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Adjuvants and Age: Understanding Vaccine Response in Older Adults 

Abstract 

by 

CARSON L. SMITH 

 

Vaccination forms an immune memory to protect organisms from 

pathogens. Vaccination remains a critical part of the public health arsenal against 

infectious diseases. However, with age, the immune system experiences 

functional declines. This results in both increased susceptibility to disease as well 

as a decline in vaccine efficacy. To combat this, several vaccines targeted 

toward older adults use immune-boosting components like adjuvants. 

Adjuvants take advantage of the innate immune system to sense potential 

pathogens and promote effective adaptive responses to vaccines. However, it is 

not fully clear from mouse models 1) what innate immune responses lead to a 

protective adaptive response and 2) what a protective adaptive response looks 

like. In this thesis, we examine two adjuvanted vaccines shown to increase 

clinical protection in older adults.  

In chapter 3 of this thesis, we explore the model provided by the 

recombinant zoster vaccine (RZV). RZV is highly efficacious in older populations 

and utilizes the novel adjuvant AS01. We use techniques such as flow cytometry, 

RNA sequencing, and co-culture with T cells to analyze how AS01 affects human 

myeloid cells. We show that AS01 activates human myeloid cells, particularly 

monocytes, towards expression of inflammatory cytokines and costimulatory 
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molecules. The other vaccine model examined is the adjuvanted trivalent 

influenza vaccine (aTIV), which has been shown in clinical trials to provide 

superior protection over unadjuvanted influenza vaccine. In chapter 4 of this 

thesis, we assess the humoral and cellular immunity induced by aTIV and TIV. 

We show that aTIV preferentially enhances anti-neuraminidase titers compared 

to TIV, potentially explaining its superior clinical protection in older populations. 

While age-related immune decline is demonstrable and results in 

increased clinical mortality, growing evidence suggests that aged immune 

systems can still respond to stimuli under the optimal circumstances. This thesis 

explores the mechanisms and vaccine outcomes of two vaccines that contain 

adjuvants and were developed for use in older adults. By better understanding 

adjuvants that have proven efficacy, we can better understand how adjuvants 

provide protection in a vulnerable population. This research can help us develop 

novel adjuvants for vaccines in the ongoing public health battle against infectious 

diseases.  
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Chapter 1: The Immune System and Vaccination 
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1.1 An introduction to the immune system 

The immune system is, broadly speaking, a collection of cells, molecules, 

and structures that detect and eliminate foreign stimuli to protect the organism 

from disease. In mammals, the immune system is in constant communication 

with the rest of the organism and is exquisitely managed by a complex network of 

signals and checkpoints. This network helps the immune system recognize self 

and target non-self antigens [1–3].  

The immune system is divided into two compartments, innate and 

adaptive immunity. Innate immunity is inborn: all the information needed for these 

cells to respond to non-self molecules is encoded at the genomic level. Cells 

belonging to the innate immune system detect universal signals, known as 

pathogen-associated molecular patterns (PAMPs) or danger-associated 

molecular patterns (DAMPs), through a series of receptors and sensors known 

as pathogen-recognition receptors (PRRs) [4]. One class of such PRRs are the 

Toll-like receptors (TLRs), which detect a wide variety of ligands that are not 

found in healthy mammalian cells such as unmethylated double-stranded DNA 

(dsDNA) or the bacterial glycan lipopolysaccharide (LPS)[5]. Innate immune cells 

are the first line of defense in recognizing and repelling microbial invaders. Cells 

included in the innate immune system include monocytes, natural killer (NK) 

cells, neutrophils, and dendritic cells (DCs) [6].  

The adaptive immune system is bifurcated into two major components, 

humoral and cellular immunity. Humoral immunity is composed of antigen-

binding molecules called antibodies and the cells that produce them, B cells [7]. In 
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contrast, the cellular immune compartment consists of cells that either act directly 

on infected cells or secrete factors that aid in killing. These cells mature in the 

thymus and are known as T cells. Unlike the cells of the innate immune system, 

which express PRRs that recognize PAMPs and DAMPS, each cell of the 

adaptive immune system descends from a unique clone that recognizes one 

antigen [8]. 

The adaptive immune system, unlike the innate, requires priming by 

antigen-presenting cells (APCs) or prior exposure to an antigen for an effective 

response. B cells require helper T cells known as follicular helper T cells (TFH) in 

the lymph node (LN) to generate an effective response [9]. T cells require 

antigens to be presented in the context of an APC on a molecule known as the 

major histocompatibility complex (MHC). MHC Class I is expressed on all cell 

types (except for mature erythrocytes) and is a key part of self-recognition, while 

MHC Class II is expressed only on certain cell types like APCs and B cells [10]. 

MHC Class I and Class II are highly polymorphic, with several genes and 

hundreds of alleles for each class[11]. T cells are further subdivided depending on 

their expression of CD8 and CD4, which interact with MHC Class I and Class II, 

respectively [12]. Without TCR recognition of MHC: peptide, T cells do not 

respond to antigens.  

These subdivisions between the innate and adaptive immune systems are 

somewhat artificial. There is extensive crosstalk between the innate and adaptive 

immune system, for example, and many innate immune cell functions are 

enhanced by humoral immunity [13]. For example, MHC Class I and II are 
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constitutively expressed but are strongly upregulated by cytokines such as 

interferons (IFNs) [10]. Antibodies produced by B cells enhance the engulfment of 

pathogens by phagocytic cells like monocytes and neutrophils via recognition of 

the antibody FC chain [13]. T cells aid in the development and maturation of B 

cells, and an entire subset of T cells, T helper (TH) cells, are known for their 

ability to provide “help” to B cells and other effectors [14]. Additionally, there are 

some signals recognized by the immune system, such as the expression of MHC 

Class I, that are expressed by all cells, not just those classically recognized as 

part of the immune system [15]. However, these subdivisions are useful for 

conceptualizing the immune system and thus have been maintained over 

decades. 

1.2. The immune system in action against pathogens 

The typical immune response begins with an exposure to a substance 

recognized as non-self. This recognition could occur through a myriad of 

mechanisms but is most classically initiated through innate recognition of a 

PAMP or DAMP [5,16]. For example, a virus could enter the body through the 

lungs and be recognized by the PRRs of a variety of patrolling cells within the 

lung epithelium. Neutrophils are the usual immediate responders to damage 

signals, as they make up to 80% of the white blood cells in human blood [6]. 

Neutrophils may kill the source of an antigen through effector mechanisms such 

as cytotoxic granule release, reactive oxygen species production, or the 

production of neutrophil extracellular traps (NETs) made of DNA and protein [6]. 

Neutrophils and other innate cells such as macrophages may also engulf and 
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digest viral particles based on detected PAMPs, thus eliminating them and 

limiting the molecular signal. In cases where the innate cell(s) are unable to 

immediately eradicate the pathogen, the signals given by PAMP:PRR 

interactions are prolonged, and gene transcription occurs. Many of the 

transcribed products downstream of PAMP:PRR interactions are cytokines, 

molecular signals that can summon or activate other immune cells [17]. 

As a result of these cytokine signals, as well as chemokines induced in 

response to damage signals elicited at the site of infection as a result of the 

pathogen, other innate immune cells such as monocytes or DCs are recruited 

[18,19]. In an activating cell environment, these cells differentiate into an active 

form that processes proteins into peptides and displays them on MHC complexes 

on their surface [6]. In response to signals produced at the site of infection, these 

activated APCs upregulate CCR7 and migrate to immune structures known as 

lymph nodes (LN), which are scattered throughout the body [19]. Soluble antigens 

are also capable of directly entering the lymphatic system and traveling to 

draining lymph nodes (dLN)[20]. Antigens can also be acquired at the site of 

infection by professional APCs or be captured by patrolling follicular dendritic 

cells (fDCs) [19,21]. 

Once in the LN, the antigen encounters B cells either directly or on the 

surface of an APC [20]. Small, soluble antigens can infiltrate the LN and encounter 

B cells directly, while larger antigens usually involve a mediator cell type such as 

subcapsular CD169+ macrophages or fDCs [21]. Regardless of how the antigen 

gains access to the LN, it binds the B cell receptor (BCR) and is internalized to 
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be later re-presented as a complex with MHC Class II. The BCR is a membrane-

bound form of the antibody produced by the B cell after a complex series of 

genetic recombinations known as V(D)J recombination [7]. B cells that have found 

their cognate antigen then present epitopes on MHC Class II molecules. The 

MHC:antigen complex is recognized by T cells specific for those epitopes [8,16]. 

The B cells enter an exchange with TFH cells, in which the activated TFH cell 

provides cytokine and ligand help to the B cell based on its affinity for the MHC 

Class II:antigen that the B cell is presenting [7,16]. TFH  help, specifically 

CD40:CD40L interactions, is required for full B cell activation and to promote 

class-switch recombination (CSR) and somatic hypermutation (SHM) [20,22]. 

Another key signal is the interaction of inducible T cell costimulator (ICOS) on 

activated T cells with its ligand, ICOSL, on cognate B cells [6].  

At the same time, naive T cells in the T cell zone of the LN recognize 

antigen presented on DCs. Unlike B cells, T cells are MHC-restricted and must 

encounter antigens in association with MHC complexes to be activated [20]. T 

cells compete for antigen binding in the paracortex of the LN [21]. This competition 

is immense, with an estimated 2.5x107 potential naive T cell receptors (TCRs) 

per individual[8]. Tells with higher affinities for MHC:antigen complexes ultimately 

out-compete lower affinity T cells, binding to APCs and receiving activating 

signals [23]. Naive T cells require costimulation, MHC:peptide, and tertiary signals 

such as activating cytokines in order to respond to their cognate antigen [16,24]. 

This combination of signals, particularly the engagement of the TCR by 

MHC:peptide, results in the activation and clonal proliferation of T cells [23]. 
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Additionally, tertiary signals from APCs play a key role in naive T cell 

differentiation. Such signals include ligation of the T cell ligands ICOS, cytotoxic 

T-lymphocyte-associated protein 4 (CTLA-4), and Ox40 as well as the production 

of cytokines such as IL-21, IL-12, IL-6, or TGF-β, which can skew T cell 

development towards a variety of T helper subtypes [24]. 

As a result of this clonal proliferation, an influx of antibody-producing 

plasma cells, chemokines, and cytotoxic T cells are released from the LN and 

follow chemotactic gradients back to the site of infection. CXCL9 and CXCL10 

are particularly important ligands for T cells during this process [25,26]. The 

infection is eliminated by the influx of cells and specialized effector molecules like 

antibodies. This results in a decrease in antigen concentration [26]. Without this 

source of ongoing stimulation, T cells and B cells begin to die off in a phase 

known as contraction [20]. However, some lymphocytes will remain as memory 

cells, ready to respond and expand upon a second stimulation. This second 

expansion is more rapid, as the adaptive cells exist already in higher frequencies 

than before the primary expansion [3]. These memory cells also possess a lower 

activation threshold, allowing them to respond to antigens with less antigen and 

minimal costimulation [27]. Further protection is provided by the persistence of 

long-lived plasma cells, which maintain antibody levels targeted against the 

antigen in question [7]. 

1.3. A closer look at the innate immune system 

In an immunocompetent individual, a humoral immune response develops 

in the germinal center of the LN after antigen exposure as a result of complex 
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interactions between DCs, B cells, and T cells. DCs are the professional APC of 

the LN and are a highly heterogeneous cell population. They participate in all 

three signals for lymphocyte activation: the initial TCR:MHC/peptide stimulus, 

costimulation with CD28 as well as other markers like CD80/CD86, and the 

requisite third signal for effector T cell function, cytokine instruction. DCs are 

divided into two main subpopulations: plasmacytoid DCs (pDCs) and myeloid 

DCs (mDCs). pDCs are typically found in the bloodstream and produce high 

amounts of IFN-α compared to mDCs; they are also known to express TLR7 and 

TLR9 [28]. mDCs are specialized towards antigen presentation and can be 

subdivided based on their expression of CD141 and CD1c, also known as 

BDCA1 and BDCA3 [29]. In addition to these DC subtypes, CD14+ monocytes 

can, with specific cytokine signals, differentiate into DCs in vivo: this process is 

often used in in vitro models to generate monocyte-derived DCs (MDDCs) for 

use as antigen-presenting DCs [30].  

After antigen exposure, DCs make their way to the LN and proceed to 

migrate to specialized niches based on the expression of factors such as CXCR3 

[25]. Regulation of these markers as well as the cytokines and signaling molecules 

upregulated on the DC play a key role in TH differentiation. For example, IL-12 is 

a key inducer of a subtype of T cells called TH1 cells, and DCs receive positive 

feedback from IFN-γ derived from NK cells to promote further IL-12 production 

[24]. Surface marker expression, such as CD11b found on mDCs, also appears to 

enhance the proliferation of CD4+ rather than CD8+ T cells in an MHC-

dependent manner [31,32]. Other surface markers, such as CXCL9 and CXCL10, 
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are associated with the development of TH1 and are upregulated in response to 

IFN-γ [24]. DC function is thus key to eliciting both cellular and humoral immune 

responses, and DC expression of surface markers and cytokines helps drive the 

direction of the adaptive response. 

Monocytes are another key innate immune cell population. These cells are 

circulating phagocytes capable of cytokine production. They recognize foreign 

antigens based on their PRRs and engulf them through phagocytosis, destroying 

the antigen by lysosomal fusion with the phagosome [33]. Monocytes and their 

close tissue-localized relatives, macrophages, are a highly heterogeneous 

population [34]. Indeed, current theory holds that monocytes infiltrate specific 

tissues from the blood and specialize into tissue-specific macrophages 

populations like T cell zone macrophages in the LN, dermal macrophages in the 

skin, or Kupffer cells in the liver [35–37].  

In the periphery, monocytes can be categorized into broad phenotypes 

that based on their expression of surface markers CD14 and CD16 in humans. 

CD14+CD16- monocytes are also known as classical monocytes and tend 

towards inflammatory phenotypes [38]. They are the most common monocyte type 

found in human blood [39]. In contrast, CD14loCD16+ monocytes are known as 

non-classical monocytes and typically respond in cases where tissue repair is 

necessary. They express high levels of CX3CR1, a chemokine receptor for 

CX3CL1, and display “crawling” behavior along the endothelium, allowing 

surveillance of the vascular tissue and removal of debris [38,40]. While typically 
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considered anti-inflammatory, non-classical monocytes can make high levels of 

TNF-α under certain conditions like the detection of TLR7 ligands [41]. 

Monocytes are an extraordinarily plastic cell set. Depending on the 

environmental signals received, they can phagocytose antigens, clear apoptotic 

cells, present antigens to T cells, or promote wound healing through secretion of 

factors such as vascular endothelial growth factor (VEGF) [13,33,42–44]. In addition, 

monocytes can differentiate into both macrophages and monocyte-derived DCs, 

allowing further tailoring to their environment [45]. Even the classical/non-classical 

paradigm set out above is more of a representation of two extremes of 

differentiation rather than distinct subsets [34]. Because of this heterogeneity, 

monocytes are a key part of an effective innate immune response as well as a 

bridge with adaptive immunity. 

Innate cells also play key roles in the LN. CD169+ macrophages act as 

antigen traps at the LN sinus. These macrophages have been shown to be 

capable of directly presenting antigen to B cells [46]. Some evidence also 

demonstrates that CD169+ macrophages are capable of presenting antigen to 

naive CD8+ cells, especially in situations where DCs cannot access enough 

antigen to present properly [47,48]. CD169+ macrophages are particularly 

important in the case of liposomal adjuvants, where their apoptotic death after 

inflammasome activation results in an amplified adaptive response [48–50]. Other 

innate cells such as follicular DCs (fDCs) also play key roles in sampling antigens 

and presenting them to lymphocytes. By secreting CXCL13, fDCs also play 
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central roles in maintaining germinal center architecture and guiding lymphocyte 

migration between the dark and light zones of a B cell follicle [20]. 

1.4. A closer look at the adaptive immune system 

For effective immune memory generation in adults, functional T and B 

cells must be generated and maintained. These cells are part of resolving initial 

infection and continue to provide protection against recurrent infection and 

disease, sometimes for decades [51]. In this section, B cells and T cells will be 

discussed in more detail, with a particular emphasis on T cells.  

After antigen exposure, B cells develop into either antibody-producing 

plasma cells or long-lived memory B cells [21]. Plasma cells typically have high 

affinity for antigen and serve as antibody factories. These cells can be identified 

by their expression of CD38 and CD138 [52]. B cells may also differentiate into 

memory B cells, which are long-lived and typically have a more diverse repertoire 

than plasma cells [22]. Upon reactivation, these B cells rapidly begin competing for 

TFH help, beginning the cycle anew [53]. Thus, B cells can serve as a source of 

infection prevention in the form of plasma cells as well as a rapid adaptive 

responder upon reinfection. 

B cells continue to evolve throughout the immune response due to 

competition between V[D]J clones as well as somatic hypermutation (SHM) 

within clones, ultimately resulting in antibodies with higher affinity for antigen [7]. 

SHM is a T cell-dependent process in which B cells selectively mutate the heavy 

and light protein chains that make up their antibodies. Mutated B cells are then 

able to compete for T cell help in the light zone of the germinal center, allowing 
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BCR mutants with higher affinities for the antigen to persist [22,53]. Another way 

that B cells can specialize based on TFH help during this process is class-switch 

recombination (CSR), which changes the subtype of immunoglobulin (Ig) 

produced from IgM to a more specialized form [9]. These Ig subtypes, such as 

IgA, IgG, IgD, and IgE, play specialized roles in different immune compartments. 

For example, IgE is produced in response to helminth infections, and IgA is 

typically secreted into mucosal surfaces [6,9]. B cell specialization is thus heavily 

T-cell dependent. 

The TFH that are so key to developing effective humoral immunity are part 

of a subdivision of T cells known as CD4+ T cells, or T helper (TH) cells. CD4+ T 

cells are MHC Class II-restricted and play diverse roles in the coordination of an 

immune response. Classically, CD4+ T cells are subdivided based on the 

cytokines they make and the transcription factors driving their differentiation. For 

example, TH1 cells are defined by their expression of transcription factor T-bet 

and production of IFN-γ [24]. Other CD4+ T cell subsets are TH2, which express 

GATA-3 and produce IL-4 and IL-5; TH17, which express RORγT and produce IL-

17; and T regulatory cells (TREG), which express FoxP3 as well as inhibitory 

molecules such as CTLA-4 and IL-10. CD4+ T cells that participate in B cell 

differentiation (TFH) express transcription factor BCL-6 and produce IL-21 as well 

as various costimulatory markers [9,24]. TFH play key roles in generating highly 

specific antibodies via their roles in CSR and SHM.  

In humans, TFH are difficult to study due to their location in the LN. 

However, there are TFH-like cells known as circulating TFH (cTFH) present in the 
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periphery that can be identified on the basis of CXCR5, a LN homing marker, and 

PD-1 [54,55]. Like TFH, these cells produce relatively low levels of cytokines and are 

difficult to identify by intracellular staining for cytokines. Instead, activation-

induced marker (AIM) staining can be used to identify antigen-specific cTFH 

populations. The use of AIM to identify antigen-specific cTFH is well-noted in the 

literature, and it is believed that increased antigen-specific cTFH are a peripheral 

reflection of increased germinal center proliferation [55–57]. It is still unclear 

whether cTFH are merely a measurable reflection of the germinal center response 

or are themselves a population that interfaces with humoral immunity; however, 

the increased presence of antigen-specific cTFH following influenza vaccination 

implies T cell help being given to B cells and a correspondent increase in 

antibody titer and specificity (see Chapter 4).  

CD4+ T cells can also organize CD8+ T cell responses through the 

generation of cytokines such as IL-2, though their main contribution relates to 

modulation of antigen presentation and costimulation of DCs for optimal CD8+ 

response. Indeed, CD4+ T cells are key for CD8+ T cell memory maintenance, 

and adoptive transfers of CD4+ T cells have been shown to help reverse CD8+ T 

cell dysfunction in mouse models [58]. CD4+ T cells also marshal adaptive effector 

cells through cytokine production, such as with macrophage activation through 

TH1 IFN-γ or mast cell development prompted by TH2 IL-4 production [58,59]. CD4+ 

T cells are thus a heterogeneous population involved in coordinating immune 

responses on both the adaptive and innate level. 
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CD8+ T cells are MHC Class I-restricted and recognize antigens that are 

derived from virally-infected or cancerous cells [60]. They are often referred to as 

cytotoxic T lymphocytes (CTL) for their ability to directly kill their targets by 

inducing apoptosis [61]. CD8+ T cells have multiple mechanisms by which they 

may kill their targets. They secrete lytic granules containing perforin, granzymes, 

and signaling molecules such as FasL. Perforin oligomerizes to form pores in 

target cell membranes, through which lytic molecules such as granzymes can 

pass [62]. Granzymes are able to induce apoptosis after cellular entry via their 

serine protease activity [62,63]. FasL, meanwhile, signals through the FAS receptor 

(CD95) on target cells and activates the FAS-associated death domain (FADD). 

Caspase 8 activation and apoptosis soon follows [63]. These CD8+ T cell 

functions are typically supported by IFN-γ production [64]. Like CD4+ T cells, 

CD8+ T cells are critical to control and resolve viral infection. 

T cells are generally thought to play key roles in reducing disease severity 

and duration, reducing hospitalization and mortality. For example, lung resident 

CD8+ T cells are believed to be central to resolving infection if influenza is 

contracted [65,66]. Additionally, memory T cells tend to be more cross-reactive than 

antibodies, increasing protection in case an antigen mutates [67]. The role of TH 

cells, particularly antigen-specific TFH, in eliciting humoral responses has also 

been of interest in recent years. Studies show that TFH responses in mice and 

cTFH responses in humans increase in proportion to humoral titers against 

influenza [68,69].  
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1.5. Vaccination and clinical protection 

Vaccines rely on this system of immune memory to provide protection 

against pathogenic infection. Vaccines provide a controlled initial exposure to 

pathogenic antigens without the risk of uncontrolled infection. After vaccination, a 

pool of memory T cells and B cells remain that have experienced the vaccine’s 

antigen and are ready to respond upon natural infection. Additionally, the 

presence of memory B cells provides protection against acquiring an infection in 

the first place, as antibody-producing B cells ensure a constant level of serum 

protection from the cognate antigen [70,71]. Much research has focused on 

identifying what parts of an immune response are protective against a given 

disease. As a result, much is known about the roles that various immune cells 

and mediators play in protecting individuals from infection. 

Establishing humoral immunity is one of the major goals of most 

vaccinations. Humoral immunity provides long-lasting immunity against infection. 

For example, children administered vaccines such as the 

measles/mumps/rubella (MMR) vaccine still have detectable titers 20 years later 

[72,73]. Titers against proteins used by pathogens for entry into host cells are 

particularly useful for preventing viral infection. Influenza vaccines are widely 

considered protective if a 1:40 titer against hemagglutinin can be established [74]. 

Some of this vaccine protection is dependent on the physiological location of 

antibodies. Vaccination against human papilloma virus (HPV) relies on the 

translocation of serum antibodies to the cervical mucosa, where high levels of 

antibodies are able to prevent infection entirely [75]. Pneumococcal vaccines also 
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rely on localized humoral protection in the form of lung IgA levels [76]. Because of 

the need for tissue-specific localization, serum antibody titers may not always 

predict protection against disease.  

 Cellular immunity also plays a role in vaccine-induced protection. T cells 

are critical in responding to intracellular bacteria [77], and the role of T cells in 

responding to viral infection is increasingly recognized [78–80]. The zoster vaccine 

RZV protects against symptomatic varicella zoster virus (VZV) reactivation via 

CD4+ T cells, which directly correlate with protection [81]. Skin memory TH1 cells 

have been shown to be necessary for protection from poxviruses through their 

production of IFN-γ and subsequent activation of keratinocyte anti-viral programs 

[82]. T cells also have roles in limiting the severity of respiratory viruses like 

influenza and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). 

In older adults, protection against influenza has been linked to granzyme B and 

IFN-γ/IL-10 ratios [83,84]. CD8+ T cells, while not involved in preventing infection, 

are key to clearing viruses from the lungs and controlling viral replication. They 

are therefore crucial in mediating protection from serious disease [78,85]. Lung-

resident T cells are also important in cross-strain protection for both influenza 

and SARS-CoV-2 [79,80]. 

Vaccination is a world-changing public health intervention, but it often fails 

to prevent infection on an individual level. Infections acquired after vaccination, or  

breakthrough infections, can occur because pathogens have sufficiently mutated 

to be able to evade the memory responses [71,86,87]. However, the immune system 

also changes as organisms age. These changes affect extant immune memory 
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as well as the immune system’s ability to respond to vaccines. The next chapter 

will discuss age-related immune dysfunction and how it affects vaccine efficacy in 

aging populations. 
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Chapter 2: Age and Adjuvants 
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The previous chapter laid out a model of a functional immune system. 

However, the human immune system experiences many changes with age that 

move it away from the ideal. Age-associated immune dysfunction is complex and 

takes many forms. It correlates with but does not necessarily equal chronological 

age [88,89]. Age-associated changes in the immune system take place across both 

the adaptive and innate arms and make aged persons more susceptible to 

infectious diseases such as bacterial pneumonia, herpes zoster, and influenza 

[90–93]. This has been starkly seen in the recent COVID-19 pandemic, for which 

age is associated with mortality and ICU admission [94,95]. 

As the population ages, the need for protective interventions like vaccines 

increases. As of the 2020 census, over 50 million adults in the US are over the 

age of 65 [96]. This number is only projected to grow as the large generation born 

after 1945 transitions to late adulthood: worldwide, adults over 65 are expected 

to make up 16% of the population by 2050 [97]. In order to develop vaccines that 

are effective even in this aging population, an understanding of how the immune 

system functions with age is needed. In this chapter, we will discuss specific 

immune changes associated with age and how those changes impact the model 

of immune function laid out in the previous chapter. We will conclude with a 

discussion of adjuvants as a way to overcome these dysfunctions and generate a 

protective immune response.  
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2.1. Age-related immune dysfunction 

2.1.1. Adaptive immune dysfunction 

Age negatively impacts B cell response, especially to novel pathogens. 

Naive B cells decrease in frequency and number with age. This phenomenon is 

at least partially due to a decrease in B cell activating factor (BAFF) and a 

proliferation-inducing ligand (APRIL) in serum from older adults [72]. Older adults 

typically have lower antibody titers than younger adults. However, antibody 

affinity in older adults is typically similar, potentially due to antigen exposures 

earlier in an individual’s life [72,98–100]. B cells from older adults retain their ability to 

upregulate costimulatory markers and participate in the germinal center reaction 

but are deficient in CSR and SHM due to a decreased expression of activation-

induced cytidine deaminase (AID) and E47, which mediate these processes [101]. 

However, mouse models suggest that at least some of the defects seen in aged 

humoral immunity actually derive from defects in help provided by CD4+ T cells. 

Mouse studies have shown that CD4+ T cell adoptive transfers from younger 

mice can rescue germinal center formation in older mice, indicating a role for 

CD4+ T cell dysfunction in age-associated declines in humoral immunity [68].  

The T cell compartment experiences broad changes with age. The key 

site of T cell maturation, the thymus, shrinks with age. The loss of this 

developmental niche reduces the production of naive T cells and promotes 

homeostatic proliferation of naive T cell clones [72]. Both naive CD4+ and naive 

CD8+ T cells decline in total number and frequency as individuals age, although 

the decline is much more dramatic for CD8+ T cells [102]. The T cell compartment 
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also experiences a contraction in TCR diversity, limiting the potential TCR 

response in favor of antigens already encountered. Reduced TCR diversity is 

known to result in a reduced immune response, while increased diversity in the 

TCR repertoire is correlated with disease resistance [8]. In addition to these broad 

changes, T cells also experience changes specific to their subtype and function. 

Like B cells, CD4+ T cells decline in function with age. Aging has been 

associated with increased expression of CTLA-4, an inhibitory marker that binds 

costimulatory B7 molecules on APCs and downregulates rather than stimulates 

TCR activation [103,104]. Elderly CD4+ T cells have been found to have reduced 

TCR activation, reduced formation of the immunological synapse, reduced 

production of key cytokines such as IL-2, impaired costimulation for B cells, 

defective association of the TCR and CD28, and deficits in multiple signaling 

pathways such as NF-κB and tyrosine phosphorylation [105–108]. Older T cells have 

differential expression of regulatory factors such as dual phosphatase 4 

(DUSP4), impacting their ability to upregulate CD40L, ICOS, and cytokines like 

IL-21 after stimulation [109]. CD4+ T cells from older donors demonstrate delays in 

trafficking to germinal centers, negatively impacting the quality of antibody 

response and resulting in increased vulnerability to viruses [110]. Additionally, 

CD4+ cTFH proliferation is known to be reduced in aged adults compared to 

younger controls due in part to increased inflammation associated with age 

[68,111]. These functional deficits in CD4+ T cells are multi-factorial and contribute 

significantly to the age-related decline in immune function, or 

immunosenescence. 
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CD8+ T cells also experience changes with age, though it is not clear if all 

of these changes are dysfunctional. For example, aged antigen-specific CD8+ T 

cells cause more necrotic cell death than cells from younger mice, but this results 

in faster target lysis, a desirable state of affairs in an older individual with a higher 

risk of cancer [112]. Other changes, such as the increase in frequency of memory 

T cells, are also likely an adaptation to a lifetime of antigenic exposure [89,113]. 

However, some changes do appear to be detrimental, especially to primary 

immune responses. Older CD8+ T cells are much more prone to terminal 

differentiation and subsequent apoptosis [48,114]. Naive CD8+ T cells from older 

individuals have a reduced ability to expand in vitro in response to peptide 

antigens [115,116]. CD8+ T cells from older individuals also express key 

transcription factors such as T-bet to a lower degree than younger adults [115]. 

CD8+ T cells from older adults tend to express lower levels of effector markers in 

response to stimulation [113,115,116]. This combination of reduced frequency, 

differentiation, and CD8+ T cell functional defects delay viral clearance in the 

elderly [48].  

It is important to remember that adaptive immune defects do not occur in a 

vacuum. Adoptive transfers of T cells from young to old mice have shown that 

not all of these age-related defects are immune cell-intrinsic but rather depend on 

the signaling environment in which they find themselves [117–119]. 

Immunosenescent changes in adaptive immune cells are amplified or even 

caused by changes in innate immune cells. In the next section, we will discuss 
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changes in the innate immune system that can affect downstream adaptive 

responses. 

2.1.2. Innate immune dysfunction 

Innate immune cells interact with and affect the adaptive immune system. 

For B cells, innate immune cells such as fDC provide key survival and 

differentiation signals as well as antigen presentation [20,21,72]. For T cells, innate 

immune cells acting as APCs are critical not only for responding to antigens but 

also for differentiation [24,28]. Expression of tissue-restricted antigen genes (TRA) 

is critical for preventing autoreactive T cells from developing, and decline in 

expression of these genes as well as in the expression of TRA-regulator AIRE 

have been reported in older adults in thymic structures and B cells [2,120]. 

Changes in innate immune cell function and phenotype contribute to impaired 

adaptive immune responses in older adults. 

DCs with dysfunctional signaling and activation are associated with age. 

While DC number, morphology, and baseline expression of such markers as 

CD80/86 and HLA-DR in peripheral blood appear unchanged when compared to 

young donors, DCs in elderly donors have reduced migratory activity. They also 

secrete higher TNF-α and IL-6 in response to stimulus, perhaps as a result of the 

low-level chronic inflammation associated with aging [121]. Additionally, they have 

delayed late-response Type I IFN signaling in response to viral antigens, limiting 

the typical positive feedback seen with activation [122]. DCs from older individuals 

have lower TLR expression and decreased phagocytic ability [123]. Senescent 
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phenotypes therefore seem to play a role in DC dysfunction and impaired 

follicular response in aged people.  

Monocytes do not change in frequency with age but do change their 

phenotype. For example, aged monocytes show decreased upregulation of MHC 

Class II in response to stimuli as well as increased production of TNF-α at 

baseline and after TLR4 stimulation [123,124]. In general, monocytes from younger 

donors produce more effector cytokines such as IFN-γ, IL-1β, and IL-6 than their 

older counterparts [124,125]. RIG-1 signaling, a key PAMP antiviral pathway in 

monocytes, is reduced in older adults in the context of influenza [126]. However, 

monocytes are not completely defective with age. Classical monocytes in 

particular maintain their ability to switch to glycolytic metabolism– a key part of 

inflammatory activation– in older individuals [127,128]. Classical monocytes also 

retain their ability to produce IL-6 and TNF-α in aged persons, though overall IL-6 

and TNF-α production in response to stimuli decreases with age [125]. Total 

monocyte frequency is higher in older donors, and the distribution of monocytic 

subtypes such as classical/non-classical remains similar to younger adults [129]. 

It is not known whether complete restoration of APC function is necessary 

for a productive immune response. The fact that vaccines have at least partial 

efficacy in older populations suggests that, at minimum, a threshold of immune 

activation is necessary for protective immune memory. It seems likely that a 

stronger inflammatory response would correlate with a higher degree of APC 

functional recovery. However, this approach leads to an increased risk of 

adverse events, which is observed in vaccines like RZV [130]. It is not known if this 
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threshold can be reached without increased risk of side effects, highlighting the 

importance of determining relevant pathways of APC activation in older adults for 

further adjuvant development.  

2.1.3. Senescence and Inflammaging 

Many of these defects are related to two key T cell states associated with 

age: senescence or exhaustion. These states are superficially similar, as they 

both result in decreased T cell proliferation, but they develop from different 

causes and have different functional roles. Senescence is a phenomenon that 

culminates in cell-cycle arrest after cell division limits are reached, a status called 

the Hayflick limit [89,131,132]. Chronic antigen stimulation is believed to contribute to 

replicative senescence by driving repeated cellular divisions in response to 

antigen [133,134]. Senescence is not limited to T cells and is actually best studied in 

fibroblasts [131,132,135]. 

Senescent T cells can be distinguished functionally by their failure to 

proliferate in response to antigen in conjunction with their pro-inflammatory 

cytokine secretion profile [134]. Senescent T cells express CD57 and KLRG-1 on 

their surface, which contribute to their impaired proliferation capacity. KLRG-1 is 

used as a marker of cellular differentiation [136]. Functionally, KLRG-1 acts to 

downregulate T cell responses through its inhibitory ITIM motif [137]. CD57 is a 

marker of terminal differentiation: cells that express it have reduced proliferation 

and shorter telomeres [138]. However, CD8+CD57+ T cells have been shown to 

retain their cytotoxic potential, as they strongly produce granzyme and perforin 
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and are still capable of cytokine production [138–140]. Senescent T cells are 

therefore capable of responding to antigens, even if they cannot proliferate. 

Senescence is associated with a phenomenon known as inflammaging. 

Non-lymphoid senescent cells secrete a cytokine profile referred to as 

senescence-associated secretory phenotype (SASP) that includes IL-6, IL-7, 

MCP-2, and MIP-3α alongside growth and survival factors [132]. Macrophages are 

known to be key sources of IL-6 and TNF-α in senescent tissues [141]. Lymphoid 

cells also can become senescent and secrete additional inflammatory markers 

such as TNF-α and IFNs alongside SASP factors, particularly IL-6 [142]. This basal 

inflammation particularly impacts innate immunity, which in turn alters both naive 

and memory adaptive responses, especially in the T cell compartment [142,143]. 

Inflammaging is linked to the increase in frailty associated with chronic 

inflammatory disorders (see section 2.1.5) and can be worsened by ongoing 

stimulation of the innate immune system [141,142,144]. In fact, some have argued 

that inflammaging is at the heart of aging itself [145]. Regardless of the exact 

relationship between inflammaging and immunosenescence, it is clear that any 

attempt to address immunosenescence will need to account for the impacts that 

this chronic low-grade inflammation has upon the immune system. 

2.1.4. Exhaustion 

In contrast to senescent cells, exhausted T cells are derived from constant 

or repeated antigenic stimulation and display decreased functionality in a 

progressive manner [131]. Because exhaustion results from chronic antigen 

stimulation, exhausted T cells are more common in older individuals, though they 
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are also present in younger individuals in contexts such as cancer or HIV 

infection [146–148]. Obesity is also linked to increased T cell exhaustion, likely 

through background inflammatory signals provided by adipose tissue 

macrophages [148,149]. Exhausted T cells are notable for both their decreased 

proliferative ability and their lack of inflammatory cytokine production [134]. 

Typically, the expression of inhibitory marker expression and inefficient cytokine 

production in exhausted cells is progressive. For example, cells lose the ability to 

produce TNF-α and IL-2 before they lose the ability to produce IFN-γ [104]. 

Exhausted T cells can be identified by the surface co-expression of inhibitory 

markers such as PD-1, LAG-3, or CTLA-4. Programmed cell death receptor 1, or 

PD-1, however, remains the seminal exhaustion marker [150–152]. 

PD-1 is expressed briefly during T cell activation, but high expression of 

PD-1 for longer periods of time is strongly associated with exhaustion [150,153]. PD-

1 interacts with its ligand, PD-L1, to attenuate TCR signaling and T cell 

activation. This regulatory mechanism can serve to prevent hyper-inflammatory 

immune responses that may cause more damage to the host than the pathogen. 

PD-1 signaling also can trigger the expression of genes such as BATF, a 

negative regulator of cytokine production. PD-1 expression has also been shown 

to limit T cell mobility [131]. However, some T cells such as TREG and TFH 

constitutively express high PD-1, so PD-1 expression alone cannot be indicative 

of exhaustion [152]. Antigen persistence alone is insufficient for the long-term 

upregulation of PD-1, suggesting the need for additional signals or high antigen 

concentrations for clinical exhaustion [154].  
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Unlike senescence, exhaustion in T cells can be treated. The most 

successful example of this process is PD-1 blockade. PD-1 blockade is most 

studied in CD8+ T cells and NK cells in the context of cancer but has also been 

shown to be effective in CD4+ T cells [155]. In PD-1 blockade, antibodies are 

administered that bind to but do not activate PD-1 or PD-L1, preventing the 

interaction of the receptor and its ligand. In the absence of this inhibitory signal, T 

cell activation increases [156]. Less differentiated T cells such as T-betHI or PD-1int 

cells respond best to PD-1 blockade, possibly due to the fact that they retain 

baseline proliferative capacity. The partial retention of functionality makes CD4+ 

T cells an attractive candidate for revitalization, as studies of PD-1 blockade 

show that reversal of exhaustion is only effective in moderately exhausted T cells 

[157]. 

2.1.5. Frailty 

Frailty can be defined in various ways but is generally thought of as a 

complex multi-system reduction in physiological function and recovery that 

results in increased risk of morbidity and adverse health outcomes [158,159]. Frailty 

is classically defined as a clinical phenotype in which a person presents with 

several of the following: unintentional weight loss, lethargy, weak grip strength, 

low physical activity, and lower walking speed [160]. Other definitions of frailty such 

as the Frailty Index of Cumulative Deficits, are also used. Regardless of the scale 

used to score it, frailty has been shown to correlate with a wide variety of events 

from fall risk to infectious disease mortality [158]. Chronic inflammation and 

inflammaging is believed to play a role in the progression of frailty [158,161,162]. 
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Sarcopenia, the general muscle wasting that is associated with frailty, is known 

to be mediated or exacerbated by immune mediators such as TNF-α or IL-1 that 

are produced during chronic inflammation [161]. However, in part because frailty is 

defined by clinical outcomes or disease presence, the molecular causes and 

signs of frailty are ill-defined. It is clear that frailty is a major risk factor for vaccine 

failure and infectious disease morbidity/mortality [163,164]. 

Nursing home residents tend to be more frail than independently housed 

older adults. They are thus more susceptible to infectious disease and less likely 

to respond well to vaccination [165]. As of 2015, estimated frailty prevalence in 

nursing homes was over 50%, and the overall frequency of frail individuals is 

anticipated to increase as the global population ages [165]. Immunosenescence, 

or the decline in immune function associated with age, is connected with and 

contributes to frailty phenotypes [162]. Whether frailty is caused or worsened by 

factors associated with immunosenescence is unclear: however, frailty is 

generally considered a better indicator of immune decline than chronological age 

[158]. As a highly frail and aged population, nursing homes can thus be expected 

(and indeed have long been found) to be increasingly susceptible to infectious 

disease compared to the community population [166–168]. 

There are clearly negative impacts of age-associated immune changes on 

human health, such as an increased risk for cardiovascular disease, type 2 

diabetes, cancer, and infectious disease [1], but caution should be used when 

classifying age-associated changes as “defective.” For example, inflammatory 

macrophages are more efficient at killing pathogens, but they also require greater 
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energy expenditure that older cells may not be able to safely maintain [169]. While 

immunosenescence leads to detrimental responses in the context of infectious 

disease and immune memory, it is important to remember that these are not the 

only evolutionary or health pressures faced by aged persons. 

Immunosenescence may be important to restrain autoimmunity and therefore 

cannot be considered a universal negative. 

2.2. Connecting age and adjuvants 

One potential way to protect aged individuals from infectious disease is to 

amplify innate immune activation during vaccination. The idea is that sufficient 

inflammatory signaling will overcome adaptive immune deficits and result in a 

protective immune response. There are, of course, issues with this approach: for 

one, inflammation does not always correlate with protection and can in fact be 

detrimental to developing an adaptive response [42,101,170]. For another, as 

discussed above, the innate immune system has its own defects that make 

increasing activation difficult [123,169]. However, clinically speaking, the use of 

adjuvants or high antigen doses does seem to provide better protection in older 

adults [143,171]. The success of other vaccines such as RZV and SARS-COV-2 

mRNA vaccines in older populations raises the question of whether poor vaccine 

immunogenicity in older adults is truly insurmountable or merely a matter of 

finding the right vaccine formulation to enhance responses [169].  

The first vaccines simply injected killed organisms, such as the cowpox 

inoculations famously used by Jenner. The standard influenza vaccines still use 

inactivated virus as the antigen [172]. More recently, recombinant subunit vaccines 
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have been the focus of development, in which proteins from a pathogen are 

produced in host organisms to be purified for vaccine use. An example of this 

vaccine type would be the recombinant zoster vaccine, Shingrix (RZV), which 

uses glycoprotein E (gE) from engineered Chinese hamster ovary cells [173]. 

Because of their highly purified form, subunit vaccines require some form of 

adjuvant to promote effective responses [172,174,175]. Another recently developed 

vaccine platform uses a recombinant mRNA encased in a liposome to express a 

viral target protein in host cells. These vaccines are inherently self-adjuvanting 

and activate PRR signaling through RIG-1 and TLR signaling [176]. This vaccine 

platform has been popularized by the SARS-CoV-2 vaccines made by Moderna 

(mRNA-1273, marketed as Spikevax) and Pfizer (BNT162b2, Comirnaty) and 

shows high initial efficacy even in older adults [177–179]. 

Adjuvants boost immune responses, making them key to improving 

vaccine efficacy in older adults. They are ingredient(s) added to a vaccine for the 

sole purpose of increasing vaccine response [175]. Adjuvants are distinct from 

additions like emulsifiers or stabilizers that are meant to maintain the shelf life of 

a vaccine in that an adjuvant directly interacts with the immune system. This is 

particularly critical in aged adults, who through a combination of factors 

discussed previously, are less able to mount a protective vaccine response. 

Various adjuvants have been shown to increase humoral titers, promote SHM 

and cross-functional antibodies, increase both CD4 and CD8 T cell frequencies, 

and provide greater clinical protection than unadjuvanted vaccines. In some 
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cases, particularly for subunit or recombinant vaccines, an adjuvant is necessary 

to achieve a detectable response at all [172,175]. 

Despite the frequent inclusion of adjuvants in vaccines, the mechanisms 

by which they boost immune responses remain unclear. This impedes the ability 

to develop novel adjuvants, particularly ones that can be directed towards 

enhancing specific protective responses. As research in vaccine design turns 

towards recalcitrant diseases for which no effective vaccine exists, such as HIV, 

malaria, or tuberculosis, the need for rationally designed vaccine adjuvants 

grows. In the following sections, three commonly used and clinically approved 

adjuvants and their known mechanisms will be discussed.  

2.2.1. Alum 

Aluminum compounds, colloquially referred to as alum, are the oldest and 

most common adjuvants in use in humans [180]. First used in vaccines developed 

in 1932, this adjuvant was originally believed to act solely as a depot for the slow 

release of antigen [180,181]. Alum is now known to also amplify immune responses 

through APC activation by various DAMPs. As an adjuvant, alum seems to 

preferentially promote TH2 responses [175,182,183]. The full mechanism for this TH2 

skewing is unknown: however, alum promotes IL-10 production in macrophages 

and DCs at the site of injection in mice and IL-4 production in human monocytes 

when cultured with T cells [183,184]. Both alum and uric acid, a signaling molecule 

associated with alum, lead to the inhibition of the IL-12 subunit IL-12p70 [184]. IL-

10 is a known antagonist of the TH1 skewing cytokine IL-12, and localized 

production of IL-10 in response to alum may play a role in skewing CD4+ T cells 
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towards a TH2 phenotype [24,185,186]. Additionally, IL-33, a TH2-skewing cytokine, is 

produced after alum injection into mice [187]. These and other mechanisms are 

believed to contribute to alum’s skew towards humoral and TH2 responses. 

Following vaccination with alum-adjuvanted antigens, neutrophils are the 

first immune cells summoned to the site of vaccination. Within three hours of 

vaccination, human neutrophils and their associated NETs can be detected. 

These NETs play a key role in inducing innate immune responses, as co-

injection with DNAse decreases local cell recruitment to dLNs and results in a 

decreased adaptive response in mice [188–190]. NALP3 inflammasome is also 

activated by this source of dsDNA, resulting in the cleavage of caspase-1 and the 

release of IL-1β and IL-18 [188,191].  

Alum itself as a particle may also serve as a DAMP, triggering the release 

of NETs and future immune activation as dsDNA is detected. Charged particles 

have been shown to cause lysosomal rupture and oxidative stress in innate 

immune cells, upregulating APC recruitment and activation [192–194]. The dsDNA in 

NETs as well as DAMPs such as uric acid from necrosing cells can then activate 

the NALP3 inflammasome [188,191]. The NALP3 inflammasome pathway releases 

yet more initiators of inflammation [194–196], leading to an inflammatory cascade 

that summons additional APCs to the site of inflammation and the dLN. The 

increased number of APCs as well as their activation and upregulation of 

costimulatory markers ultimately leads to a more productive adaptive response 

than can be achieved with antigens alone [188,192]. 
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While alum can induce protective antibody responses, it is inefficient at 

generating TH1 responses [197]. In fact, the IL-10 generated by alum injection may 

actively inhibit TH1 responses [184]. Alum adjuvants do not generate significant 

CD8+ T cell responses [198,199]. Alum is additionally a weak adjuvant for subunit 

vaccines [180]. While it serves well enough for humoral-focused vaccines, it 

quickly became clear that in cases where T cell responses were needed for 

protection, new adjuvants would have to be developed. 

2.2.2. MF59 

The adjuvant used in adjuvanted influenza vaccines (aTIV), is an 

emulsion-based adjuvant composed of squalene and known as MF59. Squalene 

is a natural triterpene and an intermediate of cholesterol in the human body [200]. 

It does not activate DCs directly but induces cytokine production and the 

recruitment of CD11b+ cells to the vaccination site [201,202]. These cells are able to 

efficiently prime T cells in animal models, and MF59 is associated with increased 

germinal center formation and subsequent antibody titer increases [203,204]. 

Influenza-specific cTFH cells have also been shown to proliferate following MF59-

adjuvanted vaccination in humans and to correlate specifically with increased 

production of antibodies [69,205]. However, the impact of age on these responses 

is not known, as most studies focus on children or healthy adults under the age 

of 60. 

The molecular mechanisms of MF59’s adjuvant activity are still 

incompletely understood, particularly its role in activating cells at the site of 

injection. It has been shown that MF59, specifically its components Tween80 and 
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Span85, induces ATP release when injected intramuscularly [206]. This transient 

ATP presence promotes cell recruitment to the site of vaccination. This ATP also 

appears to play a role in priming naive T cells, as downstream humoral titers and 

T cell frequencies are decreased when ATP-consuming apyrase is used at the 

injection site [206]. Additionally, TLR-linked signaling molecule MyD88 is required 

for MF59 adjuvant activity, though MF59 does not appear to act through 

traditional TLR stimulation [201]. 

MF59 expands TFH in mouse germinal centers, potentially due to 

increased antigen retention and subsequent enhanced germinal center formation 

[204,207,208]. After vaccination, MF59 and its accompanying antigen is taken up by 

neutrophils and monocytes from the site of injection and carried to the dLN [202]. 

There, they accumulate in sinus and medullary macrophages, resulting in their 

depletion in association with an upregulation in RIPK3 and caspase-1 [199]. The 

necrotic cell death of these macrophages seems to be key to CD8+ T cell 

responses to MF59-adjuvanted vaccines but not to humoral responses, as 

CD169+ depleted mice have reduced CD8+ responses [199]. 

A previous study speculated that, on the basis of increased 

responsiveness to the inclusion of MF59 in studies with younger or naive donors, 

MF59 acts best to adjuvant naive B cell response, particularly their SHM [209]. 

Clinical trials have also shown that adjuvanted quadrivalent influenza vaccine 

provides greater protection in younger cohort brackets [210]. How 

immunosenescence and the “inflammaging” phenotype associated with cellular 

senescence impacts adjuvanted vaccine response in older adults is not clear. 
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There is some evidence to suggest that MF59’s impacts may attenuate with age, 

as H5N1 MF59-adjuvanted clinical trials show stronger antibody generation in 

children than adults [209,211]. Determining if MF59 remains effective and the 

mechanisms by which it retains that efficacy are critical to determining 

appropriate recommendations for clinical deployment of vaccines in older, more 

susceptible adults. 

2.2.3. AS01 

AS01 is included in the recombinant subunit vaccine for herpes zoster 

(RZV), where it induces strong TH1 expansion and reactogenicity [81]. This 

relatively new adjuvant is credited with the strong memory response induced by 

RZV, as VZV gE administered alone has little to no immunogenicity [212]. In 

humans, prominent and polyfunctional TH1 expansion has been observed in both 

RZV and RTS,S/AS01 malaria vaccine Mosquirix [81,213]. This further indicates 

that AS01 rather than the antigen used is responsible for antigenic effects. 

AS01 is believed to induce strong immunogenicity via its activation of 

multiple immune pathways. The adjuvant is a liposomal formulation of two strong 

immune stimulators, QS-21 and monophosphoryl lipid A (MPL). QS-21 is a 

saponin derived from Quillaja saponaria, while MPL is a non-toxic ligand for 

TLR4 derived from LPS from Salmonella minnesota. Evidence already points to 

the critical role of inflammatory crosstalk in generating the superior immune 

response observed in AS01. Mouse studies utilizing RTS,S/AS01 showed 

preferential APC recruitment and more antigen-specific T cell generation than 

RTS,S/MPLA or RTS,S/QS-21[214]. IFN-γ from NK and CD8+ T cells exposed to 
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IL-18 is known to be critical for the maturation of these APCs in mouse models, 

implicating multiple key signals from different cell types as necessary for maximal 

adjuvanticity [49,214]. Mouse studies comparing AS01, MPLA, and QS-21 detected 

differential gene transcription in the dLN as early as 4 hours. Notably, IFN-related 

genes were detectable in AS01-treated, but not QS-21 or MPL-treated, mice. 

Many of the genes upregulated by AS01 were key crosstalk points between 

pathways triggered by MPL or QS-21, suggesting synergistic effects were 

responsible for the strong CD4+ T cell response observed post vaccination [214].  

AS01 contains MPL, a ligand for key bacterial sensor TLR4. TLR4’s most 

well-known and potent ligand, LPS, is a component of many bacterial cell walls. 

TLR4 sensing triggers Type I IFN production as well as additional intracellular 

signaling that connects to the activation of the NF-κB pathway. This transcription 

factor is at the nexus of a variety of cellular events, including those related to cell 

proliferation, apoptosis, and inflammation. Among its many transcriptional targets 

are genes for cytokines such as TNF-α as well as pro-IL-1β. NF-κB is normally 

regulated by IκB, which binds it and prevents nuclear translocation. The 

degradation of IκB results in nuclear translocation and the transcription of NF-κB 

targets, among which are inflammasome components. The inflammasome is a 

catalytic cellular complex and is believed to require two signals to activate: a 

preliminary signal that activates NF-κB and leads to transcription of the NLRP3 

inflammasome and the production of pro-IL-1β as well as a secondary signal that 

catalytically activates the inflammasome composed of NLRP3 and caspase-1 

[215–217]. Type I IFNs are sensed by the membrane receptor IFNAR and activate 
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caspases, triggering further inflammatory signaling events. Notably, like most 

TLRs and PRRs, TLR4 signaling activates IRAK, which acts to degrade 

regulatory molecules limiting NF-κB activity and serves as a key link to other 

signaling pathways [218].  

In addition to TLR4 activation by MPL, QS-21 has been shown to induce 

inflammation. It does so through the NLRP3 inflammasome and the production of 

IL-1β and IL-18 [219]. Additional signals for inflammasome activation come from 

cellular stress caused by the co-localization of QS-21 to the lysosome [220]. The 

inflammasome is “licensed” by the transcription factor NF-κB, which is necessary 

to transcribe the components of the inflammasome. Inflammasome activation 

triggers a cascade that results in the cleavage of IL-1β and IL-18 to their active 

forms. TLR4 activation intersects with inflammasome signaling both at the level 

of NF-κB activation via degradation of IκB as well as activation of the 

inflammasome via NLRP3 stabilization [215–217].   

While much is known about AS01’s components and how they activate 

immune cells, less is known about how AS01 is able to overcome 

immunosenescence in older adults for a protective cellular response. Nearly all 

mechanistic studies for AS01 take place in mice and ignore age entirely 

[49,212,214,220,221]. Mechanistic studies also rely MDDC even when they do use 

human data, despite evidence that MDDC are not phenotypically nor functionally 

the same as mDC [30,220,222–225]. Further, it is unclear if AS01 induces signals that 

promote a TH1 phenotype or if that skew is caused by factors inherent to the 

aged immune system.  
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As more is understood about the immunomodulatory mechanisms of 

adjuvants, next generation adjuvants with more targeted effects can be 

developed. In this thesis, we explore mechanisms by which adjuvanted vaccines 

provide protection to older adults using two models: adjuvanted recombinant 

zoster vaccine (RZV) and adjuvanted trivalent influenza vaccine (aTIV). By 

exploring how these clinically available vaccines provide protection, we hope to 

both understand the basis for effective vaccine protection in older adults as well 

as provide screening measures for the development of new adjuvants. 
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Chapter 3: Adjuvant AS01 Activates Human Monocytes for Costimulation 

and Cytokine Production 
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3.2. Abstract 

Background 

The adjuvanted recombinant zoster vaccine (RZV) is highly effective even 

in adults over 80 years old. The high efficacy of RZV is attributed to its highly 

reactogenic adjuvant, AS01, but limited studies have been done on AS01’s 

activation of human immune cells. 

Methods 

We used flow cytometry and RNA Sequencing (RNAseq) to analyze the 

impacts of AS01 on human primary cells. The ability of AS01-treated antigen-

presenting cells (APC) to costimulate human T cells using an in vitro assay was 

also tested.  

Results 

We found that AS01 activated monocytes to a greater extent than any 

other cell population, including dendritic cells. Both classical and non-classical 

monocytes demonstrated this activation, and monocytes were able to provide 

greater costimulation to T cells after AS01 incubation. RNASeq showed that TNF 

and IL1R pathways were highly upregulated in response to AS01 exposure, even 

in older adults. 

Conclusions 

AS01 strongly activates human monocytes, enabling them to provide 

enhanced costimulation to T cells and inducing cytokines that mediate systemic 

inflammation. Understanding AS01’s impacts on human cells opens possibilities 

to further address the reduced vaccine response associated with aging. 
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3.3. Introduction 

Vaccination remains the most effective public health strategy for reducing 

disease mortality and morbidity. However, older adults display a reduced vaccine 

response compared to younger counterparts, which is exacerbated by any 

underlying conditions [164]. Reduced vaccine response is a consequence of 

immunosenescence, a natural, multi-factorial decline in immune function. An 

incomplete understanding of the complex immunologic factors driving the 

development of immunosenescence obstructs our ability to optimize vaccine 

response in older populations. 

Despite this lack of understanding, one vaccine has been found to be 

highly protective in older adults, even in the oldest cohorts studied. 

Administration of two doses of the recombinant zoster vaccine (RZV, Shingrix) 

provides 70-90% protection from zoster, even in adults over 85 [226–228]. In stark 

contrast, the previous zoster vaccine formulation, live attenuated zoster vaccine 

(Zostavax), was only 20% effective in populations over 80 [229,230]. Herpes zoster 

is a common and exceptionally painful disease caused by the reactivation of 

latent herpesvirus (varicella zoster virus) and can be very debilitating in 

individuals who go on to develop post-herpetic neuralgia (PHN) which can persist 

for months to years after the resolution of lesions [226]. Zoster reactivation is 

highly associated with age, immunodeficiencies and frailty, all factors associated 

with immunosenescence [231]. That RZV can provide protection regardless of 

these conditions is nothing short of ground-breaking. 
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RZV is composed of the novel adjuvant AS01 and varicella zoster (VZV) 

glycoprotein E (gE). AS01 is highly reactogenic and believed to be the primary 

source of RZV’s efficacy [232,233]. AS01 itself is a liposomal formulation of QS-21, 

a fractionation of Q. saponin tree bark, and MPL, a TLR4 agonist derived from S. 

minnesota lipopolysaccharide (LPS) [234]. RZV provides outstanding long-term 

protection through the induction of a protective T cell memory response [81]; 

however, the specific mechanism(s) by which the adjuvant AS01 contributes to 

the development of this protection remain(s) unknown. 

Mechanisms of action for AS01 have been studied in mice, but very 

limited data on the mechanism of action in humans is available. Mouse models 

have identified key responding immune cell populations, such as subcapsular 

CD169+ monocytes in the lymph node, that are critical for the full breadth of 

AS01-adjuvanted vaccine response [49,214]. Vaccines containing AS01 are well-

known for their systemic reactogenicity, suggesting a role for immune cells in the 

periphery as well as in the lymph node [233,235]. However, while serum analysis 

and systemic inflammation has been studied in clinical trials, little has been 

reported on AS01’s impacts on circulating human cells [214,233,236]. Addressing this 

knowledge gap will not only provide important insights into mechanisms that 

could reverse age-related decreases in vaccine response, but will also inform 

adjuvant development strategies to allow for maximizing response and 

minimizing toxicity 

In this study, we use primary human cells to study AS01’s activation 

profile and find that monocytes strongly respond to AS01 in vitro. We perform 
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RNA sequencing on isolated CD14+ cells and show key pathways that are 

activated in both old and young donors such as TNF-ɑ and IL1R signaling. We 

propose that AS01 works well in older populations in part by activating 

monocytes to serve as antigen-presenting cells (APCs) to primarily VZV-specific 

memory T cells, present due to the extremely high rate of prior VZV infection in 

RZV recipients. Our study provides insight into a highly AS01-responsive 

immune cell population in humans, signature of adjuvant response in this 

immune cell subset, and is the first published transcriptomic profile of the direct 

effects of AS01 on human cells. 
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3.4. Materials and methods 

Subject recruitment 

Healthy community donors gave informed consent under University 

Hospitals Cleveland Medical Center institutional review board approved protocol. 

Both male and female donors were included in all assays. Throughout this paper, 

“sex” is used in the sense of biological assignment at birth. 

PBMC collection and isolation 

Venous blood was processed to PBMC using Ficoll gradient density 

centrifugation. Freshly isolated cells were used for experiments in order to 

maintain the viability of the myeloid compartment, particularly the DCs. 

Flow cytometry 

For all assays, PBMC from healthy donors were incubated for 18 hrs at 

37°C with various ligands or unstimulated as a control. When cells were stained 

intracellularly, brefeldin A (BFA; Sigma, B7651; 1 µg/mL) was used during culture 

to block cytokine release. After incubation, cells were stained at 4°C with 

appropriate panel (see Supplemental Table 3.1), fixed with 1% 

paraformaldehyde, and run on a BD Symphony or Fortessa flow cytometer 

depending on the panel. For Figure 3.1, PBMC were incubated 1:100 AS01 (the 

adjuvant component vial from Shingrix vaccine, GlaxoSmithKline) or LPS (400 

ng/mL; Invivogen, tlrl-smlps) with 1:100 Fluzone High Dose vaccine (Sanofi-

Pasteur, 2019-2020, Swiftwater, PA) in X-Vivo 15 media (Lonza, 04-418Q). For 

Figure 3.2, PBMC were stimulated with 1:100 AS01, 250 ng/mL MPLA-SM 

Vaccigrade (Invivogen, vac-mpla), or 5 µg/mL QS-21 in liposomal formulation 
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(formulated according to [237]; S-21 from Desert King, lot L021219PP18-1) in X-

Vivo 15 media. Adjuvants were titrated in preliminary experiments on human 

PBMC for a dose that induced a detectable IL-6 induction without cytotoxicity. In 

the case of liposomal QS-21, titrations were determined on the basis of minimal 

cytotoxicity and detectable surface marker upregulation. For Figure 3.3, PBMC 

were incubated 1:100 AS01 or LPS (100 ng/mL) in X-Vivo 15 media.  

RNASeq 

Donors were selected among consented younger (<35 years old) or older (≥65 

years old) adults The median age of donors under 35 was 28.5 years old (n=8), while 

the median age of the donors >65 was 70 years old (n=8). The minimum and maximum 

ages were 25 and 82, respectively. PBMC were incubated for 10 hours at 37°C in X-

Vivo 15 media with 1:100 AS01. Untreated cells were used as a control. 

Timepoints were determined using upregulation of ICAM-1, HLADR, and CD86, 

as assessed by qPCR (Supplemental Figure 3.1) After stimulation, cells were 

stained with a sorting panel using the markers in Supplemental Table 3.1. 

Monocytes were sorted directly into lysis buffer RLT from Qiagen kit used for 

purification (Live, Singlet, CD3/CD19-, CD14+) using a BD FACS ARIA-SORP. 

RNA was purified using Qiagen’s RNAeasy Micro kit (74004) and stored at -80°C 

before library preparation and sequencing. RNA quality, specifically purity and 

lack of degradation, was checked using Bioanalyzer.  

RNASeq analysis was performed as described in detail previously 

[238].  Briefly, fastq files were filtered out if they had an average phred quality 

score <30 or a length <36 before alignment to Homo Sapiens NCBI reference 

genome GRCh38. These count files were imported into R and were assessed for 
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quality control, normalized and analyzed using an in-house pipeline utilizing the 

limma-trend method for differential gene expression testing and regression 

modeling and the GSVA library for gene set sample enrichment [239,240]. 

We performed a network analysis of the AS01-stimulated vs. unstimulated 

monocytes to visualize the protein-protein interaction (PPI) network. Upregulated 

genes were selected using a threshold value of Log2 Fold Change > 1.00, and 

differentially expressed genes (DEGs) were detected with the adjusted p-value > 

0.25. Next, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 

enrichment analysis for selected DEGs was used to generate the PPI network 

(Figure 3.6C). We identified a zero-order interaction schema and selected the 

STRING interactome (confidence score = 900) database to determine protein 

hub interactions for these genes. 

Costimulatory assay 

Monocytes were isolated from PBMC using human CD14+ positive 

selection kit (Biolegend, 480024), and mDC were isolated using CD1c (BDCA-1) 

dendritic cell positive isolation kit (Miltenyi Biotec, 130-119-475). Sorts were 

checked for purity using flow cytometry (median purity 80% for CD14; 57% for 

mDC). Monocytes (20,000/well) or mDC (10,000/well) were incubated in 96-well 

round-bottomed plates in triplicate in X-Vivo 15 media along with 1:100 AS01, 

250 ng/mL MPLA, or 5 µg/mL liposomal QS-21, as well as an unstimulated 

control. After 18 hours, cells were incubated with SEB (0.1 µg/mL) for 1 hour 

before washing. Monocytes and mDC were fixed using 1% paraformaldehyde. 

CD3+ cells from a control donor that serve as a readout of costimulatory ability 
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were added to fixed monocytes at a concentration of 150,000 cells/well and 

incubated for 3 days. Supernatants were harvested and tested for IFN-γ 

production using an ELISA kit (Biolegend, 430115). The same donor’s CD3+ T 

cells were used for all costimulatory experiments. T cells were isolated with 

human CD3 T cell isolation kit (Biolegend, 480131) and cryopreserved in 10% 

DMSO + FBS until use.  
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3.5. Results 

AS01 preferentially activates innate myeloid cells in human PBMC 

To determine what cell populations were directly activated by AS01, 

peripheral blood mononuclear cells (PBMC) were stimulated for 18 hours with 

either adjuvant AS01 or a LPS+influenza vaccine as a positive control. Influenza 

vaccine was included in the positive control to provide viral ssRNA (TLR7) and 

antigenic stimulus alongside the TLR4 ligand LPS. Cells were then analyzed by 

flow cytometry to assess the frequency and lineage of cells responding to AS01, 

as indicated by expression of the cytokines IFN-γ, IL-1β, and TNF-ɑ. The gating 

strategy is shown in Supplemental Figure 3.2. AS01 strongly induced IL-1β and 

TNF-ɑ production in CD14+ monocytes and to a lesser extent, in mDC. TNF-ɑ 

and IL-1β were not significantly produced in response to AS01 in T cells, B cells, 

pDC, and NK cells (Figure 3.2). Additionally, AS01 did not induce IFN-γ in either 

T cells or NK cells (Figure 3.2) 

.  
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Figure 3.1. Myeloid cell responses to AS01 stimulation of PBMC. Peripheral 
blood mononuclear cells (PBMC) were either unstimulated (US), treated with 
positive control (+, 1 µg/mL LPS + 1:100 dilution of ssRNA containing influenza 
vaccine), or stimulated with AS01 (1:100 dilution) for 18 hours. After stimulation, 
monocytes (A) and mDCs (B) were assessed for production of inflammatory 
cytokines (n=31) using flow cytometry. Comparison between conditions was 
performed using a Friedman test followed by Dunn’s multiple comparison test in 
Prism. Geometric mean (GM) was compared between TNF-ɑ+ (C) and IL-1β+ 
(D) cells as a measure of the amount of cytokine being produced by indicated 
cell types. MFI comparisons were performed using Wilcoxon test. Asterisks 
correlate to the degree of significance (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; 
****, p ≤ 0.0001). Donors ranged from 22-82 years old, with a median age of 55 
years old. 
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Figure 3.2. Cytokine expression in response to AS01 in PBMC. As in Figure 
1, after 18 hours of stimulation with media alone (US), a positive control ((+, 1 
µg/mL LPS + 1:100 dilution of ssRNA containing influenza vaccine), or AS01 
(1:100 dilution), cytokine production in pDC, B cells, NK cells, and T cells was 
examined. Data for mDC and CD14+ is presented in Figure 1. Statistical analysis 
was performed using the Friedman test. Asterisks correlate to the degree of 
significance (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001). Donors 
ranged from 22-82 years old, with a median age of 55 years old. 
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In order to better understand AS01’s activation of myeloid cells, we used 

flow cytometry to assess the expression of costimulatory markers on mDCs and 

monocytes (gating in Supplemental Figure 3.3). AS01 contains two components 

known to synergistically stimulate the immune system in mice [13]. In order to 

examine the effects of each component of AS01, we stimulated with AS01 and 

individually with its components, the TLR4 ligand monophosphoryl lipid A 

(MPLA), and liposomal QS-21. Treated monocytes displayed upregulation of 

HLA-DR, CD86, CD11c, and CD54 in response to AS01. Surprisingly, MPLA 

treatment did not result in the upregulation of any marker besides CD11c in 

monocytes, while QS-21 had similar effects as AS01 on surface marker 

expression (Figure 3.3A). In contrast, mDC did not significantly upregulate any 

marker in response to AS01 or MPLA, although QS-21 was able to induce a 

small but significant degree of HLA-DR, CD86, and CD11c upregulation in 

comparison to unstimulated mDC (Figure 3.3B).  
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Figure 3.3. AS01 assessment of costimulatory marker upregulation in 
monocytes and mDC. Peripheral blood mononuclear cells (PBMC) were either 
unstimulated (US) or stimulated for 18 hours with AS01 (1:100 dilution), MPLA 
(250 ng/mL), or liposomal QS-21 (5 µg/mL) before assessment by flow cytometry 
(n=20). Surface marker geometric mean (GM) is reported for A) monocytes and 
B) mDC. C) PBMC were stimulated as above and stained for intracellular 
cytokine expression. Frequency of TNF-ɑ+ cells were compared in CD14+ cells 
and mDC (n=10). D) IL-8+ frequencies after stimulation were compared between 
CD14+ and mDC (n=10).  IL-8 and TNF-ɑ expression in monocytes and mDC 
was compared between incubation conditions (n=10). Analysis in C and D was 
performed using the Friedman test followed by Dunn’s multiple comparisons test. 
Asterisks correlate to the degree of significance (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 
0.001; ****, p ≤ 0.0001). Donors in surface analysis ranged from 26-74 years old 
(median 40.5 years old), while donors in cytokine analysis ranged from 29-59 
years old, with a median age of 44.5) 
 

Flow cytometry was also used to assess cytokine production in response 

to AS01 and its components. Intracellular flow cytometric analysis of monocytes 
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and mDC shows that both cell types were activated in response to AS01 (gating 

strategy in Supplemental Figure 3.4). When IL-8 and TNF-ɑ production were 

examined via flow cytometry, both cytokines were strongly induced by AS01 and 

MPLA, despite the lack of costimulatory marker upregulation in response to 

MPLA. In contrast, QS-21 did not induce cytokine production in either population. 

The proportion of monocytes producing IL-8 and TNF-ɑ was higher than in mDC 

(Figure 3.3C and 3.3D). 
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Figure 3.4. AS01 activation of both classical and non-classical monocytes. 
PBMC were stimulated for 18 hours with either media (US), LPS alone (100 
ng/mL), or AS01 (1:100 dilution) and stained for surface marker or intracellular 
cytokine expression. Flow cytometry was used to examine surface marker 
expression after activation with AS01 or LPS on A) classical (CD14++) and B) 
non-classical (CD14loCD16+) monocytes from the same donor (n=19). Geometric 
mean (GM) values for the respective marker are reported on the Y axis of each 
graph. C. Intracellular staining was performed on PBMC after 18 hours of 
stimulation, as above (n=27). IL-6, TNF-ɑ, IL-10, and IL-12 expression was 
examined in C) classical and D) non-classical monocytes. Figure analysis was 
performed using nonparametric ANOVA (Friedman test followed by Dunn’s 
multiple comparison test). Asterisks correlate to the degree of significance (*, p ≤ 
0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001). For A and B, donor age ranged 
from 26-72 years old, with a median age of 51. For C and D, donors ranged from 
22-68 years old, with a median age of 47. 
 
AS01 activates both classical and non-classical monocytes towards 

inflammatory phenotypes 

Because our initial panel showed that AS01 had the greatest effect on 

monocytes, we sought to interrogate the monocytic response to AS01 in greater 

detail. We examined the adjuvant’s effects on classical (CD14++CD16-) and non-

classical (CD14-CD16+) monocyte subsets using flow cytometry (gating strategy 

in Supplemental Figure 3.5). As anticipated, classical monocytes showed 

higher frequencies of cells expressing inflammatory cytokines than non-classical 

monocytes (P < 0.0001 for IL-6; P = 0.0002 for TNF-ɑ; IL-10 and IL-12 non-

significant by Wilcoxon test). Additionally, HLA-DR and CD11b upregulation on 

classical monocytes exceeded that of non-classical monocytes. However, both 

non-classical and classical monocytes responded to AS01 (Figure 3.4A). 

At 18 hours, non-classical monocytes responded to AS01 by significantly 

upregulating CD86, despite reports of lower TLR4 expression on non-classical 

compared to classical monocytes (Figure 3.4B) [39,41]. As AS01 contains a TLR4 
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agonist, minimal response was expected out of this population. In contrast, 

classical monocytes upregulate HLA-DR, CD86, and CD11b in response to 

AS01.  

Flow cytometry was used to examine cytokine expression in monocyte 

subsets. IL-6 and TNF-ɑ were selected due to their inflammatory phenotype and 

presence in supernatants from PBMC incubated with AS01 (not shown). IL-10 

and IL-12 are cytokines that regulate TH1 development that are reported to be 

produced in human cells in response to MPLA [241]. IL-10 and IL-12 were thus 

investigated in light of their potential role in RZV’s noted skewing towards a TH1 

phenotype [81]. Classical monocytes are the primary producers of inflammatory 

cytokines IL-6 and TNF-ɑ after AS01 exposure but poorly produce IL-10 and IL-

12 (Figure 3.4C). However, non-classical monocytes generate significant 

frequencies of IL-10+ and IL-12+ cells in response to LPS and, to a lesser 

degree, AS01 (Figure 3.4D). 

Age correlates with some, but not all, molecules induced by AS01 

We examined age correlations within our surface marker and cytokine 

expression findings. Age correlated with some, but not all, outcomes examined in 

response to AS01 in Figure 3.1 and Figure 3.3. Baseline expression of HLA-DR, 

CD54 and CD86 did not correlate with age in monocytes, although baseline 

expression of CD11c did increase with age (Figure 3.5A). In mDC, no baseline 

surface marker correlated with age (P = 0.95, 0.47, 0.31, and 0.21 for HLA-DR, 

CD86, CD54, and CD11c, respectively). Age did not correlate with TNF-ɑ 

produced in response to AS01 (Figure 3.5B, data also reported in Figure 3.1) 
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but did negatively correlate with IL-1β in monocytes. Regarding costimulatory 

markers, age did not correlate with HLA-DR or CD54 upregulation but did 

significantly correlate with upregulation of CD86 and CD11c in response to AS01 

(Figure 3.5C, data also reported in Figure 3.3). No correlations were found 

between age and surface marker upregulation in mDC (not shown). IL-6, TNF-ɑ, 

IL-10, and IL-12 frequencies in both classical and non-classical monocytes do 

not show a correlation with age after AS01 treatment (P = 0.38, 0.64, 0.19, and 

0.19, respectively). 
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Figure 3.5. Impact of age on activation status of monocytes and mDC in 
response to AS01. A. Baseline expression of costimulatory molecules HLA-DR, 
CD86, CD54, and CD11c in CD14+ monocytes is shown, graphed against donor 
age in years. The unstimulated condition at 18 hours was considered the 
baseline expression for each cell compartment indicated. The fluorescence of 
each respective marker is reported as geometric mean (GM). Data shown is from 
Figure 3.3. B. Net frequency (AS01 - US) of cytokine expression was calculated 
for each donor in the AS01 condition in the cell type shown (pink= CD14+; blue= 
mDC; n=31). Primary data is shown in Figure 1. C. The net change in surface 
markers on CD14+ cells was graphed against the age of the donor (AS01 - US). 
Correlations between age and net molecule upregulation were performed using 
simple linear regression in Prism (n=20). 
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Transcriptomic analysis shows minimal difference in monocytic response 

between young and old donors 

In order to better understand AS01’s activation of monocytes, we 

performed RNA sequencing on monocytes purified by flow cytometry after 10 

hours of stimulation. The gating strategy used to purify monocytes is reported in 

Supplemental Figure 3.6. RNA sequencing showed a massive upregulation of 

inflammatory genes after AS01 treatment in both young (<35) and older (>65) 

donors (Figure 3.6A). As expected of an adjuvant containing a TLR4 ligand, 

TLR4 signaling pathways were significantly upregulated. Differentially expressed 

pathway (DEP) and gene set enrichment (GSEA) analysis revealed upregulation 

in key inflammatory pathways like TNF and IL1R signaling (Figure 3.6B). This is 

confirmed by our data showing large induction of TNF-ɑ and IL-1β in myeloid 

cells by flow cytometry after AS01 treatment (Figure 3.1). Neither Type I or Type 

II interferon genes showed significant differences in expression after AS01 

treatment (Figure 3.6A) 

Network analysis of genes upregulated by AS01 exposure identified 

several major hubs (Figure 3.6C). These hubs included major transcriptional 

regulators such as JUN, MAPK8, KRAS, and NFKBIA. Additional hubs of interest 

were HIF-1ɑ and CTNNB1. In addition, a mRNA regulation hub branched off from 

CTNNB1 and involved heterogenous nuclear ribonucleoprotein (hnRNP) 

expression such as HNRNPA2B1 as well as DDX5, a helicase implicated in IFN 

signaling [242]. These secondary hubs connected to the network hub centered 

around transcription factor Jun (Figure 3.6C). 
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Figure 3.6. RNA sequencing shows pathways upregulated by AS01 
stimulation in monocytes. RNA was isolated and sequenced from purified 
human monocytes after 10 hours of stimulation with AS01. Analysis was then 
performed as described in the methods section. A) Pathway analysis shows the 
top differentially expressed pathways (DEP) between unstimulated (US) and 
AS01-stimulated (AS01) conditions in all donors. The heatmap is clustered by 
two-way (gene:donor) hierarchical clustering, and their stimulation condition and 
age group is shown in the legend rows above the graph. P values and log fold 
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change (logFC) between US and AS01 conditions are shown on the left-hand 
side of the axis. B) Gene transcripts expressed in response to AS01 were 
normalized by z-score to US expression in each donor. Contrasts were then 
performed to probe for DEP between young versus old donors. C) Simplified 
network analysis was performed using K means clustering, a data visualization 
metric that groups data points based on how similar they are to the mean of a 
cluster. The model determines clusters by degree of “betweenness” rather than 
by random and is described in detail in the methods section. Warmer colors are 
associated with greater “betweenness,” or higher connectivity within the colors, 
while cooler colors are associated with less. 
 

In order to assess potential effects of age on adjuvant response, 

comparisons were performed between older and younger donors’ response to 

AS01. Differentially regulated pathways between young and old donors were 

largely metabolic in nature such as Methane_Metabolism and 

Pentose_and_Glucuronate_Interconversions (Figure 3.6B). Pathways including 

TNFa_via_NFkB and IL1R_pathway did not show differential expression in old 

compared to young donors, though both are highly upregulated in response to 

AS01. Notably, cytokine pathways that were significantly upregulated in analysis 

of US versus AS01 conditions did not show significant differences in expression 

between older (>65) and younger (<35) donors (Supplemental Table 3.2 and 

3.3). 

AS01 influences expression of costimulatory markers on monocytes to 

provide better help to T cells 

Based on Figure 3.3, AS01 induces costimulatory molecule upregulation. 

In order to assess how AS01-induced molecule expression affects APC 

costimulation of T cells, a functional costimulation assay was performed. 

Monocytes and mDC were isolated and incubated with AS01, its component 

parts, or media alone. After 18 hours, APCs were treated with a low dose of 



76 
 

superantigen SEB to force the TCR:MHC interaction and fixed with 

paraformaldehyde. The APCs were then incubated with heterologous CD3+ cells. 

An IFN-γ readout was used to quantify the magnitude of T cell activation induced 

by the AS01-treated APCs. Since the APCs were fixed, the degree of 

costimulatory help that the APCs were able to provide was dependent on their 

surface expression of costimulatory molecules at time of fixation rather than their 

cytokine production. This assay is not antigen-specific but provides a general 

look at how the T cell interacts with surface markers expressed at the time of 

APC fixation. 

Monocytes displayed increased costimulatory ability after treatment with 

AS01, as evidenced by higher IFN-γ production by T cells after incubation 

(Figure 3.7A). Monocytes treated with MPLA and QS-21 provided similar 

amounts of costimulation to T cells as untreated monocytes. In contrast to 

monocytes, the ability of mDC to stimulate IFN-γ production in response to SEB 

did not vary from unstimulated mDC with AS01 treatment (Figure 3.7B). Despite 

data showing that QS-21 positively impacts costimulatory marker expression, 

neither CD14+ or mDCs treated with QS-21 were able to augment IFN-γ 

expression compared to unstimulated APCs. Both mDC and monocytes required 

the presence of SEB to induce IFN-γ from T cells. 
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Figure 3.7. Induction of IFN-γ after incubation of T cells with adjuvant-
treated antigen-presenting cells (APC). APCs were incubated with media 
alone (US), AS01 (1:100 dilution), TLR4 agonist MPLA (250 ng/mL), or liposomal 
saponin QS-21 (5 µg/mL) for 18 hours followed by SEB (0.1 µg/mL) for 1 hour. 
After SEB incubation, APCs were fixed and incubated with T cells for 72 hours. 
Where APC number permitted, a negative control of untreated APCs without 
SEB was included. IFN-γ production was measured by ELISA and reported in 
pg/mL. Assays used A) CD14+ cells or B) myeloid dendritic cells (mDCs) as 
APCs. Comparison between groups was performed using the Friedman test 
followed by Dunn’s multiple comparisons test. The negative control without SEB 
was excluded from the statistical analysis, as gaps in the dataset meant that 
group did not meet the conditions of a Friedman test. Asterisks correlate to the 
degree of significance (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001). 
All donors used for this assay were under 60 years old due to the high volume of 
blood needed to assay mDCs. 
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3.6. Discussion 

Our results suggest that AS01 has direct stimulatory effects on monocytes 

and mDC. Monocytes upregulate costimulatory markers and make cytokines in 

high frequency after stimulation with AS01. Such molecules enhance T cell 

responses through direct presentation to the TCR (HLA-DR), costimulation of the 

T cell (CD86, CD40), or increased expression of adhesion molecules 

(CD54).  Peripheral mDC show limited upregulation of costimulatory markers in 

response to AS01 (Figure 3.3). Cytokine production data shows that mDC 

respond to AS01 and produce inflammatory cytokines, though in lower 

frequencies than monocytes. The limitation in costimulatory marker upregulation 

suggests limited mDC maturation at 18 hours. In contrast, CD14+ cells 

upregulate both the production of cytokines as well as costimulatory molecules in 

response to AS01 (Figure 3.1, 3.3). It has been reported previously that AS01 

has synergistic effects on costimulation markers and cytokines in comparison to 

its component parts [214]. We show that QS-21 drives surface costimulatory 

marker upregulation and MPLA drives cytokine expression in human primary 

cells (Figure 3.3). However, in contrast with published literature, we found that 

AS01 did not promote costimulation marker upregulation on mDC [49,220]. We 

attribute this difference to our use of primary mDC rather than monocyte-derived 

DC as well as intrinsic differences in mouse and human DC (reviewed in [243]). 

When we examined CD14+ subpopulations in particular, we found that 

classical (CD14++CD16-) monocytes seemed to be the primary source of 

surface marker upregulation (Figure 3.4A). Classical monocytes also expressed 
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inflammatory cytokines IL-6 and TNF-ɑ at higher frequencies than non-classical 

(Figure 3.4B). We conclude that classical monocytes are the primary responders 

to AS01 in human PBMC, upregulating markers associated with costimulation 

and cell adhesion as part of their activation profile at 18 hours. Non-classical 

monocytes were able to upregulate costimulatory marker CD86 expression but 

made only limited amounts of cytokine in response to AS01, showing a great 

deal of donor-specific variability. Interestingly, while classical monocytes 

produced cytokines in response to both LPS and AS01, non-classical monocytes 

had significantly lower cytokine production in the AS01 compared to LPS 

condition (Figure 3.4C and 3.4D). 

To gain a broader picture of the AS01-induced monocytic response, 

RNASeq was performed on purified monocytes exposed to AS01. Transcriptomic 

analysis showed a strong induction of key inflammatory pathways such as TNF 

and IL1 signaling, likely providing a superior environment for T cell activation. 

These inflammatory pathways were upregulated even in the oldest of donors 

(Figure 3.6A). More intriguingly, pathway analysis of older donors compared to 

younger donors showed no significant differences in cytokine signaling pathways 

despite a plethora of evidence that age impacts monocyte cytokine secretion, 

which may suggest that AS01 is able to overcome age-related downregulation of 

cytokine signaling (Figure 3.6B) [124,128,244]. Instead, age affected AS01’s 

upregulation of metabolic pathways, in accordance with reports that aged 

monocytes have metabolic differences from younger monocytes [124,127]. While 

significant downregulation in pathways affecting B and T cell functionality was 
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seen in older donors, those pathways were driven by relatively few genes. The 

intensity of gene induction does not, at our sample size of 8 donors per age 

group, show statistically significant differences in inflammatory genes between 

young and older donors. The pathway analysis of this RNASeq data supports 

AS01’s ability to induce inflammatory responses even in older adults. 

Network analysis showed that several transcription factors associated with 

inflammation were highly upregulated in response to AS01 exposure (Figure 

3.6C). Many of the major hubs identified in this analysis are known to be 

associated with TLR4 signaling. Three of the major hubs identified by our 

network analysis– NFKBIA, Map2k3, and JUN– were also identified as 

upregulated in whole blood RNA sequencing from mice post vaccination [214]. 

Another hub centered around HIF-1ɑ, a transcription factor involved in adapting 

to hypoxic conditions such as those found during inflammation [245]. HIF-1ɑ 

upregulation is also a key part of inflammatory macrophage polarization through 

its promotion of glycolysis [246]. Intriguingly, HIF-1ɑ is also a major mediator of 

trained immunity in monocytes [247]. Trained immunity, or the functional 

reprogramming of innate immune cells based on external stimuli, is mediated by 

epigenetic and metabolic changes and is hallmarked by increased TNF-ɑ, IL-1β, 

and IL-6 production in response to stimuli [247,248]. Others have found that this 

trained immunity phenotype can be induced in older adults and is linked to 

improved monocyte function [244]. Further exploration is required to see if AS01 is 

acting to promote vaccine efficacy by inducing prolonged monocyte activation via 

epigenetic modification. 
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Network analysis also shows transcriptional differences for genes 

associated with mRNA splicing and regulation, such as the hnRNP family and 

DDX5 (Figure 3.6C). Both DDX5 and hnRNPs regulate mRNA stability via 

methylation of 6-N adenine (m6A), which stabilizes mRNA and increases the 

number of times a transcript can be used for translation [249,250]. Together, our 

data shows that AS01 exposure in human monocytes leads to a robust and 

multifaceted upregulation of immune transcriptional pathways.  

Other upregulated hubs are not transcription factors but nevertheless are 

known to be key mediators of immune activation. MAPK8 is a mitogen-activated 

protein kinase associated with TLR4 signaling [251]. In our network analysis, 

MAPK8 is upstream from JAK1 and IRAK2 activation, showing how it links to 

TLR-induced activation (Figure 3.6C). Likewise, we show upregulation of 

CTNNB1, or β-catenin, which is a key mediator of Wnt signaling and a positive 

regulator of apoptosis and autophagy [252]. However, we do not see signs of 

apoptosis in our samples at 18 hours, nor are mediators of apoptosis such as 

TRAIL or the CARD family upregulated in RNA sequencing data at 10 hours. In 

fact, the only caspase upregulated is CASP1, involved in the inflammasome. In 

contrast, several genes involved in the initiation and maturation of autophagy 

such as GSK, ATG4, and ATG16 are significantly upregulated. Autophagy is 

known to impact adaptive immunity by increasing antigen presentation on MHC 

Class II molecules [253]. These hubs are likely contributing to monocytic activation. 

A number of these hubs are being driven by younger donors. For 

example, CTNNB1, MAPK8, KRAS, HIF-1ɑ, and NFKBIA are all significantly 
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upregulated in donors under 35, but not donors over 60 years old. In contrast, 

JUN, PTPN6, IRAK2 and JAK1 are upregulated in both older and younger 

donors. PTPN6 is a negative regulator of MyD88-mediated Syk activation [254]. 

Fas, an apoptotic effector, is upregulated in older, but not younger, monocytes, 

as is GSK-3β, a key signal mediator in apoptosis and autophagy [252]. 

When we looked in our data for age-related changes in cytokine 

production, we saw that production of cytokines such as TNF-α and IL-10 did not 

correlate with age. While IL-1β+ frequency did decrease with age, positivity for 

IL-1β following AS01 treatment remained quite high (Figure 3.5B). Likewise, 

upregulation of other costimulatory markers such as CD86 or CD11c in response 

to AS01 actually increased with donor age (Figure 3.5C). We conclude that 

despite age-associated decline in immune function, monocytes were still capable 

of producing inflammatory and costimulatory signals in response to AS01. 

In a functional assay, AS01 was able to induce superior T cell 

costimulation by CD14+ APCs compared to mDC, which are typically considered 

the more potent APC. We attribute this difference to costimulatory molecule 

upregulation induced in CD14+. While QS-21 is also able to induce the 

expression of costimulatory molecules in APCs (Figure 3.3), it typically did so to 

a lesser extent to AS01. Costimulation promotes T cell effector functions, even in 

secondary responses [255]. Our results indicate that AS01 is able to promote 

costimulation from monocytes within 18 hours, showing functional impacts of the 

costimulatory marker upregulation induced by AS01 (Figure 3.1, Figure 3.3). 

While DCs are typically thought of as superior APCs in the context of naive T 
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cells, monocytes are known to provide direct antigen presentation to memory 

CD4+ T cells [256–258] and may be acting in the context of AS01 to boost crucial 

memory CD4+ T cell responses to VZV. Nearly all persons receiving RZV have 

prior exposure to VZV due to childhood exposure, providing an antigen-

experienced pool of T cells for RZV to amplify. 

However, vaccines that contain AS01 likely induce protection through 

more than the adjuvanticity of AS01 alone. In our data, AS01 itself does not 

induce Type II IFN signaling, which has been shown to be key in vaccine 

protection previously [214,259]. In conjunction with our observation that AS01 alone 

does not induce IFN-γ production in NK cells or T cells (Figure 3.2), our data 

supports that AS01-induced IFN-γ signaling seems to be antigen-dependent in 

AS01-containing vaccines [259].  

Age-associated sterile inflammation, or inflammaging, is linked to poor 

immune outcomes (reviewed in [143]). Increased baseline expression of 

inflammatory cytokines by senescent cells leads to decreased ability to mount 

immune responses in response to antigenic stimulus [121,122,260–263]. However, a 

distinction must be made between baseline inflammation and inflammation that is 

induced by a pathogenic stimulus. Local and systemic inflammatory responses 

after vaccination are clearly linked to immunogenicity in several vaccine contexts 

[259,264–266].  While some molecules show decreased upregulation with donor age, 

such as IL-1β, others such as TNF-α do not correlate negatively with age in our 

dataset. Additionally, upregulation of surface molecules associated with 

costimulation such as CD86 and CD11c actually increase with donor age (Figure 
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3.5). While the IFN response of myeloid cells are known to be defective in older 

adults [122,124], we show in this paper that AS01’s cytokine signature involves 

inflammatory cytokines that are associated with an aging phenotype such as 

TNF-ɑ and IL-6, which are strongly produced even in older donors. While more 

investigation is needed into how AS01 acts in a vaccine setting in humans, our 

data paired with clinical outcomes of RZV suggest that the strong myeloid 

activation induced by AS01 results in a broadly protective response despite 

advanced donor age. In this paper, we show a potential mechanism for this 

efficacy by showing that AS01 increases the costimulatory capacity of monocytes 

in addition to upregulation of inflammatory cytokines. 

The clinical success of RZV demonstrates that establishing protective and 

lasting immune responses is possible even in older adults. In this study, we seek 

to characterize how AS01 impacts human peripheral blood cells. We show by 

flow cytometry that monocytes, rather than mDC, are a key responding 

population in both young and old adults. RNA sequencing in monocytes shows 

that key functional pathways are upregulated in response to AS01, even in older 

adults. We demonstrate that costimulatory marker upregulation connects to APC 

functionality using a T cell costimulation assay, where AS01 promotes IFN-γ 

production in T cells co-cultured with AS01-treated monocytes. We demonstrate 

that monocytes are a major responding population after AS01 exposure and are 

capable of providing help to T cells, suggesting a role for them in the strong 

efficacy profile of RZV. 

Limitations 
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One weakness of this approach is that we were unable to commercially 

acquire the MPL formulation that is actually used in GSK’s AS01 formulation, 

which is a 3-O-deacylated derivative of MPLA derived from S. minnesota. The 

additional base hydrolysis step added to MPL results in a mixture of tetra-, penta-

, or hexacylated products that lack additional acyl chain(s) at the 3’ position [267]. 

We attempted to adjust for this by using a commercially available MPLA 

formulation that displayed similar agonist activity in human cell lines as vaccine 

adjuvants containing MPL [268]. MPLA is still only representative of the MPL used 

in AS01’s formulation, though no vaccine containing only MPL has yet to be 

released on the market. 
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3.7. Supplemental 

Supplemental Table 3.1. Antibody panels. 
Unless otherwise noted, all antibodies are mouse-derived. All antibodies listed 
are raised against human targets. 

AS01 stimulation 

Target Fluorophore Species/Clone Vendor Cat. No. 
LIVE/Dead 
Fixable Aqua 
Dead Stain 

BV510 -- Invitrogen L34957 

CD11c APC 3.9 Biolegend 301614 
CD123 PE/Cy7 6H6 Biolegend 306010 
CD14 APC/Cy7 HCD14 Biolegend 325620 
CD19 BUV395 SJ25C1 BD 

Biosciences 
563549 

CD3 BUV395 UCHT1 BD 
Biosciences 

563546 

CD56 PE 5.1H11 Biolegend 362508 
HLA-DR BV785 L243 Bolegend 307642 
IFN-γ AF700 B27 Biolegend 506516 
IL-1β FITC JK1B-1 Biolegend 508206 
TNF-α BV650 Mab11 Biolegend 502838 

Contributions of AS01 components to myeloid activation: surface upregulation  

Target Fluorophore Species/Clone Vendor Cat. No. 
LIVE/Dead 
Fixable Aqua 
Dead Stain 

BV510 -- Invitrogen L34957 

CD11c APC 3.9 Biolegend 301614 
CD123 PE/Cy7 6H6 Biolegend 306010 
CD14 APC/Cy7 HCD14 Biolegend 325620 
CD19 BUV395 SJ25C1 BD 

Biosciences 
563549 

CD1c PE L161 Biolegend 331506 
CD3 BUV395 UCHT1 BD 

Biosciences 
563546 

CD40 PE/Dazzle SC3 Biolegend 334342 
CD54 FITC HCD54 Biolegend 322720 
CD86 Pacific Blue IT2.2 Biolegend 305423 
HLA-DR AF700 L243 Biolegend 307626 
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Contributions of AS01 components to myeloid activation: cytokine upregulation 

Target Fluorophore Species/Clone Vendor Cat. No. 
LIVE/Dead 
Fixable Aqua 
Dead Stain 

BV510 -- Invitrogen L34957 

CD11c FITC 3.9 eBioscience 11-0116-
73 

CD123 PE/Cy7 6H6 Biolegend 306010 
CD14 BV421 M5E2 Biolegend 301828 
CD19 BUV395 SJ25C1 BD 

Biosciences 
563549 

CD3 APC/Cy7 UCHT1 Biolegend  300426 
HLA-DR AF700 L243 Biolegend 307626 
IL-8 APC E8N1 Biolegend 511410 
TNF-α PE Mab11 eBioscience 12-7349-

12 

 

Activation of monocyte subtypes: surface marker panel 

Target Fluorophore Species/Clone Vendor Cat. No. 
LIVE/Dead 
Fixable Aqua 
Dead Stain 

BV510 -- Invitrogen L34957 

CD115 PE/Dazzle 
594 

Rat-4D21E4 Biolegend 347320 

CD11b PE/Cy7 LM2 Biolegend 393104 
CD14 FITC 6103 Invitrogen 11-0149-

42 
CD16 BV785 B73.1 Biolegend 360734 
CD19 BUV395 SJ25C1 BD 

Biosciences 
563549 

CD3 BUV395 UCHT1 BD 
Biosciences 

563546 

CD86 Pacific Blue IT2.2 Biolegend 305423 
HLA-DR AF700 L243 Biolegend 307626 
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Activation of monocyte subtypes: cytokine marker panel 

Target Fluorophore Species/Clone Vendor Cat. No. 
LIVE/Dead 
Fixable Aqua 
Dead Stain 

BV510 -- Invitrogen L34957 

CD14 FITC 6103 Invitrogen 11-0149-
42 

CD16 BV785 B73.1 Biolegend 360734 
CD19 BUV395 SJ25C1 BD Biosciences 563549 
CD3 BUV395 UCHT1 BD Biosciences 563546 
CD56 BV421 HCD56 Biolegend 318326 
HLA-DR AF700 L243 Biolegend 307626 
IL-10 BV711 Rat JES3-9D7 BD Biosciences 564050 
IL-12/IL-23 
p40 

PE C11.5 Biolegend 501807 

IL-6 APC Rat MQ2-
13A5 

Biolegend 501112 

TNF-α BV650 Mab11 Biolegend 502938 

RNA sequencing: sort panel 

Target Fluorophore Species/Clone Vendor Cat. No. 
LIVE/Dead 
Fixable Aqua 
Dead Stain 

BV510 -- Invitrogen L34957 

CD11c APC 3.9 Biolegend 301614 
CD123 PE/Cy7 6H6 Biolegend 306010 
CD14 FITC 6103 Invitrogen 11-0149-

42 
CD19 BUV395 SJ25C1 BD Biosciences 563549 
CD3 BUV395 UCHT1 BD Biosciences 563546 
CD56 PE 5.1H11 Biolegend 362508 
CD86 PE/Dazzle 

594 
IT2.2 Biolegend 305434 

HLA-DR AF700 L243 Biolegend 307626 

Sort Check: APC Fixation Sort 

Target Fluorophore Species/Clone Vendor Cat. No. 
LIVE/Dead 
Fixable Aqua 
Dead Stain 

BV510 -- Invitrogen L34957 

CD11c APC 3.9 Biolegend 301614 
CD123 PE/Cy7 6H6 Biolegend 306010 
CD14 FITC 6103 Invitrogen 11-0149-

42 
CD19 BUV395 SJ25C1 BD Biosciences 563549 
CD3 BUV395 UCHT1 BD Biosciences 563546 
HLA-DR AF700 L243 Biolegend 307626 

  



89 
 

Supplemental Table 3.2. Differentially expressed pathways between AS01 

and US condition. RNA sequencing analysis was performed as described for 

Figure 3.6 before differential expression between AS01 and unstimulated (US) 

condition were compared. Top pathways were filtered by p value ≤ 0.05.  

 

AS01 vs US: Custom Ingenuity Analysis DEP 

 

AS01 vs 
US 
Regulation 

AS01 vs 
US 
P.Value 

AS01 vs 
US Adj 
P.Value 

AS01 vs 
US 
logFC 

IL-17_Signaling Up 0.000109 0.0176 0.209 

Erythropoietin_Signa... Up 0.000279 0.0176 0.155 

Cholecystokinin_Gast... Up 0.00033 0.0176 0.146 

Histidine_Metabolism Dn 0.000345 0.0176 -0.17 

Hepatic_Cholestasis Up 0.000415 0.0176 0.202 

Bladder_Cancer_Signa... Up 0.000482 0.0176 0.176 

Role_of_Cytokines_in... Up 0.000509 0.0176 0.364 

Role_of_Macrophages_... Up 0.000528 0.0176 0.134 

Hepatic_Fibrosis___H... Up 0.000555 0.0176 0.206 

GNRH_Signaling Up 0.000573 0.0176 0.147 

Ceramide_Signaling Up 0.000601 0.0176 0.16 

Pancreatic_Adenocarc... Up 0.000653 0.0176 0.155 

CXCR4_Signaling Up 0.000684 0.0176 0.124 

Galpha12_13_Signalin... Up 0.000714 0.0176 0.14 

Cell_Cycle_Regulatio... Up 0.000743 0.0176 0.171 

ATM_Signaling Up 0.00076 0.0176 0.187 

Renal_Cell_Carcinoma... Up 0.000864 0.0182 0.114 

TREM1_Signaling Up 0.000938 0.0182 0.242 

Molecular_Mechanisms... Up 0.000943 0.0182 0.104 

Melanoma_Signaling Up 0.000982 0.0182 0.162 

Role_of_JAK1_JAK2_an... Up 0.00105 0.0182 0.18 

HMGB1_Signaling Up 0.00109 0.0182 0.178 

HIF1alpha_Signaling Up 0.0012 0.0182 0.133 

TNFR1_Signaling Up 0.00122 0.0182 0.155 

Renin-Angiotensin_Si... Up 0.00124 0.0182 0.135 

Folate_Biosynthesis Up 0.00128 0.0182 0.265 

IL-1_Signaling Up 0.00179 0.0209 0.166 

p38_MAPK_Signaling Up 0.00189 0.0209 0.121 

IL-17A_Signaling_in_... Up 0.00192 0.0209 0.225 

Toll-like_Receptor_S... Up 0.00193 0.0209 0.18 

PPARalpha_RXRalpha_A... Up 0.00194 0.0209 0.101 

Glioblastoma_Multifo... Up 0.002 0.0209 0.107 

Phenylalanine_Metabo... Dn 0.00201 0.0209 -0.158 

IL-17A_Signaling_in_... Up 0.00206 0.0209 0.174 

Colorectal_Cancer_Me... Up 0.00216 0.0209 0.131 
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Relaxin_Signaling Up 0.00217 0.0209 0.152 

IL-15_Production Up 0.0022 0.0209 0.23 

IL-2_Signaling Up 0.00226 0.0209 0.105 

Prostate_Cancer_Sign... Up 0.0023 0.0209 0.119 

IL-17A_Signaling_in_... Up 0.00231 0.0209 0.238 

Role_of_JAK_family_k... Up 0.00231 0.0209 0.166 

TNFR2_Signaling Up 0.0024 0.0211 0.247 

PI3K_AKT_Signaling Up 0.00244 0.0211 0.1 

HGF_Signaling Up 0.00252 0.0212 0.115 

MIF_Regulation_of_In... Up 0.00263 0.0216 0.207 

Endothelin-1_Signali... Up 0.00268 0.0216 0.0912 

BMP_signaling_pathwa... Up 0.00288 0.0228 0.168 

Acute_Phase_Response... Up 0.00306 0.023 0.146 

Role_of_Osteoblasts_... Up 0.00309 0.023 0.123 

LPS-stimulated_MAPK_... Up 0.0031 0.023 0.135 

Airway_Inflammation_... Up 0.00321 0.0231 0.482 

Airway_Pathology_in_... Up 0.00324 0.0231 0.483 

IL-9_Signaling Up 0.00349 0.0244 0.191 

April_Mediated_Signa... Up 0.00362 0.0246 0.171 

Role_of_MAPK_Signali... Up 0.00365 0.0246 0.171 

Alanine_and_Aspartat... Dn 0.00376 0.0249 -0.166 

CD40_Signaling Up 0.00394 0.0254 0.17 

Differential_Regulat... Up 0.00401 0.0254 0.402 

Oncostatin_M_Signali... Up 0.0041 0.0254 0.16 

Differential_Regulat... Up 0.00412 0.0254 0.398 

IL-6_Signaling Up 0.00419 0.0254 0.17 

B_Cell_Activating_Fa... Up 0.00436 0.0254 0.156 

CD27_Signaling_in_Ly... Up 0.00437 0.0254 0.156 

Type_II_Diabetes_Mel... Up 0.00438 0.0254 0.106 

ILK_Signaling Up 0.00461 0.0257 0.106 

Role_of_IL-17A_in_Ar... Up 0.00462 0.0257 0.201 

Insulin_Receptor_Sig... Up 0.0047 0.0257 0.0772 

Melanocyte_Developme... Up 0.00471 0.0257 0.106 

NF-kappaB_Signaling Up 0.00486 0.026 0.106 

Aminoacyl-tRNA_Biosy... Dn 0.00491 0.026 -0.13 

RANK_Signaling_in_Os... Up 0.00515 0.0266 0.119 

PXR_RXR_Activation Up 0.00527 0.0266 0.155 

p53_Signaling Up 0.00528 0.0266 0.108 

IL-8_Signaling Up 0.00553 0.0266 0.128 

Ubiquinone_Biosynthe... Dn 0.00556 0.0266 -0.105 

Glucocorticoid_Recep... Up 0.00557 0.0266 0.102 

Role_of_PI3K_AKT_Sig... Up 0.00558 0.0266 0.155 

TGF-beta_Signaling Up 0.0056 0.0266 0.111 

Methane_Metabolism Dn 0.00588 0.0273 -0.162 

Role_of_NANOG_in_Mam... Up 0.00588 0.0273 0.094 
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Role_of_PKR_in_Inter... Up 0.00614 0.0279 0.179 

IL-12_Signaling_and_... Up 0.0062 0.0279 0.127 

Nicotinate_and_Nicot... Up 0.00632 0.0279 0.119 

Role_of_Tissue_Facto... Up 0.00632 0.0279 0.121 

Role_of_Hypercytokin... Up 0.00649 0.028 0.321 

Lymphotoxin_beta_Rec... Up 0.00651 0.028 0.139 

Cardiac_Hypertrophy_... Up 0.00657 0.028 0.0823 

Role_of_IL-17F_in_Al... Up 0.00679 0.0286 0.212 

Neurotrophin_TRK_Sig... Up 0.00714 0.0298 0.103 

Coagulation_System Up 0.00784 0.032 0.173 

CDK5_Signaling Up 0.00786 0.032 0.123 

Tyrosine_Metabolism Dn 0.00801 0.0323 -0.169 

Production_of_Nitric... Up 0.00851 0.034 0.0962 

Thrombin_Signaling Up 0.00876 0.0346 0.085 

Chondroitin_Sulfate_... Up 0.00902 0.0352 0.114 

Small_Cell_Lung_Canc... Up 0.00929 0.0359 0.121 

Glioma_Invasiveness_... Up 0.00965 0.0369 0.138 

14-3-3-mediated_Sign... Up 0.00989 0.0371 0.0884 

PPAR_Signaling Up 0.00989 0.0371 0.117 

Death_Receptor_Signa... Up 0.0102 0.038 0.137 

IL-10_Signaling Up 0.0103 0.038 0.135 

Role_of_CHK_Proteins... Up 0.0105 0.0383 0.114 

MIF-mediated_Glucoco... Up 0.0108 0.0388 0.204 

Glutamate_Metabolism Dn 0.0113 0.0403 -0.135 

Citrate_Cycle Dn 0.0114 0.0403 -0.154 

Induction_of_Apoptos... Up 0.0115 0.0403 0.156 

Angiopoietin_Signali... Up 0.0117 0.0405 0.13 

Chronic_Myeloid_Leuk... Up 0.0128 0.0439 0.0982 

Atherosclerosis_Sign... Up 0.0129 0.0439 0.156 

Glycosphingolipid_Bi... Up 0.0131 0.0439 0.255 

Lysine_Degradation Dn 0.0131 0.0439 -0.136 

Role_of_Pattern_Reco... Up 0.0133 0.0441 0.137 

P2Y_Purigenic_Recept... Up 0.0134 0.0441 0.0947 

4-1BB_Signaling_in_T... Up 0.0137 0.0444 0.183 

Synaptic_Long_Term_D... Up 0.0138 0.0444 0.0933 

Pentose_and_Glucuron... Dn 0.0141 0.0452 -0.115 

Neuregulin_Signaling Up 0.015 0.0474 0.0671 

Sphingosine-1-phosph... Up 0.0151 0.0474 0.0964 

SAPK_JNK_Signaling Up 0.0156 0.0487 0.0878 

LPS_IL-1_Mediated_In... Up 0.0162 0.0499 0.109 

Germ_Cell-Sertoli_Ce... Up 0.0163 0.0499 0.0807 

Linoleic_Acid_Metabo... Dn 0.0167 0.0505 -0.168 

Cell_Cycle:_G2_M_DNA... Up 0.0168 0.0505 0.0706 

Notch_Signaling Up 0.017 0.0508 0.127 

Estrogen-Dependent_B... Up 0.0174 0.0513 0.117 



92 
 

Type_I_Diabetes_Mell... Up 0.0174 0.0513 0.0992 

Ovarian_Cancer_Signa... Up 0.0176 0.0513 0.104 

Extrinsic_Prothrombi... Up 0.0182 0.0528 0.15 

Aryl_Hydrocarbon_Rec... Up 0.0201 0.0577 0.0767 

Endometrial_Cancer_S... Up 0.0212 0.0599 0.0934 

TWEAK_Signaling Up 0.0212 0.0599 0.14 

LXR_RXR_Activation Up 0.0219 0.0617 0.148 

IGF-1_Signaling Up 0.0224 0.0622 0.0693 

Pentose_Phosphate_Pa... Dn 0.0225 0.0622 -0.131 

IL-22_Signaling Up 0.0239 0.0658 0.116 

Docosahexaenoic_Acid... Up 0.0244 0.0666 0.101 

Cyanoamino_Acid_Meta... Dn 0.0246 0.0667 -0.189 

Melatonin_Signaling Up 0.0249 0.0669 0.0748 

Communication_betwee... Up 0.0255 0.0681 0.123 

IL-3_Signaling Up 0.0257 0.0681 0.0715 

Regulation_of_IL-2_E... Up 0.0264 0.0695 0.0917 

Apoptosis_Signaling Up 0.0282 0.0736 0.0954 

Nucleotide_Excision_... Dn 0.0291 0.0755 -0.126 

ERK5_Signaling Up 0.0295 0.0759 0.0884 

Xenobiotic_Metabolis... Up 0.0306 0.0783 0.0801 

Pyruvate_Metabolism Dn 0.032 0.0809 -0.115 

Role_of_JAK1_and_JAK... Up 0.0321 0.0809 0.0922 

FGF_Signaling Up 0.0323 0.0811 0.09 

IL-15_Signaling Up 0.0343 0.0854 0.0951 

Assembly_of_RNA_Poly... Dn 0.0348 0.0862 -0.179 

Neuropathic_Pain_Sig... Up 0.0353 0.0868 0.0882 

Cyclins_and_Cell_Cyc... Up 0.0362 0.0882 0.0863 

O-Glycan_Biosynthesi... Up 0.0372 0.0903 0.143 

Retinoic_acid_Mediat... Up 0.0386 0.093 0.0662 

Role_of_IL-17A_in_Ps... Up 0.0392 0.0938 0.225 

Semaphorin_Signaling... Up 0.0413 0.0983 0.085 

Dendritic_Cell_Matur... Up 0.044 0.103 0.0778 

PDGF_Signaling Up 0.044 0.103 0.0715 

Wnt_beta-catenin_Sig... Up 0.0443 0.103 0.086 

Aldosterone_Signalin... Up 0.0461 0.107 0.0589 

Inhibition_of_Angiog... Up 0.0491 0.113 0.0794 

Role_of_RIG1-like_Re... Up 0.0499 0.114 0.123 
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Supplemental Table 3.3. Differentially expressed pathway (DEP) analysis of 

old versus young donors stimulated with AS01. RNA sequencing analysis 

was performed as described for Figure 3.6. Top pathways were filtered by p 

value ≤ 0.05. Comparisons between young and old AS01 response were 

performed after normalizing each donor’s gene expression in the unstimulated 

condition. 

 

Young versus Old Baselined DEP Custom Ingenuity Pathway Analysis 

Pathway Young Vs 
Old 
Regulatio
n 

Young 
vs Old 
P 
Value 

Youn
g vs 
Old 
Adj. 
P 
value 

Youn
g vs 
Old 
logF
C 

Assembly_of_RNA_Polymerase_1_Co
mplex 

Dn 0.0073 0.795 -
0.618 

B_Cell_Development Dn 0.0098
3 

0.795 -
0.517 

Calcium-
induced_T_Lymphocyte_Apoptosis 

Dn 0.0431 0.795 -
0.301 

Intrinsic_Prothrombin_Activation_Pathw
ay 

Dn 0.0387 0.795 -
0.417 

Methane_Metabolism Dn 0.0187 0.795 -
0.362 

Pentose_and_Glucuronate_Interconver
sions 

Dn 0.0368 0.795 -
0.265 

Phenylalanine_Metabolism Dn 0.043 0.795 -
0.262 
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Supplemental Figure 3.1. Timepoint selection for RNAseq.  qPCR was 

performed on RNA isolated from CD14+ cells after selected timepoints of 

incubation with AS01. Primers were designed using the Mass Gen Primer Bank 

(PrimerBank (harvard.edu)) and ordered through Thermofisher. qPCR focused 

on 3 genes known to be upregulated in response to AS01 in monocytes. PBMC 

was stimulated (or not) with 1:100 AS01. At 2, 4, 6, 8, 12, and 18 hours, CD14+ 

cells were purified from PBMC using CD14 positive selection kit (Biolegend, 

480024). CD14+ cells were lysed in RLT buffer and processed to RNA using 

Qiagen’s RNAeasy Micro kit (74004). RNA was quantified using Nanodrop and 

frozen at -20*. qPCR was performed using iQ SYBR Green Supermix (Bio-rad, 

1708882) according to manufacturer instructions on StepOne Plus (Applied 

Biosystems, serial number 272003145). Gene expression ratio was calculated 

using Pfaffel test compared to unstimulated monocytes from the same timepoint. 

Actin B (ACTB) was used as a housekeeping gene for normalization. Timepoints 

for RNAseq were selected based on peak expression of CD86, HLA-DR, and 

CD54, which had been identified as targets that increased by 18 hours via flow 

cytometry.  

 

  

https://pga.mgh.harvard.edu/primerbank/
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Supplemental Figure 3.2. Gating layout for initial examination of effects of 

AS01 on human PBMC. PBMC were stimulated with AS01 or a positive control, 

LPS + 1:100 killed flu vaccine, for 18 hours. BFA was added to the cells to 

prevent release of cytokines during the assay. After stimulation, cells were run on 

a flow cytometer and gated according to the following strategy. Data is reported 

in Figure 3.1 (mDC and monocytes) or Figure 3.2 (NK cells, T cells, pDC, or B 

cells).   
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Supplemental Figure 3.3. Gating layout for surface marker analysis of mDC 
and CD14+ response to AS01 and its component parts. PBMC were gated 
according to the following strategy after 18 hours of stimulation with AS01, 
MPLA, or QS-21.  
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Supplemental Figure 3.4. Gating layout for cytokine analysis of mDC and 
CD14+ response to AS01 and its component parts. PBMC were gated 
according to the following strategy after 18 hours of stimulation with AS01, 
MPLA, or QS-21. BFA was added to the cells during incubation to retain 
cytokines produced.  
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Supplemental Figure 3.5. Gating strategies for monocyte subsets. Example 
gating for A) surface marker upregulation in classical or non-classical monocytes 
and B) cytokine production by monocyte subsets.  
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Supplemental Figure 3.6. Gating strategy used for RNAsequencing sort. 
Monocytes were sorted from human PBMC according to the following gating 
strategy after 10 hours with or without AS01 stimulation.  
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Chapter 4: Humoral and Cellular Immunity Induced by Adjuvanted and 

Standard Trivalent Influenza Vaccine in Older Nursing Home Resident 
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4.2. Abstract 

Background 

Despite wide use of adjuvanted influenza vaccine in nursing home 

residents (NHR), little immunogenicity data exist for this population. 

Methods 

We collected blood from NHR (n=85) living in nursing homes participating 

in a cluster randomized clinical trial comparing MF59-adjuvanted trivalent 

inactivated influenza vaccine (aTIV) with non-adjuvanted vaccine (TIV) (parent 

trial, NCT02882100). NHR received either vaccine during the 2016-2017 

influenza season. We assessed cellular and humoral immunity using flow 

cytometry and hemagglutinin inhibition (HAI), anti-neuraminidase (ELLA), and 

microneutralization assays. 

Results 

Both vaccines were similarly immunogenic and induced antigen-specific 

antibodies and T cells, but aTIV specifically induced significantly larger D28 titers 

against A/H3N2 neuraminidase than TIV. 

Conclusions 

NHRs respond immunologically to TIV and aTIV. From these data, the 

larger aTIV-induced anti-neuraminidase response at D28 may help explain the 

increased clinical protection observed in the parent clinical trial for aTIV over TIV 

in NHR during the A/H3N2-dominant 2016-2017 influenza season. Additionally, a 

decline back to pre-vaccination titers at 6 months after vaccination emphasizes 

the importance of annual vaccination against influenza. 
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4.3. Introduction 

Influenza ranks among the most common causes of respiratory illness, 

making it a target for vaccine campaigns that aim to limit its associated morbidity 

and mortality. Estimates attribute over 100,000 hospitalizations annually to 

influenza in the US alone, most of which occur in older adults [269,270]. 

Phenomenon such as antigenic drift and shift undermine the effectiveness of 

annual vaccination campaigns within and across influenza seasons. Additionally, 

vaccine effectiveness declines with increasing age, comorbidities, and frailty, a 

particularly prevalent combination of vulnerabilities for nursing home residents 

(NHR). NHR generally also risk more opportunities for disease transmission due 

to communal living [165,271]. One strategy developed to improve vaccine response 

includes the addition of an adjuvant to the influenza vaccine formulation. 

In a 2016-2017 cluster randomized clinical trial, we found reduced NHR 

hospitalization in facilities that offered adjuvanted trivalent inactivated vaccine 

(aTIV) as a care standard compared to those offering unadjuvanted trivalent 

inactivated vaccine (TIV) [272]. Immunogenicity studies conducted in community-

dwelling older adults consistently report increased antibody titers to aTIV 

compared to non-adjuvanted vaccine [273,274]. Here, we focus on the 

immunogenicity of aTIV and TIV in NHRs who are at higher risk for serious 

infection. Clinical efficacy studies that also examine immunogenicity have 

typically limited their observations to HAI titer. Despite the increased 

susceptibility of both aged individuals and those living communally, NHRs’ 
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immunological response to influenza vaccination remains understudied, 

especially compared to healthier populations. 

In this study, we sought to understand the immunological basis of the 

differential clinical protection that TIV and aTIV provided during the 2016-2017 

influenza season, as described in our parent cluster-randomized clinical trial in 

the NHR population (NCT02882100) [272]. We examine not only HAI titers but also 

investigate differences in anti-neuraminidase (anti-NA) titers and cellular 

immunity to address gaps in data on aTIV’s relative impact on immunity 

compared to TIV in NHR. We found that humoral immunity induced by these 

vaccines differed only in anti-NA titers, specifically against A/H3N2. We found no 

differences in cellular immunity between the two vaccine groups. As others have 

found, we show that immune responses expanded after vaccination and 

contracted by D180 post vaccination [56,275]. 
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4.4. Materials and methods 

Study design/recruitment 

Persons that were aged 65 years and older and residents of a Medicare-

certified long-term care facilities in the metro areas of Denver, Colorado, or 

Cleveland, Ohio, were recruited for this study. These facilities were cluster-

randomized as part of a large, pragmatic clinical trial (NCT02882100) with each 

building as a whole randomized to provide aTIV or standard-of-care TIV for all 

residents over age 65 who were going to receive an influenza vaccine [272]. We 

obtained informed consent directly from NHR or their legally authorized 

representative as approved by the New England IRB (NEIRB) for this 

immunogenicity sub-study. 

Sample processing.  

We sampled blood from subjects 0-14 days prior to vaccination to 

determine a baseline for their influenza immunity and again at seven (D7) and 28 

(D28) days after vaccination. Blood was also collected from a subset of donors 

approximately 6 months (D180) after vaccination. Blood samples underwent 

peripheral blood mononuclear cell (PBMC) purification using Ficoll gradient 

centrifugation and were cryopreserved in fetal bovine serum (FBS) containing 

10% DMSO in liquid nitrogen. We also separated serum from blood and stored 

serum samples at -80°C. 

Assays 

HAI. Hemagglutination inhibition assays (HAI) were performed according 

to established protocols using hemagglutinin from the 2016-2017 influenza 



106 
 

season and turkey red blood cells (Lampire Biological Laboratories, 

Coopersburg, Pennsylvania) [276]. Strain-matched inactivated virus for A/H1N1 

(A/California/07/2009 NYMC X-179A), A/H3N2 (A/Hong Kong/4801/2014), and 

influenza B (B/Brisbane/60/2008) were provided by CSL Seqirus. 

Anti-neuraminidase titers. The anti-neuraminidase enzyme-linked lectin 

assay (ELLA), was performed based on established protocols [277]. Briefly, plates 

were coated with fetuin (Sigma, F3385; 25 μg/mL) before addition of heat-treated 

human sera. Active neuraminidase for A/H1N1 or A/H3N2 was added to plate 

and incubated at 37°C for 16 hours. For A/H1N1, neuraminidase with exact strain 

match was supplied by CSL Seqirus (A/California/07/2009 NYMC X-179A; 

sequence accession GQ214336). For A/H3N2 neuraminidase, a strain with 

95.7% homology (A/Babol/36/2005 (A/H3N2)) was used (Antibodies-online Inc. 

Limerick, PA; sequence accession ACN50232). Plates were then washed and 

incubated with peanut agglutinin horseradish peroxidase (Sigma, L7759; 1:500) 

for 2 hrs at RT before washing and visualization with citrate buffer and o-

phenylenediamine dihydrochloride (OPD) tablet (Sigma; P8287). Reaction was 

stopped with 0.5 M sulfuric acid before optical density was read at 490 nm. 

Microneutralization. Microneutralization assays (MN) were performed 

according to established protocols using live A/H1N1 and A/H3N2 strains that 

were vaccine strain-matched, supplied by CSL Seqirus [276]. 

Flow cytometry. For flow cytometry analysis of vaccine-specific T cell 

frequency, PBMC were thawed and stimulated in X-VIVO 15 media (Lonza, Cat 

04-418Q) overnight using pooled A/H1N1 and A/H3N2 antigen (10 μg/mL as 
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quantified by HA; CSL Seqirus) and anti-CD28/CD49d costimulation 

(eBiosciences, #16-0289; Biolegend, #304310). These were the exact antigens 

used in the production of the vaccines. After 2 hours, brefeldin A (BFA; Sigma, 

B7651; 5 μg/mL) was added to the stimulation and cells were returned to 

incubator. After 20 hours of stimulation, cells were stained using eBioscience 

Foxp3/Transcription Factor Staining Buffer set (Invitrogen; 00-5523) and 

LIVE/Dead Fixable Aqua Dead Stain (Invitrogen L34957); anti-CD3 BUV395 (BD 

Biosciences, 563546), anti-CD4 APC/Cy7 (Biolegend, 300518), anti-CD8 BV786 

(BD, 563823), anti-CD45RA PE-Texas Red (Invitrogen, MHCD45RA17), anti-

CCR7 PE/Cy7 (Biolegend, 353226), anti-granzyme B PE/Cy5.5 (Invitrogen, 

GRB18), anti-perforin-1 PE (Cell Sciences, CDM247), anti-CD107a 

FITC(Biolegend, 328606), anti-IL-2 APC (Biolegend, 500311), anti-IFN-γ AF700 

(Biolegend, 506516), and anti-TNF-ɑ Pacific Blue (Biolegend, 502920). Cells 

were fixed after staining with 1% paraformaldehyde. Flow cytometry was 

performed on BD Fortessa and analyzed using FlowJo. 

For flow cytometry evaluation of cTFH activation, cells were stimulated as 

above and anti-CD40 (Beckman-Coulter MAB89, Catalog #IM1374; 2.5 μg/mL) 

was added with anti-CD28/CD49d costimulation. After 20 hours, cells were 

stained with LIVE/Dead Fixable Aqua Dead Stain (Invitrogen L34957), anti-CD3 

BUV395 (BD Biosciences, 563546), anti-CD4 BUV805 (BD, 612887), anti-CD8 

BV786 (BD, 563823), anti-CCR7 BV605 (Biolegend, 353224), anti-CD45RA 

APC-H7 (BD, 560674), anti-CD297 BV421 (Biolegend, 329920), anti-CXCR5 

PE/Dazzle 594 (Biolegend,356928), anti-CD278 (ICOS) FITC (Biolegend, 
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313506), anti-CD154 (CD40L) PE (Biolegend, 310806), anti-CD274 (PD-L1) APC 

(Biolegend, 329708), and anti-CD134 (OX40) PE/Cy7 (Biolegend, 350012). 

Analysis 

Humoral immunity. We defined seroconversion as a four-fold rise in titer 

and seroprotection as an absolute HAI titer above 40. We calculated the 

geometric mean fold change from baseline to D28 and its 95% confidence 

interval within both vaccine groups. We summarized baseline comparability in 

humoral endpoints between vaccine groups, calculating the standard mean 

difference (SMD) between the vaccine groups for each log-transformed assay at 

baseline [125]. Assays with SMD <0.1 at baseline were considered as comparable 

within this subset of the cluster randomized cohort and were analyzed at day 28 

without adjustment using t-test of log-transformed assays to compare geometric 

mean titer ratio of the two vaccines against a null value of 1. For assays with 

baseline SMD ≥0.1, analyses of day 28 and D180 values were adjusted for 

baseline levels. These adjusted analyses implemented an ANCOVA/regression 

model predicting log assay at D28 or D180 using [log assay at day 0 + vaccine]. 

Pearson correlations by vaccine and assay were calculated for log-transformed 

baseline assays and D28 fold change. 

Cellular immunity. Cytokine immune endpoints were compared using 

mixed modeling analysis given the repeated measures within subjects and 

missing data over time. Square-root transformed values were estimated as a 

function of vaccine arm, time (baseline, D7, and D180), and their interaction. The 

interaction of vaccine arm and time was the effect of interest. Detected model 
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effects were further assessed with post-hoc Tukey-adjusted contrasts. Analysis 

of humoral endpoints and cellular immune endpoints was performed in R version 

4.1.3 with mixed models estimated using functions in the nlme package. 

T cell polyfunctionality. The analysis used SPICE and Monte Carlo 

generated permutations to compare timepoints. Cells that singly expressed 

granzyme B or perforin as well as co-expressing only perforin and granzyme 

were removed from analysis due to our assay’s inability to distinguish whether 

these cells were vaccine antigen-specific or constitutively expressing perforin and 

granzyme [278]. 

All P-values are presented as unadjusted unless otherwise indicated in 

this exploratory analysis to understand mechanistic differences between vaccine 

groups with significant observed outcomes in NHR. 
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4.5. Results 

We evaluated 88 nursing home residents with half over age 80, over two-

thirds women, and nearly a quarter non-white (Table 4.1). 

Cohort Demographics 

All (n=85) TIV (n=42) aTIV (n=43) 

Age: Mean +/- SD 83 +/- 10 80 +/- 9 

Age: Median (IQR) 83 (76, 91) 79 (74, 86) 

Age: Range 61-103 65-97 

Race & Ethnicity: White, non-Hispanic 32 (76%) 33 (77%) 

Race & Ethnicity: Black, non-Hispanic 10 (24%) 10 (23%) 

Race & Ethnicity: Hispanic 1 0 

Sex: Male 13 (31%) 10 (23%) 

Sex: Female 29 (69%) 33 (77%) 

Table 4.1. Demographics of recipients of trivalent inactivated vaccine (TIV) 
and adjuvanted trivalent inactivated vaccine (aTIV). 

 

Humoral Immunity 

For all assays, aTIV and TIV titers rose from baseline titers to significantly 

elevated D28 titers within a vaccine group. Additionally, anti-NA titers against 

A/H1N1 decreased significantly from D28 to D180. In contrast, A/H3N2 anti-NA 

titers did not differ significantly from D28 to D180. For A/H1N1, HAI and MN 
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decreased significantly from D28 to D180 after vaccination. For A/H3N2, D28 to 

D180 HAI and MN titers were not statistically different in either vaccine (Table 

4.2; Figure 4.1). 

Vaccine Group aTIV TIV 

  Strain H1N1 H3N2 H1N1 H3N2 

BL to 
D28 

Anti-NA 
GMFC 2.73 1.32 1.68 1.23 

p value 1.00E-05 0.01 2.00E-04 0.04 

HAI 

GMFC 3.55 6.34 3.52 7.08 

p value 1.00E-07 2.00E-07 2.00E-07 
1.00E-

08 

MN 

GMFC 3.82 5.55 4.88 11.7 

p value 3.00E-07 1.00E-08 1.00E-07 
1.00E-

07 

D28 to 
D180 

Anti-NA 
GMFC 0.72 1.28 0.72 0.92 

p value 0.04 0.27 0.002 0.54 

HAI 
GMFC 0.4 0.44 0.5 0.67 

p value 5.00E-04 0.06 4.00E-04 0.08 

MN 
GMFC 0.35 0.7 0.43 0.66 

p value 2.00E-03 0.24 1.00E-04 0.12 

Table 4.2. Statistics for humoral titer changes within a vaccine group 
between timepoints. For standard (TIV) and adjuvanted (aTIV) influenza 
vaccines, geometric mean fold changes (GMFC) were calculated and statistical 
tests comparing GMFC to 1 within a group were performed using t-tests on log-
transformed fold changes. Anti-neuraminidase (NA) immunity was assessed 
using ELLA directed against strain-specific (NA), while anti-hemagglutinin (HA) 
immunity was assessed using HA inhibition (HAI) and microneutralization (MN) 
assays. Analysis was performed using GMFC of the titers reported at baseline 
(BL), D28, or D180 post vaccination. Data is shown for comparisons between BL 
and D28 as well as D28 and D180. P-values are presented without adjustment. 

 

In addition to changes over time, titer changes between vaccine groups 

were also compared. Anti-NA A/H3N2 titers were statistically incomparable at BL 

(SMD >0.1). After adjusting for differences in baseline titer, anti-NA A/H3N2 titers 

were statistically different between aTIV and TIV subjects for A/H3N2 at D28 post 

vaccination (adjusted P [P*]=0.013). Anti-NA A/H3N2 titers remained statistically 
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different between vaccine groups even at D180 post vaccination when adjusting 

for baseline (p*=0.02) (Figure 4.1A). MN and HAI titers do not show differences 

between vaccine groups (Figure 4.1B and 4.1C). 

Figure 4.1. Humoral responses of donors after receiving aTIV or TIV at 
baseline, D28, and D180 post vaccination. Humoral immunity was assessed. 
Anti-neuraminidase (NA) titers were assessed using an ELLA assay directed 
against NA specific to the strain listed, while titers against hemagglutinin (HA) 
were assessed using hemagglutinin inhibition (HAI) and microneutralization (MN) 
assays. The standard mean difference (SMD) of baseline titers was used to 
determine if vaccine groups had comparable assay titers at baseline (BL). The 
model-estimated vaccine group p-values are marked with (P*). Assays with SMD 
< 0.1 were considered comparable at BL and values from D28 and D180 were 
compared between vaccine groups using a t-test on log-transformed assays and 
marked with a (P).  A) Anti-NA results at BL, D28, and D180 from serum 
collected from vaccine recipients in the adjuvanted (aTIV) and standard dose 
(TIV) arms of the study against A/H1N1 or A/H3N2 antigens. P values are bolded 
when differences between the responses at a given timepoint are significantly 
different between vaccines. B) HAI titers at BL, D28, and D180 for aTIV and TIV 
donors, respectively. C) MN titers against A/H3N2 were not comparable at BL 
between vaccine groups and comparisons between later timepoints were 
therefore adjusted for baseline values (P*). 
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Around half of all donors were considered seroconverted at baseline 

based on HAI (Table 4.3). Seroconversion rates were higher with A/H3N2 than 

for A/H1N1. Both vaccine groups had high baseline seroprotection by HAI, yet 

seroprotection still increased after vaccination (Table 4.3). Interestingly, 

increases in influenza B seroprotection were limited at D28 (TIV= 62%, aTIV= 

72%) compared to the more robust responses to influenza A strains 

(seroprotection >85% for both aTIV and TIV) (Suppl. Fig. 4.1). For HAI and MN 

assays, high baseline titers to influenza A strains correlated negatively with fold 

change (Pearson r = 0.4-0.5; p < 0.05; Suppl. Fig. 4.2). Vaccine groups had 

similar seroprotective titers. 

Cellular immunity 

Total CD4+ and CD8+ T Cell Response 

Flow cytometry was used to collect data on vaccine-induced cell-mediated 

immunity, particularly cytokine production and expression of cytotoxic molecules 

(gating strategy available in Suppl. Fig. 4.3). Mixed effects modeling did not 

detect differences between aTIV and TIV cellular response to virus over time as 

an interaction effect. There were therefore no significant differences between TIV 

and aTIV in cytokine-producing cells detected post-vaccination when cells were 

stimulated with pooled A/H1N1 and A/H3N2 antigens. However, statistically 

significant changes from baseline to D7 could be detected across groups, 

specifically in CD4+ T cells expressing IFN-γ and CD107a (Figure 4.2). No 

cytokines in CD8+ T cells showed significant increases from baseline to post 

vaccination timepoints in either vaccine group (Suppl. Fig 4.4). Notably, many 
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donors have high pre-existing cellular responses against influenza before 

vaccination. 

 

Group Percentage of (%): A/H1N1 A/H3N2 

 
TIV 

Seroprotection BL 76 62 

Seroprotection D28 95 88 

Seroconversion 45 64 

Seroprotection or conversion 95 86 

HAI GMT D28 301.2 407.1 

aTIV 

Seroprotection BL 76 76 

Seroprotection D28 91 87 

Seroconversion 42 51 

Seroprotection or conversion 93 89 

HAI GMT D28 323.9 405.9 

 Seroconversion p-value 0.924 0.315 

Table 4.3. Baseline (BL) and D28 comparison of humoral measures. 
Seroprotection (HAI titer of at least 1:40) values were assessed at baseline (BL) 
and at day 28 post vaccination (D28). Seroconversion, or four-fold rise in titer by 
D28 post vaccination, was also assessed for each strain of influenza included in 
standard dose (TIV) and adjuvanted (aTIV) influenza vaccine. Values reported 
are for hemagglutinin inhibition assay (HAI), the standard assay used for 
evaluating vaccine response to influenza. P values were calculated using Chi-
squared test to compare seroconversion rates between groups at D28. 
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Figure 4.2. CD4+ T cell cytokine and cytotoxic molecule response before 
and after vaccination for each vaccine group. Flow cytometry was performed 
on PBMC stimulated overnight with pooled A/H1N1 and A/H3N2 antigen at 
baseline (BL, n=81), D7 (n=75) and D180 (n=50) after vaccination. Cells were 
analyzed at each timepoint for expression of A) IL-2, B) IFN-γ, C, TNF-ɑ, and D) 
CD107a, normalized to effector molecule expression in unstimulated cells at that 
timepoint. The interaction of vaccine arm and time was the effect of interest in the 
mixed-effects model used. If the model detected effects, they were further 
assessed with post-hoc Tukey-adjusted contrasts to determine which levels of 
the effect variable differed from each other. Effects are reported below the 
graphical representation of each datapoint. Differences between vaccines after 
vaccination are indicated as vaccine*time, while differences within a vaccine 
group are referred to as time interactions. Comparisons between timepoints, 
when significant, are reported in the table below the figure. 
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We analyzed CD4+ memory (as defined by CD45RA and CCR7; see 

Suppl. Fig. 4.3) T cells for changes in polyfunctionality using SPICE, a program 

designed to reduce complex multi-factorial cytometry data into a graphical 

representation [279]. SPICE arranges Boolean-gated cytometry data into a matrix 

that is normalized to the unstimulated condition. Changes in the co-expression of 

markers over time can then be analyzed, and differences in marker co-

expression between conditions can be compared. While there were no 

statistically significant differences in baseline polyfunctionality between vaccine 

arms (p=0.27), analysis of polyfunctional categories showed differences between 

aTIV and TIV at D7 (p=0.003) (Figure 4.3). The overall frequency of cells 

expressing more than 2 effector molecules does not appear to change: rather, 

differences between groups at D7 are driven by the types of molecules being co-

expressed (Figure 4.3B). No statistically significant differences were observed in 

overall polyfunctionality at baseline, D7, or D180 within either vaccine arm 

(Suppl. Fig. 4.5). We did not perform CD8+ T cell polyfunctionality analysis due 

to the low overall number of responding CD8+ T cells in most of our donors, 

since SPICE is vulnerable to artifact introduced by a low number of responding 

cells. 
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Figure 4.3. Differences in polyfunctional responses generated after 
vaccination between aTIV and TIV. Polyfunctionality was analyzed using 
SPICE for both standard dose (TIV) and adjuvanted (aTIV) influenza vaccine at 
A) baseline (BL), B) D7, and C) D180 post vaccination. Polyfunctionality pies 
show co-expression of effector molecules in CD4+ memory T cells when cells 
were stimulated with influenza A antigens. The rings indicate the proportion of 
responding cells to the cytokines indicated in the legend. Rings overlap to 
represent cells that are expressing two or more molecules. Pie slices indicate the 
various combinations of effector molecules. The listed p values are for Monte 
Carlo-based permutation tests examining the difference between pies at the 
timepoints shown (ɑ=0.05), 
 
cTFH responses 

In the subset of donors with sufficient PBMC remaining after initial 

cytokine analysis, cTFH response to pooled A/H1N1 and A/H3N2 antigens was 

examined (gating strategy in Suppl. Fig. 4.6; see Methods for more information). 

These peripheral cells share features of the TFH found in the LN germinal center 

and are believed to reflect germinal center responses. In this study, we found 

that donors that received aTIV, but not TIV, experienced an increase in 

Ox40+ICOS+ and Ox40+PDL1+ cTFH from baseline to D7 (Figure 4.4). However, 

SMD values ≥ 0.1 indicated baseline cTFH levels were not comparable between 

aTIV and TIV in this subset. After adjusting for baseline levels in regression 

models, as described in methods, there was no difference detected in the 

increase in D7 antigen-specific cTFH between the vaccines.  
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Figure 4.4. Circulating T follicular helper (cTFH) response 7 days after 
vaccination in aTIV and TIV subjects. Flow cytometry was used to analyze 
cTFH response to vaccination for both cTFH (aTIV= 13; TIV= 15) against pooled 
A/H1N1 and A/H3N2. Box-and-whisker plots are constructed as described for 
Figure 1. Cells were gated on PD-1+CXCR5+ memory CD4+ T cells and 
examined for A) activation state (Ox40+ICOS+) and B) co-expression of 
activation induced markers (AIM) Ox40 and PD-L1. Values reported are 
normalized by subtracting background unstimulated frequencies from antigen-
stimulated data (Flu-US). Significance on the graph was calculated by Mann-
Whitney U test for paired comparisons between timepoints. For comparisons 
between groups, BL differences were calculated using standard mean difference 
(SMD) scores as indicated in methods.   
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4.6. Discussion 

As of 2022, the ACIP recommends the use of enhanced influenza 

vaccines, including adjuvanted vaccines, over standard dose vaccines in adults 

65 or older [280]. Several investigators have reported that adjuvanted influenza 

vaccine offers greater clinical protection to older adults compared with standard 

TIV [272,273,281]. Yet while we accept antibody titer as assessed by HAI as a proxy 

for clinical protection, our present study does not demonstrate the HAI titer 

differences we anticipated based on the parent cluster randomized clinical trial. 

In that trial, we found reduced hospitalization and reduction in suspected 

influenza facility outbreaks in NHR was associated with aTIV, indicating better 

clinical protection in this vaccine despite the lack of significant difference in HAI 

titer reported here [272,282]. While both vaccines elicit titer increases in HAI and 

MN assays from baseline to D28, only the ELLA assay assessing antibodies 

against A/H3N2 NA showed differences between vaccine groups, and only after 

statistically adjusting for baseline differences between groups (Fig. 4.1A). This 

differential response can be detected even at 180 days post vaccination, 

suggesting aTIV elicits long-term differences in anti-NA humoral immunity 

compared to TIV. 

Anti-NA immunity is a known correlate of protection from severe disease 

in influenza, as demonstrated in a controlled inoculation trial [283]. One clinical trial 

comparing high dose vaccines with TIV found that anti-NA immunity, particularly 

anti-N2 ELLA, appeared to complement HAI titers as a correlate of protection 

[284]. These studies suggest that anti-NA antibodies may play an important role in 



121 
 

reducing the risk of hospitalization [283]. Additionally, anti-NA immunity is cross-

protective in years in which strain mismatch occurs between the vaccine and 

circulating strains, in part due to lower substitution mutation rates in the gene for 

NA and the existence of fewer NA subtypes than HA [285]. Immunity against NA 

protein, particularly for A/H3N2, is especially important to evaluate for vaccines in 

the elderly population, for whom vaccines are notoriously less efficient at eliciting 

immunity against A/H3N2 [286,287]. Despite the known role of anti-NA immunity in 

protecting aged populations, comparative studies between vaccines tend to focus 

on anti-HA immunity and potentially miss key differences between vaccines. 

We report low overall increases in seroprotection and seroconversion, but 

donors had high rates of baseline seroprotection, particularly against A/H1N1. 

Based on lower rates of seroconversion and seroprotection after vaccination, 

both vaccines were less effective at eliciting humoral immunity as measured by 

HAI against influenza B compared to influenza A strains (Supplemental Figure 

4.1; Table 4.3). Pre-existing humoral immunity negatively correlates with HAI 

titer fold change after vaccination [288,289], suggesting that low fold change may be 

related to these subjects’ high levels of pre-existing immunity. In this present 

study, we show this negative correlation for HAI and the NA-targeted ELLA assay 

as well as the functional MN assay (Suppl. Fig 4.2A-C). Donors are slightly more 

likely to seroconvert against A/H3N2, perhaps as a result of lower initial titers and 

repeated previous exposures to pandemic-strain A/H1N1 during earlier years 

through vaccination or natural infection. Seasonal influenza vaccination rates in 

Ohio nursing homes have been around 70% for over 15 years [290], and repeated 
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influenza vaccination negatively impacts influenza vaccine response in 

subsequent years [291–293]. While vaccine history was not collected on donors 

enrolled in this study, high rates of vaccination in the sample population may 

account for the limited increase in humoral titers seen in both vaccine groups. 

Cellular responses were similar between aTIV and TIV. TIV produced a 

modest but significant increase in IFN-γ-producing CD4+ T cells at D7, while 

aTIV did not (Fig. 4.2B). However, modeling showed that aTIV and TIV cellular 

responses at D7 did not differ significantly between vaccines. Both TIV and aTIV 

are inefficient at boosting influenza-specific memory T cell frequencies in NHR, 

similar to a report comparing vaccine responses in older adults from the 2011-

2012 influenza season [294]. Existing influenza vaccines have long been noted to 

be relatively inefficient at inducing memory T cell responses (reviewed in [295]), 

despite data that indicates T cells are particularly important in resolving influenza 

infection in older adults [65–67,296,297]. It is therefore unsurprising that both aTIV and 

TIV are only able to weakly boost frequencies of cytokine-producing CD4+ T 

cells. Like TIV, aTIV has limited efficacy at inducing influenza-specific T cell 

responses. This might be expected for a vaccine that is thought to work primarily 

by enhancing germinal center maturation based on animal studies of the 

mechanism of adjuvant MF59. MF59 has been found to induce higher antibody 

titers, induce greater germinal center formation, and promote antibody affinity 

maturation compared to standard dose or even alum adjuvant formulations 

[203,208,209]. These mechanisms of MF59’s efficacy appear to be focused on 
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amplifying humoral responses and therefore are not necessarily advantageous in 

promoting cellular immune responses. 

Polyfunctional T cells are protective in a variety of disease states or 

vaccine models [298–300]. When CD4+ memory T cells were analyzed for changes 

in polyfunctionality, aTIV induced a differential polyfunctional response than TIV 

(Fig. 4.3B). In particular, aTIV seemed to promote the co-expression of IFN-γ 

compared to TIV in antigen-specific cells. IFN-γ producing cells have been 

shown to contribute to protection against influenza in older adults [84,296]. 

However, there was no significant change in polyfunctional categories within a 

vaccine arm across timepoints (Suppl. Fig. 4.5): the differences between 

vaccine arms appear to be driven by different directions of change rather than by 

magnitude (Fig. 4.3). Influenza vaccination is a repeated antigen exposure, and 

additional polyfunctionality gains from vaccination may be limited in the study 

population of older adults, such as ours, who were on average over 80 years old 

and in a highly vaccinated nursing home population. 

Antigen-specific cTFH, defined as CD4+ memory PD1+CXCR5+ T cells, 

typically do not produce detectable levels of cytokines measured by routine 

intracellular flow cytometry methods. These cells can be identified by 

upregulation of AIM like Ox40 and PD-L1 in lieu of cytokine production [57,301]. In 

influenza vaccination, activated cTFH correlate with post-vaccination titers [69,302]. 

These cells are reduced in frequency following vaccination in elderly adults 

compared to younger adults, partially due to an increased age-associated 

inflammatory profile that limits cTFH differentiation [54,111]. In our study, donors that 
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received aTIV showed a statistically significant increase in antigen-specific 

Ox40+PDL1+ cTFH at D7, but vaccine arms did not differ in cTFH responses at D7 

after adjustment for baseline differences (Fig. 4.4). 

One caveat to our study is that it was only powered to detect medium-to-

large effect sizes in the populations studied [303]. We may not have detected 

smaller vaccine-induced effect sizes in various assays that could still prove 

clinically relevant between vaccine groups. Our limited power also impacted our 

ability to correlate factors such as antibody titer and cTFH. Additionally, we only 

assayed T cell responses at D7 and D180. Our study cannot rule out differences 

between the groups in T cell response that fall outside of those timepoints. 

Overall, we report limited in vitro differences between the immune 

responses elicited by the two vaccines. While both vaccines show transient 

humoral and cellular immunity increases after vaccination, the major difference 

between vaccines in NHR was the higher anti-NA neutralization titers against 

A/H3N2 in aTIV recipients. These findings are noteworthy in light of the published 

clinical arm of this study [272]. In that study, we found that aTIV was more effective 

than TIV in preventing all-cause, pneumonia, and influenza hospitalization of 

NHR. Another subanalysis of the parent study showed that aTIV was associated 

with a reduction of suspected influenza outbreaks in the facilities in which it was 

used, another measure of increased clinical protection if not also less efficient 

transmission [282]. This present study contributes to available clinical data for the 

2016-2017 influenza season by showing that the primary immunological 

difference between aTIV and TIV in this aged NHR population was anti-NA 
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humoral immunity for A/H3N2. This finding could help explain the increased 

protection found in our multi-site study in 2016-2017. While NHR receiving aTIV 

do not respond to the degree has been reported for younger adults, they have 

increases in immune outcomes that may prove clinically relevant compared to 

subjects that receive TIV. Our study confirms that aTIV is able to boost cTFH 

levels and humoral immunity even in NHR and supports the ACIP’s recent 

decision replacing standard dose influenza vaccines in older adults with 

enhanced vaccines [280].  
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4.7. Supplemental 

Supplemental Figure 4.1. Influenza B humoral responses were evaluated by 
HAI. Humoral responses were evaluated against influenza B/Brisbane/60/2008 
using hemagglutinin inhibition (HAI) assay at baseline (BL), D28, and D180 post-
vaccination. Statistical tests were performed for differences between standard 
dose (TIV) and adjuvanted (aTIV) vaccines. Standard mean deviation (SMD) 
showed differences between vaccines at BL, so p values comparing vaccine 
groups at D28 and D180 were adjusted for BL (p*).  B) Statistical data on 
seroprotection and seroconversion at baseline as assessed by HAI. 

Influenza B Vaccine 

Percentage of: TIV aTIV 

Seroprotection BL 40 37 

Seroprotection D28 62 72 

Seroconversion 33 44 

Seroprotection or conversion 62 74 

Seroconversion p value 0.42 

 



127 
 

Supplemental Figure 4.2. Baseline humoral titer impacts fold titer change in 
response to both aTIV and TIV. Correlations between baseline (BL) titers and 
titers at D28 post vaccination were compared for standard dose (TIV, blue) and 
adjuvanted (aTIV, red) influenza vaccination. A) Anti-neuraminidase (anti-NA) 
titers were assessed using ELLA directed against strain-specific NA for both aTIV 
and TIV. Correlations between log-transformed titers at BL and D28 are reported 
below. B) Correlations of log-transformed titers against hemagglutinin (HA) at BL 
and D28 were assessed using hemagglutinin inhibition (HAI) assay. C) Anti-HA 
log-transformed titers were assessed using microneutralization (MN) assay at BL 
and D28. Correlation outcomes for A-C are shown in table on next page  
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Assay Strain Vaccine r value Lower r Upper r p value 

ELLA H1N1 aTIV -0.597 -0.766 -0.351 0.00005 

ELLA H1N1 TIV -0.370 -0.611 -0.067 0.019 

ELLA H3N2 aTIV -0.302 -0.561 0.011 0.058 

ELLA H3N2 TIV -0.258 -0.527 0.058 0.108 

HAI H1N1 aTIV -0.305 -0.555 -0.005 0.047 

HAI H1N1 TIV -0.541 -0.726 -0.284 0.0002 

HAI H3N2 aTIV -0.560 -0.736 -0.312 0.00009 

HAI H3N2 TIV -0.298 -0.552 0.007 0.055 

MN H1N1 aTIV -0.331 -0.574 -0.034 0.030 

MN H1N1 TIV -0.604 -0.767 -0.367 0.00002 

MN H3N2 aTIV -0.593 -0.758 -0.356 0.00003 

MN H3N2 TIV -0.600 -0.764 -0.362 0.00003 

 

  



129 
 

Supplemental Figure 4.3. Gating strategy for cytotoxic lymphocyte (CTL) 
panel. Cells were gated on live CD3+ singlet lymphocytes before gating for 
CD4+ or CD8+ T cells. Naive (CD45RA+CCR7+) cells were then gated out of 
each T cell subset and memory cells were gated for positivity of CD107a, 
granzyme B, IFN-γ, IL-2, perforin-1, or TNF-ɑ. Unstimulated cells (top box) and 
virus-stimulated cells (bottom box) from a selected donor are shown. CD4+ and 
CD8+ T cells used the same gating layout for memory and effector molecule 
expression. 
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Supplemental Figure 4.4. CD8+ T cell response assessed by flow 
cytometry. Flow cytometry was performed on PBMC stimulated overnight with 
pooled A/H1N1 and A/H3N2 antigen at baseline (BL, n=81), D7 (n=75), and 
D180 (n=50) after vaccination. Cells were analyzed at each timepoint for 
expression of A) IL-2, B) IFN-γ, C) TNF-ɑ, and D) CD107a, normalized to effector 
molecule expression in unstimulated cells from that timepoint. Mixed effect 
modeling was used to detect vaccine-specific differences between groups and 
differences between responses at each timepoint (ɑ=0.05). Model results are 
reported below the graph.  
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Supplemental Figure 4.5. SPICE at baseline, D7, and D180. Polyfunctionality 
was examined between timepoints within a vaccine arm for either A) standard 
dose (TIV) or B) adjuvanted influenza vaccine (aTIV). Timepoints compared were 
baseline (BL), D7 post vaccination, and D180 post vaccination. Polyfunctionality 
pies show co-expression of effector molecules after BL subtraction when cells 
were stimulated by pooled influenza A antigens. P values shown were generated 
by Monte Carlo simulation using SPICE (ɑ=0.05). 
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Supplemental Figure 4.6. Gating strategy for circulating TFH (cTFH). Cells 
were gated on Live CD3+ lymphocytes before being gated for CD4+ T cells. 
Naive (CCR7+ CD45RA+) cells were then gated out. Memory cells were gated 
on PD-1+ CXCR5+ cells (cTFH). Cells were then gated on Ox40+PDL1+ cells to 
detect antigen-specific cTFH. Representative gating strategy shown below is from 
D7 T cells in unstimulated (US), SEB-stimulated (SEB), and virus-stimulated 
(H1+H3) conditions. 
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Chapter 5: Discussion and Future Directions 
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5.1. Discussion 

While age-related immune decline is demonstrable and results in 

increased clinical mortality, growing evidence suggests that aged immune 

systems can still respond to stimuli under the correct circumstances. This thesis 

explores mechanisms and vaccine outcomes of two vaccines that contain 

adjuvants and were developed for use in older adults. While taking place in 

separate vaccine systems, this research draws on three major themes: the need 

for mechanistic studies on adjuvants in human models, lipid-based delivery 

mechanisms, and TLR-based adjuvants. 

5.1.1. The need for mechanistic studies in primary human cells 

While useful, mouse models for human immunology are limited due to key 

differences in murine and human immune cells. Mouse models are also merely 

that– models. While transcriptional regulation of inflammatory events in mice and 

humans are similar [304], findings in mice need to be confirmed in humans due to 

known differences between murine and human immune systems. One major 

weakness in using mouse models for vaccine studies in older adults is that the 

aged mouse T cell repertoire is maintained in different ways from the human. 

Mice do not experience thymic involution until much later in their life cycle than 

humans, which is reflected in the fact that peripheral maintenance is much less 

critical in mice than humans and is regulated differently [8]. Murine models are 

therefore of questionable use in vaccine studies that examine aged T cell 

responses, as age may not affect these compartments similarly. Another key 

difference between mice and humans is the expression of costimulatory 
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receptors on T cells. Mice express CD28 on their T cells much more extensively 

than humans, suggesting that B7 molecules such as CTLA-4 and CD86 have 

stronger impacts on murine immune responses than human [305]. This could 

easily lead to over-interpretation of data, particularly when vaccine candidates 

target specific myeloid processes like costimulation. The expression of ICOS is 

much more critical in humans than mice, and a key inflammasome modulator, 

caspase 10, is absent in mice [305,306]. These two changes in particular are of 

concern when evaluating potential efficacy of adjuvants like AS01, which we 

show in Chapter 3 to work by upregulating costimulatory marker expression 

(Figure 3.6) and involve inflammasome activation (Figure 3.5C). 

Mice also differ from humans in the expression and activation of immune-

associated genes. This includes key regulatory genes: one study identified 76 

regulatory elements that were activated in mice but not human samples and 9 

clear instances of divergent regulation [307]. In humans, IFN-α appears to play a 

role in TH1 skewing via the activation of STAT4, while IFN-α does not induce 

STAT4 or play a role in TH1 induction in mice [305]. TLR4 signaling requires IRAK1 

for TLR signaling and cytokine production in human, but not mouse, 

macrophages. Mouse macrophages instead utilize adaptors such as IRAK2 and 

IRAK4 [308]. This may affect signaling induced by AS01, which contains the TLR4 

ligand MPL.  

Additionally, the surface markers used to define murine DC subsets differ 

from those used for human DCs. Several mouse DC subsets, including CD8a+ 

DC, do not have an obvious analogue in humans, though they share functional 
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similarity with CD141+ human DCs [32,309]. Murine pDCs in particular have been 

shown to diverge from human pDC, with a major relevant difference being that 

murine pDC produce IL-12 and human pDC do not [310]. In mice, Irf8 deletion 

leads to a lack of pDC and CD8+ DC, but not cDC2 [311]. In contrast, humans with 

homozygous mutations in Irf8 lack cDC2 [312]. This raises questions about 

whether human subsets considered “analogous” to mouse subsets are truly good 

models, particularly for work that models inflammatory signaling. 

However, using human cells has its own drawbacks as a model. Human 

mDC are rare in blood and typically do not survive cyropreservation. To 

compensate for this, MDDCs are often used as models of human mDC. There is 

evidence that monocytes differentiate into MDDC in vivo, particularly in 

inflammatory contexts [225]. However, these cells are not perfectly analogous to 

primary mDC. Human MDDC have distinct ontological origins compared to mDC, 

and they regulate key transcription factors such as IRF4 and IRF8 differently [313]. 

Further, the in vivo conditions under which MDDC form are significantly more 

complex than those used to generate MDDC in vitro [313]. The end result is that 

MDDC share some traits with mDC, particularly their ability to stimulate T cells, 

but are able to produce pro-inflammatory cytokines more than mDC [225]. This 

mixed functional profile complicates direct comparisons between MDDC and 

mDC.  

Elucidating differences between models and how cells behave in vivo is 

not just a matter of quibbling over research accuracy and the precise 

mechanisms of immune protection. Famously, over 80% of therapeutics 
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previewed in mouse models fail and are not carried forward during clinical 

translation to humans. These failures represent the loss of an enormous amount 

of time and resources for researchers seeking to develop treatments [314]. While 

there have been efforts to improve mouse models, with promising progress in 

using humanized mouse models for the immune system [315], gaps in our ability to 

explain the failure of vaccine candidates in human clinical trials remain. Without 

studies done on human samples, particularly primary cells closer to in vivo 

phenotypes, it is difficult to improve the success rate of clinical trials and quickly 

advance product development. 

5.1.2. Lipid-based delivery mechanisms 

Liposomes, such as those used in AS01 and the lipid nanoparticle COVID-

19 mRNA vaccines (LNP-mRNA), are at the forefront of new vaccine designs. 

Liposomes are distinct from other lipid-based adjuvants such as oil-in-water 

emulsions like MF59 due to their three-dimensional structure. Liposomes are 

formed when a lipid bilayer forms around a hollow aqueous center. They have 

distinct particulate shapes and a hidden “payload” area that is typically where a 

drug or antigen is hidden [316]. In contrast, emulsions are typically solid or 

lamellar, and the antigen is either associated at the surface or enfolded by 

hydrophobic residues [317]. While both emulsions and liposomes are able to 

adjuvant vaccine response in animal models, they are believed to act through 

different mechanisms to promote antigen uptake and presentation [318–320]. 

The composition of the liposome is known to influence immune response, 

though effects vary by the characteristics of each liposome formulation. A major 
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physical characteristic of liposomes known to influence immune outcomes is size 

[321]. Smaller liposomes (<200 nm) in mouse models localize in tissues and LNs 

differently from larger liposomes and appear to be taken up differently by immune 

cells such as macrophages [321–323]. Interestingly, MF59 microvesicles formed 

during emulsion average 160 nm in diameter, a similar size as these smaller 

liposomes [324]. Fluorescently labeled MF59 is taken up by phagocytic cells such 

as neutrophils and monocytes after vaccination in the LN [204], but whether MF59 

acts a soluble antigen that travels to the LN via the lymphatics or as a particulate 

antigen carried to the LN by phagocytic cells is unknown. It is also unknown if 

MF59 acts like a liposome in promoting phagocytosis and antigen trafficking to 

the LN. 

Other physical characteristics of liposomes, such as lipid content and 

electrostatic charge, have also been shown to influence how liposomes are 

internalized by innate immune cells and influence downstream responses [325]. 

For example, QS-21, used in AS01, is not taken up by cells when not in 

liposomal form. The high cholesterol content of the liposomes in AS01 appears to 

play a role in QS-21 entry and subsequent effects on lysosome stability [220].  

Another unique feature of liposomes that makes them useful as adjuvants 

is their ability to protect their internalized contents from degradation. In the case 

of lipid nanoparticle COVID-19 mRNA vaccines (LNP-mRNA), liposomal 

encapsulation of the mRNA is critical to ensure efficacy. The liposome helps 

shelter the mRNA from degradation and facilitates cellular uptake, without which 
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the mRNA cannot be transcribed into protein antigens [316]. Liposomes have thus 

been key to the development of an entire class of new vaccines. 

It is currently unknown if liposomes have inherent activating activity in 

human primary cells, as they are not given clinically without an additional 

adjuvant component or antigen. Squalene adjuvants like Addavax (a 

commercially available substitute for MF59) weakly and non-significantly induce 

costimulatory molecule upregulation in human MDDC after overnight incubation, 

and cholesterol-based liposomes, at least, do not seem to result in immune 

activation (Figure 5.1) [220]. 

Figure 5.1. Non-significant effects of squalene adjuvant Addavax and 
cholesterol liposomes on human myeloid cells. A) Human MDDCs 
differentiated with 10% heat-treated pooled human serum, 50 ng/mL GM-CSF, 
and 20 ng/mL IL-4 for 6 days. MDDCs were incubated with 1:100 dilution of 
Addavax for 18 hours before surface marker expression was assessed with flow 
cytometry. B) Human PBMC were incubated with cholesterol liposomes made as 
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described in chapter 4, without QS-21. After 18 hours of incubation, surface 
molecule expression was assessed in CD14+ and mDC. Statistical tests shown 
are Wilcoxon t tests.  
 
5.1.3. TLR-based adjuvants: the way forward? 

Since Janeway proposed a theory for innate immune recognition in 1989, 

progress in developing new adjuvants has accelerated rapidly [326]. Alum was the 

sole adjuvant approved for human use from 1932 until 1979, when MF59 was 

approved. Meanwhile, since 2000, four adjuvants have been approved for use in 

human vaccines: AS04 (hepatitis B and human papilloma virus, 2004), AS03 

(pandemic influenza vaccines, 2009), AS01 (zoster and malaria vaccines, 2017), 

and cytosine phosphoguanosine (CpG) 1018 (hepatitis B, 2017) [175,180]. Of these 

adjuvants, three utilize a TLR ligand, while the fourth, AS03, is a squalene 

emulsion like MF59 [175]. By pairing TLR activation with antigen recognition, TLR-

adjuvanted vaccines are able to activate both the innate and adaptive arms for a 

protective response like a safer version of natural infection. While their role in 

adjuvanting vaccines in humans is incompletely understood, TLR ligands are 

already serving an important role in developing the next generation of adjuvants. 

Other effective vaccines are likely acting through TLR-mediated activation 

of innate immune cells, even if they are not specifically earmarked as adjuvanted 

with TLR ligands. For example, mRNA vaccines such as those recently approved 

for the COVID-19 pandemic involve injecting relatively high concentrations of 

liposome-delivered mRNA molecules. These mRNA molecules are known to 

activate TLR signaling, particularly TLR7/8, endosomal TLRs that detect single-

stranded RNA. TLR3, which detects double-stranded RNA, is also occasionally 
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activated, as double-stranded RNA formed as a byproduct of mRNA production 

is detected [327–329]. Interestingly, the adjuvanticity of mRNA is high enough that 

LNP-mRNA vaccines contain modified mRNA to reduce the induction of TLR 

signaling and lower the risk of severe side effects from the vaccine [316]. In 

addition to LNP-mRNA vaccines, influenza vaccines made from killed viruses can 

induce IFN-ɑ production from human pDC, suggesting that they contain TLR7/9 

ligands even after the virus is inactivated during production [330]. 

Understanding the role that TLR ligands play in adjuvanting vaccine 

response may result in the development of more effective vaccine adjuvants. 

While research has rightfully focused on TLRs that are heavily associated with 

bacteria and viruses, such as TLR4 and TLR7/8, TLRs and other PRRs have 

evolved to help coordinate responses with a vast array of pathogens. Ligands for 

TLRs that detect fungal (TLR2) or protozoan (TLR5) PAMPs may be useful to 

adjuvant vaccine responses to these pathogens, or even as an immune 

complement to drug treatments.  
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5.2. Future Directions 

This thesis only examines completed projects on the intersections of age 

and adjuvants. Potential future directions for this research are included below. 

These include exploring additional effects of AS01 on human APC, particularly 

related to antigen presentation and autophagy; directly connecting AS01-induced 

innate immune activation with downstream cellular immunity; and looking for 

common molecular signatures across reactogenic vaccine platforms.   

5.2.1. Exploring additional effects of adjuvant AS01 on human APC 

In chapter 3 of this thesis, AS01’s ability to induce costimulatory molecule 

expression in monocytes was explored. However, adjuvants can act to enhance 

APC function through more than upregulation of costimulatory molecules. For 

example, adjuvants have been reported to enhance APC migration towards the 

LN or injection site [192,331], increase antigen uptake by APCs [199,204,325], and 

improve antigen presentation to lymphocytes [182,190]. Results from RNA 

sequencing of AS01-treated monocytes implicate pathways known to be involved 

in antigen presentation. For example, autophagy is known to increase MHC 

Class II access to antigens, and key autophagy-related genes such as Gsk, Atg4, 

and Atg16 are upregulated in AS01-treated monocytes [332]. However, AS01’s 

impacts on antigen presentation were not assessed in that chapter.  

AS01’s potential effects on autophagy, and thereby antigen presentation, 

are a particularly promising avenue for future research. Individual genes 

associated with autophagy are upregulated in RNA sequencing data, but 

validating if autophagy is truly upregulated remains to be done. Co-localization of 
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autophagosome protein LC3 and lysosomal protein LAMP-1 can be examined 

using confocal microscopy in AS01-treated monocytes. Comparing the extent of 

co-localization compared to untreated controls would demonstrate autophagic 

flux. Fluorescent latex beads can be used to measure increase in phagocytic 

activity, where an increase in fluorescence indicates increased bead uptake [128]. 

Antigen presentation can be examined by treating APCs with AS01 followed by a 

pulse with a model antigen, such as CMV pp65 or SARS-CoV-2 spike peptides. 

T cell responses can be evaluated using a mixed lymphocyte reaction, similar to 

the costimulation assay used in chapter 3.  

A significant limitation to the latter experiment is that the stated method 

does not distinguish between improved antigen processing and improved 

antigen-presentation/costimulation. That is, there is no way to distinguish 

between improved antigen uptake, antigen processing and presentation, and 

increased expression of costimulatory markers. While we cannot distinguish 

between individual methods of increasing APC stimulation of T cells, it is 

important to note that APCs work in vivo through a combination of these 

methods. Determining their individual contributions is less important to 

understanding adjuvant activity than determining if the adjuvant is capable of 

stimulating APCs to provide better help to T cells. 

5.2.2. Directly connecting the impacts of innate immune activation to downstream 

effects on cellular immunity 

We show in chapter 3 that costimulatory molecule upregulation on 

monocytes is sufficient to amplify T cell production of IFN-γ in response to SEB 
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(Figure 3.7). However, the in vivo context of AS01 exposure is vastly more 

complex. Additionally, by fixing our APCs with formaldehyde, thereby killing 

them, we artificially removed a key effector of APC help to T cells, cytokine 

production. An in vivo connection between innate immune activation after 

vaccination and improved adaptive responses has yet to be shown. 

One way to demonstrate the influence of AS01 on adaptive responses in 

vivo is through longitudinal study of donors before and after vaccination with 

RZV. A combination of serum analysis and T cell outcomes could be used to 

examine this question. Briefly, donors would be recruited before and after RZV 

vaccination. Blood would be drawn prior to vaccination (D0) and the majority 

stored as frozen aliquots of PBMC. Using the remaining fresh PBMC, monocyte 

and mDC surface molecule response would be evaluated by ex vivo treatment 

with AS01, as in Chapter 3. Serum would also be collected two days after 

vaccination, when the innate system has had time to fully activate. Alternatively, 

monocytes circulating 1 day after vaccination could be examined, but that would 

1) require donors to come in multiple times after vaccination, limiting enrollment 

and 2) rely on the assumption that activated monocytes are not egressing 

towards tissues such as the injected muscle or the LN.  

After the full course of RZV vaccination is complete, a second blood draw 

would be performed. Flow cytometry would then be used to evaluate T cell 

responses before and after vaccination with RZV to determine high versus low 

responders. The degree of T cell response would then be correlated with ex vivo 

myeloid responses to AS01. After donors are known to be high or low 
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responders, Luminex could also be performed on serum markers to determine 

what cytokines are likely important in T cell response. 

Limitations to this approach include the long time frame between initial 

sample collection and ability to analyze the samples. Because myeloid cell 

panels would need to be run on fresh PBMC to ensure mDCs could be detected, 

surface data would be collected months before T cell read-outs could be 

obtained. Additionally, this approach is highly susceptible to “batch effect” 

between flow cytometry runs. The length of time between clinical sample 

collection means that drift in cytometer laser outputs is highly likely. Addressing 

this will require tight control and normalization of different flow cytometry runs. 

There is also no way to tell if a donor will be a high or a low responder until the 

vaccine series is completed a minimum of 3-6 months after enrollment. This 

makes it difficult to predict the sample size needed to compare responses 

between high and low responders. While any outcomes remain mere 

associations, in vivo human data portrays a more complete picture of the 

mechanisms of AS01-induced vaccine efficacy.  

5.2.3. Looking for molecular signatures correlated with efficacy across 

reactogenic vaccine platforms 

While understanding the molecular mechanisms of AS01 is an interesting 

scientific question, AS01 is already approved for use in humans. If new adjuvants 

that can be used in older adults are to be identified, we need a broader 

understanding of which signals are associated with effective vaccine response. 

Studies on signals correlated with effectiveness in vaccine platforms to individual 
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pathogens have already been done, with a variety of results that are rarely 

significant for a single marker [333–335]. These studies have identified key 

molecules correlated with an effective response such as IL-8, soluble CD25, 

Type I IFNs, and IP-10 in addition to gene signatures [333,336,337]. However, studies 

examining common factors between vaccine platforms, especially ones already 

approved for clinical use, are limited. It is currently unknown if AS01 utilizes the 

same basic signaling mechanisms as other effective vaccines to promote T cell 

responses in older adults. 

Another vaccine that strongly protects against mortality in older adults is 

the lipid nanoparticle COVID-19 mRNA vaccine (LNP-mRNA). While LNP-mRNA 

vaccines are protective against mortality, immunological assays performed post-

vaccination show a wide range of responses in older adults (Canaday lab, 

unpublished data) [100,338]. Some gene and whole-blood molecular signatures 

associated with humoral immune response have been described [336], but it is 

unknown if these signatures are also expressed in aged donors. Additionally, 

comparisons between LNP-mRNA vaccine signatures and other vaccine 

platforms have not been performed to look for commonalities. 

The molecular signatures induced by LNP-mRNA vaccines can be 

examined by two methods. First, our lab is already collecting paired PBMC 

samples pre- and post-vaccination. Antibody titer data and ELIspot analysis have 

already been collected for many of these donors, allowing us to classify them as 

high or low responders. As part of our lab protocol, multiple aliquots of PBMC are 

frozen for each donor. Sorting can be done on thawed PBMC from before and 2 
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weeks after vaccination to isolate monocytes. RNA can then be collected from 

these ex vivo samples and sent for sequencing. We can then compare gene 

expression data in donors who have a strong or weak T cell and humoral 

response. Commonalities between cytokine signatures induced by AS01 in 

monocytes and signatures in monocytes post LNP-mRNA vaccination can also 

be examined.  Serum samples for these donors have been collected and can be 

sent for a comprehensive cytokine analysis using the Luminex platform to 

evaluate systemic response. 

A limitation of this approach is that we are focusing on one cell type at the 

expense of many others involved in promoting immune responses, including cells 

at the site of injection [206]. While monocytes are hardy and easy to isolate, they 

do not represent the full breadth of the immune response. It is expected that this 

analysis will not be comprehensive in identifying inflammatory signals involved in 

effective vaccine response in older adults. Cellular senescence is also expected 

to complicate analysis, as older donors will have varying degrees of baseline 

inflammatory cytokine expression [132,141,142]. RNA sequencing is also a 

computationally extensive method that, while comprehensive, is not viable for 

rapid and high-throughput screening. Any common markers or genes that are 

identified as similar between vaccines will need to be validated and further 

refined to be truly useful as biomarkers of effective vaccine response. 
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