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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 alleviate this burden. However, the human 
antibody response is intricate and often obscure, with factors like 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 s train. N otably, 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 assays (MDA)20

1. Introduction21

Influenza is a global public health problem, causing approximately 300,000 - 650,000 global deaths22

each year [1]. Influenza A and B are the major virus types that infect humans. Antibodies directed23

against the surface glycoprotein hemagglutinin (HA) of influenza virus have proven to be the major24

source of protective immunity, blocking viral binding to the receptors on the target human cell surface25

and inhibiting viral entry to target cells. In response to human immunity pressures, antigenically26

distinct influenza viruses emerge continually, caused by continual mutation (antigenic drift)[2], or27

reassortment among viruses from different species (antigenic shift) that can lead to a pandemic with28

high mortality [3,4].29

To date, influenza vaccines composed of three or four inactivated virus strains are the only licensed30

vaccines to elicit or boost protective immunity against influenza viruses in the United States. However,31
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both antigenic drift and shift necessitate that the flu vaccine be reformulated and re-administered32

annually [5]. It is a formidable challenge to select the stains each year to protect against current33

circulating viruses based on viral surveillance data of the previous year [6], and to produce a large34

amount of antigenically matched vaccine [7].35

Developing a "universal flu vaccine" that induces broadly cross-protective immunity is one36

strategy to overcome this challenge [8]. On the other hand, the serological responses induced by37

influenza viruses in humans are incredibly complicated, since they are altered by an individual’s38

exposure history, factors such as "original antigenic sin" (OAS) [9] (also known as HA imprinting[10]),39

and the shared antigenic relationships between proteins from different strains that induce immune40

cross-reactivity, such as heterosubtypic immunity [11,12]. The effects of pre-existing antibodies on41

the B cell response to vaccine strains that contain new or identical HA antigenic sites are still unclear.42

Systems serology, the application of bioinformatics to multidimensional data regarding anti-influenza43

IgG binding specificity and repertoire in response to vaccination, has emerged as a way to understand44

these responses, and aid in vaccine design.45

Because of the complex interplay between pre-existing, circulating, anti-HA antibodies and46

human IgG-mediated influenza responses, the first step in comprehensive analysis is measurement of47

anti-influenza HA IgG binding patterns against multiple influenza strain HAs. Such measurement is48

critical due to the shared epitopes across strains. Such multidimensional measurements help to better49

define the functional host anti-HA influenza repertoire.50

A variety of assays exist to measure the host anti-HA influenza antibody response. The assays51

currently used to estimate the HA IgG antibody binding to single HA proteins, such as hemagglutinin52

inhibition (HAI) [13,14], micro-neutralization (MN)[15,16] and enzyme-linked immunosorbent assay53

(ELISA) all require a large amount of serum sample in order to test the cross-reactivity against an54

array of virus strains. These assays are also expensive and time consuming, which limits their55

usefulness in unraveling the complexity of cross-reactive antibodies to influenza viruses. In contrast,56

the novel technology of array-based high throughput multiple dimensional assays (MDA) provides a57

powerful tool to comprehensively oversee compound broad cross-reactive antibodies (bcAbs) against58

the influenza HA protein. Here, we review the genetic foundations of cross-reactivities between59

influenza virus strains and the contributions of these cross-reactivities to OAS and the host immune60

response to influenza infection and vaccination. Foremost, we highlight the application of MDA as a61

tool in future influenza immunity study and universal vaccine development.62

2. Influenza virus and its surface hemagglutinin (HA) glycoprotein63

Influenza viruses, the pathogens that cause flu, belong to the Orthomyxoviridae family, a group64

of negative-sense single strain RNA viruses [17]. Influenza type A has 2 phylogenetic groups based on65

amino acid sequence and, to date, 18 HA subtypes: group 1 (H1, H2, H5, H6, H8, H9, H11, H12, H13,66

H16, HA-like H17, HA-like H18) and group 2 (H3, H4, H7, H10, H14, H15) [18]. Influenza A viruses67

are further named based on the composition of major surface glycoproteins HA and neuraminidase68

(NA) (e.g. H1N1 or H3N2). Influenza type B also has two phylogenetically distinct lineages called69

Yamagata and Victoria [19]. Since antibodies directed against the HA of influenza virus are the major70

source of human protective immunity, and comparatively little is known about antigenic sites on the71

NA or the protective antibody responses that target them [20], we focus here on discussion of B cell72

epitopes and cross-reactive antibodies to HA of influenza viruses.73

HA, which is highly glycosylated, is the most abundant influenza viral surface protein and74

mediates binding to sialic acid expressed on the surface of target host cells. HA is synthesized as75

a polypeptide (HA0) before being cleaved into HA1 and HA2 subunits, which fold into a trimeric76

spike. The membrane distal globular head region of HA is composed of HA1 and contains the receptor77

binding site (RBS) that the virus uses to bind to host cell sialic acid. The stalk region then mediates virus78

fusion into host cells through structure transformation [21]. Protective antibody-mediated immunity79

against HA is the first line of defense in preventing influenza virus infection. Such immunity is elicited80
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by prior influenza exposure: infection or vaccination [22,23]. Anti-head HA antibodies typically target81

epitopes in and around the RBS. There are 5 major B cell epitopes that have been identified for H1 (Sa,82

Sb, Ca1, Ca2 and Cb) [24] and H3 (Eptitopes A-E) influenza strain HAs [25].83

The HA head region has been demonstrated to be strongly immunodominant, highly mutable,84

and strain-specific [26]. The main virus mutations occur on the amino acids that contribute the85

conformations of the 130- and 220-loops of HA head region in H1N1 viruses (reviewed in [27]). These86

mutations can not only switch HA binding preference from avian- to human-type receptors, but also87

differentiate the H1 from other subtypes in serological antibody tests such as HAI or MN assays.88

Importantly, there are a few epitope sites that have been identified in the HA head, HA1, which are89

highly conserved across human H1N1, H3N2, and human and avian H5N1 influenza strains. [28].90

The stalk region of HA is composed of HA2 as well as the N- and C-terminal ends of HA1 in91

an alpha-helical structure that supports the head region of HA [29]. The highly conserved nature of92

this region makes it a promising target for universal influenza vaccines. Many investigators have93

demonstrated in the last 10 years that antibodies against the stalk domain can cause heterosutypic and94

hetero-phygenenic group immunity, leading to several vaccines now in clinical trials [30,31].95

There are two major strategies to refocus the antibody immune response toward the96

immunosubdominant stalk domain. The first strategy is to construct “headless HA" small peptide or97

nanoparticle vaccines (reviewed in [32]). The second is a chimeric HA (cHA) sequential vaccination98

strategy that uses a series of cHA constructs with the same stalk domain but different head domains99

to overcome the immunodominant head domain response (reviewed in [31]). Despite the conserved100

epitopes they target, stalk-reactive antibodies have shown limited protective ability. There are101

several reasons for this; first, broad cross-reactive antibodies against the stalk region are prevalent in102

individuals who have previously been influenza infected or received flu vaccination [33,34]; second,103

in vitro assays show that head-reactive mAbs more efficiently block influenza virus replication104

than stalk-reactive mAbs [35]. Additionally, clinical studies showed that there was not a significant105

plasmablast response directed specifically against the stalk region of H1 HA with the seasonal vaccine106

[35]. Overall, the studies on stalk universal vaccines still face more hurdles and challenges.107

3. Broad neutralizing antibodies(bnAbs) and broad cross-reactive antibodies (bcAbs) against HA.108

Despite the challenges associated with their production, broadly cross-reactive antibodies (bcAbs)109

represent the best tool for developing a universal influenza vaccine. The goal of universal vaccine is110

to elicit the protective bcAbs to keep host from the infection of a broad range of constantly changing111

influenza virus. Recently, an increasing number of broadly neutralizing antibodies (bnAbs) have been112

isolated and identified from the B cell repertoire after influenza virus infection and vaccination [36,37],113

targeting both head and stalk regions of HA. Most head-reactive antibodies are bnAbs, such as KBm2,114

5J8 and CH65, which neutralize a broad spectrum of H1 strain viruses in the MN assay [36,38,39], and115

8M2, which neutralizes many H2 strains [40]. However, several head-reactive bnAbs demonstrate116

heterosubtypic reactivity, such as C05, F045-92 and S139/1, which recognize the conserved receptor117

binding pocket on the HA head [41–44]. These three bnAbs can neutralize H1, H2, and H9, while C05118

can also weakly neutralize the group 2 H3 influenza virus[41].119

Some bnAbs that target stalk region of HA neutralize a wider range of influenza types and120

subtypes[18]. Human monoclonal antibodies CR6261, F10 and A06 were isolated from recently121

vaccinated donors and shown to neutralize nearly all group 1 viruses [45–47], while CR8020 and122

CR8043 neutralize a wide breadth of group 2 viruses [48,49]. Some monoclonal antibodies show broad123

cross-group influenza A reactivity, including MEDI8852, 27F3, FI6v3 and CR9114 [50–53].124

One issue with characterization of bnAb activities is that they have generally been evaluated125

by HAI and MN assays in vitro. It is known that the HAI assay is only able to detect antibodies that126

recognize the receptor-binding sites on the HA proteins of influenza virus, and cannot measure stalk127

region cross-reactive antibodies. MN assays also show low sensitivity to stalk-reactive antibodies128

[54,55].129
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Notably, there are other mechanisms involved in antibody mediated broad-protection, such130

antibody-dependent cell-mediated cytotoxicity (ADCC), and antibody-mediated cellular phagocytosis131

in vivo [56–58]. For example, the novel isolated human mAb FluA-20 was shown to protect mice132

against lethal challenge with H1, H3, H5 and H7 influenza A subtype viruses [58]. It binds to an133

extremely well conserved epitope in the peripheral interface of the HA trimer, a novel epitope on the134

head region of HA, with extra high affinity. After binding to HA, it quickly interferes with the trimeric135

structure of HA, which blocks viral cell-to-cell spread. Interestingly, this mAb offered protection from136

influenza virus infection in vivo, but it did not display neutralizing activity in HAI or MN assay in vitro137

studies [58]. This suggests that there are some broad cross-reactive antibodies (bcAbs) that are able to138

protect against influenza virus that would likely be disregarded by traditional assays. BcAbs can be139

detected by ELISA and other binding assays. Thus a role for more sensitive and multidimensional140

assays seems important for this strategy.141

Finally, it has been reported that novel recombinant multidomain bnAbs were successfully142

expressed using an adeno-associated virus vector [59]. First, four broad cross-reactive single-domain143

antibody (sdAb) variable domain heavy-chain (VHH) genes were isolated and identified: SD36144

neutralizes influenza A group 2 (H3, H4, H7 and H10), SD38 recognizes influenza A group 1 (H1,145

H2 and H5) and some group 2 (H3, H7, and H10); SD83 and SD84 could neutralize both lineages of146

influenza B virus. The combination of a11 4 sdAb genes were fused to a human IgG1 Fc fragment, and147

a human expression system was used to generate a multidomain Ab, MD3606. It neutralized nearly all148

influenza A (H1 to H11 and H14) and influenza B viruses, and strongly bound to H13, H15-H18 in149

vitro. In addition, MD3606 provided full protection in mice from a lethal challenge with H1, H3 and B150

influenza viruses in vivo. This work presents an inventive way to generate the bcAbs against HA head151

and/or stalk domains.152

4. Complexity of human immune responses against influenza virus153

The complexity of the human immune response to repeated influenza virus exposure is another154

major obstacle to the development of a universal influenza vaccine. Because of the constant antigenic155

drift in circulating influenza strains, humans have more complicated immune responses than can be156

modeled in naive animals. Each person has a unique history of influenza virus exposure, leading157

to pre-existing immune repertoires that are activated in the event of immune challenge with an158

antigenically similar flu strain.159

In 1960, Thomas Francis Jr. reported that antibodies against the first H1N1 flu strain encountered160

in life would be produced at high levels throughout a person’s lifespan, to the detriment of future161

specific responses to new strains [9]. He coined the term ’Original Antigenic Sin (OAS), now referred162

to as imprinting, to describe how a specific immune response to a flu strain can be preferentially163

directed at a previously encountered strain. This phenomenon has also been confirmed by subsequent164

researches on the antibody response against H3N2 influenza viruses [60,61]. It has been observed that165

serum antibody neutralization titers are highest against the first strain a person is exposed to, lower for166

the second strain, and lower still for the third. This results in a hierarchy where each strain’s position167

in an individuals immune reactivity is determined by the ’seniority’ of its exposure date, also termed168

"antigenic seniority" or "back-boosting". So, the antibody response to a new influenza virus strain will169

most likely be determined by HA antigenic similarity: the closer the antigenic distance between the170

old and new strains, the higher the "back-boost" response to the old strain would be detected [61].171

However, some clinical studies have shown reduced vaccine effectiveness after sequential vaccinations172

[62,63], and it is still unclear whether reduced or absent immune response to seasonal vaccine generally173

seen in elderly populations is related to repeated previous exposure [64,65].174

The mechanism of such immune imprinting is unclear, but it has been hypothesized that after a175

large number of memory B cells (MBCs) are activated during first influenza virus exposure, the next176

exposure to an influenza strain with some mutated and some shared epitopes will show lower de novo177

naive memory B cells activation against the new epitopes. This suggests that preexisting antibodies178
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could play a role in the MBC response, such as accelerating the clearance of influenza antigens or179

sterically blocking MBCs from accessing specific epitopes [66,67]. Meanwhile, the MBCs specific for180

epitopes present in the first strain would likely proliferate more since they have been activated again181

[68].182

Obviously, the motivation of an "OAS" study is to understand the cross-protection provided by183

pre-existing bcAbs, and how to enhance the the breadth and protective potency of bcAbs. It had been184

demonstrated that the lower mortality of older individuals during the 2009 H1N1 pandemic, which185

related that the HA of pandemic 2009 "Swine" flu virus was structurally similar to that of pandemic186

1918"Spanish" virus, suggesting within the subtype cross-strain protection [69–71]. Importantly, in187

2016, using all known cases of human of H5N1 and H7N9 where death occurred, Gostic et al [10]found188

that childhood H1 and H3 imprinting provides 75% and 80% protection against death from H5N1 and189

H7N9, receptively. Because H1 and H5 are found in phylogenetic group 1, and H3 and H7 are found190

in group 2, these results suggest that antigenic seniority boosts can offer cross protection against HA191

subtypes of the same group [10].192

These studies led to great enthusiasm for the feasibility of a universal influenza vaccine. However,193

using the same analysis methods, a Canadian group published a contradictory finding: early life194

exposure of 1957 H2N2 "Asian flu" virus enhanced the morality of flu during 2009 H1 pandemic flu and195

2013-2014 H1N1 outbreak [72]. Overall, there are more questions about the role of OAS and imprinting196

on the cross-reactivity or cross-prevention of influenza infection, and the clinical immunology studies197

on the cross-reactive B cell response to influenza infection and vaccination are currently underway.198

5. Multidimensional assays (MDAs) for anti-influenza antibodies199

The gold standard and most widely used assays to evaluate antibody activity against HA and200

protection in clinical trials are the hemagglutinin inhibition (HAI) [13,14] and the microneutralization201

(MN) [15,16] assays. Both assays are semi-quantitative with a single target virus strain providing202

a discrete ranked readout of one of 8–14 titer values based on two-fold dilutions of serum samples.203

Including ELISA, which is less frequently used in influenza studies, all these common methods are204

single dimensional assays, which require the user to perform antibody testing for each strain of205

interest separately. This process is not only time-consuming and labour-intensive, but also requires206

large sample volumes. In addition, these assays are limited in their ability to show the breadth of207

cross-reactive anti-influenza antibody response.208

To overcome the limitations of single dimensional assays novel multidimensional assays (MDA)209

have been developed over the last decade. MDAs are high throughput assays that use protein array210

technology to simultaneously measure antibodies against a panel of the HA proteins and peptides of211

multiple influenza virus strains in a single test with minimum amount of sample. They can measure212

the magnitude and breadth of antibody response against HAs of influenza virus. In general, the213

purified HA proteins are immobilized on a solid surface such as microchips, membranes or beads, to214

keep the native structure and provide their maximal binding properties. Then the reactive antibodies215

are characterized by binding to the protein, followed by a fluorescent probed secondary antibody that216

is read by an array chips reader as median fluorescent intensity (MFI). The HA protein or peptide array217

offers the advantage of multiplex capabilities to generate statistically powerful data while conserving218

time, money, and requiring minimal sample compared to the traditional assays. While not a functional219

assay method, multiple studies have confirmed that MDA results correlate well with that of HAI220

titers [73–77]. Critical for the understanding of OAS, "back-boosting", and the effects of pre-existing221

cross-strain immunity on current vaccine responses, such methods allow testing reactivity against a222

large number of antigenically related and disparate influenza proteins (generally HA at the moment).223

Based on the immobilizing materials, there are two major types of array-based assays currently224

used for evaluation of HA antibodies: protein microarray and Luminex assays. The first method225

involves printing HA protein on chips to estimate the binding antibodies. The first report of HA226

protein array assay was published in 2010 [78], and since then more than 10 publications have showed227
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its powerful potential to study the breath of cross-reactivity of HA antibodies on the population level228

(see the list on the Table 1). At present, 283 HA proteins can be printed on one micro chip for maximum229

efficiency [79]. However, this process requires expensive and specialized equipment, including a230

micro-printer and dedicated scanner.231

In contrast to peptide arrays, the Luminex-based MDA method, which involves coupling HA232

protein to color coded Luminex beads, allows the user increased flexibility to customize the panel by233

easily combining multiple strain-specific beads without reprinting the entire panel [76,80]. In addition,234

Luminex readers are more widely available now than chip scanners. However, Luminex-based MDAs235

support fewer analytes per assay. For example, the Luminex 200 can detect 100 color-coded beads, and236

the Magpix analyzer can read 50 coded beads [81].237

The first Luminex-based MDA, mPLEX-Flu, was developed to characterize the breadth and238

magnitude of the IgA, IgM and IgG antibodies against a large panel of whole HA proteins of multiple239

influenza virus types and subtypes in 2015 [80]. Our recent comprehensive studies, with novel240

statistical methods and a continuous readout across a 4.5 log range, indicated that MDA highly241

correlated with HAI and MN results, and with substantially better sensitivity and precision on account242

of continuous readout [77]. Furthermore, another study showed that using individual standard curves243

for each influenza HA strain in the mPlex-Flu assay to independently calculate IgG concentrations244

against each virus strain enables the direct comparison of serum anti-HA IgG concentrations against245

different influenza HA subtypes [82]. This capability addresses an essential issue for estimation and246

comparison of cross-reactivities of influenza antibody against multiple strains that has always plagued247

single-dimensional assays including HAI, MN and ELISA.248

Based on the above characteristics of MDA, we will use the example of a Luminex-based MDA,249

the mPLEX-Flu assay [80], to discuss the application of MDA on the influenza vaccine development250

and basic viral immunity research in subsequent discussions below.251

6. Current applications of MDA252

6.1. Determination of the antigenic of HA of influenza virus253

Antigenic cartography was first presented by Smith et al. in 2004 [83] as a way to quantify and254

visualize the antigenic differences in evolving flu strains. They used antigenic data from 35 years of H3255

influenza surveillance, which consisted of hemagglutination inhibition (HI) titers multidimensional256

matrix data from 79 ferret polyclonal antisera against a panel of 273 viral isolates. They used257

multidimensional scaling analysis to adjust the position of viruses on an antigenic map such that the258

linear distance between two points reflects antigenic difference (calculated by comparing HI titers259

against other virus strains). The map revealed the high-level antigenic evolution of H3 influenza260

viruses from 1968 to 2002. To increase the efficiency and power of antigenic cartography, MDA could261

be used instead of HI to generate the multiple dimensional matrix data that could reveal the antigenic262

distance of HAs between the variants of influenza viruses, a technique we demonstrated in 2015 [80,84].263

In the study of antigenic drift in 2015-2016 seasonal H1N1 viruses from the pandemic 2009 H1N1264

virus[85], the mPLEX-Flu assay was sensitive enough to detect the antigenic difference of circulation265

isolates with H1 vaccine strain.266

6.2. Identify the binding profiles of broad cross-reactive mAb267

Isolation and analysis of human monoclonal antibodies from the B cell repertoire of infected268

or vaccinated individuals is an important method to measure the B cell response against influenza269

virus [26,37,86,87]. As discussed above, broad cross-reactive antibodies (bcAbs) that are able to270

protect against influenza virus infection include the broad neutralizing antibodies (bnAbs) and271

other cross-reactive antibodies. And bcAbs can be estimated by ELISA and MDA binding assays.272

Based on breadth of binding, bcAbs can be grouped as homosubtypic (cross-strain reactive within273

the same subtype groups), heterosubtypic (cross-reactive between subtypes), and heterophylogenic274
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(cross-reactive across the phylogenic groups). MDAs can generate comprehensive high throughput275

data to determine the broad binding profile for mAb with tremendous efficiency. That will help276

accelerate research in this field. For example, KPF1,a human monoclonal Ab, was isolated by Kobies’s277

lab from a subject who was immunized with the seasonal influenza inactivated vaccine [36]. Using278

the mPlex-Flu assay, the broad binding profile of KPF1 was efficiently clarified. Multiple dimensional279

data characterizing KPF1 clearly showed the magnitude and breadth of cross-reactivity of KPF1, and280

permitted visualization of results by a heat-map graph[36]. Importantly, the mplex-Flu assay revealed281

that the distinct binding profile of each mAb was different from the others, even though they were282

isolated from same influenza infection. This type of experiment demonstrates the utility of MDA283

assays in rapidly defining the immune repertiore landscape against multi-antigen HA proteins of284

multiple influenza strains.285

Table 1. Multidimensional assay (MDA) methods for detecting antibodies against influenza HA strains

Methods Target Antigen Species Isotype Sample type(s) Reference

Luminex NP, M1 and NS1 proteins Chicken, turkey IgY Serum [88]
array

Whole HA of H1, H3, Human IgA1, IgG1 Serum [89],
H5, Flu B

Whole HA of H1, Ferret, mouse, IgG, IgA, Serum [80]
H3, Flu B human IgM

Whole HA of H1, Human IgG Serum [84]
H3, H5

Whole HA of H1, H2, H3, H5, Human IgG Serum [76,85,90,91]
H7, H9, Flu B and MBC culture
chimeric HA

Whole HA of H1, H2, H3, H5, Human IgG Purified mAb [36]
H7, H9, Flu B

Whole HA of H1, H2, H3, H5, Human IgA, IgG Breast milk [92]
H7, H9, Flu B and Infant serum
chimeric HA

Whole HA of H1, H2, H3, H5, Human IgG Serum [77,82]
H7, H9, Flu B and
chimeric HA

H1-16 whole HA, and Chicken IgY Serum [93],
N1-9 whole NA Avian flu

Microarray Random sequence peptides Human IgG Serum [78],

Head domain of HA of H1, Human IgG Serum or [73–75,94–97]
H2, H3, H5, H7, H9 dry blood spots

H1-H16 and H18 Human IgG Serum [79,98,99]
whole HA protein
and/or HA peptides

H1-H18 whole HA Chicken, duck, IgY, IgG Serum [95,100,101],
bat

Arrayed H1, H3, H6, H5 Human IgG Serum [102],
Imaging
Reflectometry H1-H12 and Flu B Mallard duck IgY Serum [103],
(AIR)
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6.3. Detection of the magnitude and breadth of serologic responses to influenza infection or vaccination286

The major goal in developing the mPlex-Flu assay is to quantitatively evaluate the cross-reactivity287

of influenza virus antibodies, including IgG, IgA and IgM isotypes. After we established and verified288

the mPlex-Flu assay, we applied it for detection of a breadth of cross-reactive Abs elicited by infection289

of influenza virus or vaccination with recombinant HA proteins [76] in mice and ferrets. The assay also290

provides a comprehensive and efficient way to evaluate the change of broad cross-reactive humour291

immunity after influenza virus infection or vaccination in human clinical studies [90,104]. One of the292

most extensive benefits of the application of mPlex-Flu assay to studies of the antibody response of293

influenza is to provide more comprehensive data for baseline, before vaccination or infection[77,82].294

The high throughput data of antibody titers helps to improve our understanding of the effects of295

influenza virus exposure history, or OAS that we discuss above, as essential factors that shape an296

individual’s response to influenza vaccines or infections.297

6.4. Detection of antibodies in B cell culture medium and body fluid298

The high sensitivity and minimal sample size requirement enable MDA to quantitatively detect299

multiple influenza virus antibodies in samples other than serum (i.e., B-cell culture medium [90,91],300

breast milk[92]), which contain low antibody concentration, and with small amount of sample volume,301

limit of detection for HAI, MN single-panel traditional assays. Development of MBCs and activation302

of preexisting MBCs are essential features of the B cell response to influenza virus infection and303

vaccination [87,105]. Analyzing Abs in the culture supernatants of stimulated MBCs provides an304

alternative to ELISpot assay as a readout for HA-specific MBC responses, and facilitates a more305

comprehensive analysis of MBC repertoire[90]. HA-specific IgG concentrations in B cell culture306

medium are highly correlated with the frequencies of antigen-specific IgG secreting B cells derived307

from stimulated MBCs or plasmablasts [76,90,106].308

As an example of the utility of combinining MDA and in vitro culture experiments, we have309

previously analyzed low volume B cell culture samples using the mPLEX-Flu assay for changes310

in the size and character of HA-reactive MBC populations after H3N2 influenza infection [90] and311

seasonal flu vaccination [91] in a far more efficient and extensive way than could be accomplished312

with HAI or MN. We found that the H3-reactive IgG MBC population was expanded after infection313

induced reactivity to head and stalk domains, and head-reactive MBC populations were broad and314

reflected prior imprinting patterns of IgG production, which suggested that early-life H3N2 exposure315

affected H3 stalk-specific MBC expansion [90,91]. Similarly, a study examining the correlation between316

maternal and infant serum and maternal breast milk anti-influenza HA IgG and IgA patterns during317

the first 12 months of life showed that breast milk influza HA-specific IgG and IgA antibody levels318

and patterns in breast milk were correlated with those in serum, except some H5, H4 and H9 HA319

head-specific Abs. A steady decay of infant influenza specific IgG levels by 6 to 8 months of age was320

also detected. This study strongly suggested that this new method could be facilitated to larger clinical321

study to understand the impact of maternal imprinting on influenza immunity in the future [92].322

7. Future applications of MDA323

7.1. Population studies with micro-sampling techniques324

When coupled with low volume sampling methods, MDA has the potential to vastly increase325

subject sampling numbers for population based studies, while simultaneously yielding comprehensive326

data regarding IgG reactivity against multiple influenza strains. For example, a 2014 study used a327

protein microarray to monitor the trends of the 2009 influenza A (H1N1) pdm virus in 13 countries from328

5 continents by screening bloodspots [94]. Similarly, a new technique called volumetric absorptive329

microsampling (VAMS), which provides for accurate sampling of a fixed blood volume (10 or 20330

µL) on a volumetric swab and allows for long-term sample storage, has been used for peripheral331
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blood sampling [107]. Combining this method with the mPlex-Flu assay enabled us to measure332

multidimensional anti-influenza IgG activity in whole blood samples collected by a finger-stick333

[108]. This study indicated that results from VAMS and traditional serum samples were highly334

correlated, both within subjects and across all influenza strains[108]. In addition, after adjustment335

for the hematocrit effects on the serum volume of whole blood sample, this new method could336

accurately estimate the HA-specific IgG absolute concentration equivalent to that obtained with serum337

sampling methods. This novel approach provides a simple, accurate, low-cost tool for monitoring338

multidimensional anti-influenza hemagglutinin IgG responses in large population studies and clinical339

trials to comprehensively understand the effects of existing influenza virus antibodies on the immune340

response and new universal vaccine design.341

7.2. Comprehensive antigenic study of HA proteins342

Right now, as we discussed above, the broad neutralizing antibody (bnAb) activities still be the343

most important profiles of monoclonal antibodies to be considered. But after FluA-20 antibody being344

isolated, the broad cross-reactive antibodies (bcAbs) showed the protection against influenza virus that345

would likely be disregarded by traditional assays [58]. By contrast, MDA can detect non-neutralization346

activities of broad binding antibodies in a high throughput way. Absolutely, MDA will be a powerful347

serological assay for generating multidimensional data to exhibit the magnitude and breadth of binding348

to HAs from small amounts of sera.349

At same time, based on our work showing that the continuous readout data generated from350

the mPLEX-Flu assay are preciser and accurater than that from titering methods, such as HAI and351

MN assay [77], we hypothesize that the antigenic cartography generated from MDA data would352

more accurately track the binding epitopes than that from HAI data. Now, our group are working on353

developing a new multiple dimensional analysis approach to create a antigenic cartography with the354

MDA continuous data.355

7.3. Detecting cross-reactive antibodies against other viral proteins of influenza virus356

Besides HA, neuraminidase (NA) also is an important target for inducing protective357

antibody-mediated responses[20]. Similarly, influenza virus M2 protein has an extracellular domain358

(M2e) which is highly conserved among influenza A viruses and B viruses. M2 is also being359

explored as a target for developing a "universal" vaccine to elicit the cross-protection against influenza.360

Unfortunately, little is known about the protective activity and broad cross-reaction of antibodies361

against these surface proteins.362

At the same time, other internal proteins, such as nucleoprotein (NP) and the matrix protein 1363

(M1), which are highly conserved between human seasonal and zoonotic influenza viruses[109], induce364

T-cell responses. These T-cell responses are shown to highly protect mice from the virus infection [110]365

and elicit robust CD8+ T cell responses across all human influenza A viruses [111]. After influenza366

virus infection, high circulating titers of NP Abs remain, and M1 antibodies can also be detected [109].367

Currently, the effects of these antibodies against internal proteins on the T-cell response are unclear,368

especially the impact of pre-existing internal protein antibodies on the sequential humoral and cellular369

response.370

Applying an expanded MDA panel that includes NA, NP and M1 protein-coupled beads in future371

influenza population surveys and clinical infection studies will allow us to evaluate antibodies against372

all these highly conserved proteins and HAs simultaneously. It would provide highly comprehensive373

data to help us to understand the T and B cell response to influenza virus infection, and also be374

beneficial for developing a "universal" influenza vaccine. While this review has focused on influenza,375

the underlying principles of MDA analysis apply equally to the study of immunity against other376

viruses that have multiple, antigenically similar strains.377
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8. Summary378

The constantly changing HA antigenicity of influenza virus, along with the complexity of379

serological responses induced by the viruses in the human immune system, make it too muddy380

to interpret serology testing results. It had been commonly accepted that assessing the antibody381

response against vaccine strain viral HAs is too restricted for understanding this complexity. The382

effects of pre-existing antibodies and cross-reactive antibodies against multiple strains’ HA becoming383

increasingly enticing in the influenza B cell immunity research field. MDAs and systems serology, the384

novel technologies combined with multidimensional data, computer modeling, and bioinformatics,385

are groundbreaking new tools for influenza vaccine study. They will open a novel comprehensive386

view to investigate the B cell response to influenza virus and be a powerful tool for universal vaccine387

development.388
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