illness. One report demonstrated that the
glycosylation state of HA controlled levels of proinflammatory cytokines produced by human lung
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epithelial cells [84]. Also, influenza viruses that were selected to infect human epithelial cells became
more pathogenic by adaptation to the host, thereby increasing illness severity [85]. It is well known
that viral factors, such as NS1, downregulate the production of interferons, thereby decreasing the host
antiviral response [86]. While gas-exchanging alveolar type I epithelial cells can generate an antiviral
response, high viral loads can overwhelm this and lead to compromised lung function [87,88]. In some
severe cases of influenza virus infection, virus and inflammation were noted in the lower respiratory
tract or alveoli, with resulting cellular damage (Figure 2) [8,9,11–13,89]. Additionally, neutrophils
have been implicated in the pathophysiology of alveolar damage following infection with influenza
virus [90]. IL-8/CXCL8 and GM-CSF, which are neutrophil chemotactic agents, are produced by primary
human alveolar epithelial cells and may exacerbate the inflammatory process in alveoli, thus increasing
the likelihood of developing ARDS [91]. TLR3-expressing CD8+ T cells were also found in areas with
diffuse alveolar damage in a group of patients who died of severe influenza virus infection [92]. These
findings suggest several potential interventions aimed at limiting alveolar damage through control of
excessive inflammation that may help to reduce the risk of developing ARDS.

Controlling viral load and the resulting pulmonary inflammation through vaccination pre-exposure
and use of therapeutics post-exposure could help to decrease lung damage and the resulting respiratory
morbidity. In support of this, ferrets and mice that were administered human immunoglobulins had
a reduction in viral load as compared to control animals that did not [93], with decreased weight loss,
decreased mortality, and protection against challenge with H1N1 virus [94]. Similarly, data suggested
that a high viral load and a strong cytokine response contributed to mortality in humans infected
with H5N1 influenza virus [95]. One recent study demonstrated that children between one and five
years of age had higher viral loads compared to older children, perhaps contributing to their increased
susceptibility to influenza virus infection [96]. While these results seem to indicate that decreasing viral
load would lead to improved outcomes, a recent phase III clinical trial demonstrated that transfer of
sera containing high levels of anti-influenza antibody into patients with severe influenza virus infection
did not lead to detectable benefit [97]. However, administration of some anti-influenza virus antibodies
have been shown to reduce viral loads in humans [98]. Additional work will be required to determine
whether antibody treatments will help to reduce influenza virus load and decrease disease severity.

Following clearance of the infection, lung repair occurs via a complicated interplay between the
immune system and epithelium [99–102]. Ineffective repair of alveoli following infection has also been
implicated in the development of ARDS [15]. Thus, the interaction between the lung and immune
system is the key not only to anti-viral responses, but also for post-infection healing. Unfortunately,
basic information regarding the interaction of cells found in human lung is lacking in the field of
lung biology. Work from our group is attempting to unravel the crosstalk between epithelial cells and
immune cells in the developing human lung [103–105]. Such information and the experimental models
that have been developed will be useful in future studies aimed at identifying treatments to prevent
ARDS or encourage lung healing.

2.4. The Pediatric Immune System is Different than that of the Adult

Differences in immunologic function between young children and adults likely contribute to the
increased susceptibility of children to influenza virus infection. The immune system of young children
is characterized by a higher frequency of naïve antigen-specific cells [106,107]. This population also
tends to have an overall higher number of circulating T and B cells that decreases drastically by six years
of age [108]. An increase in regulatory T and B cells is also noted in neonatal blood samples [109–113].
Despite the increase in the frequency of regulatory T cells in neonatal blood, the functional ability of
neonatal regulatory T cells to suppress dendritic cell function and to blunt the immune reaction is
diminished relative to adults [114]. Additionally, cells of the pediatric innate immune system, including
monocytes and dendritic cells, tend to be less stimulatory (e.g., increased IL-10 and decreased IL-12,
IL-1β, and IFN-α) when challenged with TLR agonists versus adults [115,116]. This leads to decreased
antigen presentation and T cell co-stimulation capacity. Neutrophil function, such as the generation
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of reactive oxygen species and neutrophil extracellular traps, is also reduced in neonates relative to
adults [117]. These characteristics of the pediatric immune system may contribute to the increased
morbidity of children upon infection with influenza virus and the need for children to receive two
doses of IIV vaccine. Efforts are underway to produce adjuvanted vaccines to help prime a more robust
immune response (see below).

2.5. Alterations in the Immune System and Epithelial Barrier of the Preterm Infants Versus Term Infants

Infants born preterm (<37 weeks gestational age) face a variety of long-term health morbidities.
While the threat of developing sepsis is a major concern for all neonates, the concern is even greater
for preterm infants [118]. Hyporesponsiveness of monocytes to stimulation and decreased TNF-α
responsiveness in non-classical monocyte activation have also been noted in preterm infants, especially
prior to 30 weeks gestational age, and may contribute to sepsis risk [119,120]. Infections that are known
to cause sepsis compromise the epithelial barrier of the lung and gut, leading to decreased expression
of several TLRs and easier access of infectious agents to the underlying tissue, facilitating development
of infections [121]. Furthermore, antimicrobial factors such as LL-37 are lower in preterm cord blood
versus full term controls, which could be reflective of impaired antimicrobial potential in preterm
infants [118]. Work involving our group has shown that preterm B cell responses to the influenza virus
vaccine actually generate a higher peak level of influenza virus-specific antibody versus term controls,
with levels equalizing by 9 months after vaccination [122,123]. We have also reported that CD4+ T
cells found in cord blood from preterm infants who are exposed to inflammatory stimuli in utero are
more likely to produce proinflammatory cytokines, including IL-6 [124]. These studies are just some
examples of studies found in the literature that illustrate how the immune system of preterm infants is
different from term infants.

An additional complication of preterm birth is abnormal lung development. Bronchopulmonary
dysplasia (BPD) is a chronic lung disease characterized by inflammation and arrest of alveolar
development that affects 30–60% of infants born preterm [125–128]. Studies suggest that part of the
oxidative and mechanical damage is the result of respiratory ventilation [129]. One paper suggests
that BPD could predispose infants to developing pediatric ARDS [130]. Of note, a recent study from
Australia reports that children with BPD have an increased incidence ratio of being hospitalized due
to influenza-related illness (9.0 ratio for children 0–10 years old and 41.6 for the 0–2 year old age
range) [131]. Additionally, the length of hospital stay for children with BPD was 7 days longer than for
children with cystic fibrosis or other chronic lung diseases. Thus, children who are born preterm and
develop BPD are at particularly high risk for developing severe influenza illness.

2.6. Vaccination Strategies for Protecting Public Health Vary Across the World

Influenza vaccine is administered primarily through intramuscular injection (inactivated subunit
or split virus) or spraying intranasally (live attenuated influenza virus). Typically, vaccines contain
three or four strains of virus (trivalent or quadrivalent respectively), including two influenza A strains
(H1 and H3), and one or two influenza B strains [18]. A vaccine is considered to confer protection if
post-vaccination serum can inhibit influenza mediated hemagglutination in vitro at a one to forty or
greater dilution, although higher HAI titers may be necessary to achieve similar levels of protection in
children [132]. Ultimately, the goal of vaccination is to reduce the rate or severity of infection. This can
occur by antibodies that interfere with viral binding to target cells (e.g., neutralization) or by inhibiting
the “life-cycle” of the virus (e.g., by preventing viral release from infected cells). Antibody-dependent
cellular cytotoxicity is another mechanism for killing virally infected cells, which illustrates another
important function that antibodies have [79,80]. In addition to antibodies, a recall response of memory
CD4+ and CD8+ T cells allows for protection against influenza virus infection [133,134].

Recommendations for vaccinating children and pregnant women vary around the world. In the
United States and Canada, it is recommended that all infants and children greater than 6 months of
age be vaccinated using IIV, with administration of LAIV only in children greater than 24 months of
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age due to a reported increased risk of post-LAIV wheezing in infants [135,136]. As children may be
relatively immunologically naïve to influenza virus, those younger than 9 years of age initially receive
a priming dose of vaccine followed by a booster vaccine dose at least 28 days later [136]. In addition,
IIV administration is recommended for women who are or will be pregnant during the influenza
season [137]. Although the immune system of preterm infants is relatively immature, immunizations
are typically given at the same chronological age as in term infants [138,139].

Despite broad recommendations for influenza vaccination in some countries, the World Health
Organization (WHO) reported that in 2014, only 59% of member countries had vaccination programs
in place [140]. Given that 41% of countries did not have vaccination programs in place, the chances
for the spread of influenza virus is quite high. Viral reassortment can occur in birds and pigs, which
has contributed to the generation of novel pandemic influenza virus strains [141,142]. By decreasing
the number of people infected via routine vaccination, there is likely to be a decreased chance for
coinfection of birds and pigs with human and animal influenza virus, thus decreasing the chances of
reassortment mutants that could become pandemic. Furthermore, if a country has a vaccination plan
in place, rapid administration of vaccines in the case of a pandemic would be possible [143]. Amongst
members of the European Union there is great variability in influenza vaccination requirements [144],
with a set goal of a 75% vaccination rate in the high-risk population, but actual vaccination rates that are
much lower [145]. Countries with low- to middle-income typically have low vaccination rates against
influenza virus [146]. Individuals living in these countries face a higher disease burden than individuals
from higher-income countries [147]. In countries that do have influenza immunization programs, fewer
than half recommended vaccinating pregnant women and less than a third recommended routine
vaccination of children [140]. Regardless of recommendations, influenza vaccination rates remain
suboptimal and demonstrate substantial variability by age, location, and season. In the US, the goal is
to vaccinate 70% of the population, but only around 40% of adults were vaccinated each year between
2010 and 2016 [148]. Similarly, one Canadian study reported that, on average, only 29% of respondents
had been vaccinated in a given year between the 2006 and 2013 influenza seasons [149]. Furthermore,
one study shows that less than half of pregnant women in the United States were vaccinated over
three consecutive influenza seasons [150]. Highlighting the importance of vaccination, a study of
358 laboratory-confirmed influenza-associated pediatric deaths between 2010 and 2014 reported that
vaccination coverage was low (26% overall and only 31% of high-risk patients) [151]. Unfortunately,
children delivered prematurely have higher health risks associated with birth during the influenza
season and a higher risk for being admitted into the hospital than full-term children [131,152,153],
yet a recent study demonstrated that late preterm infants were less likely than term infants to be
appropriately vaccinated against influenza by 36 months of age [154]. These data highlight the
importance of efforts to increase overall influenza vaccination rates among both pregnant women
and children.

2.7. A Key Role for Maternal Vaccination in Protecting Young Infants Against Influenza

The World Health Organization has identified pregnant women as a priority group for receiving
influenza vaccines [155]. Pregnant women are particularly susceptible to developing severe influenza
illness and have an increased risk for hospital admission, although the mortality rate compared to
non-pregnant women may not be increased [156–158]. Overall, it has been established that vaccinating
pregnant women is safe, with no evidence demonstrating a link between immunization during
pregnancy and adverse outcomes in offspring [159–165]. Infants born to mothers who were vaccinated
against influenza may have a decreased rate of preterm birth, low birthweight, and stillborn birth,
although establishing a causal relationship is challenging [160,166–171]. Infants born to mothers who
were severely sick with H1N1 influenza infection have been shown to have an increased risk of preterm
birth, decreased 5 min Apgar scores, and an increased risk of death [172–174]. These data support
vaccinating pregnant women to help improve the health of both the mother and child.
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Benefits to the fetus from maternal vaccination against influenza virus include transfer of
maternal antibody through the placenta. This is critical for protecting neonates and infants less
than six months of age against severe influenza virus infection requiring hospitalization, as these
infants are too young to be vaccinated [7,153]. Studies have demonstrated that some isotypes of
anti-influenza antibodies cross the placenta and result in higher HAI titers in cord blood compared
to placebo recipients [175], with protective antibody transported to the fetus in as little as two
weeks post-vaccination [176]. Transplacental transport of antibodies requires expression of the
neonatal Fc receptor expression, with IgG, especially IgG1, being effectively transported into
fetal circulation [177,178]. Importantly, decreased rates of acute lower respiratory tract infection,
influenza virus infections, and influenza-related hospitalizations were reported in infants following
maternal vaccination during pregnancy [179–181]. While vaccination at any point during pregnancy is
recommended, children born to mothers who were vaccinated more than 4 weeks prior to delivery
and during the second or third trimester had higher antibody titers against the A(H1N1) virus when
compared to those who were born to mother that were vaccinated in the first trimester [182].

Another benefit of maternal vaccination is transfer of protective antibodies to children via
breastmilk. This is particularly important for antibodies of the IgA isotype, which are not passed
through the placenta [183,184]. Vaccination of breastfeeding mothers with IIV resulted in significantly
higher HAI titers in serum and IgG and IgA levels in breast milk as compared to vaccination using
LAIV, suggesting that IIV may be the preferred vaccine for use in breastfeeding mothers [185]. Given
that preterm infants have lower levels of IgG antibody transferred via the placenta, antibody transferred
via breastmilk may be of particular importance to decrease influenza virus infection in the preterm
population [186,187]. Of note, milk from mothers who delivered prematurely had lower levels of total
IgG and IgM but not IgA as compared to mothers who delivered at term [186]. Increasingly, preterm
infants are being fed human donor breast milk, which contains significantly lower concentrations of
IgM than non-donor milk, possibly due to the pasteurization process. However, administration of
any antibody through donor breast milk would logically be better than receiving none at all. Several
recent studies have focused on antibody transfer to the stomachs of preterm infants. Antibodies have
been shown to be more stable in the gastric contents of preterm infants versus term infants [186],
with influenza-virus-specific IgA antibodies being more stable in gastric contents of preterm infants
regardless of whether milk is from the birth mother or from a donor [188].

In addition to antibodies, other bioactive molecules are found in breast milk, including cytokines
and human milk oligosaccharides (HMOs) that have been shown to inhibit viral entry into cells [189–191].
Furthermore, cells are transferred to the infant via breastfeeding, which could play a role in shaping
the neonatal and infant microbiome [192]. Of note, studies have shown that HMOs fed to mice could
be transferred into circulation, had no observable adverse health effects and improved the immune
response to influenza virus infection [193–195]. In adult humans, HMO ingestion was well tolerated in
a two-week oral administration regiment [196]. Thus, breast milk offers a variety of factors in addition
to antibodies that help to protect offspring against influenza virus infection. Taken together, the above
factors contribute to improved maternal and fetal health afforded by vaccinating pregnant women
against influenza virus.

2.8. Adjuvanted Influenza Vaccines

Due to the overall poor immunogenicity of influenza vaccines, the use of immune adjuvants
is being evaluated as a strategy to increase vaccine immunogenicity. Several different adjuvants
have been tested in pre-clinical models and clinical trials. These include aluminum salt (alum)
based approaches, oil and water emulsions (MF59, AS03, and AF03), innate immune cell receptor
agonists (e.g., TLRs and the inflammasome), and virosomes (lipid bilayer droplets) [197]. These
adjuvants utilize multiple mechanisms to increase the immunogencity of influenza vaccines, including
activating antigen-presenting cells (APC), increasing antigen uptake by APCs, and recruiting immune
cells to the site of vaccine administration [115,116]. Several clinical trials have been conducted in
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adults and children indicate that the use of AS03 as an adjuvant in influenza vaccines and increases
influenza-virus-specific antibody response [198–204]. Clinical trials using MF-59 as an adjuvant also
demonstrated safety and improved rates of seroconversion in preterm and term infants [205], with more
robust antiviral responses, activation of dendritic cells and an increased CD4+ T cell cytokine response
following administration of an adjuvanted vaccine [206–208]. MF59 has been approved for use in the
United States since 2015 and its use appears to not increase adverse reaction rates [209]. Additionally,
several studies have examined the use of adjuvanted H1N1 vaccines in pregnant women and have
found that these vaccines were well tolerated [210–212]. Although the increased immunogenicity is
strongly advantageous, there is concern for potential adverse effects, including a possible association
between an AS03-adjuvanted monovalent pandemic influenza vaccine and narcolepsy [213–215].
A recent paper reports a higher rate of adverse events reported when the vaccine was administered to
patients outside of the recommended age groups [209]. Reports of adverse events have likely slowed
the uptake of adjuvanted influenza vaccines in vulnerable populations such as pregnant women
and children.

2.9. Increasing Vaccination Rates for Influenza

Vaccines must be considered effective at preventing disease and be regarded as safe [216].
However, adverse reactions do occur and can include fever, febrile seizures, hypersensitivity reactions,
and possibly a small increase in the risk of developing Guillain-Barre syndrome [217,218]. Several
organizations, including the WHO, the European Union, the US government, and independent
agencies have mechanisms in place for tracking vaccine safety [216,219,220]. In the United States,
the Vaccine Adverse Event Reporting System passively documents post-licensure adverse events
following vaccination administration [221]. In Europe, the European Medicines Agency is responsible
for tracking adverse events through the EudraVigilance Program [222]. Such data are valuable,
however, a deeper understanding of additional factors that could have contributed to an adverse event
is necessary in order to minimize the risk of drawing an invalid conclusion associating an adverse event
with vaccination. Vaccinating pregnant women is generally regarded as safe [159–165]. However, some
hesitancy over influenza vaccination is present in this population and the benefit of protecting both the
mother and the fetus needs to be conveyed as outweighing the risk of potential side effects [223–226].

Perhaps not surprisingly, preemptive action is more cost-effective than is reactive action for
a pandemic, although modeling suggests mortality rates don’t differ between preemptive and reactive
responses [227]. It is estimated that in order to prevent one case of influenza, five individuals would
need to be vaccinated with IIV and seven with LAIV [9]. The importance of having a well-vaccinated
population is at the heart of “herd immunity”, where disruption of influenza transmission will lead to
a less severe outbreak [228]. Herd immunity in children has been modeled, with studies suggesting
that a substantial decrease in influenza infection of non-vaccinated individuals is predicted to occur,
but only at very high rates of vaccine coverage (i.e., 90%) [229]. Development of more effective vaccines
and increasing the rate of vaccination will bring the population closer protection from influenza virus
infection [230]. Given the strong benefit of vaccinating pregnant women and children and the low
vaccination rates across the globe, finding effective ways to increase these vaccination rates is critical
for improving public health.

One major reason for vaccine refusal relates to the public’s lack of trust in the pharmaceutical
industry, medical providers, and efficacy of the influenza vaccine [231]. Some work suggests that
mandatory vaccination increases negative feelings and anger regarding vaccines as compared to
voluntary vaccination programs [232]. Such feelings could also lead to a stronger aversion to all
vaccines [233]. A particularly influential factor that has led to mistrust of vaccine safety has been rooted
in the belief that vaccination is associated with children being placed on the autism spectrum [234].
Initial studies making this claim have since been retracted, and subsequent work has not supported this
association [235,236]. Despite this fact, recent studies continue to demonstrate that younger siblings of
children on the autism spectrum disorder are not fully vaccinated [237,238]. This work illustrates the
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long-lasting harm caused by the initial reports linking vaccine administration to autism. Furthermore,
it shows that the general public is still very much concerned with the perceived risk of administering
vaccines to children despite a lack of supporting evidence. Rebuilding confidence in vaccines will
require communication and trust between clinical providers and patients [239,240].

Increasing vaccination rates in low- and middle-income countries will require additional resources
to help offset the cost of development and implementation of vaccination programs [225]. It has
been estimated that global supply of influenza virus vaccine is sufficient to cover pregnant women in
low- and middle-income countries [241]. A recent phase 4 clinical trial demonstrated that developing
a vaccination program for pregnant women is possible in Mali, a low-income country [242,243].
While the Mali study was not sufficiently powered to detect a decrease in ILI, maternal vaccination
studies conducted in Bangladesh and South Africa have demonstrated at least partial protection against
developing confirmed influenza virus infection [175,180]. Unfortunately, due to the lack of sufficient
data for the benefit of developing such programs, the Global Alliance for Vaccines and Immunization
has deprioritized maternal vaccinations against seasonal flu [244–247] while the Global Influenza
Initiative recommends that all pregnant women be vaccinated in their third trimester [225]. This lack of
harmonization between guidelines highlights the additional work needed to develop evidence-based
recommendations for programs in resource poor countries [248]. Regardless, by increasing vaccine
uptake in low- and middle-income countries, not only will human health be improved, but the chances
of virus spreading to an expanded geographical region are lessened. This will help to contain virus
and likely decrease the chance of establishing a pandemic.

3. Discussion

Influenza infection is a serious health concern, especially for pregnant women and young children.
While influenza vaccines are generally considered to be safe, vaccine uptake remains suboptimal.
Vaccination of pregnant women provides protection against influenza infection in both the expectant
mother as well as the infant due to transplacental transfer of influenza-virus-specific IgG antibody.
Additionally, breastfeeding provides antibodies (in particular IgA that is not passed through the
placenta) and immunomodulatory factors to prevent and/or combat influenza infection. These factors
are particularly important in the first six months of life, as active vaccination is not recommended
for this age group. For infants born prematurely, complicating factors such as chronic lung disease
increases the risk for developing severe illness after influenza infection. Despite having an immature
immune system, vaccination is recommended on schedule in this population and has been shown to be
protective. Furthermore, vaccination of these populations will help to guard against the development
of ARDS, which is a major health concern following infection with influenza virus.

Influenza viruses undergoes continuous antigenic drift, which leads to lower than ideal vaccine
efficacy in some seasons. Furthermore, antigenic shifts resulting in pandemic outbreaks is not
uncommon, with 4 pandemics in the 21st century. Next generation influenza vaccines targeted against
highly conserved regions of the influenza virus are being developed that may provide more universal
protection against even potentially pandemic influenza strains. However, even if conventional vaccine
strains of influenza are not well matched to circulating strains, reduced viral shedding and a shorter
duration and severity of illness are often observed in the vaccinated population. Such information
must be effectively disseminated to members of the public in order to improve vaccine uptake,
as misconceptions about influenza vaccine adverse effects and effectiveness remains major obstacles to
improving worldwide influenza vaccination rates.

4. Conclusions

Influenza vaccination reduces the risk of influenza infection, severe disease, morbidity, and death.
Despite this, the rate of influenza vaccination remains well below targets set forth by international
and national health officials. While improving vaccination rates, especially among pregnant women
and young children, is a high priority, additional large-scale studies would be of benefit to generate
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evidence-based recommendations in support of existing programs and to increase public confidence in
current recommendations. In addition, development of more immunogenic and universally protective
influenza vaccines will increase the breadth of protection provided while decreasing the frequency of
vaccination required. Such efforts will be critical to increasing uptake of influenza vaccines and will
improve the health of at-risk populations, such as children and pregnant women.
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Abstract: The human antibody response to influenza virus infection or vaccination is as complicated as
it is essential for protection against flu. The constant antigenic changes of the virus to escape human
herd immunity hinder the yearly selection of vaccine strains since it is hard to predict which virus
strains will circulate for the coming flu season. A “universal” influenza vaccine that could induce
broad cross-influenza subtype protection would help to address this issue. However, the human
antibody response is intricate and often obscure, with factors such as antigenic seniority or original
antigenic sin (OAS), and back-boosting ensuring that each person mounts a unique immune response to
infection or vaccination with any new influenza virus strain. Notably, the effects of existing antibodies
on cross-protective immunity after repeated vaccinations are unclear. More research is needed to
characterize the mechanisms at play, but traditional assays such as hemagglutinin inhibition (HAI) and
microneutralization (MN) are excessively limited in scope and too resource-intensive to effectively meet
this challenge. In the past ten years, new multiple dimensional assays (MDAs) have been developed to
help overcome these problems by simultaneously measuring antibodies against a large panel of influenza
hemagglutinin (HA) proteins with a minimal amount of sample in a high throughput way. MDAs
will likely be a powerful tool for accelerating the study of the humoral immune response to influenza
vaccination and the development of a universal influenza vaccine.

Keywords: influenza virus; humoral response; hemagglutinin (HA) of influenza virus; broad neutralizing
antibody(bnAb); heterosubtypic immunity of influenza; original antigenic sin “OAS”; “universal”
influenza vaccine; protein microarray assay; mPLEX-Flu assay; multiple dimensional assay (MDA)

1. Introduction

Influenza is a global public health problem, causing approximately 300,000–650,000 global deaths each
year [1]. Influenza A and B are the major virus types that infect humans. Antibodies directed against the
head domain of the surface glycoprotein hemagglutinin (HA) of influenza virus have proven to be the major
source of protective immunity, blocking viral binding to the receptors on the target human cell surface
and inhibiting viral entry to target cells. In response to human immunity pressures, antigenically distinct
influenza viruses emerge frequently, caused by continual mutation (antigenic drift) [2], or reassortment
among viruses from different species (antigenic shift) that can lead to a pandemic with high mortality [3,4].
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To date, seasonal influenza vaccines composed of three or four inactivated virus strains are the only
licensed vaccines to elicit or boost protective immunity against influenza viruses in the United States.
However, both antigenic drift and shift necessitate that the flu vaccine be reformulated and re-administered
annually [5]. It is a formidable challenge to select the strains each year to protect against current circulating
viruses based on viral surveillance data of the previous year [6], and to produce a large amount of
antigenically matched vaccine. Developing a “universal flu vaccine” that induces broadly cross-protective
immunity is one strategy to overcome this challenge [7,8].

Antibody mediated immune responses against influenza HA are multi-dimensional, targeting
multiple antigenic determinants (epitopes) within the HA molecule. Antibody mediated responses
are also incredibly complicated, as they are influenced and altered by an individual’s prior influenza
exposure history. This includes factors such as “original antigenic sin” (OAS) [9] (also known as HA
imprinting [10]) and the shared epitopes between proteins from different influenza strains that induce
cross-strain immunity, such as heterosubtypic immunity [11,12]. The effects of pre-existing antibodies on
the B cell response to vaccine strains that contain HA antigenic sites similar to those from prior exposures
are still unclear. Systems serology, the application of bioinformatics to multidimensional data regarding
anti-influenza IgG binding specificity and repertoire in response to vaccination, has emerged as a way to
understand these responses, and to aid in vaccine design.

Because of the complex interplay between pre-existing, circulating, anti-HA antibodies and
human IgG-mediated influenza responses, the first step in comprehensive analysis is measurement
of anti-influenza HA IgG binding patterns against multiple influenza strain HAs. Such measurement
is referred to as multi-dimensional, referring to the multiplicity of influenza strain binding reactions
quantified. Such measurements are critical for understanding how IgG recognition of shared epitopes
across influenza strains can lead to cross-strain protection, and for better defining the functional host
anti-HA influenza repertoire.

Various assays exist to measure the host anti-HA influenza antibody response. The assays currently
used to estimate the HA IgG antibody binding to single HA proteins, such as hemagglutinin inhibition
(HAI) [13,14], micro-neutralization (MN) [15,16] and enzyme-linked immunosorbent assay (ELISA),
all require a large amount of serum sample in order to test the cross-reactivity against an array
of virus strains. These assays are also expensive and time consuming, limiting their usefulness in
unraveling the complexity of cross-reactive antibody patterns to influenza viruses. In contrast, the novel
technology of array-based high throughput multiple dimensional assay (MDA) provides a powerful tool
to comprehensively analyze the presence and effects of broad cross-reactive antibodies (bcAbs) against the
influenza HA protein.

Here, we review the genetic foundations of shared epitopes leading to IgG cross-reactivity between
antigenically similar influenza virus strains, and the contributions of these cross-reactivities to OAS and
subsequent host immune responses to influenza infection and vaccination. The remainder of the review
discusses the technology of MDA, and highlights the application of MDA as a powerful tool for future
influenza immunity studies and universal vaccine development.

2. Hemagglutinin (HA) and Its Antibodies

Influenza viruses, the pathogens that cause flu, belong to the Orthomyxoviridae family, a group of
negative-sense single strain RNA viruses [17]. Influenza type A has two phylogenetic groups based on
amino acid sequence and, to date, 18 HA subtypes: Group 1 (H1, H2, H5, H6, H8, H9, H11, H12, H13, H16,
HA-like H17, and HA-like H18) and Group 2 (H3, H4, H7, H10, H14, and H15) [18]. Influenza A viruses
are further named based on the composition of major surface glycoproteins HA and neuraminidase (NA)
(e.g., H1N1 or H3N2). Influenza type B also has two phylogenetically distinct lineages called Yamagata and
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Victoria [19]. The major source of human protective immunity is the antibodies directed against the head
domain of the HA of influenza virus [20]. HA is the most abundant influenza viral surface glycoprotein
and mediates binding to sialic acid expressed on the surface of target host cells. HA is synthesized as a
polypeptide (HA0) before being cleaved into HA1 and HA2 subunits, which fold into a trimeric spike.
The membrane distal globular head region of HA is composed of HA1 and contains the receptor binding
site (RBS) that the virus uses to bind to host cell sialic acid. The stalk region then mediates virus fusion
into host cells through structure transformation [21].

Protective antibody-mediated immunity against HA is the first line of defense in preventing influenza
virus infection. Such immunity is elicited by prior influenza exposure: infection or vaccination [22,23].
Anti-head HA antibodies typically target epitopes in and around the RBS. Five major B cell epitopes
have been identified for H1 (Sa, Sb, Ca1, Ca2, and Cb) [24] and H3 (Eptitopes A–E) influenza strain
HAs [25]. The HA head region, formed by HA1, is strongly immunodominant, highly mutable,
and strain-specific [26]. The HA stalk region, formed by HA2 as well as the N- and C-terminal ends of
HA1 in an alpha-helical structure, supports the head region of HA [27]. The highly conserved nature of
the HA stalk makes it a promising target for universal influenza vaccines [28–30].

The goal of universal vaccines is to elicit protective broad cross-reactive antibodies (bcAbs), especially
broad neutralizing antibodies (bnAbs). Most head-reactive antibodies are not bcAbs or bnAbs but rather
strain-specific. However, more and more head domain recognizing bnAbs have been identified, such as
KBm2, 5J8 and CH65, which neutralize a broad spectrum of H1 strain viruses in the MN assay [31–33],
and 8M2, which neutralizes many H2 strains [34]. Several head-reactive bnAbs demonstrate heterosubtypic
reactivity, such as C05, F045-92 and S139/1, which recognize the conserved receptor binding pocket on the
HA head [35–38]. These three bnAbs can neutralize H1, H2, and H9, while C05 can also weakly neutralize
the Group 2 H3 influenza virus [35].

Recently, an increasing number of bnAbs have been isolated and identified from the B cell repertoire
after influenza virus infection and vaccination [31,39], targeting both head and stalk regions of HA. Some
bnAbs that target stalk region of HA neutralize a wider range of influenza types and subtypes [18]. Human
monoclonal antibodies CR6261, F10 and A06 were isolated from recently vaccinated donors and shown
to neutralize nearly all Group 1 viruses [40–42], while CR8020 and CR8043 neutralize a wide breadth
of Group 2 viruses [43,44]. Some monoclonal antibodies show broad cross-group influenza A reactivity,
including MEDI8852, 27F3, FI6v3 and CR9114 [45–48]. Notably, there are other in vivo mechanisms
involved in antibody mediated broad-protection, such antibody-dependent cell-mediated cytotoxicity
(ADCC) and antibody-mediated cellular phagocytosis (ADCP)[49–51]. For example, the novel isolated
human mAb FluA-20 was shown to protect mice against lethal challenge with H1, H3, H5 and H7 influenza
A subtype viruses [51]. It binds to an extremely well conserved epitope in the peripheral interface of
the HA trimer, a novel epitope on the head region of HA, with extra high affinity. After binding to HA,
it quickly interferes with the trimeric structure of HA, which blocks viral cell-to-cell spread. This mAb
offered protection from influenza virus infection in vivo, but it did not display neutralizing activity in HAI
or MN assay in vitro studies [51]. This suggests that there are some bcAbs that are able to protect against
influenza virus that would likely be disregarded by traditional assays. BcAbs can be detected by ELISA
and other binding assays, including MDAs, thus highlighting the need for more sensitive assays in the
search for broad cross-reactive antibodies.

One major issue with the evaluation of bnAb activities by traditional HAI and MN assays is that they
can only measure the magnitude of bnAb against specific virus strains, and cannot determine the breadth
of bnAbs against a large panel of influenza strains. In addition, during antibody screening, these assays
most likely omit bcAbs, such as the human mAb FluA-20 [51], as we discussed above, did not display
neutralizing activity in MN assay in vitro.
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3. Complexity of Human Immune Responses against Influenza Virus

The complexity of the human immune response to repeated influenza virus exposure is another
major obstacle to the development of a universal vaccine. Because of the frequent antigenic drift in
circulating influenza strains, humans have more complicated immune responses than can be modeled
in naive animals. Each person has a unique history of influenza virus exposure, leading to pre-existing
immune repertoires that are activated in the event of an immune challenge with an antigenically similar
flu strain.

In 1960, Thomas Francis Jr. reported that antibodies against the first H1N1 flu strain encountered in
life would be produced at high levels throughout a person’s lifespan, to the detriment of future specific
responses to new strains [9]. He coined the term “Original Antigenic Sin” (OAS), now referred to as
imprinting, to describe how a specific immune response to a flu strain can be preferentially directed
at a previously encountered strain. This phenomenon also relates to the cross-protection provided by
pre-existing bcAbs and how the breadth and protective potency of cross-reactive immunity is enhanced by
infection or vaccinations. For example, the lower mortality of older individuals during the 2009 H1N1
pandemic is attributed to the structural similarity between the pandemic 2009 “Swine” flu virus HA and
the pandemic 1918 “Spanish” flu virus HA, suggesting within-subtype cross-strain protection [52–54].
Importantly, in 2016, using all known fatal human cases of H5N1 and H7N9, Gostic et al. [10] found that
childhood H1 and H3 imprinting provided 75% and 80% protection against death from H5N1 and H7N9,
respectively. Because H1 and H5 are found in phylogenetic Group 1, and H3 and H7 are found in Group 2,
these results suggest that antigenic seniority boosts can offer cross-protection against HA subtypes of the
same group [10]. The mechanism of such immune imprinting is unclear, but it has been hypothesized that
after a large number of memory B cells (MBCs) are activated during first influenza virus exposure, the next
exposure to an influenza strain with some mutated and some shared epitopes will show lower de novo
naive memory B cells activation against the new epitopes. This suggests that preexisting antibodies could
play a role in the MBC response, such as accelerating the clearance of influenza antigens or sterically
blocking MBCs from accessing specific epitopes [55,56]. Meanwhile, the MBCs specific for epitopes present
in the first strain would proliferate more since they have been activated again [57]. OAS [58], “antigenic
seniority” [59] and HA imprinting [10] try to describe the effects of pre-existing antibodies on the antibody
response to similar or related influenza virus strains. Due to the multi-dimensional nature of human
immune repertoires, single-dimensional assays are extremely limited in their ability to measure the breadth
of pre-existing bcAb and MBC responses. MDAs, on the other hand, are an ideal tool for measuring
pre-existing bcAb profiles and broad influenza immunity.

4. Multidimensional Assays (MDAs) for Anti-Influenza Antibodies

The gold standard and most widely used assays to evaluate antibody activity against HA and
protection in clinical trials are HAI [13,14] and MN [15,16] assays. Both assays are semi-quantitative with a
single target virus strain providing a discrete ranked readout of one of 8–14 titer values based on two-fold
dilutions of serum samples. Including ELISA, which is less frequently used in influenza studies, all these
common methods are single dimensional assays, which require the user to perform antibody testing for
each strain of interest separately. This process is not only time-consuming and labor-intensive, but also
requires large sample volumes. In addition, these assays are limited in their ability to show the breadth of
cross-reactive anti-influenza antibody response.
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To overcome the limitations of single dimensional assays, novel multidimensional assays (MDAs)
have been developed over the last decade. MDAs are high throughput assays that use protein array
technology to simultaneously measure antibodies against a panel of the HA proteins and peptides of
multiple influenza virus strains in a single test with minimum amount of sample. They can measure the
magnitude and breadth of antibody response against HAs of influenza virus. In general, the purified HA
proteins are immobilized on a solid surface such as microchips, membranes or beads, to keep the native
structure and provide their maximal binding properties. Then, the reactive antibodies are characterized by
binding to the protein, followed by a fluorescent probed secondary antibody that is read by an array chips
reader as median fluorescent intensity (MFI). The HA protein or peptide array offers the advantage of
multiplex capabilities to generate statistically powerful data while conserving time, money, and requiring
minimal sample compared to the traditional assays. While not a functional assay, multiple studies have
confirmed that MDA results correlate well with HAI titers [60–64]. Critical for the understanding of OAS,
“back-boosting”, and the effects of pre-existing cross-strain immunity on current vaccine responses, such
methods allow testing reactivity against a large number of antigenically related and disparate influenza
proteins (generally HA at the moment).

Based on the immobilizing materials, there are two major types of array-based assays currently used
for evaluation of HA antibodies: protein microarray and Luminex assays. The first method involves
printing HA protein on chips to estimate the binding antibodies. The first report of HA protein array assay
was published in 2010 [65], and since then more than 10 publications have shown its powerful potential
to study the breadth of cross-reactivity of HA antibodies on the population level (see the list in Table 1).
At present, 283 HA proteins can be printed on one microchip for maximum efficiency [66]. However, this
process requires expensive and specialized equipment, including a micro-printer and dedicated scanner.

In contrast to peptide arrays, the Luminex-based MDA method, which involves coupling HA protein
to color coded Luminex beads, allows the user increased flexibility to customize the panel by easily
combining multiple strain-specific beads without reprinting the entire panel [63,67]. In addition, Luminex
readers are more widely available now than chip scanners. However, Luminex-based MDAs support
fewer analytes per assay. For example, the Luminex 200 can detect 100 color-coded beads, and the Magpix
analyzer can read 50 coded beads [68].
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Table 1. Multidimensional assay (MDA) methods for detecting antibodies against influenza HA strains

Methods Target Antigen Species Isotype Sample Type(s) Reference

Luminex array

NP, M1 and NS1 proteins Chicken, turkey IgY Serum [69]

Whole HA of H1, H3, Human IgA1, IgG1 Serum [70]
H5, Flu B

Whole HA of H1, Ferret, mouse, IgG, IgA, Serum [67]
H3, Flu B human IgM

Whole HA of H1, Human IgG Serum [71]
H3, H5

Whole HA of H1, H2, H3, H5, Human IgG Serum [63,72–74]
H7, H9, Flu B and MBC culture
chimeric HA

Whole HA of H1, H2, H3, H5, Human IgG Purified mAb [31]
H7, H9, Flu B

Whole HA of H1, H2, H3, H5, Human IgA, IgG Breast milk [75]
H7, H9, Flu B and Infant serum
chimeric HA

Whole HA of H1, H2, H3, H5, Human IgG Serum [64,76]
H7, H9, Flu B and
chimeric HA

H1-16 whole HA, and Chicken IgY Serum [77]
N1-9 whole NA Avian flu

Microarray

Random sequence peptides Human IgG Serum [65]

Head domain of HA of H1, Human IgG Serum or [60–62,78–81]
H2, H3, H5, H7, H9 dry blood spots

H1-H16 and H18 Human IgG Serum [66,82,83]
whole HA protein
and/or HA peptides

H1-H18 whole HA Chicken, duck, bat IgY, IgG Serum [79,84,85]

Arrayed Imaging H1, H3, H6, H5 Human IgG Serum [86]

Reflectometry (AIR) H1-H12 and Flu B Mallard duck IgY Serum [87]

The first Luminex-based MDA, mPLEX-Flu, was developed to characterize the breadth and magnitude
of the IgA, IgM and IgG antibodies against a large panel of whole HA proteins of multiple influenza virus
types and subtypes in 2015 [67]. Our recent comprehensive studies, with novel statistical methods and a
continuous readout across a 4.5 log range, indicated that MDA highly correlated with HAI and MN results,
and with substantially better sensitivity and precision on account of continuous readout [64]. Furthermore,
another study showed that using individual standard curves for each influenza HA strain in the mPlex-Flu
assay to independently calculate IgG concentrations against each virus strain enables the direct comparison
of serum anti-HA IgG concentrations against different influenza HA subtypes [76]. This ability addresses
an essential issue for estimation and comparison of cross-reactivities of influenza antibody against multiple
strains that has always plagued single-dimensional assays including HAI, MN and ELISA. The principle
of the mPLEX-Flu assay is shown in Figure 1.

Based on the above characteristics of MDA, we use the example of a Luminex-based MDA,
the mPLEX-Flu assay [67], to discuss the application of MDA on influenza vaccine development and basic
viral immunity research. The major applications are summarized in Figure 2.
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Figure 2. The current applications of multiple dimensional assays (MDAs). Four major influenza research
applications of MDAs are listed, along with the multidimensional data set that each can generate.

5. Current Applications of MDA

5.1. Determination of the Antigenicity of HA of Influenza Virus

Antigenic cartography was first presented by Smith et al. in 2004 [88] as a way to quantify and
visualize the antigenic differences in evolving flu strains. They used antigenic data from 35 years of H3
influenza surveillance, which consisted of hemagglutination inhibition (HI) titers multidimensional matrix
data from 79 ferret polyclonal antisera against a panel of 273 viral isolates. They used multidimensional
scaling analysis to adjust the position of viruses on an antigenic map such that the linear distance between
two points reflects antigenic difference (calculated by comparing HI titers against other virus strains).
The map revealed the high-level antigenic evolution of H3 influenza viruses from 1968 to 2002. To increase
the efficiency and power of antigenic cartography, MDA could be used instead of HI to generate the
multiple dimensional matrix data that could reveal the antigenic distance of HAs between the variants of
influenza viruses, a technique we demonstrated in 2015 [67,71]. In the study of antigenic drift in 2015–2016
seasonal H1N1 viruses from the pandemic 2009 H1N1 virus [73], the mPLEX-Flu assay was sensitive
enough to detect the antigenic difference of circulation isolates with H1 vaccine strain.

5.2. Identify the Binding Profiles of Broad Cross-Reactive mAb

Isolation and analysis of human monoclonal antibodies from the B cell repertoire of infected
or vaccinated individuals is an important method to measure the B cell response against influenza
virus [26,39,89,90]. As discussed above, broad cross-reactive antibodies (bcAbs) that are able to
protect against influenza virus infection include the broad neutralizing antibodies (bnAbs) and other
cross-reactive antibodies. bcAbs can be estimated by ELISA and MDA binding assays. Based on breadth
of binding, bcAbs can be grouped as homosubtypic (cross-strain reactive within the same subtype
groups), heterosubtypic (cross-reactive between subtypes), and heterophylogenic (cross-reactive across
the phylogenic groups). MDAs can generate comprehensive high throughput data to determine the
broad binding profile for mAb with tremendous efficiency. That will help accelerate research in this
field. For example, KPF1, a human monoclonal Ab, was isolated by Kobies’s lab from a subject who was
immunized with the seasonal influenza inactivated vaccine [31]. Using the mPlex-Flu assay, the broad
binding profile of KPF1 was efficiently clarified. Multiple dimensional data characterizing KPF1 clearly
showed the magnitude and breadth of cross-reactivity of KPF1, and permitted visualization of results
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by a heat-map graph [31]. Importantly, the mplex-Flu assay revealed that the distinct binding profile of
each mAb was different from the others, even though they were isolated from same influenza infection.
This type of experiment demonstrates the utility of MDA assays in rapidly defining the immune repertoire
landscape against multi-antigen HA proteins of multiple influenza strains.

5.3. Detection of the Magnitude and Breadth of Serologic Responses to Influenza Infection or Vaccination

The major goal in developing the mPlex-Flu assay is to quantitatively evaluate the cross-reactivity
of influenza virus antibodies, including IgG, IgA and IgM isotypes. After we established and verified
the mPlex-Flu assay, we applied it for detection of a breadth of cross-reactive Abs elicited by infection
of influenza virus or vaccination with recombinant HA proteins [63] in mice and ferrets. The assay also
provides a comprehensive and efficient way to evaluate the change of broad cross-reactive humoral
immunity after influenza virus infection or vaccination in human clinical studies [72,91]. One of the most
extensive benefits of the application of mPlex-Flu assay to studies of the antibody response of influenza
is to provide more comprehensive data for baseline, before vaccination or infection [64,76]. The high
throughput data of antibody titers helps to improve our understanding of the effects of influenza virus
exposure history, or OAS that we discuss above, as essential factors that shape an individual’s response to
influenza vaccines or infections.

5.4. Detection of Antibodies in B Cell Culture Medium and Body Fluid

The high sensitivity and minimal sample size requirement enable MDA to quantitatively detect
multiple influenza virus antibodies in samples other than serum (i.e., B-cell culture medium [72,74]
and breast milk [75]), which contain low antibody concentration, and with small amount of sample
volume, limit of detection for HAI, and MN single-panel traditional assays. Development of MBCs and
activation of preexisting MBCs are essential features of the B cell response to influenza virus infection and
vaccination [90,92]. Analyzing Abs in the culture supernatants of stimulated MBCs provides an alternative
to ELISpot assay as a readout for HA-specific MBC responses, and facilitates a more comprehensive
analysis of MBC repertoire [72]. HA-specific IgG concentrations in B cell culture medium are highly
correlated with the frequencies of antigen-specific IgG secreting B cells derived from stimulated MBCs or
plasmablasts [63,72,93].

As an example of the utility of combining MDA and in vitro culture experiments, we have
previously analyzed low volume B cell culture samples using the mPLEX-Flu assay for changes in the
size and character of HA-reactive MBC populations after H3N2 influenza infection [72] and seasonal flu
vaccination [74] in a far more efficient and extensive way than could be accomplished with HAI or MN.
We found that the H3-reactive IgG MBC population was expanded after infection induced reactivity to HA
head and stalk domains, and head-reactive MBC populations were broad and reflected prior imprinting
patterns of IgG production, which suggested that early-life H3N2 exposure affected H3 stalk-specific MBC
expansion [72,74]. Similarly, a study examining the correlation between maternal and infant serum and
maternal breast milk anti-influenza HA IgG and IgA patterns during the first 12 months of life showed that
breast milk influenza HA-specific IgG and IgA antibody levels and patterns in breast milk were correlated
with those in serum, except some H5, H4 and H9 HA head-specific Abs. A steady decay of infant influenza
specific IgG levels by 6–8 months of age was also detected. This study strongly suggested that this new
method could be used in a larger clinical study to understand the impact of maternal imprinting and
temporary passive immunity on influenza immunity in the future [75].
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6. Future Applications of MDA

6.1. Population Studies with Micro-Sampling Techniques

When coupled with low volume sampling methods, MDA has the potential to vastly increase
subject sampling numbers for population based studies, while simultaneously yielding comprehensive
data regarding IgG reactivity against multiple influenza strains. For example, a 2014 study used a
protein microarray to monitor the trends of the 2009 influenza A (H1N1) pdm virus in 13 countries from
five continents by screening bloodspots [78]. Similarly, a new technique called volumetric absorptive
microsampling (VAMS), which provides for accurate sampling of a fixed blood volume (10 or 20 μL)
on a volumetric swab and allows for long-term sample storage, has been used for peripheral blood
sampling [94]. Combining this method with the mPlex-Flu assay enabled us to measure multidimensional
anti-influenza IgG activity in whole blood samples collected by a finger-stick [95]. This study indicated
that results from testing VAMS and traditional serum samples were highly correlated, both within subjects
and across all influenza strains [95]. In addition, after adjustment for the hematocrit effects on the serum
volume of whole blood samples, this new method accurately estimated the HA-specific IgG absolute
concentration equivalent to that obtained with serum sampling methods. This novel approach provides
a simple, accurate, low-cost tool for monitoring multidimensional anti-influenza hemagglutinin IgG
responses in large population studies and clinical trials to comprehensively understand the effects of
existing influenza virus antibodies on the immune response and new universal vaccine design.

The mPLEX-Flu assay can also be used to monitor the development of HA-specific antibodies against
the influenza virus in infants. Tracking developing infant immunity to not only infection and vaccination
strains but also other revolutionary strains would allow us to learn more about how OAS-type responses
are first established. It would provide essential data for universal vaccine study and for understanding the
mechanism of OAS.

6.2. Comprehensive Antigenic Study of HA Proteins

Right now, as discussed above, the broad neutralizing antibody (bnAb) activities still are the most
important profiles of monoclonal antibodies to be considered. However, after the FluA-20 antibody was
isolated, the broad cross-reactive antibodies (bcAbs) showed the protection against influenza virus that
would likely be disregarded by traditional assays [51]. By contrast, MDA can detect non-neutralization
activities of broad binding antibodies in a high throughput way. Absolutely, MDA will be a powerful
serological assay for generating multidimensional data to exhibit the magnitude and breadth of binding to
HAs from small amounts of sera.

6.3. Detecting Cross-Reactive Antibodies against Other Viral Proteins of Influenza Virus

Besides HA, neuraminidase (NA) also is an important target for inducing protective antibody-
mediated responses [20]. Similarly, influenza virus M2 protein has an extracellular domain (M2e), which
is highly conserved among influenza A viruses and B viruses. M2 is also being explored as a target for
developing a “universal” vaccine to elicit the cross-protection against influenza. Unfortunately, little is
known about the protective activity and broad cross-reaction of antibodies against these surface proteins.

At the same time, other internal proteins, such as nucleoprotein (NP) and the matrix protein 1 (M1),
which are highly conserved between human seasonal and zoonotic influenza viruses [96], induce T-cell
responses. These T-cell responses are shown to highly protect mice from the virus infection [97] and elicit
robust CD8+ T cell responses across all human influenza A viruses [98]. After influenza virus infection,
high circulating titers of NP Abs remain, and M1 antibodies can also be detected [96]. Currently, the effects
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of these antibodies against internal proteins on the T-cell response are unclear, especially the impact of
pre-existing internal protein antibodies on the sequential humoral and cellular response.

Applying an expanded MDA panel that includes NA, NP and M1 protein-coupled beads in future
influenza population surveys and clinical infection studies will allow us to evaluate antibodies against
all these highly conserved proteins and HAs simultaneously. It would provide highly comprehensive
data to help us to understand the T and B cell response to influenza virus infection, and also be beneficial
for developing a “universal” influenza vaccine. While this review focuses on influenza, the underlying
principles of MDA analysis apply equally to the study of immunity against other viruses that have multiple,
antigenically similar strains.

7. Limitations of MDAs

As a novel technique, mPLEX-Flu and other MDAs also face some challenges and limitations. First,
because MDAs detect the binding between the antibodies and HAs of influenza viruses, they are not able
to directly reflect antibody protective function. By contrast, MN assays can estimate titers of neutralizing
antibodies that inhibit influenza virus infection. However, our studies showed that data generated from
mPLEX-Flu assay are highly correlated to HAI and MN data [31,63,64,76]. On the other side, HAI and
MN assays have the chance to omit bcAbs that offer influenza virus protection through ADCC and ADCP,
as discussed above. MDAs assay can be used to perform large scale screening, which can then be combined
with other assays to identify and clarify the characters of antibodies.

Other limitations of MDAs are caused by the HA antigen coupled on the Luminex beads or microchips.
First, most HA proteins used in the MDAs are expressed and purified by an insect cell baculovirus system
that has to be glycosylated during post-translational modifications in infected insect cells. However,
the insect cell glycosylation pathway is far simpler than those of human cells [99], even when both occur on
the same N-glycosylation sites. Moreover, it has been reported that glycosylation of HAs is a crucial factor
that needs to be considered when studying influenza infection and antigenic mutation (see review [100]).
At present, it is not clear if differences in antigenic binding could be caused by the differences between
insect cell-resourced HA proteins and those from human cells. Second, the density of HA proteins on the
bead surface can vary, even when the coupling protocol and protein concentrations are kept consistent.
This leads to error when comparing the binding between different influenza virus strains, which is similar
to the error when comparing the HAI and MN titers between two viruses. To minimize this error, we
established a unique method for generating standard curves for IgG binding to each virus strain [76].

8. Summary

The constantly changing HA antigenicity of influenza virus, along with the complexity of serological
responses induced by the viruses in the human immune system, muddies efforts to interpret serology
testing results. It had been commonly accepted that assessing the antibody response against only
vaccine strain viral HAs is too restricted for understanding this complexity. Understanding the effects of
pre-existing antibodies and cross-reactive antibodies against multiple strains’ HAs is becoming increasingly
enticing in the influenza B cell immunity research field. MDAs and systems serology, the novel technologies
combined with multidimensional data, computer modeling, and bioinformatics, are groundbreaking new
tools for influenza vaccine study. They will open a novel comprehensive view to investigate the B cell
response to influenza virus and be a powerful tool for universal vaccine development.
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Abstract: A large number of human genes associated with viral infections contain single nucleotide
polymorphisms (SNPs), which represent a genetic variation caused by the change of a single nucleotide
in the DNA sequence. SNPs are located in coding or non-coding genomic regions and can affect
gene expression or protein function by different mechanisms. Furthermore, they have been linked
to multiple human diseases, highlighting their medical relevance. Therefore, the identification and
analysis of this kind of polymorphisms in the human genome has gained high importance in the
research community, and an increasing number of studies have been published during the last years.
As a consequence of this exhaustive exploration, an association between the presence of some specific
SNPs and the susceptibility or severity of many infectious diseases in some risk population groups
has been found. In this review, we discuss the relevance of SNPs that are important to understand
the pathology derived from influenza A virus (IAV) infections in humans and the susceptibility of
some individuals to suffer more severe symptoms. We also discuss the importance of SNPs for IAV
vaccine effectiveness.

Keywords: Influenza A virus (IAV); innate immunity; single nucleotide polymorphisms (SNPs);
Influenza vaccine

1. Introduction

1.1. Influenza A Virus (IAV)

Influenza A viruses (IAV) belong to the Orthomyxoviridae family, and they contain a single-stranded
(ss) negative-sense viral (v)RNA genome formed by eight segments that are encapsidated into particles
with an envelope (Figure 1A). Each of the vRNA segments contains a long central coding region
flanked at 5′ and 3′ termini by non-coding regions (NCRs), which work as promoters to initiate viral
RNA synthesis (transcription and replication). Moreover, the packaging signals playing a role in the
efficient encapsidation of the viral segments into nascent virions, are located at the 3′ and 5′ end
of the coding regions (Figure 1B) [1]. Structurally, vRNAs form viral ribonucleoprotein complexes
(vRNPs), where vRNAs are coated with multiple subunits of the viral nucleoprotein (NP) and are
associated with the heterotrimeric polymerase, which contains the polymerase basic 2 and 1 (PB2
and PB1, respectively) and acidic (PA) proteins (Figure 1A) [2–4]. Each vRNP acts as an independent
transcription-replication unit using an uncommon mechanism among negative-sense RNA viruses,
given that viral RNA synthesis occurs in the infected-cells nucleus. vRNAs are used as templates by the
viral polymerase to synthesize two positive-sense RNA molecules, the complementary RNAs (cRNAs),
from which the same viral polymerase synthesizes more copies of genomic vRNA, and the mRNAs
for viral protein synthesis [1–6]. The small IAV genome encodes for up to 16 viral proteins through
multiple mechanisms, although there are some differences between strains. For that genome plasticity,
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IAV take advantage of multiple strategies, such as alternative splicing, frameshift mechanisms, and
overlapping open reading frames (ORFs) [7–9]. In addition, the coding capability of the viral genome
is extended by encoding multifunctional proteins that act at different steps during virus infection.

Figure 1. Influenza A virus structure and genome organization. (A) Virion structure: Influenza A
viruses include a lipid envelope containing the two viral glycoproteins (HA, green and NA, purple).
The ion channel M2 (red) protein is also located in the membrane. Under the viral bilayer is located
a protein layer composed of the M1 (light blue) protein, and the NEP (yellow). Inside the virion are
located the eight vRNA segments coated by the NP (pink) as viral vRNP complexes and associated
with the viral polymerase complex made of the three polymerase subunits PB2 (red), PB1 (blue) and PA
(gray). Viral components in the vRNP and in the viral particle are indicated. (B) Genome organization:
Influenza A virus contains eight ss, negative-sense, viral RNA segments (PB2, PB1, PA, HA, NP, NA, M,
and NS). Each viral segment contains non-coding regions (NCR, black) and the packaging signals (PKS,
gray) at the 3′ and 5′ termini in each of the viral segments.

The viral envelope is decorated with the two viral glycoproteins hemagglutinin (HA) and
neuraminidase (NA) at a ratio of approximately four to one, respectively [10,11]. HA envelope protein
mediates virus entry by binding to sialic acid-containing cell receptors, and then fusing endosomal
and viral membranes during endocytosis [12,13], while NA is required for viral release from infected
host cells, and it acts as a receptor destroying enzyme, cleaving terminal sialic acid residues from
glycoproteins present at the cell surface [14–16]. The matrix 2 (M2) protein is also found in the
viral membrane, although in much lower abundance than HA or NA glycoproteins. M2 is a small
transmembrane protein that forms a proton-selective ion channel in the viral envelope. M2 promotes
uncoating of the vRNPs after membrane fusion and the protein has also an essential role in viral
assembly and release [17]. Under the viral envelop, there is an inner shell composed of the matrix 1
(M1) protein, which interacts in the virion with the vRNP and the HA and NA proteins. M1 apart from
being a membrane-associated scaffold factor of the virion, acts as a crucial factor for different viral
processes during infection, including virion assembly and budding [18–20]. The nonstructural (NS)
gene or segment 8 of IAV encodes an mRNA transcript that is alternatively spliced to express two viral
proteins, the nonstructural protein 1 (NS1), produced from a continuous primary transcript, and the
nuclear export protein (NEP), which is produced by an alternatively processed transcript, using a weak
5′ splice site. NEP is also located in the virion and may interact with M1 in the viral particle [21–23]
(Figure 1A). During the infection, NEP is responsible for the nuclear export of synthetized vRNP,
ensuring that the vRNPs are available for packaging [24]. Moreover, NEP has also other functions
during IAV infection, contributing to viral budding and to regulate viral RNA synthesis. NS1 is a
multifunctional protein and a key viral factor that counteracts the host antiviral responses. NS1 has
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been shown to inhibit the production of interferon (IFN), the activity and expression of multiple
interferon-induced genes (ISG) and the processing and nuclear transport of host mRNAs causing
cellular shut-off [25,26]. Segment 3 of IAV also encodes two proteins, the polymerase component
PA and PA-X. PA is translated directly from the PA mRNA, whereas PA-X is translated using a +1
frameshift mechanism from the same open reading frame (ORF) [9]. Synergistically with NS1, PA-X is
also able to block the cellular antiviral responses by inhibiting host protein expression. Moreover, the
PA-X protein has been shown to modulate host inflammation, immune responses, apoptosis, and virus
pathogenesis [25–30].

1.2. Influenza Virus Importance in Human Health

Human IAV infections cause contagious respiratory diseases associated with mild to severe
respiratory illness or even death, and they are considered as an important public health threat
worldwide, which also results in significant economic losses [31–33]. IAV are divided into multiple
subtypes, based on the HA and NA glycoproteins. Currently, there are 18 HA (H1 to H18) and 11 NA
(N1 to N11), but the growing IAV surveillance programs and sequencing technologies could increase
the number of subtypes in the following years. IAV can infect a wide range of avian and mammalian
species, although the natural reservoirs of IAV are shorebirds and wild waterfowls [34–37]. Among
all the HA and NA subtypes, only H3N2 and H1N1 IAV subtypes are circulating in human beings
and they are responsible for annual recurrent epidemics that affect the entire world [38,39]. Seasonal
influenza infections are prevented and controlled through annual vaccination campaigns to decrease
IAV infections and viral transmission as well as to reduce their negative impact in the global economy.
However, although vaccination remains the most effective approach to protect the population from
seasonal infections, the effectiveness of current vaccination approaches is suboptimal [16,31–33,39–44].
Thus, the production of improved prophylactic approaches, including universal vaccines, are highly
desired. Concerns associated with IAV are further aggravated by the adaptive capacity of the viruses
to infect new hosts or escape to the immune system, as well as their ability to transmit efficiently in the
population and the limited therapeutic options to treat viral infections [14,16,25,45].

Because of the ability of IAV to modify their genome using two main evolutionary mechanisms,
antigenic drift and shift, viruses encoding novel antigenic proteins to which the population has limited
or no preexisting immunity can be generated [10,31,37,40]. For that reason, seasonal vaccines have to
be reformulated yearly to guarantee that the viral glycoproteins (HA and NA) in the vaccine match
seasonal viruses circulating worldwide [38,43,46]. In addition, IAV variability can lead to the generation
of new virus strains with pandemic potential. For example, the first IAV pandemic of this century
occurred in 2009 and it is estimated that in approximately one year, the pandemic 2009 H1N1 (pH1N1)
IAV infected more than 600,000 human beings, causing near 16,000 deaths in over 200 countries [40,41].
In addition, although only H1N1 and H3N2 are circulating in humans, the avian H5, H7, and H9
subtypes eventually cross the species barrier to infect humans, representing a new and serious public
health problem [13,37,47–49].

1.3. Innate Immunity in IAV Infections

The cellular defense mechanisms provided by the innate immune system are a formidable barrier
to inhibit virus infections [50] and involve the recognition of pathogen-associated molecular patterns
(PAMPs) by pattern recognition receptors (PRRs). This recognition leads to the activation of signaling
pathways and the production and secretion of IFNs of type I (IFNα and IFNβ) and III (IFNλ2 or
IL-28A, IFNλ3 or IL-28B, and IFNλ1 or IL-29), and chemokines and cytokines involved in inflammatory
processes [50]. IAV RNAs are mainly recognized by the endosomal, membrane-associated PRR Toll-like
receptors (TLRs) 3 (double-stranded RNAs, dsRNAs) or 7/8 (ssRNAs), respectively [50,51], by the
cytoplasmic PRR retinoic acid-inducible gene I (RIG-I), which detects dsRNA and 5′- triphosphates
of the negative ssRNA viral genome [50,52], generated during replication of multiple viruses, by
the NOD-like receptor family member NOD-, LRR- and pyrin domain-containing 3 (NLRP3), which
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recognizes various stimuli (see below) [53] and by the absent in melanoma 2 (AIM2) protein, recognizing
not well-characterized influenza stimuli [54]. The result of PRR detection of viral PAMPs is the activation
of multiple transcription factors, such as the nuclear factor kappa β (NF-κB), the activator protein 1
(AP-1), and IFN regulatory factors (IRF)-3 and IRF-7, which are responsible for the transcription of
IFNs [50,55,56] and pro-inflammatory cytokines [57].

Secreted type I and III IFNs signal through different receptors in a paracrine or autocrine
way to induce the transcription of IFN-stimulated genes (ISGs), several of which counteract viral
replication [50,56,58]. Just as an example mentioned below, IFITM3 is an ISG playing antiviral roles
against influenza virus infection and other viruses [59]. Type I and III IFNs signaling pathways
lead to the post-translational phosphorylation of the signal transducer and activator of transcription
(STAT) 1 and 2 transcription factors [60], being the tyrosine kinase 2 (TYK2) and Janus protein tyrosine
kinase 1 (JAK1) critical for the phosphorylation [61]. Moreover, STAT1 is phosphorylated by IKKε

during IFN signaling and this step is important for the IFN-inducible innate immune response [62,63].
Upon phosphorylation, STAT1 and STAT2 associate with IRF-9 forming the heterotrimeric ISG factor
3 (ISGF3) complex [60]. This heterotrimeric complex then translocates to the nucleus, and binds
to IFN-stimulated response elements (ISREs) located in the promoters of ISGs, up-regulating their
expression [60,64].

Inflammatory cytokines, such as interleukins (IL)-1A IL-1B and tumor necrosis factor (TNF)-α
contribute to the proliferation and migration of different immune cells, such as monocytes, macrophages,
neutrophils, and natural killer (NK) cells, to the infected tissue. NK cells have the ability to
kill virus-infected cells, are important for the activation of a protective cytotoxic T lymphocyte
(CTL) response [65], and NK-cell IFN-γ production is augmented by T-cell IL-2 production in recall
responses [66]. Neutrophils and resident alveolar macrophages are also important for virus clearance,
due to their ability to destroy infected cells [67]. In addition, cytokine signaling improves dendritic
cells (DC) maturation, increasing the induction of adaptive immune responses by antigen presentation
and co-stimulation [68,69]. These adaptive immune responses initiated upon innate immune activation
are required for protection and viral clearance [70].

NLRP3 is expressed by myeloid cells such as macrophages, monocytes, neutrophils, and dendritic
cells [71] or by human bronchial epithelial cells [72]. Upon stimulation, NLRP3 activates the
inflammasome system, activating caspase-1 and leading to pro-inflammatory processes through
the processing and activation of proIL-1B, proIL-18, and proIL-33 [73]. NLRP3 senses IAV dsRNA [74],
and PB1-F2 protein [75]. Furthermore, protein flux through the viral M2 ion channel activity in the
trans-Golgi network activates NLRP3, leading to inflammasome activation [76]. In addition to NLRP3
activation, IAV activates the inflammasomes through AIM2, increasing IAV-induced lung injury and
mortality [54].

The complement system is an important branch of innate immunity that plays an essential role
in the clearance of pathogens. The complement system is triggered by three main pathways, the
classical, the lectin, and the alternative pathways [77]. The first two pathways are activated with the
help of pattern recognition molecules, whereas the alternative pathway is activated spontaneously.
Interestingly, it is known that viruses are recognized by the three pathways. In the classical pathway,
the C1 complex recognizes antigen-antibody complexes, which are formed on the pathogen surface.
C1QBP (Complement C1q Binding Protein) can bind to the globular heads of C1q molecules, activating
the classical pathway [78]. On the other hand, in the lectin pathway, the mannan-binding lectin
(MBL)/ficolin/mannan-binding lectin serin protease (MAP) complex recognizes specific carbohydrates
on the pathogen surface. Complexes activated after the classical and lectin pathways, cleave C4 and
C2, resulting in the generation of C4bC2a (C3 convertase). In the alternative pathway, spontaneous
hydrolysis of native C3 results in the formation of C3b-like C3 that binds factor B and after cleavage
by factor D forms the initial C3 convertase [77]. The three pathways converge at the cleavage of C3
into C3a and C3b by C3 convertases (C4b, 2a and C3b, Bb). Then, the C3b molecules formed bind
covalently to the C3-convertases forming the C5-convertases that cleave C5 into C5a and C5b. CD55
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blocks C3 and C5 activation by preventing the formation of new C3 and C5 convertases [79]. C5b starts
the formation of C5b-9 or the membrane attack complex (MAC). Next, C8 binds to the membrane
attached trimer and begins binding and polymerization of C9 that is inserted into the membrane,
inducing virolysis [77].

Unregulated complement activation could play a central role in the acute lung injury (ALI)
pathology induced by highly pathogenic viruses, including severe acute respiratory syndrome (SARS)
coronavirus and avian IAV H5N1, and H7N9 [80]. In virus-induced acute lung diseases, high levels of
chemotactic, and anaphylatoxic C5a can be generated as a result of excessive complement triggering
and causing a “cytokine storm”. Accordingly, the blockade of C5a signaling has been involved in
treating the ALI induced by highly pathogenic viruses [80].

1.4. Single Nucleotide Polymorphisms (SNPs)

Currently, particular attention is being paid to single nucleotide polymorphisms (SNPs) that
are loci within the genome of an organism in which two or more alleles can exist. SNPs affect a
single nucleotide or base pair and they are one of the most frequent types of genetic variations in
the genome [81–83]. SNPs need to be presented into the population with a frequency equal to or
greater than 1% to be considered as polymorphisms. There are multiple types of SNPs, depending on
their location that can be in different regions of the genes such as promoters, exons, introns or UTRs
(Figure 2). SNPs in coding regions are classified as synonymous, when a nucleotide substitution does
not change the amino acid sequence of the encoded protein, although other effects, such as changes
in mRNA structure or folding may account for variation in protein expression. On the other hand,
non-synonymous SNPs are divided in missense or nonsense. In the first case, nucleotide substitution
results in the change of one amino acid for another, affecting the protein sequence coded by a gene and
therefore may lead to its dysfunction. In contrast, nonsense mutations are produced when instead of
substituting one amino acid for another, the altered gene contains an early stop codon in the ORF or a
stop codon is abrogated, producing an elongated protein. This type of mutations results in shortened
or elongated proteins leading typically to nonfunctional proteins. The functional role of SNPs in
coding areas of the genome can be easily analyzed by studying the gene products. However, most
SNPs fall within non-coding genome regions, therefore, predicting their effects is challenging. For
example, SNPs in the promoter regions could affect their activity and regulation producing changes in
gene expression levels. SNPs in UTRs or intron regions have been related with an effect in protein
translation or the production of splice variants of transcripts, leading to longer or shorter protein
sequences, respectively.

In summary, SNPs may influence gene regulation, the structure and stability of RNA, the expression
of RNAs or proteins, the conformation and function of proteins, etc. Thus, the identification of SNPs in
genes and the analysis of their effects may lead us to better understand gene function or their impact
on human health [84]. In fact, SNPs that are or could be important for multiple human pathologies,
such as cancer, diabetes, heart disease, schizophrenia, blood-pressure homeostasis, and autoimmune or
metabolic diseases, have been identified [85–91]. Moreover, some described SNPs increase the human
susceptibility to getting infected by viruses, bacteria or other pathogens [84,86,92–97]. Advanced
sequencing and bioinformatics technologies have allowed the identification of a large number of
human SNPs whose information is accessible in the databases. Nevertheless, the biological significance
and function for most of the SNPs found in the human genome remain unknown. Currently, the
scientific community recognizes the importance of this kind of genome variations that can act as
biological markers and assist researchers in multiple aspects, such as: (1) Locate genes associated with
multiple diseases, (2) anticipate an individual’s response to a specific infection, (3) predict population
responses to several treatments such as drugs or vaccines, (4) design individualized therapies, (5)
identify markers for medical testing, (6) perform pharmacogenetic studies, etc. This review focuses
on the role of known SNPs on IAV infection, as well as their impact on the effectiveness of vaccines
against IAV.
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Figure 2. Single nucleotide polymorphisms (SNPs). (A) An SNP is a variation on a single nucleotide
which may occur at some specific point in the genome and that causes variations in DNA sequences
between members of the same species. (B) Types of SNPs: DNA variation can be located in non-coding
or coding regions. SNPs within a coding sequence can be synonymous if they do not produce an amino
acid change (silent mutation), or non-synonymous if they affect the protein sequence. Non-synonymous
changes can be divided into missense (producing an amino acid change in the protein) or nonsense
(producing a truncated or longer protein).

2. SNPs in Host Genes Affecting IAV Disease

Risk factors, including underlying co-morbidities, age, and pregnancy, affect IAV susceptibility,
but do not explain all the conditions under which serious IAV-associated disease can occur, making
likely that SNPs in viral and host genes affect IAV susceptibility and the outcome of the disease.
In fact, there are some examples of the presence of SNPs in host genes affecting influenza severity
(Table 1), which will be discussed in this review. SNPs affecting IAV disease have been found in genes
recognizing viral components, in transcription factors important for IFN production and signaling, in
ISGs with antiviral activities, and in genes involved in inflammation.

TLR3 recognizes dsRNA, one of the IAV replication intermediate products, and in turn activates
IFN production, leading to an antiviral response. A missense mutation (F303S) of the TLR3 gene was
found in one out of three patients developing IAV-associated encephalopathy (IAE), a neurological
consequence of severe viral infection [98]. Assays in tissue culture cells showed that a TLR3 receptor
encoding the missense F303S mutation was impaired in activating the transcription factor NF-κB, and
in triggering downstream signaling via the IFNβ receptor, indicating that this genetic polymorphism
could lead to increased IAV replication [98]. In a study of 51 Italian children diagnosed with IAV H1N1
infection, an additional TLR3 SNP (rs5743313, genotype C/T) was identified [99]. This TLR3 SNP was
found in all the children developing IAV-associated pneumonia (18 cases). However, the SNP was
found in significantly less proportion in children with milder disease, suggesting a link between TLR3
and IAV pathogenicity. Furthermore, in a multicenter study involving 275 adult cases of avian H7N9
and pH1N1 IAV, in mainland China and Hong Kong, the TLR3 CC rs5743313 SNP was associated with
fatal cases [100].

In addition to IAV, there are other examples of SNPs in TLR3 or TLR3 signaling genes affecting
viral infections. For instance, susceptibility to Chikungunya virus (CHIKV) infection is highly increased
in human and mouse cells with defective TLR3 molecules [101]. Furthermore, TLR3 SNPs, rs3775292,
and rs6552950, leading to unknown functional consequences, were associated with an increased risk of
CHIKV disease occurrence [101]. Patients with impaired TLR3-mediated responses show an elevated
susceptibility to Herpes Simplex-1 Virus (HSV-1)-mediated encephalitis by encoding TLR3-deficient
alleles [102,103], or by encoding deficient TRAF3, TBK1 and TRIF molecules, leading to impaired TLR-3
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signaling [104–106]. In a Saudi Arabian population, the TLR3 rs78726532 SNP was strongly associated
with Hepatitis B (HBV) and Hepatitis C (HCV) virus infections when compared to that in healthy
control subjects [107,108]. The TLR3 rs5743314 C allele was also associated with HCV-related liver
disease progression (cirrhosis and hepatocellular carcinoma) [107]. However, the functional effects of
these SNPs seem to be unknown.

RIG-I detects dsRNA and 5′-triphosphates of the negative ssRNA IAV genome, leading to innate
immune responses activation [52]. A Caucasian male patient with severe IAV H1N1 infection during
the 2009 swine flu pandemic showed two heterozygous variants (one in each chromosome): p.R71H
(SNP rs72710678) and p.P885S (SNP rs138425677), located, respectively, in the caspase activation and
recruitment domain (CARD) and RNA binding domains of RIG-I [109]. These variants significantly
decreased the recognition function of RIG-I, and therefore, patient cells proved impaired antiviral
responses to RIG-I ligands and elevated proinflammatory responses to IAV, providing evidence for
dysregulation of the innate immune response and increased immunopathology [109]. These results
suggest that these RIG-I polymorphisms may have contributed to severe IAV outcome in this patient
and reinforce that RIG-I variants should be evaluated in future studies of host factors affecting ssRNA
virus infections.

IRF-7 is a transcription factor that increases interferon (IFN) production in response to
viruses [110–112]. A patient suffering from an unusual life-threatening disease after pH1N1 infection
encodes homozygous null mutations in the IRF-7 factor. Both IRF-7 alleles from this patient encode
mutations c.1228T>G/T (F410V) and c.1261C>T/C (Q421X), which are mutations decreasing the ability
of IRF-7 to induce the transcription of IFN genes after IAV infections [113]. These findings suggest that
IRF-7-dependent production of type I and III IFNs is required for controlling IAV infections in humans.
The rare allele A of two IRF-7 SNPs, rs12272434 and rs12290989, both located at exon/intron boundaries,
were significantly associated with impaired levels of IFNαproduction by human plasmacytoid dendritic
cells (pDCs) in response to human immunodeficiency virus 1 (HIV-1) infection [114]. Therefore, these
polymorphisms may affect the ability of human subjects to control HIV-1 infections, reinforcing the role
of IRF-7 in controlling viral infections. However, the effect of these SNPs should be further studied.

IRF-9 is a transcription factor essential for IFN signaling and the transcriptional induction of
ISGs [60]. STAT1 and STAT2, when phosphorylated, associate with IRF-9 to form a heterotrimeric
ISG factor 3 (ISGF3) complex [60], which translocates to the nucleus, and binds ISREs present in the
promoters of ISGs, up-regulating their transcription [60,64]. A homozygous, loss-of-function mutation
in IRF-9 was described in a child born to first-cousin Algerian parents and living in France affected
by a severe pulmonary influenza infection [115]. In particular, the homozygous mutation (c.991G>A)
occurred in the final nucleotide of exon 7 and disrupted the essential splice site at the boundary of exon
7 and intron 7, leading to deleted IRF-9 proteins. The consequence of this mutation was an impaired
activation of IRF-9, and therefore, an impaired transcription of ISGs, many of which show antiviral
activities [115]. Similarly, a family in which several members showed a surprising susceptibility to
infection by different viruses, including IAV, also showed to be IRF9 deficient [116]. The index patient,
a boy with 10 years born at term from healthy consanguineous parents (first cousins of Portuguese
origin and residing in Venezuela) encoded a homozygous splicing mutation in the IRF9 gene. The
mutation, c.577+1G>T, was located in the donor splice site of introns 5 and 6, leading to transcripts
lacking exon 5. IRF9 protein expression was undetectable in cells transfected with the c.577+1G>T IRF9
construct, suggesting that either the protein was quickly degraded or the mRNA was not translated.
Again, IRF9-deficient cells showed a profound defect in inducing the expression of multiple ISGs [116].
Collectively, these findings show that human IRF9- and ISGF3-dependent type I and III IFN responsive
pathways are essential for controlling viral infections, including IAV.

The antiviral protein IFITM3 is an ISG which abrogates the release of IAV content from late
endosomes into the cytoplasm [59]. In addition, IFITM3 promotes the survival of mouse lung-resident
CD8+ T cells following IAV challenge, which may help clear the infection [117]. Furthermore, mice in
which the expression of IFITM3 is abolished, showed severe disease after IAV infection, compared
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to parental mice [118]. One of the clearest associations of SNPs in genes affecting influenza severity
is located in the ISG IFITM3. The human IFITM3 gene is encoded by two exons and is predicted to
encode two splice variants that differ in the first amino-terminal 21 amino acids. Different studies
have described the effect of IFITM3 SNPs in influenza disease severity. Northern European patients
infected with IAV pH1N1 2009 virus requiring hospitalization showed over-representation of the SNP
rs12252 in the IFITM3 gene, in which the majority T allele is replaced for a minority C allele [118].
This leads to an alteration of the first splice acceptor site, originating an IFITM3 protein lacking the
first 21 amino acids (NΔ21) due to the protein starting from an alternative start codon. According
to these results suggesting that this SNP could affect influenza disease, the minority (CC) variant
rendered homozygous cells more susceptible to IAV infection, and this susceptibility correlated with
decreased levels of IFITM3 protein expression in comparison to the majority (TT) variant cells [118].
Furthermore, cells expressing the NΔ21 protein showed an impaired ability to restrict viral replication
when compared to wild-type IFITM3 cells [118]. This data is consistent with previous results which
show that the amino-terminal 21 amino acids of IFITM3 are relevant for attenuating vesicular stomatitis
virus (VSV) replication in vitro [119]. Moreover, the CC genotype was found in 25% of Chinese patients
showing mild disease after pH1N1 virus infection compared to 69% in patients developing a severe
pH1N1 virus infection. In addition, the CC genotype was estimated to confer a six-fold increased
risk for severe infection than the CT and TT genotypes [120], reinforcing the idea that IFITM3 is a
factor affecting human IAV disease [121]. In another study, over-representation of the IFITM3 CC
genotype was detected among fatal cases of Chinese patients infected with IAV pH1N1 and H7N9
viruses [100], and in a more general study, including twelve studies published before February 2018
with more than 16,000 subjects, revealed increased risk of severe influenza in both the East Asian and
White populations in the subjects encoding the IFITM3 CC genotype [122].

Another important SNP (rs34481144) associated with risk of severe influenza in humans from the
United States (US) infected with seasonal IAVs is located in the 5′-UTR of the IFITM3 gene [123,124].
This SNP affected IFITM3 expression being the risk allele associated with lower mRNA expression.
The mechanism for this lower mRNA expression involves the decreased IRF-3 binding and increased
binding of the transcriptional repressor CCCTC-binding factor (CTCF) in promoter-binding assays
for the risk allele [123]. Moreover, the risk allele disrupted a CpG site that becomes differentially
methylated in CD8+ T cell subsets, leading to less CD8+ T cells in the airways during natural influenza
infection in the carriers of the risk allele, and suggesting that a critical role for IFITM3 may be to
promote immune cell persistence at mucosal sites [123].

Interleukins 1A and 1B (IL-1A and IL-1B, respectively) are inflammatory cytokines that play
critical roles in recruiting immune and inflammatory cells and developing adaptive immune responses.
Furthermore, accumulating evidence suggests that both cytokines play central roles in innate immunity
against viral infections [125]. The frequencies of SNP (allele C) located 31 base pairs upstream from
the transcription start site (rs1143627), on the IL-1B promoter were associated with increased risk of
influenza disease in Chinese subjects [126]. This nucleotide change is localized in a TATA-box motif of
IL-1B and modulates the transcription activity of IL-1B by binding to multiple transcription factors [127].
The allele T of rs1143627 enhanced IL-1B protein expression, as indicated by several reports [128].
People carrying allele T showed a higher IL-1B expression, which could lead to increased IFNγ

production, which promotes virus clearance [129]. In contrast, expression of IL-1B may be decreased in
individuals who carry allele C, leading to a weaker immune response during viral infection. In addition,
a T allele in IL-1A gene (SNP rs17561) increased the risk of IAV pH1N1 susceptibility, as observed in
Chinese subjects [126]. The SNP rs17561 introduces a nonsynonymous mutation (A114S) in IL-1A
protein, suggesting that this genetic variant may lead to a functional variation in host susceptibility to
pH1N1. Nevertheless, the molecular mechanism needs to be evaluated and the real risk of these alleles
should be analyzed in larger populations.

TNF-α is a pro-inflammatory cytokine which orchestrates the host´s defense. A minor allele (A) at
position -238 of TNF (SNP rs361525) was more frequent in Greek patients infected with pH1N1 virus
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compared to control subjects [130], and developing pneumonia was more uncommon in Greek and
Mexican subjects with no copies of the minor allele compared to subjects with at least one copy of the
minor allele [130,131], leading to the hypothesis that this SNP allele could be linked with an elevated
susceptibility to infection with the pH1N1 virus [124,130]. Decreased TNF-α expression was observed
in subjects encoding the minor allele at position -238 [92]. This may explain how SNPs leading to
lower production of TNF-α may predispose to more severe clinical symptoms following IAV infections.
However, the TNF-α rs 1800629 minor A allele, associated with higher levels of TNF-α expression, was
associated with susceptibility to Japanese Encephalitis virus infection in an Indian population [132].
The TNF-α rs 1800629 minor A allele was a risk factor to develop liver cirrhosis and hepatocellular
carcinoma following HBV infection in a Han Chinese population [133], suggesting that the protective
or deleterious roles of TNF-α expression may vary depending on the infecting virus.

Chemokine receptor 5 (CCR5) is expressed mainly on macrophages, T cells, and dendritic cells.
CCR5 mediates leukocyte chemotaxis in response to its ligands, including MIP-1a, MIP-1b, and
RANTES. It can help direct multiple immune cell subsets, including regulatory T cells or Th17 cells
to sites of infection, supporting the antiviral immune response. Evidence in humans support that
homozygosity for the CCR5-Δ32 allele, a naturally occurring polymorphism of CCR5 encoding a
32-bp deletion, prevents its expression on the cell surface, and is linked with an elevated susceptibility
to West Nile virus (WNV) [134] and with increased severity of illness among patients infected with
pH1N1 [135], although this evidence is modest due to the limited number of subjects analyzed. In
contrast, homozygous carriers of the Δ32 mutation are resistant to HIV-1 infection because this molecule,
absent in the cell surface in subjects encoding the deletion, is a molecule normally used by HIV-1 to
enter CD4+ T cells [136].

CD55 is an important complement regulatory protein which blocks C3 and C5 activation by
preventing the formation of new C3 and C5 convertases, two proteases involved in inflammation and
complement activation. Consequently, CD55 protects cells from complement attack and decreases
amplification of the complement cascade [79]. The CD55 SNP (rs2564978, genotype T/T) was significantly
associated with severe IAV infection in Chinese patients infected with pH1N1 2009 virus [137] and was
associated with increased death risk in Greek patients [138]. The rs2564978 SNP of CD55 is located in
the minimal promoter region [139] and individuals with this genotype showed significantly lower
levels of CD55 expression in comparison to those with the more frequent allele [137]. Therefore, patients
who carry the T/T genotype may have more robust complement activation during IAV infection,
resulting in enhanced inflammation and disease severity [47,79]. According to these results, the
polymorphism rs2564978 in gene CD55 was linked to disease severity in adult Chinese cases of avian
(H7N9) and human pH1N1 IAV in another study [100]. However, these findings need to be confirmed
in bigger cohorts.

C1QBP can bind to the globular heads of C1q molecules, activating the classical pathway of
complement [78]. An increased risk of severe disease after IAV infection was found in patients
homozygous for the minor allele of the SNP rs3786054 in European and Mexican populations [138,140].
However, the effect of this SNPs on gene expression and function is undescribed.

Soluble pattern-recognition molecules, forming part of the innate immune system, can neutralize
IAV infection. Particularly, the serum mannose-binding lectin (MBL), several secreted human C-type
lectins of the collectin family, collectin 11, and the pulmonary surfactant proteins (SP) –A1, –A2, and
–D (SFTPA1, SFTPA2, and SFTPD, respectively), may neutralize IAV infectivity in vitro [141]. Mice
lacking SP-A or SP-D were more susceptible to IAV infection, indicating that SPs exert relevant roles
against IAV infection [142–144]. Two frequent SP-A2 (SFTPA2) missense alleles (rs1965708-C, leading
to the mutation Q223K and rs1059046-A, leading to the mutation T9N) were associated with acute
respiratory failure, mechanical ventilation, and acute respiratory distress syndrome after infection with
pH1N1 2009 virus in a Spanish population [145].

In addition to C-type lectins, S-type lectins have been described, such as galectins, which recognize
galactose-containing oligosaccharides present in the cellular plasma membranes and in viruses,
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such as IAV. Importantly, intranasal treatment of galectin-1 enhanced survival of mice infected with
IAV by reducing viral load, apoptosis, and inflammation in the lung [146]. Moreover, galectin-1
knockout mice showed increased susceptibility to influenza virus infection than wild-type mice [146].
To study human genetic susceptibility to avian IAV H7N9 infection, a genome-wide association study
involving 106 heavily-exposed healthy poultry Chinese workers and 102 IAV H7N9 patients was
performed [147]. Functional variants of galectin-1 gene, including rs4820294 and rs13057866, causing
increased expression levels of galectin-1 expression, may confer more protection from IAV H7N9
infection to the carriers of these variants [147].

The cleavage of the IAV HA by host proteases is critical for viral infectivity. TMPRSS2 is a
type II transmembrane serine protease family member, which was shown to activate HA proteins
of multiple human IAVs in tissue culture cells. Furthermore, deletion of Tmprss2 in mice impairs
the spread of H1N1 influenza viruses, including the pH1N1 2009 swine IAV [148]. In addition,
bodyweight loss and survival after H3N2 IAV infection were less severe in Tmprss2 mutant mice
compared to wild type mice [148]. The genetic predisposition to severe pH1N1 2009 influenza virus
was evaluated in Chinese human subjects, finding that the GG genotype of rs2070788, leading to
increased expression of TMPRSS2, was a risk variant to severe pH1N1 influenza [149]. Furthermore,
rs2070788 and rs383510, both of them associated with increased gene expression, were significantly
associated with the susceptibility to IAV H7N9 [149].

Table 1. Single nucleotide polymorphisms associated with susceptibility and severity of
influenza infections.

Gene Function SNPs (Type) References

TLR-3 Recognizes dsRNA, triggering IFN
production.

rs not annotated; F303S (NonSyn).
rs5743313 (NCR).

[98]
[99,100]

RIG-I

Detects dsRNA and 5′- triphosphates of
the negative ssRNA IAV genome,

leading to innate immune responses
activation.

rs72710678; R71H (NonSyn).
rs138425677; P885S (NonSyn). [109]

IRF-7 Transcription factor that increases IFN
production in response to viruses.

rs786205223; F410V (NonSyn)
rs375323253; Q421X (NonSyn) [113]

IRF-9
Transcription factor essential for IFN

signaling and the transcriptional
induction of ISGs.

c.991G>A occurred in the final
nucleotide of exon 7 and disrupted the
essential splice site at the boundary of

exon 7 and intron 7 (NonSyn).
c.577+1G>T, was localized in the donor
splice site of introns 5 and 6 and led to
transcripts lacking exon 5 (NonSyn).

[115]

[116]

IFITM3

ISG which abrogates the release of IAV
content from late endosomes into the

cytoplasm. IFITM3 increases the
survival of mouse lung-resident CD8+ T
cells after IAV infection, which can help

clear the infection.

rs12252, leading to an alteration of the
first splice acceptor site, leading to an

IFITM3 protein lacking the first 21
amino acids (NonSyn).

rs34481144, is located in the 5′-UTR and
affects IFITM3 expression with the risk
allele showing lower mRNA expression

(NCR).

[100,118,120,122]

[123]

IL-1B

Inflammatory cytokine involved in the
development of adaptive immune

responses. Furthermore, accumulating
data has suggested that IL-1A and IL-1B
have critical roles in innate immunity

against viral infections.

rs1143627, located 31 base pairs
upstream from the transcription start

site, on the IL-1B promoter. This
nucleotide change is located in a

TATA-box motif of IL-1B, affecting the
transcription activity of IL-1B (NCR).

[128,129]
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Table 1. Cont.

Gene Function SNPs (Type) References

IL-1A

Inflammatory cytokine that plays
important roles in the development of

adaptive immune responses. Moreover,
multiple pieces of evidence have

suggested that IL-1A and IL-1B play
relevant roles in innate immunity

against viral infections.

rs17561; A114S (NonSyn). [126]

TNF-α Pro-inflammatory cytokine which
orchestrates the host´s defense.

rs361525, a minor allele (A) at position
238 (NCR). [92,130,131]

CCR5

Cytokine receptor which has a role in
mediating leukocyte migration in
response to its ligands, including

MIP-1a, MIP-1b, and RANTES.
Furthermore, it can help direct many

immune cell subsets, including
regulatory T cells and Th17 cells to sites

of infection, supporting the antiviral
immune response.

CCR5-Δ32 allele (NonSyn). [135]

CD55

Blocks C3 and C5 activation by
inhibiting the formation of new C3 and
C5 convertases, which are two proteases
involved in complement activation and

inflammation. CD55 functions to
protect cells from complement attack
and decreases the amplification of the

complement cascade

rs2564978, resides in the minimal
promoter region, affecting gene

expression (NCR).
[47,79,100,137,138]

C1QBP
Binds to the globular heads of C1q
molecules activating the classical

pathway of complement.
rs3786054, localized in an intron (NCR). [138,140]

SFTPA2 Soluble pattern-recognition molecule
that may neutralize IAV infection.

-rs1965708; Q223K (NonSyn).
-rs1059046; T9N (NonSyn). [145]

Galectin-1

Recognizes galactose-containing
oligosaccharides present in the cellular
plasma membranes and in viruses, such

as IAV.

-rs4820294 (NCR).
-rs13057866 (NCR). [147]

TMPRSS2

Type II transmembrane serine protease
family member which activates HA

proteins of diverse human IAV in tissue
culture cells. Deletion of Tmprss2 in

mice impairs the spread of H1N1
influenza viruses, including the pH1N1.

Moreover, body weight loss and
survival were less severe in Tmprss2
mutant mice compared to wild type
mice after infection with H3N2 IAV.

-rs2070788, localized in an intron (NCR).
-rs383510, localized in an intron (NCR). [149]

Syn-synonymous, NonSyn-nonsynonymous, NCR-non-coding region (Intron, regulatory regions, promoter or UTR).

3. SNPs in Genes that Influence the IAV Vaccine Response

Currently, IAV vaccines are the main strategy to prevent IAV infection, though their effectiveness
is suboptimal in many cases. Notably, the efficacy of vaccines against IAV infections can fluctuate and
there is a significant immune response variability across the population. Factors such as previous
exposure to IAV infections or vaccines, age, and the closeness of the match between the vaccine and
circulating strains are important to explain differences in vaccine effectiveness between seasons and
group populations [44,46,150–152]. However, multiple reports have demonstrated that the host genetic
background and polymorphisms on key immune response genes modulate the immune response to
infection or vaccination [153–160]. Therefore, new insights into IAV-host interaction and immune
response modulating factors could allow us to design better vaccination strategies.

SNPs may modify the humoral immune response after IAV vaccination. Therefore, their impact
on the immune responses induced after IAV vaccination are being analyzed [153–156]. The major
histocompatibility complex (MHC) is localized in chromosome 6 of the human genome, it includes
multiple genes and exhibits considerable diversity between populations. Moreover, in this genomic

109



Pathogens 2019, 8, 168

region, there is a higher presence of SNPs than in other sections of the genome. MHC class I and
class II molecules have an essential role in the adaptive immune system in response to infections.
Both classes of proteins bind peptide fragments derived from pathogens to be presented on the cell
surface for recognition by appropriate T cells [97,161,162]. In those genes, the human leukocyte
antigens (HLA) class I and II are important because of their role in the immune system. Gelder
et al. studied whether HLA class II polymorphisms modulate anti-IAV antibody responses to
vaccination in a United Kingdom population [154]. For that, a cohort of HLA-typed donors at risk
was investigated, and hemagglutination-inhibition (HAI) titers were evaluated before and 28 days
after the administration of seasonal trivalent influenza vaccine. A correlation between HLA class II
alleles and IAV HAI titers in the influenza risk group was found. Moreover, a positive association
between non-responsiveness to influenza vaccine and HLA-DRB1*07 and a negative association with
HLA-DRB1*13 and HLA-DQB1*0603-9/14 [154] was reported, suggesting that polymorphisms in HLA
class II molecules affect antibody responses to IAV vaccination. These findings are important because
they could potentially identify individuals who may not be protected by current vaccination approaches.

In another study, Poland et al. analyzed the immunogenetic relationships between HLA, cytokine
and cytokine receptor gene polymorphisms in the induction of antibodies in response to inactivated
seasonal vaccines [156]. Authors did not find statistically significant associations between HLA class
II alleles and IAV HAI titers. However, they established a positive association of some HLA class I
alleles and IAV H1N1 HAI titers, including HLA- A*1101, A*6801, B*3503, B*1401, and C*0802. In
contrast, they did not find associations between the HLA-A, B or C alleles and HAI antibody titers
for IAV H3N2. In addition, when authors evaluated a panel of 586 cytokine and cytokine receptor
SNPs, they identified several significant associations between SNPs, in regulatory or coding regions of
cytokine (IL-6, IL-12B) or cytokine receptor (IL-1R, IL-10RB, TNFRSF1A) genes and variations in HAI
antibody titers for IAV H1N1 [156] (Table 2). Notably, SNPs from three genes, IL-6 (rs1800796), IL-12B
(rs3212227) and IL-1R1 (rs3732131) revealed links with IAV H1N1-induced antibody responses in an
allele dose-related way. The presence of SNP allele C or G in the IL-12B or IL-1R1genes, respectively
resulted in reduced HAI titers. However, high HAI titers in the presence of minor SNP allele G in the
IL-6 gene were observed [156]. SNPs associations between cytokine or cytokine receptor genes and
IAV H3N2 HAI titers were also identified (Table 2). For example, a variant GA for non-synonymous
SNPs within the IL-12 receptor gene (rs2307153; D465G) and TNF receptor 2 gene (rs5746026; K232E)
displayed associations with lower HAI titers, while a minor allele T variant (rs12722605) located in the
3′ region of the IL-2 receptor gene was related with high antibody titers (Table 2). These data suggest
that host SNPs affect responses to influenza vaccine.

Mannose-binding lectin 2 (MBL-2) is a protein that binds N-acetylglucosamine, mannose, and
fucose on different microorganisms and activates the lectin complement pathway [163,164]. Tang
et al. studied the presence of SNPs in subjects who received an inactivated influenza vaccine. For
that, authors classified the vaccine recipients in poor, normal or adverse responders. They observed
that the G to A SNP in the codon 54 allele (rs1800450) in MBL-2 was associated with a decreased
risk for the development of adverse or poor responses (Table 2) [165]. In addition, they did not find
a significant association between responses and either TNF-α or IL-10 promoter SNPs among the 3
response groups [165].
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Table 2. Associations between SNPs and IAV vaccine responses.

Gene Function SNPs (Type) Vaccine Reference

IL-6

Cytokine expressed as a response
to infections or tissue injuries. It
plays an important role in host

defense through the stimulation of
acute-phase responses.

-rs1800796 (NCR).
- rs2069861 (NCR). IIV [156]

IL-12B Cytokine that serves as a crucial
inducer of Th1 cell development.

rs3212227, located
in 3´UTR (NCR). IIV [156]

IFN-B1

Cytokine released as part of the
innate immune response against

infection by viruses or other
pathogens.

rs1364613 (NCR). IIV [156]

TNFRSF1A
Cytokine receptor, its interaction
with TNF-α control cell survival,

apoptosis, and inflammation.
rs4149621 (NCR). IIV [156]

IL-1R1
Cytokine receptor involved in

inflammatory and immune
responses.

rs3732131, located
in 3´UTR (NCR). IIV [156]

IL-10RB

Cytokine receptor that mediates
the activation of the JAK/STAT

signaling pathway leading to the
expression of ISG.

rs3171425, located
in 3´UTR (NCR). IIV [156]

IL-2RA

This cytokine receptor is
important for the signaling

pathway leading to immune cell
differentiation and function.

-rs2228150 (Syn).
-rs12722605 (NCR). IIV [156]

IL-10RA

Cytokine receptor that is involved
in the inhibition of the synthesis of

several proinflammatory
cytokines.

-rs4252249 (Syn)
-rs4252243 (NCR). IIV [156]

IL-12RB2 Cytokine receptor that plays a role
in Th1 cell differentiation.

rs2307153; D465G
(NonSyn). IIV [156]

IL-1RN

Cytokine receptor which
modulates a variety of immune

and inflammatory responses
related with IL-1.

-rs315952 (Syn).
-rs315951 located in

3´UTR (NCR).
IIV [156]

TNFRSF1B
Cytokine receptor involved in the

recruitment of anti-apoptotic
proteins.

rs5746026; K232E
(NonSyn) IIV [156]

MBL-2

This calcium-dependent protein
that plays an important role in

innate immunity, and activates the
lectin complement pathway.

rs1800450; G54D
(NonSyn) IIV [165]

IL-28B
(IFNL3)

Type III IFN molecule, with brad
functions in antiviral responses rs8099917 (NCR). IIV [153]

Syn-synonymous, NonSyn-nonsynonymous, NCR-non-coding region (Intron, regulatory regions, promoter or UTR).
IIV: inactivated seasonal vaccine. IL-6, interleukin 6. IL-12B, interleukin 12. IFN-B1, interferon beta 1 (IFNβ).
TNFRSF1A, TNF receptor superfamily member 1A. IL-1R1, interleukin 1 receptor type 1. IL-10RB, interleukin
10 receptor subunit beta. IL-2RA, interleukin 2 receptor subunit alpha. IL-10RA, interleukin 10 receptor subunit
alpha. IL-12RB2, interleukin 12 receptor subunit beta 2. IL-1RN, interleukin 1 receptor antagonist. TNFRSF1B, TNF
receptor superfamily member 1B. MBL-2, mannose binding lectin 2. IL-28 B or IFNL3, interferon lambda 3.

Other SNPs that are not related with immune responses have been also linked to vaccine
effectiveness. Egli et al. revealed that the presence of the T/G or G/G genotype (rs8099917, minor-allele)
in IL-28B (IFNλ3), a type III IFN, was linked with increased seroconversion in recipients of an inactivated
influenza vaccine (Table 2) [153]. Moreover, IAV-stimulated B- and T-cells from the minor-allele carriers
exhibited increased HLA-DR and IL-4 expression, respectively. In addition, the expression of IL-28B,
but not IL-28A or IL-29, mRNAs was significantly reduced in the rs8099917, minor-allele carriers.
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Authors also reported that the IL-28B rs8099917 polymorphism affected humoral responses to the IAV
vaccine, and had a strong outcome on cellular immune responses by modulating the Th1/Th2 cytokine
response [153]. These findings are important because they will help to predict which individuals
could not be protected by present vaccines and they can also be used to design personalized vaccine
strategies to optimize the immune reaction.

4. Conclusions

The sequencing of the human genome together with the development of novel bioinformatic
tools have made possible the identification of multiple SNPs. More information is available for the
scientific community in the databases. In addition, the identification and study of the human genome
variability has opened the opportunity to investigate their association with the risk of developing
multiple human diseases facilitating their diagnosis or the susceptibility to infections caused by viruses
or other pathogens. Moreover, the knowledge and analysis of genomic variability will be a valuable
tool to predict the outcome of prophylactic or therapeutic interventions, including vaccines and drugs.
The analysis of human SNPs and their association with IAV infections or vaccination outcomes have
just begun. However, current research and data reflect the importance to obtain a better understanding
of these relations and the mechanisms underlying the effect of SNPs in the human immune system. In
the future, this knowledge could be used to better understand host factors affecting viral replication and
disease severity and to develop new and more effective therapeutic strategies against viral infections.
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