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Abstract

Influenza A annually infects 5–10% of the world’s human population resulting in one million 

deaths. Influenza causes annual epidemics and re-infects previously exposed individuals because 

of antigenic drift in the glycoprotein hemagglutinin. Due to antigenic drift, the immune system is 

simultaneously exposed to novel and conserved parts of the influenza virus via vaccination and/or 

infection throughout life. Preexisting immunity has long been known to augment subsequent 

hemagglutination inhibitory antibody (hAb) responses. However, the preexisting immunological 

contributors that influence hAb responses are not understood. Therefore, we adapted and 

developed sequential infection and immunization mouse models using drifted influenza strains to 

show that MHC Class II haplotype and T cell reactivity influence subsequent hAb responses. We 

found that CB6F1 mice infected with A/CA followed by immunization with A/PR8 have increased 

hAb responses to A/PR8 compared to C57BL/6 mice. Increased hAb responses in CB6F1 mice 

were CD4+ T cell and B cell dependent and corresponded to increased germinal center A/PR8-

specific B and T follicular helper cells. These results suggest that conserved MHC Class II 

restricted epitopes within HA are essential for B cells to respond to drifting influenza and could be 

leveraged to boost hAb responses.
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Reengagement of both memory B and CD4+ T cells from previous influenza exposure are 

necessary for updated and enhanced antibody responses to drifted HA immunization. Without HA-

specific cognate CD4+ T cell help, established by initial influenza exposure, secondary B cell 

responses are greatly reduced.

Keywords

Influenza; vaccinology; infectious diseases; preexisting immunity; immunological memory

INTRODUCTION

Influenza A virus is a zoonotic pathogen that continuously circulates between hosts, 

including humans, birds, horses, dogs and pigs (1, 2). The virus has a segmented, negative-

sense, single-stranded RNA genome that encodes 12 proteins. Typically, influenza A viruses 

are subtyped based on their surface glycoproteins, hemagglutinin (HA) and neuraminidase 

(NA), which are responsible for viral entry and release, respectively (3, 4). Currently, 18 HA 

and 10 NA subtypes circulate in birds, with two viral subtypes concurrently circulating in 

humans. Immune pressure from the infected host directs influenza HA and NA genes to 

undergo antigenic drift, characterized by non-synonymous point mutations. Importantly, the 

best correlate for protection in both pre-clinical models and clinical trials is the induction of 

hemagglutination inhibitory antibodies (hAbs) to non-conserved areas of HA (5–9). 

Accumulated mutations in these regions result in antigenically-distinct HAs, allowing 

drifted viruses to re-infect individuals that have previously been exposed. Despite the 

practice of annual immunization to elicit hAbs directed to the current circulating influenza, 

the vaccine is only 59% effective in healthy adults during well-matched years, presumably 

due to antigenic drift as well as diverse host factors including preexisting influenza exposure 

and age (10). Additionally, healthy adults who receive the trivalent inactivated vaccine (TIV) 

seroconvert an estimated 50–80% of the time based on immunogenicity studies (11–14). 

High seroconversion directly predicts protection, but the mechanism(s) of how preexisting 

immunity affects vaccine immunogenicity is not fully understood (15, 16). This limited 
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understanding is compounded by diverse host histories and genetics, making it difficult to 

optimally elicit these classical hAbs across many populations (17–20).

Importantly, exposure to a drifted HA preferentially stimulates an individual’s memory B 

cell response to recurring epitopes at the expense of de novo responses to new epitopes. 

Recent technological advances in B cell sequencing demonstrates that reactivation of 

memory B cell responses to drifted influenza strains result in either: 1) memory B cells that 

undergo somatic hypermutation (SHM) and become more adapted to the drifted influenza 

HA antigen, or 2) the memory B cell repertoire does not adapt, and instead directly 

differentiates into a plasmablast to secrete antibodies that recognize the undrifted epitopes of 

previous strains (21). This latter phenomenon is termed original antigenic sin (OAS) and is 

phenotypically characterized by diminished antibody responses to novel parts of the drifted 

strain upon exposure to that strain and increased antibody responses to the initial pre-

exposure strain (22–29). It is not clear what intrinsic or extrinsic factors influence whether 

memory B cells adapt to a drifted strain. One hypothesis is that the HA-specific memory B 

cells’ ability to present conserved HA-based cognate antigens via MHC Class II to 

preexisting HA-reactive memory CD4+ T cells initiates further adaptation by SHM of 

memory B cells to the drifted strain (12, 30–32). It has been shown that HA-specific B cells 

are solely helped by HA-reactive CD4+ T cells in the mouse model of influenza (33). 

Therefore, we postulate that if drifted HAs contain conserved MHC II epitopes, preexisting 

memory CD4+ T cells can help B cells adapt to the newer influenza strain.

RESULTS

hAb responses to drifted recombinant HA is dependent upon mouse MHC Class II 
haplotype

In order to assess how preexisting immunity augments subsequent hAb responses to drifted 

influenza immunization, we established mouse models by first exposing C57BL/6 and 

CB6F1 mice to 0.5 LD50 (Lethal Dose 50%) A/CA/7/09 (A/CA), the prototype H1N1 virus 

from the 2009 pandemic, allowing the mice to undergo infection, seroconversion, and 

recuperation for 28 days and then re-exposing mice to 1 μg of the drifted strain A/PR8 HA 

by intramuscular immunization (i.m.). Mice were weighed daily and bled at day 21 post-

primary and secondary immunization to measure both hAb titer by HAI assay and HA titer 

by enzyme-linked immunosorbent assay (ELISA).

In our models, C57BL/6 mice preexposed to A/CA/7/09 (A/CA), display little reactivity by 

HAI and ELISA to A/PR/8/34 (A/PR8) 21 days after A/PR8 immunization when compared 

to A/CA preexposed CB6F1 mice which display 32-fold increase in HAI and ELISA 

responses to the drifted A/PR8 HA immunization (Figure 1A-D). Importantly, both mouse 

models display HA binding cross-reactivity by ELISA to A/PR8 post primary infection with 

A/CA but do not display significant cross-reactive HAI titers, suggesting that they do not 

share neutralizing epitopes. To further test if the increased hAb titer to A/PR8 in CB6F1 

mice resulted in enhanced protection, we then challenged all groups with 1000 LD50 of A/

PR8. Unsurprisingly, protection from weight loss and lethality directly corresponded to hAb 

A/PR8 titer. Only the CB6F1 mice with high A/PR8 HAI titers demonstrated 100% 

protection from weight loss and lethality (Figure 1E-F). This finding that A/CA preexposed 
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F1 but not B6 mice display enhanced antibody responses to immunization with a drifted HA, 

A/PR8, led us to hypothesize this discrepancy was possibly due to mouse genetic 

background.

The increased hAb response to drifted influenza virus immunization has been recently 

reported in Balb/c mice, however the immunological basis for how prior exposure enhances 

secondary responses is unknown (34). We reasoned that because CB6F1 mice have an 

increased diversity of MHC class II genes (I-Ab, I-A d, I-Ed) compared to C57BL/6 mice (I- 

Ab), the differential secondary response to immunization with intra-subtype HA may be 

linked to MHC Class II reactive epitopes conserved across the drifted HAs. To that end, we 

established CD4+ T cell reactivity to A/CA peptide pools in both CB6F1 and C57BL/6 mice. 

Interestingly, A/CA exposed C57BL/6 mice display no significant CD4+ T cell reactivity 

with A/CA peptide pools as measured by IFN-γ production using flow cytometry 

(Supplementary Figure 1A), suggesting the absence of strong MHC Class II reactive 

epitopes in C57BL/6 mice (Figure 2A). This absence of robust HA-specific CD4+ T cell 

reactivity to A/CA HA in C57BL/6 mice was further confirmed by IFN-γ ELISPOT and HA 

reactivity to A/CA rHA in CB6F1 mice has been previously established (Supplementary 

Figure 1B) (35). Conversely, CB6F1 mice infected with either A/CA or A/PR8 demonstrated 

CD4+ T cell reactivity with A/CA peptides (Figure 2A). To further confirm that other 

genetic differences between the two mouse strains were not playing a significant role we 

repeated the challenge-immunization experiment with B10.D2 mice, which have C57BL/6 

background but an I-Ad I-Ed MHC Class II haplotype, sharing an MHC Class II allele with 

CB6F1 mice but not C57BL/6 mice. Similar to the CB6F1 mice, B10.D2 mice displayed an 

enhanced hAb response to A/PR8 as compared to previously uninfected mice (Figure 2B). 

These results strongly suggest that the HAs of A/PR8 and A/CA share a common I-E/Ad, 

restricted epitope, but no shared I-Ab epitopes. Taken together, these two contrasting mouse 

models, CB6F1 and C57BL/6, suggest that MHC Class II conservation between HAs is 

critical for optimal hAb responses to immunization with a drifted intra-subtype strain.

Increased A/PR8-specific GC B cells and T follicular helper cells in previously exposed 
CB6F1 mice

Next, we investigated the impact of previous influenza exposure on the cellular composition 

of the draining lymph node following secondary exposure. We infected CB6F1 mice with 

A/CA or PBS, waited 28 days and subsequently immunized groups with drifted rHA A/PR8 

(i.m.) or as a negative control a distinct shifted H3 rHA, X-31. At day 2 and 4 post 

immunization, we examined the immune populations comprising the draining inguinal 

lymph nodes by flow cytometry. At day 4, we saw an increase in germinal center (GC) B 

cells (B220+GL7+CD38lo) in previously exposed mice but not unexposed mice (Figure 3A 

and representative flow plots in Supplementary Figure 2A). To stain for A/PR8 specific B 

cells we attached a PE-avidin tetramer to a biotinylated dominant linear B cell epitope on 

A/PR8 HA that mapped to the receptor binding site (RBS) (36, 37). Using this staining tool, 

we were able to observe GC cells also became antigen-specific to A/PR8 (Figure 3B and 

representative flow plots in Supplementary Figure 2A). Further, as shown in representative 

flow plots (Supplementary Figure 2B) the GC cells in the previously exposed group 

upregulated the SMH initiation enzyme, activation-induced cytidine deaminase (AID) 
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(Figure 3C). Last, there was a concurrent upregulation of T follicular helper (Tfh) cells 

(CD4+CD154hiCXCR5+PD1+) in previously exposed mice but not unexposed mice (Figure 

3D and representative flow plots in Supplementary Figure 2C). While this suggests that 

memory B and CD4+ T cells from previous exposure enable adaptation to drifted HA, as 

previously unexposed mice do not exhibit enhanced Ab responses, it does not prove their 

necessity for this enhanced secondary response.

CD4+ T cell are necessary for enhanced secondary responses to drifted immunization

We employed the CB6F1 mouse model to evaluate the requirement of memory CD4+ T cells 

for enhancement of antibody responses following boost with drifted HA. First, we depleted 

CD4+ T cells after contraction at day 27 and 28 post primary infection, confirmed depletion 

and then waited 36 days for reconstitution (day 65 post infection) of the naïve CD4+ T cell 

compartment prior to immunization with A/PR8 (Supplementary Figure 3). CD4+ T cell 

depletion was found to be accomplished effectively although incompletely, even in tissues, 

including lung, axial and brachial lymph nodes and spleen (Supplementary Figure 3C-E). 

Strikingly, CD4+ T cell depletion diminished the hAb response to drifted HA immunization 

as compared to the isotype control treated group, demonstrating the requirement for cross-

reactive memory CD4+ T cells in mounting a hAb immune response to a drifted A/PR8 HA 

immunization (Figure 4A and B). These results strongly suggest that cross-reactive memory 

CD4+ T cells are crucial and necessary for enhancing responses to drifted influenza HA.

Recombinant HA immunization with adjuvant can stimulate memory CD4+ T cells for 
enhanced recall hAb responses

Adjuvants, including a fully synthetic lipid-A TLR4 agonist in a stable oil-in-water 

emulsion, SLA-SE, strongly enhance memory CD4+ T cell reactivity and induce Tfh cellsin 

the context of protein immunization (39). Therefore, we next determined if enhancement of 

hAb responses to immunization was dependent upon infection for inducing CD4+ T cells 

capable of aiding subsequent responses or if rHA protein in combination with adjuvant was 

capable of producing the immune memory necessary. Similar to previously published data, 

we found that primary exposure to rHA A/CA alone was unable to provide enhancement to 

secondary responses (Supplementary Figure 4) (34). Conversely, adjuvanted rHA A/CA 

immunized mice did display enhanced hAb responses to subsequent immunization 

(Supplementary Figure 4). To assess further the role of CD4+ T cells in this response, we 

again depleted CD4+ T cells as outlined above. The enhanced antibody response to 

secondary immunization was indeed dependent on memory CD4+ T cells as mice in the 

depleted group demonstrated decreased Ab reactivity to immunization with rHA 

PR8(Supplementary Figure 4). These results demonstrated that primary exposure with 

infection or adjuvanted protein immunization significantly affects subsequent responses due 

to CD4+ T cell reactivity conservation.

Memory B cells are partially necessary for increased magnitude of hAb response in CB6F1 
mice

To determine if B cells are necessary for enhanced hAb responses to secondary drifted 

immunization in CB6F1 mice, we depleted B cells with an anti-CD20 antibody, confirmed 

depletion both in tissues (Lung, lymph nodes and spleen) and blood and then allowed 
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reconstitution of the naïve B cell compartment before immunization with rHA immunization 

(Supplementary Figure 5). Anti-CD20 antibody eliminates all B cell subsets in circulation 

except for plasma cells. CB6F1 mice depleted of memory B cells demonstrated lower A/PR8 

HAI and endpoint titers compared to mock depleted mice, albeit less impactful than CD4+ T 

cell depletion (Figure 5). Taken together with the depletion effects of memory CD4+ T cell 

depletion, this suggested that both memory B cell and CD4+ T cells are necessary for full 

enhancement of subsequent antibody immunization responses.

Enhanced hAb responses can be elicited in C57BL/6 mice by conserving MHC Class II 
epitopes in HA

To investigate if conserved CD4+ T cell epitopes could enhance hAb responses in C57BL/6 

mice we leveraged conserved MHC Class II epitopes within HA for both exposures, only 

changing the immunodominant B cell epitope. To do this, we replaced the A/PR8 HA RBS, 

a mapped immunodominant neutralizing B cell epitope, with the corresponding A/CA HA 

RBS, and subsequently rescued virus and confirmed the amino acid changes via sequencing 

(CA/PR8Δ). Using our C57BL/6 mouse model, we then exposed mice to PBS, A/CA or our 

engineered CA/PR8Δ virus, 28 days later we then immunized with A/PR8 i.m. and evaluated 

the antibody responses induced. Mice exposed to the CA/PR8Δ virus displayed increased 

germinal centers, compared to controls or A/CA infected mice at 4 days post-secondary 

immunization (Figure 6A). Likewise, these mice had increased titers, both by HAI and 

ELISA to A/PR8 upon secondary immunization (Figure 6B). Further, C57BL/6 mice pre-

exposed to CA/PR8Δ and subsequently immunized with A/PR8 HA showed complete lethal 

and weight loss protection from challenge with 1000 LD50 (Figure 6D-E).

DISCUSSION

To better understand immunological responses to influenza, we have established that 

memory CD4+ T cell reactivity to HA is a prerequisite for immune adaptation to drifted 

HAs. Interestingly, we found that mice with CD4+ T cell reactivity to A/CA HA that cross-

reacted with A/PR8 HA showed increased hAb responses to a drifted rHA upon 

immunization, whereas mice without this conserved reactivity did not show enhanced Ab 

responses. This CD4+ T cell reactivity was confirmed by mapping CD4+ T cell epitopes in 

HA; CB6F1 mice displayed CD4+ T cell reactivity to conserved HA epitopes in CA and 

PR8 HAs whereas C57BL/6 mice displayed no reactivity to epitopes of A/CA HA. These 

findings intimate that if cognate memory T cells are not available, B cell reactivity to drifted 

influenza will not robustly respond. These two divergent mouse models would be useful in 

explicitly defining and confirming this competition between memory and naïve B cells in 

both the absence and presence of cognate memory CD4+ T cell help.

The CD4+ T cell subset that has the potential to influence antibody responses by interacting 

with B cells has been identified as Tfh cells. Programming and activation of Tfh cells is 

dependent on antigen presentation by B cells (6, 42, 43). Further, memory B cells rapidly 

reactivate cognate memory Tfh cells providing accelerated antibody responses by the 

presenting memory B cell and directing reentry into GCs upon secondary immunization 

(44). However, it was unknown if memory B cells are necessary for the reactivation of 
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memory Tfh cells upon drifted immunization with HA or if naïve B cells could also be 

directed to provide an enhanced hAb response. We found using our CB6F1 mouse model 

that memory B cells and CD4+ T cells are necessary for the magnitude of antibody 

responses observed, however memory CD4+ T cells are by far the larger contributor. 

Additionally, in the context of protein immunization priming, adjuvants have been shown to 

elicit Tfh induction and robust memory CD4+ T cells compared to protein immunization 

alone (39, 45, 46). Using our CB6F1 mouse model we found that adjuvant inclusion during 

initial protein immunization could induce memory CD4+ T cells that are capable of 

subsequently aiding heterologous hAb responses, as we have found with infection-induced 

priming, demonstrating the ability to establish memory CD4+ T cell help for subsequent 

responses. Further, we have shown here that the phenotype observed in C57BL/6 mice is 

reversible with preservation of conserved MHC Class II epitopes, demonstrating that B and 

T cell synergism is crucial for adaptation of B cells in the face of drifting neutralizing 

epitopes.

These findings underscore the importance and complexity of immunological memory’s 

impact on subsequent responses when B and T cell reactivity is changing, as is the case with 

drifted influenza. Therefore, it is crucial to understand the mechanism by which preexisting 

immune responses shape future responses in order to optimize responses to vaccination 

using antigen design. Likewise, this memory B and T cell interaction has potential 

implications in altering Dengue and HIV responses, viruses that frequently have differing B 

cell and T cell reactivity and where antibody responses are critical for viral control (47–49). 

Additionally, this knowledge could be applied to enhance immunity to be more potent 

against differing strains or alternatively, employed to prevent adaptation of B cells, retaining 

broader responses, a goal of many universal vaccine candidates. Indeed, application of this 

knowledge is currently being pursued primarily by including adjuvants in avian influenza 

vaccine candidates to strongly elicit CD4+ T cell reactivity (50). Additionally, new influenza 

vaccine candidates are endeavoring to engineer universal T cell epitopes into Avian H7 HA 

(51–53). Undeniably, these techniques of T cell inclusion are challenging, as HA folding is 

sensitive to modification and structural integrity must be maintained to provide adequate B 

cell stimulation. Furthermore, in humans with many different MHC Class II haplotypes, 

finding a suitable T cell epitope poses further challenges (54). Theoretically, if inclusion of a 

universal T cell epitope did not interfere with the integrity of HA, this could be used with 

adjuvant prior to any influenza exposure to elicit foundational responses. These foundational 

responses could then be exploited to boost out any subsequent responses that contained the 

universal T cell epitope, eliciting a more robust and specific response toward the antigen of 

interest.

MATERIALS AND METHODS

Ethics

All animal experiments and protocols were approved by IDRI’s Institutional Animal Care 

and Use Committee (IACUC) protocol 2015–16. IDRI’s IACUC (A4337–01) animal 

welfare assurance is in accordance with the Public Health Service (PHS) Policy for Humane 

Care and Use of Laboratory Animals.
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Mice

Female C57BL/6, CB6F1 and B10.D2 mice, 6–8 weeks of age were purchased from Jackson 

laboratory. All animals were housed in the IDRI Vivarium (Seattle, WA) under specific 

pathogen-free conditions.

Immunization and influenza virus infection of mice

Mice were immunized by intramuscular (i.m.) injection with 1 μg recombinant HA (rHA) 

from A/PR/8/34 or A/CA/07/09 or X-31(Protein Sciences Corporation), formulated with and 

without the adjuvant, SLA-SE (5 μg) or saline.

Infection Studies.

Mice were infected intranasally with 0.5 LD50 or 1000 LD50 dose of A/CA/07/09 and A/PR/

8/34, in 25uL of phosphate-buffered saline (PBS). Mice were monitored for weight loss and 

other signs of virus induced morbidity daily and sacrificed if weight loss exceeded 20% of 

initial body weight.

CA/PR8Δ virus was made by replacing the RBS site (Sa/Sb region:WLTEKEGSYP) of the 

HA PR8 vaccine plasmid with corresponding RBS CA site (WLVKKGNSYP) via Q5 

mutagenesis. CA/PR8Δ virus and was rescued using the vaccine plasmid system previously 

described (55–57). Virus had normal growth kinetics and mice were given 15 plaque 

forming units (pfu)/mouse to induce productive infection as observed by seroconversion and 

weight loss.

CD4+ and B cell depletion

InVivo Mab anti-mouse CD4+ (clone GK1.5) and isotype controls were purchased from 

BioXCell (West Lebanon, NH). Mice were intraperitoneally (i.p.) administered at a dose of 

250 μg per mouse twice for depletion of CD4+ Cells. CD4+ T cell depletion was assessed by 

flow cytometry with anti-CD4 (clone RM4–5). Mouse Anti-CD20 antibody (clone 5D2, 

murine IgG2a) was graciously provided by Genentech. Mice were given two i.p. injections 

of 250 μg of CD20 antibody on consecutive days. Depletion was assessed by flow cytometry 

with an anti-B220 and anti-CD19 antibodies.

CD4+ T Cell ELISPOT

IFN-γ (R&D Systems, Minneapolis, MN, USA) ELISPOT analyses were conducted 

according to the manufacturer’s instructions. Spot images were collected using 

ImmunoCapture 6.4 and analyzed with ImmunoSpot 5.0 on an automated ELISPOT plate 

reader (C.T.L. Seri3A Analyzer; Cellular Technology, Shaker Heights, OH, USA).

Enzyme Linked Immunosorbent Assays (ELISA) Assays

Mouse sera were collected from individual mice and PR8 HA and CA HA reactive 

antibodies were determined by an enzyme-linked immunosorbent assay (ELISA) using rHA 

purchased from Protein Sciences Corporation as a coating antigen. Polysterene 96 well flat 

bottom immuno plates (NUNC) were coated overnight at 4°C with 0.1 μg rHA per well. 

Wells were washed three times with PBS- 0.5% Tween 20. Blocking buffer (1% bovine 
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serum albumin (BSA) in PBS-Tween) was added to every well and incubated for 1h at RT. 

Wells were again washed and serial 2-fold sample dilutions were added to the plates in 0.5% 

BSA PBS and incubated at RT for 1 hr. Wells were again washed five times and incubated 

for 1 hr at RT with 100 μL/well horseradish peroxidase-conjugated goat anti-mouse 

secondary antibody specific for IgG (Southern Biotech) diluted in 1% BSA-PBS at a 1/4000 

dilution. Subsequently, wells were washed five times and developed with 100 μL/well 

tetramethylbenzidine (TMB). Stop solution, H2S04 (1N), was then added at 100 μL/well to 

stop the reaction. The optical density was read at 450nm (OD450) using a Biotek Synergy 2.

Hemagglutination Inhibition Assays

Hemagglutinination Inhibition (HAI) activity specific to A/PR/8/34, A/CA/07/09 and A/X31 

was performed as previously described in using 1% Turkey Red Blood Cells (TRBCs) (58). 

Briefly, each serum sample was treated with receptor-destroying enzyme (RDE) overnight at 

37°C followed by heat inactivation to remove nonspecific inhibitors. HI titer was determined 

by the reciprocal of the highest dilution of sera that completely inhibited the agglutination of 

turkey RBCs following addition of 4 HAU (hemgglutination units) of virus, starting at a 1:10 

dilution and serially diluting 2-fold down a 96 v-bottom plate.

B and T cell staining and stimulation

Antigen specific CD4+ T cell responses were measured by peptide and rHA stimulation and 

flow cytometry. Briefly, splenocytes or cells isolated from lymph nodes were isolated and 

cultured (2×106 cells per well) for 8hr with peptide or rHA (1 μg/well) in the presence of 

Brefeldin A (BD Biosciences). After stimulation, cells were permeabilized and stained with 

fluorochrome conjugated antibodies CD4 (clone RM4–5), CD8 (clone 53–6. 7), CD44 

(clone IM7) and B220 (RA3–6B2) (BioLegend and eBioscience) in the presence of anti-

CD16/32 (clone 93) for 15 minutes in the dark at room temperature. Cells were fixed and 

permeabilized with Cytofix/Cytoperm (BD Biosciences) for 30 minutes at room temperature 

in the dark. Cells were washed with Perm/Wash (BD Biosciences) and stained for 15 

minutes with fluorochrome labeled antibodies to detect intracellular cytokines as follows: 

IFN-γ (clone XMG-1.2), IL-2 (JES6–5H4), TNF (MP6-XT22), IL-5 (clone: TRFK5) and 

IL-10 (clone: JES5–16E3) (BioLegend and eBioscience).

B cells were stained with (1:200) to CD138 (clone281–2), GL7 (clone GL7), CD95 (clone 

Jo2), IgM (clone II/41), CD19 (clone 1D3 or 6D5), IgD (clone 11–26c.2a), CD38 (clone 90) 

and 1:100 CD16/32 (clone 93) for 15 minutes in the dark at 4°C. Non-B cell lineage cells 

were excluded by staining (1:200) and gating for Ly6G (clone 1A8), CD11b (clone M1/70), 

CD11c (clone N418), F4/80 (clone BM8), Ter119 (clone TER-119) and Thy1.2 (clone 53–

2.1) hi populations, fixed and assessed by using a BD Fortessa flow cytometer, analyzed 

using FACSDiva (BD Bioscience) and FlowJo software (TreeStar).Flow Cytometry use and 

analysis adhered to the guidelines previously described (59).

A/PR8-specific B cells were first purified out of lymph nodes using a B cell isolation kit II 

(Miltenyi), then staining with PR8-tetramer-PE (WLTEKEGSYP-biotin), CD138 (clone281–

2), GL7 (clone GL7), CD95 (clone Jo2), CD19 (clone 1D3 or 6D5), and CD38. PR8-

tetramer was made by incubating 400 picomoles WLTEKEGSYP-biotin with 100 picomoles 
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streptavidin-PE (prozyme) at room temperature for 30 minutes. The PR8-tetramer-PE was 

then diluted with DPBS to a working concentration of 1 μM PE and stored at 4°C (1 μL per 

sample for staining) as described previously (36, 37,60). PR8-tetramer stained splenic cells 

from MD4−/− Rag2−/− mice had minimal binding (data not shown).

Statistical Analysis

Statistical analysis was determined by one-way or two-way ANOVA with Bonferroni or 

Tukeys correction for multiple comparisons as appropriate. Graphs and statistical analyses 

were performed using GraphPad Prism 5 (GraphPad Software, San Diego, CA). P value of 

<0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HA hemagglutinin

rHA recombinant HA

hAb hemagglutination inhibitory antibody

HAI hemagglutination inhibition assay

Abs antibodies

OAS original antigenic sin

A/CA A/CA/07/09

A/PR8 A/PR/8/34
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Figure 1: Pre-exposed CB6F1 but not C57BL/6 mice have increased antibody responses to 
drifted influenza immunization.
C57BL/6 (n = 4 per group) and CB6F1 mice were intranasally exposed to A/CA (500 pfu/

mouse) or PBS then 28 days later immunized with A/PR8 rHA (1 μg/mouse). Mice were 

bled at 21 days post primary and secondary immunization to determine A/CA and A/PR8 

HAI and ELISA titers. Mice were then challenged with 1000 LD50 A/PR8 to determine 

protection capability of the secondary response. A/PR8 HAI titer in C57BL/6 mice is shown 

in panel (A), A/PR8 endpoint titer± SD (Log10) in C57BL/6 mice in panel (B), A/PR8 HAI 

titer in CB6F1 mice is shown in panel (C), A/PR8 endpoint titer± SD (Log10) in CB6F1 

mice in panel (D), at both day 21 post primary and secondary influenza immunization. 

(*p<0.05, ****p<0.0001, One-way ANOVA). Weight loss of living mice in panel (E) and 

percent survival in panel (F) up to 10 days post 1000 LD50 A/PR8 challenge. Data are 

representative of three independent experiments (n ≥ 4 animals).
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Figure 2: Enhanced hAb responses correlated with CD4+ T cell cross-reactivity.
C57BL/6 (n = 5 per group) and CB6F1 mice were intranasally infected with either A/PR8 or 

A/CA. Day 14 post infection spleens were harvested and individually stimulated with pooled 

peptides (1–10) of A/CA HA. Cells were then stained for analysis by flow cytometry and 

CD4+CD44hiIFNγ+ cells frequency of parent percentage (FoP %) were quantified with in 

panel (A). Error bars indicate ± SD and data show results from one of two experiments with 

similar results (n = 5 animals per experiment). (*p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001, Two-way ANOVA). Flow cytometry gating strategy and representative flow 

plots are shown in Supplementary Figure 1. B10.D2 (n = 10 per group) mice were infected 

with A/CA or mock infected with PBS then 28 days later immunized with A/PR8 HA (1 μg). 

HAI titer to A/PR8 in panel (B) were evaluated in serum samples 21 days post drifted 

A/PR8 rHA i.m. immunization. (**p<0.01, One-way ANOVA). Data show results from one 

of two independent experiments with similar results (n = 10 animals per experiment).
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Figure 3: Increased Germinal Center A/PR8-specific B and T follicular helper cells in response 
to drifted immunization in previously exposed mice but not unexposed mice.
CB6F1 mice (n = 5 per group total, combined from two experiments with n ≥ 2 per group) 

were i.n. pre-exposed to A/CA or PBS then 28 days later immunized with rHA A/PR8 or 

rHA X-31, as a negative control. Day 4 post immunization inguinal lymph nodes were used 

for flow cytometry quantification of GC B cells (B220+GL7+CD38lo) in panel (A). PR8-

specific GC cells in inguinal LNs (B220+CD95+GL7+CD38lo PR8-Tet+ CD138lo) in panel 

(B). Expression of activation-induced cytidine deaminase (AID) in GC cells determined by 

mean florescence intensity (MFI) shown in panel (C) and frequencies of Tfh cells (CD4+ 

CD154+ CD44+CXCR5hiPD1hi) in panel (D). (*p<0.05, **p<0.01, ****p<0.0001, One-way 

ANOVA). Representative flow cytometry plots and gating strategy are shown in 

Supplementary Figure 2.

Gage et al. Page 17

Eur J Immunol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Increased hAb response to immunization in CB6F1 mice was dependent on memory 
CD4+ T cells.
CB6F1 mice (n = 5 per group per experiment) were intranasally exposed to A/CA (500 pfu/

mouse) or PBS and then depleted of CD4+ T cells in between primary and secondary 

immunization using 500 μg Ab GK 1.5 given i.p., then allowed to reconstitute their naïve 

CD4+ T cell population prior to secondary i.m. exposure to rHA PR8 (1 μg/mouse) as shown 

in Supplementary Figure 3. Day 21 post rHA PR8 immunization A/PR8 HAI titer in panel 

(A), PR8 HA endpoint titer ± SD (Log10) in panel (B). (*p<0.05, One-way ANOVA). Data 

shown are representative of two independent experiments (n = 5 mice per experiment).
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Figure 5: Increased hAb response to immunization in CB6F1 mice was dependent on memory B 
cells.
CB6F1 mice (n = 4 per experiment) were depleted of B cells in between primary infection 

and secondary immunization using 500 μg anti-CD20 Ab given i.p., then allowed to 

reconstitute their naïve B cell population as outlined in Supplementary Figure 5. Day 21 post 

A/PR8 HA immunization A/PR8 HAI titer in panel (A) and endpoint titer ± SD (Log10) in 

panel (B). (*p<0.05, **p<0.01, One-way ANOVA). Data show results from one of two 

experiments with similar results (n = 4 animals per experiment).
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Figure 6: CA/PR8Δ exposed C57BL/6 mice have greater GC cell induction upon A/PR8 HA 
immunization in draining LN (inguinal) and increased hAb responses to drifted influenza 
immunization.
C57BL/6 mice (data are representative of two experiments with n = 3 per experiment) were 

pre-exposed to A/CA, CA/PR8Δ, or PBS then 28 days later i.m. immunized with A/PR8 

rHA (1 μg). Day 4 post immunization inguinal LNs were harvested for analysis of 

percentage of GC cells (B220+GL7+CD38lo) shown in panel (A). A/PR8 HAI in panel (B) 
and HA endpoint titer ± SD (Log10) in panel (C) of C57BL/6 mice ≥ 5 (data are 

representative of two experiments with n ≥ 5 per experiment) day 21 post primary infection 

and drifted immunization with A/PR8 rHA (1μg). Challenge weight loss in panel (D) and 

survival from 1000 LD50 A/PR8 challenge in panel (E). (*p<0.05, ****p<0.0001, One-way 

ANOVA).
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