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Abstract: Live attenuated influenza virus (LAIV) vaccines elicit a combination of systemic and mu-

cosal immunity by mimicking a natural infection. To further enhance protective mucosal responses, 

we incorporated the gene encoding the IgA-inducing protein (IGIP) into the LAIV genomes of the 

cold-adapted A/Leningrad/134/17/57 (H2N2) strain (caLen) and the experimental attenuated back-

bone A/turkey/Ohio/313053/04 (H3N2) (OH/04att). Incorporation of IGIP into the caLen background 

led to a virus that grew poorly in prototypical substrates. In contrast, IGIP in the OH/04att back-

ground (IGIP-H1att) virus grew to titers comparable to the isogenic backbone H1att (H1N1) without 

IGIP. IGIP-H1att- and H1caLen-vaccinated mice were protected against lethal challenge with a ho-

mologous virus. The IGIP-H1att vaccine generated robust serum HAI responses in naïve mice 

against the homologous virus, equal or better than those obtained with the H1caLen vaccine. Anal-

yses of IgG and IgA responses using a protein microarray revealed qualitative differences in hu-

moral and mucosal responses between vaccine groups. Overall, serum and bronchoalveolar lavage 

samples from the IGIP-H1att group showed trends towards increased stimulation of IgG and IgA 

responses compared to H1caLen samples. In summary, introduction of genes encoding immuno-

modulatory functions into a candidate LAIV that can serve as natural adjuvants to improve overall 

vaccine safety and efficacy. 
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1. Introduction 

Influenza A (IAV) generates 3-5 million cases of severe disease, and between 300,000 

and 600,000 deaths worldwide annually [1,2]. For the U.S., influenza virus infections result 

in an average economic impact of $87 billion due to prophylactic, therapeutic and hospi-

talization costs, and missed school or workdays [3-5]. Vaccination is considered the first 

line of defense against IAV, but the ever-changing nature of these viruses make vaccines 

ineffective after a single season or against pandemic strains. The FDA has approved three 

types of influenza virus vaccines for human use: split virion or subunit inactivated influ-

enza virus (IIV), recombinant influenza protein (RIV), and live attenuated influenza virus 

(LAIV) vaccines. The IIV and RIV vaccines can elicit the production of antibodies that 

target epitopes on the HA yet produce limited or no cellular immunity. In contrast, LAIV 

can elicit a combination of humoral and cellular responses by mimicking a natural 
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infection [6,7]. Despite the inherent ability of LAIVs to provide immunity against multiple 

viral targets they are not suitable for everyone due to safety concerns in immunologically 

compromised individuals [7,8]. Thus, improving the safety profile of LAIVs while main-

taining efficacy would be ideal to expand the use of such vaccines in the population.  

IgA responses are considered of great significance to prevent and/or control genital, 

intestinal, and respiratory infections, including IAV [9]. After a typical influenza infection, 

both IgA and IgG responses are detected at the airway mucosa with neutralizing activity 

against influenza. IgA, particularly secretory IgA in its multiple multimeric forms, is typ-

ically more broadly-neutralizing than IgG [10]. IgA neutralizes pathogens without caus-

ing inflammation because of its inability to fix and activate the complement cascade [11]. 

The IgA-inducing protein (IGIP) was initially characterized in the bovine gastrointestinal 

associated lymphoid tissue. IGIP is highly conserved among mammals with a predicted 

molecular weight between ~5.1 and ~5.9 KDa [12,13]. IGIP is secreted by antigen present-

ing dendritic cells in the intestinal tract and has been shown to positively regulate mucosal 

IgA expression. We hypothesized that incorporation of IGIP in a LAIV vaccine would 

better stimulate protective antibody responses. In addition, we hypothesize that incorpo-

rating IGIP into the influenza virus genome would further attenuate the virus as it has 

been shown with other recombinant influenza viruses carrying foreign genes. To test our 

hypotheses, we designed an HA gene segment with a modification to allow the expression 

of both IGIP and the HA protein. We chose two LAIV backbones to prepare candidate 

vaccines against the homologous A/California/04/2009 (H1N1) challenge virus. We uti-

lized the caLen vaccine virus approved for human use and the experimental OH/04att 

vaccine virus previously developed in house [14,15]. To establish differences in safety and 

efficacy profiles, we utilized the DBA/2J mouse model, which has been shown to be highly 

susceptible to IAV without adaptation. These studies show the potential of utilizing nat-

ural adjuvants in the context of a LAIV that improves safety of the vaccine while preserv-

ing and even improving protective responses against IAV. 

2. Materials and Methods 

Cells: Madin-Darby canine kidney (MDCK) and human embryonic kidney 293T cells 

(HEK293T) were a kind gift from Robert Webster (St Jude Children’s Research Hospital, 

Memphis, TN). MDCK STAT1 KO cells (CCL-34-VHG) were purchased from ATCC. Cells 

were maintained in Dulbecco’s Modified Eagles Medium (DMEM, Sigma-Aldrich, St 

Louis, MO) containing 10% fetal bovine serum (FBS, Sigma-Aldrich, St Louis, MO), 1% 

antibiotic/antimycotic (AB, Sigma-Aldrich, St Louis, MO) and 1% L-Glutamine (Sigma-

Aldrich, St Louis, MO). Cells were cultured at 37ºC under 5% CO2. 

Generation of IGIP-H1 Influenza plasmids:  The IGIP protein is highly conserved 

among mammals and expressed by antigen presenting dendritic cells (DCs) in the intes-

tinal tract as a 47-54 aa protein. IGIP is thought to play a role in the regulation of IgA 

expression in the intestinal tract. The C-terminal 24 aa in IGIP correspond to the mature 

active peptide, whereas the N-terminal ~30 aa correspond to the signal peptide region (Fig 

1A). DNA fragments with the sequence corresponding to the 5’ untranslated region (UTR) 

and signal peptide sequence of H1 HA (A/California/04/09 (Ca/04) (H1N1)), followed by 

a G4S linker, furin cleavage site, the Thosea assigna virus (TAV) 2A protease and the ma-

ture IGIP was generated with a cloning spacer downstream and acquired from Genscript 

(Piscataway, NJ). The fragment was digested with AarI (Thermo Scientific, Waltham, MA) 

and cloned into the reverse genetic plasmid pDP2002 as previously described generating 

an intermediate plasmid pDP2002-IGIP [15,16]. The pDP2002-IGIP was digested with 

BsmBI (New England BioLabs, Ipswich, MA) and the HA Ca/04, previously amplified by 

PCR using Phusion High-fidelity PCR master mix with GC buffer (Thermo Scientific) was 

cloned into the pDP2002-IGIP generating the plasmid pDP2002-IGIP-H1. The pDP2002-

IGIP-H1 sequence was confirmed by Sanger sequencing (Psomagen, Rockville, MD). 

Generation of IGIP-Influenza viruses by reverse genetics: The pDP2002-IGIP-H1 or the 

pDPHA-H1 (Ca/04) wild type plasmids were transfected with the 6 plasmids correspond-

ing to the OH/04 attenuated-temperature sensitive ([ts + HA tag = att]) backbone 
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previously described [16] or the cold adapted Leningrad backbone (caLen) [17]. In both 

cases, a plasmid expressing the Neuraminidase (NA) of Ca/04 was used. Co-cultures of 

9x105 HEK293T and 1.5x105 MDCK cells were seeded per well in a 6-well plate. The fol-

lowing day, 1 µg of each plasmid was mixed with 18 µl of TransIT-LT1 transfection rea-

gent (Mirus Bio LLC, Madison, WI). The mixture was incubated for 45 min and then used 

to overlay the 293T/MDCK cells overnight. Next day, the transfection mixture was re-

placed with fresh Opti-MEM media containing 1% AB (Life Technologies, Carlsbad, CA) 

and 24 h post-transfection, the media was supplemented with 1 µg/ml of tosylsulfonyl 

phenylalanyl chloromethyl ketone (TPCK) treated-trypsin (Worthington Biochemicals, 

Lakewood, NJ). Viral stocks were generated in 10-day old specific pathogen free (SPF) 

eggs. Allantoic fluids were harvested at 48 h post-infection (hpi), centrifuged, aliquoted 

and stored at -80ºC. Viruses were titrated by tissue culture infectious dose 50 (TCID50) and 

virus titers were established by the Reed and Muench method [18].  Viral sequences were 

confirmed by next generation sequencing and sanger sequencing as previously described 

[19]. 

In vitro growth kinetics: Confluent monolayers of MDCK or MDCK STAT1 KO cells 

were inoculated at a multiplicity of infection (MOI) of 0.01 for each virus. Plates were 

incubated 15 min at 4ºC and then 45 min at 35ºC. Subsequently, the virus inoculum was 

removed, and the cells were washed twice with 1 ml of phosphate-buffered saline (PBS). 

Opti-MEM I (Life Technologies, Carlsbad, CA) containing TPCK-trypsin (Worthington 

Biochemicals, Lakewood, NJ) and antibiotic-antimycotic solution (Sigma-Aldrich, St. 

Louis, MO) was then added to the cells (Opti-MEM-AB + TPCK). At the indicated time 

points, tissue culture supernatant from inoculated cells was collected for virus titer quan-

tification. Virus RNA from tissue culture supernatant was isolated using the MagMAX-96 

AI/ND viral RNA isolation kit (Thermo Fisher Scientific, Waltham, MA). Virus titers were 

determined using a real-time reverse transcriptase PCR (RT-qPCR) assay based on the 

influenza A matrix gene. The RT-qPCR was performed in a QuantStudio 3 (Applied Bio-

system, Foster City, CA) using qScript™ XLT One-Step RT-qPCR ToughMix®, QuantaBio 

(ThermoFisher). A standard curve was generated using 10-fold serial dilutions from a vi-

rus stock of known titer to correlate quantitative PCR (qPCR) crossing-point (Cp) values 

with virus titers, as previously described [20]. Virus titers were expressed as log10 

TCID50/ml equivalents. 

Mouse studies:  Female and male DBA/2J mice (5 to 6-weeks old) were purchased 

from Jackson laboratories (Bar Harbor, ME). Mice were randomly distributed in the num-

ber of groups depicted in Fig 2, anesthetized with isoflurane and inoculated intranasally 

(I.N) with 50 µl of either phosphate buffer saline (PBS) or 1x105 TCID50/mouse of the dif-

ferent vaccine candidates. At 21 days post inoculation (21 dpi), mice were boosted with 

the same vaccine candidate and dose. At 21 days post-boost (dpb), mice were challenged 

with 1x106 TCID50/mouse (~10,000 mouse lethal dose 50) of A/California/04/2009 (H1N1) 

(Ca/04) mouse-adapted strain as previously described [21]. Mice were monitored along 

the entire course of the experiments for clinical signs at least once daily. Mice that lost ≥ 

25% of their initial body weight (a score of 3 or higher on a 3-point scale of disease sever-

ity) were humanely euthanized. To obtain serum samples before euthanasia, mice were 

bled from the submandibular vein as previously described [22].  

Hemagglutination inhibition assays: Serum samples were collected at 20 dpb and 14 

days post-challenge (dpc) to screen for the presence of neutralizing antibodies by hemag-

glutination inhibition (HAI) assays as previously described [16]. Briefly, the sera were 

treated with receptor destroying enzyme (Denka Seiken, VWR), incubated overnight at 

37ºC, and then inactivated at 56ºC for 30 min. After inactivation, the sera were diluted 1:10 

with PBS and serially diluted 2-fold and mixed with 4 hemagglutination units (HAU) of 

virus in a 96-well plate. The virus-sera mixture was incubated 15 min at room temperature 

and the HI activity was determined after 45 min of incubation with 0.5% of turkey red 

blood cells (RBC). HI titers below ≤10 was arbitrarily assigned a value of 10. 

Virus neutralization assays: The recombinant Ca/04 (H1N1) virus carrying Nano lucif-

erase (NLuc) gene downstream PB1 was used at 100 TCID50 of per well in a 96 well plate 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 June 2021                   doi:10.20944/preprints202106.0180.v1

https://doi.org/10.20944/preprints202106.0180.v1


 

and incubated with 1/10 serial dilutions of serum samples collected and treated as de-

scribed above. The serum-virus mixture was incubated for 1 h at 37ºC and then overlayed 

for 15 min at 4 ºC and then 45 min at 37ºC on MDCK cells seeded in a 96 well plate the 

day before.  The serum-virus mixture was subsequently removed and 200 µl of Opti-

MEM-AB + TPCK-trypsin was added, and the cells were incubated at 37ºC under 5% CO2 

for 48 h. The virus neutralization (VN) titers were visualized by classical HA assay and 

NLuc assay. For the NLuc luciferase assay the Nano-Glo Luciferase Assay System 

(Promega, Madison, WI) was utilized using a Victor X3 multilabel plate reader (Perki-

nElmer, Waltham, MA). 

Virus titration: Nasal turbinates and lungs homogenates collected from mice at 5 dpc 

were generated using the Tissue Lyzer II (Qiagen). Briefly, 1 ml of PBS-AB was added to 

each tissue together with Tungsten carbide 3mm beads (Qiagen). Samples were homoge-

nized during 15 min and then, centrifuged at 15,000 g for 10 min. Supernatants were col-

lected, aliquoted and stored at -80 until further analysis. Samples were titrated by TCID50 

and virus titers were established by the Reed and Muench method [18]. 

Histopathology examination: Lungs were collected from a representative number of 

mice (n=4) in each group at 5 dpc for histopathological examination. Tissues were placed 

in 10% neutral-buffered formalin (NBF), fixed for at least 72 h, paraffin embedded and 

processed for routine histopathology with hematoxylin and eosin staining (HE). Lesions 

were subjectively scored by a pathologist blinded to the study as none (0), mild; ≤ 10% (1), 

mild to moderate; 11-25% (2), moderate; 26-40% (3), moderate to severe; 41-60% (4) and 

severe ≥ 60% (5) based on lesion severity and extent of inflammation. Features considered 

for the scoring were the following: bronchitis/bronchiolitis, alveolitis, pleuritis and vascu-

litis, type of inflammatory infiltrate, presence and extent of necrosis, hemorrhage, edema 

(interstitial and/or alveolar), fibrin/hyaline membranes, pneumocyte type 2 hypertrophy 

and hyperplasia and pleural mesothelial hyperplasia. For immunohistochemistry (IHC) 

against IAV, a polyclonal antibody anti-IAV H1N1(Meridian Life Science; dilution 

1/1,500) was used. The staining was used to estimate the intensity of viral antigens. Stain-

ing intensity and distribution were subjectively scored by a pathologist blinded to the 

study using a scale from none (0) to large/highest positivity (5). 

Influenza antigen microarray. The influenza antigen microarray was performed as pre-

viously described [23]. Serum, BALF and NW samples were diluted 1:100 in protein array 

blocking buffer (GVS, Sanford, ME, USA) supplemented with E. coli lysate (GenScript, 

Piscataway, NJ, USA) to a final concentration of 10 mg/ml and preincubated at room tem-

perature (RT) for 30 min. Concurrently, arrays were rehydrated in blocking buffer (with-

out lysate) for 30 min. Blocking buffer was removed, and arrays were probed with prein-

cubated serum samples using sealed chambers to prevent cross-contamination of samples 

between the pads. Arrays were incubated overnight at 4°C with gentle agitation. They 

were then washed at RT three times with Tris-buffered saline (TBS) containing 0.05% 

Tween 20 (T-TBS), biotin-conjugated goat anti-mouse IgA and Biotin –conjugated anti-

mouse IgG (Jackson Immuno Research Laboratories, Inc., West Grove, PA, USA) were 

diluted 1:400 in blocking buffer and applied to separate arrays for 1 h, RT with gentle 

agitation. Arrays were washed three times with T-TBS, followed by incubation with strep-

tavidin-conjugated Qdot655 (Thermo Fisher Scientific, Waltham, MA, USA) diluted 1:200 

in blocking buffer for 1 h, RT. Arrays were washed three times with T-TBS and once with 

water. Arrays were air dried by centrifugation at 500 g for 5 min. Images were acquired 

using the ArrayCAM imaging system from Grace Bio-Labs (Bend, OR). Spot and back-

ground intensities were measured using an annotated grid (.gal) file. Mean fluorescence 

across antigens grouped by isotypes were used for subsequent analysis. The different an-

tigens were acquired from Sino biological (Wayne, PA). 

Graphs/Statistical analyses: All data analyses and graphs were performed using 

GraphPad Prism software version 9 (GraphPad Software Inc., San Diego, CA). A one-way 

ANOVA was performed. A P value below 0.05 was considered significant. 

3. Results 
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3.1. IGIP-H1att and IGIP-H1caLen viruses show differences in virus yield.  

We previously developed a stable and efficacious alternative LAIV strategy for IAV 

carrying a ts mutation in the PB2 ORF, and ts mutations and a C-terminal epitope tag in 

the PB1 ORF [ts + HA tag = att]. The att strategy share some ts mutations in common with 

the MDV-A caA/Ann Arbor [24] and its safety, immunogenicity, and efficacy has been 

demonstrated in Balb/c mice and pigs [15,24-26]. We expanded these studies to improve 

the safety profile of the att candidate and test the hypothesis that IGIP would better stim-

ulate protective antibody responses against IAV. To further these studies, we also tested 

the IGIP in the caLen backbone, which is currently approved for human use. The C-ter-

minal 24 aa in IGIP correspond to the mature active peptide whereas the N-terminal ~30 

aa correspond to the signal peptide region (Fig 1A). We chose the swine IGIP mature pep-

tide sequence, which was cloned as N-terminal tag of the HA ORF in segment 4. Specifi-

cally, IGIP was cloned downstream of the signal peptide region of the H1 HA of A/Cali-

fornia/04/2009 (H1N1) (Ca/04) virus followed by the G4S linker peptide, an artificial furin 

cleavage site, the Thosea assigna virus 2A protease sequence, the signal peptide region of 

Gaussia luciferase and then the mature HA ORF (Fig 1B). The reverse genetics (RG) plas-

mid carrying the modified IGIP-H1 HA segment was combined with the RG plasmid en-

coding the N1 NA of Ca/04 and 6 RG plasmids encoding the backbone of either OH/04att 

or caLen. As a control, isogenic viruses carrying the wild type H1 HA of Ca04 were pre-

pared. Although IGIP-HA (H1N1) viruses were rescued in both attenuated backgrounds 

(Table 1), the IGIP-H1caLen virus grew poorly in both MDCK cells and in eggs in com-

parison to the isogenic H1caLen without IGIP and, therefore it was not included in sub-

sequent analyses. In contrast, the IGIP-H1att grew to titers like the isogenic H1att virus 

(Table 1), and both showed similar growth kinetics at 35ºC in MDCK cells as well as 

MDCK STAT1 KO cells (Fig 1C). More importantly, serial passages of the IGIP-H1att virus 

showed that the modified HA segment was maintained for at least 5 passages in SPF eggs 

and MDCK cells (Table 1; Fig 1D). 

Figure 1. In vitro growth kinetics. (A) Alignment of the predicted IGIP in different mammalian 

species. The mature swine IGIP sequence used in this study is shown. (B) Schematic representa-

tion of the IGIP-H1 gene. The IGIP sequence and the components of the intergenic region are indi-

cated. (C) Growth kinetics profiles of IGIP-H1att and H1att in MDCK and MDCK STAT1 KO cells. 

Experiments were performed 2 times independently, each time in triplicate. Titers were deter-

mined by RT-qPCR and expressed as log10 TCID50 equivalents. (D) IGIP-H1att virus was serially 

passaged 5 times in MDCK (E1C5) cells and SPF eggs (E5), and the HA was amplified by RT-PCR 

showing that the IGIP-H1 rearrangement is stable. Abbreviations, FP: fusion peptide. TM: trans-

membrane domain. CT: c-terminal region. G4S: poly-glycine protein linker. Furin CS: furin cleav-

age site. Tav2A: Thosea assigna virus 2A protein sequence. GlucS: Signal peptide of Gaussia lucif-

erase. 
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Table 1. Viral titers of the different viruses evaluated in this study. 

HA gene Backbone 
Titer 

TCID50/ml 

IGIP-H1 segment 4 stability 

Segment Modification E1 (NGS) a E5 (Sanger) b 

IGIP-H1 OH/04att 5x10ˆ6 

HA 

HA SP No change t58cnon-syn(L9P) c 

IGIP No change t86cSyn 

G4S No change No change 

Furin CS No change No change 

Tav2A No change No change 

GlucS No change No change 

PB2 S265 (g821) No change No change 

PB1 

E391(g1195, g1197) No change No change 

G581(g1766) No change No change 

T661(a2005, g2007) No change No change 

HA tag No change No change 

Other 

segments 
N/A d No change Not done 

H1 OH/04att 2.32x10ˆ7 N/A N/A N/A N/A 

IGIP-H1 caLen 1x10ˆ4 N/A N/A N/A N/A 

H1 caLen 2x10ˆ7 N/A N/A N/A N/A 

Passage 1 of the virus in SPF eggs (E1) was sequenced by next generation sequencing using Illu-

mina MiSeq. b E5 virus was sequenced by Sanger sequencing of full-length HA, PB2 and PB1 RT-

PCR fragments with appropriate primers (list available upon request). c L9P mutation reduces 

predicted signal peptide cleavability at the “…ANA-GN…” cleavage site from >0.9 to 0.8765 based 

on SignalP v. 5.0 predictive tool [35]. d N/A, not applicable. 

3.2. Studies in DBA/2J mice showed improved safety of the IGIP-H1att in comparison to the 

isogenic H1att virus. 
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We analyzed the safety profile of the IGIP-H1att in comparison to the isogenic H1att 

and H1caLen viruses in the DBA/2J mouse model, which shows higher susceptibility to 

IAVs compared to the Balb/c mouse strain [27,28]. Groups of mice (n=16/group, ½ females) 

were inoculated with 10^5 TCID50/mouse with either the IGIP-H1att virus, the H1att vi-

rus, the H1caLen or mock-inoculated (PBS) (Fig 2A). Although our previous studies 

showed that the H1att was attenuated in Balb/c mice and in pigs, it was not the case in 

DBA/2J mice. The DBA/2J mice in the H1att group showed weight loss starting on 4 dpi 

with rapid deterioration of clinical signs and mortality between 8-10 dpi (1 survivor out 

of 16, Fig 2B and C). In contrast, no clinical signs, negligible weight changes, and no mor-

tality were observed in mice that were inoculated with IGIP-H1att or the H1caLen groups 

(Fig 2B and C). These results indicate significant improvement of the safety profile of the 

IGIP-H1att compared to the H1att virus in DBA/2J mice, most likely due to reduce fitness 

of the modified segment 4. 

 

Figure 2. In vivo safety evaluation of IGIP-H1att, H1att, and H1caLen in DBA/2J mice. (A) Sche-

matic representation of the evaluation of the different viruses in DBA/2J model. Mice (n=16) were 

mock inoculated (PBS; white circles) or inoculated with 1x10ˆ5 TCID50/mouse of IGIP-H1att (blue 

circles), H1att (black circles) or H1caLen (grey circles). (B) weight changes and (C) survival were 

monitored for 14 days after virus inoculation. 

3.3. Efficacy of the IGIP-H1att in DBA/2J mice. 

In order to test the efficacy of the IGIP-H1att vaccine, we employed vaccination in a 

prime-boost strategy 3 weeks apart was used (Fig 2A). Mice were similarly vaccinated 

with the H1caLen virus. The vaccine boost produced neither clinical signs nor mortality 

(data not shown). Following, mice were challenged with 10^6 TCID50/mouse (~10,000 

MLD50) of the Ca/04 virus at 3 weeks post-boost. The IGIP-H1att- and the H1caLen-vac-

cinated mice were completely protected following virus challenge with neither overt clin-

ical signs nor mortality, unlike the mock-vaccinated/challenge controls (Fig 3A and B). 

Consistent with these observations, virus shedding below limit of detection were ob-

served in samples from lungs and nasal turbinates (NT) collected from a subset of mice at 

5 dpc from both vaccinated/challenge groups, but not in the mock-vaccinated/challenge 

group (Fig 3C and D). Histopathological examination in lungs showed more severe le-

sions in mice from the mock-vaccinated/challenge group compared to the other groups 

(Table 2). These were characterized by moderate to severe random areas of necrosis char-

acterized by discontinuous alveolar septa replaced by brightly eosinophilic, fibrillar ma-

terial (fibrin) admixed with hemorrhage, alveolar edema, karyorrhectic cellular debris, 

viable and degenerate neutrophils and foamy macrophages (Fig. 2E). Bronchial epithe-

lium was occasionally affected with attenuation, deciliation and single cell necrosis. In 
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contrast, vaccinated/challenge groups presented similar patterns of lesions with mild or 

mild-moderate numbers of lymphocytes, plasma cells and lesser neutrophils and macro-

phages expanding peribronchiolar and perivascular interstitium. Bronchial epithelium 

was minimally affected by deciliation, and single cell drop out (Fig 3F-G). Immunohisto-

chemical staining against IAV antigens was detected only in lungs from the mock-vac-

cinated/challenge group (Table 2). This was present within the nucleus and cytoplasm of 

bronchial epithelial cells, alveolar macrophages, pneumocytes and within necrotic cellular 

debris (Fig 3I). No presence of IAV antigens were observed in any of the vaccinated 

groups and the negative control (Fig 3J-L). These observations indicate that the IGIP-H1att 

is at least as effective as the H1caLen virus in protecting mice against aggressive challenge 

with a homologous IAV. 

 

Figure 3. Efficacy of IGIP-H1att against H1N1 lethal challenge in DBA/2J mice. Mice 

(n=12/group) previously mock vaccinated were mock challenged (white circles) or challenged 

(black circles) with 1x10ˆ6 TCID50/mouse of Ca/04 (H1N1). Mice previously vaccinated with IGIP-

H1att (blue circles) or H1caLen (grey circles) were challenged similarly. (A) weight changes and 

(B) Survival were monitored for 12 days. At 5 dpc, mice (n=4/group) were humanely euthanized, 

and the viral load was evaluated in tissue samples from (C) lungs and (D) nasal turbinates. (E-H) 

Histopathological examination from lungs collected at 5 dpc from each group. (E) Mock vac-

cinated group: Multifocally the alveolar septa are necrotic, collapsed, ruptured and thickened by 

hyaline membranes (arrowhead). Small to moderate numbers of macrophages, neutrophils, and 

lesser lymphocytes and plasma cells are infiltrating perivascular and peribronchial spaces, alveo-

lar septa, and pleura (asterisks). (F) IGIP-H1att and (G) H1caLen vaccinated groups: Small multi-

focal clusters of lymphocytes and plasma cells are infiltrating peribronchial and perivascular 

spaces (asterisks). (H) Normal lung. (I-L) Immunohistochemistry against IAV antigens in lungs 

collected at 5 dpc. (H) Mock vaccinated group: Moderate amount of IAV antigens is present as 

evidenced by the red staining. (J) IGIP-H1att, (K) H1caLen and (L) PBS groups. All representative 

pictures were taken at 20X magnification. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 June 2021                   doi:10.20944/preprints202106.0180.v1

https://doi.org/10.20944/preprints202106.0180.v1


 

Table 2. Histopathological examination (HE) and immunohistochemistry against IAV scores at 5 

dpc in lungs. 

Group Virus Challenge? HE IHC 

Mock vaccinated Yes 4-4-4-4 3-3-3-3 
IGIP-H1att Yes 1-0-1-1 0-0-0-0 
H1-caLen Yes 1-2-0-1 0-0-0-0 

PBS No 0-0-0-0 0-0-0-0 

A dash (-) separates the score of each individual mouse (n=4/group, ½ females). 

3.4. Qualitatively different humoral responses are produced by the IGIP-H1att virus compared to 

the H1caLen virus in DBA/2J mice. 

The humoral responses produced in the IGIP-H1att- and H1caLen-vaccinated mice 

were analyzed utilizing serum samples obtained at 20 days post boost (20 dpb) from a 

subset of 4 mice/group (1/2 females) by hemagglutination inhibition (HAI) and virus neu-

tralization (VN) titers (Fig 4). To establish VN titers, we utilized a recombinant Ca04 

(H1N1) virus carrying a chimeric PB1 with a C-terminal Nano luciferase (Nluc). Thus, VN 

titers are inversely proportional to the levels of Nluc activity measured at 48 hpi. In addi-

tion, IgG and IgA responses were analyzed using a protein microarray consisting of 153 

HA proteins representing group 1 (H1, H2, H5, H6, H8, H9 and H11) and group 2 (H3, 

H4, H7, H10) subtypes. The protein array also contains 12 NA proteins corresponding to 

the N1, N2, and N9 subtypes, 3 M1 proteins, 4 NP proteins and one NS1 and one NS2 

protein. Further, the array also contains 22 HA proteins and 2 NA proteins derived from 

influenza B viruses (IBVs) corresponding to the two major lineages (Victoria and Yama-

gata) as well as a single NP protein from a prototypic IBV, which serve as negative con-

trols (not shown). Approximately ½ of the HA proteins are displayed as full length 

whereas the rest correspond to the HA1 region. Details of the strain of origin, source of 

the protein, and presence or absence of epitope tags are provided in the supplementary 

material. Both HI and VN titers showed a trend towards improved neutralizing responses 

in samples obtained from the IGIP-H1att-vaccinated mice compared to the H1caLen-vac-

cinated mice (Fig 4A). This trend was consistent with a similar trend of the anti-H1 HA 

responses in the protein microarray, in which IGIP-H1att samples were on average higher 

than those from the H1caLen samples (Fig 4B and inset). Average IgG responses were 

higher against the full HA than the HA1 portion for both vaccines, perhaps due to better 

folding of the former and/or presence of stalk antibodies. However, it must be noted that 

samples from the IGIP-H1att were consistently higher against pre-pandemic HA proteins 

compared to the H1caLen-derived samples (statistically significant different for the HA 

of A/Puerto Rico/8/34 (H1N1), p=0.045). IgG cross reactive responses against group 1 and 

group 2 HAs were significantly lower compared to anti-H1 responses (Fig 4C-F). IgG re-

sponses to the H5 HA, particularly against the full proteins in the array showed a mixed 

pattern, with some reacting better with samples from the H1caLen group and some with 

samples from the IGIP-H1att group (Fig. 4C). Responses against H9 were close to back-

ground, except against the A/Hong Kong/35820/2009 HA antigen in which the samples 

from the IGIP-H1att and H1caLen groups reacted similarly (Fig. 4D). Responses to other 

group 1 HAs were low, but in those well above background, a trend was observed in favor 

of samples from the IGIP-H1att group (Fig. 4E). Cross-reactive responses against group 2 

HAs were in general negligible, except for few full H3 antigens that were recognized sim-

ilarly by serum samples from both vaccine groups, and responses to HA1 and full H7 

antigens in which samples from the H1caLen group were more reactive (Fig. 4F). Both 

vaccine groups showed similar serum IgA response profiles against the H1 HA (Fig 5A 

and inset). Background serum IgA levels against other group 1 HAs were observed except 

for the reactivity against the HA1 derived from A/duck/Hunan/795/2002 (H5N1) which 

was similar between the two vaccine groups and significantly higher than background. 

Serum IgA responses against group 2 were close to background for both vaccine groups. 

Interestingly, some IgA serum samples from the IGIP-H1att group, but not from the 
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H1caLen group, reacted with H7 HA antigens, which contrasts the IgG profile against 

group 2 HAs (Fig 5E, compare to Fig. 3F)  

 To determine whether the qualitative differences described above would translate into different recall responses post-

challenge, we analyzed serum samples collected at 14 dpc. Analysis of HI and VN responses indicated about 2-fold im-

proved responses in samples from the IGIP-H1att group compared to the H1caLen group (Fig 6A). Analyses of IgG and 

IgA responses post-challenge (Figs 5 and 6) revealed consistency with the post-boost profiles. On average, higher IgG 

responses were observed against the H1 HA in the IGIP-H1att serum samples than in the H1caLen serum samples col-

lected at 14 dpc with statistically significant differences among most of the post-2009 antigens but not the pre-2009 anti-

gens. Furthermore, a significant difference between vaccines was observed when all the H1 antigens are combined (Fig 6B 

and inset). Group 1 responses showed mixed profiles, with serum samples from both vaccine groups better recognizing 

the full H5 than H9 HA antigens (Fig 6C and D). Neither vaccine group was particularly efficient at recalling IgG responses 

against other group 1 HA antigens (H2, H6, H8 and H11, Fig 6E). Interestingly, the IGIP-H1att vaccine produced higher 

average IgG responses against group 2 HAs, particularly against H3 and H4, whereas responses against H7 were higher 

than against H3 and both vaccine groups behave similarly (Fig. 6F and inset). On average higher serum IgA responses 

were observed at 14 dpc in samples from the H1caLen group compared to the IGIP-H1att group with statistically signifi-

cant differences in the post 2009 H1 antigens (Fig 7A-E). These analyses suggest that qualitative responses to influenza 

viruses can be influenced by the vaccine background in mice vaccinated with different LAIVs. 

Figure 4. IgG serum responses 20 dpb in IGIP-H1att and H1caLen vaccinated mice. Mice (n=4/group) were bled at 20 

dpb, and the sera was used to evaluate HAI, VN and antibody reactivity against a panel of influenza antigens printed 

on a microarray. Samples from IGIP-H1att and H1caLen vaccinated mice indicated by blue dots/bars and grey 

dots/bars, respectively. PBS control samples are shown as white dots/bars. (A) HAI and VN titers. VN titers were es-

tablished using a recombinant Ca/04 virus carrying PB1-Nluc and evaluated by two independent methods at 48 hpi 

using a classical HA assay and Nluc activity. Levels of IgG antibodies against (B) H1, (C) H5, (D) H9, (E) group 1 and 

(F) group 2 HA antigens. The reactivity of each serum sample against each antigen is shown by dots/antigen and the 
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results are expressed as the mean of fluorescent intensity (MFI) of each value +/- SD. (B inset) each dot corresponds to 

the average reactivity of each antigen in the array against the set of serum samples from each vaccine group and ex-

pressed as MFI +/- SD.

. 

Figure 5. IgA serum responses 20 dpb in IGIP-H1att and H1caLen vaccinated mice. Same set of samples from Fig 4 

probed for IgA antibodies against (A and inset) H1, (B) H5, (C) H9, (D) group 1 and (E) group 2 HA antigens using the 

influenza antigen array. The reactivity of serum samples is expressed as described in Fig 4 and results shown as MFI +/- 

SD. IGIP-H1att samples in blue dots/bars. H1caLen samples in grey dots/bars. PBS control samples in white dots/bars. 
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Figure 6. IgG serum responses 14 dpc in IGIP-H1att and H1caLen vaccinated mice.

 
Mice (n=8/group) were bled at 14 dpc and the sera collected and used to evaluate antibody titers as described in Fig 4. 

IGIP-H1att samples in blue dots/bars. H1caLen samples in grey dots/bars. PBS control samples in white dots/bars. (A) 

HAI, VN, and VN Nluc titers. Levels of IgG antibodies against (B and inset) H1, (C) H5, (D) H9, (E) group 1 and (F and 

inset) group 2 HAs. The reactivity of serum samples in main graphs and insets is expressed as described in Fig 4 and 

results shown as MFI +/- SD. 

3.5. Average higher anti-H1 HA mucosal IgG and IgA responses in the IGIP-H1att group 

compared to the H1caLen group at 14 dpc. 

Analyses of recall mucosal responses was established using samples from nasal 

washes (NW; Fig 8A and C) and BALF (Fig 8B and D) collected from both vaccine groups 

at 14 dpc. These analyses revealed a statistically significant increase in IgG and IgA in 

BALF and IgA in NW responses when samples from the IGIP-H1att group were compared 

to the H1caLen group (Fig 8A-D and inset graphs). IgG and IgA responses were higher 

against the full H1 HA antigens than their HA1 regions. In addition, recall responses were 

highly focused against the 2009 H1 antigens, with little to no reactivity against pre-pan-

demic H1 HAs (Fig 8) or other group 1 and 2 HAs (not shown).  

Figure 7. IgA serum responses 14 dpc in IGIP-H1att and H1caLen vaccinated mice. Same set of samples from Fig 6 probed 

for IgA antibodies against (A) H1, (B) H5, (C) H9, (D) group 1 and (E) group 2 HAs. The reactivity of serum samples is 

expressed as described in Fig 4 and results shown as MFI +/- SD. 
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3.6. Humoral and mucosal responses against the NA and internal proteins are consistent with 

anti-HA response patterns in the IGIP-H1att and H1caLen groups.  

The serum and mucosal IgG and IgA profiles against the NA, NP, M1 and NS1 fol-

lowed the patterns observed against HA responses (Fig 9 and 10). Anti-NA responses 

were on average clearly above background at 20 dpb but only in serum samples from the 

IGIP-H1att group and largely directed to the N1 subtype (Fig 9A), whereas those from the 

H1caLen had background responses. Anti-NA responses, specifically against N1, in-

creased in the IGIP-H1att serum samples but not in those from the H1caLen group at 14 

dpc and was statistically significant (Fig 9A inset). Both vaccine groups stimulated serum 

antibody responses against the NP, mostly IgG in the IGIP-H1att samples, whereas IgA 

in the H1caLen samples (Fig 9B). Interestingly, only the IGIP-H1att vaccine resulted in 

humoral IgG responses to other internal proteins, specifically against M1 and NS1 but not 

NS2 (Fig 9 and data not shown). M1 and NS1 responses were slightly increased after chal-

lenge in the IGIP-H1att group. Analyses of pre- and post-challenge serum responses com-

bined suggest that antibodies against the internal proteins were dominated largely by 

anti-NP IgG in the IGIP-H1att group and by anti-NP IgA in the H1caLen group (Fig 9B 

top and bottom insets). Of note, anti-NA IgA serum responses were negligible in either 

vaccine group pre- or post-challenge (Fig 9C). Likewise, anti-NA mucosal IgG and IgA 

responses were at background levels for both vaccine groups (Fig 10A and B). Mucosal 

IgG and IgA antibodies were detected against the NP but not against other internal pro-

teins in both vaccine groups (Fig 10C and D). Of note, the anti-NP IgG response was on 

average higher in NW samples obtained from the H1caLen group than from the IGIP-
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H1att group, but statistically significant differences were only observed against 2 out of 

the 4 NP antigens evaluated. As observed with the anti-NP serological responses, they 

were dominated by IgG in the IGIP-H1att group (Fig 10C inset) but clearly by IgA in the 

H1caLen group (Fig 10D inset). 

 

Figure 8. Mucosal IgG and IgA responses 14 dpc in IGIP-H1att and H1caLen vaccinated mice. Mice (n=4/group) were 

humanely euthanized at 14 dpc, and nasal washes (A, C) and BALFs (B, D) were collected to evaluate the levels of IgG (A-

B) and IgA (C-D) antibodies against H1 HAs on the protein microarray. The reactivity of samples in main graphs and 

insets is expressed as described in Fig 4 and results shown as MFI +/- SD. 

4. Discussion 

Although vaccination is considered the first line of defense against influenza, the ef-

fectiveness of current IAV vaccines in recent years has been less than ideal, combined 

overall below 50% [29-31]. Although LAIVs have the potential to provide increased mul-

tidimensional and universal cellular and humoral responses, they have also been associ-

ated with poor efficacy. In addition, one LAIV for agricultural use against swine influenza 

was withdrawn from the market due to safety concerns regarding reassortment with hu-

man influenza viruses. In this report we sought to improve both the safety and the efficacy 

profiles of LAIVs. Specifically, we sought to reduce the fitness of the HA segment, i.e., 

reduce its reassortment potential, while improving mucosal immunity against influenza. 

Thus, the HA segment of a prototypic 2009 H1N1 pandemic strain (Ca04) was modified 

to carry the IGIP mature peptide flanked by additional modifications and in frame with 

the mature HA ORF (Fig 1A-B). 
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Figure 9. Serum antibody responses against NA and IAV internal proteins. The same set of samples described in Figs. 4 

(20 dpb) and 6 (14 dpc) were probed for anti-NA (A and C) and anti-IAV internal proteins (B) antibody responses against 

antigens on the protein microarrays panel as indicated on the graphs. Dots in graph insets correspond to the average 

reactivity of each antigen in the array against the set of serum samples from each vaccine group and expressed as MFI +/- 

SD. (A inset) anti-NA IgG at 14 dpc. (B top inset) anti-IAV internal proteins IgA at 14 dpc. (B bottom inset) anti-IAV 

internal proteins IgG at 14 dpc. (C) a Data on N1 NA A/Egypt/2321NAMRU3/2007 (H5N1) antigen was not used for anal-

yses due to high background. 

Figure 10. Mucosal antibody responses against NA and IAV internal proteins. The same set of samples from Fig. 8 were 

probed for anti-NA (A) IgG and (B) IgA antibodies as well as anti-IAV internal protein (C) IgG and (D) IgA antibodies. 

NW, nasal washes. Insets correspond to combined BALF and NW data in which each dot correspond to the average reac-

tivity of each sample against anti-IAV internal proteins in the array. (C, B) a Data on N1 NA A/Egypt/2321NAMRU3/2007 

(H5N1) antigen was not used for analyses due to high background. 
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We chose the IGIP modification because of its potential as a natural vaccine adjuvant. 

IGIP is highly conserved among mammals with a predicted molecular weight between 

~5.1 and ~5.9 KDa (Fig 1A). The IGIP mature 24 aa peptide sequence is identical in bovine, 

swine, and ferrets. One single amino acid difference (lysine at position 32 instead of as-

paragine) is seen in the human IGIP mature peptide compared to the swine IGIP. The 

predicted mouse IGIP differs also in one amino acid compared to the swine homolog 

(threonine at position 40 instead of asparagine). The role of these different polymorphisms 

is unknown, and we speculated they would have a minor effect. Therefore, we chose to 

test whether the swine IGIP mature sequence can lead to modulation of immune re-

sponses in the context of LAIV backbones. IgA class switch in B cells occurs via both T-

cell dependent and T-cell-independent pathways, and the antibody targets both patho-

genic and commensal microorganisms[13]. IGIP was shown to up-regulate IgA expression 

[12,13]. DCs in the intestinal tract are the primary source of IGIP [13]. The significance of 

DCs in the process of B cell class switch is well established [13]. Stimulation of human 

monocyte-derived DCs with CD40L- and vasoactive intestinal peptide (VIP) leads to sig-

nificant up-regulation of IGIP mRNA synthesis (~35 fold over background). Unlike the 

transforming growth factor beta (TGF- ), – a well-characterized effector of B cell class 

switch - IGIP is not maintained in a latent form and does not require additional processing 

for activation [13]. IGIP requires the presence of CD40 ligand (CD40L) but not B-cell re-

ceptor (BCR) cross-linking to specifically stimulate IgA class switch on bovine B cells [12]. 

In contrast, TGF-  requires both CD40L and BCR to exert its class switch activity on bo-

vine B cells[12]. Human naïve IgD+ B cells can be induced towards IgA class switch and 

can be stimulated to produce IgA after incubation with CD40L, IL-2, IL-10, 
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transmembrane activator and calcium-modulator and cyclophilin ligand interactor 

(TACI)-Fc and either IGIP or TGF-  [32]. To our knowledge, there has been no evidence 

associating overexpression of IGIP with inflammatory or autoimmune diseases; however, 

overexpression of either APRIL, BAFF or TGF-  is associated with autoimmune diseases 

and cancer [33,34].  

 The additional modifications between the IGIP peptide and the HA ORF (G4S linker, 

furin cleavage site and Tav 2A protease) were introduced to help release IGIP from the 

mature HA and to reach the extracellular compartment. The strategy resulted in a chi-

meric IGIP peptide carrying a 12 aa C-terminal tail (G4S(K/R)7). The recombinant virus 

IGIP-H1att grew efficiently in MDCK cells, about 1 log10 lower than the isogenic H1att 

virus without IGIP (Table 1). Moreover, the IGIP-H1att virus was stable for at least 5 pas-

sages in eggs (Table 1). Only two mutations were identified in the HA segment of the E5 

passage IGIP-H1 att virus with respect to the E1 stock virus: The first mutation L9P 

(t58cnon-syn) falls within the signal peptide of the H1 HA upstream of the IGIP gene. The 

L9P mutation is predicted [35] to reduce the signal peptide cleavability from >0.9 (L9) in 

the wild-type H1 HA sequence to 0.8765 (P9) in the mutant sequence. Nevertheless, the 

P9 mutation would still allow for a significant proportion of the IGIP peptide to be present 

without the N-terminal signal peptide sequence. The second mutation, t86cSyn, corre-

sponds to a silent mutation within the IGIP ORF and therefore it would appear inconse-

quential for its potential activity. Unfortunately, the IGIP-HA segment severely impaired 

the growth of the recombinant caLen vaccine virus, perhaps due to the latter containing a 

larger number of attenuating mutations compared to the OH/04 att backbone [17]. Never-

theless, we were able to make side by side comparisons between the IGIP-H1att, H1att, 

and H1caLen viruses in terms of virus growth kinetics in vitro and safety and efficacy 

evaluations in DBA/2J mice. Previous studies have shown that DBA/2J mice are 10-1,000 

times more susceptible to IAV compared to C57BL/6 and Balb/c mouse strains [27,36]. It 

must be noted that DBA/2J mice are not immunodeficient and mount protective humoral 

responses against type A and B influenza viruses as well as other pathogens [16,37,38]. 

Despite previous studies in Balb/c and pigs [15,36,39] showing attenuation of different 

IAVs carrying the att (ts+HA tag) modifications, such strategy was not sufficient to atten-

uate the H1att virus in DBA/2J mice. More importantly, the IGIP modification in HA led 

to the IGIP-H1att virus that was attenuated in DBA/2J mice as much as the control 

H1caLen virus (Fig 2). This observation also suggests that the IGIP modification leads to 

reduced fitness of the HA segment and therefore it will be less likely to reassort, although 

such assessment is beyond the scope of this report. 

The IGIP-H1att virus was as efficient as the H1caLen in protecting mice against ag-

gressive challenge with a homologous prototypic 2009 H1N1 strain (Fig 3). Challenge vi-

rus shedding was below limit of detection accompanied by the absence of clinical signs in 

both vaccine groups. Analyses of humoral responses by different methods (HI, VN, and 

protein microarray) showed clearly trends of higher IgG responses in mice vaccinated 

with the IGIP-H1att virus compared to the H1caLen virus (Fig 4), not only against H1 HAs 

but also other group 1 HAs. As expected, serum IgA responses post-boost were low and 

mostly focused to the H1 HA with similar levels between vaccine groups (Fig 5). In a pre-

vious study, infection of mice with a wild type H7N9 IAV led to induction of antibodies 

against both group 1 and group 2 HAs in the absence of discernible HAI titers [40]. In this 

study, post-boost serum IgG responses against a panel of group 2 H7 HAs were also de-

tected, particularly in samples from the H1caLen group. In contrast, this same H7 HA 

panel showed increased serum IgA reactivity using samples from the IGIP-H1att group. 

At 14 dpc, the recall serum IgG antibody continued with samples from the IGIP-H1att 

reacting more strongly to H1 HAs than samples from the H1caLen group with statistically 

significant differences (Fig 6). Serum IgG responses to other group 1 HAs showed a mixed 

pattern of relatively weaker signals compared to the H1 profiles. Of note, post-challenge 

resulted in boosting of group 2 HA responses, particularly against the H7 panel, but also 

against H3 and H4 antigens in samples from the IGIP-H1att group. In contrast, post-chal-

lenge serum IgA responses were on average statistically higher in samples from the 
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H1caLen group (Fig 7). The mucosal antibody responses detected in NW and BALF at 14 

dpc had overall higher average signals for both IgG and IgA in samples from the IGIP-

H1att group and statistically significant differences between vaccines for the IgG in BALF 

and IgA in NW and BALF (Fig 8). The patterns of IgG and IgA responses against other 

viral proteins (N1 and NP, particularly) were consistent with those observed against HA 

(Figs 8 and 9). Serum IgG anti-N1 NA responses, as well as anti-M1 and anti-NS1, were 

detected above background only in samples from the IGIP-H1att group but not in those 

from the H1caLen group. In this regard, it important to note that various approaches to 

more universal influenza vaccines consider more conserved targets, such as epitopes on 

NA, M2, M1 and NP [41-43]. Additionally, NP modulates cellular immune response acti-

vating CD4+ and CD8+ lymphocytes providing cross-reactivity against zoonotic IAV 

strains [44,45]. In the context of LAIVs, it has been also shown different NPs modulate 

differently the immune response conferring protection against heterologous challenge in 

the absence of neutralizing antibodies [46]. FLU-v, which has shown promising results in 

phase II in humans suggest that understanding the role of NP antibodies and how to mod-

ulate the NP response could pave the way for the generation of more universal vaccine 

[47]. In this report, we show that anti-NP responses were easily detected in serum and 

mucosal samples. Serum and BALF IgG dominated the response against NP in the IGIP-

H1att group and in NW in the H1caLen group. Mucosal anti-NP IgA responses were on 

average higher in samples from the H1caLen group. It is commonly accepted that IgA 

responses are better at neutralizing primary viral targets such as HA, but not other viral 

proteins such as NP or other internal proteins (possibly even NA). In contrast, IgG re-

sponses would be better at targeting non primary targets for ADCC, complement fixation 

and antibody mediated phagocytosis due to viral proteins expressed in infected cells. 

Thus, it is tempting to speculate that the pattern of IgA/IgG responses in samples from the 

IGIP-H1att group suggest a superior protective advantage compared to those from the 

H1caLen group. Overall, these studies strongly suggest that qualitative different immu-

nological responses can be induced in response to different LAIV backbones and subse-

quent modifications. It must be noted that we have yet to establish whether the response 

patterns described above are due to IGIP exerting any biological functions. Assuming that 

IGIP is active, the results were counterintuitive as we would have expected further en-

hancement of the IgA responses. Nevertheless, it is of great significance that the IGIP mod-

ification not only improved the safety profile of the att backbone, but it did so without 

sacrificing immunity against the HA. Although it is accepted that IGIP is important in 

modulating IgA responses, such activity is considered limited to the boundaries of the 

intestinal tract. Little is known about IGIP function in the respiratory tract and whether it 

can help stimulate both IgA and IgG responses. The combined analysis of the data sug-

gests that I.N. administration of the IGIP-H1att vaccine stimulated higher systemic IgG 

responses and higher IgG and IgA mucosal recall responses than the H1caLen vaccine, 

not only against HA but also other viral antigens. Thus, it is tempting to speculate that 

IGIP acts as a general adjuvant in the respiratory tract that produces enhanced IgG and 

IgA responses. More studies beyond the scope of the present report will be needed to 

better understand the role of IGIP, if any, in the modulation of immune responses in the 

context of LAIVs as well as other recombinant vaccine platforms. 
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