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Abstract

Using the Hemagglutinin (HA) protein peptide array of H1N1 pdm09 and a panel of swine 

antisera against various swine influenza H1 and H3 clusters, we identified three immunoreactive 

epitopes with one (peptide 15) located in HA1 (amino acids 57-71) and two (peptides 121 and 

139) in HA2 (amino acids 481-495 and 553-566). Further analysis showed that all swine antisera 

of H1 clusters efficiently recognized two HA2 epitopes; peptides 121 and 139, with only a subset 

of antisera reactive to HA1-derived peptide 15. Interestingly, none of these peptides were reactive 

to SIV H3 antisera. Finally, intranasal inoculation of peptides 15 and 121 into pigs revealed that 

peptide 121, not peptide 15, was able to generate antibody responses in some animals. The results 

of our experiments provide an important foundation for further analyzing the immune response 

against these peptides during natural viral infection and also provide peptide substrates for 

diagnostic assays.
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1. Introduction

Swine influenza is caused by swine influenza A virus (SIV), which belongs to the 

Orthomyxoviridae family (Easterday, 1980). The pathogen is an important component of the 

porcine respiratory disease complex and by itself can have a significant economic impact in 

the swine industry (Vincent et al., 2008). Swine influenza is ranked among the top three 

major health challenges in the global swine industry (Vincent et al., 2017). An additional 

concern regarding SIV, is its zoonotic potential, as under certain circumstances, it can be 

transmitted to humans, which is best exemplified by 2009 H1N1 pandemic originated from 

swine source (Maines et al., 2009). Recently, transmissions of variant swine H3N2 virus 

(H3N2v) to humans have also been documented (Wong et al., 2013).

A typical outbreak of respiratory disease caused by SIV is characterized by sudden onset, 

and rapid spread within a herd. Clinical symptoms associated with swine influenza may 

include coughing, sneezing, nasal discharge, elevated rectal temperature, lethargy, breathing 

difficulty, and depressed appetite (Easterday, 1980; Vincent et al., 2008). While morbidity 

rates may reach 100% with SIV infections, mortality rates are generally low.

The genome of SIV is separated into 8 independently RNA segments at the negative-sense 

that allows for frequent reassortment when two different viruses infect and replicate within 

the same cell of a pig. Reassortment involving HA segment event often results in the 

production of new influenza virus (antigenic shift), which renders the current strain-specific 

vaccine strategy ineffective (Erbelding et al., 2018). In addition, influenza A virus has the 

unique capacity to undergo genetic variations (antigenic drift) by being able to mutate up to 

50% of the amino acid sequence of its major surface protein, hemagglutinin (HA), without 

changing the function of the HA. Both antigenic drift and antigenic shift contribute to 

apparent failures of swine influenza vaccines when used in swine industry.

In the United States, SIV H1N1, H1N2, and H3N2 subtypes have emerged as the major 

causes of swine influenza, although two other subtypes of SIV (H3N1 and H2N3) have also 

been isolated from the diseased pigs on some occasions (Rajao et al., 2018). Each subtype 

consists of numerous linages or genetic clusters and these lineages of swine influenza virus 

circulate concurrently in pigs, which present a challenge to effective control and prevent of 

this important disease (Rajao et al., 2018).

The aim of this study was to determine the antigenic determinants of the hemagglutinin 

(HA) protein of H1N1 pandemic 2009 virus (H1N1 pdm09) by using the HA peptide array 

in Enzyme-linked immunosorbent assay coupled with immune sera from immunized pigs by 

SIVs. The peptide array contains 139 peptides spanning the HA protein of H1N1pdm09 and 

peptides are 14- or 15-mers with 11 amino acid overlaps. A panel of swine antisera against 

SIV H1 clusters α, β, γ, δ-1, δ-2, H1N1pdm09 (human A/CA/04/2009), and H3 cluster 

were used in this study (Hause BM et al., 2011; Hause et al., 2010). Our experiments 
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identified two conserved peptide antigens (peptides 121 and 139) located in HA2 that were 

reactive to all tested SIV H1 antisera. In addition, peptide 15 in HA1 was recognized by a 

subset of H1 antisera. Interestingly, none of these identified peptides were recognized by 

SIV H3 reference antisera. The results of our experiments shall provide an important 

foundation for further analyzing the immune response against these peptides during natural 

SIV infections and also provide potential peptide substrates for design of diagnostic assays 

and vaccine strategies against influenza A virus infection of swine.

2. Materials and methods

2.1. Peptide array

Peptide array is derived from the hemagglutinin (HA) protein of influenza A virus H1N1 A/

California/04/2009 (pdm09) with swine origin, which was provided by BEI Resources, 

NIAID, NIH (Cat# NR-15433). This is a 139-peptide array that spans the whole HA protein. 

Peptides are 14- to 15-mers in length, with 11 amino acid overlaps. Each peptide was 

dissolved with Dimethyl sulfoxide (DMSO) (Sigma-Aldrich) at a concentration of 1 mg/ml.

2.2. Pig sera

A previously described panel of porcine immune sera collected from experimentally 

inoculated pigs was used in this study (Hause BM et al., 2011; Hause et al., 2010). Three-

week-old SIV-negative pigs were obtained from a commercial vendor. Groups of 3 pigs were 

used for antisera generation against a panel of swine influenza virus reference isolates, 

including H1 clusters (α, β, γ, δ-1, δ-2, and H1N1pdm09) and a H3 cluster. Note that 

human H1N1 A/CA/04/2009 was used to inoculate pigs to produce swine H1N1pdm09 

antisera. Each of these viruses was propagated in swine testicles (ST) cells (reaching to 1280 

to 2560 hemagglutination units per ml) followed by the inactivation with 5 mM binary 

ethyleneimine (BEI) (Sigma-Aldrich) for 24 hours at 37°C. After formulation with Trigen, a 

proprietary adjuvant (Newport Laboratories, Worthington, Minnesota), each of these viral 

antigens was inoculated into a group of three pigs (2 ml each pig) on days 0, 7, 14, and 21, 

intramuscularly. Sera were collected and pooled on days 0 and 35, respectively, prior to 

testing. Because sera collected from inoculated pigs had very high HI titers (homologous HI 

1280 to > 20,480), sera were diluted four-fold to 16-fold in sera collected from cesarean-

derived, colostrum-deprived pigs to achieve homologous HI titers of 1280. The diluted 

reference antisera stocks were aliquoted and frozen at −80°C. In addition, we generated 

negative control sera by injecting pigs with ST cell debris and adjuvant. Sera generated from 

the ST cell debris were not diluted. Non-immune pig sera obtained from 50 pigs known to 

be free from swine influenza exposure and infection (negative for IAV-specific antibodies in 

ELISA) were used as negative control sera to detect background immunoglobulin binding in 

peptide ELISAs.

2.3. Peptide ELISA

Flat bottom 96-well plates were coated with each of the synthetic HA peptides (100 μl/0.5μg 

each well) in coating buffer (10 mM NaHCO3 buffer, pH 9.6) for overnight incubation at 

4°C. After washing six times (300 μl/well) with PBST wash buffer (PBS with 0.05% Tween 

20), plates were blocked with blocking buffer (PBST containing 0.2% gelatin) for 2 hours at 
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37°C followed by additional washing. Then 100 μl of diluted serum samples (1:300 in PBST 

containing 0.01% gelatin) was added to each well and incubated at 37°C for 1 hour. 

Following six times washing, antibody binding was detected by incubation with 100 μL of 

goat anti-swine IgG-HRP conjugates (SeraCare) diluted 1:2000 in blocking buffer at 37°C 

for 30 min. The calorimetric reaction, indicative of the presence of bound antibody, was 

mediated by the addition of 100 μL freshly prepared tetramethylbenzidine (TMB) substrate 

solution (SeraCare). The reaction was stopped by addition of 50 μL of 4 M sulfuric acid and 

the optical density (OD) was measured at 450 nm in an ELISA microplate reader (BioTek). 

Considering that a relatively large pool of peptides was tested in our work, OD was reported 

instead of endpoint titer. We selected 1:300 dilution for ELISA throughout this work because 

our initial optimization work (i.e. test a range of serum dilutions) revealed that 1:300 

dilution gave rise to a good and reproducible signal-to-noise signal. Under these conditions, 

ELISA can become saturated (end of the linear range) when OD reaches 1.5 or higher as 

determined in a plate reader.

The 50 negative control sera coupled with randomly selected 4 peptide pools (each peptide 

pool consisting of five sequentially overlapping peptides) were used to determine the cut-off 

value of the peptide ELISA, which was equal to the mean OD of the negative samples plus 3 

standard deviations. The derived positive cut-off value of 0.18 or greater was used to 

determine whether a given SIV cluster-specific serum had positive serological reactivity to 

the peptides. To reduce the background (BG) noise reaction caused by the hydrophobic 

binding of immunoglobulin and immune-complexes in pig sera to plastic surfaces, all the 

OD values obtained in peptide(s)-coated wells were subtracted from the BG OD values in 

peptide(s)-uncoated wells.

2.4. Hemagglutination inhibition (HI) assay

HI assay was performed following the standard procedure (Hause et al., 2012). In brief, sera 

were treated with a receptor-destroying enzyme for 24 h at 37°C and then adsorbed with a 

20% suspension of turkey erythrocytes in phosphate-buffered saline (PBS) for 30 min at 

room temperature. Influenza H1N1pdm09 virus suspensions containing 4 to 8 HA units of 

virus were incubated for 1 h with serial 2-fold dilutions of antiserum, and the HI titer was 

determined as the reciprocal of the highest dilution that showed complete inhibition of 

hemagglutination using 0.5% washed turkey erythrocytes.

2.5. Virus neutralization assay

Virus neutralization assays were performed as previously described (Ran et al., 2015), with 

slight modifications. Two-fold serial dilutions in PBS, from 1:4 to 1:32,768, were performed 

on the sera. Next, 100 μl of 40 to 200 median tissue culture infective doses (TCID50)/100 μl 

of influenza H1N1pdm09 virus was added to each serum dilution and incubated for 1 h at 

37°C in 5% CO2. The serum-virus mixture was next transferred to a confluent monolayer of 

MDCK cells and incubated at 37°C in 5% CO2 for 4 days. Viral neutralization was assessed 

by a lack of cytopathic effects in each well by microscopy. Back titrations were performed 

on MDCK cells to confirm a virus concentration of 40 to 200 TCID50/100 μl.
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2.6. Structural locations of peptides tested positive in ELISA

The Hemagglutinin structure (PDB 3LZG) from H1N1 pdm09 that derives the HA peptide 

array was chosen as the template to locate ELISA-positive peptides in the context of the HA 

structure.

2.7. Sequence logos

We used pLogo software (http://rth.dk/resources/plogo/) to determine the sequence 

conservation of the identified B-cell linear epitopes. For this purpose, we analyzed all 

available SIV cluster-specific full-length HA protein sequences of swine influenza A virus 

strains that circulated between 2006 to 2015 in pigs farms of the United States. Sequence 

logo provides better description of sequence conservation than consensus sequences and can 

reveal significantly structural and functional features of the identified epitopes. Each logo 

consists of stacks of letters (amino acids), one stack for each position in the sequence. The 

overall height of each stack indicates the sequence conservation at that position (measured in 

bits), whereas the height of symbols within the stack reflects the relative frequency of the 

corresponding amino acid at that position. The residue position in the block is shown on the 

X-axis, and the information content is shown on the Y-axis. The default color scheme 

displaying different amino acids according to their different chemical properties is as 

follows: polar amino acids (G, S, T, Y, C, Q, N) colored with green, basic (K, R, H) with 

blue, acidic (D, E) with red, and hydrophobic (A, V, L, I, P, W, F, M) amino acids with 

black.

2.8. In vivo evaluation of immunogenicity of peptides 15 and 121

3-week-old commercial influenza antibody-negative pigs were obtained from a commercial 

vendor in Minnesota. A commercial ELISA kit (Swine Influenza NP Antibody Test Kit with 

Cat# 99-0000900, Idexx Laboratories Inc, Westbrook, Maine) was used to determine swine 

influenza antibody-negative status of these pigs. The pigs were acclimatized for 7 days 

before inoculation of peptide immunogens. Maintenance of pigs and all experimental 

procedures were conducted in accordance with the guidelines of the Institutional Laboratory 

Animal Care and Use Committee, South Dakota State University. Peptide antigens were 

conjugated with carrier protein KLH (500μg of each peptide dissolved in total volume of 

1ml PBS). Each of six 4-week-old pigs was inoculated intranasally with one ml suspension 

of the KLH-conjugated peptides containing both peptides 15 and 121 along with heat labile 

enterotoxin (25 μg LT), while each of four pigs in control group received 1 ml PBS 

intranasally. Two weeks later, all piglets received a booster dosage. Blood samples were 

collected for the serum isolation via the jugular vein from piglets 2 weeks after the second 

round of immunization. Serum samples were also obtained by the same method prior to 

immunization. Peptide-specific antibodies were measured in the ELISA assay as described 

above.
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3. Results

3.1. Identification of HA peptide pools reactive to SIV H1N1pdm09 reference serum

To localize linear B-cell epitopes of the HA protein of H1N1 pdm09 in swine, pig serum 

raised against H1N1 pdm09 virus was tested for its reactivity against pdm09 HA peptide 

array. We first screened antibody reactivity against peptide pools in ELISA. Each peptide 

contained five sequentially overlapping peptides that were arranged from the N-terminal end 

of the HA protein. Peptide pools were considered as positive for the SIV serum sample when 

the OD (optical density) value was higher than the cut-off value 0.18, which was determined 

at the mean + 3 standard deviations based on analysis of 50 SIV antibody-negative serum 

samples. Three out of the twenty-eight peptide pools were tested positively against the 

H1N1pdm09 antiserum (Table 1).

3.2. Identification of individual peptides recognized by SIV H1N1pdm09 reference serum

To further determine individual peptide epitopes from the above positive peptide pools, each 

peptide was tested against swine H1N1pdm09 antiserum in ELISA under similar 

experimental conditions. The reactivity pattern was as follow (Table 2): peptide 15 from the 

positive peptide pool 11-15 reacted strongly with antiserum; similarly, peptide 121 from the 

positive peptide pool 121-125 was recognized by H1N1pdm 09 antiserum; interestingly, 

three overlapping peptides 137, 138, and 139 all reacted with antiserum. Significantly, the 

observation of an immunoreactive porcine B cell epitope represented by peptide 15 is in 

agreement with an early study demonstrating that this peptide was immunoreactive against 

convalescent sera from H1N1pdm09 patients (Zhao et al., 2011). Porcine B cell epitopes 

represented by peptides 121 and 137/138/139 have not been reported previously in the 

context of human infection by H1N1pdm09 virus. Three overlapping peptides (137/138/139) 

(Table 2) may represent a single epitope consisting of residues 553 to 559 (WMCSNGS). It 

is interesting to note that peptide 139, not other two peptides, contains a complete 

intracytoplasmic tail. Based on these reasons, we selected peptide 139 over other two 

overlapping peptides as a representative of this epitope for further analysis along with 

peptides 15 and 121.

3.3. Structural locations of positive peptides

Peptide 15 (residues 57 to 71) is located in the HA1 subunit, while peptide 121 (residues 481 

to 495) is located in the HA2 region. These two peptides are in the HA ectodomain. In 

contrast, peptide 39 (residues 553 to 566) is within the transmembrane (TM) domain and 

intracytoplasmic tail of HA. To visualize the location of the peptides on the HA protein, we 

mapped the peptides on the resolved H1N1 pdm09 HA’s ectodomain structure (Fig. 1). 

Peptide 15 comprises of a mixture and loop and β–sheet conformations, which links the 

stem and the globular domains and is largely surface exposed. Peptide 121 containing a 

mixture of α-helix, loop, and β–sheet is located in close proximity to the transmembrane 

region with the helical region fully exposed to the surface. The surface-exposed nature of 

peptides 15 and 121 may make their corresponding antibodies bind to the virions so 

antibody binding may have an effect on viral entry and replication. Visualization of peptide 

139 could not been performed due to the unavailable structure of HA’s transmembrane 

region and intracytoplasm ic tail.
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3.4. Cross reactivity of peptides to reference sera representing different H1 clusters/
subtypes of swine influenza A virus

We next determined whether pig reference sera from different swine influenza H1 and H3 

clusters recognized the identified peptides. For this experiment, we focused on peptides 15, 

121, and 139. All reference sera used in this study were uniformly diluted into same HAI 

antibody titer 1:1280 against the viruses that were used to generate these sera. Fig. 2 

summarizes the serological cross-reactivity of these peptides. Peptide 139 was highly 

reactive to all tested SIV H1 antisera, while peptide 121 was moderately reactive to all these 

sera. Strong inter-cluster reactivity demonstrated with peptide 139 and weak cross-reactivity 

(immunoreactive) with peptide 121 concurs with the results obtained with the referenc 

pdm09 serum on these peptides (Tables 1 and 2). Furthermore, in addition to H1N1 pdm09 

reference serum, peptide 15 was weakly reactive to H1 γ cluster serum. Significantly, none 

of these three peptides were recognized by SIV H3 antiserum, despite that this antiserum has 

a HAI antibody titer similar to those of H1 clusters antisera. In summary, three peptides 

reactive to different H1N1 cluster sera displayed no antibody binding activity with the 

reference SIV H3 serum.

3.5. Conservation analysis of the identified linear peptide epitopes in different H1 
clusters and H3 subtype of swine influenza A virus

We used sequence logos (O’Shea et al., 2013) to visualize the conservation of individual 

amino acids within each identified epitope, with the height of each letter indicating the 

proportion of sequences that contain the residue at that site (Fig. 3). Sequence of peptide 139 

(WMCSNGSLQCRICI) is completely identical among all H1 clusters except for δ-2 

(Delta2) cluster. The vast majority (90%) of Delta2 strains have an arginine (R) at position 

563 (R563), which is akin to SIV H1 strains in other clusters, while another 10% have a 

closely related lysine substitution (K563). This substitution seems not affecting the 

recognition of peptide 139 by Delta2 antisera used here. In contrast, 6 positions in the 

corresponding amino acid sequences of SIV H3 strains are occupied by different amino 

acids. Epitope conservation analysis of peptide 139 supports its universal recognition by all 

tested H1 cluster sera, not by a H3 subtype sera. Peptide 121 (CFEFYHKCDNTCMES) is 

highly conserved among all H1 clusters. Few amino acid variations in this epitope are 

centered on positions 489, 490, and 491. For example, all strains of swine influenza H1 

alpha (α) cluster have an alanine (A) at position 491, while all strains of Beta (β) and 99% 

of Gamma (γ) strains have a closely related threonine substitution (T491). Interestingly, 

Glutamic acid (E) occupies this position at Delat1 and Delat2 strains. Changes at these three 

positions have no substantial effects on the universal recognition of peptide 121 by antisera 

of H1 clusters. Analysis also showed that SIV H3 strains differed from H1 strains by 8 

positions in the corresponding region and this significant variation in the epitope may 

explain why peptide 121 is not recognized by SIV H3 antisera. Analysis of the sequence 

similarity in peptide 15 (KLCKLRGVAPLHLGK) displayed by various H1 clusters also 

supported a relation between epitope sequence conservation and antibody recognition. In 

addition to homologous sera (pdm09 H1N1), antiserum generated against Gamma (γ) 

cluster also recognized peptide 15. P15 peptide sequence is completely conserved among all 

analyzed strains of Gamma (γ) cluster. Interestingly, antisera generated against other 
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clusters of SIV subtype H1 and a H3 subtype strain failed to be reactive to this epitope due 

to multiple changes in the region.

3.6. Evaluation of immunogenicity of peptides 15 and 121 in pigs

We finally determined the immunogenicity of the identified B cell epitopes displayed in 

peptides 15 and 121. Peptide 139 is not selected for this study because this peptide is not 

exposed in the HA protein surface and may not constitute a target for protective antibody 

response. Peptide antigens containing peptides 15 and 121 were conjugated with carrier 

protein KLH (500μg of each peptide dissolved in total volume of 1ml PBS). Each of six 4-

week-old influenza antibody-negative pigs was inoculated intranasally with one ml 

suspension of the KLH-conjugated peptides along with heat labile enterotoxin (25 μg LT), 

while each of four control pigs received 1 ml PBS intranasally. Two weeks later, all piglets 

received a booster dosage. Blood samples were collected for the serum isolation via the 

jugular vein from piglets 2 weeks after the second round of immunization. Peptide-specific 

antibodies were measured in the ELISA assay as described above. As summarized in Figs. 4 

and 5, 2 out of 6 inoculated pigs showed detectable antibodies against peptide 121 at six 

weeks following the first immunization (Fig. 4). All inoculated pigs, however, were found 

negative in antibody response to peptide 15 during the course of this study (Fig. 5). Taken 

together, peptide 121 appeared to be immunogenic to pigs; despite that the antibody 

response elicited by this peptide was not uniform among inoculated pigs.

4. Discussion

A limitation of the peptide array-based approach is that it cannot identify discontinuous 

conformation-dependent epitopes that may in fact represent important antigenic 

determinants of the HA protein of swine influenza A viruses. This approach, however, has 

been extensively used to determine B-cell linear epitopes in viral glycoproteins of several 

enveloped viruses including human immunodeficiency virus (HIV), equine infectious 

anemia virus (a lentivirus), and influenza A virus (Ball et al., 1992; Forsstrom et al., 2015; 

Neurath et al., 1990; Prabakaran et al., 2009; Zhao et al., 2011; Zhou et al., 2014). The 

effectiveness of this approach in the identification of specific B-cell linear epitopes that are 

immunogenic in the native protein antigen may be influenced by three major factors. First, 

the structural and biophysical properties of a short protein fragment displayed between an 

isolated peptide and a native protein may be variable, which may lead to differential 

antibody binding to the target (Fieser et al., 1987). Second, the major histocompatibility 

complex polymorphisms present in an outbred population may influence the recognition of a 

particular peptide antigen by antibodies (Wieczorek et al., 2017). Third, host genetic 

variability may play a role in generation of differential activities of specie-specific 

antibodies to same B-cell epitopes (Rahman et al., 2015).

In this study, we used a synthetic peptide array covering the complete sequence of the HA 

protein of swine-originated influenza H1N1pdm09 virus to map distinct B-cell epitopes 

reactive with experimentally infected porcine immune sera. The most significant results of 

this study are the identification of two HA2-derived peptides (peptide 121 and 139) 

universally reactive to all tested SIV H1 cluster sera. Of two peptides, peptide 139, located 
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in the HA’s intracytoplasmic tail, is highly reactive B cell linear determinant. In addition to 

peptide 121, another surface-exposed epitope represented by peptide 15 also emerged in our 

study but this B cell epitope differs from peptide 121 in that it is only recognized by a 

limited number of H1 cluster sera. It is intriguing to note that all the identified epitopes fail 

to be recognized by a H3 subtype serum, indicating a subtype-specific nature of the 

identified antigenic determinants. Furthermore, peptide 121-specific antibodies generated 

from pigs receiving a mixture of peptides 15 and 121 are not effective in neutralizing 

homologous influenza H1N1pdm09 virus in both hemagglutination inhibition (HI) and virus 

neutralization assays (data not shown).

The results of our study reveal several interesting observations. First, peptide antigen, 

represented by peptide 139 derived from the intracytoplasmic tail of the HA protein, is 

highly immunereactive in swine. This finding is similar to what have been reported 

previously in retroviral studies showing that the intracytoplasmic tail and transmembrane 

region of retrovirus’s envelope protein is strongly antigenic determinant (Ball et al., 1992). 

Second, a B cell epitope resided in the peptide 15 has been demonstrated in patients 

recovered from influenza H1N1pdm09 infection (Zhao et al., 2011). Despite the similarity, 

this early study revealed that this B cell epitope is capable of inducing high titer non-

neutralizing antibodies in mice, while our study failed to detect measurable antibodies 

against peptide 15 in inoculated pigs. Different adjuvant formulation used between these two 

studies and host factor may play a significant role in causing this contrasting outcome, 

which warrant further investigation. Third, it is unfortunate to observe that antibodies 

generated from peptide 121 in some animals possessed non-neutralizing capability. It will be 

interesting to determine whether peptide 121-specific antibody can protect swine from 

influenza A virus infection through other antibody-mediated protective mechanism such as 

antibody-dependent cell-mediated cytotoxicity, which recently emerge as one of universal 

influenza vaccine targets (Erbelding et al., 2018). Fourth, Fourth, we noted that of five 

reactive peptides to swine H1 subtype sera, only peptide 15 is found to be immunoreactive in 

H1N1 infected patients or mice. The other four peptides (#121, #137, #138, and #139) seem 

to be swine-dependent as their antigenicity is not detected in other species such as humans 

and poultry (http://www.iedb.org). Finally, neither peptides derived the HA2’s helix A nor 

peptides from the HA2’s long CD helical domain were reactive to pig antisera against 

various H1 clusters in our ELISA assay. It has been reported that low antibody titers against 

the CD region of the HA2 protein were found in some influenza A viruses-infected patients 

(Wang et al., 2010). These data suggest that using a peptide-based approach to generate 

antibodies against two conserved targets (A and CD helices) may run into a challenge in 

swine. Considering that antibodies to these regions have a universal protection of 

experimental animals against various influenza subtypes, delivery of these targets into swine 

for effective induction of such cross-reactive antibodies may seek a different approach such 

as expression of these antigens through a nanoparticle platform or using a effective adjuvant.

In summary, we have identified two highly conserved epitopes contained in peptide peptides 

121 and 139 located in HA2 that reacted to all tested SIV H1 antisera. This study also found 

another epitope in HA1 peptide 15 that was recognized by a subset of H1 antisera. None of 

these HA1/HA2 peptides of H1N1pdm09 were recognized by SIV H3 reference antisera. 

Results of our study shall provide an important foundation for further analyzing the immune 
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response against these peptides during natural SIV infection and also provide potential 

peptide substrates for diagnostic assays and for vaccine strategies.
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Figure 1. Locations of reactive peptides in the context of the hemagglutinin (HA) structure (PDB 
3LZG) of H1N1 pdm09 virus.
The Hemagglutinin structure (PDB 3LZG) from H1N1 pdm09 that derives the HA peptide 

array was chosen as the template to locate ELISA-positive peptides in the context of the HA 

structure. Peptides 15 and 121 are colored with light green and dark blue, respectively.
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Figure 2. Recognition of three positive peptides by indicated swine antisera against different 
clusters of swine H1N1 and a H3N2 subtype.
Each of three peptides (15. 121, and 139) was used to coat 96-well plate. Swine antisera 

(1:300) from indicated H1 and H3 clusters of swine influenza were examined for the 

presence of antibodies to these three peptides using ELISA as detailed in materials and 

methods section. The background-corrected OD values of antisera for each peptide are 

calculated and plotted. The data presented in this figure are representative of three 

independent experiments, each assayed in duplicate.
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Figure 3. Conservation of identified peptide epitopes among swine influenza A H1N1 and H3N2 
viruses.
Logo analysis is shown for the frequency of each amino acids within each of three peptides 

in swine influenza strains from indicated H1 clusters and H3 that circulated between 2006 to 

2015 in pigs farms of the United States. The height of the letter indicates the frequency of 

individual amino acid residue at that site. The residue position in the block is shown on the 

X-axis, and the information content is shown on the Y-axis. The default color scheme 

displaying different amino acids according to their different chemical properties is as 

follows: polar amino acids (G, S, T, Y, C, Q, N) colored with green, basic (K, R, H) with 

blue, acidic (D, E) with red, and hydrophobic (A, V, L, I, P, W, F, M) amino acids with 

black.
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Figure 4. Antibody responses against peptide 121 in pigs.
Pig sera collected at the date of inoculation and 6 weeks post-inoculation of KLH-

conjugated peptides 15 and 121 or PBS were examined by ELISA for their ability to bind to 

peptide 121 antigen as described in details in materials and methods section. The horizontal 

broken line represents the OD cut-off value. Background-corrected OD values above this 

line are seropositive for peptide antigen. The data presented in this figure are representative 

of three independent experiments, each assayed in duplicate.
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Figure 5. Antibody responses against peptide 15 in pigs.
Pig sera collected at the date of inoculation and 6 weeks post-inoculation of KLH-

conjugated peptides 15 and 121 or PBS were examined by ELISA for their ability to bind to 

peptide 15 antigen as described in details in materials and methods section. The horizontal 

broken line represents the OD cut-off value. Background-corrected OD values above this 

line are seropositive for peptide antigen. The data presented in this figure are representative 

of three independent experiments, each assayed in duplicate.
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Table 1.

Summary of positive peptide pools identified in ELISA using swine antisera against homologous H1N1 

pdm09 virus.

Peptide OD Sequence and location

1-5 - 1 mkailvvllytfatanadtlcigyhannstd 31

6-10 - 21 cigyhannstdtvdtvleknvtvthsvnlle 51

11-15 0.336 41 vtvthsvnlledkhngklcklrgvaplhlgk 71

16-20 - 61l rgvaplhlgkcniagwilgnpeceslstas 91

21-25 - 81 npeceslstasswsyivetpssdngtcypgd 111

26-30 - 101LSissdngtcypgdfidyeelreqlssvssferf 131

31-35 - 121 qlssvssferfeifpktsswpnhdsnkgvta 151

36-40 - 141 pnhdsnkgvtaacphagaksfyknliwlvkk 171

41-45 - 161 fyknliwlvkkgnsypklsksyindkgkevl 191

46-50 - 181 syindkgkevlvlwgihhpstsadqqslyqn 211

51-55 - 201 tsadqqslyqnadayvfvgssryskkfkpei 231

56-60 - 221 sryskkfkpeiairpkvrdqegrmnyywtlv 251

61-65 - 241 egrmnyywtlvepgdkitfeatgnlvvprya 271

66-70 - 261 atgnlvvpryafamernagsgiiisdtpvhd 291

71-75 - 281 giiisdtpvhdcnttcqtpkgaintslpfqn 311

76-80 - 301 qaintslpfqnihpitiqkcpkyvkstklrl 331

81-85 - 321 pkyvkstklrlatglrnipsiqsRGlfgaia 351

86-90 - 341 iqsRGlfqaiaqfieqqwtqmvdqwyqyhhq 371

91-95 - 361 mvdgqygyhhqneqgsgyaadlkstqnaide 391

96-100 - 381 dlkstqnaideitnkvnsviekmntqftavg 411

101-105 - 401 ekmntqftavgkefnhlekrienlnkkv  431

106-100 - 421 ienlnkkv fldiwtynaellvllenert 451

111-115 - 441 ellvllenertldyhdsnvknlyekvrsqlk 471

116-120 - 461 nlyekvrsqlknnakeigngcfefyhkcdnt 491

121-125 0.231 481 cfefyhkcdntcmesvkngtydypkyseeak 511

126-130 - 501 ydypkyseeaklnreeidgvklestriyqil 531

131-135 - 521 klestriyqilaiystvasslvlvvslgais 551

136-139 0.341 541 lvlvvslgaisfwmcsngslqcrici 566

Note: "-" sign indicates that peptide pools are not reactive to swine antisera raised against homologous H1N1 pdm09 virus (i.e., OD values less than 
the ELISA cut-off 0.18). Positive peptide pools are indicated with red font color. Sequences with yellow shades are located in HA1. Sequences with 
blue shades are located in HA2. Junction sequence between HA1 and HA2 are not shaded. Reported OD data represent average background-
corrected OD values obtained from three independent experiments, each assayed in duplicate. See Materials and methods section for details.
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Table 2.

Summary of Individual peptides reactive to swine antisera against H1N1 pdm09 virus.

Peptide OD Sequence and position

15 0.662 57 KLCKLRGVAPLHLGK 71

121 0.262 481 CFEFYHKCDNTCMES 495

137 1.101 545 VSLGAISFWMCSNGS 559

138 1.426 549 AISFWMCSNGSLQCR 563

139 0.636 553 WMCSNGSLQCRICI 566

Note: The underlined amino acid residues for peptides 137, 138, and 139 are those shared among three reactive peptides. Reported OD data 
represent average background-corrected OD values obtained from three independent experiments, each assayed in duplicate. See Materials and 
methods section for details.
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