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Abstract: It is clear that new approaches are needed to promote broadly protective immunity to
viral pathogens, particularly those that are prone to mutation and escape from antibody-mediated
immunity. CD4+ T cells, known to target many viral proteins and highly conserved peptide epitopes,
can contribute greatly to protective immunity through multiple mechanisms. Despite this potential,
CD4+ T cells are often poorly recruited by current vaccine strategies. Here, we have analyzed a
promising new adjuvant (R-DOTAP), as well as conventional adjuvant systems AddaVax with or
without an added TLR9 agonist CpG, to promote CD4+ T cell responses to the licensed vaccine
Flublok containing H1, H3, and HA-B proteins. Our studies, using a preclinical mouse model of
vaccination, revealed that the addition of R-DOTAP to Flublok dramatically enhances the magnitude
and functionality of CD4+ T cells specific for HA-derived CD4+ T cell epitopes, far outperforming
conventional adjuvant systems based on cytokine EliSpot assays and multiparameter flow cytometry.
The elicited CD4+ T cells specific for HA-derived epitopes produce IL-2, IFN-y, IL-4/5, and granzyme
B and have multifunctional potential. Hence, R-DOTAP, which has been verified safe by human
studies, can offer exciting opportunities as an immune stimulant for next-generation prophylactic
recombinant protein-based vaccines.

Keywords: adjuvants; CD4+ T cells; vaccination; influenza; hemagglutinin

1. Introduction

There is a critical need to develop more effective vaccine strategies to induce broadly
protective immunity to the influenza virus [1-4] and other highly mutable pathogens such
as SARS-CoV-2 [5-8]. The nature of B cell antibody responses, the target of most vaccine
strategies, makes effective and long-term protective immunity to these mutable pathogens
extremely challenging. First, the B cell response is largely restricted to epitopes displayed
on the three-dimensional structure of the intact protein, and second, among those B cell
epitopes, there is well-documented immunodominance to selected sites [5,9-11]. In the
face of immune pressure from vaccine-elicited antibodies, these sites mutate and escape
from the protective effects of the antibodies. Such immune escape is prevalent and well
documented in both the influenza virus [12-14] and SARS-CoV-2 [15-17].

For influenza, multiple approaches have been used to redirect the B cell response
toward the genetically conserved regions of HA [18-21]. These strategies include vaccine
constructs comprising the stalk domain ([22] and reviewed in [23]) or the use of chimeric
HA constructs with rare HA head domains assembled with the conserved stalk, aimed at
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focusing the B cell repertoire on conserved epitopes expressed by seasonal and potentially
avian influenza HA proteins [24,25]. There are also molecular strategies that seek to induce
HA head-specific antibodies that are expected to protect against a variety of influenza
viruses expressing diverse HA antigens [26-29]. Finally, to enhance antibody responses,
adjuvants have been explored for their potential to promote the breadth and efficacy of
antibody responses to both licensed and novel vaccines [30,31].

Rather than an exclusive focus on vaccine strategies that elicit protective antibody
responses, a complementary approach that we and others advocate is to develop and
test vaccination approaches that elicit pathogen-specific, protective CD4+ T cells [32-37].
Beyond their effector functions, the broad epitope specificity of CD4+ T cells includes
peptides from both conserved internal proteins and surface-expressed, more variable
proteins (reviewed in [38—41]). Combined, these features of recognition ensure relatively
persistent reactivity and effector function in the face of antibody-mediated mutation evasion
strategies. Along with the diverse epitope specificity of CD4+ T cells, it is now well accepted
that CD4+ T cells can convey a multitude of discreet functions important to protective
immunity. Among these functions is the well-known ability of CD4+ T cells to potentiate
the production of Inmunoglobulin (Ig)-class-switched high-affinity antibody responses
by B cells (reviewed in [42—44]). Beyond helping B cells, CD4+ T cells promote CD8 T cell
expansion and memory through the production of IL-2 [45] and produce cytokines with
direct anti-viral function, such as IFN-y [46]. Finally, CD4+ T cells can possess cytotoxic
activity [47-49] that can recognize infected or antigen-bearing antigen-presenting cells
(APCs) [49-51]. Because of this increasingly recognized role of cellular components of
the immune system in providing host protection, there is now a particular interest in
enhancing cellular immunity to vaccination with the addition of adjuvants for both cancer
immunotherapy and infectious diseases [52-55].

In this study, we comprehensively examined the impact of adjuvants in promoting
recruitment of HA-specific CD4+ T cells during the primary response to a recombinant
protein-based licensed influenza vaccine. Although some previous studies have demon-
strated the ability of adjuvants to enhance elicitation of cytokine-producing CD4+ T cells,
these have typically involved measurements of single mediators and prime boost vaccina-
tion regimens. Here, we sought to identify and quantify the multifunctionality of elicited
CD4+ T cells after a single vaccination, as evidenced by the simultaneous production of
different cytokines and cytotoxic potential by the elicited CD4+ T cells. We were partic-
ularly excited to explore the ability of a newly developed enantiospecific cationic lipid
nanoparticle (R-DOTAP), promising as an antigen delivery system that has demonstrated
safety in Phase I and Phase II clinical trials (NCT02065973, NCT04260126, NCT04580771,
NCT05232851) [56]. In animal models, R-DOTAP has primarily been studied for CD8 T cell
responses and tumor-specific immunity [57-60] and, more recently, for elicitation of other
T cells and antibodies [61,62]. We hypothesized that the properties of R-DOTAP would
also enhance CD4+ T cell responses and differentiation to recombinant protein antigens.
These include enhanced uptake of protein antigens into APCs, dendritic cell activation, and
the induction of chemokine expression [58,63]. Published studies indicate that R-DOTAP
induces Type I IEN responses via MyD88 and endosomal TLR-7 and TLR-9 [59]. Moreover,
broadly reactive IgG antibody responses to SARS-CoV-2 and HA recombinant proteins
were elicited in response to R-DOTAP vaccination in prime boost strategies [62]. These
arrays of features suggest that R-DOTAP is a promising candidate for inducing CD4+ T
cell responses that could convey protective immunity to pathogens such as influenza. We
recently studied the ability of R-DOTAP and other adjuvant systems in combination with a
recombinant HA-B antigen to elicit the cytokines IL-2 and IFN-y from elicited CD4+ T cells
and found that the most robust response was conveyed by R-DOTAP [61].

In the current study, we evaluated the ability of R-DOTAP to promote the elicitation
of epitope-specific CD4+ T cells to a licensed recombinant protein-based influenza vaccine
(Flublok) after a single vaccination. Traditional squalene-based adjuvants as well as no
added adjuvants were used as comparators. Through a preclinical mouse model of sub-
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cutaneous vaccination in B6 mice, we discovered striking potentiation in the elicitation
of antigen-specific CD4+ T cells in the primary response to R-DOTAP, relative to control
adjuvants or the unadjuvanted Flublok vaccine. The elicited CD4+ T cells were multifunc-
tional and produced the cytokines IL-4/5, IFN-y, and IL-2, as well as the cytotoxic mediator
granzyme B. Moreover, the use of multiparameter flow cytometry revealed that Flublok
adjuvanted with R-DOTAP elicited functionally diverse subsets of HA-specific CD4+ T
cells of greater abundance and functional diversity than that elicited by MF59 mimetic,
even administered with the TLR-9 agonist CpG.

2. Materials and Methods
2.1. Mice and Ethics Statement

C57BL/6 (“B6”) female mice were purchased from the National Cancer Institute (NCI,
Fredrick National Laboratory, Bethesda, MD, USA). Mice were typically used between the
ages of 2.5 and 5 months and were housed in a specific pathogen-free facility at the University
of Rochester Medical Center as required by institutional guidelines. The mouse experiments
followed AAALAC International, the Animal Welfare Act, and the PHS Guide and were
approved by the University of Rochester Committee on Animal Resources, Animal Welfare
Assurance Number A3291-01. The protocols for the described studies were originally approved
on 4 March 2006 (protocol no. 2006-030) and were evaluated and re-approved every 36 months.
The most recent review and approval was on 21 December 2023.

2.2. Preparation of R-DOTAP Nanoparticles and Vaccine Formulations

Current good manufacturing practice-grade (CGMP) R-DOTAP was provided by PDS
Biotechnology Corporation, Florham Park, NJ, USA. Concentrated Flublok vaccines in PBS
buffer were diluted with 280 mM sucrose. Before administration to animals, the vaccines
were brought to room temperature. Using a pipette to form a uniform suspension, the
Flublok vaccines were added at a 1:1 ratio with the R-DOTAP nanoparticles (6 mg/mL
in 280 mM sucrose), as previously described [59]. For vaccination of all cohorts of mice,
a 100 uL volume was used for each dose, delivered subcutaneously in 50 pL aliquots to
each of the rear footpads.

2.3. Influenza Infections

For H3 peptide CD4+ T cell epitope mapping, C57BL/6 mice received virus at a
dose of 300 or 900 PFUs of mouse-adapted A /Switzerland/9715293/2013 (H3N2) [64],
kindly provided by Florian Krammer, Mt. Sinai University, NY. Mice were anesthetized by
intra-peritoneal injection with tribromoethanol (Avertin 14 uL/mg body weight) and virus,
which was adjusted to 30 uL using PBS and delivered through intranasal instillation.

2.4. Proteins and Peptides

Fifteen-mer peptides from Influenza B Brisbane/60/08 HA were obtained from Biopeptide
(San Diego, CA, USA). An Influenza A H3 A/Perth/09 peptide array containing overlap-
ping 15-mer peptides was obtained from BEIR (BEI Resources, NIAID, Bethesda, MD, NR-
19266), and single peptides (17-mers) representing divergent sequences from recently circulating
H3 strains were purchased from Genscript (Piscataway, NJ, USA). A Flublok Quadrivalent
(Sanofi) 2019-2020 formula containing recombinant hemagglutinin derived from the influenza
strains A /Brisbane/02/2018 (H1N1), A/Kansas/14/2017 (H3N2), B/Maryland/15/2016, and
B/Phuket/3073/2013 was obtained from the manufacturer through the University of Rochester
Medical Center Pharmacy. Each 0.5 mL dose of Flublok contains 45 pg of each HA (180 pg total
HA) in PBS and 27.5 pg of Tween-20. For the Influenza B peptide pool, three immunodomi-
nant peptides (HA-B p6/7: 2TSSNSPHVVKTATQGE®®, HA-B p25: % SILHEVRPVTSGCFP!!!,
and HA-B p121/122: “¥KLKKMLGPSAVEIGN*") were pooled (HA-B pool), with each pep-
tide contained in the pool at a final concentration of 2 uM. For the defined H3 epitope,
the two adjacent peptides, p35 and p36 (p35/36) (p35: 2>TNNDQISLYAQASGRIT?, p36:
29SLYAQASGRITVSTKRS??), were pooled. In some experiments, the H3 pool was divided
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into peptides localized to the amino and carboxy terminal portions of the protein, and all pep-
tides within the array and the divergent peptides were pooled and used at a final concentration
of 0.5 uM. Single peptides were used at a final concentration of 2 uM.

2.5. Protein Immunizations

C57BL/6 (“B6”) mice were immunized with 10 uL of Flublok (3.6 pg, which is equal
to 0.9 pg of each HA protein) in adjuvant using a 1:1 ratio of adjuvant and antigen diluted
in an appropriate buffer. In the R-DOTAP vaccination, Flublok vaccines were diluted in
280 mM sucrose. For AddaVax (Invivogen, San Diego, CA, USA) adjuvanted vaccination,
Flublok was diluted in PBS with or without CpG (2.5 pg per mouse) (ODN1826, IDT,
Coralville, IA, USA), a dose that we have found to promote robust Thl responses and
that would be appropriate for a preclinical model of vaccination that would limit the
pro-inflammatory responses as others have used [65,66], which is approximately 1,/1000 of
that used in humans. Thus, each cohort of mice received the same dose of vaccine antigen,
regardless of the adjuvant system utilized. At nine days post-vaccination, the mice were
euthanized, and single-cell suspensions were prepared from draining popliteal lymph
nodes (pLN). CD4+ T cells were enriched by negative selection via MACS (Miltenyi Biotec,
Bergisch Gladbach, Germany) using the manufacturer’s protocol. Purified CD4+ T cells
were used in EliSpot assays, as described below. Alternatively, single-cell suspensions were
used for ICS and flow cytometry, as described below.

2.6. EliSpot Assays

EliSpot assays used to quantify cytokine-secreting cells were performed as previously
described [61]. Briefly, 96-well filter plates were coated with purified antibody at 2 ug/mL
(IL-2: clone JES6-1A12, IFN-y: clone AN-18, and IL-4/IL-5: clones 11B11/TRFK.5, respec-
tively, BD Biosciences, San Diego, CA, USA) or granzyme B (1:60 dilution, 50 puL/well,
R&D Systems, Minneapolis, MN, USA) in PBS overnight at 4 °C. Following incubation,
the unbound antibody was removed by washing with media (complete DMEM media
with 10% FBS (Fisher Scientific, Gibco, Waltham, MA, USA)). Non-specific protein binding
to the plates was blocked by incubation with complete media. CD4+ T cells, isolated
by MACS purification, were co-cultured with syngeneic spleen cells (500,000 per well),
antigen-presenting cells (APCs), and peptide or peptide pools used at 2 uM or 0.5 uM final
concentration in culture, as indicated. CD4+ T cells were plated at empirically determined
concentrations to optimally enumerate mediator-producing cells (100,000-250,000 for pLN).
Following 18-20 h incubation at 37 °C and 5% CO,, the plates were washed (1X PBS, 0.1%
Tween-20) and incubated with biotinylated antibody to detect IL-2, IFN-y, IL-4/IL-5, or
granzyme B (2 ug/mL for: clone JES6-5H4, clone XMG1.2, and clones BVD6-24G2/TRFK4,
respectively, BD Biosciences, and 1:60 dilution for GRZB, RD Systems) for half an hour for
cytokines or 1 h for granzyme B. To the washed plates, streptavidin-conjugated alkaline
phosphatase (1:1000 in wash buffer + 10% FBS, Jackson ImmunoResearch, West Grove, PA,
USA) was added and incubated for 30 min at room temperature. Vector Blue substrate kit
IIT (Vector Laboratories, Newark, CA, USA) prepared in 100 mM Tris, pH 8.2, was used
for development. An Immunospot reader series 5.2 and software v5.1 (CTL, Cleveland,
OH, USA) were used to quantify spots. For estimation of background responses, control
cultures consisted of CD4+ T cells in media with no peptide as a negative control. All
conditions were performed in duplicate or triplicate.

2.7. Flow Cytometry
2.7.1. Peptide Stimulation for Intracellular Cytokine Staining (ICS)

To evaluate the antigen-specific response, the lymph node cells and splenocytes were
washed, resuspended in RPMI primary media, and co-cultured in sterile U-bottom plates
at 300,000 and 500,000 cells per well, respectively. The antigen-specific responses were
determined by stimulating the cells with the HA-B pool (described above) at 1 uM per well.
Plates were incubated at 37 °C and 5% CO,. After two hours of incubation, a combination
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of two protein-trafficking inhibitors, monensin (GolgiStop, BD Biosciences) and brefeldin
(GolgiPlug, BD Biosciences), were added to the culture. At this time, an anti-CD107a
antibody (clone 1D4B, Invitrogen, Waltham, MA, USA) was also added to the culture at a
1:200 dilution. Plates were incubated for an additional 8 h at 37 °C and 5% CO, and then
transferred to 4 °C overnight.

2.7.2. Flow Cytometry

After stimulation (described above), the samples were transferred to V-bottom: tis-
sue culture plates and washed twice with 1xPBS. Cells were stained for viability with
LIVE/DEAD Fixable Blue Dead Cell Stain (Fisher Scientific, Invitrogen, L23105) for 30 min
at 4 °C. Next, the cells were washed twice with FC stain buffer (1xPBS, 2% heat-inactivated
FBS, 0.01% NaN3) and then resuspended in anti-CD16/CD32 (FC Block, clone 2.4G2,
BD Biosciences) for 15 min at 4 °C. Without washing, the cells were stained for 30 min
at 4 °C with a surface stain master mix containing the following antibodies, each at a 1:200
dilution: CD4 (RM4-5, BD Biosciences), CD3 (145-2C11, BD Biosciences), CD8a (53-6.7,
BioLegend, San Diego, CA, USA), B220 (RA3-6B2, BioLegend), and CD44 (IM7, TONBO,
Cytek, Bethesda, MD, USA). The cells were washed twice with FC stain buffer. For the intra-
cellular staining, cells were fixed and permeabilized using FoxP3 Fixation/Permeabilization
buffer (Fisher Scientific, eBiosciences) and placed at 4 °C for 1 h. After washing the cells
twice with FoxP3 wash buffer (eBiosciences), the cells were incubated in FC Block and an
intracellular stain master mix containing the following antibodies at a 1:100 dilution for
1hat4°C:IL-17A (TC11-18H10, BD), IL-4 (11B11, BD), IL-5 (TRFKS5, BioLegend), IFN-y
(XMG1.2, BD), GrzB (GB11, BioLegend), and IL-2 (JES6-5H4, BioLegend). The cells were
washed twice with FoxP3 wash buffer and then fixed in 1% paraformaldehyde for 10 min
at 4 °C. Once fixed, the cells were washed and resuspended in FC stain buffer for data
acquisition.

2.7.3. Data Acquisition and Analysis

Samples were run on a 5-laser, Cytek Aurora (Cytek, Bethesda, MD, USA). Data were
analyzed using Flow]o software, version 10.9.0 (Becton, Dickinson and Company, Ashland,
OR, USA). A statistical analysis was conducted using GraphPad Prism software, version 10.
Specific statistical tests used for each data set are indicated in the figure legends. p values
are indicated as an asterisk using the following criteria: p > 0.05, *: p < 0.05, **: p < 0.01,
#**: p <0.001, and ****: p < 0.0001.

3. Results
3.1. Analyses of Epitope-Specific CD4+ T Cells Elicited by Flublok with Added Adjuvants Reveal
Diverse Functionality of HA-Specific CD4+ T Cells

In the experiments reported here, we studied the impact of adjuvants in the primary
response to a licensed recombinant protein-based vaccine with a focus on CD4+ T cell
response magnitude and functionality. The vaccine tested was quadrivalent Flublok,
which offers both B cell and CD4+ T cell epitopes to H1, H3, and HAB. To quantify
the impact of adjuvants on HA-specific CD4+ T cell responses to the Flublok vaccine,
it was necessary to identify single-peptide epitopes that could be tracked during the
response. Previous studies of ours showed that in the B6 mouse model there were no
significant H1-derived CD4+ T cell epitopes detectable [67,68], as shown in Supplementary
Figure S1. In our previous studies of influenza infection [67] and recombinant protein
vaccination [61] in the B6 mouse strain, we defined three major HA-B epitopes (see Materials
and Methods). Epitope discovery for the H3 protein in B6 mice was accomplished via
infection and confirmed by infection and vaccination. Infection of B6 mice with H3N2
(A/Switzerland /9715293 /2013), coupled with peptide matrix mapping [68-70], revealed a
likely narrow CD4+ T cell peptide epitope diversity (Figure 1A,B). The H3-derived epitopes
were concentrated in the amino terminus of H3 (Figure 1C, grey bars), and from this, we
identified one major epitope that spanned two peptides (Figure 1D). Thus, the response
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of B6 mice to H3 is focused on a single major epitope, for HA-B three major CD4+ T cell
epitopes, and none in H1.

A. H3 A/Perth/09 Peptide Matrix B. 11
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Figure 1. Mapping of H3 CD4 T cell epitopes in B6 mice. Shown in (A) is peptide matrix, with all
peptides that collectively span H3 (H3N2 Perth2009) contained in discreet pools of 9-10 peptides indi-
cated by R1 though R10 or C1 through C10. After priming B6 mice by infection with A /Switzerland
2013 H3N2 at 900 PFU/mouse, day 12 post infection CD4 T cells isolated from the spleen were
tested for recognition of the peptides in each pool using a cytokine EliSpot assay (B) for IL-2 (top)
or IFN-y (bottom). Peptides in pools C8 and R10 were the most stimulatory followed by C7 and R9.
The candidate peptides are highlighted in (A), with the major candidates boxed in red outline. Pep-
tide 18 and 50 were eliminated in a subsequent assay, shown in (C) in IL-2 (left) and IFN-y (right)
EliSpots. Shown in (D), red box, is the likely core of the dominant H3 peptide, contained primarily
in peptide 36.

In the first series of experiments to explore the impact of adjuvants on the response
to Flublok vaccination, CD4+ T cells isolated from the draining lymph nodes of mice
vaccinated with Flublok adjuvanted with R-DOTAP were tested for reactivity to and
cytokine production elicited by the individual peptide epitopes from HA-B and H3. Figure 2
shows the CD4+ T cell responses in CD4+ T cells isolated from two independent cohorts of
B6 mice that included two cytokines (IFN-y and IL-2). These data show, first, that R-DOTAP
reproducibly and robustly elicits CD4+ T cells specific for the known epitopes in the vaccine,
including the two major epitope specificities in HA-B (HA-B p6/7 and HAB p25, with a
minor contribution of HA-B p121/122) and the single H3 epitope specificity encompassed
by H3 p35/36. The comparison responses stimulated by a H3 peptide pool containing all
peptides in the entire amino terminal half of the H3 protein show that in CD4+ T cells, the
response to H3 is completely composed of the 35/36 peptide. The greater overall CD4+ T
cell responses to HA-B in response to Flublok, relative to H3, may be because the Flublok
vaccine is quadrivalent, containing twice as much HA-B as H1 and H3.

To place these responses to vaccination in the context of other adjuvants, as well
as to explore the impact of them on protective effector functions, the primary CD4+ T
cell response to the Flublok vaccine was examined more comprehensively, comparing
the responses elicited by Flublok adjuvanted with R-DOTAP to another adjuvant system
used in humans. AddaVax was included as a key comparator because it is a commercially
available squalene-in-water formulation analog of MF59 [71], which has been shown to
promote antibody responses in humans [72,73]. AddaVax has been used with promising
results in preclinical animal models of vaccination [30,74-77]. We also analyzed the im-
pact of AddaVax with added CpG, which is shown to promote a vaccine response that
potentiates the response via engagement of TLR-9 and, thus, can promote a Th1 CD4+ T
cell response [78]. This subset of CD4+ T cells is thought to provide protective immunity
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to many pathogens [79]. To examine the impact of these adjuvant systems on the overall
CD4+ T cell response magnitude and functionality, cohorts of mice were also vaccinated
with Flublok with no added adjuvant. B6 mice were vaccinated in the footpad and then
examined for CD4+ T cell responses on day 9 after the primary vaccination. We also ex-
tended our analyses of CD4+ T cell responses to include IL-4 and IL-5 (combined together),
Th2 cytokines that regulate B cell responses, affinity maturation, and B cell memory during
cognate interactions [80], and the cytolytic mediator granzyme B, which can kill virally
infected cells and mediate other anti-viral protective mechanisms [81,82].
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Figure 2. Cytokine EliSpot assays test the specificity of CD4 T cells elicited by Flublok adjuvanted
with R-DOTAP. Mice were vaccinated with Flublok adjuvanted with R-DOTAP in the rear footpad
and at day 9 the draining lymph node cells were enriched for CD4 T cells. Candidate peptides or
peptide pools were tested for their ability to stimulate the CD4 T cells for production of IL-2 (left) or
IFN-y (right). The points represent the data from two independent assays and the average is shown
the by the grey bar. H3N+ is a pool of peptides from the amino terminal half of the H3 Perth 2009 with
added H3 strain variant peptides and the H3C+ is the comparable pool of peptides from the COOH
terminus of H3, demonstrating that the defined H3 35/36 peptide comprises the primary epitope
specificity. Also shown are the CD4 T cell responses to the 3 HA-B peptides previously defined.

Shown in Figure 3 are the results of these assays, where pools of peptides were used to
maximally stimulate the elicited HA-specific cells by adjuvants. This allowed conservation
of cells because of the extremely low yields of CD4+ T cells from Flublok administered
without adjuvant or with AddaVax alone. The top panel (A) represents the frequency
of peptide-reactive cells per million CD4+ T cells that produce IFN-y, IL-2, IL-4/5, and
granzyme B. Strikingly, R-DOTAP (shown in orange bars) elicits robust CD4+ T cells
specific for H3 or HA-B for each of the mediators tested. These responses far exceeded
those observed in the absence of adjuvant (in purple, Fb alone) or with Flublok/AddaVax
(green bars, Fb + AdVx) or Flublok/AddaVax/CpG (blue bars), where the CD4+ T cells
post-vaccination are almost undetectable. Only IL-4/5-producing cells were somewhat
comparable in abundance when CD4+ T cells were elicited by R-DOTAP responses, rel-
ative to those elicited by AddaVax/Flublok. Interestingly, upon the addition of CpG to
AddaVax, the IL-4/5-producing cells were diminished (see green bars), while the frequency
of IFN-y-producing cells became detectable. Both of these results are consistent with the
role that CpG is known to play in promoting IL-12 and IL-18 and, thus, Thl responses
and, in parallel, diminishing Th2 responses [83-93]. Remarkably, beyond cytokines as
a marker of CD4+ T cell function, R-DOTAP elicited a robust cytotoxic CD4+ T cell re-
sponse, characterized by the secretion of granzyme B, which is the key cytotoxic mediator
for CD4+ T cells. In Figure 3B, the total number of elicited CD4+ T cells per mouse in the
vaccine-draining lymph node is shown. We calculated this because the yield of CD4+ T cells
elicited by the vaccine/adjuvant or no adjuvant was different. Therefore, to represent the
total HA-specific CD4+ T cells elicited that produced any given mediator, the frequency of
cytokine-producing cells per million CD4+ T cells was multiplied by the total yield of CD4+
T cells per mouse that was isolated from the vaccine-draining lymph node. Thus, for exam-
ple, the frequency of IFN-y-producing cells specific for HA-B peptides that were elicited by
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R-DOTAP-adjuvanted Flublok (in orange) was approximately 4x that of AddaVax +CpG
(in blue), and when the yield of CD4+ T cells was factored in, the relative difference was
approximately 7 x due to the fact that the R-DOTAP adjuvant elicited approximately twice
as many CD4+ T cells compared to the AddaVax with CpG.
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Figure 3. CD4 T cell magnitude and phenotype post-vaccination with Flublok with R-DOTAP or
comparator adjuvant systems. Different cohorts of mice were vaccinated with Flublok adjuvanted
with Addavax (turquoise), Addavax+CpG (blue), R-DOTAP (orange) or no adjuvant (purple) as
indicated in the key. Elicited CD4 T cells specific for HA-B or H3 (as indicated below each panel)
were quantified by EliSpots for IFN-y, IL-2, Granzyme B, or IL-4/5, as indicated above each panel.
The frequency of reactive CD4 T cells per million cells is shown in (A) and the sum of the frequency
per mouse is indicated in (B), which accounts for the yield of CD4 T cells elicited by the different
adjuvant systems. Shown are the average (Mean) responses with error bars indicated the standard
error of the mean. Statistical values were calculated using two-way ANOVA.

3.2. Flublok Adjuvanted with R-DOTAP Elicits Multifunctional HA-Specific CD4+ T Cells

After the discovery of the array of soluble mediators produced by CD4+ T cells elicited
by Flublok adjuvanted with R-DOTAP, it was important to understand if these mediators
were produced by distinct subsets of CD4+ T cells or if there was a single vaccine-induced
population of CD4+ T cells. To address this, we used intracellular cytokine staining (ICS),
which allows for the simultaneous detection of different mediators and cellular surface
markers in single cells. Mice were vaccinated as before with Flublok with the added
R-DOTAP or with the AddaVax/CpG combination, both found by the EliSpot assays
above to elicit a diverse set of mediators. The draining lymph node cells were assayed by
peptide-stimulated intracellular cytokine staining using the curated set of HA-B peptides
shown in Figure 2 and antibodies specific for IL-2, IFN-y, IL-4/5, and granzyme B. The
combination of antibodies of both IL-4 and IL-5 was used in both the EliSpot assay and in
the ICS experiments to increase the relative signal to detect Th2 cells, which can produce
both mediators [94]. No co-stimulatory antibodies were included in the stimulation assay;,
as is sometimes used to enhance activation of CD4+ T cells [95,96]. After stimulation for 2 h
and blocking of cytokine secretion for the remaining 6 h (see Materials and Methods),
CD4+ T cells were permeabilized and assayed for the expression of cytokines as well as
cell surface proteins (see Supplementary Figure S2 for data on the panel of antibodies
and gating strategies). The responses of single animals were analyzed to apply statistical
treatment to the data.

Figure 4 shows the results of the flow cytometry experiments. Panel A shows the
percentage of lymph node CD4+ T cells that expressed CD44 as a marker of antigen
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experience. Both adjuvant systems led to the localization of many vaccine-induced, antigen-
experienced cells in the primary draining lymph node. The Flublok R-DOTAP-elicited
CD4+ cell population expressing CD44 was found to be approximately 1.5x greater than
that of AddaVax/CpG (Figure 4A). When cytokine-producing cells were summed and
quantified by the ICS assay (Figure 4B), with the gating strategies for cytokine production
shown in , it was clear that both adjuvant systems led to readily detectable cytokine-positive
cells (IL-2, IFN-y, or IL-4/5) within the peptide-stimulated CD4+ T cells. Among the total
cytokine-expressing CD44-positive cells, the number of R-DOTAP-elicited CD4+ T cells
was approximately 4-fold higher than AddaVax plus CpG. The individually quantified
cytokine-producing CD4+ T cells, shown in Figure 4C, show both adjuvants elicit each
of the three cytokines. IL-2-producing cells were the most abundant, while the frequency
of IFN-y-producing cells was the lowest. While IL-4/5 was readily detectable in the
CD4+ T cells elicited by R-DOTAP-adjuvanted Flublok, those elicited by AddaVax plus
CpG/Flublok were quite modest, agreeing with the results of the cytokine EliSpot assays.
Opverall, the results indicate that adjuvants can promote the elicitation of CD4+ T cells with
diverse effector functions. Strikingly, when compared to AddaVax, even when combined
with the strong TLR-9 agonist CpG, the R-DOTAP adjuvant system elicits substantially
more CD4+ T cells and, among these cells, significantly greater frequencies of cytokine-
producing cells.
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Figure 4. Flow cytometry analyses to quantify vaccine adjuvant-elicited CD4 T cells. After
administration of Flublok adjuvanted with either AddaVax+CpG (AdVx+CpG), indicated in blue,
or R-DOTAP, indicated in orange (6 mice per group) draining lymph node cells were sampled for
expression of CD44 (as an indicator of antigen experience) or cytokine production, as described
in Material and Methods, after stimulation with the pool of HA-B peptides. ((A), left) shows the
Flow cytometry plot from a representative sample that illustrates the gating scheme used to quantify
CD44 expressing CD4 T cells and the frequency of antigen experienced CD44 CD4 T cells ((A),
right). In (B) the frequency of total antigen-experienced (CD44hi), cytokine producing cells were
quantified by first gating on CD4, CD44 high and then the sum of those that produced either IFN-y,
IL-2 or IL-4/5. (C) CD44 high, CD4 T cells elicited by AddaVax+CpG (blue) or R-DOTAP (orange),
were quantified for expression of the individual indicated cytokines. Shown are the individual
mice (circles), mean response (bars) and error bars indicating standard error of the mean. Statistical
analysis was done using the Mann Whitney unpaired nonparametric t test.

We next sought to assess the subsets of vaccine-elicited CD4+ T cells that expressed
one or more cytokines. Cells were gated to quantify CD4+ T cell populations producing
only one cytokine (either IFN-y, IL-2, or IL-4/5) and those producing different combi-
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Multifunctionality determine by
Boolean Gating Strategy

£

nations of these cytokines. The results of these experiments are shown in Figure 5. As
indicated by the frequencies shown in Figure 5A, dominant populations of CD4+ T cells
elicited by Flublok and R-DOTAP produced single cytokines, either IL-2 alone or IL-4/5
alone, and among these populations, R-DOTAP produced 2 to 5 times the frequency of
epitope-specific cytokine-producing cells, respectively. Also, and importantly, a readily
detectable population of CD4+ T cells elicited by R-DOTAP produced both IL-2 and IL-4/5,
and a smaller population of cells produced both IL-2 and IFN-y. The number of cells
producing only IFN-y was small and similar with both adjuvant systems. In Figure 5B,
these data are represented as a pie graph, which indicates the fractional distribution of
the distinct cytokine-producing populations elicited by the two adjuvant systems when
all the cytokine-producing cells were summed (see frequencies below each graph). When
represented this way, the AddaVax with added CpG was found to elicit proportionally
more CD4+ T cells that produced only IFN-y. R-DOTAP/Flublok elicited CD4+ T cells
of more diverse functionality that included a higher fraction of epitope-specific cells that
produced multiple cytokines.
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Figure 5. Subsets of vaccine-elicited CD4 T cells that expressed one or more cytokines. Two
cohorts of mice (n = 6/group) were subcutaneously vaccinated with Flublok, adjuvanted with either
AddaVax with CpG (AdVx+CpG; blue) or R-DOTAP (orange). Cells isolated from the draining
lymph nodes were stimulated with the HA-B major epitope pool and subsequently treated to surface
and intracellular staining. In (A), antigen experienced (CD44hi) cells expressing IFN-y +, IL-2+ or
IL-4/5+ CD4 T cells were identified and then Boolean combination gates were applied to determine
the frequency of single, double or triple cytokine producers. Data is shown here as the mean + SEM,
with symbols to represent individual animals. Statistical analysis used the Mann-Whitney, multiple,
unpaired, non-parametric t tests). (B), the frequency of total cytokine producers, listed below each
pie, was normalized to 100% and each subpopulation of cytokine producers is presented as a fraction
of the total. The frequency of IFN-y +/IL-2+/IL-4/5+ triple producers and the IFN-y +/IL-4/5+
double producers were undetectable and therefore excluded from this analysis.

3.3. CD4+ T Cells Elicited by Flublok-R-DOTAP Have Cytotoxic Potential and Co-Produce
Effector Cytokines

Finally, the phenotype of CD4+ T cells with cytotoxic potential was examined using a
marker of degranulation (CD107a) [97,98] and the specific cytotoxic mediator granzyme
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B. Cytotoxic cells are increasingly recognized as an important mediator of protective
immunity [50,99]. Figure 6 shows the quantification of the population of epitope-specific
CD4+ T cells that were granzyme-positive and expressed CD107a. Cytotoxic CD4+ T cells
have been shown to mediate killing by producing different granule components [49,99],
and the expression of CD107a is an inclusive marker of granule exocytosis. Both adjuvants
induced CD4+ T cells with these markers of cytotoxic potential, with R-DOTAP eliciting
as much as four times as many as did AddaVax with added CpG (Figure 6A). When the
CD4+ T cells that were CD107a+ were evaluated for production of cytokines (Figure 6B), we
found that a substantial fraction of cells that expressed CD107a also produced cytokines
such as IL-2, IL-4/5, and IFN-y, either alone or in different combinations. The complex-
ity of cytokines detected in cytotoxic cells elicited by R-DOTAP was distinct from Ad-
daVax with added CpG. Not only were there fewer cytotoxic cells, but among those, the
CD107a-positive CD4+ T cells expressed only the single cytokines IFN-y and IL-2. How-
ever, the CD107a-positive cells from Flublok adjuvanted with R-DOTAP produced an array
of cytokines, including some cells that produced both IL-2 and IL-L4/5 (in turquoise and
IL-2 and IFN-y in gold). Collectively, these data show that adjuvants can profoundly
enhance the elicitation of HA-specific CD4+ T cells that have diverse functionality. The
R-DOTAP adjuvant system was found to outperform each of the other adjuvants tested,
both in terms of the total number of CD4+ T cells elicited and in terms of the complexity of
functional subsets of epitope-specific CD4+ T cells primed by a single vaccination.

CD107a+

GrzB+

AddaVax+CpG R-DOTAP
4.2%
7.7% 94.6% 5.4%
3.5% 0.4%
(d
o ® A
o
i [FcD107a+ [JCD107a+ [MCD107a+ [MCD107a+ [lCD107a+ [MCD107a+ [JCD107a+
T IFNg+ IFNg+ IFNg+ IL-2+ IL-2+ IL-4/5+
CD107a+
P IL-2+ IL-2+ IL-4/5+
IL-4/5+

Figure 6. Vaccine induced CD4 T cells with cytotoxic potential and polyfunctional-
ity. CD4 T cells elicited by Flublok adjuvanted with either AddaVax+CpG (blue) or R-DOTAP (or-
ange) were stimulated with the HA-B peptide pool. They were sequentially gated on CD4+, CD44+
and then analyzed for cytotoxic activity, based expression of the degranulation marker CD107A.
In (A), CD107a+ cells were gated for expression of Granzyme B (GrzB) or for cells expressing both, as
indicated beneath each bar. (B). CD4+CD44+ cells CD107a+ cells were examined for the expression
of IL-2, IFN-y, IL-4/5 or combinations of these cytokines, using Boolean gating. The fraction of
CD107a positive cells that were also making cytokines is shown first as a black slice of the pie in grey.
The cytokine profiles of these cells were then quantified for the cytokines indicated in the excised
pie diagram in color. The colors of these slices represent the cytokines produced by the CD107a
positive cells. The statistical tests in A represents six replicate animals from each group using multiple
unpaired t tests with Welch’s correction.

4. Discussion

The important role of CD4+ T cells as critical effectors for many pathogens has been
increasingly recognized. Not only do these cells play a pivotal role in the expansion of
B cells and the affinity maturation of neutralizing antibodies, but CD4+ T cells also provide
direct effector function. Their secreted mediators are diverse and can foster immunity in
distinctive ways that enhance the functionality of other cell types. They can also directly
provide protection through the production of anti-viral cytokines and the expression of
cytotoxic activity. Moreover, CD4+ T cells can provide persistent immunity in the face of
antigenic drift by virtue of their recognition of small proteolytic fragments from proteins
dispersed across the pathogen proteome generated within infected antigen-presenting
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cells or shed from infected and dying cells [40,100-103]. The importance of cross-reactive
CD4+ T cells in humans has been found in many studies due to their relative broad
epitope specificity. These have been noted when the novel pandemic HIN1 influenza strain
emerged in 2009 [104,105] and in the recent emergence of the SARS-CoV-2 [106,107], even
for receptor-binding proteins where much of the CD4+ T cell reactivity was maintained for
the SARS-CoV-2 spike [108,109] as well as the more genetically conserved internal virion
proteins that are not subject to antibody-mediated drift (reviewed in [40,41,107,110-115]).

Because of these contributions to persistent protective immunity to viruses and the
necessity of enhancing broader and more robust antibody responses to vaccination, the
studies reported here focused on the potential of the novel adjuvant R-DOTAP, when
combined with a licensed influenza recombinant protein vaccine, to elicit multifunctional
CD4+ T cells specific for peptides contained in recombinant HA-based protein vaccines. We
compared R-DOTAP-elicited CD4+ T cells to responses elicited by other adjuvant systems,
including the homolog of MF59 (AddaVax) with or without the potent TLR-9 agonist CpG.
This TLR has been shown to be an effective means to promote effector CD4+ T cells. We
assessed these adjuvants via a single vaccination in naive mice in the primary vaccine-
draining lymph node to gain a more comprehensive understanding of the functional
potential of the elicited CD4+ T cells, which is likely to vary in different humans.

Our studies revealed a high degree of complexity in the mediators produced by CD4+ T cells
in the primary response to Flublok adjuvanted by R-DOTAP. These functions can potentiate
both the primary response to vaccination and the establishment of more protective immunity
to future infections. IL-2, the major cytokine elicited by R-DOTAP, has a multiplicity of func-
tions. Although early studies pointed to its primary role as fostering the expansion of other
T cells, in the decades since its discovery, it has become clear that the functions of IL-2 are much
more diverse (reviewed in [116-121]). It has been shown to be critical for the establishment
of CD8 T cell memory and effector function, promote the cytotoxic function of CD4+ T cells,
be a key regulator of Treg function, and regulate the germinal center response through its
influence on follicular helper cell differentiation. A second mediator (IFIN-y), induced by both
adjuvant systems, also has a multiplicity of functions. Early studies showed the ability of this
mediator to upregulate MHC class I and class II expression and activity in antigen-presenting
cells [122,123] and its direct anti-viral activity, often in conjunction with innate cells and other
IEN proteins, diminishing the replication of viruses [124]. Recent studies have shown that IFN-y
can promote the effector function of CD8 T cells by promoting lung-resident CD103+ CD8 T
cells [125] and driving memory B cell responses in the lung [126]. In contrast to the role of
IFN-y in protective immunity through other cellular effector functions, Th2 cytokines much
more robustly induced by R-DOTARP, relative to the other adjuvant systems tested, have their
best recognized role in enhancing antibody response through their function in B cell expansion,
germinal center responses, and B cell memory [80,127]. Thus, CD4+ T cell-secreted IL-4 and IL-5
can enhance both the primary B cell responses to vaccination and future responses to infection
or vaccination. Finally, the cytotoxic potential of Flublok-elicited CD4+ T cells has been revealed
by these studies. Cytotoxic CD4+ T cells have been increasingly validated as an important
component of CD4+ T cell effector function [48,50,99]. CD4+ T cells expressing granzyme B, a
prominent mediator in cytotoxic CD4+ T cells, were robustly elicited in HA-specific CD4+ T cells
in response to Flublok/R-DOTAP and to a much greater extent than other adjuvants. Based on
evidence of degranulation by expression of CD107a, additional cytotoxic mediators may also be
induced in the CD4+ T cells elicited by R-DOTAP. Interestingly, a subset of CD107a-positive cells
elicited by R-DOTAP also produced cytokines, including both single cytokines and combinations
of cytokines.

The events in the vaccine-draining lymph node that initiate these distinct and com-
plementary fates of the elicited CD4+ T cells are not known at the present time. Previ-
ous studies demonstrated the induction of Type I IFN responses, including IFN-« and
IFN-, and other innate mediators in CD11c+ dendritic cells in the vaccine-draining lymph
node [59]. These may play a role alone or in combination with the early T cell-derived
cytokines in the differentiation of the CD4+ T cells. IL-2 and IL-15 have also been im-
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plicated in cytotoxic CD4+ T cell development [99]. Also, it has been shown in several
systems that high epitope density and secondary contacts of T cells with antigen-presenting
cells promote the development of cytotoxic CD4+ T cells [99,128]. These findings raise
the possibility that protein uptake and persistence of peptide-bearing antigen-presenting
cells may be additional components of the responses to this adjuvant system that foster
greater and more complex responses. In future experiments, we plan to explore these early
events in CD4+ T cell priming and vaccination that play a deterministic role in CD4+ T cell
fate decisions.

5. Conclusions

Many licensed and candidate vaccines against respiratory pathogens, such as influenza
and SARS-CoV-2, are primarily designed and evaluated based on their ability to elicit
neutralizing antibodies. However, it has now become clear that this strategy is insufficient to
provide long-lived protective immunity due to the combined effects of immunodominance
in the B cell responses, immune imprinting, and the rapid selective mutations and “drift”
that enable the outgrowth of viral variants that have successfully eliminated recognition
by these vaccine-induced neutralizing antibodies [11,129,130]. In contrast to B cells and
their elicited neutralizing antibodies, CD4+ T cells provide protective immunity that has
notable advantages for long-lived protection against infection. First, as shown here and in
our previous studies, the epitopes recognized by CD4+ T cells are diverse, extending well
beyond viral receptor sites [40,100]. Secondly, and importantly, the effector functions and
homing potential of CD4 T cells are largely independent of the antigen or peptide epitopes
they target [131,132]. Finally, they convey numerous effector functions that collectively
promote effector functions and memory by other cells in the immune system, including
B cells and CD8 T cells, as well as their own direct effector functions such as secretion of
anti-viral cytokines and cytotoxicity [34,133,134].

In this study, we now provide strong evidence that diverse epitope distribution and
effector functions by CD4 T cells can be elicited by a licensed protein-based influenza
vaccine when combined with the novel adjuvant R-DOTAP. Our studies revealed that
R-DOTAP promotes the elicitation of multifunctional HA-specific CD4 T cells that possess
distinct and diverse effector functions, including cytotoxic activity and production of the
cytokines IL-2, IL-4, and IFN-y. The safety of R-DOTAP in humans, combined with its
efficacy, offers promising options for exploring this adjuvant system for the provision of
long-lived, broadly protective immunity.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /vaccines12030281/s1, Figure S1: CD4 T cell repertoire post-
vaccination with Flublok with R-DOTAP or AddaVax/CpG. Figure S2: Flow cytometry panel and
representative gating scheme.

Author Contributions: Conceptualization, A.J.S.; methodology, M.A.G., C.L.W. and S.K.G.; formal
analysis, C.L.W,, M.A.G., K.A.R. and A ].S,; investigation, C.L.W,, M.A.G., K.A.R. and A ].S.; resources,
S.K.G.; data curation, C.L.W., M.A.G., K. AR. and A.].S.; writing—original draft preparation, A.J.S.
and C.L.W.; writing—review and editing, A.J.S., CL.W. and K.A.R;; visualization, A.J.S., C.L.W.
and K.A.R; supervision, A.J.S.; funding acquisition, A.J.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported with Federal funds from the National Institute of Allergy
and Infectious Diseases, National Institutes of Health, Department of Health and Human Services,
NIAD Collaborative Influenza Vaccine Innovation Centers (CIVIC—CIVR-HRP) contract number
75N93019C00052, and the NIAID Centers of Excellence for Influenza Research and Response (CEIRR-
CIDER) contract number 75N93021C00018 sub-contracts to A.J.S. and also by (CEIRR-CIDER) contract
number 75N93019C00052, SUB00003129 to S.K.G.NR.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.


https://www.mdpi.com/article/10.3390/vaccines12030281/s1
https://www.mdpi.com/article/10.3390/vaccines12030281/s1

Vaccines 2024, 12, 281 14 of 19

Data Availability Statement: The full complement of data accumulated for these studies is available
upon request.

Acknowledgments: We would like to thank Eduard Puente-Massaguer and Florian Krammer for
sharing the H3N2 virus (A/Switzerland /9715293 /2013) with us.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Khalil, N; Bernstein, D.I. Influenza vaccines: Where we are, where we are going. Curr. Opin. Pediatr. 2022, 34, 119-125. [CrossRef]

2. Kim, H.; Webster, R.G.; Webby, R.J. Influenza Virus: Dealing with a Drifting and Shifting Pathogen. Viral. Immunol. 2018,
31, 174-183. [CrossRef] [PubMed]

3. Yamayoshi, S.; Kawaoka, Y. Current and future influenza vaccines. Nat. Med. 2019, 25, 212-220. [CrossRef]

4. Nachbagauer, R.; Palese, P. Is a Universal Influenza Virus Vaccine Possible? Annu. Rev. Med. 2020, 71, 315-327. [CrossRef]

5. Garcia-Beltran, W.E; Lam, E.C.; St Denis, K.; Nitido, A.D.; Garcia, Z.H.; Hauser, B.M.; Feldman, J.; Pavlovic, M.N.; Gregory, D.J.;
Poznansky, M.C.; et al. Multiple SARS-CoV-2 variants escape neutralization by vaccine-induced humoral immunity. Cell 2021,
184, 2372-2383.€9. [CrossRef]

6.  Carabelli, A.M.; Peacock, T.P; Thorne, L.G.; Harvey, W.T.; Hughes, J.; Consortium, C.-G.U.; Peacock, S.J.; Barclay, W.S.; de
Silva, T.I; Towers, G.J.; et al. SARS-CoV-2 variant biology: Immune escape, transmission and fitness. Nat. Rev. Microbiol. 2023,
21, 162-177. [CrossRef]

7. Markov, P.V;; Ghafari, M.; Beer, M.; Lythgoe, K.; Simmonds, P; Stilianakis, N.I.; Katzourakis, A. The evolution of SARS-CoV-2.
Nat. Rev. Microbiol. 2023, 21, 361-379. [CrossRef]

8. McLean, G.; Kamil, J.; Lee, B.; Moore, P; Schulz, T.F,; Muik, A.; Sahin, U.; Tureci, O.; Pather, S. The Impact of Evolving SARS-CoV-2
Mutations and Variants on COVID-19 Vaccines. mBio 2022, 13, €0297921. [CrossRef] [PubMed]

9.  Vogel, M.; Bachmann, M.F. Inmunogenicity and Immunodominance in Antibody Responses. Curr. Top Microbiol. Immunol. 2020,
428, 89-102. [CrossRef] [PubMed]

10.  Angeletti, D.; Yewdell, ].W. Understanding and Manipulating Viral Immunity: Antibody Immunodominance Enters Center Stage.
Trends Immunol. 2018, 39, 549-561. [CrossRef]

11.  Knight, M.; Changrob, S.; Li, L.; Wilson, P.C. Imprinting, immunodominance, and other impediments to generating broad
influenza immunity. Immunol. Rev. 2020, 296, 191-204. [CrossRef] [PubMed]

12.  Han, A.X; de Jong, S.PJ.; Russell, C.A. Co-evolution of immunity and seasonal influenza viruses. Nat. Rev. Microbiol. 2023,
21, 805-817. [CrossRef] [PubMed]

13.  Krammer, F. The human antibody response to influenza A virus infection and vaccination. Nat. Rev. Immunol. 2019, 19, 383-397.
[CrossRef]

14.  Wu, N.C; Wilson, I.A. A Perspective on the Structural and Functional Constraints for Immune Evasion: Insights from Influenza
Virus. J. Mol. Biol. 2017, 429, 2694-2709. [CrossRef] [PubMed]

15. Cao, Y; Jian, E; Wang, J.; Yu, Y,; Song, W.; Yisimayi, A.; Wang, J.; An, R.; Chen, X.; Zhang, N.; et al. Imprinted SARS-CoV-2
humoral immunity induces convergent Omicron RBD evolution. Nature 2023, 614, 521-529. [CrossRef] [PubMed]

16. Miller, J.; Hachmann, N.P,; Collier, A.Y.; Lasrado, N.; Mazurek, C.R.; Patio, R.C.; Powers, O.; Surve, N.; Theiler, J.; Korber, B.;
et al. Substantial Neutralization Escape by SARS-CoV-2 Omicron Variants BQ.1.1 and XBB.1. N. Engl. ]. Med. 2023, 388, 662-664.
[CrossRef] [PubMed]

17.  Mykytyn, A.Z.; Fouchier, R.A.; Haagmans, B.L. Antigenic evolution of SARS coronavirus 2. Curr. Opin. Virol. 2023, 62, 101349.
[CrossRef] [PubMed]

18.  Sun, W.; Zheng, A.; Miller, R.; Krammer, F; Palese, P. An Inactivated Influenza Virus Vaccine Approach to Targeting the Conserved
Hemagglutinin Stalk and M2e Domains. Vaccines 2019, 7, 117. [CrossRef]

19. Steel, J.; Lowen, A.C.; Wang, T.T.; Yondola, M.; Gao, Q.; Haye, K.; Garcia-Sastre, A.; Palese, P. Influenza virus vaccine based on the
conserved hemagglutinin stalk domain. mBio 2010, 1, 10-1128. [CrossRef]

20. Coughlan, L.; Palese, P. Overcoming Barriers in the Path to a Universal Influenza Virus Vaccine. Cell Host. Microbe 2018, 24, 18-24.
[CrossRef]

21. Neu, K.E.;; Henry Dunand, C.J.; Wilson, P.C. Heads, stalks and everything else: How can antibodies eradicate influenza as a
human disease? Curr. Opin. Immunol. 2016, 42, 48-55. [CrossRef] [PubMed]

22.  Corbett, K.S.; Moin, S.M.; Yassine, H.M.; Cagigi, A.; Kanekiyo, M.; Boyoglu-Barnum, S.; Myers, S.I.; Tsybovsky, Y.; Wheatley,
A.K.; Schramm, C.A; et al. Design of Nanoparticulate Group 2 Influenza Virus Hemagglutinin Stem Antigens That Activate
Unmutated Ancestor B Cell Receptors of Broadly Neutralizing Antibody Lineages. mBio 2019, 10, 10-1128. [CrossRef] [PubMed]

23.  Krammer, F. The Quest for a Universal Flu Vaccine: Headless HA 2.0. Cell Host Microbe 2015, 18, 395-397. [CrossRef] [PubMed]

24. Choi, A.; Bouzya, B.; Cortes Franco, K.D.; Stadlbauer, D.; Rajabhathor, A.; Rouxel, RN.; Mainil, R.; Van der Wielen, M.; Palese,

P,; Garcia-Sastre, A.; et al. Chimeric Hemagglutinin-Based Influenza Virus Vaccines Induce Protective Stalk-Specific Humoral
Immunity and Cellular Responses in Mice. Immunohorizons 2019, 3, 133-148. [CrossRef] [PubMed]


https://doi.org/10.1097/MOP.0000000000001103
https://doi.org/10.1089/vim.2017.0141
https://www.ncbi.nlm.nih.gov/pubmed/29373086
https://doi.org/10.1038/s41591-018-0340-z
https://doi.org/10.1146/annurev-med-120617-041310
https://doi.org/10.1016/j.cell.2021.03.013
https://doi.org/10.1038/s41579-022-00841-7
https://doi.org/10.1038/s41579-023-00878-2
https://doi.org/10.1128/mbio.02979-21
https://www.ncbi.nlm.nih.gov/pubmed/35352979
https://doi.org/10.1007/82_2019_160
https://www.ncbi.nlm.nih.gov/pubmed/30919087
https://doi.org/10.1016/j.it.2018.04.008
https://doi.org/10.1111/imr.12900
https://www.ncbi.nlm.nih.gov/pubmed/32666572
https://doi.org/10.1038/s41579-023-00945-8
https://www.ncbi.nlm.nih.gov/pubmed/37532870
https://doi.org/10.1038/s41577-019-0143-6
https://doi.org/10.1016/j.jmb.2017.06.015
https://www.ncbi.nlm.nih.gov/pubmed/28648617
https://doi.org/10.1038/s41586-022-05644-7
https://www.ncbi.nlm.nih.gov/pubmed/36535326
https://doi.org/10.1056/NEJMc2214314
https://www.ncbi.nlm.nih.gov/pubmed/36652339
https://doi.org/10.1016/j.coviro.2023.101349
https://www.ncbi.nlm.nih.gov/pubmed/37647851
https://doi.org/10.3390/vaccines7030117
https://doi.org/10.1128/mBio.00018-10
https://doi.org/10.1016/j.chom.2018.06.016
https://doi.org/10.1016/j.coi.2016.05.012
https://www.ncbi.nlm.nih.gov/pubmed/27268395
https://doi.org/10.1128/mBio.02810-18
https://www.ncbi.nlm.nih.gov/pubmed/30808695
https://doi.org/10.1016/j.chom.2015.10.003
https://www.ncbi.nlm.nih.gov/pubmed/26468743
https://doi.org/10.4049/immunohorizons.1900022
https://www.ncbi.nlm.nih.gov/pubmed/31032479

Vaccines 2024, 12, 281 15 of 19

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

Isakova-Sivak, I.; Korenkov, D.; Smolonogina, T.; Kotomina, T.; Donina, S.; Matyushenko, V.; Mezhenskaya, D.; Krammer, F;
Rudenko, L. Broadly protective anti-hemagglutinin stalk antibodies induced by live attenuated influenza vaccine expressing
chimeric hemagglutinin. Virology 2018, 518, 313-323. [CrossRef] [PubMed]

Sautto, G.A.; Kirchenbaum, G.A.; Abreu, R.B.; Ecker, ] W,; Pierce, S.R.; Kleanthous, H.; Ross, T.M. A Computationally Optimized
Broadly Reactive Antigen Subtype-Specific Influenza Vaccine Strategy Elicits Unique Potent Broadly Neutralizing Antibodies
against Hemagglutinin. J. Immunol. 2020, 204, 375-385. [CrossRef]

Skarlupka, A.L.; Owino, S.0.; Suzuki-Williams, L.P,; Crevar, C.J.; Carter, D.M.; Ross, T.M. Computationally optimized broadly
reactive vaccine based upon swine HIN1 influenza hemagglutinin sequences protects against both swine and human isolated
viruses. Hum. Vaccin. Immunother. 2019, 15, 2013-2029. [CrossRef]

Sautto, G.A.; Kirchenbaum, G.A.; Ecker, ].W.; Bebin-Blackwell, A.G.; Pierce, S.R.; Ross, T.M. Elicitation of Broadly Protective Anti-
bodies following Infection with Influenza Viruses Expressing HIN1 Computationally Optimized Broadly Reactive Hemagglutinin
Antigens. Immunohorizons 2018, 2, 226-237. [CrossRef]

Crevar, C.J.; Carter, D.M.; Lee, K.Y.; Ross, T.M. Cocktail of H5N1 COBRA HA vaccines elicit protective antibodies against H5N1
viruses from multiple clades. Hum. Vaccin. Immunother. 2015, 11, 572-583. [CrossRef] [PubMed]

Ross, TM.; Gokanapudi, N.; Ge, P;; Shi, H.; Richardson, R.A.; Pierce, S.R.; Sanchez, P; Ullah, S.; De Luca, E.; Sautto, G.A. Kinetic
of the Antibody Response Following AddaVax-Adjuvanted Immunization with Recombinant Influenza Antigens. Vaccines 2022,
10, 1315. [CrossRef] [PubMed]

Nagashima, K.; Abbadi, N.; Vyas, V.; Roegner, A.; Ross, TM.; Mousa, J.J. Adjuvant-Mediated Differences in Antibody Responses
to Computationally Optimized Hemagglutinin and Neuraminidase Vaccines. Viruses 2023, 15, 347. [CrossRef]

Clemens, E.B.; van de Sandt, C.; Wong, S.S.; Wakim, L.M.; Valkenburg, S.A. Harnessing the Power of T Cells: The Promising
Hope for a Universal Influenza Vaccine. Vaccines 2018, 6, 18. [CrossRef]

Elbahesh, H.; Saletti, G.; Gerlach, T.; Rimmelzwaan, G.F. Broadly protective influenza vaccines: Design and production platforms.
Curr. Opin. Virol. 2019, 34, 1-9. [CrossRef]

Sant, A.J.; Richards, K.A.; Nayak, J. Distinct and complementary roles of CD4 T cells in protective immunity to influenza virus.
Curr. Opin. Immunol. 2018, 53, 13-21. [CrossRef] [PubMed]

Koutsakos, M.; Nguyen, T.H.O.; Kedzierska, K. With a Little Help from T Follicular Helper Friends: Humoral Immunity to
Influenza Vaccination. J. Immunol. 2019, 202, 360-367. [CrossRef] [PubMed]

Nelson, S.A.; Sant, A.J. Potentiating Lung Mucosal Immunity Through Intranasal Vaccination. Front. Immunol. 2021, 12, 808527.
[CrossRef]

Hassert, M.; Harty, ].T. Tissue resident memory T cells-A new benchmark for the induction of vaccine-induced mucosal immunity.
Front. Immunol. 2022, 13, 1039194. [CrossRef]

Topham, D.J.; DeDiego, M.L.; Nogales, A.; Sangster, M.Y.; Sant, A. Immunity to Influenza Infection in Humans. Cold. Spring Harb.
Perspect. Med. 2021, 11, a038729. [CrossRef]

Jansen, ].M.; Gerlach, T.; Elbahesh, H.; Rimmelzwaan, G.F,; Saletti, G. Influenza virus-specific CD4+ and CD8+ T cell-mediated
immunity induced by infection and vaccination. J. Clin. Virol. 2019, 119, 44-52. [CrossRef] [PubMed]

Sant, A.J.; DiPiazza, A.T.; Nayak, J.L.; Rattan, A.; Richards, K.A. CD4 T cells in protection from influenza virus: Viral antigen
specificity and functional potential. Immunol. Rev. 2018, 284, 91-105. [CrossRef] [PubMed]

Altenburg, A.F.; Rimmelzwaan, G.F,; de Vries, R.D. Virus-specific T cells as correlate of (cross-)protective immunity against
influenza. Vaccine 2015, 33, 500-506. [CrossRef]

Vinuesa, C.G.; Linterman, M.A.; Yu, D.; MacLennan, I.C. Follicular Helper T Cells. Annu. Rev. Immunol. 2016, 34, 335-368.
[CrossRef] [PubMed]

Song, W.; Craft, J. T follicular helper cell heterogeneity: Time, space, and function. Immunol. Rev. 2019, 288, 85-96. [CrossRef]
[PubMed]

Juno, J.A.; Hill, D.L. T follicular helper cells and their impact on humoral responses during pathogen and vaccine challenge. Curr.
Opin. Immunol. 2022, 74, 112-117. [CrossRef] [PubMed]

Liao, W.; Lin, ].X.; Leonard, W.]. Interleukin-2 at the crossroads of effector responses, tolerance, and immunotherapy. Immunity
2013, 38, 13-25. [CrossRef] [PubMed]

Bot, A; Bot, S.; Bona, C.A. Protective role of gamma interferon during the recall response to influenza virus. J. Virol. 1998,
72, 6637-6645. [CrossRef] [PubMed]

Juno, J.A.; van Bockel, D.; Kent, S.J.; Kelleher, A.D.; Zaunders, ].J.; Munier, C.M. Cytotoxic CD4 T Cells-Friend or Foe during Viral
Infection? Front. Immunol. 2017, 8, 19. [CrossRef] [PubMed]

Takeuchi, A.; Saito, T. CD4 CTL, a Cytotoxic Subset of CD4(+) T Cells, Their Differentiation and Function. Front. Immunol. 2017,
8, 194. [CrossRef] [PubMed]

Preglej, T.; Ellmeier, W. CD4(+) Cytotoxic T cells-Phenotype, Function and Transcriptional Networks Controlling Their Differenti-
ation Pathways. Immunol. Lett. 2022, 247, 27-42. [CrossRef]

Cenerenti, M.; Saillard, M.; Romero, P.; Jandus, C. The Era of Cytotoxic CD4 T Cells. Front. Immunol. 2022, 13, 867189. [CrossRef]
Knudson, C.J.; Ferez, M.; Alves-Peixoto, P.; Erkes, D.A.; Melo-Silva, C.R.; Tang, L.; Snyder, C.M.; Sigal, L.J. Mechanisms of
Antiviral Cytotoxic CD4 T Cell Differentiation. J. Virol. 2021, 95, e0056621. [CrossRef]


https://doi.org/10.1016/j.virol.2018.03.013
https://www.ncbi.nlm.nih.gov/pubmed/29574336
https://doi.org/10.4049/jimmunol.1900379
https://doi.org/10.1080/21645515.2019.1653743
https://doi.org/10.4049/immunohorizons.1800044
https://doi.org/10.1080/21645515.2015.1012013
https://www.ncbi.nlm.nih.gov/pubmed/25671661
https://doi.org/10.3390/vaccines10081315
https://www.ncbi.nlm.nih.gov/pubmed/36016202
https://doi.org/10.3390/v15020347
https://doi.org/10.3390/vaccines6020018
https://doi.org/10.1016/j.coviro.2018.11.005
https://doi.org/10.1016/j.coi.2018.03.019
https://www.ncbi.nlm.nih.gov/pubmed/29621639
https://doi.org/10.4049/jimmunol.1800986
https://www.ncbi.nlm.nih.gov/pubmed/30617117
https://doi.org/10.3389/fimmu.2021.808527
https://doi.org/10.3389/fimmu.2022.1039194
https://doi.org/10.1101/cshperspect.a038729
https://doi.org/10.1016/j.jcv.2019.08.009
https://www.ncbi.nlm.nih.gov/pubmed/31491709
https://doi.org/10.1111/imr.12662
https://www.ncbi.nlm.nih.gov/pubmed/29944766
https://doi.org/10.1016/j.vaccine.2014.11.054
https://doi.org/10.1146/annurev-immunol-041015-055605
https://www.ncbi.nlm.nih.gov/pubmed/26907215
https://doi.org/10.1111/imr.12740
https://www.ncbi.nlm.nih.gov/pubmed/30874350
https://doi.org/10.1016/j.coi.2021.11.004
https://www.ncbi.nlm.nih.gov/pubmed/34861545
https://doi.org/10.1016/j.immuni.2013.01.004
https://www.ncbi.nlm.nih.gov/pubmed/23352221
https://doi.org/10.1128/JVI.72.8.6637-6645.1998
https://www.ncbi.nlm.nih.gov/pubmed/9658110
https://doi.org/10.3389/fimmu.2017.00019
https://www.ncbi.nlm.nih.gov/pubmed/28167943
https://doi.org/10.3389/fimmu.2017.00194
https://www.ncbi.nlm.nih.gov/pubmed/28280496
https://doi.org/10.1016/j.imlet.2022.05.001
https://doi.org/10.3389/fimmu.2022.867189
https://doi.org/10.1128/JVI.00566-21

Vaccines 2024, 12, 281 16 of 19

52.

53.
54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Rapaka, R.R.; Cross, A.S.; McArthur, M.A. Using Adjuvants to Drive T Cell Responses for Next-Generation Infectious Disease
Vaccines. Vaccines 2021, 9, 820. [CrossRef] [PubMed]

Castrodeza-Sanz, ].; Sanz-Munoz, I.; Eiros, ] M. Adjuvants for COVID-19 Vaccines. Vaccines 2023, 11, 902. [CrossRef] [PubMed]

McKee, A.S.; Marrack, P. Old and new adjuvants. Curr. Opin. Immunol. 2017, 47, 44-51. [CrossRef] [PubMed]

Pulendran, B.; Arunachalam, P.S.; O’'Hagan, D.T. Emerging concepts in the science of vaccine adjuvants. Nat. Rev. Drug Discov.
2021, 20, 454-475. [CrossRef] [PubMed]

Smalley Rumfield, C.; Pellom, S.T.; Morillon Ii, Y.M.; Schlom, J.; Jochems, C. Inmunomodulation to enhance the efficacy of an
HPYV therapeutic vaccine. . Immunother. Cancer 2020, 8, e€000612. [CrossRef] [PubMed]

Chen, W.; Yan, W.; Huang, L. A simple but effective cancer vaccine consisting of an antigen and a cationic lipid. Cancer Immunol.
Immunother. 2008, 57, 517-530. [CrossRef] [PubMed]

Yan, W.; Chen, W.; Huang, L. Mechanism of adjuvant activity of cationic liposome: Phosphorylation of a MAP kinase, ERK and
induction of chemokines. Mol. Immunol. 2007, 44, 3672-3681. [CrossRef] [PubMed]

Gandhapudi, S.K.; Ward, M.; Bush, ].P.C.; Bedu-Addo, E; Conn, G.; Woodward, ].G. Antigen Priming with Enantiospecific
Cationic Lipid Nanoparticles Induces Potent Antitumor CTL Responses through Novel Induction of a Type I IFN Response. J.
Immunol. 2019, 202, 3524-3536. [CrossRef]

Bei, R.; Guptill, V.; Masuelli, L.; Kashmiri, S.V.; Muraro, R.; Frati, L.; Schlom, J.; Kantor, J. The use of a cationic liposome
formulation (DOTAP) mixed with a recombinant tumor-associated antigen to induce immune responses and protective immunity
in mice. J. Immunother. 1998, 21, 159-169. [CrossRef]

Henson, T.R; Richards, K.A.; Gandhapudi, S.K.; Woodward, ].G.; Sant, A.J. R-DOTAP Cationic Lipid Nanoparticles Outperform
Squalene-Based Adjuvant Systems in Elicitation of CD4 T Cells after Recombinant Influenza Hemagglutinin Vaccination. Viruses
2023, 15, 538. [CrossRef] [PubMed]

Gandhapudi, S.K,; Shi, H.; Ward, M.R.; Bush, ].P.; Avdiushko, M.; Sundarapandiyan, K.; Wood, L.V.; Dorrani, M.; Fatima, A.;
Dervan, J.; et al. Recombinant Protein Vaccines Formulated with Enantio-Specific Cationic Lipid R-DOTAP Induce Protective
Cellular and Antibody-Mediated Immune Responses in Mice. Viruses 2023, 15, 432. [CrossRef] [PubMed]

Riehl, M.; Harms, M.; Hanefeld, A.; Baleeiro, R.B.; Walden, P.; Mader, K. Combining R-DOTAP and a particulate antigen delivery
platform to trigger dendritic cell activation: Formulation development and in-vitro interaction studies. Int. J. Pharm. 2017,
532, 37-46. [CrossRef]

Puente-Massaguer, E.; Vasilev, K.; Beyer, A.; Loganathan, M.; Francis, B.; Scherm, M.].; Arunkumar, G.A.; Gonzalez-Dominguez,
I; Zhu, X.; Wilson, I.A.; et al. Chimeric hemagglutinin split vaccines elicit broadly cross-reactive antibodies and protection against
group 2 influenza viruses in mice. Sci. Adv. 2023, 9, eadi4753. [CrossRef]

Strohmeier, S.; Amanat, F; Campbell, ].D.; Traquina, P; Coffman, R.L.; Krammer, F. A CpG 1018 adjuvanted neuraminidase
vaccine provides robust protection from influenza virus challenge in mice. NPJ Vaccines 2022, 7, 81. [CrossRef]

Campbell, ].D. Development of the CpG Adjuvant 1018: A Case Study. Methods Mol. Biol. 2017, 1494, 15-27. [CrossRef]

Rattan, A.; White, C.L.; Nelson, S.; Eismann, M.; Padilla-Quirarte, H.; Glover, M.A; Dileepan, T.; Marathe, B.M.; Govorkova, E.A,;
Webby, R.J.; et al. Development of a Mouse Model to Explore CD4 T Cell Specificity, Phenotype, and Recruitment to the Lung
after Influenza B Infection. Pathogens 2022, 11, 251. [CrossRef] [PubMed]

Nayak, J.L.; Richards, K.A.; Chaves, EA.; Sant, A.J. Analyses of the specificity of CD4 T cells during the primary immune response
to influenza virus reveals dramatic MHC-linked asymmetries in reactivity to individual viral proteins. Viral. Immunol. 2010,
23,169-180. [CrossRef]

Richards, K.A.; Chaves, F.A.; Krafcik, ER.; Topham, D.J.; Lazarski, C.A.; Sant, A.J. Direct ex vivo analyses of HLA-DR1 transgenic
mice reveal an exceptionally broad pattern of immunodominance in the primary HLA-DR1-restricted CD4 T-cell response to
influenza virus hemagglutinin. J. Virol. 2007, 81, 7608-7619. [CrossRef]

Richards, K.A.; Chaves, F.A.; Sant, A.J. Infection of HLA-DRI1 transgenic mice with a human isolate of influenza a virus (H1N1)
primes a diverse CD4 T-cell repertoire that includes CD4 T cells with heterosubtypic cross-reactivity to avian (H5N1) influenza
virus. J. Virol. 2009, 83, 6566—6577. [CrossRef]

O’Hagan, D.T. MF59 is a safe and potent vaccine adjuvant that enhances protection against influenza virus infection. Expert Rev.
Vaccines 2007, 6, 699-710. [CrossRef]

Durando, P; Icardi, G.; Ansaldi, F. MF59-adjuvanted vaccine: A safe and useful tool to enhance and broaden protection against
seasonal influenza viruses in subjects at risk. Expert Opin. Biol. Ther. 2010, 10, 639-651. [CrossRef] [PubMed]

Khurana, S.; Chearwae, W.; Castellino, F.; Manischewitz, ].; King, L.R.; Honorkiewicz, A.; Rock, M.T.; Edwards, K.M.; Del Giudice,
G.; Rappuoli, R;; et al. Vaccines with MF59 adjuvant expand the antibody repertoire to target protective sites of pandemic avian
H5N1 influenza virus. Sci. Transl. Med. 2010, 2, 15ral5. [CrossRef] [PubMed]

Sharma, S.; Bahl, V,; Srivastava, G.; Shamim, R.; Bhatnagar, R.; Gaur, D. Recombinant full-length Bacillus Anthracis protective
antigen and its 63 kDa form elicits protective response in formulation with addavax. Front. Immunol. 2022, 13, 1075662. [CrossRef]
[PubMed]

Cajaraville, A.; Gomes, M.P.B.; Azamor, T.; Pereira, R.C.; Neves, P; De Luca, PM.; Lima, S.M.B.; Gaspar, L.P.; Caride, E.; Freire,
M.D.S,; et al. Evaluation of Two Adjuvant Formulations for an Inactivated Yellow Fever 17DD Vaccine Candidate in Mice.
Vaccines 2022, 11, 73. [CrossRef] [PubMed]


https://doi.org/10.3390/vaccines9080820
https://www.ncbi.nlm.nih.gov/pubmed/34451945
https://doi.org/10.3390/vaccines11050902
https://www.ncbi.nlm.nih.gov/pubmed/37243006
https://doi.org/10.1016/j.coi.2017.06.005
https://www.ncbi.nlm.nih.gov/pubmed/28734174
https://doi.org/10.1038/s41573-021-00163-y
https://www.ncbi.nlm.nih.gov/pubmed/33824489
https://doi.org/10.1136/jitc-2020-000612
https://www.ncbi.nlm.nih.gov/pubmed/32554612
https://doi.org/10.1007/s00262-007-0390-4
https://www.ncbi.nlm.nih.gov/pubmed/17724588
https://doi.org/10.1016/j.molimm.2007.04.009
https://www.ncbi.nlm.nih.gov/pubmed/17521728
https://doi.org/10.4049/jimmunol.1801634
https://doi.org/10.1097/00002371-199805000-00001
https://doi.org/10.3390/v15020538
https://www.ncbi.nlm.nih.gov/pubmed/36851752
https://doi.org/10.3390/v15020432
https://www.ncbi.nlm.nih.gov/pubmed/36851646
https://doi.org/10.1016/j.ijpharm.2017.08.119
https://doi.org/10.1126/sciadv.adi4753
https://doi.org/10.1038/s41541-022-00486-w
https://doi.org/10.1007/978-1-4939-6445-1_2
https://doi.org/10.3390/pathogens11020251
https://www.ncbi.nlm.nih.gov/pubmed/35215193
https://doi.org/10.1089/vim.2009.0099
https://doi.org/10.1128/JVI.02834-06
https://doi.org/10.1128/JVI.00302-09
https://doi.org/10.1586/14760584.6.5.699
https://doi.org/10.1517/14712591003724662
https://www.ncbi.nlm.nih.gov/pubmed/20218923
https://doi.org/10.1126/scitranslmed.3000624
https://www.ncbi.nlm.nih.gov/pubmed/20371470
https://doi.org/10.3389/fimmu.2022.1075662
https://www.ncbi.nlm.nih.gov/pubmed/36713362
https://doi.org/10.3390/vaccines11010073
https://www.ncbi.nlm.nih.gov/pubmed/36679918

Vaccines 2024, 12, 281 17 of 19

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

Shi, J.; Zhao, Y.; Peng, M.; Zhu, S.; Wu, Y.; Ji, R.; Shen, C. Screening of Efficient Adjuvants for the RBD-Based Subunit Vaccine of
SARS-CoV-2. Vaccines 2023, 11, 713. [CrossRef] [PubMed]

Gao, F; Liu, X;; Dang, Y.; Duan, P; Xu, W.; Zhang, X.; Wang, S.; Luo, J.; Li, X. AddaVax-Adjuvanted H5N8 Inactivated Vaccine
Induces Robust Humoral Immune Response against Different Clades of H5 Viruses. Vaccines 2022, 10, 1683. [CrossRef] [PubMed]
Mendez, S.; Tabbara, K.; Belkaid, Y.; Bertholet, S.; Verthelyi, D.; Klinman, D.; Seder, R.A.; Sacks, D.L. Coinjection with CpG-
containing immunostimulatory oligodeoxynucleotides reduces the pathogenicity of a live vaccine against cutaneous Leishmaniasis
but maintains its potency and durability. Infect. Immun. 2003, 71, 5121-5129. [CrossRef]

Zeng, G.; Zhang, G.; Chen, X. Th1 cytokines, true functional signatures for protective immunity against TB? Cell. Mol. Immunol.
2018, 15, 206-215. [CrossRef]

Duan, L,; Liu, D.; Chen, H.; Mintz, M.A.; Chou, M.Y.; Kotov, D.I; Xu, Y;; An, ].; Laidlaw, B.]J.; Cyster, ].G. Follicular dendritic cells
restrict interleukin-4 availability in germinal centers and foster memory B cell generation. Immunity 2021, 54, 2256-2272.e2256.
[CrossRef]

de Jong, L.C.; Crnko, S.; Ten Broeke, T.; Bovenschen, N. Noncytotoxic functions of killer cell granzymes in viral infections. PLoS
Pathog. 2021, 17, €1009818. [CrossRef] [PubMed]

Brown, D.M.; Lampe, A.T.; Workman, A.M. The Differentiation and Protective Function of Cytolytic CD4 T Cells in Influenza
Infection. Front. Immunol. 2016, 7, 93. [CrossRef] [PubMed]

Chu, R.S,; Targoni, O.S.; Krieg, A.M.; Lehmann, P.V,; Harding, C.V. CpG oligodeoxynucleotides act as adjuvants that switch on T
helper 1 (Th1l) immunity. J. Exp. Med. 1997, 186, 1623-1631. [CrossRef] [PubMed]

De Koker, S.; Van Hoecke, L.; De Beuckelaer, A.; Roose, K.; Deswarte, K.; Willart, M.A.; Bogaert, P.; Naessens, T.; De Geest,
B.G.; Saelens, X,; et al. Inflammatory monocytes regulate Th1 oriented immunity to CpG adjuvanted protein vaccines through
production of IL-12. Sci. Rep. 2017, 7, 5986. [CrossRef] [PubMed]

Jakob, T.; Walker, P.S.; Krieg, A.M.; von Stebut, E.; Udey, M.C.; Vogel, ].C. Bacterial DNA and CpG-containing oligodeoxynu-
cleotides activate cutaneous dendritic cells and induce IL-12 production: Implications for the augmentation of Th1 responses. Int.
Arch. Allergy Immunol. 1999, 118, 457-461. [CrossRef] [PubMed]

Krieg, AM.; Love-Homan, L.; Yi, A.K,; Harty, ].T. CpG DNA induces sustained IL-12 expression in vivo and resistance to Listeria
monocytogenes challenge. J. Immunol. 1998, 161, 2428-2434. [CrossRef]

Shirota, H.; Sano, K.; Hirasawa, N.; Terui, T.; Ohuchi, K.; Hattori, T.; Tamura, G. B cells capturing antigen conjugated with CpG
oligodeoxynucleotides induce Th1 cells by elaborating IL-12. J. Immunol. 2002, 169, 787-794. [CrossRef]

Dalpke, A.; Zimmermann, S.; Heeg, K. CpG DNA in the prevention and treatment of infections. BioDrugs 2002, 16, 419-431.
[CrossRef]

Wagner, H. Interactions between bacterial CpG-DNA and TLR9 bridge innate and adaptive immunity. Curr. Opin. Microbiol. 2002,
5, 62-69. [CrossRef] [PubMed]

Zimmermann, S.; Egeter, O.; Hausmann, S.; Lipford, G.B.; Rocken, M.; Wagner, H.; Heeg, K. CpG oligodeoxynucleotides trigger
protective and curative Thl responses in lethal murine leishmaniasis. J. Immunol. 1998, 160, 3627-3630. [CrossRef] [PubMed]
Leonard, P; Sur, S. Interleukin-12: Potential role in asthma therapy. BioDrugs 2003, 17, 1-7. [CrossRef]

Kline, J.N. Effects of CpG DNA on Th1/Th2 balance in asthma. Curr. Top. Microbiol. Immunol. 2000, 247, 211-225. [CrossRef]
Weeratna, R.; Krieg, A.M.; Davis, H.L. Inmunostimulatory CpG motifs and DNA vaccines. Methods Mol. Med. 2000, 29, 169-172.
[CrossRef] [PubMed]

Jankovic, D.; Kullberg, M.C.; Noben-Trauth, N.; Caspar, P.; Paul, W.E.; Sher, A. Single cell analysis reveals that IL-4 receptor/Stat6
signaling is not required for the in vivo or in vitro development of CD4+ lymphocytes with a Th2 cytokine profile. J. Immunol.
2000, 164, 3047-3055. [CrossRef] [PubMed]

Yam, K.K.; Brewer, A.; Bleau, V.; Beaulieu, E.; Mallett, C.P.; Ward, B.J. Low hemagglutinin antigen dose influenza vaccines
adjuvanted with AS03 alter the long-term immune responses in BALB/c mice. Hum. Vaccines Immunother. 2017, 13, 561-571.
[CrossRef]

Ciabattini, A.; Pettini, E.; Fiorino, F,; Pastore, G.; Andersen, P.; Pozzi, G.; Medaglini, D. Modulation of Primary Immune Response
by Different Vaccine Adjuvants. Front. Immunol. 2016, 7, 427. [CrossRef]

Betts, M.R.; Brenchley, ]. M.; Price, D.A.; De Rosa, S.C.; Douek, D.C.; Roederer, M.; Koup, R.A. Sensitive and viable identification
of antigen-specific CD8+ T cells by a flow cytometric assay for degranulation. J. Immunol. Methods 2003, 281, 65-78. [CrossRef]
[PubMed]

Suni, M.A.; Maino, V.C.; Maecker, H.T. Ex vivo analysis of T-cell function. Curr. Opin. Immunol. 2005, 17, 434—440. [CrossRef]
Hoeks, C.; Duran, G.; Hellings, N.; Broux, B. When Helpers Go Above and Beyond: Development and Characterization of
Cytotoxic CD4(+) T Cells. Front. Immunol. 2022, 13, 951900. [CrossRef]

Richards, K.A.; Treanor, J.J.; Nayak, J.L.; Sant, A.J. Overarching Immunodominance Patterns and Substantial Diversity in
Specificity and Functionality in the Circulating Human Influenza A and B CD4 T Cell Repertoire. J. Infect. Dis. 2018, 218, 1169-1174.
[CrossRef]

Rattan, A.; Richards, K.A.; Knowlden, Z.A.G.; Sant, A.]. Protein vaccination directs the CD4+ T cell response towards shared
protective epitopes that can be recalled after influenza infection. J. Virol. 2019, 93, 10-1128. [CrossRef] [PubMed]

Miller, M.A.; Ganesan, A.P,; Eisenlohr, L.C. Toward a Network Model of MHC Class II-Restricted Antigen Processing. Front.
Immunol. 2013, 4, 464. [CrossRef] [PubMed]


https://doi.org/10.3390/vaccines11040713
https://www.ncbi.nlm.nih.gov/pubmed/37112625
https://doi.org/10.3390/vaccines10101683
https://www.ncbi.nlm.nih.gov/pubmed/36298548
https://doi.org/10.1128/IAI.71.9.5121-5129.2003
https://doi.org/10.1038/cmi.2017.113
https://doi.org/10.1016/j.immuni.2021.08.028
https://doi.org/10.1371/journal.ppat.1009818
https://www.ncbi.nlm.nih.gov/pubmed/34529743
https://doi.org/10.3389/fimmu.2016.00093
https://www.ncbi.nlm.nih.gov/pubmed/27014272
https://doi.org/10.1084/jem.186.10.1623
https://www.ncbi.nlm.nih.gov/pubmed/9362523
https://doi.org/10.1038/s41598-017-06236-6
https://www.ncbi.nlm.nih.gov/pubmed/28729715
https://doi.org/10.1159/000024163
https://www.ncbi.nlm.nih.gov/pubmed/10224474
https://doi.org/10.4049/jimmunol.161.5.2428
https://doi.org/10.4049/jimmunol.169.2.787
https://doi.org/10.2165/00063030-200216060-00003
https://doi.org/10.1016/S1369-5274(02)00287-4
https://www.ncbi.nlm.nih.gov/pubmed/11834371
https://doi.org/10.4049/jimmunol.160.8.3627
https://www.ncbi.nlm.nih.gov/pubmed/9558060
https://doi.org/10.2165/00063030-200317010-00001
https://doi.org/10.1007/978-3-642-59672-8_15
https://doi.org/10.1385/1-59259-688-6:169
https://www.ncbi.nlm.nih.gov/pubmed/21374318
https://doi.org/10.4049/jimmunol.164.6.3047
https://www.ncbi.nlm.nih.gov/pubmed/10706693
https://doi.org/10.1080/21645515.2016.1241360
https://doi.org/10.3389/fimmu.2016.00427
https://doi.org/10.1016/S0022-1759(03)00265-5
https://www.ncbi.nlm.nih.gov/pubmed/14580882
https://doi.org/10.1016/j.coi.2005.05.002
https://doi.org/10.3389/fimmu.2022.951900
https://doi.org/10.1093/infdis/jiy288
https://doi.org/10.1128/JVI.00947-19
https://www.ncbi.nlm.nih.gov/pubmed/31341045
https://doi.org/10.3389/fimmu.2013.00464
https://www.ncbi.nlm.nih.gov/pubmed/24379819

Vaccines 2024, 12, 281 18 of 19

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.
116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Munz, C. Autophagy Proteins in Viral Exocytosis and Anti-Viral Immune Responses. Viruses 2017, 9, 288. [CrossRef] [PubMed]
Sullivan, S.J.; Jacobson, R.M.; Dowdle, W.R.; Poland, G.A. 2009 HIN1 influenza. Mayo Clin. Proc. 2010, 85, 64-76. [CrossRef]
Neumann, G.; Kawaoka, Y. The first influenza pandemic of the new millennium. Influenza Other Respir. Viruses 2011, 5, 157-166.
[CrossRef]

Almendro-Vazquez, P.; Laguna-Goya, R.; Paz-Artal, E. Defending against SARS-CoV-2: The T cell perspective. Front. Immunol.
2023, 14, 1107803. [CrossRef]

Kedzierska, K.; Thomas, P.G. Count on us: T cells in SARS-CoV-2 infection and vaccination. Cell. Rep. Med. 2022, 3, 100562.
[CrossRef]

Liu, J.; Chandrashekar, A.; Sellers, D.; Barrett, ].; Jacob-Dolan, C.; Lifton, M.; McMahan, K.; Sciacca, M.; VanWyk, H.; Wu, C.; et al.
Vaccines elicit highly conserved cellular immunity to SARS-CoV-2 Omicron. Nature 2022, 603, 493-496. [CrossRef]

Keeton, R.; Tincho, M.B.; Ngomti, A.; Baguma, R.; Benede, N.; Suzuki, A.; Khan, K.; Cele, S.; Bernstein, M.; Karim, F; et al. T cell
responses to SARS-CoV-2 spike cross-recognize Omicron. Nature 2022, 603, 488—492. [CrossRef] [PubMed]

Grifoni, A.; Sidney, J.; Vita, R.; Peters, B.; Crotty, S.; Weiskopf, D.; Sette, A. SARS-CoV-2 human T cell epitopes: Adaptive immune
response against COVID-19. Cell. Host. Microbe. 2021, 29, 1076-1092. [CrossRef] [PubMed]

Egan, M.A. Towards the development of a therapeutic vaccine for the treatment of HIV-1 infection: Are we closer than ever?
Expert Rev. Vaccines 2007, 6, 289-291. [CrossRef]

DiPiazza, A.; Richards, K.A.; Knowlden, Z.A.; Nayak, J.L.; Sant, A.]. The Role of CD4 T Cell Memory in Generating Protective
Immunity to Novel and Potentially Pandemic Strains of Influenza. Front. Immunol. 2016, 7, 10. [CrossRef] [PubMed]

Grant, E.J.; Chen, L.; Quinones-Parra, S.; Pang, K.; Kedzierska, K.; Chen, W. T-cell immunity to influenza A viruses. Crit. Rev.
Immunol. 2014, 34, 15-39. [CrossRef] [PubMed]

Nguyen, T.H.O.; Cohen, C.A.; Rowntree, L.C.; Bull, M.B.; Hachim, A.; Kedzierska, K.; Valkenburg, S.A. T Cells Targeting
SARS-CoV-2: By Infection, Vaccination, and Against Future Variants. Front. Med. 2021, 8, 793102. [CrossRef] [PubMed]

Grifoni, A.; Sette, A. From Alpha to omicron: The response of T cells. Curr. Res. Immunol. 2022, 3, 146-150. [CrossRef] [PubMed]
Abbas, A K,; Trotta, E.; Simeonov, D.R.; Marson, A.; Bluestone, J.A. Revisiting IL-2: Biology and therapeutic prospects. Sci.
Immunol. 2018, 3, eaat1482. [CrossRef] [PubMed]

Malek, T.R. The biology of interleukin-2. Annu. Rev. Immunol. 2008, 26, 453—479. [CrossRef] [PubMed]

Abbas, A K. The Surprising Story of IL-2: From Experimental Models to Clinical Application. Am. J. Pathol. 2020, 190, 1776-1781.
[CrossRef] [PubMed]

Walker, L.S.K. The link between circulating follicular helper T cells and autoimmunity. Nat. Rev. Immunol. 2022, 22, 567-575.
[CrossRef]

Devarajan, P.; Bautista, B.; Vong, A.M.; McKinstry, K.K,; Strutt, TM.; Swain, S.L. New Insights into the Generation of CD4 Memory
May Shape Future Vaccine Strategies for Influenza. Front. Immunol. 2016, 7, 136. [CrossRef]

Ross, S.H.; Cantrell, D.A. Signaling and Function of Interleukin-2 in T Lymphocytes. Annu. Rev. Immunol. 2018, 36, 411-433.
[CrossRef] [PubMed]

Barrat, EJ.; Crow, M.K,; Ivashkiv, L.B. Interferon target-gene expression and epigenomic signatures in health and disease. Nat.
Immunol. 2019, 20, 1574-1583. [CrossRef] [PubMed]

Kak, G.; Raza, M; Tiwari, B.K. Interferon-gamma (IFN-gamma): Exploring its implications in infectious diseases. Biomol. Concepts
2018, 9, 64-79. [CrossRef] [PubMed]

Walker, EC.; Sridhar, P.R.; Baldridge, M.T. Differential roles of interferons in innate responses to mucosal viral infections. Trends
Immunol. 2021, 42, 1009-1023. [CrossRef]

Laidlaw, B.J.; Zhang, N.; Marshall, H.D.; Staron, M.M.; Guan, T.; Hu, Y.; Cauley, L.S.; Craft, J.; Kaech, S.M. CD4+ T cell help guides
formation of CD103+ lung-resident memory CD8+ T cells during influenza viral infection. Immunity 2014, 41, 633-645. [CrossRef]
Arroyo-Diaz, N.M.; Bachus, H.; Papillion, A.; Randall, T.D.; Akther, J.; Rosenberg, A.F; Leon, B.; Ballesteros-Tato, A. Interferon-
gamma production by Tfh cells is required for CXCR3(+) pre-memory B cell differentiation and subsequent lung-resident memory
B cell responses. Immunity 2023, 56, 2358-2372.e5. [CrossRef]

Chakma, C.R.; Good-Jacobson, K.L. Requirements of IL-4 during the Generation of B Cell Memory. ]. Immunol. 2023,
210, 1853-1860. [CrossRef]

Devarajan, P; Vong, A.M.; Castonguay, C.H.; Silverstein, N.J.; Kugler-Umana, O.; Bautista, B.L.; Kelly, K.A.; Luban, J.; Swain, S.L.
Cytotoxic CD4 development requires CD4 effectors to concurrently recognize local antigen and encounter type I IFN-induced
IL-15. Cell. Rep. 2023, 42, 113429. [CrossRef]

Angeletti, D.; Yewdell, ].W. Is It Possible to Develop a “Universal” Influenza Virus Vaccine? Outflanking Antibody Immunodomi-
nance on the Road to Universal Influenza Vaccination. Cold. Spring Harb. Perspect. Biol. 2018, 10, a028852. [CrossRef]

Wheatley, A K,; Fox, A.; Tan, HX; Juno, ]J.A.; Davenport, M.P.; Subbarao, K; Kent, S.J. Inmune imprinting and SARS-CoV-2
vaccine design. Trends Immunol. 2021, 42, 956-959. [CrossRef]

Richards, K.A.; DiPiazza, A.T.; Rattan, A.; Knowlden, Z.A.G.; Yang, H.; Sant, A ]. Diverse Epitope Specificity, Inmunodominance
Hierarchy, and Functional Avidity of Effector CD4 T Cells Established During Priming Is Maintained in Lung After Influenza A
Virus Infection. Front. Immunol. 2018, 9, 655. [CrossRef] [PubMed]


https://doi.org/10.3390/v9100288
https://www.ncbi.nlm.nih.gov/pubmed/28976939
https://doi.org/10.4065/mcp.2009.0588
https://doi.org/10.1111/j.1750-2659.2011.00231.x
https://doi.org/10.3389/fimmu.2023.1107803
https://doi.org/10.1016/j.xcrm.2022.100562
https://doi.org/10.1038/s41586-022-04465-y
https://doi.org/10.1038/s41586-022-04460-3
https://www.ncbi.nlm.nih.gov/pubmed/35102311
https://doi.org/10.1016/j.chom.2021.05.010
https://www.ncbi.nlm.nih.gov/pubmed/34237248
https://doi.org/10.1586/14760584.6.3.289
https://doi.org/10.3389/fimmu.2016.00010
https://www.ncbi.nlm.nih.gov/pubmed/26834750
https://doi.org/10.1615/CritRevImmunol.2013010019
https://www.ncbi.nlm.nih.gov/pubmed/24579700
https://doi.org/10.3389/fmed.2021.793102
https://www.ncbi.nlm.nih.gov/pubmed/35004764
https://doi.org/10.1016/j.crimmu.2022.08.005
https://www.ncbi.nlm.nih.gov/pubmed/35966178
https://doi.org/10.1126/sciimmunol.aat1482
https://www.ncbi.nlm.nih.gov/pubmed/29980618
https://doi.org/10.1146/annurev.immunol.26.021607.090357
https://www.ncbi.nlm.nih.gov/pubmed/18062768
https://doi.org/10.1016/j.ajpath.2020.05.007
https://www.ncbi.nlm.nih.gov/pubmed/32828360
https://doi.org/10.1038/s41577-022-00693-5
https://doi.org/10.3389/fimmu.2016.00136
https://doi.org/10.1146/annurev-immunol-042617-053352
https://www.ncbi.nlm.nih.gov/pubmed/29677473
https://doi.org/10.1038/s41590-019-0466-2
https://www.ncbi.nlm.nih.gov/pubmed/31745335
https://doi.org/10.1515/bmc-2018-0007
https://www.ncbi.nlm.nih.gov/pubmed/29856726
https://doi.org/10.1016/j.it.2021.09.003
https://doi.org/10.1016/j.immuni.2014.09.007
https://doi.org/10.1016/j.immuni.2023.08.015
https://doi.org/10.4049/jimmunol.2200922
https://doi.org/10.1016/j.celrep.2023.113429
https://doi.org/10.1101/cshperspect.a028852
https://doi.org/10.1016/j.it.2021.09.001
https://doi.org/10.3389/fimmu.2018.00655
https://www.ncbi.nlm.nih.gov/pubmed/29681900

Vaccines 2024, 12, 281 19 of 19

132. DiPiazza, A.; Laniewski, N.; Rattan, A.; Topham, D.J.; Miller, J.; Sant, A.J. CD4 T Cell Epitope Specificity and Cytokine Potential
Are Preserved as Cells Transition from the Lung Vasculature to Lung Tissue following Influenza Virus Infection. J. Virol. 2018, 92,
10-1128. [CrossRef] [PubMed]

133. Kunzli, M.; Masopust, D. CD4(+) T cell memory. Nat. Immunol. 2023, 24, 903-914. [CrossRef] [PubMed]

134. Moga, E.; Lynton-Pons, E.; Domingo, P. The Robustness of Cellular Inmunity Determines the Fate of SARS-CoV-2 Infection.
Front. Immunol. 2022, 13, 904686. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/JVI.00377-18
https://www.ncbi.nlm.nih.gov/pubmed/29669836
https://doi.org/10.1038/s41590-023-01510-4
https://www.ncbi.nlm.nih.gov/pubmed/37156885
https://doi.org/10.3389/fimmu.2022.904686

	Introduction 
	Materials and Methods 
	Mice and Ethics Statement 
	Preparation of R-DOTAP Nanoparticles and Vaccine Formulations 
	Influenza Infections 
	Proteins and Peptides 
	Protein Immunizations 
	EliSpot Assays 
	Flow Cytometry 
	Peptide Stimulation for Intracellular Cytokine Staining (ICS) 
	Flow Cytometry 
	Data Acquisition and Analysis 


	Results 
	Analyses of Epitope-Specific CD4+ T Cells Elicited by Flublok with Added Adjuvants Reveal Diverse Functionality of HA-Specific CD4+ T Cells 
	Flublok Adjuvanted with R-DOTAP Elicits Multifunctional HA-Specific CD4+ T Cells 
	CD4+ T Cells Elicited by Flublok-R-DOTAP Have Cytotoxic Potential and Co-Produce Effector Cytokines 

	Discussion 
	Conclusions 
	References

