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Methods 
 
1.1 For Conformational structure of HA antigen (HA), we chose the representative 
crystal structure of 3KFU, so chosen as it was co-crystallized with the F10 broadly 
neutralizing antibody, used elsewhere as a positive control in our studies.  
 
1.2 For Conformational B-cell epitopes of human antibodies on antigen (HA) surface, 
we generated a repertoire database of the available crystallographic human BCRs and 
docked them all against the representative HA antigen (3FKU) to generate over 3 million 
unique candidate interaction geometries using ZDOCK, each containing 25+/-12 HA 
potential contact residues when using an 8 Angstrom carbon-alpha backbone to carbon-
alpha backbone distance measure to account for rigid body docking without side-chain 
refinement. We then repeatedly subsampled 14 random residues from every candidate 
contact epitope to generate a final database of 263,000,000 unique potential critical 
epitopes, i.e. sets of 14 amino acid residues that a human antibody could use to 
recognize the surface of HA.  
 
Our repertoire database of the human crystallographic BCRs consisted of 559 non-
redundant human antibodies for which crystal structures have been generated and 
deposited in PDB. The database was generated by analyzing all crystallized sequences in 
PDB using VDJFasta [2] to identify those structures containing human antibody 
sequences. A first filtering step excluded non-human antibodies by requiring at least 
85% ID to human reference V-gene germline sequences [3] as well as human curation 
(consulting the respective abstracts for borderline cases and rejecting non-human 
antibodies). A second filtering step removed redundant antibodies that showed more 
than 95% amino acid identity to any other member in the final set. In cases where 
multiple H/L pairs occur in the asymmetric unit, a single representative was identified 
automatically for each VH-bearing chain by identifying the VL-bearing chain with the 
most number of contacts shared within 5.5 Angstroms between any side chain atoms 
within the VH “GLEW” motif residues at Kabat 43-46 that define the VH/VL interface. VH 
and VL content was identified by VDJFasta; structural calculations were performed 
directly on the PDB coordinate files by a custom codebase (VDJPDB). An additional 
filtering step removed sequences that had below the 10% percentile of associated 
contacts with a VL chain: manual inspection of these structures determined them to be 
VHH single domains or abnormal antibodies.  
 
1.3 559 human antibody structures used in docking database [4]: 
1ADQ, 1AQK, 1BEY, 1DFB, 1DN0, 1DQL, 1FGV, 1G9M, 1HZH, 1IGA, 1IGM, 1IQD, 1L7I, 
1NFD, 1NL0, 1Q1J, 1RHH, 1RZ7, 1RZF, 1RZG, 1RZI, 1T4K, 1TJG, 1TZI, 1U6A, 1W72, 2A9N, 
2AGJ, 2AJ3, 2B0S, 2B2X, 2CMR, 2D7T, 2EIZ, 2FGW, 2FJH, 2FL5, 2H9G, 2HFF, 2HWZ, 2J6E, 
2QQN, 2QSC, 2R0L, 2R56, 2UZI, 2VXQ, 2VXV, 2X7L, 2XA8, 2XQB, 2XRA, 2XWT, 2XZA, 
2YBR, 3AAZ, 3BQU, 3EO0, 3EO9, 3EYF, 3F12, 3FN0, 3FZU, 3G04, 3G6A, 3G6J, 3GBM, 
3GHE, 3GO1, 3H0T, 3H42, 3HC0, 3HI5, 3HMW, 3IDX, 3IYW, 3J5M, 3J6U, 3JCB, 3K2U, 
3KR3, 3KYK, 3L95, 3LMJ, 3LRS, 3LZF, 3M8O, 3MLR, 3MLW, 3MLX, 3N85, 3NAC, 3NGB, 
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3NH7, 3P0V, 3P30, 3PIQ, 3Q6G, 3QEG, 3QEH, 3QPX, 3SDY, 3SE8, 3SKJ, 3SQO, 3T2N, 
3TCL, 3THM, 3TNM, 3TNN, 3TV3, 3TWC, 3U0T, 3U1S, 3U30, 3U6R, 3U7W, 3UAJ, 3UJI, 
3UJJ, 3ULS, 3W9D, 3WD5, 3WHE, 3WLW, 3WSQ, 3X3F, 4C2I, 4CNI, 4D9L, 4D9Q, 4DAG, 
4DGV, 4DKF, 4EDW, 4EOW, 4ERS, 4F57, 4FNL, 4FQ1, 4FQ2, 4FQH, 4FQJ, 4FQL, 4FQQ, 
4FZ8, 4FZE, 4G5Z, 4G6F, 4GLR, 4GSD, 4GW4, 4GXU, 4HBC, 4HCR, 4HF5, 4HFU, 4HFW, 
4HG4, 4HH9, 4HIE, 4HIX, 4HS6, 4HS8, 4HT1, 4I77, 4IDJ, 4J4P, 4J6R, 4JAM, 4JB9, 4JFZ, 
4JHA, 4JM2, 4JO1, 4JO3, 4JPV, 4JPW, 4JY6, 4K3J, 4KRP, 4KTD, 4KTE, 4KVN, 4KY1, 4LEO, 
4LMQ, 4LRI, 4LSP, 4LSU, 4M5Y, 4M6O, 4MA3, 4MWF, 4MXV, 4N0Y, 4N90, 4N9G, 4NHH, 
4NKI, 4NM4, 4NP4, 4NPY, 4NRX, 4NUJ, 4NZU, 4O58, 4O9H, 4OAW, 4OCS, 4OCW, 4OD1, 
4OD2, 4OD3, 4OLX, 4OQT, 4OSU, 4PS4, 4PTT, 4PY7, 4Q2Z, 4QHL, 4R26, 4R4B, 4R7D, 
4R8W, 4R90, 4RAV, 4RFE, 4RFO, 4RX4, 4RZC, 4S1Q, 4S1R, 4S1S, 4TSA, 4U6V, 4UAO, 
4UIF, 4UOK, 4UT6, 4UT7, 4UTA, 4UU9, 4UV4, 4V1D, 4WUU, 4WV1, 4XHJ, 4XI5, 4XMK, 
4XMP, 4XNY, 4XNZ, 4XVJ, 4XVS, 4XXD, 4Y5V, 4Y5Y, 4YAQ, 4YDI, 4YDJ, 4YDK, 4YDL, 4YDV, 
4YE4, 4YFL, 4YHZ, 4YPG, 4YWG, 4Z0X, 4Z5R, 4ZS6, 4ZS7, 4ZTO, 4ZYK, 5A3I, 5ALB, 5ANM, 
5AWN, 5B71, 5BK0, 5BK3, 5BMF, 5BQ7, 5BZD, 5BZW, 5C0N, 5C6T, 5C7X, 5CCK, 5CD3, 
5CEX, 5CEZ, 5CGY, 5CHN, 5CIL, 5CJX, 5CZV, 5CZX, 5D1Q, 5D1X, 5D1Z, 5D6C, 5DD6, 
5DMG, 5DR5, 5DRW, 5DRX, 5DRZ, 5DSC, 5DTF, 5DUM, 5DUR, 5DWU, 5E8E, 5EA0, 5ESV, 
5EWI, 5F6H, 5F6I, 5F89, 5F96, 5F9O, 5F9W, 5FEH, 5FGC, 5FHA, 5FHB, 5FUO, 5GGQ, 
5GGT, 5GJS, 5GMQ, 5GS0, 5I1E, 5I5K, 5I8C, 5I8K, 5I8O, 5I9Q, 5IBT, 5IBU, 5IIE, 5IJK, 5ITB, 
5JO4, 5JO5, 5JRP, 5JZ7, 5K9J, 5K9Q, 5KAN, 5KAQ, 5KEM, 5KVL, 5KW9, 5L6Y, 5LSP, 5N4G, 
5N4J, 5N7W, 5NGV, 5NYX, 5O14, 5O4G, 5OB5, 5OCK, 5OTJ, 5SX4, 5T33, 5T3X, 5TE4, 
5TLK, 5TPL, 5TPN, 5TPP, 5TQA, 5TRP, 5TY6, 5TZT, 5U3J, 5U3K, 5U3M, 5U3P, 5U4R, 5UBZ, 
5UD9, 5UEK, 5UEL, 5UEM, 5UG0, 5UIX, 5UKO, 5UMI, 5USL, 5UXQ, 5V2A, 5V6L, 5V6M, 
5V7R, 5V7U, 5VAG, 5VIC, 5VIG, 5VK2, 5VL7, 5VOB, 5VOD, 5VQM, 5W08, 5W1G, 5W1K, 
5W42, 5W6G, 5WB9, 5WCA, 5WCC, 5WCD, 5WDF, 5WHJ, 5WKO, 5WNA, 5WUV, 5X8L, 
5X8M, 5XAJ, 5XHV, 5XMH, 5XWD, 5Y2K, 5Y9J, 5YOY, 5YY5, 5ZIA, 5ZV3, 6A4K, 6A67, 
6AL4, 6APB, 6AVN, 6AXK, 6AXL, 6B08, 6B0A, 6B0E, 6B0G, 6B0H, 6B3M, 6B5L, 6B9J, 
6BA5, 6BCK, 6BE2, 6BF4, 6BFQ, 6BGT, 6BKB, 6BKC, 6BKD, 6BLA, 6BLI, 6BP2, 6BQB, 6BTJ, 
6C6X, 6C9U, 6CA6, 6CA7, 6CJK, 6CMG, 6CNR, 6CT7, 6CWT, 6CYF, 6D11, 6D2P, 6DB5, 
6DB6, 6DB7, 6DC3, 6DCV, 6DEZ, 6DF0, 6DFI, 6DL8, 6DLB, 6DW2, 6DWI, 6E3H, 6E4X, 
6E56, 6E62, 6E63, 6EAY, 6FG1, 6FGB, 6FOE, 6FY0, 6FY3, 6GFE, 6GG0, 6GKU, 6GLW, 6GLX, 
6HIG, 6HJP, 6I04, 6I9I, 6IAP, 6IEC, 6IEK, 6II4, 6II9, 6IUT, 6IUV, 6IVZ, 6JEP, 6K7O, 6MED, 
6MEE, 6MEG, 6MHR, 6MID, 6MJZ, 6MNQ, 6MNR, 6MQC, 6MQE, 6MQR, 6MQS, 6MTO, 
6MTP, 6MTQ, 6MTR, 6MTS, 6MTT, 6N16, 6N7J, 6N81, 6N8D, 6NB3, 6NB6, 6NC2, 6NN3, 
6NOV, 6NZ7, 6O39, 6OBZ, 6OE4, 6OGX, 6OL5, 6OL7, 6ORO, 6ORP, 6RCQ, 6RCS, 7FAB, 
8FAB 
 
1.4 ZDOCK [5] was used to dock each of the 559 human antibodies against the HA 
trimer to generate 50,000 solutions each. Both the antigen and the antibody structures 
underwent solvation according to the ZDOCK docking protocol. In order to promote 
appropriate interaction geometries, CDRs and frameworks were automatically identified 
for all antibodies. Positions never observed to be in contact with antigen, as determined 
through analysis of 105 non-redundant co-crystallized bound-structure antibody-antigen 
complexes, were blocked from forming interactions by ZDOCK. No blocking was 
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assigned to the antigen HA in order to discover potential antibody binding solutions 
against all possible surfaces. Docking operations were performed on the AWS elastic 
cloud.  
 
1.5 For the top 10,000 scored solutions for each of the 559 human antibodies, the 
output structure was analyzed, and the putative contact residues were recorded, 
defined as within 8 Angstroms from the CDR alpha carbon backbone of the antigen to 
provide some flexibility for rigid-body docking. The analysis identified an incomplete 
rarefaction of unique contact epitopes across all docking solutions, with 3,718,346 
million unique solutions appearing in the top 5,590,000 structures analyzed, when 
eliminating redundant contact sets as well as symmetry-equivalent redundant epitopes 
on the trimer. The candidate contact epitopes had 24+/-12 HA residues.  
 
For the 3,718,346 candidate contact epitopes identified on the surface of HA, each was 
repeatedly randomly sub-sampled 100 times, each time stochastically selecting 14 
residues out of the contact set, to generate a final set of 263 million unique critical 14-
mer epitopes on the surface of HA. The resulting database was stored one epitope per 
line, with each position indicated by chain:position. While showing signals of rarefaction 
induced by redundancy, the database continued to grow as a function of additional 
structures, docking, and subsampling. Thus although the final database contained over 
263 million unique candidate critical epitopes, it remains non-comprehensive and 
should be considered a deep survey of potential epitopes sufficient to establish 
statistical sampling of conservation properties, but not necessarily reflective of all 
possible ways that human antibodies can bind to HA, even at this depth.  
 
1.6 For in silico HA antigen epitope sequence conservation analysis, we created a 
reference set of each year’s representative HA sequence spanning the past century for 
H1N1, H3N2, H2N2, H5N1, H6N1, and H7N1 from NCBI’s Influenza Virus Resource, to 
the extent that they were available [1]. Sequences were aligned to structural reference 
3FKU and cropped to mature sequence boundaries of soluble HA trimer corresponding 
to the mature soluble form of the HA0 trimer used as immunogen in our study, as basis 
of the majority of crystallographic studies of HA0 in PD1, and commonly adopted by 
others, and annotated with their respective years.  
 
Strains used as the reference conservation database included: 
>H1N1-1999 /A/New.Caledonia/20/1999 
>H1N1-2000 /A/Auckland/580/2000 
>H1N1-2002 /A/HaNoi/2546/2002 
>H1N1-2001 /A/Canterbury/01/2001/17-518 
>H1N1-2003 /A/Christchurch/1/2003/17-518 
>H1N1-2005 /A/Auckland/619/2005/17-518 
>H1N1-2014 /A/Arizona/3530/2014/17-519 
>H1N1-2013 /A/Alaska/3527/2013/17-519 
>H1N1-2015 /A/Adana/01/2015/17-519 
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>H1N1-2016 /A/California/83/2016/17-519 
>H1N1-2017 /A/Florida/04/2017/17-519 
>H3N2-2015 /A/Hawaii/42/2015/26-520 
>H3N2-2018 /A/Indiana/11/2018/26-520 
>H3N2-2016 /A/California/129/2016/26-520 
>H3N2-2017 /A/California/21/2017/26-520 
>H5N1-2005 /A/Cambodia/JP52a/2005/16-518 
>H5N1-2004 /A/Vietnam/1194/2004/16-518  
>H5N1-2004 /A/Thailand/3(SP-83)/2004/16-518 
>H1N1-1990 A/Arizona/1/1990/17-339 
>H1N1-1986 /A/Tawain/01/1986/17-519  
>H1N1-1989 A/A/Siena/10/1989/17-519 
>H1N1-1998 /A/Hong.Kong/1035/1998 
>H1N1-1996 /A/Nanchang/11/1996/17-518 
>H1N1-1995 /A/Beijing/262/1995/17-518  
>H1N1-1997 /A/Johannesburg/159/1997/17-518 
>H1N1-2008 /A/British.Columbia/0025/2008/17-515 
>H1N1-2007 /A/Brisbane/59/2007/17-518  
>H1N1-2004 /A/Canada/591/2004/17-518 
>H1N1-2006 /A/Solomon.Islands/3/2006/17-518  
>H3N2-2013 /A/Boston/YGA_01196/2013/26-520 
>H3N2-2014 /A/California/NHRC421068/2014/26-520 
>H3N2-2012 /A/Boston/YGA_01104/2012/26-520 
>H5N1-2013 /A/Cambodia/X0123311/2013/16-518 
>H5N1-2011 /A/Cambodia/V0203306/2011/16-518 
>H5N1-2012 /A/Cambodia/W0112303/2012/16-518 
>H5N1-2007 /A/Egypt/1394-NAMRU3/2007/16-517 
>H5N1-2009 /A/Egypt/N15262/2009/16-517 
>H5N1-2010 /A/Egypt/N02038/2010/16-517 
>H3N2-2010 /A/Florida/27/2010/26-520 
>H3N2-2011 /A/Delaware/05/2011/26-520 
>H3N2-2002 /A/Fujian/411/2002/26-516  
>H3N2-2003 /A/Wyoming/03/2003/26-520  
>H5N1-2014 /A/Egypt/N01753/2014/16-517 
>H5N1-2015 /A/Egypt/N0001/2015/16-517 
>H1N1-1992 A/Wellington/47/1992/17-519 
>H1N1-1993 A/Florida/2/1993/17-519 
>H1N1-2009 /A/California/07/2009/17-519 
>H1N1-2010 /A/Thailand/CU-MV57/2010/14-516 
>H7N7-1975 /A/equine/Kentucky/1a/1975/18-510  
>H7N7-2003 /A/Netherlands/219/2003/25-517  
>H3N2-1968 /A/Hong.Kong/1/1968  
>H3N2-1975 /A/Albany/42/1975/26-520 
>H3N2-2007 /A/Brisbane/10/2007/26-520  
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>H3N2-2009 /A/California/VRDL243/2009/26-520 
>H3N2-2004 /A/California/7/2004/26-520  
>H3N2-1985 /A/Guildford/V728/1985/26-520 
>H3N2-1995 /A/Nanchang/933/1995/26-520  
>H3N2-1997 /A/Sydney/5/1997/26-520  
>H5N1-2001 /A/Hong.Kong/378.1/2001/16-518 
>H5N1-2006 /A/China/2006/16-518 
>H5N1-1997 /A/Hong.Kong/483/1997/16-518  
>H5N1-2003 /A/Beijing/01/2003/16-518 
>H5N1-2008 /A/Bangladesh/207095/2008/16-518 
>H5N1-2008 /A/chicken/VietNam/NCVD-016/2008/16-518  
>H2N2-1957 /A/Guiyang/1/1957/13-514  
>H2N2-2005 /A/Canada/720/2005/15-516  
>H1N1-1933 /A/WSN/1933/17-518  
>H1N1-1934 /A/Puerto.Rico/8/1934/17-518  
>H1N1-1957 /A/Denver/1957/17-518 
>H1N1-1945 /A/AA/Huston/1945/17-519 
>H1N1-1977 /A/USSR/90/1977/17-519  
>H1N1-1991 /A/Texas/36/1991/17-519  
>H1N1-1918 /A/New.York/1/1918/17-515  
>H1N1-1976 /A/New.Jersey/8/1976/17-519  
>H1N1-1994 /A/Wisconsin/4754/1994/17-519 
>H1N1-2012 A/Alberta/023/2012/17-519 
>H1N1-2011 /A/Athens/INS552/2011/17-519 
>H1N3-1976 /A/duck/NZL/160/1976/17-519  
>H6N2-2000 /A/duck/Shantou/83/2000/16-518  
 
 
1.7 Simulating immunizations 
In order to simulate response breadth, the sequence of a given immunogen was 
provided as input to the model, and for each of the 263 million candidate critical 
epitopes, our model asks whether that epitope has remained conserved across our 
reference of 82 HAs. Results are reported as “percent of shared B-cell epitopes.” Results 
were validated against serological response from in-vivo immunization study #1, serum 
collected 28 days after the 3rd immunization (day 71) with 5ug of H1N1 2007, 5ug of 
H3N2 1997, and 5ug of HAB 2007, and analyzed average percent max ELISA OD450nm 
against the respective immunization HA agent. We observed an R2=0.548 ( p = < 0.001) 
between predicted and observed results of breadth of response observed after 
immunizing with H1N1 2007 and R2=0.596 (p =< 0.001) between predicted and observed 
results of breadth of response after immunizing with H3N2 1997. 
 
1.8 in-silico predicted proportion of shared epitopes vs in-vitro heterologous HA 
binding response by ELISA 
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1.9 Computational design of a diverse antigen formulation 
For the concentration-conservation coupling formulation, we obtained an amino acid 
alignment of all HA H1N1, H1N3, H3N2, H5N1, H7N7, H7N9, and H2N2 variants available 
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commercially [Sino Biological], constructed a phylogenetic tree from their sequences, 
and performed percent identity triangulation to select the subset of 30 members that 
were most different from every other member. In addition, in order to evaluate 
heterologous responses against future viral strains, we identified a set of 28 HA variants 
from 2008 or earlier, to be used in in vivo studies 2 and 3. For in vivo studies 2 and 3, 
HAB antigens were not included, as swine are not susceptible to HAB infection, and the 
seasonal vaccine positive control was a bivalent consisting of a single H1N1 and a single 
H3N2, and no HAB antigens.   

2.1 Sourcing and validation of vaccine components 
All vaccine antigens were obtained from Sino Biological, expressed recombinantly in 
baculovirus insect cells or HEK293 cells as full HA0 trimeric antigens with 6xHIS tags and 
resuspended from lyophilized products prior to use in animals or in vitro assays. Antigen 
folding integrity was validated by ELISA reactivity of broadly neutralizing control 
antibodies F10, CR9114, and C05 against conformational epitopes and/or ForteBio Octet 
binding confirmation using the same control antibodies.  
 
2.2 Animal Study Designs and Vaccine Formulations  
All animal procedures were in compliance with animal research guidelines of 
Guatemala, in accordance with our Memorandum Of Understanding (MOU) with the 
University of San Carlos, Guatemala. For all 3 animal studies, outbred pigs (APOGUA 
Genetiporc) were used. All pigs were castrated males received at 3-4 weeks of age and 
allowed to acclimate in the animal facility for 2-3 weeks, while rectal body temperature 
and weight of each pig was monitored. Cohort randomization was performed by 
100,000 random simulated cohort partitions, with each partition scored for difference in 
both median and variance among groups across both measures, and the partition with 
most similar cohorts chosen.  
 
In-Vivo Study #1; 
35 pigs were separated into 5 cohorts with 7 pigs per cohort. Cohorts consisted of BIV 
(5ug/antigen), C3-500ng/antigen, C3-100ng/antigen, C3-50ng/antigen, and vehicle 
control. The animals received 3 vaccinations, each 3 weeks apart, with sera collection 3-
4 weeks after each vaccination (Days 29, 50, 71). Lymphocytes were collected 7 days 
after the 3rd vaccination (Day 50).  
 
BIV, 5 ug/antigen x 2 antigens: 

Protein_Name Catalog_Number 
Influenza.A.H1N1.(A/Brisbane/59/2007) 11052-V08H 
Influenza.A.H3N2.(A/Sydney/5/1997) 40149-V08B 

 
C3-500: 500 ng/antigen x 30 antigens 
C3-100:100 ng/antigen x 30 antigens 
C3-50: 50 ng/antigen x 30 antigens 
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30 antigens consisted of: 
Protein Name Catalog_Number 
Influenza.A.H1N1.(A/Beijing/262/1995) 40133-V08B 
Influenza.A.H1N1.(A/Brisbane/59/2007) 11052-V08H 
Influenza.A.H1N1.(A/California/04/2009) 11055-V08B 
Influenza.A.H1N1.(A/New.York/1/1918) 40090-V08B 
Influenza.A.H1N1.(A/NewJersey/8/1976) 40392-V08B 
Influenza.A.H1N1.(A/Puerto.Rico/8/1934) 11684-V08B 
Influenza.A.H1N1.(A/Solomon.Islands/3/2006) 11708-V08B 
Influenza.A.H1N1.(A/swine/Belgium/1/1998) 40393-V08B 
Influenza.A.H1N1.(A/USSR/90/1977) 40134-V08B 
Influenza.A.H1N1.(A/WSN/1933) 11692-V08H 
Influenza.A.H2N2.(A/Canada/720/2005) 11688-V08H 
Influenza.A.H2N2.(A/Guiyang/1/1957) 40119-V08B 
Influenza.A.H3N2.(A/Brisbane/10/2007) 11056-V08H 
Influenza.A.H3N2.(A/California/7/2004) 40118-V08B 
Influenza.A.H3N2.(A/Fujian/411/2002) 40120-V08B 
Influenza.A.H3N2.(A/Hong.Kong/1/1968) 40116-V08B 
Influenza.A.H3N2.(A/Missouri/09/2014) 40494-V08B 
Influenza.A.H3N2.(A/Nanchang/933/1995) 40485-V08B 
Influenza.A.H3N2.(A/Sydney/5/1997) 40149-V08B 
Influenza.A.H5N1.(A/barnswallow/HongKong/D10-1161/2010) 40160-V08B 
Influenza.A.H5N1.(A/chicken/VietNam/NCVD-016/2008) 40158-V08B 
Influenza.A.H5N1.(A/Egypt/N05056/2009) 11702-V08H 
Influenza.A.H5N1.(A/Hong.Kong/483/1997) 11689-V08H 
Influenza.A.H5N1.(A/Vietnam/1194/2004) 11062-V08H2 
Influenza.A.H7N7.(A/equine/Kentucky/1a/1975) 40171-V08B 
Influenza.A.H7N7.(A/Netherlands/219/2003) 11082-V08B 
Influenza.A.H7N9.(A/Zhejiang/DTID-ZJU10/2013) 40325-V08H 
Influenza.B.(B/Brisbane/60/2008) 40016-V08B 
Influenza.B.(B/Utah/02/2012) 40463-V08B 
Influenza.B.(B/Yamagata/16/1988) 40157-V08B 
  
Vehicle control: 
PBS + squalene adjuvant 
 
Each hemagglutinin antigen was diluted in sterile PBS to make each cohort’s respective 
vaccine formulation, then each formulation was passed through a 0.22-micron filter. On 
the day of immunization, each formulation was mixed with equal volume of adjuvant 
(squalene, Adavax cat.# vac-adx-10), including PBS vehicle control, to a total volume of 
500uL drawn into a 1-mL syringe. Pigs were vaccinated via intramuscular injection using 
an 18-gauge needle. 
 
In-Vivo Study #2; 
20 pigs were separated into 5 cohorts with 4 pigs per cohort. Cohorts consisted of BIV 
(5ug/antigen), C3-50ng/antigen, single	low-dose	H3	(H3N2	2007	at	50ng),	and	
vehicle	control	(PBS	+	squalene). The animals received 6 vaccinations each 21 days 
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apart. Additionally,	3	cohorts	(BIV,	C3-50,	vehicle	control) received a 7th, final boost 9 
weeks after 6th vaccination. For	C3-50,	the	7th	vaccination	was	a	high-dose	boost	(27	
HA	at	500ng/antigen). Sera was collected immediately prior to each vaccination on the 
same day. Additional sera were collected 4 weeks after the 6th vaccination (Day 135) and 
4 weeks after the final boost (Day 195). Lymphocytes were collected 7 days after the 6th 
vaccination (Day 112).  
 
BIV, 5 ug/antigen x 2 antigens: 

Protein_Name Catalog_Number 
Influenza.A.H1N1.(A/Brisbane/59/2007) 11052-V08H 
Influenza.A.H3N2.(A/Brisbane/10/2007) 11056-V08H 

 
C3-50: 50 ng/antigen x 30 antigens 
Protein_Name Catalog_Number 
Influenza.A.H1N1.(A/Beijing/262/1995) 40133-V08B 
Influenza.A.H1N1.(A/Brisbane/59/2007) 11052-V08H 
Influenza.A.H1N1.(A/New.York/1/1918) 40090-V08B 
Influenza.A.H1N1.(A/NewJersey/8/1976) 40392-V08B 
Influenza.A.H1N1.(A/Puerto.Rico/8/1934) 11684-V08B 
Influenza.A.H1N1.(A/Solomon.Islands/3/2006) 11708-V08B 
Influenza.A.H1N1.(A/swine/Belgium/1/1998) 40393-V08B 
Influenza.A.H1N1.(A/Taiwan/01/1986) 40131-V08B 
Influenza.A.H1N1.(A/Texas/36/1991) 40132-V08B 
Influenza.A.H1N1.(A/USSR/90/1977) 40134-V08B 
Influenza.A.H1N1.(A/WSN/1933) 11692-V08H 
Influenza.A.H1N3.(A/duck/NZL/160/1976) 11685-V08H 
Influenza.A.H2N2.(A/Canada/720/2005) 11688-V08H 
Influenza.A.H2N2.(A/Guiyang/1/1957) 40119-V08B 
Influenza.A.H3N2.(A/Brisbane/10/2007) 11056-V08H 
Influenza.A.H3N2.(A/California/7/2004) 40118-V08B 
Influenza.A.H3N2.(A/Fujian/411/2002) 40488-V08B 
Influenza.A.H3N2.(A/Hong.Kong/1/1968) 40116-V08B 
Influenza.A.H3N2.(A/Nanchang/933/1995) 40485-V08B 
Influenza.A.H3N2.(A/Sydney/5/1997) 40149-V08B 
Influenza.A.H3N2.(A/Wyoming/03/2003) 11715-V08B 
Influenza.A.H5N1.(A/chicken/VietNam/NCVD-016/2008) 40158-V08B 
Influenza.A.H5N1.(A/Hong.Kong/483/1997) 11689-V08H 
Influenza.A.H5N1.(A/Vietnam/1194/2004) 11062-V08H2 
Influenza.A.H6N2.(A/duck/Shantou/83/2000) 40166-V08B 
Influenza.A.H7N7.(A/equine/Kentucky/1a/1975) 40171-V08B 
Influenza.A.H7N7.(A/Netherlands/219/2003) 11082-V08B 
  
Single-H1N1, 50 ng: 

Protein_Name Catalog_Number 
Influenza.A.H1N1.(A/Brisbane/59/2007) 11052-V08H 

 
Single-H3N2, 50 ng: 

Protein_Name Catalog_Number 
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Influenza.A.H3N2.(A/Brisbane/10/2007) 11056-V08H 
 
Vehicle control: 
PBS + squalene adjuvant  
 
Each hemagglutinin antigen was diluted in sterile PBS to make each cohort’s respective 
vaccine formulation, then each formulation was passed through a 0.22-micron filter. On 
the day of immunization, each formulation was mixed with equal volume of adjuvant 
(squalene, Adavax cat.# vac-adx-10), including PBS vehicle control, to a total volume of 
500uL drawn into a 1-mL syringe. Pigs were vaccinated via intramuscular injection using 
an 18-gauge needle. 
 
In-Vivo Study #3; 
25 pigs were separated into 5 cohorts with 5 pigs per cohort. Cohorts consisted of BIV 
(5ug/antigen) + squalene, C3-50 + squalene, C3-50 + alum, C3-50 + TLR agonists (MPLA, 
imiquimod), and vehicle control (PBS	+	squalene	+	alum	+	MPLA	+	imiquimod). The 
animals received 3 vaccinations each 21 days apart, with sera collection immediately 
prior to each vaccination on the same day. Additional sera were collected 4 weeks after 
the final vaccination (Day 70). All	3	C3-50	cohorts	received	28	HA	antigens	at	
50ng/antigen	for	the	first	two	vaccinations,	and	500ng/antigen	for	the	3rd	
vaccination. 
 
BIV, 5 ug/antigen x 2 antigens: 

Protein_Name Catalog_Number 
Influenza.A.H1N1.(A/Brisbane/59/2007) 11052-V08H 
Influenza.A.H3N2.(A/Brisbane/10/2007) 11056-V08H 

 
C3-50-squalene, 50 ng per antigen x 28 antigens, squalene adjuvant 
C3-50-alum, 50 ng per antigen x 28 antigens, alum adjuvant 
C3-50-TLR, 50 ng per antigen x 28 antigens, TLR4 and TLR7 adjuvants 
 
28 antigens consisted of: 
Protein_Name Catalog_Number 
Influenza.A.H1N1.(A/Beijing/262/1995) 40133-V08B 
Influenza.A.H1N1.(A/Brisbane/59/2007) 11052-V08H 
Influenza.A.H1N1.(A/New.York/1/1918) 40090-V08B 
Influenza.A.H1N1.(A/NewJersey/8/1976) 40392-V08B 
Influenza.A.H1N1.(A/Puerto.Rico/8/1934) 11684-V08B 
Influenza.A.H1N1.(A/Solomon.Islands/3/2006) 11708-V08B 
Influenza.A.H1N1.(A/swine/Belgium/1/1998) 40393-V08B 
Influenza.A.H1N1.(A/Taiwan/01/1986) 40131-V08B 
Influenza.A.H1N1.(A/Texas/36/1991) 40132-V08B 
Influenza.A.H1N1.(A/USSR/90/1977) 40134-V08B 
Influenza.A.H1N1.(A/WSN/1933) 11692-V08H 
Influenza.A.H1N3.(A/duck/NZL/160/1976) 11685-V08H 
Influenza.A.H2N2.(A/Canada/720/2005) 11688-V08H 
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Influenza.A.H2N2.(A/Guiyang/1/1957) 40119-V08B 
Influenza.A.H3N2.(A/Brisbane/10/2007) 11056-V08H 
Influenza.A.H3N2.(A/California/7/2004) 40118-V08B 
Influenza.A.H3N2.(A/Hong.Kong/1/1968) 40116-V08B 
Influenza.A.H3N2.(A/Moscow/10/1999) 40154-V08B 
Influenza.A.H3N2.(A/Nanchang/933/1995) 40485-V08B 
Influenza.A.H3N2.(A/Philippines/472/2002) 40487-V08B 
Influenza.A.H3N2.(A/Sydney/5/1997) 40149-V08B 
Influenza.A.H3N2.(A/Wyoming/03/2003) 11715-V08B 
Influenza.A.H5N1.(A/chicken/VietNam/NCVD-016/2008) 40158-V08B2 
Influenza.A.H5N1.(A/Hong.Kong/483/1997) 11689-V08H 
Influenza.A.H5N1.(A/Vietnam/1194/2004) 11062-V08H2 
Influenza.A.H6N2.(A/duck/Shantou/83/2000) 40166-V08B 
Influenza.A.H7N7.(A/equine/Kentucky/1a/1975) 40171-V08B 
Influenza.A.H7N7.(A/Netherlands/219/2003) 11082-V08B 
  
Vehicle control: 
PBS + squalene + alum + MPLA + imiquimod 
 
Adjuvants: 

Cohort Adjuvant  Adjuvant Amount Invivogen Catalog# 

C3-50-squalene 
AddaVax™ squalene oil-
in-water 250 uL  vac-adx-10 

C3-50-alum Alhydrogel® adjuvant 2% 250 uL  vac-alu-250 

C3-50-TLR 
MPLA-SM VacciGrade + 
Imiquimod VacciGrade 

50 uL MPLA + 700 uL 
imiquimod  vac-mpla + vac-imq 

BIV 
AddaVax™ squalene oil-
in-water 250 uL  vac-adx-10 

Vehicle-Control 
squalene + alum + MPLA 
+ imiquimod 

250 uL squalene + 250 uL 
alum + 50 uL MPLA + 700 
uL imiquimod  see above 

 
Each hemagglutinin antigen was diluted in sterile PBS to make each cohort’s respective 
vaccine formulation, then each formulation was passed through a 0.22-micron filter. On 
the day of immunization, 250 uL of each vaccine formulation was mixed with adjuvant 
as listed above. Pigs were vaccinated via intramuscular injection using an 18-gauge 
needle. 
 
2.3 Sera isolation: 
Approximately 5 mL of blood was collected into non-heparin or non-EDTA-stabilized 
collection tubes. Tubes were left at RT for 30 min for clotting to begin, then centrifuged 
at 1500 rpm for 10 min. Tubes were then left at RT for further sera separation, then 
centrifuged again at 1500 rpm for 10 min. The fully separated sera were then collected 
into 2-4 500-uL replicate aliquots of pre-labeled cryovials and immediately stored at -
80C.  
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2.4 RNA extraction from lymphocytes: 
Approximately 2 mL of blood was collected into heparin-treated or EDTA-stabilized 
collection tubes. Tubes were gently inverted several times to prevent clotting, then 
centrifuged at 1500 rpm for 10 min. The separated plasma was either discarded or 
transferred to cryovials for -80C storage. The blood collection tubes were then filled 
with erythrocyte lysis buffer (Buffer EL) from the QIAamp RNA Blood Mini Kit (Qiagen, 
Cat. #52304), and the protocol was carried out according to the manufacturer’s 
protocol. RNA was eluted in 50 uL of RNase-free water, then separated into two 25-uL 
aliquots and stored -80C. 
 
2.5 Serum ELISA 
Serum was evaluated for reactivity to a panel of HA antigens on ELISA. Serum ELISAs 
were performed by adding HA antigen 2 ug/mL in assay buffer (5% BSA) using either 
Nickel-coated 96-well plates (Pierce/Thermo-Fisher, cat.#15442 and/or Qiagen, 
cat.#35061), washed and blocked according to manufacturer protocols, or using ELISA 
plates (Corning #9018), coated with chicken anti-HIS (Abcam, ab9107) 2 ug/mL 
overnight in PBS, then washed 3x with PBS, then blocked for 1-2 hours in 5% BSA, then 
adding HA 2 ug/mL in assay buffer. Next, individual pig sera diluted 1:5,000 (in-vivo 
study #1) or 1:500 (in-vivo study #2) in assay buffer were added for 1hour , then 
detected with anti-pig HRP (Abcam ab112748) diluted 1:10,000 in assay buffer for 30 
min. After developing with TMB (Sigma T0440) for about 15 min, 1N HCl was used to 
stop the reaction and absorbance was measured at 450nm. Optimal pig sera dilutions, 
anti-HIS coating concentration, and HA concentrations were determined for each in-vivo 
study with each batch of commercial reagents.    
 
3.1 Microneutralization Assay  
Influenza stock viruses were obtained from Influenza Reagent Resource (IRR) and BEI 
Resources. Each virus was cultured by infecting chicken eggs according to the WHO 
protocol for influenza viral microneutralization[6]. The viral titer (50% infectious dose, 
or TCID50) for each virus was determined by infecting MDCK cells (NBL-2 ATCC CCL-34), 
in quadruplicate assay points according to infection protocol in WHO protocol.  
 
The ELISA assay was modified from the WHO protocol and customized for breadth of 
detection across a panel of H1N1 and H3N2 viruses spanning 80 years, with minimal 
background signal, and high dynamic range across 8 viruses tested. After fixing and 
drying MDCK cells in 96-well plates as described in WHO protocol, plates were washed 3 
times with 1xPBS+0.03%Tween-20, then primary antibody diluted 0.5 ug/mL in 1xPBS 
with 5% BSA was added for 1 hour (anti-Influenza A NP, Sino Biological, cat#11675-
MM03T). Plates were then washed 3 times with 1xPBS+0.03%Tween-20, then incubated 
with secondary antibody (anti-mouse Fc HRP, Jackson ImmunoResearch, cat#115-035-
071) diluted 1:10,000 in 1xPBS with 5% BSA for 30 min. Plates were washed 3 times with 
1xPBS+0.03%Tween-20, then 2 times with 1xPBS, then developed with TMB for 10-12 
minutes, and stopped with 1N HCl, and read at 450 nm.  
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The TCID50 for each virus was calculated according to WHO protocol. Additional titer 
refinements to the nearest 1/8th log were determined empirically by testing back 
titrations of each virus at 1/8th log differences in starting concentrations for each virus, 
each in duplicate.  
 
To prepare for the microneutralization assay, each pig sera sample was diluted 1:3 in 
Receptor-Destroying Enzyme (Denka-Seiken, from Hardy Diagnostics, cat. #370013), and 
heat treated for 19 hours at 37C, followed by 2 hours 56C, then aliquoted into single-use 
vials (50 uL each) and stored -80C. Samples were not pooled between pigs.  
 
On day of microneutralization assay, MDCK cells were seeded into 96-well tissue-culture 
treated plates at a density of 1.5E5 cells/mL in Virus Diluent (VD) according to WHO 
protocol, with 100 uL per well. Cells were allowed to settle and attach for 6 hours at 
37C. 
 
Meanwhile, sera samples were diluted 1:5 into VD containing 2 ug/mL TPCK-treated 
bovine pancreas trypsin, for a starting dilution of 1:15 (including RDE dilution), according 
to WHO protocol. Each sample was serially diluted 2-fold in VD. Virus back titrations, 
virus controls, and cell controls were prepared according to WHO protocol, using the 
refined TCID50 to the nearest 1/8th log that was determined as described above. Equal 
parts virus at 200xTCID50 plus diluted sera were incubated for 1 hour at 37C, then each 
virus+sera sample well was added to the seeded MDCK cells. Each sera sample was 
tested in duplicate assay wells. Plates were incubated for 18 hours at 37C, then media 
was discarded, and cells were washed and fixed with chilled 80% acetone 20% PBS 
solution according to WHO protocol. The ELISA was then performed as described above.  
 
To determine if the correct viral dilution was used and viral infection of MDCK cells 
proceeded as expected, the quantitative viral neutralizing cutoff was determined in the 
following way: [(average OD450 of 4 replicate virus control wells)-(average OD450 of 4 
replicate cell control wells)]/2. The last 2-3 wells of the 8 back titration wells must be 
less than the neutralizing cutoff, and the other wells must be greater than the cutoff if 
the virus TCID50 was correct and infection occurred normally, per WHO protocol.  
 
The sera neutralizing cutoff was calculated by: [(average OD450 of top 10% of wells 
containing sera)-(average OD450 of 4 replicate cell control wells)]/2. The reasoning for 
this cutoff is that both sera and RDE can inhibit or enhance the viral infection depending 
on the specific virus, thus rendering the original viral neutralizing cutoff irrelevant when 
considering wells containing sera or RDE. Sample wells less than or equal to the sera 
neutralizing cutoff value were considered neutralizing, and the reciprocal neutralizing 
titer was reported as the highest dilution where the OD450 in both duplicate sample 
wells were equal to or less than the sera neutralizing cutoff.  
 
Pig monoclonal scFv-huFc fusion chimeric antibodies were expressed as 2-mL HEK293 
supernatants and quantitated by Protein A standard curve on Octet QK (9C5 expressed 
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at 32ug/mL). Supernatants were screened for neutralization in a similar manner as 
above. They were diluted 1:3, 1:4, or 1:6 in virus diluent containing 2 ug/mL trypsin (no 
RDE), and analyzed with the same quantitative method as the sera samples. Purified 
control antibodies CR9114, F10, and C05 were also tested for neutralization in the same 
manner. They were each diluted starting at 25 or 50 ug/mL, and serially diluted 2-fold 
until neutralization could no longer be detected per virus.  
 
 
Influenza viruses and antisera controls: 
 
 

Virus Name 
Virus Catalog 
Number (IRR) Positive Control Antisera Name 

Antisera 
Catalog 
Number (IRR) 

Influenza A Virus, 
A/Brisbane/10/2007 
(H3N2) FR-8 

Ferret Antisera to Influenza A Virus, 
A/Brisbane/10/2007 (H3N2) 

FR-389 

Influenza A Virus, 
A/Brisbane/59/2007 
(H1N1) FR-1 

Ferret Antisera to Influenza A Virus, 
A/Brisbane/59/2007 (H1N1) 

FR-388  

Influenza A Virus, 
A/California/07/2009 
(H1N1)pdm09 FR-201 

Ferret Antisera to Influenza A Virus, 
A/California/07/2009 (H1N1)pdm09 

FR-359 

Influenza A Virus, A/Hong 
Kong/4801/2014 (H3N2 FR-1453 

Ferret Antisera to Influenza A Virus, 
A/Hong Kong/4801/2014 (H3N2) FR-1575 

Influenza A Virus, 
A/Michigan/272/2017 
(H1N1)pdm09 FR-1615 

2017-2018 WHO Antiserum, Influenza 
A(H1N1)pdm09 Reference Goat 
Antiserum FR-1561 

Influenza A Virus, 
A/Michigan/45/2015 
(H1N1)pdm09 FR-1483 

Ferret Antisera to Influenza A Virus, 
A/Michigan/45/2015 (H1N1)pdm09 

FR-1512 

Influenza A Virus, 
A/Perth/16/2009 (H3N2) FR-370 

Ferret Antisera to Influenza A Virus, 
A/Victoria/210/2009 (H3N2) FR-646 

Influenza A Virus, A/Puerto 
Rico/8/1934 (H1N1) NR-348 (BEI) 

Ferret Antisera to Influenza A Virus, 
A/California/07/2009 (H1N1)pdm09 FR-359 

Influenza A Virus, 
A/Victoria/361/2011 
(H3N2) FR-1027 

Ferret Antisera to Influenza A Virus, 
A/Victoria/361/2011 (H3N2) 

FR-1079 

Influenza A Virus, 
A/Wisconsin/04/2018 
(H3N2) FR-1653 

2017-2018 WHO Antiserum, Influenza 
A(H3) Reference Goat Antiserum FR-1562  

 
 
 
4.1 B-cell receptor repertoire sequencing 
RNA isolated using Qiagen kit (described above) was reverse transcribed using High 
Capacity cDNA Reverse Transcription Kit (Thermo) according to the manufacturer’s 
instructions. B cell receptor cDNA was subsequently amplified using Multiplex PCR with 
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isotype specific C-Region and FR1-specific primers. All primers contained MiSeq 
sequencing adapter overhangs with 6-nt barcode elements. 
 
4.2 BCR data analysis 
Data processing and analysis was performed using the presto toolkit [7] from the 
immcantation framework and customized scripts. Raw sequences were quality filtered 
to contain a minimum of average QSC > 20 and subsequently converted into fasta 
format. Forward and reverse primers were trimmed, and barcodes as well as isotype 
information stored in the sequence headers. Samples were subsequently demultiplexed 
by barcode and isotype. Sequences were collapsed and only sequences with at least 2 
copies were retained for further analysis. Sequences were aligned using a local 
installation of igBLAST version 1.14 [8] with pig (Sus scrofa) immunoglobulin heavy chain 
germline classifiers retrieved from IMGT/Gene-DB and delivering standardized AIRR TSV 
file format [9]. Aligned sequences were filtered to functional containing no stop codons, 
V-J frameshifts or insertion and deletion errors. Additional filtering was performed to 
exclude all sequences with VH gene identity below 80%. Remaining sequences were 
grouped into clonotypes based on identical CDRH3 amino acid sequence and analyzed in 
R using the alakazam package [10] and custom-made scripts. 
 
4.3 Monoclonal recovery  
Heavy chain and light chain amplicons were obtained from pig RNA from study #1 
Vehicle, Bivalent, and C3-50ng cohorts, using custom primers for ready cloning of 
amplicons into a pIII-scFv phage display vector. The libraries were panned against 
individual 6-HIS tagged HAs (H1N1/A/Brisbane/59/2007 and/or 
H3N2/A/Brisbane/10/2007) in soluble format with HAs captured by Nickel-coated 
magnetic beads, and monoclonal monovalent scFv binders expressed in bacterial 
periplasmic extract were determined by ELISA. Monoclonal enriched hits were 
reformatted and expressed in HEK293 as scFv-Fc fusions and screened on 
microneutralization assays. 
 
Phage libraries were constructed from B-cell pools per immunization cohort from 
lymphocytes 7 days post 3rd vaccination (Day 50, study #1) and panned 4 rounds against 
H3N2 2007 and H1N1 2007. Monoclonal 9C5 was derived from Pig 25 (C3-50 cohort, 30 
HAs at 50ng/HA), determined by individual NGS sequencing of the antibody repertoire 
of each pig in the study. 
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